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We dedicate this initial volume of Biennial Review of Infertility to 
William Harvey, Min Cheuh Chang, Robert Edwards, Patrick Steptoe, 
Howard and Georgeanna Jones, and the many other pioneering clini-
cians and scientists on whose foundation we continue to build improved 
care for the infertile couple.



Preface

Infertility is a common and profound medical disease. The speed at which our under-
standing of reproductive medicine grows and new technologies emerge is accelerat-
ing and daunting. The objective of this book is to present important and cutting edge 
topics relevant to infertility in a single volume accessible and applicable to all medi-
cal specialties involved in the care of infertile couples. We have strived to select 
respected, evidence-based experts as authors to present each topic in a clear manner 
that will benefi t both clinicians and scientists.

The nature of science is that hypotheses are tested by experiment, theories are 
proposed, and validation studies are undertaken. Especially in medical science, study 
design is often, by necessity, suboptimal and the fl ow of resulting data may be con-
fusing and confl icting. Therapies may be undertaken without validation, and essential 
science is delayed by the desire to treat the patient and stay at the cutting edge of the 
industry. These issues are not unexpected, but may cause confusion and ultimately 
are not helpful for the infertile couple. Therefore, we have specifi cally focused each 
chapter on evidence-based medicine. Despite this strong focus, limitations of our 
published literature exist. Where such limitations exist, we have endeavored to pro-
vide a balanced view of existing information that is clinically relevant for the evolv-
ing areas of our specialty. Additionally, we have introduced a section highlighting 
emerging controversies in the fi eld of reproductive medicine in which contrasting 
points of view are presented. It is our hope that this section will stimulate further 
studies to improve understanding of the topics presented.

During clinical evaluation and therapy, an infertile couple will likely interact with 
a variety of health care professionals, including gynecologists, reproductive endocri-
nologists, urologists, andrologists, embryologists, laboratory technicians, nurses, and 
therapists. Indeed, appropriate patient care rests on effective communication and col-
laboration among such a team of experts. It has been our pleasure, as co-editors of 
this book, to work together as a diverse group of specialists to bring together the top-
ics discussed herein. Our aim is that this book can act as a biennial tool to provide an 
ongoing appraisal of current knowledge, and to foster communication and collabora-
tion among all those working to help couples resolve their infertility.

Salt Lake City, UT, USA Douglas T. Carrell
Boston, MA, USA Catherine Racowsky
New York, NY, USA Peter N. Schlegel
Iowa City, IA, USA Bradley J. Van Voorhis
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   Abstract    There is increasing concern about the effects 
of environmental contaminants on reproductive health. 
While there are limited clinical data regarding most 
chemical exposures and human reproduction, stud-
ies in laboratory animal models and wildlife under-
score the vulnerability of the reproductive system to 
many environmental insults at different times of de-
velopment and across the life cycle. Here, we review 
data implicating select environmental contaminants in 
compromised reproductive capacity in animals. We 
also review epidemiologic data in humans that suggest 
roles for environmental contaminants in reproductive 
dysfunction and infertility.  

   Keywords    Environmental contaminants  •  Reprod-
uction  •  Organic and inorganic exposures  •  Embryo 
toxicity  •  Oocyte toxicity    

1   Introduction  

 The emerging research area of environmental and 
reproductive health is gaining increasing attention in 
the scientifi c and medical communities, as well as 
patient advocacy groups, as there is an escalation of 
studies citing the adverse effects of environmental 
exposures on human and mammalian reproduction 
 (1–  4) . Several environmental chemicals that display 
endocrine-disrupting potential have been shown to 
demonstrate alterations in hormone signaling and 

effects on reproductive tract development and function 
in vivo and in vitro  (5) . Many environmental chemicals 
are inadvertantly introduced into the human system 
by normal daily living activities through food, water, 
air, personal care products, toys, infant teethers, dental 
sealants, and the like. For example, patients who 
consume higher amounts of seafood are at increased 
risk for the bioaccumulation of methyl mercury and 
polychlorinated biphenyls (PCBs)  (6,   7) . These and 
other chemicals discussed in this chapter are ubiqui-
tous in the environment and are present in fi sh, wild-
life, human adipose tissue, blood, and breast milk  . One 
clear example of reproductive toxicity involves mer-
cury. Administration of methyl mercury adversely 
affects the embryo viability in pregnant mice with a 
subsequent reduction in litter sizes  (8) . There are other 
examples of compromised embryonic development 
and blastocyst formation in animal models where 
oocytes and embryos are exposed in vitro to concentra-
tions of PCBs, dichlorodiphenyltrichloroethane (DDT), 
hexachlorocyclohexane (HCH), and methoxychlor 
(MXC)  (9–  11) . 

 While there are many classes of environmental con-
taminants, here we focus on the effects of smoking, 
pesticides, heavy metals, and a variety of other chemi-
cals on mammalian gametogenesis and embryogenesis, 
as well as human clinical/epidemiologic reproductive 
outcomes. Where possible, we also discuss biologic 
mechanisms regulating these effects. There is a broad 
body of literature detailing environmental contamina-
tion and reproduction in avian and amphibian models, 
which is not included in this chapter but is available for 
review  (12–  14) . Fecundity and early embryo risk are 
discussed; however, issues around pregnancy and birth 
outcome risks are not included in this chapter, as they 
have been comprehensively reviewed  (15) . In addition, 
the scope of effects from environmental exposures in 
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female reproductive health and disease, i.e., endocrine 
disruption, gynecologic disorders, and pregnancy out-
comes, is substantial and have been the subject of 
several recent comprehensive reviews  (1–  3) . All the 
sections included here were developed through the 
specifi c environmental exposure of interest and include 
exposures during different develop mental/adult life 
stages with the following categories of exposure: (1) 
cigarette smoking and polycyclic aromatic hydrocar-
bons; (2) agricultural and residential pesticides; (3) 
inorganic heavy metals; (4) bisphenol A; (5) polychlo-
rinated and polybrominated biphenyl compounds; (6) 
DDT and DDE; and (7) dioxins. The fi nal section dis-
cusses our current understanding of the role of the aryl 
hydrocarbon receptor (AhR) as a mediator of haloge-
nated aromatic hydrocarbon contaminant effects in 
mammalian reproduction.  

  2 Cigarette Smoking and Polycyclic 
Aromatic Hydrocarbons  

 One in three adults smokes cigarettes  (16) . The demo-
graphic distribution of cigarette smokers varies widely, 
with the highest percentage of cigarette smokers in 
Europe and Asia. The environmental contaminants 
identifi ed in cigarette smoke number approximately 
4,000 chemical compounds  (17) . Cigarette smoking 
has long been known to induce changes in reproduc-
tive function, with effects on both oocytes and embryos. 
While there are behavioral changes in women that 
occur once they identify themselves to be pregnant, 
including cessation of smoking, many women remain 
relatively unaware of the negative impact that cigarette 
smoking can have on their and their offspring’s repro-
ductive health. Several epidemiologic studies and 
reviews have demonstrated a clear association between 
smoking and reduced fecundity  (18–  20) . The time to 
pregnancy (TTP) is consistently delayed in smokers 
compared to nonsmokers  (21) . The American Society 
of Reproductive Medicine has produced a patient fact 
sheet on smoking and infertility and practice guide-
lines with a position statement on smoking and reduced 
fecundity, discouraging smoking in women who are 
considering pregnancy or attempting to conceive  (22) . 
Several systematic reviews and meta-analyses of the 
literature on smoking and infertility have been 
published, which provide a consistent negative associa-

tion between female cigarette smoking exposure and 
fertility potential  (22–  24) . Ex-smokers appear to have 
a similar fecundity rate, compared to nonsmokers, sug-
gesting that active exposure to chemicals in cigarette 
smoke during the follicular phase and/or luteal phase 
of the menstrual cycle inhibits normal reproductive 
processes  (19) . Further evidence of the negative asso-
ciation of cigarette smoking by females on reproduc-
tive results comes from in vitro fertilization (IVF) data 
 (25–  29) . Zenzes et al. found an increased proportion of 
diploid oocytes recovered during IVF and a decreased 
proportion of mature oocytes with cigarette smoking 
 (29,   30) . There may also be contributing endometrial 
dysfunction as demonstrated by Soares et al., who 
showed that lower pregnancy rates were associated 
with heavy cigarette smoking in an oocyte donation–
recipient model  (31) . A recent study found that women 
exposed to secondary cigarette smoke also have lower 
IVF pregnancy outcomes, similar to women who 
smoke cigarettes directly  (32) . A comprehensive 
review of the effects of smoking on human gametes 
and embryos has recently been published  (33) . 

 There is also evidence that women who smoke cig-
arettes have an increased risk of spontaneous miscar-
riage  (23,   34,   35) . However, other studies have not 
clearly demonstrated an association between cigarette- 
smoking and risk of spontaneous abortion  (36–  40) . In 
addition to the risk of spontaneous miscarriage, multi-
ple studies have demonstrated an increased risk of 
ectopic pregnancy associated with active cigarette 
smoking  (41–  44) . Mechanistically, tubal motility and 
ciliary function have been implicated as targets of cig-
arette contaminant exposures  (45–  49) . 

 Cumulative evidence suggests mechanisms underly-
ing adverse actions of the chemicals in cigarette smoke 
on ovarian, tubal, and endometrial function. One of the 
challenges in understanding the biologic mechanism of 
cigarette smoking on reproductive processes is the large 
number of chemicals found therein. While many of the 
chemicals have been poorly studied, one constituent of 
cigarette smoke that has been well studied is cotinine, a 
stable metabolite of nicotine. Cotinine levels in humans 
correlate strongly with tobacco consumption  (50) . Both 
cotinine and cadmium levels have been detected in 
human follicular fl uid (FF), with higher levels in smok-
ers than in nonsmokers  (51–  53) . Additionally, other 
toxins known to exist in cigarette smoke include the 
class of compounds known as polycyclic aromatic 
hydrocarbons (PAHs)  (54) . PAH compounds of interest 
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include 9,10-dimethylbenzanthracene (DMBA), 
3-methylcholanthrene (3-MC), and benzo[ a ]pyrene 
(BaP) (see Fig.  1 ). BaP exposure reduces litter size and 
decreased survival of fetal pups in a dose-dependent 
fashion  (55,   56) . PAH compounds affect granulosa 
cell function and have been indirectly associated with 
the development of a variety of ovarian tumors  (57–  59) . 
BaP levels and DNA adduct formation have been 
detected in luteinized granulosa cells recovered from 
IVF FF and correlate with cotinine levels, suggesting an 
increased risk in granulosa cell DNA damage with cig-
arette smoking (60). Various polymorphisms in meta-
bolic genes, including CYP1A1 and GSTT1, have been 
associated with differences in fetal birth weight restric-
tion associated with cigarette smoking  (60) .  

 The most profound effect of PAHs via cigarette 
smoking on female reproduction may be the decline in 
ovarian reserve associated with its exposure. This 
observation is consistent with the association of ciga-

rette smoking with an earlier age at menopause  (61–  63) . 
Sharara et al. described diminished ovarian reserves in 
women who smoke cigarettes on the basis of abnormal 
clomiphene challenge testing  (64) . Several studies have 
confi rmed an association between cigarette smoking 
and elevated basal follicle-stimulating hormone (FSH) 
levels independent of age  (65–  67) . DMBA, 3-MC, and 
BaP were all found to be ovotoxic, resulting in signifi -
cant destruction of primordial and primary follicles 
in mice and rats  (68–  71) . Mechanistically, there is evi-
dence that PAH-induced reduction of primordial follicles 
operates via the AhR-regulated Bax expression  (72,   73) . 
That said, it is not yet clear whether ovarian antral 
 follicle pools are diminished in humans in response to 
cigarette smoking when adjusted for maternal age 
 (67,   74) . Ovarian response, defi ned by the numbers of 
mature oocytes retrieved, appears to be less in ciga-
rette smokers than nonsmokers, although age-adjusted 
correlations were not performed  (26) . Collectively, the 

  Fig. 1    Organic chemicals ubiquitous in the environment and responsible for reproductive effects       
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 evidence in the literature points toward a negative impact 
of cigarette smoking on ovarian aging processes. 

 The Barker hypothesis proposes that in utero fetal 
exposures to nutritional (and by extrapolation, envi-
ronmental) contaminants can manifest in adult life as 
clinical disease or altered state of health  (75–  77) . This 
hypothesis with regard to environmental contaminants 
is supported by the recent study by Jurisicova et al., in 
which a decrease in the fetal ovarian follicle pool 
exposed to PAHs during gestation was observed and 
demonstrated to be via activation of the cellular apop-
totic pathway mediated by the AhR  (78) . Furthermore, 
xenotransplanted human ovaries responded to PAHs 
similarly  (78) . These observations are consistent with 
the reduced fecundity seen in women exposed in utero 
to maternal cigarette smoking  (79) .  

  3 Agricultural and Residential 
Pesticide Exposures  

 Considerable attention has been given to the possibility 
that heavy pesticide exposure may cause increased 
reproductive diffi culties. Numerous studies have addre-
ssed a possible relationship between agricultural and 
household pesticide use and the risk of spontaneous 
abortion. Although the data to date are inconclusive 
with regard to an association of pesticide exposures 
and increased risk of spontaneous abortion  (80–  89) , a 
study by Greenlee et al. suggests an association 
between direct mixing and application of pesticides by 
reproductive-aged women and their likelihood of 
infertility within two years of direct contact with pesti-
cides  (90) . 

 Biologic evidence has been provided implicating 
pesticides in affecting early embryogenesis in a study 
where six herbicides (atrazine, dicamba, metolachlor, 
2,4-dichlorophenoxyacetic acid (2,4-D), pendimethalin, 
and mecoprop), three insecticides (chlorpyrifos, terbu-
fos, and permethrin), and two fungicides (chlorotha-
lonil and mancozeb) in combination or sometimes 
individually adversely affected the development of 
murine blastocyst embryos  (91) . In the early 1990s, 
studies demonstrated that carbendazim, the active 
metabolite of benomyl, a systemic benzimidazole fungi-
cide that was banned in the United States in 2002, had 
direct effects on the meiotic spindle assembly of the 
murine oocyte. Perreault et al. found an increase in 

 preimplantation and postimplantation pregnancy losses 
after acute carbendazim exposure in female hamsters 
during the proestrus period  (92) . As a result of further 
investigation into the etiology of this infertility causa-
tion, Zuelke and Perreault subsequently demonstrated 
that carbendazim induced meiotic arrest within the 
oocytes  (93) . Jeffay et al. further elucidated the carben-
dazim effect by inducing an arrest of preimplantation 
development of murine embryos to the blastocyst stage 
with acute carbendazim exposure in the female hamster 
during the proestrus–estrus transition  (94) . Can and 
Albertini were able to interrupt the meiotic spindle 
assembly of murine oocytes using a benzimidazole 
derivative, methyl 2-benzimidazolecarbamate, lending 
further evidence to its mechanism of action  (95) . While 
benomyl was banned from use in California in 2002, 
there is evidence of the persistence of carbendazim in 
human FF in women undergoing IVF (Fujimoto, 
unpublished data). 

 In 1993, a case–control study assessing a cluster of 
Down syndrome infants with an incidence of 27% in a 
small Hungarian village suggested trichlorfon insecti-
cide exposure as the etiology  (96) . Apparently, a high 
consumption of fi sh contaminated with trichlorfon 
around the time of conception was associated with 
high meiotic II error rates, increased miscarriage, and 
Down syndrome offspring in exposed individuals. Yin 
et al. subsequently confi rmed in mouse in vitro matured 
oocytes that trichlorfon adversely affects normal  spindle 
formation during meiosis  (97) . Recent evidence  suggests 
that pesticides can infl uence aromatase activity in 
the human choriocarcinoma JEG-3 cell line  (98) . These 
examples illustrate the potential sensitivity of the 
mammalian oocyte, surrounding cumulus cells, and 
the early embryo to pesticide exposures and lend bio-
logic plausibility to adverse effects on human gametes 
and embryos.  

  4 Inorganic Heavy Metal Exposures  

 There are only a few studies on the effects of toxic 
heavy metals (arsenic (As), cadmium (Cd), lead (Pb), 
and mercury (Hg)) on mammalian reproduction. Several 
animal and human studies have linked Hg exposure to 
reproductive toxicity. Hg has been shown to be embry-
otoxic in animal studies  (8, 99) . In addition, it has been 
linked to an increased risk of spontaneous abortion and 
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birth defects  (100) . Some studies of male infertility 
have demonstrated the potential effects of Hg on 
human seminiferous epithelium in the testis, but the 
data are controversial  (101) . Relatively few studies on 
Hg and female infertility have been published. Rowland 
et al. found decreased fertility among female dental 
assistants exposed to Hg vapor  (102) . In another study 
in Hong Kong, infertile Asian couples under going IVF 
were found to have signifi cantly higher blood Hg con-
centrations than the control group and these higher 
concentrations were associated with higher  seafood 
consumption  (103) . 

 There are several environmental sources of Hg, but 
the aquatic food chain is an important source of bioac-
cumulation. Seafood intake has been shown to contribute 
to the bodily accumulation of Hg, and Hg consumption 
is considered a health risk. The Environmental Protection 
Agency and the National Research Council recommend 
blood Hg levels <5.0  μ g/L or hair level <1.0  μ g/g     (104) . 
Populations that have a high intake of fi sh are at particu-
lar risk of Hg exposure, including the Nunavik Inuit 
communities residing in Northern Quebec and residents 
of the Faroe Islands and New Zealand, which has raised 
concerns over childhood neurodevelopmental delay in 
those populations  (105–  108) . A San Francisco-based 
study found that patients with diets high in commercial 
fi sh consumption had blood Hg levels that far exceeded 
these recommended levels  (7) . Recently published data 
of the National Health and Nutrition Examination 
Surveys (NHANES) reveal that Asians and Pacifi c 
Islanders have signifi cantly higher Hg than other ethnici-
ties surveyed  (109,   110) , indicating that they are poten-
tially at greater risk to the reproductive toxic effects of 
methyl Hg. 

 In addition to Hg in fi sh, there are high levels of Cd 
in cigarette smoke and Pb, Hg, and As contamination 
of herbal products from Asia  (111–  114) . A specifi c 
example of herbal product contamination is ginseng 
extracts, of which 80% were found to have detectable 
levels of various pesticides and benzene derivatives 
 (111) . A case of Pb poisoning has recently been reported 
as a direct result of herbal product consumption during 
infertility treatment  (115) . It is currently not clear 
whether detectable exposures of toxic metals such as 
As, Pb, Hg, and Cd have deleterious effects on human 
reproduction. These heavy metals have all been detected 
in human FF  (116–  118) . A recent IVF-based study 
assessing Cd, Pb, and Hg levels found a negative associ-
ation between lead levels and fertilization outcomes but 

no effects were seen with Hg or Cd  (116) . There is 
evidence that both As and Cd adversely affect murine 
blastocyst development with increased apoptotic 
changes possibly via oxidative stress mechanisms 
 (119–  123) . It should be noted, however, that further 
studies are needed to clarify the roles of various heavy 
metals in female reproduction.  

  5 Bisphenol A Exposure  

 Bisphenol A (BPA) is gaining considerable attention as 
an environmental chemical that may have adverse 
effects on human health and disease. The chemical 
name of bisphenol A is 2,2-bis(4-hydroxyphenyl)
propane (see Fig.  1 )  (124) . BPA is produced in large 
quantities (more than £6 billion per year) for incorpo-
ration into various resins and plastics (e.g., polycar-
bonate)  (124) . The exposure to BPA is ubiquitous, 
penetrating many aspects of daily living primarily 
through dietary consumption. A consensus statement 
was issued in 2007 by the Chapel Hill Bisphenol A 
expert panel on the relationship between BPA and 
human health effects  (124) . BPA has been shown to 
have endocrine-disrupting effects through steroid 
receptor binding. BPA binds with weak affi nity to the 
nuclear estrogen receptor, although recent evidence 
sugg ests it may act to induce physiologic responses 
through cell membrane estrogen receptors in low pico-
gram per milliliter concentrations  (125) . In humans, 
serum BPA levels have been measured within the nano-
gram per milliliter range  (126,   127) . Urinary concentra-
tions of BPA have been measured in the microgram per 
liter range  (128,   129) . There is currently a debate as to 
whether the low exposure levels of BPA in humans have 
signifi cant reproductive biologic effects  (125,   130,   131) . 

 The adverse female reproductive effects of BPA 
exposure have been described primarily on meiotic 
aberrations in the oocyte. Studies are based for the 
most part on mammalian models with little clinical 
evidence thus far available. There are currently four 
studies that detail our current understanding of BPA 
effects on oocyte nuclear health. In 2000, Takai et al. 
published their work on the effects of BPA on early 
embryo development  (132) . Two-cell mouse embryos 
were cultured with BPA with or without tamoxifen, a 
selective estrogen receptor modulator, and evaluated 
for blastocyst advancement. At 100  μ M concentration 
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of BPA, decreased blastocyst formation was observed 
and negation of the effect in the presence of tamoxifen, 
suggesting an estrogen receptor–mediated effect. At 
nanomolar concentrations of BPA, the opposite effect 
was seen with increased murine blastocyst formation. 

 Several studies have demonstrated that BPA inter-
feres with microtubule assembly in the cultured 
Chinese hamster lung V79 cell line  (133,   134) . A direct 
link between BPA and murine aneuploidy was fi rst 
reported by Hunt and colleagues  (135) . In this landmark 
study published in 2003, a dramatic increase from 
1–2% to 40% was observed in chromosomal alignment 
defects in the fi rst meiotic spindle. Furthermore, a 
high rate of aneuploidy (hyperploidy) was also 
observed in these animals. This increase was ultimately 
traced and attributed to the leaching of BPA from water 
bottles and damaged cages in which the female mice 
were housed during the fi nal stages of oocyte matu-
ration. Thus, in adult female mice completing their 
estrus cycles, an association between BPA exposure and 
meotic spindle abnormalities in their oocytes was 
demonstrated. 

 Further study of the effects of BPA on meiotic cell 
cycle progression was reported by Can et al. in 2005 
 (136)  who found that mouse cumulus–oocyte comp-
lexes exposed to BPA exhibited a dose-dependent 
delay in the transition of oocytes from metaphase I to 
metaphase II. Fluorescent-labeling of oocytes with  α  + 
ß-tubulin and pericentrin, together with confocal imag-
ing of the in vitro matured oocytes exposed to BPA, 
revealed disturbed microtubular spindle structure and 
pericentriolar compaction and dispersion, compared to 
control oocytes. In addition, the absence of chromo-
somes in the fi rst polar body was commonly seen in 
the BPA-treated oocytes. The doses of BPA required to 
disrupt the meiotic spindle assembly in oocytes are 
lower than those required to disrupt the mitotic spindle 
assembly of Chinese hamster V79 cells  (133,   134, 
  136) . Can and Semiz previously demonstrated that 
diethylstilbestrol, a synthetic estrogen, also disrupted 
the progression of metaphase I oocytes to metaphase 
II, with fragmentation and loosening of the meiotic 
spindle assembly  (137) . BPA also induces apoptosis in 
murine ovarian granulosa cells. In addition, the alky-
lphenol,  p -tert-octylphenol, which has endocrine-
disrupting properties via the estrogen receptor, reduces 
bovine oocyte nuclear maturation, thereby preventing 
meiotic progression  (138) . 

 Perhaps the most intriguing study thus far with 
respect to the role BPA on oocyte integrity was publi-
shed in 2007 by Susiarjo et al., in which murine fetal 
oocytes exposed to BPA during gestation were simi-
larly found to have abnormal pachytene associations 
and abnormalities in synaptonemal complex structure, 
compared to unexposed murine fetal oocytes, as deter-
mined by MLH1 and SCP3 immunostaining  (139) . 
Similar to PAHs from cigarette smoking, this observa-
tion lends further support to the Barker hypothesis that 
in utero exposures may infl uence future reproductive 
outcomes. These data would suggest that there may be 
a transgenerational impact of BPA exposure in utero. 
Furthermore, when oocytes of 4–5 week-old pups 
exposed to BPA were analyzed, there was a higher rate 
of aneuploidy; specifi cally, about 40% of all oocytes 
were aneuploid, compared to an unexposed rate of 
1.8%  (139) . The proposed mechanism for the effect of 
BPA on altering the synaptonemal complex of murine 
fetal oocytes, offered by these investigators, involves 
the estrogen receptor ß as a potential site of interaction 
with BPA, or at least a fi nal common pathway for disru-
ption. This is based on a similar meiotic phenotype in 
prophase fetal oocytes of ßERKO−/− mice with similar 
rates of synaptonemal aberrations (57%), compared to 
those of the BPA-exposed female murine fetus (52%). 

 While these murine studies collectively provide 
substantial evidence towards a BPA-induced effect on 
oogenesis and increased meiotic errors at various 
stages of oocyte nuclear maturation, there is little evide-
nce to support this concept in humans. The only pub-
lished clinical study comes from Japan, in which 45 
patients with a history of three or more fi rst trimester 
miscarriages without uterine anomaly or blood karyo-
type abnormality (study group) and 32 healthy non-
pregnant women without prior pregnancy loss (control 
group) underwent serum BPA testing  (140) . Mean 
serum BPA levels were higher in the study group 
comp ared to the control group (2.59 vs. 0.77 ng/mL,  P  
= 0.024), showing that serum BPA is associated with 
recurrent miscarriage  (140) . However, the limitations 
of this study include the short half-life of BPA that can 
result in substantial variability of BPA measurements, 
the lack of timing of BPA measurements within rele-
vant biologic timeframes (such as during the luteniz-
ing hormone (LH) surge when BPA exposure is most 
likely to affect the meiotic transition from metaphase I 
to metaphase II), the statistical methodology used, and 
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the different demographics utilized for recruitment of 
patients and control subjects. Thus, it is currently not 
known to what extent BPA exposures affect human 
oocyte health, despite compelling murine studies. 
Clearly, well-designed studies are needed to establish 
with confi dence an association of BPA exposure with 
aneuploidy risk and reduced reproductive potential 
in women.  

  6 Polychlorinated and Polybrominated 
Biphenyl Compound Exposures  

 This category of environmental toxins represents a broad 
family of various industrial contaminants that include 
PCB compounds, polychlorinated dibenzo- p -dioxins 
(PCDDs), and polychlorinated dibenzofurans (PCDFs). 
These chemicals are ubiquitous and persistent in the 
environment because of their chemical stability, lipophilic 
character, and low water solubility  (141) . Although 
banned from production in most countries in the 1970s, 
PCBs have received increasing attention as environme-
ntal contaminants of relevance to reproductive outcomes. 
The food chain is the primary source of human contami-
nation with 209 congeners of these halogenated aromatic 
hydrocarbon compounds (see Fig.  1 )  (142) . Because of 
their lipophilic nature, bioaccumulation occurs within an 
organism, which is magnifi ed in each predator. PCB conge-
ners are classifi ed by the United States Environmental 
Protection Agency as probable human carcinogens of 
medium carcinogenic hazard. The fi rst report of PCBs 
causing reproductive harm came from a study based in 
the Wassen Sea, Netherlands, in which a decline in the 
seal population was traced to reduced litters because of 
PCB and DDE contamination  (143) . Human consumption 
of sport-caught fi sh provides high exposure to PCB 
congeners  (144,   145)  and results in measurable levels of 
PCBs in serum and urine  (146–  149) . Maternal serum 
PCB concentrations have been documented during critical 
windows of development including the periconception 
interval and early pregnancy  (150) . PCB levels are detect-
able within the human FF  (151–  155) . A study originating 
from the New York Angler Cohort in the Great Lakes 
area demonstrated an association between maternal fi sh 
consumption and reduced fecundability  (156) . However, 
other studies have not revealed associations between 
maternal fi sh consumption and time-to-pregnancy (TTP) 

outcomes in areas with high PCB exposures  (144,   157, 
  158) . Given the well-documented contamination of the 
Great Lakes ecosystem by PCBs, dioxins, heavy met-
als, and pesticides, it has been hypothesized that the 
observations made about maternal fi sh consumption 
and increased TTP may be causally related to expo-
sures to these various toxins  (159) . 

 Cohort studies assessing the risk of spontaneous 
miscarriage have found no associations with PCB expo-
sures  (160–  162) , and there are no studies addressing 
PCB exposures and reproductive outcomes within an 
infertile population. PCBs have also been implicated 
as a cause of fetal growth restriction identifi ed with 
maternal contaminated fi sh consumption  (163,   164) . 
Beyond these limited studies focusing on fecundity and 
maternal fi sh consumption, no other evidence exists 
in epidemiologic studies to support the effect of conta-
minated fi sh consumption and poor reproductive 
potential. 

 Polybrominated biphenyl compounds (PBBs) are 
structurally similar to PCBs, except for a bromine sub-
stitution. In 1973, PBBs entered the human food chain 
in the United States via meat and dairy products inad-
vertently contaminated with PBBs  (165) . By recruiting 
exposed women identifi ed through a registry, there 
was no increased risk of spontaneous abortions in women 
with PBB levels above 6.5 ppb, compared to women 
below the limit of detection  (166) . Associations between 
PBBs and infertility await further investigation. 

 Several studies in mammalian models demonstrate 
effects of PCBs on ovarian function, oogenesis, and 
embryogenesis. Some studies have demonstrated a 
disruption of both estrus and menstrual cycles  (167–
  170) . Kholkute et al. demonstrated that several PCB 
mixtures negatively affect the fertilizability of murine 
oocytes  (171–  173) . Pocar et al. demonstrated disrup-
tion of bovine oocyte maturation with PCB exposures 
as low as 0.01  m g/mL and impaired fertilization and 
increased polyspermy at 0.001  m g/mL  (174) . The 
PCB, 3,3 ¢ ,4,4 ¢ -tetrachlorobiphenyl, was also found to 
decrease fertilization potential in murine oocytes when 
female mice were fed a diet containing the PCB, tetra-
chloro-biphenyl (TCB), within two weeks of pairing 
 (175) . Pocar et al. also showed a dose-dependent effect 
on reduced bovine blastocyst formation from PCB 
exposures  (174) . Effects of organochlorine compounds 
on in vitro porcine oocyte maturation, fertilization, and 
early embryonic development  (10)  reveal that when 
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cumulus oocyte complexes (COCs) are isolated, 
matured, fertilized, and cultured in the presence of 
various concentrations of an organochlorine mixture 
that includes the PCBs, Aroclor 1260, Aroclor 1254, 
PCB 126, and 3,3 ¢ , 4,4 ¢ -tetrachlorobiphenyl among 
other non-PCB compounds, there is marked functional 
disruption. These include dose-dependently reduced 
cumulus expansion and decreased blastocyst forma-
tion  (10) . A 20% reduction in blastocyst formation was 
also noted in female rabbits given the PCB, Aroclor 
1260, three times a week at 4 mg/kg body weight 
dosage  (176) . Low concentrations (1 pg/mL range) of 
Aroclor 1254 disturbed bovine oocyte fertilization 
with increased polyspermy and reduced blastocyst 
formation  (174) . In the in vitro matured bovine oocyte 
model, subsequent blastocyst formation was reduced 
using PCB 126 in exposures ranging from 1 to 100 pg/
mL  (11) . Thus, there is clear evidence in various mamma-
lian models that oocyte competence and early embryo 
development can be compromised by exposure to PCBs. 

 While the mechanisms responsible for these observed 
effects of PCBs on early embryo development are 
unknown, there is evidence that PCBs have proinfl am-
matory properties that increase oxidative stress via the 
AhR  (177–  180) . There is evidence that PCB-like com-
pounds act via the AhR, a ligand-activated trans cription 
factor, to affect murine ovarian weight and ovarian 
cyclicity  (181,   182) . However, Schmidt et al. identifi ed 
AhR −/− mice to be fertile without compromised repro-
duction, raising the question of whether PCB effects on 
reproduction are mediated via other mechanisms  (183) . 
Further evidence against a role for the AhR being 
involved in the embryotoxic effect of PCBs is provided 
by Kietz and Fischer, who demonstrated changes in 
rabbit blastocyst gene expression changes independent 
of AhR expression after exposure to PCBs  (184) .  

  7 DDT and DDE Exposures  

 1,1,1-Trichloro-2,2-bis( p -chlorophenyl)ethane (DDT) 
is an insecticide that is metabolized to 1,1-dichloro-
2,2-bis( p -chlorophenyl)ethylene (DDE) – a persistent 
organochlorine pollutant (see Fig.  1 )  (185) . Although 
banned in the United States in 1972, the scope and 
 persistence of these compounds in our environment 
are underscored by the fi nding that DDT and DDE 

comprise 84% of the analyzed pesticide concentrations 
in the surface sediment layer (70 cm) of San Francisco 
Bay  (186) . This buildup clearly represents the legacy 
left behind by the substantial utilization of DDT from 
the mid-1940s through the mid-1970s as an agricul-
tural pesticide in California. Similar to PCB exposures, 
DDT and DDE were present in the serum and urine of 
pregnant women from the San Francisco Bay area par-
ticipating in the Child Health and Development Study 
of California  (146–  149,   187) . Also similar to PCBs, 
DDT and DDE are lipophilic, slowly metabolized 
chemicals that accumulate in human adipose tissue 
 (188) . The persistent nature of DDE in humans is 
demon strated by studies that show similar levels of 
DDE compared to those conducted 30 years earlier 
 (189,   190) . In a study based in Ontario, Canada, 
approximately 50% of IVF patients had detectable 
levels of DDE in serum and FF with mean levels 
considerably higher than any PCBs  (155) . In the San 
Francisco Bay area population, all IVF patients tested 
had detectable levels of FF DDE (Fujimoto, unpub-
lished data). 

 DDE exposure is associated with an increased risk 
of spontaneous abortion  (189,   191,   192) . Korrick et al. 
found a positive association between serum DDE 
levels and spontaneous abortion in this case–control 
study, but this study was limited by the variable time 
frame of blood collection from the index pregnancy 
outcome  (189) . Sera from pregnant women in the 
Collaborative Perinatal Project from 1959 to 1965 
were tested for DDE and related to prior spontaneous 
miscarriage history, adjusted for age, race, and smok-
ing, with DDE levels ranging from 0 to 60  m g/L  (191) . 
An increased serum DDE level was positively associ-
ated with a fetal loss history but was limited also by the 
retrospective history of pregnancy loss  (191) . Venners 
et al. published a prospective study in a Chinese popu-
lation of reproductive-aged, newly married women 
 (192) . Daily urine samples were collected and measured 
for DDT and human chorionic gonadotropin (hCG) 
levels, which revealed an exposure–response associa-
tion between preconception DDT levels and subse-
quent early pregnancy losses  (192) . However, DDE 
and TTP studies have not consistently revealed differ-
ences in fecundity as a result of DDE exposures 
 (193,   194) . By Pearson correlation analysis, Younglai 
et al. demonstrated a negative association between 
serum and FF levels of DDE and IVF fertilization, but 
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no effect was found on pregnancy outcomes  (155) . 
In a small cohort, higher serum DDE levels in women 
undergoing IVF were associated with reduced preg-
nancy rates (but not signifi cant likely due to a lack of 
power)  (195) . An interesting study published in 2003 
demonstrated reduced fecundability in daughters of 
mothers who were exposed during pregnancy to high 
levels of DDT and DDE between 1960 and 1963, 
sugge sting an in utero effect of this endocrine disruptor 
on the fetal reproductive axis, similar to BPA  (196) . 

 A biologic mechanism for the effects of DDT and 
its metabolite, DDE, on reproductive potential remains 
elusive. However, studies on the effects of DDE on 
granulosa cells suggest endocrine-disrupting proper-
ties. DDE decreases steroidogenesis in luteinized 
granulosa cells but increases VEGF and IGF-1 expres-
sion in the ovarian follicle  (197–  200) . Incubation of 
murine embryos with low doses of DDT reduces the 
growth of early stage embryos and subsequent blasto-
cyst development, with increased apoptosis  (201) . A 
similar observation was made in bovine embryos 
exposed to DDT, with a reduction in blastocyst forma-
tion  (9) . This effect of DDT on murine blastocyst 
development was reversed by the addition of an estro-
gen receptor antagonist  (202) . However, a subsequent 
study did not reveal any effect on implantation rates or 
number of pups per dam after incubation of murine 
embryos with DDT  (203) . It is possible that the negative 
effects of DDT and DDE on early embryogenesis may 
be acting via oxidative stress pathways  (204,   205) .  

  8 Dioxin Exposures  

 Dioxins represent a class of organic chemicals that are 
structurally related to PCBs (see Fig.  1 ). Similar to 
PAHs and PCBs, dioxins are believed to activate AhR 
ligands with downstream gene activation and expres-
sion  (206) . The clinical evidence for dioxin exposure 
and reproductive health comes mainly from the Seveso 
Women’s Health Study, which studied an Italian village 
population north of Milan exposed to high levels of 
2,3,7,8-tetrachlorodibenzo- p -dioxin (TCDD) from a 
chemical plant explosion that released ~30 kg of TCDD 
into the atmosphere in 1976  (207) . The measurable 
serum levels of TCDD in Seveso residents ranged from 
2.5 to 56,000 ppt, with a background nonexposed level 

of 20 ppt  (208) . Unintended human exposures to 
TCDD generally occur via consumption of contaminated 
food products and air inhalation around industrial 
waste processing plants. TCDD has been classifi ed as 
a human carcinogen by the International Agency for 
Research on Cancer and displays endocrine-disrupting 
properties  (209,   210) . 

 The clinical relevance of dioxin exposures to human 
reproduction is still unknown. A case–cohort study of 
Seveso women exposed to high levels of TCDD found 
a nonsignifi cant association with surgically diagnosed 
endometriosis  (211) . Furthermore, there is evidence in 
the nonhuman primate model which indicates that 
chronic exposure to TCDD increases the risk of endo-
metriosis, with severity of disease that is dose depen-
dent  (212,   213) . However, the association between 
TCDD exposure and clinically diagnosed endometrio-
sis remains controversial in humans  (214–  219) . 
Nonetheless, functional AhR receptors that are dioxin 
responsive are expressed in human endometrial stromal 
cells and endometriosis implants  (220) . There are no 
studies currently in the clinical literature that directly 
address the role of dioxins in human reproductive 
potential, and although TCDD is present in human FF 
 (221) , there are no data on direct effects of TCDD on 
oocyte development and function. 

 There are several studies, however, worthy of mention 
within the TCDD mammalian reproduction literature. 
For example, TCDD can alter murine estrous cyclicity 
and ovulatory events  (222,   223) , and TCDD adminis-
tered to pairing female hamsters lengthens the time to 
fi rst litter in a dose-dependent fashion  (224) . TCDD 
exposure increases the cavitation rates of murine pre-
implantation embryos, with accelerated differentiation 
 (225) . There is also evidence that TCDD exposure 
during preimplantation development alters gene expres-
sion of murine blastocysts and the methylation status of 
the murine imprinted genes H19 and Igf2  (226,   227) . 
Also, when murine embryos are incubated with TCDD 
in concentrations found in human FF (1–5 pM range) 
they responded with stage-specifi c effects of lower 
eight-cell development but accelerated blastocyst devel-
opment within surviving embryos  (221) . Murine mater-
nal exposure of environmentally relevant doses of 
TCDD during the periconception period does not affect 
ovulation, fertilization effi ciency, or embryo survival, 
but rather results in disrupted nuclear and cytoplasmic 
profi les of preblastocyst embryos  (228) . 
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 Early fetal loss has been demonstrated with 
maternal TCDD exposure in several different mam-
malian models, including the primate, possibly 
owing to effects on uterine decidualization  (229, 
  230) . There is also evidence that TCDD acts as an 
endocrine disruptor to reduce estrogen biosynthesis 
within the ovarian follicle via actions on 17,20 lyase 
activity of the P450c17 enzyme complex  (231) . 
TCDD may infl uence ovarian reserve via the AhR 
receptor activation pathway, similar to PAHs  (232, 
  233) . Collectively, these studies suggest that diox-
ins may have direct effects on oocyte and early 
embryo development as well as endometrial 
differentiation.  

  9 Aryl Hydrocarbon Receptor 
in Reproduction  

 As has been mentioned earlier in the sections on ciga-
rette smoking and PAHs, PCBs, and dioxins, AhR-
mediated pathways appear to be important in cell 
signaling with these lipophilic organic chemicals 
(halogenated aromatic hydrocarbons) which are con-
sidered important activating ligands that bind to AhR 
intracellularly  (234) . This complex disassociates 
within the cell nucleus and dimerizes with AhR 
nuclear translocator (ARNT) to transform into a 
highly active transcriptional factor that regulates the 
transcription of cytochrome P450A1 (CYP1A1), a gene 
that encodes one of several xenobiotic-metabolizing 
enzymes  (234,   235) . TCDD, PAHs, and PCBs bind to 
AhR infl uencing various downstream events that 
effect detoxifi cation of these lipophilic chemicals, 
induction of cellular apoptosis, and antagonism of 
normal endocrine responses  (235,   236) . The role of 
AhR in reproduction is supported by differences in 
fecundity between low- and high-affi nity AhR  (237) . 
Bovine oocytes and surrounding cumulus cells both 
express AhR and ARNT  (238) . The use of AhR antag-
onists has demonstrated decreased levels of CYP1A1 
in cumulus oocyte complexes with a reduced ability 
of bovine oocytes to undergo complete in vitro nuclear 
maturation  (238) . As discussed previously, contradic-
tory evidence in the murine AhR knockout model 

exists that argues against a signifi cant role for AhR in 
mammalian fertility, as the AhR−/AhR− female mouse 
is fertile  (183) . Thus, the role of AhR in fertility 
remains controversial, and further studies are needed 
to clarify the roles of halogenated aromatic hydrocar-
bons as ligands within the AhR-mediated pathways 
in reproduction.  

  10 Clinical Applications Summary  

 Evidence has been steadily accumulating regarding 
the effects of environmental contaminant exposures 
on mammalian and other animal reproductive sys-
tems. However, there remains controversy on the 
impact of environmental exposures on human repro-
duction. Large, prospective, epidemiologic-based 
studies are needed to address potentially subtle effects 
of various environmental contaminants on reproduc-
tive health. While cigarette smoking and its compo-
nent chemicals as summarized in this chapter have 
substantial clinical and scientifi c data to support their 
effects on reducing the quality and quantity of 
oocytes, cigarette smoke is still unique as an environ-
mental exposure as measured by the magnitude of 
research available that addresses its negative impact 
on human reproduction. PCBs, BPA, heavy metals, 
pesticides including DDT and dioxins are candidates 
as reproductive toxicants, with proposed biologic 
mechanisms for reproductive disruption, although 
they fall short in terms of clinical validation of their 
effects in the human population (see Table  1 ). Clearly, 
a concerted effort by the scientifi c and clinical com-
munities must be made to further address and deter-
mine whether these chemicals adversely affect 
clinical reproductive outcomes before clinical recom-
mendations can be made to limit exposures. However, 
before the results of these decade (or more)-long 
studies are conducted and the data analy zed, biologic 
plausibility recommends the limitation of exposures 
in accordance with the “precautionary principle.” 
This principle states that if an action or policy might 
cause severe or irreversible harm to the public, pre-
cautionary measures shall be taken even if causal link 
has not been proven  (239) .      



Environmental Factors Affecting Female Infertility 13

  Table 1           Reproductive compromise associated with various environmental contaminants

 Smoking PAHs  Pesticides  Heavy metals  Bisphenol A  PCBs  DDT and DDE  Dioxins 

 Clinical – fecundity  +++  ++  NA  +  ++  +  NA 
 Clinical spontaneous 

miscarriage 
 ++  +  +  +  +  NA 

 Clinical – fertility treatment 
outcomes 

 +++  NA  +  NA  NA  NA  NA 

 Mammalian – litter sizes  ++  ++  ++  ++  +  ++ 
 Mammalian – fertilization 

outcomes 
 NA  ++  +  +++  +++ 

 Mammalian – embryogenesis  +++  ++  +  +++  +++  ++  ++ 

   No association;  + , weak association;  ++ , moderate association;  +++ , strong association;  NA  no literature available to derive a 
conclusion  
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   Abstract    Because of the high prevalence of insulin 
resistance, there is a growing interest in the application 
of insulin sensitizing agents in patients with polycystic 
ovary syndrome (PCOS). Metformin is the most widely 
prescribed insulin sensitizing agent in patients with 
PCOS. In this chapter, we address the importance of life-
style modifi cation as the initial intervention in patients 
with PCOS. Furthermore, we discuss the effi cacy of 
metformin compared to low-dose estrogen/progestin 
oral contraceptives in restoring menstrual cyclicity, 
reducing androgen excess, and protecting against uterine 
malignancies. Additionally, the role of metformin in 
PCOS patients with infertility is addressed.  

   Keywords    Metformin • Polycystic ovary syndrome  •  
PCOS  •  Hyperinsulinemia  •  Anovulation  •  Androgen    

  1 Introduction  

 Polycystic ovary syndrome (PCOS) is the most com-
mon endocrinopathy in women, affecting 5–10% of all 
females of reproductive age  (1–  5) . According to the 
Rotterdam criteria, PCOS is characterized by increased 
ovarian androgen production, menstrual cycle irregu-
larity, and polycystic morphology on ovarian ultra-
sound  (6) . PCOS comprises a spectrum of metabolic 
abnormalities encompassing hirsutism, acne, and often 
infertility  (7) . Additionally, since many PCOS patients 

are anovulatory, owing to unopposed estrogen secre-
tion, they are at a signifi cantly higher risk for endome-
trial hyperplasia and subsequently frank carcinoma 
 (8,   9) . More recent studies have highlighted the link 
between PCOS and metabolic syndrome, a condition 
marked by hyperlipidemia and insulin resistance 
 (10,   11) . Hence, early diagnosis of PCOS, along with 
vigilant long-term screening for signs of diabetes and 
cardiovascular diseases is imperative. 

 Although the pathophysiology of PCOS still remains 
largely uncharacterized, insulin resistance and compen-
satory hyperinsulinemia appear to be a prominent feature 
of this phenotype  (10,   12) . Several studies have demon-
strated a causative association between hyperandrogen-
emia and underlying hyperinsulinemia  (10,   12–  15) . 
Elevated insulin levels have been shown to increase 
serum androgen levels both directly, via effects on the 
ovary and adrenal, as well as via lutenizing hormone 
(LH) secretion by the pituitary  (16–  19) . Furthermore, 
studies in the theca cell model have delineated that insu-
lin normally functions to exert an inhibitory effect on 
17- a  hydroxylase (CYP17), thereby inhibiting androgen 
production. In vitro studies using theca cells from PCOS 
patients have demonstrated exaggerated androgen syn-
thesis  (20,   21) . Moreover, hyperinsulinemia has been 
shown to inhibit hepatic synthesis of sex hormone 
binding globulin (SHBG), in turn increasing the bio-
availability of free androgens  (13,   22) . This resulting 
hyperinsulinemic androgen excess state in PCOS patients 
is believed to be the underlying cause of anovulatory 
infertility as well as the worrisome metabolic sequelae 
associated with PCOS. 

 Therefore, targeting insulin resistance has been the 
key focus in the PCOS realm of pharmacologic devel-
opment. The application of several insulin sensitizing 
agents, many of which have exhibited promise in Type 
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II diabetes, has been studied in the PCOS population. 
Metformin, an oral biguanide, is the most widely used 
insulin sensitizing agent in the United States  (23–  29) . 
Moreover, it is the recommended fi rst-line treatment in 
newly diagnosed patients with type II diabetes mellitus 
 (30) . By enhancing the binding of insulin to the insu-
lin receptor, thereby stimulating postreceptor action, 
metfo rmin is believed to enhance insulin signaling 
 (31) . Metformin exerts its metabolic effects by decreas-
ing lipolysis, hepatic gluconeogenesis, and intestinal 
glucose absorption, thereby reducing the requirement 
for insulin secretion  (29,   32–  34) . Additionally, met-
formin has been shown to act directly on the theca cell, 
reducing CYP17 expression and subsequently depress-
ing theca cell androstenedione production  (35,   36) . 

 The steadily increasing prevalence of obesity and 
diabetes in developing countries has led to an increased 
awareness of diabetes prevention. Oral glucose toler-
ance testing is being increasingly implemented in 
selected patients in efforts to diagnose “prediabetic” 
high-risk patients. Understandably, patients suffering 
from PCOS comprise a large fraction of this popula-
tion. Although our success with diagnosing patients 
with glucose intolerance has been favorable, directing 
the subsequent long-term management of these patients 
is a subject of much controversy. Most clinicians unani-
mously agree that weight reduction should be of para-
mount concern  (37) . A recent meta-analysis revealed 
that metformin does not result in weight loss among 
overweight and obese patients with PCOS  (27) . Hence 
initial interventions should focus primarily on routine 
exercise along with lifestyle and dietary modifi cation. 
The place of insulin sensitizing agents in these patients 
is a question that remains unanswered at this time.  

  2 Metformin in the Prevention 
of Diabetes  

 Recent studies have taken an interest in the potential 
role of metformin in the prophylaxis against insulin 
resistance and, ultimately, the development of diabetes. 
In a randomized controlled trial, the NIH Diabetes 
Prevention Project compared the benefi t from metformin 
therapy to lifestyle intervention in patients exhibiting 
glucose intolerance  (38) . Treatment arms consisted of 
weight loss via dietary modifi cation and exercise in 
comparison to metformin monotherapy. With a mean 

follow-up of 2.8 years, the incidence of diabetes was 
reduced by 58% with lifestyle intervention and 31% 
with metformin, as compared to placebo  (38) . This fi nd-
ing underscores that even in patients who are at high risk 
for developing diabetes, lifestyle intervention is superior 
to pharmacologic prophylaxis with metformin  (38) . 

 As in the case with diabetes prevention, insulin 
 sensitizing agents have similarly met marginal success 
in the prevention of cardiovascular disease. In fact, 
some agents have surprisingly been found to exacer-
bate preexisting cardiac disease. Nissen (2007) demon-
strated a 43% increase in risk of myocardial infarction 
among patients taking rosiglitazone  (39) . This resulted 
in a black box warning by the FDA, advising against 
the use of rosiglitazone in patients at high risk for 
cardio vascular disease. Therefore, the use of insulin 
sensitizing agents, particularly of the thiazolidinedione 
class, should be minimized in patients with known 
cardiovascular disease.  

  3 Metformin in the Treatment 
of Menstrual Irregularities  

 Owing to the interdependence of hyperinsulinemia and 
androgen excess in PCOS patients, the effectiveness of 
metformin in ameliorating aberrations of an androgen 
excess state has also been studied. Oligomenorrhea is 
one of the most common complaints amongst PCOS 
patients. Fleming (2002) reported that 30% of oligom-
enorrheic PCOS patients achieve restoration of a 
normal ovarian rhythm after 16 weeks of metformin 
therapy  (40) . 

 However, it is important to note that in comparison to 
metformin, combined estrogen–progestin oral contra-
ceptives as well as cyclic progestin therapy have been 
found to yield superior results in terms of restoration of 
menstrual cyclicity. Furthermore, oral contraceptive pill 
(OCP) treatment also reduces symptoms of androgen 
excess and menorrhagia, which often improves anemia 
 (41) . Since patients with oligomenorrhea are at risk for 
endometrial hyperplasia and potentially invasive carci-
noma, protection of the endometrium is of crucial 
concern. PCOS patients who are on OCPs have a lower 
incidence of endometrial hyperplasia, a known precursor 
to endometrial carcinoma  (42,   43) . Similarly, a signifi -
cantly reduced risk of ovarian cancer has been demon-
strated among OCP users  (42) . Additionally, the use of 
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hormonal agents also offers the added benefi t of contra-
ceptive protection in selected patients. Therefore, if 
metformin is used in the treatment of PCOS patients, it 
may be advisable to add OCPs to better prevent endome-
trial hyperplasia. However, at this time, there are only a 
few short-term studies investigating the combination of 
metformin and OCPs.  

  4 Metformin in the Treatment 
of Hyperandrogenism  

 The phenotypic manifestations of PCOS, hirsutism, 
acne, and alopecia, are usually the driving force for 
patients to seek medical attention. Given the associa-
tion between androgen excess and insulin resistance, 
many studies have investigated the effect of metformin 
monotherapy on these symptoms. Unfortunately, stud-
ies thus far have failed to show a signifi cant improve-
ment with metformin monotherapy  (44) . In contrast, 
OCPs have been shown to signifi cantly reduce hirsut-
ism, acne, and alopecia  (41) . The Endocrine Society 
Clinical Practice Guidelines (2008) advises against 
using metformin to treat hirsutism in premenopausal 
women; estrogen/progestin OCPs are the recom-
mended fi rst-line treatment  (45) . Additionally, OCPS 
have also been shown to be superior with respect to 
menstrual cycle restoration and protection of the endo-
metrium against hyperplasia and malignancy  (41) . 

 Owing to the heterogeneity of PCOS, the treatment 
approach should be guided by the specifi c metabolic 
disturbances at hand. In the patient with frank diabetes, 
metformin therapy should be the fi rst line of treatment. 
Nondiabetic, normoinsulinemic PCOS patients with 
complaints of clinical manifestations of androgen excess 
should be treated with a trial of OCPs without metformin. 
If PCOS patients display evidence of gluc ose intolerance 
without a diagnosis of overt diabetes, lifestyle and dietary 
modifi cation should be recommended as the initial inter-
vention. In selected patients who fail conservative 
management, metformin therapy may be instituted. 

 Small studies have found that older, higher dose OCPs 
may increase the risk of insulin resistance and lipid 
abnormalities in PCOS patients  (46) . However, no long-
term placebo-controlled study has demonstrated that 
current low-dose OCPs increase the risk of diabetes, 
hyperlipidemia, or cardiovascular disease in both patients 
with or without PCOS  (47,   48) .  

  5 Metformin for the PCOS Patient 
with Infertility  

 PCOS is the most common cause of infertility among 
reproductive-aged women. Most cases of infertility in 
this population are believed to arise from ovulatory 
dysfunction. In fact, PCOS accounts for nearly 75% of 
all cases of anovulatory infertility in women seeking 
fertility treatment. Additionally, even after attaining 
successful conception, women with PCOS remain at a 
threefold increased risk for pregnancy loss, implicating 
additional factors in the multifaceted etiology of 
PCOS-related reproductive dysfunction. 

 PCOS is a complex and heterogeneous disorder 
characterized by dysfunctional ovarian steroidogene-
sis. Cultured theca cells from PCOS patients display 
markedly increased androgen secretion, likely as a 
result of hyperinsulinemia  (49–  51) . This hyperandro-
genic milieu alters the intrafollicular microenviron-
ment, leading to aberrant folliculogenesis. In vitro 
studies have demonstrated that developing follicles 
exposed to a high androgen environment are prone to 
result in follicular arrest at the 4–8 diameter size  (52) . 
Failure to produce a dominant follicle in turn leads to 
anovulation. Hence the underlying insulin resistance, 
hyperandrogenemia and the resulting aberrant follicu-
lar growth, is thought to result in the common PCOS 
phenotype of oligoovulation, androgen excess, and 
anovulatory infertility  (53) . 

 Fortunately, many treatment options are available to 
infertile couples suffering from PCOS. Since the 
majority of these patients are anovulatory, initial efforts 
are geared towards restoring ovulation. Clomiphene 
citrate (CC) is typically the fi rst-line pharmacologic 
agent recommended. CC successfully restores ovula-
tion in 70–85% of women  (54) . This allows for a 50% 
pregnancy rate within three consecutive cycles of CC 
among anovulatory PCOS patients. Some authors have 
reported a cumulative pregnancy rate exceeding 90% 
in PCOS patients using CC for at least six cycles  (55) . 

 Since CC is an antiestrogen, it functions by damp-
ening the negative feedback of estrogen on the anterior 
pituitary, leading to a net increase in gonadotropin 
(follicle-stimulating hormone (FSH) and luteinizing 
hormone (LH) production). Note, however, that there 
are several limitations of CC therapy. CC is known to 
exert an antiestrogenic effect on the cervical mucus 
and endometrial lining  (56,   57) . Additionally, CC use 
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increases the patient’s risk of twin gestation, with an 
absolute risk of roughly 4–10%  (58,   59) . 

 In cases where ovulation using CC fails to occur, 
stimulation of the PCOS ovary may be attempted using 
exogenous gonadotropins. Currently, recombinant 
FSH preparations are the most widely used form of 
gonadotropin ovulation induction. Of note, PCOS 
patients undergoing ovulation induction with gonado-
tropins require close surveillance, since they are at 
elevated risk for ovarian hyperstimulation syndrome 
 (60) . In a patient in whom CC or gonadotropin therapy 
fails, in vitro fertilization may be necessary. Newer 
advanced reproductive techniques, such as in vitro 
maturation, appear to minimize the patient’s risk for 
ovarian hyperstimulation syndrome  (61,   62) . However, 
pregnancy rates with in vitro maturation are low at this 
time and therefore this practice is currently considered 
experimental. 

 In patients with insulin resistance, improving insulin 
sensitivity via pharmacologic agents would logically 
appear to increase ovulation rates  (31,   49,   50) . Unlike 
treatment with CC or gonadotropins, metformin therapy 
does not appear to accelerate follicular recruitment. 
Instead, it is theorized to enhance the microfollicular 
milieu, in which a narrow range of insulin levels is 
thought to be critical for healthy monofollicular gonadal 
function  (63,   64) . 

 Studies using metformin monotherapy in infertile 
patients with anovulatory infertility have demonstrated 
an improvement in ovulatory rates  (31) . In a recent 
meta-analysis, Creanga (2008) reported a nearly three-
fold improvement in ovulatory rates in PCOS women 
undergoing metformin treatment  (65) . Unfortunately, 
this success in bolstering ovulatory rates does not 
appear to translate to actual improved pregnancy rates. 
In a prospective randomized, controlled trial of 626 
infertile PCOS women, Legro (2007) reported a mark-
edly lower live-birth rate with metformin treatment 
compared to those receiving CC monotherapy. The 
live-birth rate in the CC group was 22.5% compared to 
only 7.2% in the metformin group; this difference was 
statistically signifi cant. Furthermore, these conclu-
sions are in accord with the recent meta-analyses by 
Moll (2007) and Creanga (2008) evaluating the effec-
tiveness of metformin in improving ovulatory and sub-
sequently pregnancy rates  (65,   66) . Additionally, 
studies investigating the combination of CC and met-
formin failed to provide any added benefi t over CC 
monotherapy  (67) . Moreover, supplementing CC with 

metformin does not lower the threshold CC dose that 
is necessary for ovulation  (68) . Hence, metformin 
appears to be an inferior choice in the initial mana-
gement for PCOS patients with infertility. The most 
appropriate fi rst-line therapy in anovulatory PCOS 
patients desiring conception is CC  (67) .  

  6 Metformin Following Conception  

 Whether PCOS patients should continue metformin 
therapy following conception is a subject of debate. 
The U.S. Food and Drug Administration (FDA) has 
classifi ed metformin as “Pregnancy category B,” indi-
cating that safety in pregnant women has not been 
defi nitively established but no experimental animal 
evidence suggesting teratogenicity has been reported 
 (69) . Given that PCOS patients are at greater risk of 
miscarriage in the fi rst trimester of gestation, many 
practitioners opt to continue metformin use until fetal 
cardiac activity has been documented, while others 
continue treatment until the end of the fi rst trimester 
 (70) . However, in a large prospective randomized, 
controlled trial, continued use of metformin in early 
pregnancy was not associated with a reduced miscar-
riage rate as compared to women not on metformin 
who used CC alone for ovulation induction  (67) .  

  7 Precautions with Metformin  

 All women undergoing metformin therapy should be 
counseled on the risk of adverse events associated with 
this medication  (71) . The most worrisome of these side 
effects is lactic acidosis  (71,   72) . Although the actual 
incidence is rare (1:33,000), those that are affected 
face a grim prognosis, with mortality rates approach-
ing 50%  (73–  75) . Moreover, symptoms of lactic acido-
sis are often subtle and nonspecifi c. Affected patients 
may present with generalized fatigue, abdominal pain, 
and myalgia. In more pronounced cases, symptoms 
may progress to respiratory depression. Suspected 
cases should be attended to promptly with particular 
attention to correcting abnormalities in serum electro-
lytes, ketones, glucose, pH, and lactate levels  (76) . 
Cases with marked anion-gap metabolic acidosis may 
benefi t from prompt hemodialysis  (77,   78) . 
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 Fortunately, the enforcement of preventative meas-
ures has helped reduce the incidence of lactic acidosis. 
Such measures include the discontinuation of metformin 
24–48 h prior to any planned surgery or imaging study 
requiring the use of intravenous contrast. Additionally, 
even mild renal impairment is a contraindication to 
metformin use  (79) . 

 More commonly, patients undergoing metformin 
treatment have gastrointestinal complaints  (32) . In fact, 
up to 30% of patients taking metformin report suffering 
from nausea, vomiting, diarrhea, bloating, fl atulence, or 
a combination of these symptoms. Metformin-induced 
gastrointestinal discomfort is believed to result from 
drug accumulation in the intestinal wall, and side effects 
are more prevalent at higher dosages  (80,   81) . For this 
reason, a gradual stepwise increase in metformin dosage 
may allow the patient to acclimate in a more comfortable 
fashion  (29) . Newer extended-release formulations may 
be associated with fewer side effects.  

  8 Alternatives to Metformin  

 The utility of other classes of oral hypoglycemic 
agents have also been studied in PCOS patients. 
Increasing attention is particularly being drawn to the 
thiazolidinedione (glitazones) class of drugs. These 
agents function by increasing insulin sensitivity, with-
out simulating insulin secretion  (82–  84) . As in the case 
with metformin, glitazones have been found to increase 
ovulatory rates in PCOS patients  (85) . However, also 
similarly, neither metformin nor glitazones have demon-
strated a benefi t on pregnancy rates or live-birth rates 
compared to CC monotherapy. Additionally, glitazone 
therapy has been demonstrated to result in weight 
gain, which may further exacerbate the patient’s 
infertility and other PCOS-associated sequelae  (30) . 
Moreover, glitazones have been found to have a wor-
risome side effect profi le, leading to the withdrawal of 
Troglitazone from the U.S. market by the FDA in 
1999, due to numerous reports of fatal liver toxicity 
 (86,   87) . Subsequently, rosiglitazone also received a 
black box warning from the FDA after Nissen (2007) 
reported a 43% increased risk of myocardial infarc-
tion among patients taking rosiglitazone  (39) . Because 
of these fi ndings, it follows that only a limited num-
ber of short-term studies evaluating glitazones in 
PCOS has been reported.  

  9 Conclusions  

 At this time, the only indication for metformin therapy 
approved by the FDA is type II diabetes  (29,   81,   88) . 
Although a large fraction of patients with PCOS display 
signs of impaired glucose tolerance, lifestyle interven-
tion has been found to be more effective than metfor min 
therapy for the prevention of diabetes  (38) . Furthermore, 
low-dose estrogen/progestin oral contraceptives have 
been shown to have superior results in alleviating symp-
toms of androgen excess, restoring menstrual cyclicity, 
and protecting against endometrial malignancies 
 (41–  43,   45) . Although metformin appears to improve 
ovulatory rates in some patients, ovulation induction 
using clomiphene citrate results in higher live-birth rates 
compared to metformin therapy. Hence the evidence to 
date suggests that metformin therapy in patients with 
PCOS should be reserved for CC-resistant patients and 
patients with frank type II diabetes.      
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   Abstract    Uterine myomas are common in reproductive-
aged women. Traditionally, treatment for symptomatic 
myomas in women wishing to preserve their ability 
to have children has been abdominal myomectomy. 
While this procedure is very successful in improv-
ing symptoms related to the myomas, it is associ-
ated with surgical morbidity, patient hospitalization, 
and a prolonged postoperative recovery. Newer, less 
invasive techniques are now available to treat symp-
tomatic uterine myomas including laparoscopic and 
robotically assisted laparoscopic myomectomy,  uterine 
artery embolizaiton, and MRI-guided ultrasound 
 focused surgery. These techniques have the advantage 
of less morbidity and quick recovery. Many studies 
have shown promising results with regard to improve-
ment in myoma-related symptoms. However, concerns 
have been raised about using these procedures for 
women who would like to become pregnant. Further 
studies are needed to evaluate the risks and benefi ts 
compared to standard treatment options.  

     Keywords    Myoma  •  Myomectomy  •  Embolization  
•  Laparoscopy  •  Uterus    

  1 Introduction  

 Uterine myomas are among the most common solid 
tumors of the female reproductive tract, affecting 
approximately 20–50% of reproductive-aged women 

 (1,   2) . Common symptoms are related to the number 
and size of the myomas, as well as their location in the 
uterus, and include pressure, discomfort, excess bleeding, 
urinary frequency, or retention and constipation. 
Myomas have also been implicated as a cause of 
infertility and pregnancy loss. Obstetrical outcomes 
with myomas include increased risk of transfusion, 
abruption, malpresentation, and preterm delivery  (1,   2) . 

 Surgical treatment for symptomatic myomas in 
those wishing to preserve fertility has traditionally 
involved abdominal myomectomy. The goal of abdom-
inal myomectomy is to remove the visible and acces-
sible myomas and then reconstruct the uterus. This 
procedure has been shown to improve quality of life, 
decrease bleeding, and reduce uterine volume  (3) . The 
procedure is safe and can be performed with minimal 
blood loss and complications  (4) . Following abdomi-
nal myomectomy, myomas can recur, leading to clini-
cally signifi cant symptoms in 10% by 5 years and in 
27% by 10 years  (5,   6) . Recurrence is more common 
following removal of multiple myomas compared to 
solitary myomectomy  (7) . Published term pregnancy 
rates following myomectomy range from 40 to 50% 
and live birth rates as high as 70–100%  (8) . The draw-
back of abdominal myomectomy is hospital stay post-
operatively (mean 2.5 days) and time to return to work 
(mean 44 days)  (3) . 

 Less invasive alternatives such as laparoscopic 
myomectomy, robotic-assisted laparoscopic myome-
ctomy, uterine fi broid embolization, and MRI-guided 
focused ultrasound surgery are now available. These 
procedures have the advantage of quick recovery 
and less morbidity. Use of less invasive procedures 
in women desiring fertility, as well as the effi cacy 
and advantages over myomectomy, need to be 
assessed.  
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  2 Laparoscopic Myomectomy  

 Laparoscopic myomectomy was fi rst proposed in the 
1970s, and advances in equipment and experience have 
led to signifi cant improvements in this technique  (9) . 
A laparoscopic approach offers the advantages of 
shorter hospital stay, faster recovery, decreased blood 
loss, and reduced postoperative pain when compared 
to laparotomy  (10,   11) . The application of this tech-
nique, however, is limited by the size and number of 
myomas to be removed and the technical challenge of 
laparoscopic suturing. The goal of laparoscopic myome-
ctomy is to achieve closure of the uterus that is compa-
rable to, or superior to, abdominal myomectomy. It is 
one of the more challenging laparoscopic procedures 
and requires a skilled surgeon. 

 Laparoscopic myomectomy is well suited to patients 
with a few fi broids of medium size (approximately 5 cm) 
in the subserosal or intramural location. These limita-
tions are primarily due to time and technical diffi culties 
relating to suturing and removal of the myomas by 
morcellation. In a review of a series of laparoscopic 
myome ctomy, the mean myoma size was 4 to 7 cm and 
number removed 1–3  (12) . In a randomized, controlled 
study of 40 women, comparing myomectomy through 
laparo scopy to laparotomy, the mean number of myo-
mas was 2.5 and 2.3, respectively, and the mean diame-
ter for each group was <5 cm (range 3–6 cm)  (10) . In 
another randomized, controlled study of 131 patients for 
laparoscopic versus abdominal myomectomy, the 
myoma size was  ³ 5 cm for each group and the number 
of myomas removed was <4  (11) . Removal of large myo-
mas by lapa roscopy has been described. One case study 
described 51 patients who underwent laparoscopic myo-
mectomy with removal of at least one myoma >9 cm 
 (13) . Removal of submucosal myomas poses the addi-
tional challenge of closing the endometrial cavity. In a 
case series of 34 women who underwent laparoscopic 
myomectomy for myomas penetrating the uterine cav-
ity, the mean diameter of the myomas removed was 6.7 
cm (range 4–15 cm)  (14) . In the 23 patients wishing to 
conceive postoperatively, 21 had a normal uterine cav-
ity as demonstrated by hysteroscopy. 

 The technique for laparoscopic myomectomy should 
mirror that for abdominal myomectomy. Laparoscopic 
port placement is important to facilitate enucleation of 
the myomas and repair of the defect. Placing two ports 
on the primary surgeon’s side of the table, one in the 

lower quadrant and the other lateral to the umbilical 
port, is recommended  (9) . Dilute pitressin may be 
injected into the uterus for hemostasis, although in some 
cases adequate hemostasis can be achieved using 
electrocautery or harmonic scalpel. A transverse inci-
sion over the myoma is recommended with laparoscopic 
myomectomy, in contrast to what is typically done at 
laparotomy, to facilitate suturing the defect given the 
ergonomics and limited instrument motion with laparo-
scopy  (9) . Closure of the defect is the most technically 
challenging aspect of laparoscopic myomectomy. 
Principles of closing the defect laparoscopically should 
be the same as in laparotomy with the goals of hemo-
stasis and, when indicated, future pregnancy in mind. 
A multilayered closure is preferred. This can be done 
with either interrupted or running stitches. A self-righting 
needle driver facilitates suturing. 

 Removal of the myomas is typically done by mor-
cellation, though colpotomy has been described. 
Morcellation can be time consuming, especially with 
large or numerous myomas. Morcellation of the 
myoma in situ has recently been described as a way to 
decrease operative time during laparoscopic myomec-
tomy  (15) . It is important to remove all fragments of 
myoma following morcellation because of the risk 
of developing parasitic myomas. Multiple peritoneal 
parasitic myomas have been described months to years 
after myomectomy and morcellation located in previ-
ous laparoscopic port sites, in the pelvis near the uterus 
and ovaries, and in paracolic gutters  (16–  18) . 

 Laparoscopic myomectomy has been shown to be 
an effective and safe alternative to abdominal myo-
mectomy in selected patient populations. Randomized, 
controlled studies comparing the two techniques have 
used strict inclusion criteria such as limiting size and 
number of myomas to be removed  (10,   11,   19) . These 
studies have shown shorter hospitalization and less 
postoperative pain with laparoscopic myomectomy. 
Blood loss and operative time in all studies was simi-
lar, but laparoscopic myomectomy time was longer 
when more myomas were removed. Pregnancy rates 
for laparoscopic versus abdominal myomectomy were 
not signifi cantly different: 54 vs. 56%  (11) . 

 Short-term outcomes following laparoscopic myome-
ctomy have been evaluated in several large case studies. 
A retrospective study of 332 laparoscopic myome-
ctomies evaluated outcomes relative to experience and 
technique  (20) . The majority of cases (209) were 
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performed from 1998 to 2003, in the era of electrome-
chanic morcellation and vasoconstrictive agents. The 
majority of patients (47%) had more than one myoma 
removed with a mean number of 2.2 and a maximum 
number of 8. Average size of myomas was 6 cm with a 
range of 1–20 cm. With experience and improved tech-
nology, the length of time of the procedure decreased 
and the mean dimension of the largest myoma increased 
from 5 to 7 cm. Conversion rate to laparotomy in this 
study was 1.5% and was due to anesthetic problems in 
three patients and to the size and limited mobility of the 
myoma in a narrow space in the other two. 

 In another retrospective study of 407 laparoscopic 
myomectomies, conversion rate to laparotomy was 
2.9%, and the risk increased with size, number, location 
in the anterior uterus, and presence of adenomyosis 
 (21) . In a case series of 386 patients undergoing laparo-
scopic myomectomy, intraoperative complication rate 
was 3.3%, including bleeding requiring autologous 
transfusion in 2.7%  (22) . Postoperative complication 
rate was low, with three patients requiring blood trans-
fusion and two requiring a second laparoscopy. 

 Recurrence of myomas following laparoscopic myo-
mectomy appears to be similar to that in abdominal 
myomectomy, although with laparoscopy, fewer fi broids 
are generally removed. In one study, 81 patients were 
randomized to laparoscopic or abdominal myomectomy 
and were assessed for myomas recurrence postopera-
tively by ultrasound  (19) . The groups were similar in 
number of myomas per patient and presenting symp-
toms. Recurrence of myoma >1 cm by ultrasound at 40 
months was 27% in the laparoscopic group and 23% in 
the abdominal group, which are not signifi cantly differ-
ent. In one multicenter retrospective study, 512 women 
underwent laparoscopic myomectomy  (23) . Recurrence 
was assessed by appearance of myomas on ultrasound. 
The cumulative recurrence was 12% at 1 year, 53% at 
5 years, and 84% at 8 years. The cumulative probability 
of reoperation for recurrent myomas was 6.7% at 5 years 
and 16% at 8 years. Risk factors for recurrence were 
preoperative number of myomas, preoperative uterine 
size, and delivery after myomectomy. These compare 
with abdominal myomectomy where the 5-year recur-
rence by ultrasound is 51–63%  (24,   25) . 

 There are no prospective randomized, controlled 
studies comparing the rate of adhesion formation after 
laparoscopic compared to abdominal myomectomy. 
Adhesion rate following abdominal myomectomy has 
been reported to be 80–100%  (26–  28) , with the highest 

rate of bowel and adnexal adhesions seen with a poste-
rior incision on the uterus  (26) . Several case series have 
evaluated adhesion formation following laparoscopic 
myomectomy by second-look laparoscopy. These 
studies have, in general, shown adhesion formation to 
be lower than described with abdominal myomectomy. 
However, it is diffi cult to compare the results, as the 
indications for abdominal myomectomy and laparo-
scopic myomectomy are different and more complex 
procedures are usually performed by laparotomy. Early 
case studies utilizing second-look laparoscopy after 
 laparoscopic myomectomy showed postmyomectomy 
adhesions in 29–36% of patients  (29,   30) . Risk of adhe-
sions was increased with use of suture to close the uterine 
defect and with posterior uterine incision  primarily 
involving the rectosigmoid. A prospective observational 
study involved second-look laparoscopy in 372 patients 
following laparoscopic myomectomy from 2000 to 
2005  (31) . Adhesion barriers (fi brin gel, fi brin sheath, 
Seprafi lm ™ , Interceed ™ ) were used in 84% of patients, 
and in the remaining 16% no adhesion-preventing agent 
was used. Use of an adhesion barrier was at the discre-
tion of the surgeon. At second-look laparoscopy, adhe-
sions were seen at the site of the uterine wound in 38% 
of patients and were more common on the posterior wall 
(69%). The size and number of myomas removed corre-
lated with increased risk of adhesion formation. 

 Prospective randomized studies have shown that 
adhesion barriers are associated with a decrease in 
adhesion following laparoscopic myomectomy. One 
study evaluated the use of oxidized regenerated cellu-
lose and found signifi cantly fewer adhesions in the 
treatment compared to control group (40 vs. 88%) 
 (32) . Hyaluronic acid gel is easier to use than oxidized 
cellulose at the time of laparoscopy, as has been evalu-
ated in two prospective randomized studies  (33,   34) . 
In one study of 36 patients evaluated at second-look 
laparoscopy, the rate of adhesion formation was signifi -
cantly lower with the hyaluronic acid gel than without 
it (28 vs. 78%)  (33) . However, in this study there were 
signifi cantly more adhesions with serosal closure with 
interrupted “fi gure 8” stitches compared to subserosal 
closure, emphasizing the importance of the surgical 
technique. In the other study of 52 patients randomized 
to receive hyaluronic acid or no treatment at the time 
of laparoscopic myomectomy, there was no difference 
in the incidence of adhesions between the two groups, 
but the severity of adhesions was less in the group 
treated with the adhesion barrier  (34) . 



32 S.M. Pfeifer

 Pregnancy rates following laparoscopic myomec-
tomy are comparable to those seen after abdominal 
myomectomy  (9) . One randomized, controlled trial 
evaluated pregnancy outcome in 115 patients under-
going laparoscopic or abdominal myomectomy  (10) . 
Pregnancy rates in the laparoscopic compared to the 
abdominal groups were similar (54 and 56%, respec-
tively), as were the cumulative pregnancy rates and 
abortion rates. A recent randomized, controlled study 
evaluated the reproductive outcomes with laparoscopic 
versus minilaparotomic myomectomy  (35) . A total of 
136 patients completed the study. The characteristics of 
each group were similar. Cumulative pregnancy rates 
were not statistically different between laparoscopic 
versus minilaparotomy groups (53 vs. 38%,  p  = 0.9), 
nor were live birth and abortion rates. 

 Concern has been raised regarding the risk of uterine 
rupture at the myomectomy incision during pregnancy 
following laparoscopic myomectomy. There have been 
several case reports describing uterine rupture, and all 
have occurred during the third trimester of pregnancy 
(28–36 weeks gestation)  (9,   21,   36) . However, not all 
reports have specifi ed the location of the rupture, nor 
how the previous defect at myomectomy was repaired. 
In the largest series of 100 deliveries following laparo-
scopic myomectomy, there was one uterine rupture that 
occurred at the prior myomectomy scar. The patient 
had a laparoscopic myomectomy previously repaired 
by a single-layer closure, and at second-look laparos-
copy was found to have a fi stula in the myomectomy 
scar which was repaired again with a single-layer 
closure. During the subsequent pregnancy, she had 
spontaneous uterine rupture at the myomectomy scar 
during the third trimester, not associated with labor. 
It appears that the risk of uterine rupture with laparo-
scopic myomectomy is very low when the uterine 
defect is repaired adequately. 

 Laparoscopic myomectomy has been used for many 
years to treat symptomatic uterine myomas in those 
wishing to preserve their uterus. As technology has 
improved, more complex myomectomies involving large 
myomas and those located in submucosal locations are 
being performed laparoscopically. This is considered 
one of the most challenging laparoscopic procedures, 
mostly due to the skill required to close the uterine 
defects. In the hands of an experienced and skilled 
surgeon, outcomes appear comparable to those with 
laparotomy with the advantage of quicker recovery. 

Subsequent pregnancy carries a low risk of uterine 
rupture if the uterine defect is closed adequately.  

  3 Robotic-Assisted Laparoscopic 
Myomectomy  

 The use of robotic technology in gynecologic surgery 
has increased since the late 1990s. In April 2005, the 
Food and Drug Administration (FDA) approved the da 
Vinci surgical system for gynecologic applications. 
The da Vinci system is comprised of three compo-
nents: (1) the surgeon console housing the stereoscopic 
viewer and instrument controls; (2) the InSite vision 
system (Intuitive Surgical, Sunnyvale, CA) providing 
three-dimensional stereoscopic imaging through a 
12-mm endoscope; (3) three or four robotic arms able 
to hold a vast array of laparoscopic instruments. These 
instruments possess seven degrees of freedom which 
replicate the full range of motion of the surgeon’s 
hands, overcoming the limited mobility seen in conven-
tional laparoscopy. Advantages of the robotic approach 
over traditional laparoscopic surgery include improved 
dexterity and precision with laparoscopic instruments, 
three-dimensional imaging, and scaling of the surgeon’s 
movements to negate tremor  (37) . The improved dexte-
rity is a particular benefi t with respect to suturing and 
may offer an advantage over laparoscopic myomec-
tomy where one of the limitations is the inability to 
perform layered closure of deep intramural or trans-
mural defects. This may not pose a problem for hemo-
stasis, but may potentially lead to compromise in 
uterine integrity during a subsequent pregnancy. The 
advantages of the robotic approach must be weighed 
against the disadvantages of lack of tactile sensation, 
bulkiness of the system, and cost. 

 There have been a few published studies of robotic-
assisted laparoscopic myomectomy. The fi rst series in 
2004 described the experience with 35 patients  (38) . 
The mean number of myomas removed was 1.6 (range 
1–5), and the mean diameter was 8 cm. A subsequent 
retrospective case–control study of 58 patients compared 
the outcome of robotic-assisted laparoscopic myomec-
tomy with laparotomy  (39) . The patients did not differ 
in age, body-mass index, or mean myoma weight. The 
robotic-assisted group compared to the laparotomy 
group had signifi cantly fewer complications, less blood 
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loss with the procedure, and shorter length of stay (1.5 
vs. 3.6 days). Operative times as well as professional 
and hospital charges were statistically higher for the 
robotic group. 

 Another retrospective matched-control study com-
pared robotic-assisted myomectomy with standard 
laparoscopic myomectomy  (40) . Fifteen patients who 
underwent robotic-assisted myomectomy were com-
pared to 35 matched controls who were treated by 
standard laparoscopic myomectomy. The groups were 
matched for age, body mass index, and prior abdomi-
nopelvic surgery, as well as the size, number, and loca-
tion of myomas. The robotic group had signifi cantly 
longer mean operative time compared to the standard 
group (234 vs. 203 min,  p  = 0.03), while blood loss 
and hospital stay were comparable. Further studies are 
needed to determine which patients would benefi t from 
this technology and what the long-term advantages are 
with respect to reproductive outcome.  

  4 Uterine Artery Embolization 
for Myomas  

 Uterine artery embolization (UAE) or uterine fi broid 
embolization (UFE) was fi rst described in 1995 as a 
treatment for symptomatic myomas  (41) . The proce-
dure involves percutaneous cannulation of the femoral 
artery and embolization of the uterine artery and its 
branches directly feeding the myomas by injecting 
substances (gelatin sponges, polyvinyl alcohol parti-
cles, or tris-acryl gelatin microspheres) until occlusion 
or slow fl ow is documented. Radiation exposure is 
relatively low, approximately 15 rads  (42) . One-day 
hospital admission is required for pain management. 

 This procedure was initially not recommended for 
women who desired future childbearing, owing to 
potential risks to pregnancy associated with uterine 
artery occlusion. Initial studies, therefore, focused on 
successful resolution of symptoms related to myomas. 
Short-term follow-up from embolization at 3 months in 
555 women revealed improvement in menorrhagia in 
83% of women, dysmenorrhea in 77%, and urinary 
freq uency in 86%  (43) . A study of 400 women who 
were followed for an average of 16.7 months after 
embolization for fi broids showed that menstrual bleeding 
and pain were improved in 84 and 79%, respectively 

 (44) . A retrospective study comparing 51 women post 
UAE and 38 women post myomectomy for 3–5 years 
showed that the overall symptoms were improved with 
UAE and myomectomy (92 and 90%, respectively) 
 (45) . However, embolization patients were more likely 
to have subsequent invasive procedures for myomas 
compared to myomectomy patients (29 vs. 3%,  p  = 
.004) Following UAE, approximately 10% of women 
experienced postembolization syndrome characterized 
by abdominal pain, nausea, vomiting, fever, malaise, 
and leukocytosis. 

 Concerns regarding the use of this technique in 
women who desire future childbearing include risk of 
ovarian failure, risk of hysterectomy, and potential 
risks to the fetus due to residual myomas and as a result 
of uterine artery occlusion. 

 Amenorrhea has been described in women following 
UAE. The reason is felt to be migration of the occlu-
ding material with resulting occlusion of the ovarian 
vessels. In women <40 years of age the rate of amenor-
rhea following UAE was 3% (95%CI 1–7%) compared 
to 41% in women  ³ 50 years of age (95%CI 26–58) 
 (43) . Ovarian function was assessed in a randomized 
controlled study comparing UAE to myomectomy in 
63 women with an average age of 32 years  (46) . Three 
women (10%) demonstrated FSH values >20 mIU/mL 
post embolization compared to none in the myomec-
tomy group. A subsequent randomized controlled 
study of UAE versus myomectomy showed FSH > 10 
IU/L in 13.8% of UAE patients and in 3.2% of myo-
mectomy patients ( p  < .05)  (47) . 

 Another concern with UAE for those wishing to 
preserve fertility is insuffi cient fi broid reduction. Since 
fi broids have been shown to increase risk of abruption, 
malpresentation, hemorrhage, and preterm labor, 
residual large myomas following UAE may result in 
complications during subsequent pregnancy. The mean 
percent volume reduction of myomas with UAE has 
been shown to be 44% at 3 months and 58% at 12 
months follow-up  (48) . When comparing myomec-
tomy and UAE in a randomized controlled study, ultra-
sound monitoring at 6 month intervals post procedure 
revealed absence of signifi cant pathology in 43% of 
patients who had UAE and in 82% of those who under-
went myomectomy ( p  < .01)  (46) . 

 Although the use of UAE for women with repro-
ductive plans is controversial, pregnancies after UAE 
have been reported, and one prospective randomized, 
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controlled study evaluating UAE and myomectomy in 
women with at least one fi broid >4 cm but not exceeding 
12 cm has been published  (47) . One hundred twenty-
one women were randomized to UAE or myomectomy 
and the reproductive outcome was compared: preg-
nancy rate (50 vs. 78%), delivery rate (19 vs. 48%), 
and abortion rate (64 vs. 23%). The authors conclude 
that although UAE is as safe and effective as myomec-
tomy, myomectomy has a greater chance of success in 
women who plan to get pregnant after the procedure. 
However, longer term follow-up in these patients is 
necessary. A retrospective case series reported on 56 
completed pregnancies following UAE for symptom-
atic myomas  (49) . Term delivery rate was 82%. 

 Pregnancy complications were assessed and comp-
ared to rates from the general obstetric population 
reported from the literature. The rate of preterm delivery 
(18.2%) and postpartum hemorrhage (18.2%) were 
increased compared to the general population. Rate of 
miscarriage was not increased. Cesarean section rate 
was 72.7%, and of those 54% were elective, the main 
indication being uterine myoma in 70%. Another retro-
spective case study compared 53 pregnancies following 
UAE to 139 pregnancies after myomectomy  (50) . 
Pregnancies following UAE had a higher rate of preterm 
delivery (odds ratio 6.2; 95%CI 1.4, 27.7) and malpre-
sentation (odds ratio 4.3, 95% CI 1.0, 20.5) compared to 
pregnancies following laparoscopic myomectomy. 

 UAE has been shown to be effective in the treat-
ment of myomas with improvement in symptoms. 
Until more studies have evaluated the effect in subse-
quent pregnancies, use of UAE in women who desire 
future childbearing should be done with caution. This 
technique may have value in treating women who have 
recurrence of myomas following myomectomy and in 
whom the risks associated with repeat myomectomy 
are signifi cant. Women with solitary myomas who 
desire fertility would probably benefi t from surgical 
excision of the myoma.  

  5 MRI-Guided Focused Ultrasound 
Surgery  

 MRI-guided system for the localization and treatment 
of uterine myomas with focused ultrasound therapy was 
approved for use by the FDA in 2004. This technique 
directs high-intensity ultrasound waves into a focal 

volume of a myoma. The ultrasound energy creates 
suffi cient heat at the focal point so that protein denatur-
ation, irreversible cell damage, and coagulative necrosis 
occur. Concurrent MRI allows precise tissue targeting 
and monitoring of therapy by assessing the temperature 
of the treated area. Since specifi c myomata are targeted 
for treatment, some may go untreated owing to time or 
technical limitations, adding a potential variable in treat-
ment outcome. The procedure is performed on an outpa-
tient basis, and patients may return to normal activity in 
one day. 

 Treatment outcomes at 6 and 12 months were 
reported for 109 women who underwent MRI-guided 
focused ultrasound surgery  (51,   52) . Reduction in uter-
ine volume was modest: 13.5% at 6 months and 9.4% 
at 12 months. Symptoms were improved in 71% of 
women at 6 months but only 51% at 12 months. 
Improvement in symptoms correlates with thorough-
ness of treatment  (53) . This procedure is currently not 
recommended for women who desire childbearing. 
However, an uneventful pregnancy has been reported 
following focused ultrasound surgery for a single, 
large anterior myoma  (54) . Long-term studies are 
needed to evaluate the effi cacy of this procedure as 
well as its use for women desiring pregnancy.  

  6 Conclusions  

 Minimally invasive alternatives to abdominal myo-
mectomy are available. All the techniques have the 
benefi t of less pain and shorter duration of recovery. In 
women desiring fertility, laparoscopic myomectomy 
appears to be safe in the hands of a skilled surgeon. 
However, the applicability of this technique is limited 
by the size and number of myomas. UAE and MRI-
focused ultrasound surgery are less invasive proce-
dures, but experience in women who wish to conceive 
is limited. Prospective studies are needed to determine 
the long-term effi cacy and ideal patient populations for 
these procedures.      
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   Abstract      Poor response to controlled ovarian hyper-
stimulation is associated with low estradiol and folli-
cular response to gonadotropins, reduced number of 
retrieved oocytes and available embryos for transfer 
and unsatisfactory IVF outcomes. The prevalent opin-
ion is that it represents an early stage of ovarian senes-
cence. Poor responders are diffi cult to identify prior to 
gona dotropin stimulation and are generally resistant to 
a multitude of intervention strategies. 

 The aim of this chapter is to present the physiological 
basis for low response and to analyze the literature 
regarding identifi cation and management of poor 
responders.  

   Keywords    Poor      responders  •  Ovarian reserve  •  Con-
tro lled ovarian hyperstimulation  •  Genetics of poor 
resp onse  •  Gonadotropin releasing hormone agonists 
and antagonists  •  Gonadotropins  •  Clomiphene  •  Let-
rozole  •  Growth hormone    

  1 Introduction  

 Of the major challenges facing an ART (assisted repro-
ductive technology) program, the accurate identifi cation 
and effi cient management of poor responders  (1)  remains 
one of the most enigmatic. The goal of controlled ovar-
ian hyperstimulation (COH) is multifollicular recruit-
ment with retrieval of multiple oocytes in an effort to 
compensate for the “ineffi ciencies” of the embryology 
laboratory and the poor predictive value of current  criteria 

for embryo selection  (2) . Poor response to ovarian stimu-
lation generally connotes a quantitative reduction of 
follicular response and thus the number of oocytes 
retrieved after COH. On the other hand, ovarian reserve 
is defi ned as the numerical and qualitative endowment of 
germ cells remaining in the ovary. Although tests for 
ovarian reserve have reasonable capacity to predict poor 
response to ovarian stimulation  (3) , the exact relation-
ship between these tests remains to be defi ned. Dimi ni-
shed ovarian reserve and poor response to COH appear 
to be part of a continuum of the reproductive aging 
process, as considerable evidence indicates that they 
 predict an increased propensity for an early and acceler-
ated development of the menopausal transition  (4–  6) . 
The incidence of poor response to ovarian stimulation 
has been estimated to be between 9 and 26%  (7) . In the 
US, diminished ovarian reserve was the sole diagnostic 
category in 8.2% of ART cycles  (8) . In addition to the 
variability of demographic characteristics between 
centers, this wide range in the incidence of poor response 
can in part be explained by the lack of a uniform defi ni-
tion for poor responders  (9) . The aim of this chapter is to 
review the literature on poor response to ovarian stimula-
tion and discuss the rationale and outcomes of various 
strategies developed to optimize outcomes.  

  2 Defi nition of Poor Response to COH  

 Garcia et al.  (10)  defi ned poor response as a peak 
estradiol ( E  

2
 ) < 300 pg/mL after human menopausal 

gonadotropin (hMG) stimulation. Since then, the 
defi ning criteria for poor response have evolved to 
include the number of large follicles, number of 
oocytes retrieved, peak  E  

2
  level, mean daily and total 

gonadotropin doses, length of gonadotropin stimulation, 
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low antral follicle count (AFC), elevated basal serum 
FSH and/or FSH/LH ratio, age and combinations of 
these criteria  (9)  (Table  1) . Due to these variations in 
both the defi nition and end points, different interven-
tion strategies are not readily comparable. There has 
been a tendency to designate the number of follicles 
or oocytes as the defi ning criterion in recent publica-
tions. Some studies also require the use of an aggres-
sive starting dose (300–450 U) of gonadotropins, a 
high total dose (>3,000 U) or median dose (total 
units/days of stimulation of  ³ 300 U) before classify-
ing a patient as a poor responder  (18) , to avoid the 
possibility of decreased sensitivity to FSH, e.g., due 

to FSH receptor (FSHR) polymorphism (vide infra). 
If a poor response is unexpectedly encountered at a 
“standard” dose of gonadotropins, consideration 
should be given to cancelling oocyte retrieval and 
initi ating another cycle with a maximal starting dose 
of gonadotropins to avoid ascertainment bias  (24) . 
More over, “overzealous” oocyte retrieval in poor 
responders may artifi cially infl ate the total number of 
oocytes obtained at the expense of increasing the 
number and proportion of immature oocytes. The 
issue is further complicated in that all poor responders 
are not equivalent in terms of prognosis. Young poor 
responders manifest signifi cantly better outcomes 

  Table 1    Defi nition of poor response to controlled ovarian hyperstimulation    

 Study  Criteria for poor response  Protocol in fi rst cycle   N  (%)  Outcome on subsequent cycles 

 Saldeen et al. 
 (11)  

  £ 5 follicles at retrieval  OC-long 
GnRHa-rFSH 

 290 (17)  N/A 

 Frankfurter 
et al.  (12)  

 Peak E < 1,000 pg/mL & 
<5 oocytes retrieved 

 GnRHa or ant  12 (?)     MPA + ant suppression before 
antagonist protocol. PR 21% 

 Baka et al.  (13)    £ 3oocytes retrieved or  E  
2
  

< 500 pg/mL 
 Long GnRHa  96(?)  Short GnRHa PR 12.5%/cycle 

 Pennarubia 
et al.  (14)  

 Cycle cancellation due to poor 
follicular response 

 Long GnRHa  129 (?)  Increased gonadotropin dose. PR/
cycle 13% 

 Malmusi et al. 
 (15)  

 No response when  ³ 300 IU FSH 
for  ³ 15 days or <5 oocytes 
retrieved 

 Long GnRHa ICSI  60 (?)  FSH 450–600 U/day Flare; 3.5 ± 
1.4 oocytes Ant; 2.5 ± 1.2 
oocytes 

 Marci et al. 
 (16)  

  E  
2
  < 600 pg/ml on hCG & 

<3 oocytes retrieved 
 Long GnRHa- rFSH 

225 U/day 
 60 (?)  FSH 375 U/day ongoing PR 

GnRHa; 0 Ant 13.3% 
 Klinkert et al. 

 (17)  
 Expected; AFC <5 Actual; 

<4 oocytes or cancellation 
(<3 follicles) 

 Long GnRHa rFSH 
150–300 U 

 52 (10)  N/A 

 Klinkert et al. 
 (18)  

 <4 oocytes retrieved or cycle 
cancellation (<3 follicles). 
Starting dose 150–225 U 

 Long GnRHa  225 (12–16)  Increased gonadotropin dose. 
Cumulative (three cycles) 
ongoing pregnancy; 37–47% 
(unexpected poor responders; 
<41, normal FSH), 16–19% 
(expected poor responders) 

 Hellberg et al. 
 (19)  

 True poor responder 1–2oocytes 
retrieved Intermediate 3–4 
oocytes 

 Long GnRHa  1699 (?)  Second cycle;delivery 9.5% 
(true)-16.5% (intermediate) 
third cycle; delivery 7.3% 

 Morgia et al. 
 (20)  

  £ 3 follicles  ?  129 (?)  ICSI in all cycles fl are-FSH 600 
U; 6.9% natural cycle; 6.1% 
(PR/cycle) 

 Khalaf et al. 
 (21)  

  E  
2
  < 100 pg/mL on day 6  Long GnRHa rFSH 

increased to 450 U 
 193(?)  N/A 

 Akman et al. 
 (22)  

 Two cancelled IVF for FSH > 
15 mIU/mL,  E  

2
  on hCG < 

500 pg/mL or <4 oocytes 
retrieved 

 Long GnRHa 
ICSI-AH 

 48 (?)  FSH 300 U + hMG300 U/day 
fl are; 16.7% Ant; 12.5% 
(ongoing pregnancy/cycle) 

 Garcia-Velasco 
et al.  (23)  

 <3 follicles  ³ 18 mm  Long GnRHa-
FSH225- 150 + 
hMG75 U/day 

 70 (?)  FSH 375 + hMG 225 U//day 
GnRHa stop; 17.6% nonstop 
14.9% PR/cycle 

    GnRHa  gonadotropin releasing hormone agonist;  Ant  antagonist;  PR  pregnancy rate;  rFSH  recombinant follicle stimulating hormone; 
(? )   not specifi ed
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than older poor responders despite similar numbers 
of retrieved oocytes  (11,   25,   26) . It is plausible that 
the defi nition should vary depending on the treatment 
plan. One study suggested critical oocyte threshold 
below which the clinical pregnancy rate was signifi -
cantly diminished, specifi cally fi ve, six or eight 
oocytes for patients treated with ICSI, IVF, and 
TESE/ICSI, respectively  (27) . In addition to agreeing 
on uniform criteria for defi ning a poor response, the 
reproductive medicine community should defi ne what 
constitutes a clinically meaningful increase in the 
number of retrieved oocytes after any proposed inter-
vention. One paper  (28)  proposed that an increase by 
two oocytes (with a standard deviation of 2.5) would 
be the cutoff for a minimally important difference 
(MID). In addition to low peak  E  

2
 , low number of 

oocytes retrieved, low conception rates and increased 
abortion rate, IVF cycles in poor responders can be 
associated with low AFC  (17) , high FSH/LH ratio 
 (29) , discrepancy in antral follicle sizes, the presence 
of large follicles/cysts before gonadotropin stimula-
tion  (30) , premature LH surge possibly due to low-
ered circulating gonadotrophin surge-attenuating 
factor (GnSAF) bioactivity  (31) , elevated serum pro-
gesterone prior to hCG administration  (32) , drop of 
 E  

2
  levels during stimulation  (33)  and a long stimula-

tion cycle  (17) .   

  3 Risk Factors for Poor Response 
to COH  

  3.1 Genetic Risk Factors 

 Accumulating evidence in the literature implicates 
chromosomal (numerical or structural) aberrations as 
well as mutations or variability in specifi c genes in 
reproductive aging, the earliest manifestation of which 
is poor response to COH  (34–  36) . Due to the com-
plexity of regulation of oogenesis and folliculogene-
sis, it is highly unlikely that a single gene or a small 
number of genes is in control of the response to COH 
 (37) . The aim of identifying these key genes (e.g., 
FSH receptor genotyping) is to predict response to 
COH in the individual patient, select the most appro-
priate gonadotropin dose and counsel patients about 
their prognosis for IVF (For reviews see ref.  38,   39) . 

Research on genetic infl uences on response to COH is 
still in a nascent stage and the relationship of the most 
promising candidate genes to clinical outcomes are 
not uniformly accepted  (40) . The aim here is to present 
the evidence for such genetic variation and poor 
response to COH. Mutations with severe impairment 
of fertility will not be discussed. (Table  2 , Fig.  1 ).
There is also ongoing research linking antimullerian 
hormone (AMH) and its type II receptor (AMHRII) 
polymorphism with age at menopause  (55) . The most 
promising of these markers is FSHR polymorphism; 
sparse data exist for the other markers. So far there are 
no prospective studies investigating the predictability 
of poor response to COH in the treatment naïve 
patients, especially considering variability in the prev-
alence of these genetic differences among different 
population groups. More importantly there are no ran-
domized clinical trials to indicate an improvement in 
pregnancy and spontaneous abortion rates employing 
any of the available strategies in poor responders pre-
dicted by these tests. Data so far imply that these 
genetic differences have a modest ability to identify 
poor responders to COH and that multiple genetic and 
environmental factors control the response to ovarian 
stimulation.    

  3.2 Acquired Risk Factors 

 A number of risk factors have been discussed in the 
literature in relation to poor response to COH. Pelvic 
infection as evident by pelvic adhesions, extensive 
tubal damage or Chlamydia IgG antibodies is associ-
ated with poor ovarian response  (56) . Ovarian endo-
metriomas are associated with a small numbers of 
retrieved oocytes  (57)  and their resection can be asso-
ciated with further reduction in oocyte yield  (58) . 
Ovarian response is also impaired after laparoscopic 
ovarian cystectomy for nonendometriotic cysts  (59) . 
Women who have undergone bilateral ovarian drilling 
can be at risk for poor response to ovarian stimulation 
 (60) . Exposure to chemotherapy for malignancies or 
autoimmune diseases, or prior to hematopoietic stem 
cell transplantation is associated with a marked reduction 
in ovarian reserve and poor response to ovarian 
stimulation  (61,   62) . Additionally, smoking is associ-
ated with reduced response to COH  (63) .   
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  4 Ovarian Reserve Testing  

 Ovarian reserve (OR) is usually defi ned as the number 
and quality of oocytes left in the ovaries and correlates 
with fertility potential in the female  (64) . Methods of 
screening for low ovarian reserve will be summarized. 

  4.1 Clinical 

  4.1.1 Age 

 “Advanced” age appears to be the most important 
determinant of the number and quality of oocytes 
remaining in the ovary. Poor response to COH is an 
early manifestation of reproductive aging  (4–  6) . The 
largest report of the effect of age on fertility (6.4 
million pregnancies between 1990 and 2000) depicts a 
marked reduction in the incidence of pregnancy and a 
sharp increase in reproductive loss with increasing 
chronological age. These trends become evident at and 
above age 30  (65) . In ART, birth rates drop from 20% 

of started cycles for ages 38–40 to 11% at ages 41–42 
and 4% in women older than 42 years  (8) . Chronological 
age alone, however, is not an accurate refl ection of 
reproductive performance. Marked variability in OR is 
seen if age is the only factor considered. Age will not 
identify younger women with poor reserve and older 
women with good reserve  (11,   18,   64–  66) . This limits 
accurate counseling, individualization of treatment 
protocols and prediction of occurrence of pregnancy 
and live birth. Because of poor performance as a screen-
ing test women should not be denied treatment based 
solely on a single elevated value of basal serum FSH 
( 67 ,  68 ). Finally, an elevated FSH level is a risk factor 
for fi rst trimester spontaneous abortion ( 69 ,  70 ).  

  4.1.2 History of Poor Response to COH 

 The magnitude of ovarian response in prior IVF cycles 
has been used to predict response in subsequent cycles 
(Table  3 ). Some studies found that prior cycle cancel-
lation due to poor response is a better negative predictor 

    Fig. 1  Crystal structure of human follicle stimulating hormone 
complexed with its Receptor. Protein data bank PDB code: 
1XWD. Each color represents a separate amino acid. Arrow in 
the extracellular domain indicates the site of 307 Thr→Ala. 

Arrow in the intracellular domain indicates the site of 680 
Asn→Ser. 7TM; transmembrane domain. Accessed at the web 
at   www.pdb.org/pdb/explore/images.do?structureId=1XWD           
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for subsequent pregnancy rates than age  (71)  or basal 
serum FSH  (14) . Others have disputed the predictive 
value of history of prior poor response especially in 
young poor responders and those with normal FSH 
levels  (14,   26) .    

  4.2 Biochemical Methods 

  4.2.1 Basal Serum FSH 

 In 1975, Sherman and Korenman reported that women 
experiencing normal ovulatory cycles nonetheless 
exhibit subtle elevation in FSH levels starting around 
their mid thirties  (72) . The earliest description of the 
relationship between IVF pregnancy rates and basal 
FSH levels was published by Mausher and Rosenwaks 
in 1988  (73) . Cutoffs for normal basal serum FSH 
should be defi ned by each center (11–15 mIU/mL). 
The serum FSH exhibits signifi cant intercycle variability; 
women with FSH <15 mIU/ml display minimal intercycle 
variability (2.6) while those with FSH >15 mIU/mL 
exhibit marked variability (7.4). High intercycle vari-
ability appears to correlate with diminished ovarian 
reserve. The highest FSH value appears to be the most 

predictive  (74–  76) . Obtaining a history of FSH levels 
confers important prognostic information. Oocyte 
yields were lower in patients with a history of elevated 
basal FSH across all age groups. Over the age of 40 
years, both implantation and clinical pregnancy rates 
were lower in these patients, with no signifi cant decre-
ment observed in patients under the age of 40 years. In 
one study, no pregnancies were observed in patients 
with a history of three or more elevated FSH levels, 
regardless of age  (77) . Evidence in the literature indi-
cates that older women (>40 years) with normal FSH 
respond differently to COH when compared with 
younger women presenting with high FSH >15 mIU/
mL  (26) . Younger women with high FSH produce 
fewer oocytes and have higher cycle cancellation rates 
but experience lower aneuploidy rates and higher 
implantation and ongoing pregnancy rates when com-
pared to their older counterparts  (26,   78) , although 
their aneuploidy rates are higher than young women 
with normal basal FSH concentration. To date, at least 
37 studies examined the performance of basal FSH as 
a screening test for OR. Systematic review of these 
studies  (3)  indicated that FSH has a modest ability to 
identify poor responders. If a “very high” cutoff value 
of FSH is chosen (20–25 mIU/mL), which applies only 
to a minority of the infertility population, the probability 

  Table 3    Prediction of poor response to controlled ovarian hyperstimulation after prior poor response    

 Study   N  
 Mean age 
(year)  Inclusion criteria 

 Protocol in 
fi rst cycle  Recurrence of poor response 

 Baka et al.  (13)   96  36   £ 3 oocytes retrieved or  E  
2
  

< 500 pg/mL 
 Long GnRHa  three oocytes 58.3%, two 34.4%, one 

oocyte 7.3% of cycles. PR/cycle 12.5%, 
no pregnancy if one oocyte retrieved 

 Pennarubia et al. 
 (14)  

 129  36  Cycle cancellation due to 
poor follicular response 

 Long GnRHa  Increased gonadotropin dose. PR/cycle 13% 

 Veleva et al.  (71)   80  34   £ 3 oocytes retrieved in  ³ 1 
cycle three IVF cycles 
Starting dose in fi rst 
cycle 150–300 U 

 Long GnRHa  2.5% LR in all three cycles. Increase in 
FSH dose resulted in a higher number 
of oocytes in women with an initial LR 
(from 2.1 ± 0.9 to 6.7 ± 2.7) but the 
PR/cycle remained low 

 Klinkert et al.  (18)   225  35–41     <4 oocytes retrieved or 
cycle cancellation (<3 
follicles). Starting dose 
150–225 U 

 Long GnRHa  64% (expected), 31% (unexpected) had 
good response in later cycles. 
Cumulative (three cycles) ongoing PR; 
37–47% (unexpected poor responders; 
<41, normal FSH), 16–19% (expected 
poor responders) 

 Hellberg et al.  (19)   1,699  True poor responder 1–2 
oocytes retrieved 
intermediate 3–4 
oocytes 

 Long GnRHa  Second cycle; delivery 9.5% (true) – 16.5% 
(intermediate). Third cycle; delivery 
7.3% irrespective of number retrieved 

    GnRHa  gonadotropin releasing hormone agonist;  PR  pregnancy rate;  rFSH  recombinant follicle stimulating hormone;  LR  low 
response;  NR  normal response;  U  unit  v 
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of poor response is around 70%. Moreover, for the 
same reason, FSH had a poor ability to predict a low 
pregnancy rate of <5%. Because of poor performance as 
a screening test women should not be denied treatment 
based solely on a single elevated value of basal serum 
FSH  (68) . Finally, an elevated FSH level is a risk factor 
for fi rst trimester spontaneous abortion  (69) .  

  4.2.2 Basal Serum  E  
2
  

 Combining the day 3 basal  E  
2
  with the FSH level 

improves the prediction of a poor response to COH. In 
one study, no pregnancy occurred when  E  

2
  exceeded 

75 pg/mL with a signifi cant reduction in the number of 
oocytes retrieved once the  E  

2
  levels exceed 60 pg/mL 

 (70) . Analysis of ten published studies indicates, how-
ever, that basal serum  E  

2
  has a low predictive value for 

poor ovarian response and a very poor ability to predict 
the nonoccurrence of pregnancy after IVF  (26) .  

  4.2.3 Inhibin B 

 Inhibin B is a heterodimeric glycoprotein member of 
the TGF b  superfamily, and is secreted by granulosa 
cells, principally in preantral follicles. In the largest 
study to date, a day 3 serum inhibin B of <45 ng/mL 
correlated with reduced response to COH and dimin-
ished pregnancy rates  (79) . In a systematic review of 
nine published studies on inhibin B, the accuracy in the 
prediction of poor response and nonpregnancy is only 
modest and at a very low threshold level. Inhibin B 
appears to be inferior to most of the other tests used to 
screen for diminished ovarian reserve. If a low thresh-
old (45 ng/mL) is chosen as a cutoff, the test would 
detect approximately 50% of poor responders. Moreover 
this low threshold is encountered in a small proportion 
of women seeking IVF  (26) . There is a renewed interest 
in the change of serum inhibin B (Δ inhibin B) in 
response to dynamic testing for OR (vide infra).  

  4.2.4 Antimullerian Hormone (AMH) 

 AMH is a homodimeric glycoprotein member of the 
TGF b  superfamily. AMH is produced exclusively by 
the gonads. It is produced by granulosa cells in the 
developing pool of follicles to the early antral stage 

(3–8 mm), independent of FSH stimulation. It is not 
expressed by primordial follicles, late antral/preovula-
tory follicles, atretic follicles or corpora lutea  (80) . An 
ultrasensitive sandwich ELISA assay (sensitivity < 0.1 
ng/mL) is now available for AMH but no assay of 
international standard is yet available. A major practical 
advantage to AMH measurement is minimal intracycle 
 (81)  and intercycle  (82)  variability in the follicular 
phase of cycling women even after oral or vaginal sex 
steroid administration  (83)  and prolonged GnRH ago-
nist suppression  (84) . Its measurement is not affected 
by the early recruitment of large follicles that often 
takes place in the preceding luteal phase of poor 
responders  (85) . After the commencement of gonado-
tropin stimulation, the levels progressively drop due to 
loss of expression by the predominant late antral folli-
cles in the ovary  (86) . These data indicate that AMH is 
an FSH- and cycle-independent, marker for OR. DeVet 
et al. in 2002  (87)  reported on the correlation of AMH 
and reproductive aging. In the setting of IVF, AMH 
was shown to correlate more strongly with AFC than 
any of the other markers for OR  (88,   89) , response to 
COH or number of oocytes retrieved (Table  4 ). An 
association of basal AMH  (92,   95)  or AMH levels on 
the day of hCG  (96)  with oocyte or embryo quality has 
been suggested but this is not uniformly accepted  (97) . 
In summary, AMH appears to be a good and conve-
nient single marker for predicting response to COH 
and a modest predictor for the occurrence or failure of 
pregnancy in IVF cycles.    

  4.3 Dynamic Testing 

  4.3.1 Clomiphene Citrate Challenge 
Test (CCCT) 

 The potential utility of this test for the assessment of OR 
was initially reported in 1987  (98) . The CCCT entails 
measurement of FSH on day 3 and then on day 10 of the 
cycle after administration of 100 mg daily of clomi-
phene citrate (day 5–9). Interpretation is based on the 
day 10 or sum of day 3 and day 10 values  (91) . In one 
study, if the sum of the two FSH values exceeded 22 
mIU/mL, a poor response was correctly predicted in 
89% of cases. A value >22 mIU/mL value was, how-
ever, present in only 16% of their population. If a lower 
cut-off is chosen, the ability to detect poor responders 
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markedly decreases  (99) . Analysis of 12 published studies 
utilizing the CCCT revealed that the test is inferior to 
basal FSH and AFC in prediction of poor response to 
COH and prediction of no pregnancy after IVF  (3) .  

  4.3.2 Exogenous FSH Ovarian Reserve Test 
(EFORT) 

 Fanchin  (100)  reported the use of EFORT for evalua-
tion of ovarian reserve and prediction of response to 
COH. On cycle day 3, baseline FSH and  E  

2
  were mea-

sured followed by injection of 300 IU rFSH.  E  
2
  was 

remeasured on cycle day 4. Both FSH and Δ E  
2
  were 

ascertained. More recently, there was a renewed interest 
in including basal serum inhibin B and Δ inhibin B in 
interpreting the outcome of this test  (84,   98) . The cut-
off for Δ E  

2
  is generally set at 30 pg/mL  (94,   98,   99)  and 

that of Δ inhibin B at 40 pg/mL. Studies were not con-
sistent regarding the predictive value of Δ E  

2
  (40–79%). 

On the other hand, Δinhibin B was found to predict the 
strongest association with response to COH  (98,   99)  
compared to all other OR tests, including AMH. The 
test is less practical than other predictors for OR and 
IVF outcomes and more research is required to deter-
mine its true validity before widespread application.  

  4.3.3 Gonadotropin Stimulating Hormone 
Agonist Stimulation Test (GAST) 

 Muasher et al.  (101)  used the GAST to evaluate response 
to COH. In this test, a GnRHa is administered on cycle 
day 2 after measuring serum FSH and  E  

2
 .  E  

2
  is then 

remeasured on day 3. The test is considered abnormal if 
either FSH is abnormal or Δ  E  

2
  < 20–50 pg/mL  (102) . 

The ability of this test to correctly identify poor respond-
ers is not higher than other OR tests. The test is also a 
poor predictor of pregnancy  (103) .   

  4.4 Biophysical Methods 

  4.4.1 Antral Follicle Count 

 Reuss et al.  (104)  demonstrated that transvaginal ultra-
sonographic assessment of the number of antral folli-
cles >2 mm in the ovaries correlates negatively with age. 

Thereafter, multiple studies evaluated the validity of 
the number of follicles  ≤ 10 mm in the early follicular 
phase in predicting response to COH and pregnancy in 
IVF cycles. The threshold value for low AFC has 
varied between 2 and 9 follicles in different studies 
 (3,   105) . AFC can be equally well assessed by 2D 
(7.5 mHz vaginal probe) or 3D ultrasound  (106) . There 
is evidence to indicate that the AFC shows minimal 
intercycle variability (±4 follicles), when compared to 
FSH and ovarian volume, and that the observed vari-
ability is operator dependent  (107) . Recently, it was 
shown that the AFC strongly correlates with and has 
similar predictive value to serum AMH measurement 
 (88,   91,   94) . Another use of AFC is to adjust the 
gonadotropin starting dose in IVF cycles. Popovic-
Todorovic et al. in a prospective randomized study 
 (108)  showed that, compared to a standard dose, the 
use of a “normogram” including the AFC to individu-
alize the starting FSH dose improves ovarian response 
and pregnancy rates. A meta-analysis of 11 random-
ized trials including about 1,400 patients also indicated 
that the AFC can be an important determinant of the 
starting FSH dose in IVF cycles  (109) . We commonly 
adjust the starting gonadotropin dose based on AFC. In 
the largest study to date (372 cycles), a cut-off of <3 
follicles was signifi cantly associated with reduced 
numbers of oocytes retrieved. The number of retrieved 
oocytes could potentially be predicted from the regres-
sion equation “retrieved oocytes = 0.8AFC + 2”  (110) . 
A meta-analysis of 17 studies however, indicated that 
the AFC has a modest capacity to detect low response 
to COH and is unable to detect the occurrence of no 
pregnancy  (3,   105) .  

  4.4.2 Ovarian Volume (OVVOL) 

 Decrease in the mean ovarian volume with age was 
fi rst documented in 1987  (111) . Ovarian volume is 
usually measured using the ellipsoid formula (D 

1
  × D 

2
  

× D 
3
  × 0.53) and the mean of the two ovarian volumes 

is considered. The largest study on OVVOL and its 
relation to IVF outcomes (267 patients) indicated that 
mean ovarian volume >2–3 mL correlates with AFC, 
number of oocytes retrieved and occurrence of preg-
nancy  (112) . A meta-analysis of nine published reports 
indicated that OVVOL measurement has a minimal 
ability to predict failure to conceive after IVF. The test 
also has a limited value to detect poor responders as a 
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very low threshold (close to zero) would have to be 
employed. In both cases the AFC was a better test than 
OVVOL for predicting IVF outcomes  (105) .  

  4.4.3 Ovarian Blood Flow 

 Ovarian stromal fl ow has been suggested as an OR test. 
A stromal fl ow index <11 was associated with increased 
age, fewer retrieved oocytes and nonpregnancy after 
IVF  (108,   113) . The sensitivity and specifi city at this 
cutoff were 30 and 96%, respectively. Studies so far do 
not permit accurate analysis of the performance of this 
test. Recent reports implicating genes related to vascu-
lar insuffi ciency and earlier menopause (Factor V 
Leiden and apolipoprotein E-2)  (114)  may render this 
test attractive for further investigation.   

  4.5 Direct Assessement of OR; 
Ovarian Biopsy 

 Follicular studies utilizing autopsy  (115)  and surgical 
 (116)  specimens have determined that the number of 
germ cells in human ovaries declines from birth 
through menopause. Ovarian biopsy has been sug-
gested as a test of OR  (117) . Clearly, its utility is 
negated by invasiveness, risk and the potential for top-
ographical variation in follicle density. Its sole benefi t 
resides in estimating the quality of ovarian strips des-
tined for cryopreservation prior to gonadotoxic treat-
ment in cancer patients  (118) .  

  4.6 Concluding Remark on OR Testing 

 All available OR tests have, at best, a modest ability to 
predict either poor response to COH or the occurrence 
of pregnancy following IVF. Data so far do not allow 
any single test or combination of tests to be an absolute 
deterrent from pursuing at least one cycle of COH 
before exclusion from autologous treatment. Response 
to ovarian stimulation and the production of good quality 
oocytes/embryos are of greater predictive value  (1) . 
Age remains a critical predictor of OR and IVF outcomes, 
taking into consideration quantity as well as quality of 
oocytes remaining in the ovary  (1,   26,   119)    

  5 Physiological Basis for Intervention 
in Poor Responders  

 Based on our current understanding of the basic 
science and clinical endocrinology of the ovarian 
cycle and the pharmacology of COH, interventions 
to improve the response to COH can be summarized 
in the following general categories. 

  5.1 Enhanced Secretion of Endogenous 
Gonadotropins 

 In 1983, Wide and Hobson reported that FSH from 
postmenopausal women is more active than FSH from 
premenopausal women  (120) . Since then, marked het-
erogeneity of the FSH molecule has been recognized 
and is due to variations in carbohydrate moieties, espe-
cially sialic acid. The sialic acid residues of the termi-
nal oligosaccharide chain determine the rate of 
metabolic clearance and biological activity. Less acidic 
isoforms (lower sialic acid content) are cleared more 
rapidly and have higher bioactivity (receptor binding) 
than the more acidic isoforms  (121) . Isoform expres-
sion is variable, depending on the stage of the 
menstrual cycle (less sialylated FSH isoforms are pref-
erentially secreted during the periovulatory period). 
Estradiol increases the secretion of less acidic iso-
forms. There is also a role for GnRH in the modulation 
of FSH heterogeneity  (121) . Moreover, variation in 
FSH structure is seen when comparing natural, urinary 
and recombinant products. The biological effects of 
these observations have been partially elucidated. Less 
acidic isoforms are more potent in stimulating aro-
matase, while more acidic isoforms induce higher 
 α -inhibin m-RNA production. There is some evidence 
implicating an rFSH effect on antral follicles refl ecting 
“overexposure” to gonadotropins, when compared 
with pituitary FSH (slower preantral growth rate, 
smaller end size and theca cell hypertrophy). Intact 
follicle cultures also suggest that variation in FSH iso-
forms may impact oocyte maturity  (122) . Although no 
fi rm evidence from clinical trials or meta-analyses is 
available to establish the superiority of one gonadotro-
pin preparation  (2)  or an improved response to COH 
with regimens that induce the release of endogenous 
gonadotropins, these remain a theoretical basis 
for intervention in poor responders. As with FSH, 



Poor Response to Controlled Ovarian Hyperstimulation 47

heterogeneity of LH has been also reported. Basic iso-
forms with shorter half life and higher biopotency pre-
dominate in young “estrogen rich” women and in the 
follicular phase and midcycle while acidic long acting 
forms predominate in older women  (123) .  

  5.2 Increase the Sensitivity of FSHR 
to its Ligand; Role of Sex Steroids 

 Human and primate studies have demonstrated an 
important role for sex steroids in FSHR expression. So 
far, there is no conclusive evidence that estrogens have 
an obligatory role in folliculogenesis in primates and 
humans  (124) . There is evidence of an indirect effect 
for estradiol on enhancing FSHR stimulation. The 
human FSHR gene has an imperfect, 5 ¢  half consensus 
estrogen receptor response element (ERE). Estrogen 
by itself has no effect on the distribution or number of 
FSHRs as it does not affect the levels of FSHR-m-
RNA or affi nity of FSH binding to granulosa cells, but 
it does increase the aromatase expression  (125) . 
Estrogen synergizes with FSH and cAMP to increase 
the number of FSH receptors. This appears to be medi-
ated via the proliferative action of estrogen on granulosa 
cells, rather than through a direct effect on transcrip-
tion  (126) . The role of androgens appears to be differ-
ent. Testosterone and dihydrotestosterone increase 
FSHR mRNA in bovine and primate granulosa cells in 
primary follicles  (125,   127) . Moreover, there is evi-
dence that androgens promote growth and reduce 
apoptosis of follicles  ≤ 1 mm in primate ovaries  (128) . 
Androgen effects may be mediated through an 
increased synthesis of IGF-I  (129) .  

  5.3 Increase Stimulation of the FSHR 
by Increased Exogenous Gonadotropin 
Dosage 

 Regimens tailored to improve the follicular response in 
COH often employ higher doses of gonadotropins to 
increase FSH levels above the thresholds for the less 
sensitive follicles. Some poor responders appear to be 
less responsive to FSH either due to reduced expression 
of FSHR  (130)  or to variation in the internal structure 
of the receptor (see section on genetic risk factors).  

  5.4 Improve Antral Follicle Maturation; 
Role of LH 

 Recent work in humans and primates appears to chal-
lenge the importance of LH as established by “the two 
gonadotropin-two cell hypothesis” a key concept in 
steroidogenesis initially proposed in 1941  (131) . As 
the follicles acquire LH receptors, they progress from 
FSH-dependent growth to LH-responsive maturation. 
LH has a facilitatory, not an obligatory, role in follicle 
maturation by increasing androgen substrate and estra-
diol production and possibly by improving oocyte 
competence  (132,   133) . Further studies led to the 
development of the “LH-threshold” and “ceiling” con-
cepts. The threshold level of LH for benefi cial effects 
is low, probably not exceeding 1 mIU/mL. LH should 
be below a ceiling value to avoid potentially deleteri-
ous effects on folliculogenesis. No such level has been 
strictly defi ned  (134) . Clinical studies, however, do not 
support the concept that LH supplementation improves 
response to COH in normogonadotropic women under-
going assisted reproduction cycles  (135) . Improved 
response to COH has been suggested in a subset of 
patients including those with profound LH suppres-
sion and poor responders  (131,   132)   .

  5.5 Luteal Phase Synchronization 

 Heterogeneity in the size of antral follicles and their 
sensitivity to FSH in the luteal phase of the menstrual 
cycle is well documented in the human ovary  (136–  138) . 
The FSH rise during the luteal-follicular transition 
may account for this heterogeneity, by accelerating the 
growth of the more sensitive follicles  (139) . This inco-
ordinate growth may ultimately lead to fewer follicles 
reaching a stage of fi nal maturation. Consequently, 
fewer oocytes are retrieved after COH. This could be 
one contributing factor in the apparently lower preg-
nancy rates in antagonist cycles compared to long 
GnRH agonist cycles  (140) . Integral to the events that 
take place proximate to the luteal-follicular shift is the 
stimulus for luteolysis in human and nonhuman pri-
mates. Studies with GnRH antagonists indicate that 
withdrawal of the luteal phase LH stimulus for 3 days 
is required for irreversible degeneration of the corpus 
luteum  (141,   142)  and allowing for the fi rst wave of 
follicular recruitment to progress. The use of a GnRH 
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antagonist to affect luteolysis and menstruation to 
accelerate the initiation of COH  (143)  and the use of 
estradiol to synchronize follicular recruitment in the 
luteal phase of the preceding menstrual cycle were 
reported  (144) . Estrogen itself does not appear to 
enhance follicular growth, at least in primate ovaries 
 (145) . The feasibility of synchronization of early antral 
follicle growth in the luteal phase prior to COH in 
antagonist cycles was investigated in a series of studies 
by Fanchin et al.  (146–  149) . Luteal estradiol adminis-
tration did not delay the onset of menstruation but 
slightly prolonged the follicular phase of the stimula-
tion cycle  (147,   148) .  E  

2
  adminstration resulted in 

higher basal estradiol levels and lower basal FSH and 
inhibin levels before the initiation of gonadotropins, 
reducing the value of these levels as OR markers in the 
cycle of treatment  (146,   147) . This team also noticed a 
signifi cant reduction in the diameter and size discrep-
ancy of antral follicles when compared to controls. 
Moreover, there was a signifi cant increase in the num-
ber of follicles  ≥ 16 mm on the day of hCG, the number 
of oocytes retrieved and a nonsignifi cant trend towards 
increased pregnancy rates  (146–  148) . The same group 
reported on the use of a GnRH antagonist in the luteal 
phase in order to synchronize antral follicles. The use 
of the antagonist was associated with lower basal 
serum FSH,  E  

2
  and inhibin B as well as a signifi cant 

reduction in the discrepancy in antral follicle size 
 (149) . These studies furnish the physiological basis for 
luteal synchronization of antral follicles in antagonist 
cycles. Our group and others have described a modi-
fi ed protocol for the synchronization of antral follicles 
in poor responders  (150) .  

  5.6 Reduced Suppression of the Pituitary 

 Animal and human data suggest that it may be desir-
able to reduce the GnRHa dose and duration of injec-
tions in down-regulated agonist cycles. GnRH type I 
and II molecules as well as their mutual GnRHR type 
I receptor protein are expressed in the human ovary in 
preovulatory follicles and corpora lutea  (78,   151) . 
GnRH can inhibit FSH-stimulated steroid hormone 
production by granulosa cells  (152) , induce granulosa 
cell apoptosis and may affect implantation  (153,   154) . 
These effects are exerted at concentrations much lower 
than those used in clinical practice. Excessive suppression 

of the pituitary gland is associated with the need for 
higher doses of gonadotropins and a reduced IVF 
success rate in low responders. The avoidance of 
early suppression of the pituitary gland is an addi-
tional rationale for using GnRH antagonists in poor 
responders.   

  6 Effectiveness of Therapeutic 
Interventions to Improve 
Ovarian Response and IVF 
Outcomes in Low Responders  

 Numerous studies have been published with the goal 
of improving IVF outcomes in this challenging patient 
population. Although multiple interventions are usu-
ally incorporated, we will attempt to evaluate the evi-
dence for or against the clinical application of each 
strategy separately. In most studies a treatment-
independent improvement in ovarian response cannot 
be excluded, in large measure due to the retrospective 
nature of the overwhelming majority of these publica-
tions. “Improvement,” in other words, can stem from 
intercycle variability or the phenomenon of regression 
to the mean. 

  6.1 COH Initiation in a Cycle with Normal 
OR Markers 

 Patients with abnormal OR markers (specifi cally high 
basal serum FSH) are commonly serially monitored for 
a cycle with normal FSH levels prior to initiation of 
COH in the hope of obtaining a better follicular 
response. Although a common clinical practice, there is 
little evidence to support its effi cacy. Intercycle vari-
ability in basal FSH levels was shown to predict poor 
response to COH, especially for levels >15 mIU/mL 
 (75,   76) . The few studies that investigated this approach 
(Table  5 ) were retrospective and included a small num-
ber of patients. Initiating COH in cycles with normal 
serum FSH levels appears to be associated with a large 
(40%) drop-out rate due to self exclusion from treat-
ment and about 60% of those who came back are 
expected to have a second value that is abnormal  (158) . 
The validity of these studies is affected by the exclusion 
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of patients with a poorer prognosis. Moreover, the cut-
off used for postponing IVF may have a profound effect 
on the evaluation of the effi cacy of this practice. There 
is evidence to indicate that the highest value is more 
predictive than the current value for serum FSH  (159) . 
Finally, the argument that in cycles with high FSH, 
prognosis is poor because the patient is already maxi-
mally stimulated by her pituitary FSH secretion (and 
will not respond to exogenous FSH) may not always be 
true because of the differences in isoform bioactivity 
between endogenous and exogenous FSH. A history of 
 ≥ 2 elevations in serum FSH can predict IVF outcomes 
in cycles with normal FSH levels. Younger women 
(<38 years) with moderate elevations of FSH ( ≤ 15 
mIU/mL, within the upper limit of variability of the 
FSH assay) can attempt ovarian stimulation without 
delay.   

  6.2 Increasing the Daily Dose 
of Gonadotropins 

 Proactively, increasing the initial gonadotropin dose in 
poor responders or reactively, during the course of 
COH for an unexpected poor response, is a common 
practice in reproductive medicine. On the other hand, a 
high starting dose of gonadotropins( ≥ 300 U/day), is 
generally required to ascertain the diagnosis of poor 
response  (24)  and to avoid the possibility of reduced 
FSHR sensitivity due to polymorphism  (37,   41–  48  ) . 
In a randomized clinical trial, Kilnkert et al.  (13)  
showed that the expected poor response based on basal 
AFC <5 is not rectifi ed by increasing the starting FSH 
dose from 150 to 300 U/day. The median number of 
retrieved oocytes was three in both groups. There was 
no signifi cant difference in the ongoing pregnancy rate 
(8% in the 150 U vs. 4% in the 300 U group). Several 
studies investigated the effect of a higher starting 
gonadotropin dose in expected poor responders or 
increasing the dose in response to low follicular or 
estradiol response in the fi rst few days of stimulation 
 (28,   160–  168) . The dose was increased to 300–450 U/
day. No signifi cant increase in the number of oocytes 
or pregnancy rates was detected. Several randomized 
clinical trials investigated dose increases in normal 
responders (100–150 × 200–250 U). A higher starting 
dose increased the number of oocytes and reduced the 
cancellation rate but did not improve the pregnancy rate. 

The increased oocyte yield was mainly observed in 
younger patients  (169) . One “statistical” explanation 
to any observed increase in oocyte yield after gonado-
tropin dose increase is the phenomenon of regression 
to the mean. Rombauts  (169)  analyzed outcomes of 
suboptimal responders from the Monash IVF database 
and found a signifi cant increase in the number of 
retrieved oocytes whether the starting dose was 
increased to 300 or maintained at 225 U in their subse-
quent cycles. The number of oocytes also signifi cantly 
dropped in high responders although their starting dose 
remained at 225 U in both cycles. There is no specifi c 
biological explanation as to why women with poor 
ovarian reserve or a history of poor response are resis-
tant to increased doses of gonadotropins. Experimental 
evidence indicates that the FSHR undergoes desensiti-
zation after prolonged exposure to its ligand  (170) . 
Moreover, exposure to higher FSH doses early in the 
follicular phase may not circumvent the early follicu-
lar recruitment that takes place in the previous luteal 
phase. Possible deleterious effects of higher doses of 
FSH on oocyte quality have recently been suggested. 
Animal data indicate that excessive exposure to gonad-
otropins can induce chromosomal abnormalities in 
murine oocytes  (171,   172) . The results of a recent rando-
mized clinical trial detected a higher proportion of 
aneuploid embryos with conventional stimulation than 
with “milder” stimulation regimens  (173) . It is possible 
that these effects are exaggerated in poor responders 
and ultimately limit the pregnancy rate even if the 
number of oocytes is increased.  

  6.3 Reduction or Cessation of GnRH 
Agonist 

 Several studies have demonstrated that the pituitary 
gland can be desensitized using half the standard dose 
of GnRH agonist. Moreover, once desensitization is 
achieved, LH remains suppressed for 15–22 days even 
if the agonist is discontinued. Half the regular daily 
subcutaneous dose, starting before or on the day of 
gonadotropin initiation, or half the depot intramuscular 
dose is associated with a similar steroid hormone pat-
tern, duration of desensitization and recovery, less pro-
found suppression of serum LH and a similar incidence 
of premature LH surges  (174–  180) . These rando mized 
trials, however, did not fi nd a signifi cant increase in the 
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number of retrieved oocytes or clinical pregnancy rates 
except when half-dose depot or reduced daily dose 
were compared to full-dose depot formulations. Further 
reduction in agonist dose (25–33  m g of triptorelin) has 
also been investigated in women with serum FSH >10 
mIU/mL with no signifi cant difference in retrieved 
oocytes or pregnancy rate  (181) . Retrospective studies 
in poor responders indicated that reduced daily GnRH 
agonist dose was associated with lower cycle cancella-
tion, higher numbers of oocytes and embryos and a 
trend towards a higher pregnancy rate  (182–  187)  
Controlled studies on the “stop” protocol are presented 
in Table  6 . In summary, it appears reasonable to use a 
lower dose or a stop regimen if an agonist protocol is 
employed but low dose agonist or stop protocols do 
not appear to clearly improve outcomes in poor 
responders.   

  6.4 Microdose/Flare GnRH Agonist 
Protocols 

 After the initial reports of the use of GnRHa microdose/
fl are regimens for COH  (191–  198) , several studies 
adapting this protocol for poor responders appeared in 
the literature  (199–  204) . Pretreatment with a low dose 
oral contraceptive pill (OCs) or progestins is employed 
to prevent corpus luteum rescue and is followed on cycle 
day 1 or 2 by the administration of minidose GnRHa 
e.g., 80  μ g/day leuprolide acetate in one or two divided 
doses, until the day before hCG administration. The 
fl are effect continues for the fi rst 3 days and downregu-
lation is achieved in 4 days. Gonadotropins are initiated 
on cycle day 3–5 at a dose of 300–600 U/day. A modifi -
cation of this regimen is the short or fl are protocol. 
A full dose of GnRHa is started on the fi rst or second 
day of the cycle and maintained or reduced after a few 
days until the day of hCG, while gonadotropins are 
started 1–3 days after the agonist. The use of short pro-
tocols is associated with an increased risk for premature 
elevation of LH, serum androgens and progesterone, 
especially in poor responders. This might reduce oocyte 
yield and increase spontaneous abortion rates  (198,   199, 
  204) . Although gonadotropins are commonly adminis-
tered in a fi xed high dose fashion, Cedrin-Durnerin and 
colleagues demonstrated that a step-down regimen is 
not detrimental and is associated with reduced cancella-
tion rates and cost containment  (205) . We generally 

administer hCG on fl are protocols once two follicles 
attain a diameter of 16–17 mm. Retrospective studies 
appraising the microdose protocol in poor responders 
have yielded contradicting results. Scott and Navot 
demonstrated that a short protocol enhanced follicular 
response in 34 patients who demonstrated poor response 
after luteal agonist administration  (200) . In a similar 
design (patient as own control), Surrey et al.  (202)  
detected an improvement of response in 34 patients with 
a history of poor response on a long protocol, when 
stimulated using microdose of leuprolide acetate. There 
were no signifi cant differences in premature LH surges, 
serum progesterone on the day of hCG or the number of 
retrieved oocytes and number of ongoing pregnancies 
although there was a signifi cant reduction in cycle can-
cellations (21 vs. 65%) in the microdose group. 
Leondires and colleagues  (203)  detected no signifi cant 
differences between low responders stimulated with 
microdose agonist and age-matched controls stimulated 
with a long protocol. In fact, cycle cancellation was 
actually more common in the microdose group (22.5 vs. 
8.2%). Schoolcraft et al.  (201)  compared the response 
of a cohort of 32 patients who were previously cancelled 
due to poor response on a standard long agonist protocol 
with their response in subsequent cycles utilizing a 
microdose protocol, additionally incorporating adjuvant 
growth hormone. An ongoing pregnancy rate of 43.8% 
of started cycles was described with a cancellation rate 
of 12.5%. Karacan et al. retrospectively compared out-
comes in 111 poor responders and 33 good responders 
who did not conceive, both after long protocol stimula-
tion. Forty percent of poor responders were cancelled 
and a mean of 7.1 oocytes per patient were obtained. 
The clinical pregnancy rate per initiated cycle was 9.9% 
and live birth 2.5%. In this study, the live birth rate was 
not improved in poor responders (or normal responders) 
who failed luteal GnRHa  (206) . Spandorfer et al. in a 
noncontrolled study  (207) , analyzed the largest experi-
ence from a single center with a fl are protocol (1 mg of 
leuprolide reduced by day 5–0.5 mg/day). Of 450 cycles, 
the cancellation rate was 24% with a 14% delivery rate 
per initiated cycle. The magnitude of the estradiol fl are 
correlated with a lower risk for cycle cancellation. 
Antagonist protocols have also been compared to the 
fl are approach. Fasouliotis et al.  (207)  reported results 
of 53 patients who failed to conceive on a microdose 
protocol and were subsequently stimulated using a 
GnRH antagonist. There were no signifi cant differences 
in IVF outcomes except for a notable increase in 
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the ongoing pregnancy rate (23.9 vs. 7.3%). Finally, 
Mohamed and colleagues  (208)  compared outcomes in 
77 patients stimulated with a fl are and 57 patients with 
an antagonist protocol. Both groups had previously 
failed long down regulation regimens. Stimulation was 
prolonged in the fl are group and the cancellation rate 
was reduced (0 vs. 7%). There were no signifi cant dif-
ferences in other outcomes. A number of studies suffer 
from signifi cant methodological fl aws that are prevalent 
in intervention trials in reproductive medicine  (209, 
  210) . In some, the reader is cautioned that the unrealistic 
outcomes following intervention cast doubt on the accu-
racy of the defi nition of poor response. RCTs using short 
protocols in poor responders are presented in Table  7 . 
Meta-analysis of studies comparing short GnRHa and 
standard antagonist protocols  (215,   216)  favors the 
short protocol with respect to the number of retrieved 
oocytes (weighted mean difference 0.48, 95% confi -
dence interval 0.08–0.87). One of these studies reported 
a signifi cantly higher pregnancy rate with an antagonist 
as compared to a short agonist approach. Low dose long 
GnRHa was superior to the short protocol in the two 
randomized studies published to date. In summary, any 
clear superiority of fl are protocols is not supported by 
current evidence.   

  6.5 GnRH Antagonist Protocols 

 Following experience in a primate model  (217) , sev-
eral studies in the 1990s have established the optimal 
dose GnRH antagonist in ovarian stimulation. A meta-
analysis of randomized clinical trials (RCT) compar-
ing antagonist to long agonist protocols indicated that 
the antagonist protocol required a shorter duration of 
gonadotropin administration but was associated with a 
lower pregnancy rate (OR 0.84, 95% CI 0.72–0.97) in 
mostly normal responders undergoing ART  (140) . 
Craft and colleagues suggested that GnRH antagonists 
offer a viable option for ovarian stimulation in low 
responders  (218) . In antagonist protocols, gonadotro-
pins are started on cycle day 2, and the antagonist is 
started on either a fi xed cycle day; 2 (early), 6–8 
(delayed) or once the lead follicle reaches 12–14 mm 
or  E  

2
  reaches 250–400 pg/mL (fl exible). So far there 

appears to be no clear advantage to any of these 
approaches, although there was a trend towards higher 
pregnancy rates in delayed fi xed regimens  (219) . These 

strategies were not investigated in poor responders. 
Arslan et al. retrospectively compared GnRH agonist 
(245 patients), microfl are (85 patients) and antagonist 
protocols (138 patients). Only the delivery rate per 
transfer was signifi cantly different between the three 
groups: 27, 12 and 20%, respectively  (220) . RCTs 
comparing GnRH antagonists with long protocols are 
presented in Table  8 . One advantage of antagonists is the 
ability to add other adjuvant ovarian stimulants that 
have the potential for improving response. Regimens 
utilizing CC, aromatase inhibitors or modifi ed natural 
cycles in combination with an antagonist protocol are 
discussed elsewhere in this chapter. It appears from the 
limited data available  (215,   216 , Tables  7  and  8 ) that the 
antagonist protocol tends to result in a higher oocyte 
yield and pregnancy rate than long and short agonist 
protocols (though differences were not signifi cant).   

  6.6 Luteal Phase Synchronization 

 This protocol is designed to target the lack of synchroni-
zation of the basal follicular cohort prior to initiation of 
ovarian stimulation  (223) . An antagonist, estradiol or 
both are administered in the latter part of the luteal phase 
for follicular synchronization. The antagonist also 
induces luteolysis. Stimulation is started on cycle day 2, 
typically with high dose gonadotropins, and the antago-
nist is reintroduced once the lead follicle reaches 12–14 
mm,  E  

2
  reaches 250–400 pg/mL or on cycle day 6–8. 

The protocol used at the Cornell IVF program is presented 
in Fig.  2   (223) . Others have employed estradiol only or 
antagonist only for luteal synchronization (Table  9 ). 
Estradiol pretreatment was compared to no pretreatment 
in normal responders stimulated using gonadotropins 
and GnRH antagonists. No signifi cant difference was 
detected in the number or quality of oocytes retrieved 
and other IVF outcomes  (228) . In poor responders, how-
ever, there was a general trend towards reduced cycle 
cancellation and increased number of retrieved oocytes.    

  6.7 Oral Contraceptive Pills (OCs) 

 Check and Chase in 1984 used estrogen rebound ther-
apy to induce ovulation in women with hypergonado-
tropic amenorrhea  (229) . Pretreatment suppression was 
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associated with a rebound increase in FSH levels  (223)  
and occasional pregnancy. Lindheim and colleagues 
reported a trend towards higher pregnancy rates and 
lower cancellation rates in women pretreated with OCs 
compared to COH without pretreatment  (190) . In normal 
responders, there is no conclusive evidence of improved 
outcome in women pretreated with OCs  (230) . 
Collateral benefi ts have been cited for the use of OCs 
including ease of scheduling, prevention of an LH 
surge, reduction of hypoestrogenic side effects, preven-
tion of ovarian cysts in the early follicular phase and 
possible improved outcomes in a subset of normal and 
hyper-responders  (231) . Our concern here is to evaluate 
their effect, in conjunction with “poor responder proto-
cols,” on IVF success (Table  10 ). Kovacs et al. retro-
spectively compared suppression using OCs or a GnRH 
agonist prior to COH and detected no improvement in 
the OC group  (233) . Al-Mizayen compared pretreat-
ment suppression using a gestogen or OCs prior to 
microfl are agonist administration in poor responders. 
No differences in IVF outcomes were observed  (220) . 
Arslan et al. (2005) compared OCs to no OCs prior to 
microdose agonist use in poor responders. There was a 
small but signifi cant increase in the number of retrieved 
oocytes but no difference in pregnancy rates  (234) . 
Finally, Shapiro compared the effects of OC pre-
treatment prior to an antagonist protocol in a mixed 
population of poor and normal responders. The preg-
nancy rate per started cycle was 33.1 in the OCs group 
and 33.7% in the no-OCs group  (235) . It appears from 
this data that OCs do not hold signifi cant promise to 
improve response to COH. Indeed, they may increase 
the gonadotropin dose requirement, at least when used 
as an adjuvant to microfl are or antagonist protocols, 
owing to their profound suppression of the hypothalamo-
pituitary-gonadal axis and possibly decreasing serum 

androgen levels  (236–  238) . Moreover, there has been 
some recent concern regarding the profound supp-
ression of LH activity, and possibly increased pregnancy 
loss after IVF  (239) . Although this question is still open 
for debate  (135) , it suggests some caution in consider-
ation of OCs prior to COH in poor responders.   

  6.8 LH Supplementation 

 The introduction of recombinant LH (rLH) in addition 
to available preparations with LH activity (hMG and 
low dose hCG) have led to investigation of the relative 
importance of LH in COH  (131–  133,   239,   240) . One 
possible role for rLH is in normal responders who 
demonstrate an initial hypo-response to COH on FSH 
alone as opposed to true poor responders. In normal 
responders stimulated following depot agonist and 
exhibiting initial low response, De Placido et al. dem-
onstrated, in two randomized clinical trials, that LH 
 (241)  or hMG  (242)  supplementation is superior to 
FSH step-up in terms of the number of retrieved 
oocytes and pregnancy rates. Likewise, Ferraretti dem-
onstrated that LH supplementation is superior to FSH 
step up and hMG regarding pregnancy and delivery 
rates  (243) . Hence, it is important to differentiate 
between poor responders with diminished ovarian 
reserve and normal responders experiencing excessive 
LH suppression following down-regulation. In true 
poor responders, LH supplementation has been described 
in a number of regimens, such as rLH 75–150 U start-
ing on cycle day 6–8 (Table  11 ), hMG 75–150 U/day 
 (242)  or a low dose hCG of 50–225 U/day  (239,   246) . 
There is no apparent advantage for one type of gonad-
otropin over the other. Gomez demonstrated in a 

  Fig. 2    Luteal phase synchronization before ovarian stimulation 
(OD protocol).  E  

2
 ; micronized estradiol transdermal patches 2 

mg. LH+; days after lutinizing hormone surge.Estradiol patches 
are started ten days after LH surge and replaced every other day. 

The last patch is not removed till it falls on its own. A; 0.25 mg 
ganirelex or cetrorelix. The antagonist is started in the day fol-
lowing the fi rst patch and for three successive days. Gonadotropin 
stimulation is started the second day of menestration       

LH+10 11 12

E2 E2 E2

hCG

A A A

450U FSH+150U hMG

GnRH antagonist (A)

13 14 1 2 3 4 5 6 7 8 9 10 11 12 13 14 cycle day
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randomized trial that 75 U of rLH is as effective as 75 
U of hMG in promoting follicular recruitment in 
women 38 years or older  (247) . A meta-analysis of 14 
randomized clinical trials including 2,612 women sug-
gested that LH supplementation was not associated 
with a signifi cant improvement in the occurrence of 
clinical or ongoing pregnancy rates  (240) . Although 
the authors detected an improved pregnancy rate in 
“poor responders” supplemented with LH, their con-
clusion was based on data including normogonadotro-
pic women with an initial low response in addition to 
actual poor responders. When studies of women at 
high risk for poor response to COH are analy zed (Table 
 11 ), it appears that LH supplementation is not associ-
ated with any clear advantage as an adjuvant to cur-
rently employed FSH-based COH regimens. Some 
have suggested that older women may benefi t from LH 
supplementation during COH  (248) . The results of the 
largest randomized study to date, however, did not 
demonstrate that LH improves IVF outcome in women 
older than 38  (249) . Finally, the results of randomized 
trials and multiple meta-analyses comparing recombi-
nant and urinary preparations of FSH have failed to 
demonstrate any superiority of one preparation over 
the other  (2) .   

  6.9 Clomiphene Citrate 
(CC) – Gonadotropins 

 This protocol exploits the CC-induced increase in 
endogenous gonadotropin secretion, while minimizing 
pituitary suppression through the use of an antagonist. 
In one such protocol, CC 100 mg/day is orally admin-
istered on cycle days 2–6, with gonadotropins starting 
on cycle day 2 and addition of an antagonist by cycle 
day 6–8. HCG is administered when the lead follicles 
reach 18 mm or more. The addition of CC to an antag-
onist protocol is associated with higher intrafollicular 
levels of LH when compared to gonadotropin-only 
cycles, which can therefore lead to lower fertilization 
rates and increased embryonic loss  (250) . It has been 
suggested that a higher dose of the antagonist e.g., 
cetrorelix 3 mg followed by 0.25 mg daily doses after 
3 days if required may be preferred to daily antagonist 
administration  (251) . It was further shown, in one ran-
domized clinical trial, that overlapping the administra-
tion of gonadotropins in a CC-based protocol (starting 
two days after CC initiation) was associated with a 

higher incidence of premature LH surges (28.5 vs. 
11.1%) but with lower cycle cancellation due to poor 
follicular development (7 vs. 22%) and higher num-
bers of mature oocytes and pregnancy rates  (250) . This 
further underscores the fact that daily antagonist 
administration is not always suffi cient to suppress an 
LH surge. Weigert compared an OCs-CC 100 mg/day-
rFSH 225 U-rLH 75 U regimen with a long agonist-
rFSH 150 U/day regimen in an unselected IVF 
population  (252) . The number of oocytes retrieved in 
the agonist protocol was signifi cantly higher (8.7 vs. 
7.7) with no signifi cant difference in pregnancy rate 
per initiated cycle (35.1 vs. 29.3%, respectively). 
Studies utilizing CC protocols in poor responders are 
outlined in Table  12 . It appears that CC with gonado-
tropins may be a promising protocol with the potential 
to improve the response to stimulation.   

  6.10 Aromatase Inhibitors (AI) 

 After initial primate work examining the effects of aro-
matase inhibitors on folliculogenesis  (256,   257) ; their 
potential application for ovarian stimulation in humans 
was recognized by Metwally and Casper in 2000 (for 
review see ref  258) . These authors were also the fi rst to 
suggest that AI might improve the response of poor 
responders  (259) . Aromatase inhibitors stimulate ovu-
lation/augment follicular growth by releasing the 
hypothalamus from the negative feed-back effects of 
estradiol (central mechanism) and/or via the accumu-
lation of intrafollicular androgen substrate, which may 
increase the expression of FSHR (peripheral mecha-
nism)  (258)  and  possibly  other intraovarian factors 
(e.g., gonadotropin surge attenuating factor)  (260) . It 
is this peripheral mechanism that may hold promise 
for an improved ovarian response. Lossl et al.  (261)  
and Garcia-Velasco et al.  (262)  demonstrated in ran-
domized clinical trials that letrozole stimulation is 
associated with higher levels of testosterone and 
androstenedione in follicular fl uid and that it is associ-
ated with improved follicular recruitment. For ovarian 
stimulation, an AI (frequently letrozole) is adminis-
tered orally at a daily dose of 2.5–5 mg on cycle days 
2–6. Gonadotropins are introduced on cycle days 4 or 5. 
An LH surge is prevented with an antagonist and ovu-
lation is triggered once the lead follicle reaches 18 mm 
in mean diameter. In the general IVF population, the 
use of letrozole is associated with higher follicular 
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androgens but no change in serum androgens, midfol-
licular elevation of LH levels, signifi cantly lower peak 
estradiol levels, thicker endometrium and a possible 
increase in the number of retrieved oocytes  (263) . Even 
more than with the CC protocol, the risk of premature 
LH surges appears to be increased in AI protocols 
 (264)  and they additionally tend to occur at lower 
estradiol levels  (260) . Optimal antagonist administra-
tion in these cycles has not yet been accurately defi ned. 
Cetrorelix 0.25 mg daily initiated at 14 mm follicle 
size, is only partially successful in preventing an LH 
surge (incidence 19.4% with the antagonist and 43.4% 
without the antagonist) indicating that higher doses 
and/or earlier administration may be needed  (264) . 
Aged ovaries are more prone to the deleterious effects 
of this protocol with respect to premature LH surges 
 (260) . In poor responders, randomized trials (Table  12 ) 
have suggested that letrozole might have the potential 
to improve response to COH. More experience will be 
required to establish the benefi t of AI in poor responders 
(Table     13 ).   

  6.11 Androgens (A) 

 The published literature regarding the role of andro-
gens (A) in folliculogenesis is confl icting. The andro-
gen receptor (AR) is expressed in preantral and early 
antral follicles in murine, nonhuman primate and 
human ovaries. In human follicles this expression 
starts in transitional follicles possibly prior to that of 
FSHR and AMH receptor II  (267) . While some data 
indicate that A are atretogenic to granulosa cells in 
preantral follicles of A treated hypophysectomized rats 
 (268,   269) , others have suggested that A stimulate iso-
lated murine follicles  (270,   271) . Nonhuman primate 
studies predominantly suggest that A stimulate follicu-
logenesis in adult ovaries of  (127–  129,   272) . Other 
studies, however, failed to demonstrate an enhanced 
FSH/LH stimulated estradiol production after exoge-
nous A treatment in rhesus monkeys  (273) . Additionally, 
insulin growth factor I stimulation did not increase 
estrogen secretion  (274) . In humans, a hyperandro-
genic ovarian milieu as in polycystic ovary syndrome 
and congenital adrenal hyperplasia is associated with 
multicystic ovaries  (275) . High intrafollicular A is 
associated with increased granulosa cell production of 
AMH  (276) . Finally, low baseline A levels were asso-
ciated with lower numbers of retrieved oocytes after 

COH  (236–  238) . Data on A pretreatment is still pre-
liminary. The optimal timing, duration and specifi c 
agents as well as resulting blood levels and adverse 
effects are yet to be identifi ed. It is also not clear 
whether pharmacologic manipulation should target 
intraovarian (AI or hCG) or systemic (testosterone or 
dehydroepiandrosterone) androgen levels. Studies on 
testosterone pretreatment are presented in Table  14 . 
Treatments appear to be generally well tolerated but 
results are somewhat contradictory. Casson et al. 
reported an improved ovarian response to ovarian 
stimulation in fi ve poor responders after treatment with 
dehydroepiandrosterone (DHEA), 80 mg/day for 2 months 
 (279) . A recent retrospective study compared ovarian 
response in 190 women supplemented with 75 mg/day 
of DHEA for a mean of 3.8 months and 101 women 
who did not receive DHEA, prior to COH  (280) . Both 
groups were classifi ed as having diminished ovarian 
reserve (FSH >12 mIU/mL) or “ovarian aging” (>95% 
confi dence interval for mean FSH for age). Both groups 
were stimulated with a fl are protocol and a starting 
gonadotropin dose of 450–600 U. Signifi cantly fewer 
oocytes were retrieved in the DHEA group (3.9 vs. 5.8 
oocytes) but the clinical pregnancy rate was higher 
(28.1 vs. 10.9). Interestingly, serum DHEA levels were 
in the low normal range in the study group. Mild cos-
metic side effects were reported. RCTs will be required 
to validate the potential use of DHEA as an adjuvant to 
ovarian stimulation.   

  6.12 Natural Cycles and Minimal 
Stimulation 

 “Natural cycle” protocols (NC) entail one of three reg-
imens; “pure” natural cycles (no medications except 
for hCG), modifi ed natural cycles (75–150 U of hMG 
+ antagonist once a dominant follicle of 12–14 mm 
diameter is reached) and minimal stimulation (75–150 
U of gonadotropins starting cycle day 3–5 with an 
addition of an antagonist once a dominant follicle 
develops)  (281) . For oocyte maturation, the hCG trig-
ger is administered at a mean follicular diameter of 
16–18 mm. Oocyte retrieval is undertaken 32–36 
following hCG injection. In vitro maturation can be 
employed to increase the yield of MII oocytes. Though 
not uniformly accepted, there is some evidence that 
follicular fl ushing in NC-IVF increases oocyte  recovery 
from 47 to 85% and that oocytes recovered after 
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fl ushing are of better morphology and may produce 
higher quality embryos than those fl oating in the liquor 
folliculi  (282) . NCs are associated with a low risk for 
multiple pregnancies, lower per-cycle cost and poten-
tially less discomfort. Minimal stimulation also theo-
retically avoids the putative deleterious effects of high 
doses of gonadotropins on the meiotic competence of 
oocytes and subsequent embryonic development 
 (171–  173,   283) . NC might theoretically be associated 
with higher implantation rates than stimulated cycles. 
The main disadvantages are high cycle cancellation rate 
due to premature ovulation, unsuccessful oocyte recov-
ery and fertilization failure. Intrauterine insemination 
can be performed in appropriate patients if premature 
ovulation occurs. A review of 1,800 NC in 20 studies 
indicated that approximately 30% of the cycles were 
cancelled, primarily due to an LH surge. Embryo trans-
fer was performed in 45.5% of started cycles resulting 
in an ongoing pregnancy rate 7.2% per initiated cycle 
and 15.8% of transfers. A cumulative ongoing preg-
nancy rate after up to nine modifi ed NC (mean four 
cycles) in 268 patients was 44.4% (7.9% per started 
cycle, 20.7% per embryo transfer). Pregnancy rates did 
not decline in high order cycle numbers  (284) . Results 
of studies utilizing NC in poor responders are summa-
rized in Table  15 . A true comparison with ovarian 
stimulation will require randomized studies. In a cost-
effectiveness analysis, Ubaldi et al. reported that if the 
pregnancy rate remains constant across four NC-IVF, it 
is possible to achieve a cumulative pregnancy rate of 40 
vs. 8% from one stimulated cycle in poor responders 
while spending equal monetary units in both scenarios 
 (293) . Another application of the NC is NC-IUI (intra-
uterine insemination). The Lister group analyzed out-
comes of 1,759 IUI cycles. In this report, women older 
than 37 years with tubal patency and no signifi cant male 
factor achieved signifi cantly higher live birth rates after 
NC-IUI (133 cycles) than following gonadotropin 
(426) or clomiphene  (140)  cycles (7.5 vs. 3.5 vs. 2.1%, 
respectively)  (294) . Outcomes of NC-IUI, in appropri-
ately selected patients, appeared to be comparable to 
NC-IVF (Table  15 )   .

  6.13 Glucocorticoids 

 In 1956, Greenblat, used cortisone alone for the treat-
ment of infertility  (295) . Since then, glucocorticoids 
have been used in conjunction with ovarian stimulation 

mainly to inhibit adrenal androgen production. In 
human preovulatory follicles, there is a sharp increase 
in the free cortisol concentrations compared to the 
serum  (296,   297)  probably due to activation of ovarian 
11 b  hydroxysteroid dehydrogenase type I, thus increas-
ing the conversion of cortisone to cortisol. 

 Glucocorticoids were shown to exert the following 
biological effects on the follicular system prior to 
ovulation:

   1.    Decreased granulosa cell apoptosis through 
increased expression of Bcl-2 and decreased expres-
sion of p53, and enhanced integrity of gap junctions 
through an increase in connexin 43 and cadherins as 
well as cell cytoskeleton  (298,   299)  and possibly 
decreased oocyte apoptosis.  

   2.    Enhanced gonadotropin/c-AMP induced steroido-
genesis  (299) .  

   3.    Possible increase in serum growth hormone and 
production of IGF-I that partially mediates FSH 
effects  (300) .  

   4.    Anti-infl ammatory effects in the periovulatory 
period  (298) .  

   5.    Possible positive effect on oocyte maturation and 
implantation. Keay reported higher cortisol/corti-
sone ratios in follicular fl uid from conception 
cycles in women undergoing follicular puncture in 
unstimulated  (301)  and stimulated cycles  (302) .
Glucocorticoids may interact with zona proteins.     

 Three studies investigated the effect of glucorticoids 
on response to COH in a general IVF population 
(Table  16 ). Although results are confl icting and require 
confi rmation in well designed trials, the reduced cycle 
cancellation and low incidence of poor response was 
encouraging.  

 Although glucocorticoids were used in women with 
autoimmune premature ovarian failure with variable 
success, these data cannot be extrapolated to indicate 
their effects on response to COH.  

  6.14 Growth Hormone (GH) and Growth 
Hormone Releasing Factor (GHRH) 

 Evidence from murine and human follicular systems 
indicates that GH may exert direct and indirect (through 
IGF-I) effects on in vivo follicular maturation. GH, 
IGFs and their receptors and binding proteins are 
present in the human ovary  (305,   306) . While IGF-I is 
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required for fertility (at least in some species) GH 
appears to be facilitatory. GH actions may include 
early follicular recruitment, late follicular develop-
ment, oocyte maturation and steroidogenesis  (307,   308  
for reviews). Although GH may enhance responsive-
ness to gonadotropins, this appears to be restricted to 
women with relative GH defi ciency  (309) , hypoestro-
genic women on GnRH agonist  (310)  or lower GH 
concentration in women with advanced reproductive 
age  (311) . Hypergonadotropic women are nonrespon-
sive to the enhancing effect of GH  (312) . Some reports 
of GH cotreatment indicate an improved response to 
COH and higher pregnancy rates  (200) . A meta-analysis 
of nine randomized clinical trials (3 in 91 normal 
responders and 6 in 302 poor responders) indicated 
that there is no evidence that GH improves live birth or 
other secondary outcomes in either IVF population. 
However when one study utilizing GH releasing factor 
(GRF) was excluded from analysis an improvement in 
live birth rate of borderline signifi cance was detected 
 (313) . The optimal method (early vs. late administra-
tion) and dose (4–12 IU) of GH is yet to be defi ned. 
RCT utilizing GH or GRF in poor responders are 
presented in Table  17 . In studies showing improve-
ment in pregnancy rates, the number of retrieved 
oocytes was not uniformly increased by GH cotreat-
ment indicating that an effect on oocyte quality or an 
endometrial effect may be responsible for these out-
comes. Cotreatment with GH could be promising if 
large studies confi rm its effi cacy and defi ne patient 
characteristics that might benefi t from it.    

  7 Clinical Application Summary  

 Patients with diminished ovarian reserve and ovarian 
hypo-responsiveness to pharmacologic stimulation remain 
one of the thorniest challenges in the practice of ART. 
Documentation of prior poor response and/or the pres-
ence of positive clinical markers for diminished ovarian 
reserve mandate careful consideration of available stim-
ulation strategies. Chronologic age is of paramount 
importance, as younger women with a poor response still 
manifest implantation rates roughly commensurate with 
their age. It is therefore reasonable to consider the option 
of oocyte donation sooner in the care of the reproduc-
tively “older” patient, although some of these women 
may also achieve successful pregnancies with autologous 

oocytes. At Cornell, we have had extensive experience 
utilizing luteal “estrogen priming,” either estradiol alone 
or in combination with a GnRH-antagonist, and have 
additionally enjoyed some degree of success with ago-
nist “fl are” protocols. Most importantly, the choice of 
protocol should be tailored to the individual patient, taking 
into account her previous clinical experience in addition 
to biological markers including basal FSH with estradiol 
and antral follicle counts. 
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  Abstract   The incidence of ectopic pregnancies has 
risen signifi cantly to 2% of all pregnancies. A thorough 
clinical evaluation for surgical and gynecologic history 
and social risk factors can alert the clinician to patients 
at risk. Patients at risk or high suspicion should be 
followed closely until their  β -hCG exceeds the discrim-
inatory zone at which time ultrasound and dilation and 
curettage can be used to diagnose the presence of an 
intrauterine pregnancy. Methotrexate is now the 
 standard for the medical treatment of ectopic  pregnancy. 
Multi-dose methotrexate is 4–5 times less likely to 
fail than the single-dose regimen, which is more 
patient-convenient. Attempts to “split the difference” 
have resulted in the design of hybrid protocols to 
allow initial treatment to begin with fewer doses and 
abbreviated follow-up compared to the multidose 
regimen. Ectopic pregnancy in sites other than the 
fallopian tube are becoming more frequent and can 
be associated with the higher incidence of traditional 
risk factors, greater use of in vitro fertilization and 
cesarean delivery. Although treatment algorithms have 
not yet been codifi ed for nontubal ectopic pregnancies, 
systemic methotrexate, local injection or laparoscopy 
remain the main options and the patient’s safety remains 
the primary consideration in choosing an option. 
Accepted treatment modalities, methotrexate or 
surgery, have comparable outcomes with regard to 
future fertility for women at the reproductive age.  

  Keywords   Ectopic pregnancy  •  Tubal pregnancy  •   
 Methotrexate  •  Human chorionic gonadotropin    

  1 Introduction  

 Ectopic pregnancy is the leading cause of maternal 
death in the fi rst trimester  (1)  and contributes to 9% of 
all pregnancy- related deaths. The incidence of ectopic 
pregnancy has increased fi vefold since the early 1970s 
and now accounts for 2% of all pregnancies  (2) . 
While increased diagnostic sensitivity may play a role, 
the increased incidence is generally attributed to the 
increase in three main factors: sexually transmitted 
infections  (3) , tubal sterilization  (4)  and the use of 
fertility drugs. While the mortality rate has decreased 
tenfold over this same period  (1)  due to earlier diagnosis 
 (5,   6)  and outpatient management with methotrexate 
 (7) , mortality still remains sixfold higher than miscar-
riages, live births and elective terminations  (8) .  

  2 Risk Factors  

 In the emergency room setting, up to 45% of women 
with an ectopic pregnancy may be sent home with an 
incorrect diagnosis  (9)  as the triad of amenorrhea fol-
lowed by abdominal pain and irregular vaginal bleed-
ing traditionally associated with ectopic pregnancy 
occurs in less than half of the patients affected. 
Identifi cation of risk factors related to ectopic preg-
nancy, which occur in 55% of affected patients, will 
allow earlier diagnosis and reduce related morbidities. 
Generally, risk factors can be stratifi ed into three cate-
gories, which include tubal and uterine factors behav-
ioral and clinical  factors that correlate well with the 
relative risk for an ectopic pregnancy ( Table    1  ).  

 Tubal factors include all causes of tubal trauma 
such as previous tubal surgeries, prior ectopic preg-
nancies and pelvic pathology  (10–  12)  and increase the 
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risk for ectopic pregnancy signifi cantly. While the risk 
of one previous tubal pregnancy increases the risk for 
a future ectopic pregnancy threefold, a history of two 
ectopic pregnancies (Table  1 ) or prior tubal surgery 
increases the risk 8–25-fold. Additionally, uterine factors 
such as a previous history of intrauterine diethylstilbe-
strol exposure can signifi cantly increase a patient’s 
risk for ectopic pregnancy, presumably by interfering 
with the embryo’s passage into the uterine cavity 
 (10,   12) . Screening all pregnant patients with risk 
factors for ectopic pregnancies may seem justifi able, 
especially when there is a 10–27% rate of recurrence 
 (13) , but is not warranted as the high false positive rates 
lead to unnecessary medical intervention  (14) . 

 Behavioral Risk Factors moderately increase a 
patient’s risk for ectopic pregnancy and are predomi-
nantly related to smoking and sexually transmitted 
infections. The relation between smoking and ectopic 
pregnancy is dose-related and tobacco is thought to 

have a negative impact on ovulation, fertilization, 
embryo transport and implantation  (15) . For patients 
who smoke a half or full pack of cigarettes daily, the 
odds of having an ectopic pregnancy can increase 
3.7–3.9-fold. A history of gonorrhea, chlamydia or 
pelvic infl ammatory disease, all increase the risk through 
resulting intraluminal adhesions which interfere with 
embryonic transport to the uterus (10,   11) . The number 
of lifetime sexual partners, pelvic infl ammatory 
 disease and the risk of ectopic pregnancy also positively 
correlate  (11,   16) . Patients with more than fi ve lifetime 
partners have 2.8 times the risk of pelvic infl ammatory 
disease and ten times the risk of sexually transmitted 
bacterial infections compared to their counterparts with 
a single partner  (16) . Patients less than 21 years of age 
were 5.5 times as likely to have a concurrent  gonorrhea 
or Chlamydia infection as compared to older women 
when diagnosed with an ectopic pregnancy  (17) . 

 Clinical factors related to the patient’s obstetrical 
and gynecologic history and clinical presentation 
increase the risk for ectopic pregnancy minimally. 
More recently, age has been reexamined as an inde-
pendent risk factor for ectopic pregnancy. Patients who 
are less than 21-years old presenting to the emergency 
room with classic symptoms are half as likely as older 
patients to have an ectopic pregnancy  (17) , presumably 
from lower exposure to tubal surgery and a lower 
incidence in tubal damage secondary to infectious 
processes. In contrast, patients older than 30 have a 
signifi cantly increased risk for ectopic pregnancy  (15)  
as expected from the aforementioned exposures  (12) . 
Interestingly, advanced maternal age has also been 
found to be independently linked to ectopic risk although 
the cause is still unclear  (15) . Birth control pills and 
intrauterine devices lower the overall risk of pregnancy 
but, when contraception fails, both increase the risk of 
ectopic pregnancy  (10) . Presenting symptoms and signs 
such as abdominal or pelvic pain, moderate to severe 
bleeding, and beta human chorionic gonadotropin 
concentrations below 2,000 mIU/mL  (12)  increase the 
risk of ectopic pregnancy only minimally. 

 Infertility has also been shown to increase the rela-
tive risk of ectopic pregnancy at least twofold, which is 
most likely related to the association of pelvic infection 
and tubal pathology. A recent study found the risk of 
ectopic pregnancy in all patients undergoing ART to be 
2.1%  (18) , which is the same as in the general popula-
tion. Zygote intrafallopian transfer (ZIFT) was the only 
ART procedure that has defi nitively been shown to 

  Table 1    Ectopic pregnancy risk factors relative to all pregnant 
patients    

 Odds ratio 

 Tubal and uterine factors 
 Tubal pathology  (45)   3.5–25 
 Infertility  (45)   2.5–21 
 Previous tubal surgery  (45)   21 
 Two prior ectopics  (12)   16 
 Tubal sterilization  (10)   9.3 
 Previous surgery for ectopic  (45)   8.3 
 Intrauterine DES exposure (10)   5.6 
 Prior ectopic pregnancy  (12)   3.0 

 Behavioral fctors 
 Smoking ³  1 pack per day  (15)   3.9 
 Smoking  ³ ½ pack per day  (15)   3.7 
 Chlamydia  (45)   2.8–3.7 
 Gonorrhea  (45)   2.9 
 Ever smoking  (10,   15)   1.5–2.5 
 Pelvic infl ammatory disease  (45,   10)   1.5–2.5 
 >1 Lifetime sexual partners  (45)   2.1 
 Age at fi rst intercourse <18  (45)   1.6 

 Clinical factors 
 Age  ³ 40  (15)   2.9 
 Infertility  (45)   2.0–2.5 
 Parity ³  4  (12)   1.8 
 Oral contraceptives  (10)   1.8 
 Beta hCG 501-2000  (12)   1.7 
 IUD in place  (10)   1.6 
 Primigravida  (12)   1.6 
 Prior live births  (12)   1.4 
 Pain at presentation  (12)   1.4 
 Moderate to severe vaginal bleeding  (12)   1.4 
 Age 30–39  (15)   1.3–1.4 
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increase the risk of ectopic pregnancy to 3.6%. Use of 
donor oocytes or a surrogate gestational carrier lowers 
the risk to 1.4% and 0.9% respectively  (18) . Additionally, 
transfer of two or less high quality embryos during in 
vitro fertilization (IVF) lowers the risk of ectopic preg-
nancy by 30%. Therefore, the risks associated with 
infertility treatment most likely stem from the cause of 
infertility as opposed to the treatment. 

 Nontubal pelvic surgery and cesarean sections have 
all been implied but never clearly associated with  ectopic 
pregnancies. Past IUD use and previous  medical  abortion 
or miscarriage are still disputed as risk factors    (11,   12) .  

  3 Diagnosis  

  3.1 Presentation 

 All patients at the reproductive age who present with 
vaginal bleeding or abdominal pain should have the 
urine or serum pregnancy test performed on initial 
evaluation. On confi rmation of pregnancy, all patients 
without a confi rmed intrauterine pregnancy are to be 
evaluated for an ectopic pregnancy. The diagnosis of 
ectopic pregnancy is made with the combination of 
serum beta human chorionic gonadotropin ( β -hCG) 
concentrations and radiologic imaging, or by surgical 
means when necessary. Heterotopic pregnancy is the 
only exception to this rule as confi rmation of an intra-
uterine pregnancy does not rule out an ectopic preg-
nancy. As the risk for heterotopic pregnancies is 24 
times higher when pregnancy has been achieved 
through ART compared to spontaneous conception, a 
higher index of suspicion is warranted  (18,   19) . The 
risk of heterotopic pregnancies in ART cycles, how-
ever, still remains low at 0.15%.  

  3.2 Radiologic Imaging 

 Determining which management option to employ in 
the treatment of an ectopic pregnancy is infl uenced by 
the location. More than 95% of ectopic pregnancies are 
tubal, and of those 70% are ampullary. The remainder are 
interstitial or cornual (2%), abdominal (1.4%), ovarian 
(0.2–3.2%) or cervical (0.2%)  (20,   21) . More recently 

described, rare implantation sites include the abdomen 
and previous cesarean scars. 

  3.2.1 Pelvic Ultrasound 

 Ectopic pregnancy can be defi nitively diagnosed by an 
ultrasound examination only by the visualization of 
fetal cardiac activity in the adnexa. However, there are 
other fi ndings strongly suggestive of the presence of an 
ectopic pregnancy. After clinical evaluation, a diagnostic 
sequence of the pelvic ultrasound followed by  β -hCG 
( Fig.    1  ) minimizes the risk of missing ectopic and 
interrupting intrauterine pregnancies (22). While an intra-
uterine pregnancy can be identifi ed as early as 4.5 
weeks by the decidual reaction (echogenic rim in the 
endometrial cavity surrounding a fl uid collection)  (23) , 
the most reliable and safest sign to use is the double 
decidual sac sign (“double ring sign”) or yolk sac 
nearer to 5 weeks of pregnancy  (24) . The presence of a 
fetal heartbeat or pole in the uterus unquestionably 
confi rms an intrauterine pregnancy. The most useful 
radiologic sign in the diagnosis of an ectopic pregnancy 
when no intrauterine pregnancy or extrauterine 
pregnancy with fetal heart tones is seen, is echogenic 
fl uid in the pelvis, which has a 90% positive 
predictive value  (25) . The “ring of fi re” sign, thought 
to represent blood fl ow around the ectopic pregnancy, 
should be interpreted with caution as it may represent 
luteal blood fl ow  (26)  in a normal pregnancy. Endometrial 
stripe thickness has no utility in differentiating ectopic 
pregnancies from symptomatic intrauterine pregnancies 
or spontaneous abortions  (27) .  

 A pelvic ultrasound is less useful when the serum 
 β -hCG concentration is below the discriminatory zone. 
The discriminatory zone is the threshold of  β -hCG 
values above which a normal intrauterine pregnancy is 
usually seen, and ranges from 1,500 to 2,000 mIU/mL, 
but will vary between institutions. The sensitivity of 
ultrasound in detecting ectopic pregnancies below 
1,500 mIU/mL, between 1,500 and 2,000 mIU/mL and 
greater than 2,000 mIU/mL is 29, 92 and 100% respec-
tively  (28–  30) . Absence of an intrauterine pregnancy 
on ultrasound above a  β -hCG level of 2,000 mIU/mL 
is suggestive of an abnormal or ectopic pregnancy, and 
dilation and curettage or manual vacuum aspiration 
can be performed to differentiate between the two 
possibilities. In patients with  β -hCG values below 
1,500 mIU/mL, serial  β -hCG are to be drawn until the 
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values rise above the discriminatory zone and an 
intrauterine pregnancy can be ruled out by ultrasound.  

  3.2.2 Magnetic Resonance Imaging 

 In cases in which a pelvic ultrasound does not clearly 
localize a pregnancy and in which a nontubal ectopic 
pregnancy is suspected, magnetic resonance imaging 
(MRI) can be very useful  (31–  33) . Early use of MRI to 
differentiate cornual from tubal ectopic pregnancies may 
prevent catastrophic uterine rupture and hemorrhage  (34) .   

  3.3 Serum Tests 

  3.3.1 Beta Human Chorionic Gonadotropin 

 Currently, serial serum  β -hCG values are the only 
clinically useful laboratory tests in differentiating 
between a normal and abnormal pregnancy. About 
75–80% of patients with vaginal bleeding or abdomi-
nal pain presenting for an evaluation for ectopic 
pregnancy have  β -hCG values below 1,500 mIU/mL. 
Defi ning the minimum expected rise and fall in 
serum  β -hCG concentrations in patients with normal 

  Fig. 1    Ectopic pregnancy management algorithm       
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pregnancies or miscarriages can therefore alert clinicians 
to patients who may have an ectopic pregnancy. The 
minimum rise in serum  β -hCG for a normal pregnancy 
was fi rst described in 1981  (35)  as 66% over 48 h. By 
2006, this minimum rise was redefi ned to 35% over 48 
h based on the management of more than 1,000 patients 
 (36) . Serum  β -hCG concentrations decline in sponta-
neous abortions at a minimum of 21% in 2 days and 
60% in 7 days for patients with an initial  β -hCG less 
than 10,000 mIU/mL, and more rapidly with  β -hCG 
concentrations higher than 10,000 mIU/mL. Any rise 
or decline slower than the stated thresholds suggests that 
an ectopic pregnancy or retained trophoblasts from a 
spontaneous abortion exist  (37) , and require dilation 
and curettage or manual vacuum aspiration to differ-
entiate between the two possibilities. Up to 21% of 
ectopic pregnancies can “mimic” the rise and fall in 
serial serum  β -hCG concentrations of viable intrauterine 
pregnancies or spontaneous abortions  (36) .  

  3.3.2 Progesterone 

 Progesterone concentrations, while traditionally used 
in diagnostic algorithms, only provide clinically useful 
values at the extremes and in certain circumstances 
may prove detrimental in identifying patients with ectopic 
pregnancies  (22) . A progesterone concentration less 
than 5 ng/mL suggests an abnormal pregnancy in 
99.8%  (38)  of patients and no normal pregnancies have 
ever been documented with a value below 2.5 ng/mL. 
The risk of an ectopic pregnancy occurring above 25 ng/
mL is only 3% but does not defi nitively rule one out  (22) .  

  3.3.3 Other Serum Markers 

 Many markers including glycoledin, pregnancy spe-
cifi c B1-glycoledin, leukemia inhibiting factor, human 
placental lactogen, and pregnancy-associated plasma 
protein A (PAPP-A) and VEGF have been evaluated in 
the diagnosis of ectopic pregnancy and are not clini-
cally useful at this time  (39,   40) .   

  3.4 Diagnosis by Curettage 

 The diagnosis of ectopic pregnancy by curettage is 
made by the plateau or rise of  β -hCG concentrations 
after uterine curettage or manual vacuum aspiration. 

The procedure may be performed in the offi ce and in 
patients in whom  β -hCG values are above the discrimi-
natory zone but have no identifi able fetal heart rate in 
the adnexa on imaging. Up to 38% of patients without 
an identifi able intrauterine pregnancy on imaging with 
 β -hCG values above 2,000 mIU/mL may be experiencing 
a spontaneous abortion  (41) , so treating these patients 
empirically with methotrexate will unnecessarily 
subject them to the potential side-effects and risks of 
the medication. Curettage is considered the defi nitive 
diagnostic and treatment modality for patients in this 
circumstance except for those with a heterotopic preg-
nancy. Endometrial biopsy is an unreliable substitute 
for dilation and curettage or manual vacuum aspiration 
due to its low diagnostic sensitivity  (42,   43) .  β -hCG 
concentrations are to be drawn 12–24 h after the 
 procedure as chorionic villi cannot be identifi ed in up 
to 20% of spontaneous abortion pathology specimens 
 (44) . Failure of  β -hCG concentrations to decrease at the 
expected rate for a spontaneous abortion and lack of 
chorionic villi in the retrieved operative specimens is 
diagnostic for an ectopic pregnancy. There is no need to 
await histologic examination of the uterine currettings 
for the presence or absence of villi. Villi should be 
examined by a pathologist to confi rm the diagnosis.   

  4 Expectant Management  

 Success rates reported in the literature have ranged 
between 48 and 100%  (45) , with an average reported 
success rate of 68%  (45) . At this moment, there are no 
standard criteria to determine who will be a candidate. 
According to four studies, the average range of  β -hCG 
values for patients successfully managed, ranged 
between 246 and 583 mIU/mL  (46) . The average range 
of values for patients who failed expectant manage-
ment fell between 470 and 2,000 mIU/mL. Currently, 
expectant management cannot be recommended as the 
standard of care.  

  5 Medical Treatment  

  5.1 Methotrexate: Who is a Candidate? 

 Methotrexate, a chemotherapeutic agent  (47)  origi-
nally used for choriocarcinoma  (48) , was fi rst used to 
treat an ectopic pregnancy in 1982  (49) . Methotrexate 
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targets rapidly divide cells by inhibiting dihydrofolate 
reductase (DHFR), which reduces folate to tetrahydro-
folate, a cofactor required for DNA and RNA synthesis 
 (50) . Head-to-head comparison with laparoscopic 
salpingostomy has proved methotrexate equally effi -
cacious  (51) . Currently methotrexate is the standard of 
care for patients who are hemodynamically stable, 
willing to comply with the treatment regimen and 
possess no contraindications to treatment ( Table    2  ) 
 (45) . Prior to methotrexate administration, it is important 
to screen for relative and absolute contraindications by 
history and examination. Additionally, patients benefi t 
by screening for any underlying medical problem with 
the serum tests including complete blood count, liver 
function tests, electrolytes and their blood type with 
Rh factor. A chest x-ray prior to methotrexate adminis-
tration  (52)  is recommended in patients with a history 

of lung disease due to the risk of interstitial pneumonitis.  
 Determining which of the patients have a reasonable 

chance for successful outpatient management with 
methotrexate is as important as determining their 
medical eligibility. Patients with relative contraindica-
tions can still be treated with methotrexate but they 
possess a higher risk of rupture. Traditionally hemoperi-
toneum, a gestational sac size greater than 4 cm, and 
embryonic cardiac activity were all considered relative 
contraindications to methotrexate  (45) . However, hemo-
peritoneum and gestational sac size have been shown 
not to correlate with methotrexate success rates  (53) . 

According to one study  (53) , the percentage of ectopic 
pregnancies demonstrating embryonic cardiac activity 
for  β -hCG values below 5,000 mIU/mL, from 5,000 to 
9,999 mIU/mL, and from 10,000 to 14,999 mIU/mL was 
5, 27 and 41% respectively. In general, the percentage 
of ectopic pregnancies with cardiac activity correlates 
with the serum  β -hCG concentration on a continuum. 
Unlike serum  β -hCG concentrations, however, cardiac 
activity cannot be measured on a continuum. Therefore, 
an initial  β -hCG concentration is the best indicator for 
the success of the treatment with “single-dose” metho-
trexate and the chance of success correlates inversely 
with the  β -hCG concentration  (53) . A recent review of 
patients treated with the single-dose protocol demon-
strated a clinically signifi cant decrease in success rates 
for patients with an initial  β -hCG concentration above 
5,000 mIU/mL, supporting the idea of a  β -hCG 
threshold as a relative contraindication  (54) . Success 
rates for patients below this threshold ranged from 
94–99% but in patients above 5,000 mIU/mL threshold, 
success rates decreased to 81–85%, and decreased 
even further for patients with  β -hCG concentrations 
above 15,000 mIU/mL  (53) . Success for multiple dose 
methotrexate is not completely dependent on  β -hCG 
concentrations and therefore it may be used at higher 
 β -hCG concentrations. 

 Additional prognostic factors may be considered when 
deciding whether methotrexate is clinically appropriate. 
Clinical signs and symptoms including pelvic pain, 
vaginal bleeding and rate of rise in  β -hCG concentrations 
may correspond with a higher risk of methotrexate 
failure  (55) . A rapid rise in  β -hCG values of 66% over 
48 h prior to methotrexate administration may place 
patients with a tubal pregnancy at a ninefold increased 
risk of rupture  (56) .  

  5.2 Methotrexate Dosing 

 The fi rst protocols using methotrexate for ectopic 
pregnancy were multidose, based on the treatment for 
gestational trophoblastic disease and confi rmed to be 
effective by several case series  (57,   58) . Starting on day 1, 
methotrexate (1 mg/kg intramuscularly) is given every 
other day alternating with days on which leucovorin 
rescue is given ( Table    3  ). Leucovorin (folinic acid) is a 
methotrexate antagonist given to reduce the side-effects 
from methotrexate that may otherwise be prohibitive 

  Table 2    Contraindications to MTX therapy    

 Absolute contraindications 
 Intrauterine pregnancy 
 Evidence of immunodefi ciency 
 Moderate to severe anemia, leukopenia or thrombocytopenia 
 Sensitivity to MTX 
 Active pulmonary disease 
 Active peptic ulcer disease 
 Clinically important hepatic dysfunction 
 Clinically important renal dysfunction 
 Breastfeeding 

 Relative contraindications 
 Embryonic cardiac activity detected by transvaginal 

ultrasonography 
 High initial hCG concentration (>5,000 mIU/mL) 
 Ectopic pregnancy greater than 4 cm on transvaginal 

ultrasonography 
 Refusal to accept blood transfusion 
 Inability to participate in follow-up 
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 (47,   48) . During the course of treatment, serum  β -hCG 
concentrations are drawn on days 1, 3, 5, and 7 coinciding 
with the methotrexate dose. When the serum  β -hCG 
concentrations decrease at least 15% over 48 h the 
treatment is considered successful and no further doses 
must be given  (7) . Serum  β -hCG values are drawn 
weekly until they appear negative. 

 The desire to minimize the side-effects of the multi-
dose protocol, and increase patient compliance, led to 
the development of the single-dose protocol  (7) . On 
day 1 of treatment, methotrexate (50 mg/m 2  intra-
muscularly) is given ( Table    3  ) and a  β -hCG concentra-
tion is drawn. A  β -hCG concentration is drawn again 
on days 4 and 7 of the treatment cycle. If  β -hCG values 
have not decreased 15% from day 4 to day 7, another 
dose of methotrexate is given on day 7. If  β -hCG values 
have fallen more than 15% on day 7, then treatment is 

considered successful  (45,   59)  and a  β -hCG concentration 
is drawn weekly until it reaches zero. If the  β -hCG 
concentration plateaus or rises after day 7, an  additional 
dose can be given at that time. 

 Determining which methotrexate protocol to use is 
a highly debated subject since the development of the 
single-dose protocol. A recent meta-analysis showed 
the success rate for the multidose protocol to be 92.7% 
and 88.1% for the single-dose  (60) . The odds ratio for 
failure with the single-dose, when  β -hCG concen-
trations and cardiac activity were controlled for, was 
4.74 compared to the multidose. Additionally, the 
multidose protocol is equally effi cacious compared to 
laparoscopic salpingostomy but the single-dose is not 
(RR 0.83)  (61) . 

 The “single-dose” regimen is largely a misnomer and 
is not considerably more convenient than the multidose 

  Table 3    Comparison of single-dose, multidose and two-dose methotrexate regimens    

 Single-dose  (45)   Multidose  (45)   Two-dose  (62)  

 Day 0  MTX 50 mg/m 2  IM 
 BhCG 
 CBC w/ platelets 
 Liver function tests 
 Creatinine 

 Day 1  MTX 50 mg/m 2  IM  MTX 1 mg/kg IM 
 BhCG  BhCG 
 CBC w/ platelets  CBC w/ platelets 
 Liver function tests  Liver function tests 
 Creatinine  Creatinine 

 Day 2  Leucovorin 0.1 mg/kg IM 
 BhCG 

 Day 3  MTX 1 mg/kg IM 

 Day 4  BhCG  Leucovorin 0.1 mg/kg IM  MTX 50 mg/m 2  IM 
 BhCG  BhCG 

 Day 5  MTX 1 mg/kg IM 

 Day 6  Leucovorin 0.1 mg/kg IM 
 BhCG 

 Day 7  BhCG  MTX 1 mg/kg IM  BhCG 
 Evaluate for tx success  Evaluate for tx success 
 MTX 50 mg/m 2  IM a   MTX 50 mg/m 2  IM

 Day 8  Leucovorin 0.1 mg/kg IM 
 BhCG 

 Day 11  BhCG 
 MTX 50 mg/m 2  IM a  

 Day 14  BhCG b  
 CBC w/ platelets 
 Liver function tests 
 Creatinine 

 Weekly  BhCG until negative if treatment a 
success 

 BhCG until negative if treatment 
a success 

 BhCG until negative if treatment 
a success 

   a Give suggested dose of methotrexate if BhCG rises or decreases <15% compared to Day 4 concentrations 
 b Compare BhCG concentration to Day 11, if BhCG rises or decreases <15% then treatment is considered a failure  
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protocol. Since up to 40% of patients using the single-
dose protocol require a second dose and almost 50% of 
patients using the multidose protocol get 4 doses, the 
optimum number of doses may fall between 1 and 4(60). 
Recently a hybrid 2-dose protocol has been proposed 
 (62)  to provide the convenience of the single-dose proto-
col and effi cacy of the multidose protocol ( Table    3  ). With 
this new protocol, the overall success rate was 87.1% and 
the satisfaction rate was 90.6%. A total of 53% of patients 
reported side-effects of which 64% were mild and 17.6% 
were moderate. Severe pain was experienced by 8.2% 
and there appeared to be no correlation between the side-

effects and the number of doses.   

  5.3 Methotrexate: Clinical Course 
and Side Effects 

 Up to 60% of patients may experience increasing 
abdominal pain after methotrexate  (59) , the majority 
of whom can be successfully treated with NSAIDS 
 (63) . Only 13% may require hospitalization for pain. 
The pain is thought to be secondary to tubal abortion 
or hematoma formation  (59) . As 50% of patients 
successfully treated with methotrexate will show an 
increase in tubal diameter  (64)  and 30–100% will 
experience hemoperitoneum regardless of the success 
of the treatment  (53,   63) , serial ultrasound monitoring 
to detect rupture is not recommended. After methotrex-
ate administration,  β -hCG concentrations are expected 
to become undetectable after 20–35 days  (59,   65–  67)  
but it can take up to 109 days  (65) . Rupture occurs on 
an average of 14 days after treatment but may take up 
to 32 days  (65) . If  β -hCG concentrations plateau or rise 
after two to three doses during the single-dose protocol, 
or after four doses during the multidose protocol, or if 
the patient becomes hemodynamically unstable, then 
operative management is warranted.   

  6 Surgical Management  

 Traditionally, exploratory laparotomy was the standard 
of care, and still is for patients who are hemodynamically 
unstable. More recently, an emphasis on minimizing 
costs and hospital stays, and advances in surgical 
technology have made laparoscopic salpingostomy 
( Fig.    2  ) the surgical treatment of choice  (61) . During 

initial comparisons, patients undergoing laparoscopic 
salpingostomy performed clinically as well as patients 
 undergoing laparotomy  (68–  70) , and demonstrated less 
blood loss during surgery, shorter hospital stays, faster 
recovery times and less postoperative adhesions  (71) . 
More recently laparoscopy was demonstrated to have a 
3.6 times higher rate of persistent trophoblast activity 
 postoperatively, and tubal rupture requiring further 
 surgery  (61) . The presence of the persistent  trophoblastic 
tissue is suggested by weekly post-operative  β -hCG 
concentrations that do not fall and can be reduced with a 
single postoperative dose of methotrexate (1 mg/kg intra-
muscularly)  (22,   72)  with minimal side-effects (5.5%).  

 If laparoscopy is required to make the diagnosis, 
then surgical management is preferable at the time of 
surgical diagnosis. The decision to perform salpingos-
tomy or salpingectomy depends on the patient’s future 
reproductive desires and the extent of damage to the 
affected tube. Patients who undergo salpingostomy, 
regardless of laparoscopic or open approach, have better 
subsequent reproductive potential (61% vs. 38%) but 
slightly higher rates of ectopic pregnancy afterwards 
(15% vs. 10%)  (73) .  

  7 Nontubal Ectopic Pregnancies  

  7.1 Abdominal Pregnancies 

 Abdominal pregnancies present the greatest danger 
for both mother and fetus among all the ectopic preg-
nancies, with mortality rates ranging from 0.5 to 18% 
and 40 to 95%, respectively  (74) . They result from 

  Fig. 2    Laparoscopic salpingostomy on a tubal ectopic pregnancy. 
Courtesy of G. Frishman, M.D. and Shayne Plosker, M.D. Women 
and Infants Hospital of Rhode Island and Warren Alpert School of 
Medicine of Brown University       
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primary implantation in the abdomen or from second-
ary abdominal implantation after tubal rupture or 
extrusion ( Fig.    3  ). Presenting symptoms and exam 
fi ndings include abdominal pain (100%), nausea and 
vomiting (70%), abnormal fetal lie (70%), painful 
fetal movements (40%), displaced uterine cervix 
(40%) and general malaise (40%)  (75) . Due to the 
high rate of error with ultrasound, MR imaging is 
preferred. Laparoscopy still remains the gold stan-
dard  (75)  for diagnosis, and can be used in the man-
agement of early abdominal pregnancies; the more 
advanced abdominal pregnancies are to be managed 
by laparotomy. The placenta can be removed if doing 
so does not risk harming vascular and vital structures. 
Otherwise it can be left in place and can be treated 
with postoperative embolization or methotrexate to 
facilitate resorption  (76) .   

  7.2 Cervical Ectopic Pregnancies 

 Cervical ectopic pregnancies account for only 0.2% of 
ectopic pregnancies, making them rare. Methotrexate 
is the fi rst line treatment with success rates ranging 

from 40% if embryonic cardiac activity exists and up 
to 90% if absent  (77) . Other factors predisposing 
patients to methotrexate failure include gestational 
age  ³ 9 weeks, serum  β -hCG  ³ 10,000, or a crown-
rump length greater than 10 mm  (77) . Patients with 
these factors may benefi t from localized treatment 
using methotrexate, hyperosmolar glucose or potas-
sium chloride  (77) , with reported success rates greater 
than 90% for local potassium chloride  (78) . Primary 
embolization is also a treatment option requiring 
methotrexate afterwards to treat residual trophoblasts 
 (79) . As many as 4–28% of patients may experience 
massive bleeding after systemic or local methotrexate 
treatment from failed involution of the pregnancy 
 (77) , warranting dilation and curettage in 13–43% 
 (80) . For this reason, patients who fail systemic 
methotrexate or localized treatment may have hypo-
gastric artery embolization or laparoscopic ligation 
of the uterine arteries performed to reduce the risk of 
bleeding  (79) . 

  7.2.1 Heterotopic Pregnancy 

 The risk for heterotopic pregnancy, once considered 
extremely rare, may be as high as 1% in patients 
undergoing IVF  (81) . Pelvic ultrasound is the most 
sensitive imaging modality  (82)  for heterotopic preg-
nancy. The treatment modality employed depends on 
the patient’s desire for intrauterine pregnancy. 
Methotrexate can be used in cases in which neither 
pregnancy is desired but is contraindicated when the 
intrauterine pregnancy is desired. While laparoscopy 
is considered the gold standard in management  (83, 
  84) , ultrasound guided injection of the extrauterine 
pregnancy with potassium chloride or hyperosmolar 
glucose can be effective in patients desiring their 
pregnancy. Risk of a rupture with local injection can 
be as high as 55%  (85) .  

  7.2.2 Interstitial (Cornual) Pregnancy 

 Interstitial (cornual) pregnancies are located in the 
proximal portion of the fallopian tube surrounded by 
myometrium and account for 2% of ectopic pregnan-
cies  (20,   21) . The risk factors for interstitial (cornual) 
pregnancies include a history of prior ectopic preg-
nancy, salpingectomy, IVF and sexually transmitted 

  Fig. 3    18-Week ruptured cornual pregnancy with intra-abdom-
inal growth. Courtesy of Courtney Woodfi eld, M.D. Rhode 
Island Hospital and Warren Alpert Medical School of Brown 
University       
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infections  (86) . Primarily, diagnosis is made with 
pelvic ultrasound and is highly suggested by the pres-
ence of an interstitial line sign  (87)  ( Fig.    4  ) or the 
presence of Timor-Tritsch criteria  (88) . An interstitial 
line sign is the presence of an uninterrupted echolu-
cent line between the gestational sac and the endome-
trium, suggesting that pregnancy is outside the uterine 
cavity proper. Timor-Tritsch criteria include: (1) an 
empty uterine cavity, (2) a chorionic sac seen sepa-
rately and located >1 cm from the most lateral edge 
of the uterine cavity, and a (3) thin myometrial layer 
(<5 mm) surrounding the chorionic sac  (88) . In incon-
clusive cases MR imaging can be used; laparoscopy 
can be used for diagnosis as a last resort. Treatment 
of interstitial (cornual) ectopic pregnancies can be 
medical or surgical. The highest average mean gesta-
tional sac diameter for success with systemic metho-
rexate is 23 mm or less  (89)  with an average success 
rate of 79%. If accessible, local injection with metho-
trexate or other agents such as hyperosmolar glucose 
or potassium chloride is another option that has been 
suggested for interstitial (cornual) pregnancies  (90)  
with a success rate as high as 91%  (89) . In larger or 
more advanced pregnancies, however, laparoscopic 
management with an endo-loop or cornual resection 
has become the fi rst choice  (89,   91) . Hysteroscopic 
approaches are investigational. Surgical management 
is better employed earlier than later, as catastrophic 
rupture of the uterus can occur earlier than 12 weeks 
 (89,   91) .   

  7.2.3 Ovarian Pregnancies 

 Ovarian pregnancies account for 0.2–3.2% of ectopic 
pregnancies  (20,   21) . The four criteria for an ovarian 
pregnancy were established by Spiegelberg in 1878: an 
intact ipsilateral tube separate from the ovary, a gesta-
tional sac occupying the position of the ovary, an ovary 
and gestational sac connected to the uterus by the 
utero-ovarian ligament, and histological presence of 
ovarian tissue in the gestational sac wall  (92) . The 
main risk factors for ovarian pregnancy include pelvic 
infl ammatory disease, tubal surgery and oophoritis, 
and they tend to develop in younger patients with high 
parity  (93) . Up to 75% of ovarian pregnancies are mis-
taken for a ruptured corpus luteum cyst  (94)  and therefore 
may present as an abdominal pregnancy. Laparoscopic 
resection or oophorectomy is the preferred treatment; 
systemic methotrexate is still investigational  (95) .  

  7.2.4 Cesarean Scar Pregnancies 

 The incidence of Cesarean scar pregnancies has risen 
and although rare, now accounts for 1 in 2,000 preg-
nancies  (96) . Only 85% are diagnosed correctly by 
ultrasound due to their unusual location and often they 
are confused with cervical pregnancies or spontaneous 
abortions  (97) . MR imaging and Doppler can be used 
in inconclusive cases. As Cesarean scar pregnancy is 
still relatively rare, although increasing in incidence, 

  Fig. 4    Interstitial line sign on 
pelvic ultrasound. Courtesy of 
Sandra Carson, M.D. Women 
and Infants Hospital of Rhode 
Island and Warren Alpert 
Medical School of Brown 
University       
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no standard treatment regimen is defi ned. Systemic 
methotrexate has been employed with 100% success 
for patients with a  β -hCG less than 5,000 and 50% 
success rate for all cases  (96) . Local administration of 
methotrexate, hyperosmolar glucose or potassium chlo-
ride can be employed, just as for interstitial (cornual) 
pregnancies  (96) . Laparotomy or laparoscopy remain 
the only other option, and a reasonable success rate 
can be expected  (96) .    

  8  Reproduction After Ectopic Pregnancy  

 Future fertility is comparable with all four main man-
agement methods employed to treat tubal ectopic 
pregnancy. The rates for tubal patency (75–81%), sub
sequent pregnancy rates (52–61%) and ectopic pregnancy 
(8–13%) rates are similar for salpingostomy, multi-dose 
methotrexate, single-dose methotrexate and expectant 
management in properly selected cases  (98) .      
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  Abstract   Modern methods of the treatment of cancer 
have a signifi cant negative impact on human reproduc-
tion. In this chapter we briefl y overview recent cancer 
statistics and discuss premature ovarian failure and 
other adverse reproductive outcomes in female patients 
who receive chemotherapy and radiation. In addition to 
this, we also discuss and delineate the options to preserve 
their fertility.  

  Keywords   Fertility preservation  •  Cancer  •  Chemo-
therapy  •  Gonadotoxicity  •  Xenografting  •  Vitrifi cation  
•  Cryopreservation    

  1 Introduction  

 Cancer continues to be a major health problem in the 
world. Of 1.5 million new cancer cases expected to 
occur in 2008 in the United States, 692,000 will be 
females. The most common cancers in females under 
the age of 40 are breast cancer, cancers of the lung and 
bronchus, colon and rectum, leukemia and lympho-
mas, and cervical cancer. The probability of being 
diagnosed with an invasive cancer for women under 

the age 40 is 2%. This rate increases to 9% by the age 
of 60. Among females, the leading cause of death due 
to cancer before the age of 20 years is leukemia. Breast 
cancer ranks fi rst between the ages 20 and 59 years, 
and lung cancer ranks fi rst between the age 60 and 
above. Overall, cancer is the leading cause of death 
among women between the ages 40 and 79  (1) . 

 Cancer is also an important health issue for children 
and adolescents, being the second leading cause of 
death among children between ages 1 and 14 years in the 
United States. Leukemia, tumors of the central nervous 
system, neuroblastoma, Wilms tumor and non-Hodgkin 
lymphoma are the most common  (1) . 

 Over the last three decades there have been signifi -
cant improvements in the 5-year relative survival rate 
for many cancer types due to advanced diagnostic 
modalities, improved surgical technique, combination 
chemotherapy, radiotherapy and supportive care. When 
cancers of all sites and all races are considered, the 
survival rate increased from 50% in 1970s to 66 in 2003 
 (1) . Survival rates are more encouraging in children. 

 The 5-year relative survival rate among children for 
all cancer sites combined, improved from 58% for 
patients diagnosed in 1975 to 1977, to 80% for those 
diagnosed between 1996 and 2003. 

 Nevertheless modern combination chemotherapy 
and radiotherapy regimens have a substantial impact on 
reproduction. Premature ovarian failure and other poor 
reproductive outcomes subsequent to cancer therapies 
are being recognized. Furthermore, besides malignancies, 
treatment of certain pre-cancerous and benign conditions 
such as myelodysplasia, aplastic anemia, and systemic 
lupus erythematosus may necessitate administration of 
high dose chemotherapeutics with and without stem cell 
transplantation  (2) . Therefore preservation of gonadal 
function and fertility has become one of the major quality 
of life issues for cancer survivors at reproductive ages. 
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Accordingly, clinical guidelines, have recently been 
issued by the American Society of Clinical Oncology 
encouraging fertility preservation among all young 
cancer survivors with interest in fertility.  (3) . 

 The gonads of both sexes are adversely affected by 
multi-agent chemotherapy regimens and radiotherapy. 
Ovaries are endowed with a fi nite, non-renewable num-
ber of eggs that are very sensitive to cytotoxic drugs and 
radiation. Ovarian reserve (reproductive life span) is 
determined by the number of quiescent primordial fol-
licles in the ovary that are established before birth, even 
though this dogma has recently been challenged by two 
studies  (4,   5) . An accelerated and premature depletion 
of germ cells in the gonads caused by direct toxic insults 
to the oocyte, surrounding steroid-producing somatic 
cell layers (granulosa and theca cells), or both, are the 
main mechanism underlying gonadal failure induced by 
chemotherapy and radiation  (6) . The age of the patient, 
the type, dose and intensity of chemotherapy and/or 
radiotherapy are the main factors determining the mag-
nitude of the damage in the ovary. Older patients have 
lower ovarian reserve compared to younger ones; there-
fore they have a higher risk of ovarian failure during or 
after chemotherapy or radiation. Furthermore, as noted 
in the adult survivors of childhood cancers, there are 
some other adverse  extragonadal  effects, such as abnor-
malities in the regulation of growth and endocrine func-
tions, and other poor reproductive outcomes that appear 
later in life such as preterm births and miscarriages. 

 It is not within the scope of this chapter to review all 
published data on the effects of every chemotherapy 
agent and radiotherapy on reproductive function. 
Rather, the basic principles of gonadotoxicity associ-
ated with chemotherapy and radiation use, and the cur-
rent strategies of preservation of reproductive function 
will be summarized.  

  2 Chemotherapy and Ovarian Damage  

 Chemotherapeutics have different mechanisms of 
action, therefore, they have different gonadotoxic 
potentials. Data on their gonadotoxic effects is largely 
collected from two important sources; clinical trials 
and animal studies. 

 In clinical studies, the magnitude of the impact of 
chemotherapy on human ovary is determined by assess-
ing menstrual function in patients receiving that chemo-

therapy regimen. However, menstrual status may not be 
a good marker of fertility as shown previously in patients 
who were still menstruating despite their critically ele-
vated FSH levels and diminished ovarian reserve  (7) . 
Furthermore, current modern cancer treatments com-
monly employ multi-agent chemotherapy drugs pre-
cluding assessment of individual gonadotoxicity of each 
drug in a combination regimen. While ovarian reserve 
markers such as FSH, estradiol, and anti-Mullerian hor-
mone (AMH) measurements  (7)  as well as antral follicle 
counts  (8)  can give a better estimate of the ovarian 
reserve before and after chemotherapy, there are no 
comprehensive studies evaluating the impact of chemo-
therapy regimens with these markers nor are these 
markers direct measures of the ovarian reserve. More 
accurate information of gonadotoxicity on the human 
ovary can be obtained by real-time quantitative analysis 
of primordial follicle counts using histomorphological 
methods in ovarian samples, but it necessitates an opera-
tion because it cannot be done in clinical settings for ethi-
cal and practical reasons. Moreover, as new agents are 
introduced to adjuvant setting, their long-term impact 
on the human ovary is extremely diffi cult to determine 
from short-term studies. 

 Several animal studies, mainly in rodents, showed 
individual gonadotoxicity of certain cancer drugs such 
as cyclophosphamide and doxorubicin  (9,   10) . 
However, some discrepancies may exist between ani-
mal and human ovaries. Therefore by considering all 
these needs, we developed a human xenograft model 
 (11) . This model enabled us to characterize the course 
of time and the mechanism of action of gonadal dam-
age induced by chemotherapy agents via quantitative 
histomorphometric analysis of primordial follicle 
counts and cell death assays. 

 According to both clinical and animal studies, che-
motherapy agents of alkylating group appear to have 
more toxic effects in the gonads of both sexes and are 
therefore associated with the highest risk of infertility. 
Antineoplastic agents of alkylating category have dif-
ferent members, such as the nitrogen mustard family 
(cyclophosphamide, uramustine, chlorambucil and 
melphalan, mechlorethamine), alkyl sulfonates (busul-
fan), nitrosureas (carmustine, streptozocin), ethyle-
neimines and methylmelamines (hexamethylmelamine 
and thiotepa), triazenes (dacarbazine) and imidazotet-
razines (temozolomide). Cyclophosphamide is one of 
the most commonly used antineoplastic drugs in the 
treatment of many solid and hematologic malignancies 
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as well as certain auto-immune diseases  (6) . We recently 
characterized gonadotoxicity of cyclophosphamide in 
the human ovary using a xenograft model  (11) . 
Cyclophosphamide based regimens CEF, CMF, CAF, 
AC (combinations of cyclophosphamide with metho-
trexate, epirubicin, fl uorouracil, doxorubicin) are com-
monly used in the adjuvant treatment of breast cancer. 
Cyclophosphamide and busulfan combination are 
administered at high doses for myeloablative condi-
tioning prior to hematopoietic stem cell transplanta-
tion. CHOP (in combination with doxorubicin and 
vincristine) is another cyclophosphamide-based alky-
lating regimen commonly used in the treatment of leu-
kemia and lymphomas. All these regimens are 
associated with a higher risk of permanent and prema-
ture ovarian failure, even at smaller doses, especially 
in patients at the age of 40 and older with diminished 
ovarian reserve. Patients who receive these combina-
tions when younger than 39 may pose lower risk for 
gonadal failure due to their high ovarian reserve  (3) . 

 Data on the gonadal toxicity associated with the use 
of other antineoplastic agents are scarce. Cisplatin and 
Adriamycin poses intermediate risk for gonadotoxicity 
whereas administration of non-alkylating agents such 
as vincristine methotrexate, fl uorouracil, Idarubicin or 
ABVD combination (doxorubicin/bleomycin/vinblas-
tin/dacarbazine) may pose lower risk for ovarian fail-
ure due to the less harmful nature of the agents  (2,   3) . 
It should be kept in mind that newer drugs with 
unknown toxicity profi le such as, Taxanes, Oxaliplatin, 
Irinotecan, monoclonal antibodies (trastuzumab, beva-
cizumab, cetuximab) or tyrosine kinase inhibitors 
(erlotinib, imatinib); or less cytotoxic agents when 
used at higher doses, longer duration of use or at more 
frequent intervals may be associated with higher risk 
for premature ovarian failure. 

 A recent study quantifi ed the impact of chemother-
apy on primordial follicle count in age-matched cancer 
patients undergoing ovarian freezing before and after 
chemotherapy administration by providing histologi-
cal evidence for chemotherapy induced primordial fol-
licle loss  (12) . The main mode of infertility and 
premature gonadal failure after chemotherapy is 
believed to be through follicular destruction. However, 
ovarian stromal cells may play a role in ovarian endo-
crine function and possibly in the restoration of ovula-
tory function post-chemotherapy  (13) . Therefore 
preservation of ovarian stromal function, may also be 
important in fertility preservation but further research 

is needed to prove this hypothesis. We showed that, in 
vitro, ovarian cortical pieces from individuals who 
were previously exposed to chemotherapy (chemo-
therapy group) produced signifi cantly less estradiol 
compared to those who were not (control group)  (12) . 
Since the importance of stromal cells has been shown 
in other organs such as bone marrow, in which stromal 
cells previously exposed to cancer drugs suppress 
hematopoiesis from normal donor cells  (14) , studies to 
address if chemotherapy induced damage in ovarian 
stromal cells has importance in restoration of ovarian 
stromal function are needed.  

  3 Radiotherapy and Ovarian Failure  

 Abdominal, pelvic, or spinal irradiation are associated 
with increased risk of developing acute ovarian failure, 
especially if both ovaries are within the treatment fi eld 
 (15,   16) . Direct actions on DNA are the predominant 
mechanism of damage for particle radiation, such as 
neutrons and particles. Indirect actions come from the 
interaction of radiation with other substances in the 
cell such as water leading to formation of free radicals 
and DNA damage. This mechanism is particularly true 
for sparsely ionizing radiation such as X-rays. 

 Gonadal damage occurs not only by direct exposure 
to radiation such as in the case of pelvic or low abdom-
inal irradiation, but also scatters radiation which may 
cause signifi cant damage even if gonads are outside of 
the radiation. The risk of premature ovarian failure is 
higher with increasing radiation doses. Single doses 
may have more toxic effects than fractionated dose 
 (17) . Recently, it was suggested that the LD 50, the 
radiation dose required to kill 50% of oocytes, is <2 
Gray (Gy) in humans  (17) . The ovary of younger indi-
viduals is more resistant to permanent damage from 
irradiation than is the ovary of older individuals due to 
higher number of primordial follicles in younger ova-
ries  (18,   19) . For instance, 6 Gy may be suffi cient to 
produce irreversible ovarian damage in women older 
than 40 years of age, in contrast to 10–20 Gy doses 
needed to induce permanent ovarian failure in the 
majority of females treated during childhood  (20,   21) . 
This is because younger patients harbor more primor-
dial follicles in their ovaries; therefore they are more 
likely to retain some residual ovarian function after 
radiotherapy than do older patients. Sadly, the most 
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extensive damage of radiation on the ovary occurs in 
patients who receive a stem cell transplant with high 
dose total body irradiation (TBI). One study showed that 
almost all the patients who had undergone a marrow 
transplant with TBI after the age of 10 developed acute 
ovarian failure, whereas approximately 50% of girls 
who had received a transplant before the age of 10 suf-
fered acute loss of ovarian function  (22) . Total body 
irradiation, given as a single dose or fractionated (10–
15 Gy), is often used in combination with gonadotoxic 
cyclophosphamide or melphalan. The use of cyclo-
phosphamide in conjuction with radiation increases 
further the extent of the damage as exemplifi ed by a 
study showing that all 144 patients receiving TBI with 
cyclophosphamide for bone marrow transplantation 
(BMT) developed amenorrhea in the fi rst 3 years. Return 
of menses occurred 3–7 years post-transplant only in 
nine patients; all were younger than 25 years  (23) .  

  4 Other Adverse Reproductive 
Outcomes After Chemotherapy 
and Radiation  

 Due to extra-gonadal effects, there are some other 
long-term adverse outcomes in reproductive function 
especially among survivors of childhood cancer after 
exposure to chemotherapy and radiotherapy. It 
appears that the female sex is more commonly asso-
ciated with higher treatment-related risks such as 
cognitive dysfunction after cranial irradiation, poor 
cardiovascular outcomes, obesity, radiation-associated 
differences in pubertal timing, development of primary 
hypothyroidism, breast cancer as a second malignant 
neoplasm and osteonecrosis  (24) . The timing of 
menarche may be altered in survivors of childhood 
cancer, especially in those exposed to cranial and 
craniospinal radiotherapy compared to those treated 
with chemotherapy alone. Therefore those exposed 
to cranial and craniospinal radiotherapy, especially 
at a young age, should be monitored closely for 
abnormal timing of menarche  (25) . 

 Uterine function is also often compromised by 
radiation-induced damage to uterine vascular and mus-
cular structures resulting in decreased uterine blood 
fl ow, reduced uterine volume, decreased endometrial 
thickness, and loss of distensibility. Whole body 
irradiation (20–30 Gy) during childhood has been 
documented to cause mid-trimester miscarriages  (26) . 

Unfortunately women exposed to radiation postpuber-
tally have larger uterus and greater likelihood of livebirth 
than those exposed prepubertally  (27) . Sadly, women 
with ovarian failure secondary to whole body irradia-
tion (20–30 Gy) have signifi cantly reduced uterine size 
with no improvement in blood fl ow and endometrial 
thickness in response to exogenous sex hormones  (28) . 
Another adverse effect of radiation therapy is lower 
birth weight in the offspring and a higher risk of mis-
carriage in childhood cancer survivors according to the 
report of the Childhood Cancer Survey Study  (29) . 
Restricted fetal growth and early births may occur as 
late effects among the off springs of female childhood 
cancer survivors, especially in those who had received 
pelvic irradiation  (30) . 

 Amenorrhea occurring post-exposure to radiation 
may be hypothalamic in origin rather than ovarian as 
seen in individuals receiving radiation at doses >30 Gy 
to the hypothalamic – pituitary unit  (31) .  

  5 Fertility Preservation Strategies  

 The options for fertility preservation in female cancer 
patients vary depending upon the patient’s age, type of 
treatment, diagnosis, whether she has a partner, the 
time available and the potential that cancer has metas-
tasized to her ovaries.  Table    1   summarizes the main 

  Table 1    Table compares the advantages and disadvantages of 
three main fertility preservation options    

 Ovarian tissue 
freezing 

 Oocyte 
freezing 

 Embryo 
freezing 

 Applicability 
in prepubertal 
patients 

 Yes  Limited  No 

 Applicability 
in patients with low 
ovarian reserve 

 Limited  Limited  Limited 

 Requires ovarian 
stimulation 

 No  Yes  Yes 

 Requires a delay 
in initiation of 
cancer therapy 

 No  Yes  Yes 

 Requires surgery  Yes  No  No 
 Risk of cancer seeding  Yes a   No  No 
 Live birth in human  Yes b   Yes  Yes 
 Restoration of 

endocrine function 
 Possible  No  No 

   a Theoretically possible, but no documented case to date 
 b Obtained only in orthotopic transplants, but the origin of 
pregnancies could not be confi rmed with 100% certainty  
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fertility preservation options in females and the  pros 

and cons  of each procedure.  

  5.1 Ovarian Tissue Cryopreservation 

 Ovarian tissue cryopreservation and transplantation 
studies date back to the 1950s in animals, but its appli-
cation to human ovarian tissue is confi ned to the last 
decade  (32) . Feasibility of ovarian tissue freezing and 
transplantation has been documented and offsprings 
have been reproduced in several animal models, such 
sheep, mice, rat and primate  (33) . Ovarian cryopreser-
vation maybe the only option for fertility preservation, 
especially in prepubertal children and those who do 
not have time to undergo ovarian stimulation for oocyte 
or embryo cryopreservation. The ovarian cortex con-
tains quiescent primordial follicles with oocytes 
arrested in the diplotene of prophase of the fi rst mei-
otic division. Banking of ovarian tissue relies on the 
relative resistance of primordial follicles to cryo-toxic-
ity and ischemia due to their relatively high surface/
volume ratio, low metabolic rate, the absence of zona 
pellucida, and lack of metaphase spindles compared to 
follicles at other developmental stages  (34) . 

 With the advent of effective modern cryoprotectants, 
such as ethylene glycol, DMSO and propanediol, and 
new sophisticated automated cryopreservation 
machines, studies show more encouraging results. In 
addressing the most optimum way of freezing human 
ovarian tissue several points need to be considered: 

  Age of the patient  is one of the most important fac-
tors determining the success of ovarian freezing and 
transplantation procedure. More than 60% of primor-
dial follicles are lost after transplantation during isch-
emic period until re-vascularization is established 
according to animal autograft  (35)  and human xeno-
graft studies  (11) . An additional 7% appear to be lost 
during freezing and thawing. Since there is an age-
related decline in primordial follicle counts  (36) , 
women older than 40 tend to have low follicle density 
and therefore may not be good candidates for the pro-
cedure. The losses are tolerated better in younger 
patients with higher ovarian reserve. 

  Size of the cortical pieces  is another important fac-
tor. Even though we still don’t know the optimum size 
of the pieces for freezing and grafting, long term sur-
vival and follicle growth are achieved in 0.5 × 0.5–1 
cm pieces. Excessive tissue slicing may damage the 

primordial follicle reserve in the tissue and, small cor-
tical pieces may not be manageable for future trans-
plantation. Because of these considerations we have 
utilized ovarian cortical pieces with 0.5 × 1 cm long 
and 0.1–0.2 cm for cryopreservation. 

  Cryoprotectant  of choice can be dimethyl sulfoxide 
(DMSO), propanediol or ethylene glycol. Glycerol is 
not as effective for ovarian tissue freezing and there-
fore should not be used  (37) . At present, the slow 
freezing technique appears to be the most suitable 
technique for ovarian tissue freezing and vitrifi cation 
has not yet produced reliable results. 

  5.1.1 Ovarian Transplantation 

 Two main approaches have been developed to auto-
transplant ovarian cortical pieces in humans.  Orthotopic  
transplants involve grafting these strips near the 
infundibulopelvic ligament or possibly on a post-
menopausal ovary. In the  heterotopic  transplant, tis-
sues can be grafted subcutaneously at various locations 
including forearm and abdominal wall. 

 We reported the fi rst case of autologous ovarian 
transplantation with cryopreserved tissue in 2000  (37) . 
The case was a 29-year old patient suffering from 
severe endometriosis and underwent orthotopic trans-
plantation in which the grafts were sutured to a perito-
neal pocket created in the left pelvic ovarian bursa. 
The grafts were stimulated with gonadotropins and 
ovulation was documented fi fteen weeks postgrafting. 
Endocrine function continued up to 9 months post-
transplantation. Likewise, we also reported the fi rst 
cases of embryo generation and spontaneous pregnan-
cies following subcutaneous transplantation of frozen 
banked tissue in 2004 and 2006, respectively  (13,   38) . 
In both cases the grafts were transplanted heterotopi-
cally beneath the skin of abdomen. In the fi rst case 
ovarian tissue was cryopreserved from a 30-year-old 
woman with breast cancer before chemotherapy-
induced menopause, and this tissue was transplanted 
beneath the skin of her abdomen six years later. Ovarian 
function returned in the patient three months after 
transplantation, as shown by follicle development and 
oestrogen production. The patient underwent eight 
oocyte retrievals percutaneously and 20 oocytes were 
retrieved. Of the eight oocytes suitable for in-vitro 
fertilization, one fertilized normally and developed 
into a four-cell embryo. The other patient was a 
Hodgkin lymphoma survivor who became meno-



100 O. Oktem and K. Oktay

pausal for 2½ years following a homologous stem cell 
transfer. Interestingly, following a heterotopic ovarian 
transplantation the patient spontaneously conceived 
within 4 months of transplantation, concurrent with 
follicular activity in the ovarian transplant under her 
abdominal skin. She eventually delivered a healthy girl 
who is now two years old. This case clearly illustrates 
that spontaneous pregnancies can occur even in those 
who appear to be in menopause for years, and even 
after unilateral oophorectomy for ovarian cryopreser-
vation. It also brings up a new research question as to 
whether ovarian transplants could play a role in the 
recovery of the damaged ovary by triggering regenera-
tion of oocytes post-chemotherapy  (13,   39) . 

 More recently live births following autologous 
ovarian transplantation to pelvis have been reported. 
Even though these results are encouraging, some 
argued that it is not possible to confi rm if the patients 
have ovulated from their pre-existing ovaries or from 
the transplanted tissues  (40–  42) . 

 Overall, the experience with ovarian cryopreserva-
tion is still limited, the utilization rate of banked tissue is 
very low because the procedure itself is a relatively new 
technology and the patients are young and some are still 
undergoing cancer treatment and/or surveillance  (43) .   

  5.2 Embryo Freezing 

 In vitro fertilization (IVF) and embryo cryopreserva-
tion is the most established fertility preservation tech-
nique if the patient has a partner and suffi cient amount 
of time before cancer treatment. It is not technically 
challenging and has been used for nearly two decades 
to store unused embryos from in vitro fertilization and 
embryo transfer cycles. 

 Low-temperature storage methods of embryos at 
the pronuclear, early cleavage stage, and more recently 
at the blastocyst stage, have been successfully estab-
lished  (44) . It is not within the scope of this chapter to 
review literature and provide detailed technical infor-
mation on embryo freezing; rather we will be mainly 
focusing on the ovarian stimulation protocol with aro-
matase inhibitors recently developed by us for IVF and 
embryo freezing as a means of fertility preservation in 
breast cancer patients. 

 An IVF cycle typically takes approximately two 
weeks to complete, and this time period may not be 

available to most cancer patients except breast cancer 
patients who have a six week period between surgery 
and initiation of adjuvant therapies. However, standard 
ovarian stimulation protocols are contraindicated in 
patients with breast cancer due to high estrogen levels. 
Since most of these tumors are estrogen receptor posi-
tive, supraphysiologic estrogen levels (typically greater 
than 1,000 pg/mL compared to peak levels of 200–350 
pg/mL in natural cycles) attained with gonadotropin 
stimulation during ovarian stimulation in general is not 
considered safe. 

 We recently developed an ovarian stimulation pro-
tocol using aromatase inhibitors in combination with 
FSH for the purpose of preserving fertility via embryo 
or oocyte cryopreservation in breast cancer patients 
 (45,   46) . Tamoxifen and Letrozole appear to be the 
best candidate aromatase inhibitor drugs as they have a 
proven effi cacy in the prevention of breast cancer 
recurrence and because, coincidentally, both have ovu-
lation-inducing properties  (47,   48) . Ovarian stimula-
tion especially with letrozole and FSH appears to be a 
cost-effective alternative for fertility preservation in 
breast cancer patients with reduced estrogen exposure, 
compared with standard IVF. If patients are referred 
promptly, they may undergo embryo or oocyte cryo-
preservation without a delay in chemotherapy  (45) .  

  5.3 Oocyte Freezing 

 Oocyte cryopreservation is an emerging option for 
young adolescents, women without partners, or 
women who do not wish to have their oocytes fertil-
ized by sperm from a partner or anonymous donor. 
The fi rst reported case of a human live birth after 
successful oocyte cryopreservation was followed by 
additional pregnancies and deliveries using a slow 
freeze, rapid thaw technique thereafter  (49–  51) . 
However, in contrast to recent advances and encour-
aging results with IVF and embryo freezing, oocyte 
freezing is still associated with lower pregnancy 
rates. Low pregnancy rates relate to several techni-
cal challenges encountered during the freeze, includ-
ing the thaw process and the in vitro maturation of 
immature oocytes. 

 Mature oocytes provide the best chance for 
pregnancy but have several characteristics that make 
them susceptible to cryodamage. As mature oocytes 
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are arrested in metaphase II, the spindle apparatus is 
fully extended and prone to disassembly at lower 
temperature, with subsequent chromosome dispersion 
and aneuploidy  (52–  53) . The oocyte’s large size and 
high water content also make it vulnerable to ice crys-
tal formation, rupture, and limited penetration of cryo-
protectant solutions because of the low ratio of surface 
area to volume. 

 We recently conducted a meta-analysis to determine 
the effi ciency of oocyte cryopreservation relative to 
IVF with unfrozen oocytes  (54) . In vitro fertilization 
success rates with slow-frozen oocytes are signifi cantly 
lower when compared with the case of IVF with unfro-
zen oocytes. Although oocyte cryopreservation with 
the slow freeze method appears to be justifi ed for pre-
serving fertility when a medical indication exists, its 
value for elective applications remains to be deter-
mined. Pregnancy rates with VF appear to have 
improved, but further studies will be needed to deter-
mine the effi ciency and safety of this technique.   

  6 Conclusions  

 Fertility preservation is an emerging new fi eld and 
most techniques are still investigational. When choos-
ing a fertility preservation technique, the patient’s age, 
type of treatment, diagnosis, whether she has a partner, 
the time available and the potential that the cancer has 
metastasized to her ovaries have to be taken into 
account. Appropriate counseling and good communi-
cation with the oncologist is also vital to facilitate and 
perform the fertility preservation procedures safely 
and without delay.      
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  Abstract   Similar to females, males have biological 
clocks that affect the quality of their sperm, fertility 
levels, and hormone levels. Advanced paternal age 
increases the risk for occurrence of spontaneous 
abortion as well as genetic abnormalities in offspring 
due to multiple factors including DNA damage from 
abnormal apoptosis and reactive oxygen species. 
Increased paternal age is associated with a decrease in 
semen volume, percentage of normal sperm, and sperm 
motility. Males of advanced age must have a thorough 
physical examination with disclosure of sexual dys-
function and any medications that impair ejaculation 
or sperm formation. Men of advanced age should be 
counseled regarding the effects of paternal age on 
spermatogenesis and pregnancy. Future research will 
clarify novel treatments to increase fertility, reduce 
adverse genetic consequences, and increase the chance 
for a couple to have healthy children.  

  Keywords   Male infertility  •  Paternal age  •  Spermato-
genesis  •  Male biological clock    

  1 The Male Biological Clock  

 The concept of “biological clock” encompasses the 
decline in sex hormones, decline in fertility, and 
increased risk of pregnancy loss and congenital 
anomalies that are associated with advanced maternal 
age. Although typically associated with women, the 

biological clock is also applicable to men as advanced 
paternal age is linked with testosterone and fertility 
decline, as well as pregnancy loss  (1) . In this chapter, 
we review the effects of the male biological clock, and 
the association between advanced paternal age and 
decreased spermatogenesis and pregnancy rates. The 
approximately 1% per year decline in testosterone 
levels after the age of 30 has been documented in 
elderly men who have decreased concentrations of 
total and free testosterone  (2,   3) . 

 The most recent analysis, i.e., the Massachusetts 
Male Aging Study, a large population –based random-
sample cohort, reported that 1,709 healthy men 
between ages 40 and 70 (mean age 55.2 years) had a 
mean total testosterone level of 520 ng/mL. With 
approximately 10 years of follow-up, this cohort 
included 1,156 healthy men (mean age 62.7 years) 
with a mean total testosterone level of 450 ng/mL. 
Feldman et al. quantifi ed the decrea sing testosterone 
levels as a cross-sectional decline of 0.8% per year of 
age and a longitudinal decline of 1.6% per year during 
follow-up. The rate of decline was not signifi cantly 
different between healthy men and those with chronic 
illnesses or multiple co-morbidities  (4) . An esti-
mated 2–4 million men in the United States suffer from 
such a decrease in testosterone ( T  < 325 ng/mL)  (5) . 

 The increasing prevalence of abnormally low tes-
tosterone levels in elderly men was also assessed as a 
part of the Baltimore Longitudinal Study on Aging, 
which determined that hypogonadal testosterone levels 
were present in approximately 20% of men over 60, 
30% over 70, and 50% over 80 years of age  (6) . In this 
study, age was determined to be an independent pre-
dictor of longitudinal decline in both the total and free 
testosterone  (2) . The consequences of the correlation 
between age and decline in testosterone include decreased 
libido, muscle mass/strength, cognitive function as well 
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as increased incidence of erectile dysfunction, weight 
gain, type II diabetes, and cardiovascular disease 
including metabolic syndrome.  

  2 Advanced Paternal Age and Fertility  

 A reduction in fertility has been correlated with increas-
ing paternal age. In women, a decline in estrogen pro-
duction is associated with decreased oocyte production 
in the late thirties to early forties. Advanced maternal 
age also carries increased risk for genetic abnormalities 
in offspring. By contrast, there is no signifi cant cessa-
tion of spermatogenesis in men with increasing age. 
There still remains the question regarding the effect of 
age on semen quality, risk of infertility, or congenital 
anomalies. Studies in the murine model have corre-
lated histologic changes in testicular architecture with 
semen quality decline. At 18 months (defi ned as 
“older”), several age-related changes occur, including 
increased number of vacuoles in germ cells and 
thinning of seminiferous epithelium. At the age of 
30 months, seminiferous epithelia with scant sperma-
tocytes were identifi ed. Overall, total sperm production 
was signifi cantly reduced and mutation frequency was 
signifi cantly increased in “older” mice  (7–  9) . 

 Does such a correlation exist in humans? The effects 
of male aging on semen quality in men were described 
in a detailed review by Kidd et al. of all studies pub-
lished between January 1980 and December 1999  (10) . 
Parameters examined were semen volume, sperm con-
centration, sperm motility, sperm morphology, preg-
nancy rate, and time to pregnancy/subfecundity in the 
aging male. The literature (11 of 16 published studies) 
overall demonstrated a decrease in semen volume with 
advanced age. In two studies which adjusted for the 
confounder of abstinence duration, a decrease in semen 
volume of 0.15–0.5% was reported for each increase in 
year of age  (11,   12) . The semen volume of men aged 
50 or older was decreased by 20–30% when compared 
with men younger than age 30  (10) . 

 The correlation between sperm concentration and 
increasing age remains unclear  (10) . Of 21 studies 
examining this relationship, none documented a clear 
link between these parameters. Many of the studies 
did not adjust for duration of abstinence, so no clear 
association can be determined. The association of 
advanced paternal age and decreased sperm motility, 

however, is apparent in the literature. Kidd et al. 
reviewed 19 studies in this regard with the majority 
(13/19) studies identifying a decrease in sperm motil-
ity with increa sing age. Five studies adjusted for the 
duration of abstinence and observed changes were 
statistically signifi cant  (12–  16) . A comparison of men 
age 50 or older to men younger than 30, revealed a 
3–37% decline in motility. Decreased linear motion 
was identifi ed in sperm of aging men in a study utiliz-
ing computer-assisted technology. This may indicate 
some reduction in fertility potential in older men 
despite normal appearing motility results during con-
ventional semen analysis  (17) . The literature overall 
suggests that an inverse correlation exists between age 
and sperm motility. 

 Advanced paternal age is also correlated with 
abnormal sperm morphology. In 14 studies reviewed, 
9 studies documented decrease in the % of normal 
sperm with increasing age and only 5 of these had a 
statistically signifi cant fi nding. Two studies described 
that the % of normal sperm decreased by 0.2–0.9% per 
year of age when controlling for confounders of 
duration of abstinence and year of birth  (11,   13) . There 
were 5 studies that did not identify an association 
between % of normal sperm and age, but none of these 
reached statistical signifi cance. The relationship between 
increasing age and decreasing semen volume, sperm 
motility, and sperm morphology support the conclusion 
that semen quality diminishes with increasing paternal 
age. Age-related changes to the germinal epithelium 
and prostate are one rationale for this impact on sperm 
parameters. 

 With the link between increased paternal age and 
adverse semen parameters, there remains the question 
regarding the effect of paternal age on fertility and 
offspring. The 9 out of 11 studies evaluating the asso-
ciation between male age and subfecundity identifi ed a 
strong correlation between paternal age and time 
required for a couple to achieve pregnancy  (10) . Of the 
9 studies, 7 demonstrated a statistically signifi cant 
increase in time to pregnancy with increased male age. 
Increased risks of subfecundity with older age groups 
ranged from 11 to 250%. Of the studies conducted on 
the female partner’s age (a well-established indepen-
dent predictor affecting conception), fertility rate in 
males was greater, but for those above the age of 50 it 
was 23–38% lower than that of men younger than 
30 years  (15,   18) . When stratifi ed as 35 years or greater 
and less than 30 years, there was a 60% decrease in the 
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chance of initiating pregnancy in the older group. The 
risk of delayed conception was validated in a study of 
8,515 planned pregnancies in which older men were 
signifi cantly less likely to impregnate their partners in 
less than 6 or less than 12 months compared with the 
younger comparison group. This result remained sta-
tistically signifi cant after adjustment for various con-
founding factors. The odds ratio for conception within 
6 months decreased by 2% per year of age and for con-
ception within 12 months decreased by 3% per year of 
age. The probability that a fertile couple will take 
more than 12 months to conceive nearly doubles from 
8% when younger than 25 years to 15% when greater 
than 35 years. 

 Overall there is the adjustment of potential con-
founders and age-group stratifi cations in literature, but 
no defi nitive conclusion regarding linearity of relation-
ship between a man’s age, semen parameters, or fertil-
ity can be proven.  

  3 Advanced Paternal Age 
and Pregnancy Outcomes  

 There now seems to be a signifi cant increase in 
paternal age in the United States with postponement of 
childbearing by many couples until their mid-thirties 
to mid-forties. CDC birth statistics show the average 
maternal age in 2003 was 25.1 years, which is increased 
from the average maternal age of 21.4 years in 1974. 
Paternal age is simultaneously increasing among 
American men. The birth rate of children of men less 
than 25 years has been decreasing while the birth rate 
of children fathered by men 25–44 years has been 
increasing since the 1970s  (19) . Increasing paternal 
age seems to result in a higher incidence of spontane-
ous abortions, autosomal dominant disorders, trisomy 
21, and schizophrenia. An understanding of the effects 
of increasing parental age on a developing fetus is 
required to properly counsel older couples who are 
considering childbearing. Data from recent studies 
confi rms an association between advanced paternal 
age and the risk of spontaneous abortion. In the pro-
spective study of 5,121 American women, the risk of 
spontaneous abortion increased with advanced paternal 
age  (20) . Pregnancies fathered by men 50 years or 
older had almost twice the risk of spontaneous abor-
tion compared to pregnancies from younger fathers 

after adjustment for maternal age, reproductive history, 
and maternal lifestyle in a prospective analysis of 23,
821 women from the Danish National Birth Cohort  (21) . 

 There is still debate in current literature as to 
which trimester is at the greatest risk from advanced 
paternal age, even though the correlation between 
advanced paternal age and spontaneous abortion is 
very well demonstrated. A retrospective multi-center 
European study revealed that the affects of advanced 
paternal age and maternal age are cumulative. If both 
partners are advanced in age, the risk of spontaneous 
abortion is higher. Chromosomal abnormalities in the 
developing fetus are thought to be a signifi cant under-
lying factor in this increased risk of spontaneous 
abortion  (22) . 

 As described earlier in this chapter, increasing 
paternal age is associated with a decrease in semen 
volume, percentage of normal sperm, and sperm moti-
lity. The genetic integrity of the sperm is also at risk 
with advanced paternal age  (15) . Age is associated 
with the number of Leydig cells and Sertoli cells, and 
an increase in arrested division of germ cells  (23) . 
Spermatozoa are continuously produced and undergo 
lifelong replication, meiosis, and spermatogenesis in 
contrast to oogenesis in the aging female  (24) . There 
are some spontaneous mutations within the parental 
cell line with continuous replication. An essential 
aspect of spermatogenesis that ensures selection of 
normal DNA is the process of apoptosis of sperm with 
damaged DNA  (25) . The rate of genetic abnormalities 
during spermatogenesis increases as men age. In 
humans, the frequency of numerical and structural 
aberrations in sperm chromosomes increases with 
increasing paternal age  (26) . The cause of such dam-
age to DNA is undetermined at this time, but aberrant 
apoptosis and oxidative stress have both been impli-
cated  (27) . Spermatozoa have low concentrations of 
antioxidant scavenging enzymes which makes them 
particularly susceptible to DNA damage from reactive 
oxygen species  (28) . A recent study of 98 fertile men 
(78 patients were younger than 40 years, and 20 
patients were 40 years or older) recently identifi ed 
that seminal reactive oxygen species levels are signifi -
cantly elevated in healthy fertile men older than 
40 years of age  (27) . 

 With advanced paternal age, aneuploidy errors in 
germ cell lines also occur at higher rates. A common 
aneuploidy error that affects newborns is trisomy 21 or 
Down syndrome at a rate of 1/800 to 1/1,000 births  (29) . 
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Advanced maternal age and trisomy 21 were fi rst doc-
umented to be associated in 1933  (30) . The trisomy 21 
rate increases exponentially from the maternal age of 
35 years according to the amnio centesis data from the 
European collaborative study of Ferguson-Smith and 
Yates  (31) . It is only more recently that the effects of 
advanced paternal age have also been documented. An 
increased risk of Down syndrome with a paternal age 
of 50 years or greater was found in the Medical Birth 
Registry of Norway from 1967 to 1978 which included 
685,000 births with 693 cases of Down syndrome  (32) . 
A paternal age effect was apparent when paternal age 
was 35 years or greater and was most pronounced 
when the maternal age was 40 years or greater in the 
New York State Department of Health Congenital 
Malformation Registry which contained 3,419 trisomy 
21 births from 1983 to 1997  (33) . The rate of Down 
syndrome with a combined parental age greater than 
40 years, was 60/10,000 births, which when compared 
with parents less than 35 years of age, was a six fold 
increase. Both advanced paternal age and advanced 
maternal age signifi cantly increased the risk of trisomy 
21  (34) . 

 The age-related increase in sperm cells with highly 
damaged DNA results from both increased double 
strand DNA breaks and decreased apoptosis during 
spermatogenesis  (35) . Many autosomal dominant 
disorders such as Apert syndrome, achrondroplasia, 
osteogenesis imperfecta, progeria, Marfan syndrome, 
Waardenburg syndrome, and thanatophoric dysplasia 
are associated with advanced paternal age  (36) . Apert 
syndrome is the result of an autosomal dominant 
mutation on chromosome 10, mutating fi broblast 
growth factor receptor 2 (FGFR2). With increasing 
paternal age, the incidence of sporadic Apert syn-
drome increa ses exponentially with paternal age 
resulting in part from an increased frequency of 
FGFR2 mutations in the sperm of older men  (37) . 
An autosomal dominant mutation on FGFR3 results 
in achondroplasia. The clinical achondroplasia 
registry data reveals that 50 of affected children were 
born to men 35 years or older. There was an expo-
nential increase in the rate of achondroplasia with 
increasing paternal age  (38) . An autosomal dominant 
mutation in FGFR3 results entirely from the paternal 
allele in the Muenke-type craniosynostosis  (39) . 
Men as young as 35 years of age are at higher risk 
for many autosomal dominant disorders, especially 
costochondrodysplasias. 

 Spontaneous mutations arising in paternal germ 
cells can be associated with schizophrenia. There is 
evidence for a genetic component for schizophrenia 
although it has an unclear etiology  (40) . In studies from 
the 1960s and 1970s there was a suggested association. 
This has been confi rmed by recent studies showing the 
association between schizophrenia and advanced pater-
nal age  (41) . Whereas maternal age demonstrated no 
affect on the development of schizophrenia, a 12-year 
evaluation of the Jerusalem Birth Registry and the Israel 
Psychiatric Registry, which includes 658 persons with 
schizophrenia, showed that the risk of schizophrenia 
increased monotonically with increasing paternal age 
 (42) . Another study from Israel found a signifi cant 
association between the risk of autism and advancing 
paternal age  (43) . Offspring of men 40 years or older 
were 5.75 times more likely to have autism than the 
children of males younger than 30 years of age. 
Advancing age of the mother showed no association 
with autism when paternal age was adjusted  (43) . 

 Olshan et al. found 4,110 heart defects in the 
British Columbia Health Surveillance Registry from 
1952 to 1973  (44) . There was a suggestive general 
pattern of increased risk with increasing paternal age 
for atrial septal defects, ventricular septal defects, 
and patent ductus arteriosus. But the authors esti-
mated that only 5% of cases might be the result of 
advanced paternal age greater than 35 years. They did 
fi nd an increased risk of ventricular septal defects and 
atrial septal defects when the father was younger than 
20 years of age. Either errors in division of germ cells 
over time, cigarette smoking, or alcohol may have 
contributed  (44) .  

  4 Medications and Comorbidities  

 The aging male who is taking multiple medications 
such as antihypertensive drugs, antidepressants, and 
hormonal agents may have a pharmacologically medi-
ated infertility and some sexual dysfunction  (45) . 
Seminal emission can be blocked by alpha blocker 
medications, used for treatment of symptoms of the 
lower urinary tract. Gonadotropin-releasing hormone 
agonists, which are used for prostate cancer treatment, 
can directly affect sperm production. Severe disruption 
of sperm production occurs as a result of the castrate 
levels of testoserone. Whereas testosterone therapy 
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used for hypo- gonadism impairs spermatogenesis, it is 
usually rever sible. Extremely high doses of anabolic 
steroids or multiple agents, sometimes used for en-
hancement of performance and muscle enlargement, 
cause reduction of sperm production that may be per-
manent  (45) . 

 When drugs such as alpha-1 adrenoceptor antago-
nists or 5 alpha-reductase inhibitors are used individu-
ally or in combination, male reproductive problems can 
occur. Erectile dysfunction, ejaculatory disorders, and 
decreased libido can be caused by the 5-alpha-reductase 
inhibitors. Greatly reduced ejaculatory volume, or fail-
ure of seminal emission occurs in men with the use of 
alpha blockers  (45) . Ejaculatory volumes can decrease 
by 25% in men taking 5 mg of fi nasteride daily. In men 
taking 1 mg of fi nasteride daily for hair loss, there was 
no change in the semen parameters  (45) . 

 Aging and associated erectile dysfunction in some 
men has resulted in the use of oral phosphodiesterase 
inhibitors such as sildenafi l, tadalafi l, and vardenafi l. 
Using computer-assisted semen analysis and acrosome-
reaction testing by fl uorescein staining, it was found 
that the number of progressively motile sperm was 
increased with sildenafi l. There was also a signifi cant 
increase in the proportion of acrosome-reacted sperm 
 (46) . In a study on the effects of taedalafi l, chronic 
administration had no effects on semen volume, sperm 
concentration, morphology, or motility  (47) . 

 Sexual function and reproductive function can sub-
stantially decline in males treated for prostate cancer. 
Treatments such as radiotherapy, surgery or hormones, 
alone or in combination can result in these dysfunctions 
in younger males as well as those in the fourth and fi fth 
decades of life  (48,   49) . Some aggressive prostate can-
cers have been reported to be associated with low testos-
terone and the initial presentation has been sexual 
dysfunction and impaired fertility  (50–  52) . A recent 
report found that ultrasound-guided needle biopsy of the 
prostate was associated with some abnormal semen 
parameters  (53) . Since prostate biopsy is more common 
in men in the 50 years or older group, this can be an 
issue for some older men who wish to father children.  

  5 Conclusions  

 Similar to females, males have biological clocks that 
affect the quality of their sperm, fertility levels, and 
hormone levels. Advanced paternal age increases the 

risk for occurrence of spontaneous abortion as well as 
genetic abnormalities in offspring. The decreasing 
apoptotic rate, increase in reactive oxygen species, and 
constantly replicating spermatogonia are the probable 
causes of amplifi ed errors in the male germ cell line 
with advanced age. An increase in chromosomal abnor-
malities in the aging male increases rates of spontane-
ous abortion, trisomy 21, schizophrenia and autosomal 
dominant disorders. 

 In older men, a complete medical history with atten-
tion to medications and prior surgical and medical his-
tory is critical. Medications that impair ejaculation, or 
sperm formation may need to be discontinued with the 
approval of their prescribing physician. Oral phospho-
diesterase inhibitors may be required to improve erec-
tile function. If the couple is to have IVF, preimplantation 
genetic screening is more readily available now, espe-
cially if there is a concern for a health risk issue in the 
fetus  (54,   55) . If a familial history of genetic defects 
exists, the couple should consult a geneticist regarding 
risks to the fetus and their decision to pursue a 
pregnancy. 

 With future studies, the effects of the male biological 
clock and advanced paternal age on fertility and birth 
defects will be further elucidated. Novel methods to 
reverse or slow down the male biologic clock will be 
discovered by improved understanding of the cellular 
and biochemical mechanisms of gonadal aging. This 
research will diminish potential adverse genetic conse-
quences in the offspring and increase the couple’s 
chance of having a healthy child  (34) .      
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  Abstract   Different types of genetic variants are pres-
ent in the genome. Single nucleotide polymorphisms, 
or SNPs, are minor variations in the genetic sequence 
that differ between members of a species or even be-
tween paired chromosomes in an individual. There are 
common SNPs that occur in at least 1% of a popula-
tion. These SNPs may be specifi c to an ethnic group or 
between individuals of a geographic region. There are 
also rare SNPs with minor allele frequencies of less than 
1%. As will be seen in this chapter, these SNPs can be 
located in the non-coding regions of genes, such as the 
5T allele in the cystic fi brosis transmembrane conduc-
tance regulator gene (CFTR) associated with congenital 
bilateral absence of the vas deferens, or within coding 
regions. Some SNPs are silent with no effect whereas 
others may act like a rheostat to infl uence disease sus-
ceptibility or severity, response to drugs or chemicals 
or immunological stimuli or infectious diseases. SNPs 
appear also to be very helpful in forensics to identify or 
exclude criminals based upon DNA evidence or in pa-
ternity testing. Copy number variants (CNVs) are gains 
or losses of large pieces of DNA consisting of 10,000–5 
million nucleotides. Genetic diseases and even sus-
ceptibility to infections and complex diseases can be 
caused by CNVs. This chapter fi rst describes SNPs and 
CNVs- their detection and importance and then focuses 
on SNPs in male infertility, including those impacting 
congenital disorders as well as reproductive function.  

  Keywords   Male fertility  •  Single nucleotide polymor-
phism  •  Genetic variants  •  Mutation     • Copy number 
variants (CNV)

  1 A “Multifaceted” Genome  

 The 23 pairs of chromosomes that exist in each of our 
cells contain information that governs our physical 
appearance and traits, our susceptibility to develop dis-
eases, as well as our responses to environmental infl u-
ences. When the chromosomes of two distinct 
individuals are compared, genetic sequences encrypted 
by more than 6 billion of bases, display a remarkable 
degree of similarity. But at a rate of about one in every 
1,200 bases (on average), the sequences will be slightly 
different. Several types of genetic variations exist: 
insertions, deletions or inversions, repetitions of ele-
ments and copy number variations. It is estimated that 
currently, nearly 12% of the human genome is “multi-
faceted” in this way  (1) . Most changes are not consid-
ered deleterious. However, others play a signifi cant 
role in numerous human anomalies and syndromes. 

 As previously described, the genetic differences 
that affect one pair of bases either by substitution or by 
deletion or insertion of a base are known as single 
nucleotide polymorphisms, or SNPs (Fig.  1 ). These 
point changes are by far the most common type of 
genetic variation (  http://www.ncbi.nlm.nih.gov/About/
primer/snps.html    ). Indeed, approximately 10 million 
SNPs are estimated to commonly occur in the human 
genome. There are different types of SNPs (Fig.  2 ): 

 (a)  Synonymous SNP  that do not change the sequence 
of amino acids,

    (b)     Not Synonymous SNP  (nsSNP) that change the 
amino acid causing polymorphism in a protein,  

    (c)     Regulatory SNP  (rSNP) that affect the expression 
or function of the protein in question.       

 The latter two types of SNPs (nsSNP and rSNP) are 
relatively rare compared to the total number of existing 
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SNPs in the human genome. Some of these variants 
might be involved in the occurrence of pathologies but 
it is still diffi cult to specify their impact depending 
simply on the basis of the nucleotide sequence, even if 
the variant does not change amino acid or does not dis-
turb the structure of the protein. 

 CNVs represent a type of genetic variability not 
recognized until the development of G-banding karyo-
typing and later the advent of molecular cytogenetics. 
These variations are defi ned as deletions and duplica-
tions of DNA segments larger than 1,000 bases and up 
to several Mb when compared with a reference genome. 
Using a molecular karyotype (an array of bacterial 
artifi cial chromosomes (BACs) and later oligonucle-
otides) it was discovered that the human genome 
contains a large number of these CNVs distributed 

throughout the genome. These CNVs can affect the 
gene dosage and gene expression levels ultimately 
infl uencing phenotypic diversity, as well as disease 
susceptibility. Some CNVs can affect transcription 
over large genomic distances of as much as 5 Mb.  

  2 Strategies Used for SNP and CNV 
Detection  

 There are currently two main approaches commonly 
used for SNP detection: the candidate gene approach 
and the whole-genome scan. The candidate gene 
approach is the most widely used strategy and aims 
to investigate the role of one particular susceptibility 

  Fig. 1    Schematic representation of single 
nucleotide polymorphisms       

  Fig. 2    SNP categories and their action on mRNA structure, stability or processing ultimately affecting protein expression, amount, 
structure and/or function       
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gene in disease aetiology where gene polymorphisms 
are considered as a risk factor. Several reliable SNP 
genotyping technologies like SNaPShot, TaqMan, 
SNP-IT, Mass Array and Invader assay were devel-
oped for this specifi c use  (2–  7) . Most of these tech-
nologies rely on polymerase chain reaction to amplify 
signals except the Invader. But, due to the ever grow-
ing number of SNPs identifi ed and the need to simul-
taneously interrogate multiple SNPs to encrypt 
genetic signals associated with a specifi c clinical 
condition, multiplex genotyping systems were devel-
oped. Few SNPs (10–12 for Mass Array or SNPstream 
respectively) to thousands of SNPs (1,536 for 
Illumina’s BeadArray and 25,000 for Molecular 
Inversion Probes from ParAllele) can then be easily 
detected  (8–  11) . Low-end multiplexing systems are 
based on single-base extension assays while the oth-
ers use allele-specifi c extension and ligation as the 
main biochemical reactions. All of these technolo-
gies depend on polymerase chain reaction to amplify 
signals for proper detection. Accordingly, when the 
knowledge of genes involved in a certain disease is 
limited, the alternative strategy of scanning the 
whole-genome appears more suitable. This approach 
allows scanning for multiple SNP markers distrib-
uted across several genes in the human genome using 
SNP arrays. These chips are high-density oligonu-
cleotide-based arrays that comprise up to 500,000 
SNPs. Each SNP probe, consisting of a 25-mer oli-
gonucleotide, is represented on the array with both a 
sense and an antisense strands. The fl uorescent probe 
intensities corresponding to the two possible alleles 
of the SNP reveal which of the three expected geno-
types (for example, AA, BB or AB) is present. Two 
commercial platforms currently exist: the GeneChip 
system developed by Affymetrix and the Infi nium 
assay developed by Illumina. The GeneChip system 
is based on the hybridization of amplifi ed genomic 
DNA onto the SNP chips. Discrimination of single-
base differences is based on the hybridization 
strength between the oligonucleotides on the chip 
and the genomic DNA. The Illumina assay performs 
an allele-specifi c extension and signal amplifi cation 
on the chip instead of hybridization. Both assays 
provide high quality genotype data. 

 CNVs are detected today using comparative 
genomic hybridization arrays (CGH arrays) consist-
ing of oligonucleotides that can span the entire 
genome with large numbers of 60-mer probes (40,000 

or so) immobilized on a chip (Fig.  3 ). With reference 
DNA stained with a fl uorescent green dye and patient 
DNA stained with a fl uorescent red dye, the samples 
in equimolar concentration are mixed and hybridized 
to the array (Fig.  3 ). If the regions of DNA are pres-
ent in the same concentration the individual loci will 
fl uoresce yellow. A loss in the patient will fl uoresce 
green and a gain will fl uoresce red. These submicro-
scopic chromosome gains and losses can encompass 
many genes and/or regulatory sequences.   

  Fig. 3    Comparative genomic hybridization (CGH) array pro-
vides one approach to identifi cation of chromosome gains and 
losses. Shown in the  upper panel  is the basic approach to CGH 
array. Reference DNA from a gender matched control is labeled 
with a red fl uorescent dye (Cy5) and the patient DNA is labeled 
with a green fl uorescent dye, Cy3. The two stained DNA sam-
ples are mixed together resulting in a yellow fl uorescence (equal 
amounts of red + green = yellow). After hybridization of the 
fl uorescent labeled DNA to an oligonucleotide (or BAC) array, 
the chip is analyzed for the presence of green or red fl uores-
cence.  Green fl uorescence  indicates a Cy3:Cyr5 ratio greater 
than 1 denoting a chromosome gain. Multiple overlapping 
clones are positive for green fl uorescence in the region. Similarly, 
when the C3:C5 ratio is less than 1 the spots  fl uoresce red  denot-
ing a region of chromosome loss in the patient. Again, multiple 
overlapping clones show the region of loss .  The  lower panel  
shows an actual analysis of gender mismatched DNA to illustrate 
the principles of the assay. In this study a BAC array was illustrate 
and female DNA patient DNA competed with male reference 
DNA and then hybridized to the CGH array. The array shows the 
loss of the entire Y chromosome in the XX female and the gain of 
an extra X chromosome. (see Color Plates)       
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  3 Genome-Wide Genetic Variant 
Association Studies and Their Clinical 
Impact  

 SNPs are distributed uniformly throughout the genome 
and, as microsatellites, are used to build linkage cards. 
Indeed, genetic variants that are physically located close 
to each other tend to be inherited together. For instance, 
all individuals who have a G rather than an A at a spe-
cifi c location in a chromosome can have identical 
genetic variants at other SNPs in the chromosomal 
region surrounding the G. These regions of linked vari-
ants are known as haplotypes. By identifying most of 
the existing SNPs in populations from different parts of 
the world, the International HapMap Project is provid-
ing researchers precious information about how SNPs 
are organized on chromosomes  (12) . The number of 
“haplotype tag” SNPs (htSNPs) that uniquely character-
ize the common haplotypes, is estimated to be about 
300,000–600,000 in one individual, which is far fewer 
than the 10 million common SNPs. Thus, an htSNP 
selected on the basis of linkage disequilibrium has the 
potential to reduce the amount of genotyping needed per 
gene for the identifi cation of genetic variants associated 
with a specifi c clinical condition. Researchers only need 

to “genotype” the tag SNPs in affected patients and by 
association studies, compare the haplotypes in these 
affected individuals to the haplotypes of a control group 
of unaffected persons. If a particular haplotype or CNV 
occurs more frequently in affected individuals when 
compared with control groups of unaffected individuals, 
a gene infl uencing the disease may be located within or 
close to that haplotype (Fig.  4 ). An emerging number of 
genetic variants associated with common diseases are 
being discovered  (13–  15) . Knowledge derived from 
these discoveries will have a signifi cant potential for the 
establishment of new approaches for improving clinical 
prevention, patient diagnosis and disease treatment in 
many medical fi elds.  

  3.1 Genetic Variants Can Impact Patient 
Pharmacologic Treatment 

  3.1.1 A Clinical Example of SNP Importance 

 The discovery of clinically predictive genotypes and 
haplotypes together with the recent approval of genetic 
tests and incorporation of genetic information linked 
to the dosage in package inserts by the FDA were an 

Fig. 3 (continued) (see Color Plates)
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important milestone  (16–  18) . These actions provided 
the fi rst step towards the clinical integration of the 
information provided by the SNP analysis with the 
treatment of the disease. The UGT1A genotype described 
below and its impact on the Irinotecan dosage in the 
cancer treatment is the most illustrative example of 
the potential for such SNP association studies to be 
integrated into clinical practice. 

 Irinotecan (CPT-11; Camptosar) is a camptothecin 
analogue approved for treatment of advanced colorec-
tal cancer and lung, brain and breast tumors. The active 
form of Irinotecan, SN-38, can be inactivated through 
glucuronidation by a member of the UDP glucurono-
syltransferase family, UGT1A1, an enzyme responsi-
ble for hepatic bilirubin glucuronidation. Variability in 
UGT1A1 expression leads to inter-individual variation 
in SN-38G formation  (19–  21) . This variability is in 
part due to the presence of a polymorphic dinucleotide 

repeat identifi ed in the UGT1A1 promoter TATA ele-
ment which consists of 5, 6, 7, or 8 copies of a TA 
repeat [(TA)nTAA], with the (TA) 

6
 TAA allele the con-

sidered wild-type. The longer the repeat allele, the 
lower is the corresponding level of UGT1A1 gene 
expression. The presence of more than 6 TA repeats in 
the UGT1A1 promoter region leads to less SN-38 
being inactivated. Excess SN-38 is consequently 
retained in the cell, leading to severe toxicity, includ-
ing potentially fatal neutropenia and diarrhea. In 2005, 
the FDA approved the inclusion of UGT1A1 genotype 
information in the Irinotecan package insert with dos-
ing guidelines based on UGT1A1 genotype  (22) , 
(  http://www.fda.gov/medwatch/safety/2005/jul_PI/
Camptosar_PI.pdf    ). One month later, the FDA 
approved a clinical test for the most frequently reported 
variant of UGT1A1 allele (  http://www.fda.gov/bbs/
topics/NEWS/2005/NEW01220.html    ).   

  Fig. 4    CNV: Disease associations are discovered by CGH array 
spanning all chromosomes .  In this fi gure, analysis of chromosome 
9 is depicted. Three Patients and three normal controls are analyzed 
using both a BAC array and an oligonucleotide array. The 
overlapping BAC clone positions spanning chromosome region 
9p24 are shown. In the oligonucleotide array, the probe positions 

are clustered in two specifi c candidate regions. Analysis shows that 
the patients were positive for one specifi c genetic variant (the upper 
probes) while a variable CNV region shown below was also 
evident. These variable regions did not show areas of chromosome 
gain or loss in the normal controls. Adapted from   http://projects.
tcag.ca/variation     from the database of Genomic Variants       
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  3.2 The Benefi t of Defi ning Genetic 
Variants in Male Fertility 

 Building on these precedents, additional research has 
the potential to rapidly expand SNP and CNV studies 
in diverse clinical arenas, including male infertility 
(Table  1 ). Until now, the molecular basis of impaired 
spermatogenesis can only be explained in a very small 
subset of infertile patients, which is not surprising as 
male factor infertility is thought to be a complex disor-
der involving multiple genes as suggested by gene tar-
geting studies in animal models  (23–  28) . Clinicians 
treating male infertility would benefi t greatly from the 
results of SNP and CNV association studies on patients 
presenting various reproductive anomalies including 
impaired spermatogenesis and/or a lack of testicular 
function. Strengthened by this knowledge, physicians 
could offer a more defi ned diagnosis, a better clinical 
prevention and a customized treatment to their infertile 
patients.

   From another perspective, the defi nition of genetic 
determinants in male infertility is of great importance 
to aid in the care of infertile couples. Indeed, the 
assisted reproductive technologies have helped many 
infertile men to father children and transmit their 

genetic information to their offspring. But, while natu-
ral selection prevented transmission of mutations lead-
ing to infertility, today medically assisted conception 
contributes in a signifi cant manner to the risk involved 
and of a future increase in genetic causes of infertility. 
Thus, defi ning the contribution of genetic variants in 
male fertility appears crucial.   

  4 Male Infertility Associated SNPs 
Affecting Genitourinary Development  

  4.1 Cryptorchidism and Mutations 
of Insl3 and Lgr8 Genes 

 Cryptorchidism is a risk factor for infertility because 
of the deleterious effects on spermatogenesis  (29) . 
In addition, the cryptorchid testis is at high risk of 
malignancy. During development, gubernaculum 
growth is under the control of Insl3 (insulin-like hor-
mone 3)  (30) . This hormone is produced by Leydig 
cells of the fetal testis. It is not found in the ovary. A 
mutation in the gene of this hormone or in its receptor, 
Lgr8, results in cryptorchidism in humans and mice 

  Table 1    Current understanding of the relationship of genetic variants to male infertility     

Genes Nature of the variants

Genetic variants linked 
to male infertility

CFTR • Deletion of 3 nucleotides ΔF508 
• Repeat length variant of a polypirimidine tract (allele 5T)
• Repetition of 9–13 TG nucleotides

Androgen receptor •  Polymorphic sequence of CAG triplets coding for 
polyglutamines in the fi rst exon

• Length of a GGN segment 
Insl3-Lgr8 • 2 not synonymous SNP T222P and R223K in Lgr8 

Genetic variants with 
a potential link to 
male infertility

Folate-related enzymes • MTFHR (C677T)
• Methionine synthase (A2756G)
• Methionine synthase reductase (A666G) 

DAZL • SNP in exon 3 (A386G)
FSHR
Estrogen receptor α • Xba I and Pvu II intron 1 variants

• Variable repeated elements (TA)n within the promoter region
• SNP C325G in exon 4 

Region 11p15 • SNPs in ZNF214, ZNF215, RBMXL2, NALP14
c-kit and KIT ligand
SPO11
MEI1 
Hrb, GOBC, CsnK2a2

Genetic variants with 
no association to 
male infertility

TNP1 and 2
Protamines (PRM1 and PRM2)
H1FNT gene
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 (31) . The genetic basis of most cases of cryptorchid-
ism, like many genetic defects, is thought to be 
 multifactorial  (32) . Indeed, in some cases, defects of 
androgen biosynthesis, androgen receptor function or 
signaling pathways may cause cryptorchidism. Some 
cases may refl ect an abnormal endocrine milieu or 
even maternal exposure to endocrine disruptors/hor-
mone mimics. In others, the cause is idiopathic. 
Accordingly, most cryptorchid cases are not due to a 
mutation of Insl3 gene, which refl ects the genetic 
diversity of this condition. Two polymorphisms not 
synonymous T222P and R223K in the gene Lgr8 were 
reported in several cryptorchid patients  (33) . SNP 
association studies of large groups of patients and con-
trols with advanced epidemiological analysis will ulti-
mately be required to determine their signifi cance. 
Ultimately, this is true for many (but not all) of the 
other SNPs described below.  

  4.2 Congenital Bilateral Absence of the 
Vas Deferens (CBAVD) and CFTR 

 CBAVD is a form of cystic fi brosis where the patients 
usually exhibit only the genital form of the disease 
manifested by the absence of the vas deferens. The 
CFTR (cystic fi brosis transmembrane conductance 
regulator) encodes a chloride ion channel regulating 
the transport of water and salt across the plasma mem-
brane of epithelial cells  (34) . CFTR is found in many 
organs including the lung, liver, pancreas, skin, diges-
tive and vas deferens. The gene encoding CFTR is 
located on the human chromosome 7, on the long arm 
at position q31.2. Over one thousand mutations are 
known including more than 120 polymorphic sites 
 (35) . Mutations mainly cause two genetic disorders, 
congenital bilateral agenesis of the vas deferens 
(CBAVD) and cystic fi brosis, an autosomal recessive 
disease of variable severity (affecting one child in 
2,500–3,000)  (36) . 

 Nearly half of patients with CBAVD carry a com-
mon and severe CFTR mutation (delta F508) in 
heterozygous state whereas the frequency of these 
alleles is much lower (3–4%) in the general population 
 (37) . This specifi c mutation consists of a deletion of 
three nucleotides resulting in a loss of the amino acid 
phenylalanine at the 508th position on the protein. The 
resulting CFTR protein does not fold normally and is 
more quickly degraded resulting in an overall count of 

less CFTR protein in the cell. In addition, the CBAVD 
men are often carriers of another polymorphism on the 
second allele aggravating or worsening the effect of 
the fi rst mutation. 

 In 1995, Chillon, et al.,  (38) , Costes, et al.,  (39) , and 
Jarvi, et al.,  (40)  reported that a repeat length variant of 
a polypyrimidine tract (called IVS8-5T allele) was 
found in about 13–44% of men with CBAVD and 
showed inter-individual variability with incomplete 
penetrance. This variant is located at the splice acceptor 
site of exon 8 and impacts mRNA processing  (41,   42) . 
In the same individual, there is a great variability in the 
maturation of CFTR messenger between the tissues 
with less effi ciency in the epididymal epithelium than 
the respiratory tract. This could explain why individuals 
with a 5T allele, in association with a mutation on the 
other allele, would only develop CBAVD without 
expressing any lung symptoms. Another determining 
factor for the penetrance of the 5T allele is the existence 
of another polymorphism consisting of a repetition of 
9–13 TG nucleotides  (37,   43) . The alleles TG11 and 
TG12 multiply by respectively 2.8 and 6 the proportion 
of exon 9 deleted mRNAs compared to the allele TG10. 
Moreover, 5T alleles in CBAVD patients are more often 
associated with long repeats, TG12 or TG13, than 5T 
alleles in healthy individuals. Thus, the combination of 
polymorphisms together can alter further the ultimate 
amount of CFTR protein synthesized. 

 Spermatogenesis of the CBAVD patients is often 
normal, providing the potential for a medically assisted 
reproduction using sperm collected surgically from 
epidydimis. The prognosis for the offspring is actually 
dependent on the genotype of the mothers whom the 
risk of being heterozygous is of 1/25 in the absence of 
any familial history of cystic fi brosis. Thus, it is impor-
tant that the female partner of the CBAVD patient will 
be tested for CFTR mutations if they desire to achieve 
a pregnancy. When a couple both carry an anomaly in 
the CFTR gene, preimplantation or prenatal genetic 
diagnosis of the embryo or fetus is advisable. Para-
doxically, the situation is more complicated when no 
CFTR anomaly is found in a CBAVD male patient 
while his partner is carrying a mutation: cystic fi brosis 
due to the fetal transmission of the mutated maternal 
allele is still possible because the paternal allele could 
still be perhaps carrying an undetected mutation. Most 
clinical laboratories only test for about 30–50 of the 
most common mutations (out of 1,300 known) that 
cause cystic fi brosis. In this case, analysis of the com-
plete sequence of CFTR is indicated.   
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  5 Male Infertility Associated SNPs 
Affecting Spermatogenesis  

 Analysis of polymorphisms CNV of genes involved in 
spermatogenesis revealed numerous variants associ-
ated with the occurrence of male infertility. Several 
examples will be presented here. It is important to note 
that, thus far, results of association studies are not 
always consistent because of several important con-
founders: the size and composition of the studied popu-
lations (especially the control groups), ethnicity and 
geographical differences contributing to the genetic 
variation, the type of polymorphisms studied and tech-
niques used, as well as the multifactorial and pheno-
typic heterogeneity of male infertility. The phenotypic 
effects of polymorphisms are themselves modulated by 
other genetic factors and by environmental factors, thus 
rendering the analysis complex. Nevertheless, several 
SNPs are important for male fertility. 

  5.1 Androgen Receptor Polyglutamine 
Tract in Exon 1 and Male Infertility 

 Androgens, mainly testosterone and 5-alpha-dihydrotes-
tosterone, act through specifi c binding to a nuclear ste-
roid receptor, the androgen receptor (AR), which controls 
specifi c gene expression in androgen-responsive targets 
through regulation of gene expression and the initiation 
of a complex cascade of events that ultimately affect 
cell function  (44) . The human AR gene is located on the 
long arm of chromosome X at the locus Xq11-q12. It 
covers about 90 kb and consists of 8 exons. More than 
600 mutations have been described for this receptor 
mainly associated with androgen insensitivity syndrome 
 (45) . This gene also contains a polymorphic sequence of 
CAG triplets coding for polyglutamines in the fi rst exon 
that impact androgen action  (46,   47) . 

 Exon 1 of the androgen receptor gene is character-
ized by two polymorphic regions; the fi rst consists of a 
string of CAG repeats encoding a stretch of glutamines 
in the transactivation domain of the receptor. The aver-
age number of repeats varies by ethnic and geographic 
location  (48–  55) . In 1991, La Spada et al.,  (56)  
observed that expansions of this polyglutamine stretch 
beyond 40 copies was associated with spinal bulbar 
and muscular atrophy, an autosomal dominant neuro-

degenerative triplet repeat disease of aging  (57) . This 
phenotype has been replicated in a mouse model  (58) . 
As the repeat length increases, the transcriptional regu-
latory competence and expression of the androgen 
receptor is reduced  (59–  61) . This disease is due to the 
neurodegeneration of motor neurons. A weakness of 
proximal muscles appears gradually in men between 
30 and 40 years accompanied with oligo or azoo-
spermia and defi cient masculinization. One manifesta-
tion of spinal bulbar and muscular atrophy is testicular 
atrophy with male infertility with aging. Although the 
expanded CAG region changes the structure of the 
androgen receptor and results in reduced AR transcrip-
tional activity, it is unclear how the altered protein dis-
rupts nerve cells. It is believed that a fragment of the 
androgen receptor containing the CAG repeats accu-
mulates within motor neurons and interferes with nor-
mal cell functions. This buildup leads to the gradual 
loss of nerve cells in the brain and spinal cord that con-
trol muscle movement. 

 Within the normal polymorphic range of polyglu-
tamine repeats, an association of the increased repeat 
tract length with male infertility has been reported  (51, 
  61–  64) , although not all authors agree  (65–  68) . Indeed, 
studies performed in Singapore, Australia, North 
America and Japan observe an association between the 
length of CAG triplets and male infertility, reporting 
substantially longer CAG tracts in infertile males than 
in controls  (51,   61,   62,   69–  71) . In contrast, European 
studies found no correlation between the number of 
AR-CAG repeats and impaired spermatogenesis  (66, 
  67,   72–  75) . These discordant results may refl ect differ-
ences in the ethnicity and the geographical location of 
the recruited patients. Indeed, distribution of the number 
of CAG triplets is low among African Americans, inter-
mediate among Europeans and high in Asians. 
Importantly, Casella et al.,  (64)  reported that the CAG 
repeat length corresponded directly to the testicular his-
tology of azoospermic men with men having the longest 
repeat lengths. Thus, the etiology of the male’s infertil-
ity and the bias of patient selection could impact the 
results. Other explanations for these contradictory 
observations might be the size of the studied samples, 
the choice of the control groups and the criteria for the 
inclusion of the patients in the study. Despite all these 
confounders, a recent meta-analysis on a survey of the 
literature confi rmed that longer CAG repeat tract length 
in exon 1 of the androgen receptor is associated with 
male infertility  (76) . 
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 Finally, a recent study analyzed the impact of the 
combination of the length changes of the CAG and 
the GGC tracts (GGC encodes polyglycine). This 
investigation showed that some haplotypes modu-
late the function of the androgen receptor, resulting 
in a signifi cant susceptibility to infertility. Indeed, 
the length of the GGN segment, in combination with 
CAG repeat size, might, in some ethnic groups, 
modify the AR protein function, leading to varying 
degrees of impaired spermatogenesis  (74,   75) . It 
seems that the combination of more than 21 CAG 
and 18 GGC confers an increased risk for infertility. 
However a causal association between GGN repeats 
number and failure of spermatogenesis is lacking 
 (61,   74,   75,   77) .  

  5.2 The Estrogen Receptor Alpha (ESR1) 

 The physiological response to estrogens is mediated 
by two functional isoforms of the same receptor (ER 
alpha and ER beta), encoded by two distinct genes. 
An association between ER alpha polymorphism and 
infertility men is suggested. ER alpha has several 
polymorphic regions. The most studied ones are 
PvuII and XbaI restriction enzymes sites polymor-
phisms at the intron 1; variable repeated elements 
(TA)n within the promoter region, and a polymor-
phism C/G at the codon 325 in exon 4. In a Greek 
study, an association was found for the intronic XbaI 
variant but not PvuII  (78) , while in Spain, an asso-
ciation was found only for the polymorphism PvuII 
 (23) . Another Japanese study analyzing the exon 4 
reported a signifi cant difference in the distribution of 
allelic frequencies between azoospermic males and 
controls  (79) . Finally, the [TA]n polymorphism 
seems to have an impact on sperm concentration, 
although their frequencies are identical in infertile 
patients and controls  (80) .  

  5.3 SNPs of the Human Gonadotropin 
(FSH and LH) Receptor Genes 

 The FSH receptor is expressed in the Sertoli cell and 
its main function is signal transduction through acti-
vation of adenylate cyclase upon ligand binding lead-

ing to increased intracellular levels of cyclic AMP. It 
plays an important, albeit not clearly understood role 
in regulating the function of the Sertoli cell. The LH 
receptor is expressed in the Leydig cell and LH 
induces steroidogenesis and androgen biosynthesis. 
SNPs have been identifi ed in the FSH receptor with 
several allelic variants found, but their functional sig-
nifi cance is largely unknown  (81)  as they were not 
related to measures of male reproductive characteris-
tics such as testicular volume, serum FSH or inhibin 
B levels.  

  5.4 Chromosome Region 11p15 

 Recently, the 11p15 region was linked to a lack of 
spermatogenesis. In this region, several genes coexist 
and are predominantly expressed in the testis. Among 
them, ZNF214 (Zinc Finger 214), ZNF215 (Zinc 
Finger 215) and RBMXL2 (heterogeneous nuclear 
ribonucleoprotein GT) genes were mutated in some 
infertile patients  (82,   83) . NALP14 represents another 
11p15 gene exclusively expressed in the testis, specifi -
cally in the germ cells. This protein may play a regula-
tory role in the innate immune system as similar family 
members belong to the signal-induced multiprotein 
complex, the infl ammasome that activates the pro-
infl ammatory caspases, caspase-1 and caspase-5. An 
analysis of 157 patients presenting a severe azoo/oli-
gozoospermia clearly defi ned fi ve mutations in this 
gene that are not found in the control group of 158 men 
with a normal sperm count. One of these mutations 
introduces a premature stop codon in the coding 
sequence and led to a truncated protein  (84) .  

  5.5 C-KIT and KIT Ligand 

 The receptor tyrosine kinase c-KIT and its ligand 
KITLG are involved in the survival and proliferation 
of germ cells. In humans, a c-KIT gene polymorphism 
(rs3819392) was associated with idiopathic male infer-
tility in a population of 167 infertile patients (sperm 
count < 5 million spz/mL) compared to a control group 
consisting of individuals originating from the same 
geographical region  (85) .  
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  5.6 Polymorphisms of the DNA 
Repair Genes 

 Of particular interest are the polymorphisms in DNA 
mismatch repair genes, as these genes are involved not 
only in DNA repair but also in meiotic recombination. 
MLH3 is a member of this family of proteins, but unlike 
several other members of this family, deletions reveal 
that the protein is not involved in microsatellite instabil-
ity but does result in male infertility due to meiotic arrest 
 (86) . SPO11, a type II topoisomerase, is required for 
double strand breaks (DSB) formation and the eventual 
synapsis of chromosomes during meiotic recombina-
tion. A genetic screening study identifi ed two nonob-
structive azoospermic men with missense mutations in 
exon 1 and exon 9 of the SPO11 gene and 16 SNPs in 
intronic regions  (87) . One of the missense mutations 
identifi ed corresponds to an amino acid residue shown 
to play a crucial role in DSB formation. Three of the 
SNPs were located in the 3 ¢  untranslated region, which 
could have an effect on transcription of this gene.  

  5.7 Folate-Related Enzyme 
Polymorphisms 

 Polymorphisms of genes required for folate metabo-
lism are of interest because of their key roles in DNA 
synthesis and methylation within cells. This pathway 
serves to maintain a stable pool of circulating folate 
and methionine and to prevent increased homocysteine 
concentration. Analysis of methylenetetrahydrofolate 
reductase (MTHFR), methionine synthase and methi-
onine synthase reductase genes for male infertility 
related polymorphisms showed that in addition to the 
presence of a methylenetetrahydrofolate reductase 
variant, Cytosine 677 Thymidine, an Adenosine 2,756 
Guanine variant of methionine synthase and a methionine 
synthase reductase variant adenosine 666 guanine were 
independently associated with male infertility  (88) . 
20% of male patients consulting for infertility are 
homozygous for the MTHFR 677TT polymorphism, 
which is twice more the frequency found in the control 
population  (89) . The MTHFR mutation C677T causes 
a decrease of the enzymatic activity by 30% in (CT) 
and 80% in homozygotes (TT). Bentivoglio et al. have 
reported an improvement in the quality of sperm in 

patients taking folate  (90).  Irrespective to the status of 
fertility, sperm concentration increases signifi cantly in 
patients 677CC after treatment with folic acid and zinc 
sulfate, while CT heterozygous and homozygous TT 
do show no improvement  (91) .  

  5.8 MEI1 Polymorphic Alleles 
are Associated with Meiotic Arrest 

 In the mouse, the mei1 gene defects were identifi ed in 
infertile mice with meiotic arrest. Sato et al.,  (92)  
examined a series of 27 men with a complete early 
maturation arrest for coding SNPs in MEI1. Four SNPs 
were examined in more detail in 26 azoospermic men 
and 121 normal American and Israeli men. Two of 
these SNPs were associated with azoospermia in the 
Americans but not the Israeli.  

  5.9 Y Chromosome SNPs: Diversity 
of the Y Chromosome 

 The Y chromosome has a region specifi c to male indi-
viduals named MSY or male-specifi c region that 
includes nearly 95% of the chromosome. This region is 
fl anked by two pseudo-autosomal regions PAR1 and 
PAR2. A non-coding heterochromatic region exists at 
the end of the long arm of this chromosome and consists 
of a large number of repeated units belonging to two 
families, DYZ1 and DYZ2. Each unit is formed by hun-
dreds of repeated elements in tandem. In the general 
population, this region presents a great polymorphism, 
although none of these variations has been linked to any 
phenotype. Outside this region, the remainder of the Y 
chromosome is euchromatic, ie containing coding 
sequences, but with a very high proportion (50–70%) of 
various repeated elements (Alu, LINE, SINE). 

 Because of the lack of recombination between the 
Y chromosome and the X chromosome, any structural 
change (mutation, deletion, duplication, insertion or 
inversion) occurring in the Y chromosome, outside the 
two pseudo-autosomal regions, tends to be “stabilized” 
and transmitted from generation to generation. 

 The use of SNP as genetic markers on the male-
specifi c region MSY of the Y chromosome has helped 
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to identify several distinct Y chromosomes  (93,   94) . 
Each mutation defi nes one haplotype. These haplo-
types have a paternal transmission and change only 
when a mutation occurs. It then becomes possible to 
establish a paternal genealogy, to build haplogroups 
and to establish a phylogenetic tree for the human Y 
chromosome and estimate the occurrence of evolution-
ary events using mutation rates. By far, more than 150 
different Y chromosome haplogroups have been char-
acterized (see Y chromosome consortium website: 
  http://ycc.biosci.arizona.edu/    ), refl ecting the diversity 
and the extension of the human species on the entire 
planet. Thus, the male-specifi c region MSY has 
become a far more useful tool than the autosomal chro-
mosomes for studying the human genetic history. 

 The study of SNPs in the male-specifi c region of 
the Y chromosome provides the opportunity to obtain 
specifi c information on spontaneous mutation rates in 
a given population, without any interference from 
inter-allelic processes occurring in the other chromo-
somes. Numerous diseases have already been linked to 
the genetic background of the Y chromosome. Male 
reproductive function was the fi rst clinical condition 
linked to the Y polymorphisms: indeed, several studies 
have involved haplogroup individuals in reduced sperm 
count  (53,   95) . Other disorders, including cardiovascu-
lar disease were also correlated to a polymorphism in 
Y chromosome  (96,   97) . However, the over-represen-
tation of haplogroups in some infertile men must be 
compared to a control group because it could be linked 
to the geographical diversity of the chromosome Y 
haplogroups rather than the clinical phenotype.  

  5.10 DAZL 

 DAZL (Deleted in AZoospermia Like), located on 
chromosome 3, is expressed in germ cells and 
encodes a RNA binding protein. Transposition and 
amplifi cation of the autosomal DAZ gene family 
during primate evolution gave rise to the DAZ gene 
cluster on the Y chromosome. There is no mutation 
described at the moment except the description of 
two SNPs in exon 2 (A260G) and exon 3 (A386G). 
The fi rst polymorphism A260G, described in patients 
in Taiwan was found at a similar frequency in infer-
tile men and in controls  (98) . The second A386G 
polymorphism, which involves a change in the 54th 

amino acid Thr → Ala (T54A), was signifi cantly 
associated with severe spermatogenic failure and 
male infertility  (98) . However, other studies made in 
Italy, Germany and Japan and in India have not con-
fi rmed these results  (99–  102) .   

  6 SNPs Affecting Sperm Development 
or Function  

  6.1 The Sperm Nuclear Proteins 

 The protamines are highly basic DNA-binding proteins 
in the sperm nucleus that play an important role in pack-
aging the DNA in the sperm head during spermiogenesis. 
Several groups have focused specifi cally on protamines 
1 and 2 (PRM1, PRM2). There are four SNPs in the cod-
ing region of PRM1 and 2 in the coding region of PRM2, 
with other SNPs observed in the non-coding regions 
 (103) . Although these sequences were largely similar in 
populations of fertile and infertile men, a SNP was iden-
tifi ed in a single man that produced a nonsense codon 
resulting in translation termination  (103,   104) . 

 The transition nuclear proteins (TNP)1 and TNP2 
gene sequences were assessed as well and a series of 
SNPs identifi ed in TNP2  (105) . A deletion of 15 base 
pairs in the 5 ′  promoter region was identifi ed and 
thought to be of importance because the diminished 
expression of TNP1 and TNP2 in mouse models was 
associated with infertility in at least some of the 
males  (106) . Of note, the signifi cance of TNP1 in 
human spermatogenesis is not yet fully understood. 

 Targeted deletion of the  h-HANP 1 gene, which 
encodes a H1-like protein, resulted in male infertility 
in a mouse model characterized by teratozoospermia 
and abnormal function; however, the 5 SNPs evaluated 
in a group of fertile and infertile men in the coding 
region did not reveal a difference  (107) .  

  6.2 Globozoospermia 

 In a case report, Christensen et al.,  (108)  reported poly-
morphisms in three genes, Hrb (encoding the cytosolic 
surface of proacrosomic transport vesicles), GOBC (a 
PDZ domain protein interacting with Csnk

2
a

2
 that is 

found in the trans-Golgi region of round spermatids in 
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the mouse) and CsnK2a2 (encoding the catalytic alpha 
subunit of casein kinase II, a serine/threonine kinase) in 
men with globozoospermia, commonly known as round 
headed sperm syndrome. In this syndrome, the acrosome, 
a vesicle containing the hydrolytic enzymes needed for 
fertilization, is either absent or largely defi cient with 
remnants possibly present. The syndrome is rare in the 
infertile male population accounting for about 0.1% of 
male infertility and even rarer in the general population. 
In this case, defi nitive gene mutations were not clearly 
linked to the globozoospermia and functional studies 
were not possible to defi ne the consequences of the SNP 
variants observed. This study in particular highlights the 
challenges faced in the study of SNPs in male infertility. 
As the incidence of globozoospermia is very rare, col-
lection of suffi cient numbers of patients for statistically 
signifi cant analysis is diffi cult.   

  7 Conclusion  

 The realization that genetic variants, such as SNPs and 
CNVs, exist provides further insight into both genetic 
disorders and normal human phenotypic diversity. 
However, the current challenges for associating a 
genetic variant with a clinical disorder remains size-
able. The technologies available today for SNP or CNV 
defi nition are expensive and cumbersone. Analysis of 
complex data represents a signifi cant problem and this 
area of genetics represents an excellent example of the 
application of an advanced technology to clinical diag-
nosis prior to a complete understanding of the biologic 
implications of the genetic variants found. Additional 
research into clinical phenotypes, genetic disorders and 
normal human diversity is clearly warranted.      
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  Abstract   The clinical relevance of abnormal sperm 
DNA integrity to human reproduction has been the 
source of substantial research over the past decade. 
A recent, rigorous meta-analysis of published studies 
has shown that abnormal sperm DNA integrity will 
adversely affect IVF and ICSI outcomes. Although this 
is the only sperm-related parameter documented to 
adversely affect ICSI success, the magnitude of this 
effect is not adequate to require routine sperm DNA 
testing prior to assisted reproduction. For subsets of 
infertility patients, sperm DNA integrity testing may be 
relevant. The limited data on treatment of patients with 
abnormal sperm DNA integrity is presented. This sub-
ject remains an expanding fi eld with confl icting data.  

  Keywords   Sperm DNA integrity  •  Sperm chromatin  •
 Systematic review  •  Meta-analysis  •  Likelihood ratio 
•  Treatment  •  Male infertility  •  Assisted reproduc tion  •

 ICSI  •  IVF    

  1 Introduction  

 Available literature relating sperm DNA integrity to 
reproductive outcomes of IVF and ICSI were recently 
summarized in an article by Drs. Collins, Barnhart, 
and myself reporting a meta-analysis of existing 
published literature on this subject  (1) . With the 
permission of the other authors, I have summarized the 
fi ndings of that article here and introduce evolving 

concepts of the potential treatment of abnormal sperm 
DNA integrity. 

 The integrity of sperm DNA is required for trans-
mission of the paternal genomic complement  (1) . Tests 
of sperm DNA integrity, often reported as percent of 
sperm with substantial DNA fragmentation, generally 
correlate with routine semen variables including impaired 
sperm concentration or motility  (2,   3) . The proportion 
of sperm with abnormal DNA integrity correlates 
with time to natural pregnancy, and, at least in some 
studies, with results of treatment for infertility using 
intrauterine insemination (IUI), in vitro fertili zation 
(IVF) or intracytoplasmic sperm injection (ICSI)  (4–  7) . 
Sperm DNA integrity may also correlate with sponta-
neous abortion rates after assisted reproduction  (8) , 
and the proportion of patients with abnormal sperm 
DNA integrity is higher in couples with recurrent 
spontaneous miscarriage. New diagnostic tests for 
male infertility would be clinically useful because 
standard tests (sperm concentration, percent motility, 
and percent normal morphology) are not accurate 
enough to discriminate between infertile men whose 
partners will or will not conceive  (9,   10) . Indeed, no 
standard semen parameter correlates well with success 
or failure of IVF or ICSI. 

 The theoretical basis for analysis of sperm DNA 
integrity is sound. In its normal state, DNA in the 
mature spermatozoon is a condensed, compact struc-
ture. Up to 85% of DNA is bound to protamine in 
complexes that are more compact than the DNA–
histone complexes in somatic cells  (8) . In this con-
densed, insoluble form, sperm DNA is protected from 
damage while the sperm is transported through the 
male and female reproductive tracts. If sperm DNA 
damage does occur, impaired fertility could be a natural 
consequence. 
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 Causes of DNA damage are numerous and the 
mechanisms for damage have not all been well eluci-
dated. Protamine defi ciency or mutation, genetic dis-
orders that are more common in infertile men, impairs 
the protection of DNA  (11) . Oxidative stress due to 
leukocytosis or varicocele is associated with sperm 
DNA damage  (12) . DNA repair systems are thought 
to be less active in the later stages of spermatogene-
sis, allowing sperm with DNA strand breaks to reach 
the ejaculate  (6) . Also, increased apoptotic activity in 
older men and those with abnormal semen parame-
ters may contribute to DNA damage  (13) . Interestingly, 
sperm DNA abnormalities for a population of sperm 
may predict the fertility potential of sperm in that 
semen specimen that do not have defi ned DNA 
 damage. Therefore, selection of sperm, which occurs 
with standard semen processing techniques during 
assisted reproduction in an attempt to isolate sper-
matozoa “without DNA damage”, may not obviate 
the effects of a patient’s abnormal sperm DNA 
 integrity  (13) . 

 Among assays developed to assess DNA damage, 
the most frequently used in published clinical studies 
is the sperm chromatin structure assay (SCSA)  (8) . 
SCSA measures the stability of sperm chromatin in hot    
or acid media with acridine orange. The dye gives rise 
to green fl uorescence when bound to intact DNA and 
red when bound to fragmented DNA  (14) . The propor-
tion of sperm with fragmented DNA is determined by 
fl ow cytometric analysis and expressed as a DNA frag-
mentation index (DFI)  (15) . Another common assay is 
the deoxy-nucleotidyl transferase-mediated dUTP nick 
end labelling (TUNEL) test  (16) . The TUNEL method 
labels the strand breaks of cleaved DNA, making them 
visible as brown in color; it is a widely used method 
for detecting DNA damage in somatic cells at various 
stages of apoptosis. 

 The SCSA and TUNEL methods are used in the 
majority of current studies on infertility. Other sperm 
DNA integrity assays include the single-cell electro-
phoresis assay (COMET), the sperm chromatin 
dispersion test (SCD) and the acridine orange test 
(AO). The COMET assay quantifi es single- and 
double-strand breaks using electrophoresis of DNA-
fl uorochrome-stained single sperm cells  (17) . The 
SCD test identifi es sperm with fragmented DNA 
because they fail to produce the characteristic halo 
when mixed with aqueous agarose following acid/salt 
treatment, which removes nuclear proteins and frag-
mented DNA  (18) . The AO test is an inexpensive 

method based on the same fl uorescence reaction as the 
SCSA, but lacks the precise measurement system that 
is integral to the SCSA  (19) . 

 In clinical studies, sperm DNA integrity tests 
correlate with fertile status (infertile versus fertile 
males) and poor semen quality  (6,   20,   21) . Two 
time-to-pregnancy studies showed, among normal 
couples discontinuing the use of family planning in 
order to conceive, that SCSA test results were signifi -
cantly associated with the probability of pregnancy 
 (14,   22) . In IVF and ICSI studies, however, associations 
between sperm DNA integrity results and fertilization 
rates or pregnancy rates have been less consistent  (6,   8, 
  23) . Even when associations between sperm DNA 
damage and markers of infertility are signifi cant, asso-
ciations may not be suffi cient to discriminate reliably, 
as a diagnostic test must do, between couples who will 
or will not conceive.  

  2 Meta-Analysis of Previous Studies  

 To effectively identify the contemporary role of DNA 
integrity tests in reproductive medicine, we undertook 
a systematic review of published literature to clarify 
whether routine testing for sperm DNA integrity is 
clinically worthwhile for infertile couples undergoing 
IVF and ICSI treatment  (1) . The primary question 
addressed was: among infertile couples considering 
IVF or ICSI treatment, do the results of sperm DNA 
integrity testing predict pregnancy? The secondary 
question addressed in this study was whether sperm 
DNA integrity test results differed by treatment groups 
(IVF or ICSI) and sperm DNA integrity analysis 
technique (SCSA vs. TUNEL). 

  2.1 Search Strategy for Meta-Analysis 

 The search strategy used the terms (sperm DNA) and 
(pregnancy[Title/Abstract]) and humans (198 cita-
tions). Citations were included from the fi rst clinical 
publication on this topic in 1999  (14)  until 15 
December 2006. Studies were eligible if they (a) 
assayed sperm DNA integrity in fresh ejaculated 
sperm, (b) had pregnancy or live birth among the 
reported outcomes, and (c) reported DNA integrity 
and pregnancy results in a manner that allowed the 
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creation of two-by-two tables from the study data. 
Meeting abstracts were not included. The search was 
not restricted by language but it was limited to Medline 
citations and additional studies that were identifi ed 
from the study reference lists.  

  2.2 Selection of Studies 

 Relevance was initially evaluated from titles and then 
determined from abstracts. Full reports were reviewed 
for all potentially pertinent citations. Where more than 
one study was reported from the same centre, authors 
were contacted to avoid inclusion of studies with the 
same patients  (24–  27) .  

  2.3 Data Extraction 

 Data were abstracted from eligible studies on dates of 
accrual, whether accrual was consecutive, country of 
origin of study, direction of data collection, treatment 
type, type of assay, cut point, number of cycles or 
patients, and number of pregnancies relative to abnor-
mal or normal test results. The outcomes recorded 
were clinical pregnancy, ongoing pregnancy, delivery 
and live birth. If a 2 × 2 table was not reported, it was 
reconstructed from sensitivity, specifi city, prevalence 
and total sample size. Where results were available for 
more than one cut point, the cut point recommended 
by the authors or the cut point nearest to the most 
frequently reported cut point was chosen (SCSA DFI 
 ≤ 30%, TUNEL  ≤ 40%). From the two-by-two tables of 
test results by pregnancy, the following test properties 
were calculated for each study: sensitivity, specifi city, 
accuracy (sensitivity plus specifi city), likelihood ratios 
(positive and negative), the proportion of abnormal 
tests and the diagnostic odds ratio.  

  2.4 Analysis 

 The initial steps of the analysis were to provide, for 
each included study, a summary of the important 
methodo logical features (Table  1 ) and to show the 
key diagnostic properties as reported or calculated 
(Table  2 ). The next step was to determine whether 
diagnostic accuracy depended on the methodological 

features of the studies. Following that, we estimated 
heterogeneity and determined which diagnostic test 
properties could be combined into a summary mea-
sure of accuracy. The meta-analysis then estimated a 
summary effect of diagnostic accuracy and fi nally, 
the meta-analysis was repeated within predetermined 
subgroups to assess whether diagnostic accuracy dif-
fered between tests (SCSA and TUNEL) and patient 

groups (IVF and ICSI)  (37) .   
 Specifi cally, the effects of study methodology on 

diagnostic accuracy were assessed by means of step-
wise multiple regression with the natural log of the 
diagnostic odds ratio as the dependent variable. 
Sensitivity and specifi city were plotted in a receiver 
operating characteristics (ROC) curve of true positive 
values on false-positive values  (38) . Heterogeneity of 
reported sensitivity, specifi city and other diagnostic 
test properties was assessed by visually examining 
ROC curves and by the Cochran’s Q test for heteroge-
neity  (39) . Between-study heterogeneity was judged to 
be excessive when the  p -value for the Q-statistic was 
less than 0.10. Heterogeneity was quantifi ed by I 2 , the 
proportion of variability across studies that is due to 
heterogeneity rather than chance  (40) . 

 In the meta-analyses, weighted average summary 
estimates were calculated with weights equal to the 
inverse variance. The random effects model is more 
appropriate when homogeneity is threatened; in all 
analyses except the LR (+), the P-value for the Q-statistic 
was <0.10 and I 2  was greater than 40%. Since hetero-
geneity was prevalent, only random effects models are 
presented in the results  (41) . The primary meta-analy-
sis combined the log diagnostic odds ratio (DOR). 
DOR is the odds of an abnormal test result in diseased 
cases over the odds of an abnormal test result in non-
disease cases and it can be estimated from sensitivity 
and specifi city  (42) . The computation of the DOR is 
the same as the odds ratio    (ad/bc). Publication bias was 
explored by funnel plot and analyzed by the Begg and 
Mazumdar rank correlation test  (43,   44) . Potential 
sources of heterogeneity from assay type and treat-
ment type were evaluated by categorical analysis 
which partitions heterogeneity into the components 
from the model (groups) and the residual error in a 
manner which is analogous to the partitioning of vari-
ance in ANOVA  (45) . Sensitivity analyses evaluated 
the effects on the summary measure of diagnostic 
accuracy from adding back excluded studies for which 
two-by-two table data could be extracted.  
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  2.5 Results of Meta-Analysis: Studies 
Selected 

 Of the initial 198 citations retrieved, review of the 
titles and abstracts indicated that 168 were not rele-
vant. Full papers were obtained for the remaining 30 
citations (Fig.  1 ). One study  (26)  using the DFI 27% 
cut point was later replaced by an updated report 

which included all the earlier patients and used a DFI 
30% cut point  (27) . After reviewing the 30 papers, 
eight were excluded because: the couples were not 
infertile ( n  = 3); the study did not involve sperm DNA 
integrity ( n  = 2); the study was an intervention among 
men with high levels of sperm DNA fragmentation 
rather than a diagnostic study ( n  = 2); or the study did 
not have pregnancy as an outcome ( n  = 1).  

  Table 1    Methodological features: studies of the association between sperm DNA fragmentation and pregnancy   

 References  Treatment  Assay  Normal range  Cycles 
 Pregnancy 
outcome 

 Outcome 
rates (%) 

 Boe-Hanson et al.  (28)   IVF  SCSA  DFI <27%  139  Clinical  28 
 ICSI  SCSA  DFI <27%  47  Clinical  30 

 Borini et al.  (29)   IVF  TUNEL  <10%  82  Clinical  22 
 ICSI  TUNEL  <10%  50  Clinical  24 

 Bungum et al.  (26)   IVF  SCSA  DFI <30%  388  Delivery  28 
 ICSI  SCSA  DFI <30%  223  Delivery  38 

 Check et al.  (30)   IVF  SCSA  DFI <30%  106  Ongoing  17 
 Gandini et al.  (31)   ICSI  SCSA  DFI <30%  22  Full term  41 
 Host et al.  (32)   IVF  TUNEL   ≤ 40%  175  Biochemical  29 

 ICSI  TUNEL   ≤ 40%  61  Biochemical  34 
 Huang et al.  (33)   IVF  TUNEL   ≤ 40%  217  Pregnancy  55 

 ICSI  TUNEL   ≤ 40%  86  Pregnancy  51 
 Larson et al.  (24)   IVF, ICSI  SCSA  DFI <27%  24  Pregnancy  29 
 Larson-Cook et al.  (25)   IVF, ICSI  SCSA  DFI <27%  89  Clinical  31 
 Payne et al.  (34)   IVF, ICSI  SCSA  DFI <27%  94  Clinical  33 
 Seli et al.  (13)   IVF, ICSI  TUNEL  <20%  49  Clinical  47 
 Virro et al.  (35)   IVF, ICSI  SCSA  DFI <30%  249  Ongoing  41 
 Zini et al.  (36)   ICSI  SCSA  DD  ≤ 30%  60  Clinical  52 

   SCSA , sperm chromatin structure assay;  TUNEL , Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate-biotin 
nick end labeling assay;  DFI , DNA fragmentation index;  DD , sperm DNA denaturation  

  Table 2    Diagnostic test properties: studies of the association between sperm DNA fragmentation and pregnancy   

 References  Treatment  Sens  Spec  Sens + Spec 
 Abnormal 
tests (%)  DOR  95% CI 

 Boe-Hanson et al.  (28)   IVF  0.06  0.97  1.03   5  2.04  0.38, 11.0 
 ICSI  0.36  0.57  0.94  38  0.76  0.21, 2.73 

 Borini et al.  (29)   IVF  0.17  0.89  1.06  16  1.57  0.38, 6.51 
 ICSI  0.71  0.75  1.46  60  6.55  1.77, 24.3 

 Bungum et al.  (26)   IVF  0.17  0.85  1.02  16  1.16  0.64, 2.12 
 ICSI  0.30  0.63  0.93  33  0.74  0.42, 1.31 

 Check et al.  (30)   IVF  0.30  0.83  1.13  27  1.90  0.61, 5.89 
 Gandini et al.  (31)   ICSI  0.38  0.44  0.83  45  0.52  0.10, 2.74 
 Host et al.  (32)   IVF  0.34  0.80  1.14  30  1.91  0.93, 3.91 

 ICSI  0.58  0.38  0.96  59  0.84  0.29, 2.43 
 Huang et al.  (33)   IVF  0.22  0.83  1.04  19  1.30  0.66, 2.56 

 ICSI  0.64  0.50  1.14  57  1.78  0.76, 4.16 
 Larson et al.  (24)   IVF, ICSI  0.58  0.94  1.59  42  10.17  1.77, 58.4 
 Larson-Cook et al.  (25)   IVF, ICSI  0.17  0.98  1.16  11  5.08  1.24, 20.8 
 Payne et al.  (34)   IVF, ICSI  0.16  0.71  0.87  20  0.44  0.15, 1.27 
 Seli et al.  (13)   IVF, ICSI  0.46  0.61  1.07  43  1.32  0.43, 4.07 
 Virro et al.  (35)   IVF, ICSI  0.35  0.81  1.17  29  2.27  1.30, 3.96 
 Zini et al.  (36)   ICSI  0.17  0.81  0.98  18  0.87  0.24, 3.19 

   Sens , sensitivity;  Spec , specifi city;  DOR , diagnostic odds ratio  
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 In the 22 eligible reports, a two-by-two table could 
not be constructed from the data in eight studies invol-
ving 717 cycles of treatment. The number of pregnan-
cies by test results was uncertain or missing  (46–  49    ): 
or pregnancy was reported only according to mean 
sperm DNA test results  (50–  53) . All the studies that 
used COMET or SCD assays were in this group of 
eight excluded studies. Two of the eight studies did 
report sensitivity and specifi city: 76 and 25% with 
TUNEL  (46) , 75 and 43% with TUNEL  (47) , and 60 
and 58% with acridine orange  (47) . 

 In the remaining 14 studies, only one did not use 
either the SCSA or TUNEL assay. In order to reduce 
clinical heterogeneity, we excluded that otherwise eli-
gible study, which made use of the acridine orange test 
in 183 ICSI cycles. The sensitivity and specifi city were 
64 and 30%  (54) . After that exclusion, 13 studies invol-
ving 2,162 cycles of treatment remained for analysis, 
of which nine involved the SCSA assay  (24,   25,   27,   28, 
  30,   31,   34–  36)  and four the TUNEL assay  (13,   29,   32, 
  33) . (Table  1 ) When results were available for patients 

receiving more than one type of treatment, data were 
abstracted for each treatment group, yielding 18 esti-
mates of diagnostic accuracy: six for IVF treatment, 
seven for IVF with ICSI and fi ve from studies where 
IVF and ICSI results were mixed.  

  2.6 Study Characteristics of Evaluated 
Literature 

 The characteristics of the 13 studies are shown in Table  1 . 
None were case control studies, sampling appeared 
to be consecutive in six  (13,   27,   28,   30,   32,   36)  and 
only two involved retrospective data collection  (25,   35) . 
All studies had pregnancy as the reference standard, 
although defi nitions ranged from biochemical pregnancy 
to delivery. Some studies allowed more than one entry 
per patient. In the cycles involved in the 18 estimates of 
sperm DNA integrity, the overall pregnancy rates 
ranged from 17 to 55%. None of the study methodol-
ogy characteristics were associated with diagnostic 
accuracy in a stepwise multiple regression analysis.  

  2.7 Study Observations 

 Selected diagnostic test properties for the individual 
studies are shown in Table  2 . Sensitivity and specifi c-
ity can be seen to be mutually dependent (higher 
sensitivity is associated with lower specifi city and vice 
versa). The correlation between sensitivity and speci-
fi city was signifi cant ( r  = −0.53,  p  = 0.024). The sum 
of sensitivity and specifi city, which ideally would 
approach 2.0, ranges from 0.83 to 1.59. The proportion 
of tests that were abnormal, which depends on the cut 
point within each study, ranges from 5 to 65%. 
Diagnostic odds ratios ranged from 0.44 to 10.1 and in 
only four of the eighteen estimates were these signifi -
cantly different from unity. 

 Likelihood ratios are shown in Table  3 . The likeli-
hood ratios for an abnormal test (LR (+), the ratio of 
true positive to false-positive results) range from 0.54 
to 9.8. For all but one estimate (1.90, 95% CI 1.04, 
3.68)  (35) , the lower 95% confi dence interval was less 
than one, implying that false-positive results could be 
more common than true positives. The likelihood ratios 

  Fig. 1    Flow chart for citations       
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for a normal test (LR (−), the ratio of false negatives to 
true negatives), ranged from 0.39 to 1.38. Only two in 
the effective range below 0.5 were signifi cantly differ-
ent from unity and six LR(−) estimates were actually 

greater than unity.   

  2.8 Meta-Analysis 

  2.8.1 Primary Analysis 

 In the ROC curve, seven of the 18 points lie below 
the diagonal line, which marks where a guess would 
be correct in 50% of the cases (Fig.  2 ). Few of the 
other points approach the left upper corner where 
there would be good discrimination between the 
likelihood of success or failure with respect to preg-
nancy. Sensitivity and specifi city values were het-
erogeneous (P-values for the Q-statistic in each case 
were <0.0001). This heterogeneity, together with 
the correlation between sensitivity and specifi city, 
argues against combining sensitivity or specifi city. 
Therefore, the meta-analyses combined the logs of 
the diagnostic odds ratios and the likelihood ratios, 

which are derived from sensitivity and specifi city. 
The random effects model summary diagnostic odds 
ratio was 1.44 (95% CI 1.03, 2.03,  p  = 0.045). The 
funnel plot and the rank-correlation test ( z  = 1.504; 

  Fig. 2    Receiver operating characteristics (ROC) curve: sperm 
DNA integrity and pregnancy       

  Table 3    Likelihood ratios: studies of the association between sperm DNA fragmentation and pregnancy   

 References  Treatment  LR (+)  95% CI  LR ( − )  95% CI 

 Boe-Hanson et al.  (28)   IVF  2.34  0.27, 20.1  0.96  0.05, 18.1 
 ICSI  0.85  0.24, 3.03  1.11  0.56, 2.22 

 Borini et al.  (29)   IVF  1.55  0.31, 7.72  0.93  0.28, 3.08 
 ICSI  2.84  0.65, 12.5  0.39  0.27, 0.54 

 Bungum et al.  (26)   IVF  1.14  0.61, 2.11  0.98  0.56, 1.71 
 ICSI  0.82  0.46, 1.45  1.11  0.76, 1.60 

 Check et al.  (30)   IVF  1.77  0.47, 6.65  0.85  0.48, 1.50 
 Gandini et al.  (31)   ICSI  0.69  0.12, 3.89  1.38  0.51, 3.79 
 Host et al.  (32)   IVF  1.68  0.77, 3.69  0.83  0.56, 1.23 

 ICSI  0.93  0.32, 2.74  1.12  0.63, 1.98 
 Huang et al.  (33)   IVF  1.25  0.63, 2.45  0.95  0.53, 1.69 

 ICSI  1.29  0.54, 3.06  0.71  0.49, 1.05 
 Larson et al.  (24)   IVF, ICSI  9.33  0.46, 190  0.44  0.27, 0.74 
 Larson-Cook et al.  (25)   IVF, ICSI  9.82  0.55, 174  0.85  0.23, 3.13 
 Payne et al.  (34)   IVF, ICSI  0.54  0.19, 1.50  1.19  0.41, 3.41 
 Seli et al.  (39)   IVF, ICSI  1.18  0.38, 3.68  0.88  0.51, 1.53 
 Virro et al.  (35)   IVF, ICSI  1.90  1.04, 3.47  0.79  0.58, 1.10 
 Zini et al.  (36)   ICSI  0.89  0.24, 3.31  1.03  0.28, 3.77 

   LR (+) , likelihood ratio of a positive (abnormal) test result;  LR (−) , likelihood ratio of a normal test result  
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 p  = 0.13) indicated that there was no signifi cant 
publication bias. The random effects summary LR 
(+) was 1.23, 95% CI 0.98, 1.54, and the LR (−) was 
0.81, 95% CI 0.67, 0.98).   

  2.8.2 Categorical Analyses 

 Categorical weighted average random effects model 
summary DORs are shown in Table  4 . The DORs for 
each treatment group have confi dence intervals that 
broadly overlap and the P-value indicates no signifi -
cant difference according to treatment type. Although 
there is a nonsignifi cant trend to a higher diagnostic 
odds ratio in IVF cycles than in ICSI cycles, sperm 
DNA integrity test results were not signifi cantly asso-
ciated with pregnancy in 1,107 IVF cycles, and if it 
were signifi cant, the association would not be strong 
(DOR = 1.53). In fi ve studies that did not distinguish 
between IVF and ICSI cycles, the summary DOR 
 (1 .91) was inexplicably higher than in either of the 
defi ned treatment groups and might represent a stronger 
association or merely chance, as the lower 95% confi -
dence interval lies below unity.  

 Weighted average random effects model summary 
DORs are also shown in Table  4  according to the type 
of sperm DNA assay that was used. There were no 
important differences in the summary estimates bet-
ween studies using SCSA and TUNEL to estimate 
sperm DNA integrity. 

  Sensitivity analysis.  Including the acridine orange 
study of ICSI cycles did not materially change the 
results: the revised diagnostic odds ratio was 1.53, 
95% CI 1.07–2.19  (54) .   

  2.9 Meta-Analysis Overview 

 In this systematic review of 13 studies involving 2,161 
cycles of IVF and ICSI treatment, assessment of sperm 
DNA integrity was signifi cantly associated with preg-
nancy (DOR = 1.44, 95% CI 1.03, 2.03). A diagnostic 
odds ratio greater than 1.0 means that with abnormal 
DNA integrity test results, the chance of disease (in 
this case, nonpregnancy) with IVF or ICSI is higher. 
This association was not adequate by itself to discrimi-
nate which couples would conceive after treatment. 
Sensitivity and specifi city of the test in different studies 
were scattered around the nondiscriminatory diagonal 
of the ROC space. In general, likelihood ratios less 
than 0.5 or greater than 2.0 are needed for the predic-
tion of disease or nondisease to be clinically important. 
The LRs in this study (LR+ = 1.23, LR− = 0.81) are 
not in a range that would prevent the application of 
assisted reproductive treatment  (55) . However, an LR 
of 1.2 or 0.8 will have a measurable impact (for 
example, decreasing expected pregnancy rates from 
50 to 40% in some cases (60)). Subgroup analyses 
showed that test accuracy was not materially affected 
by test type or in the different types of patients who 
would have IVF or ICSI cycles. 

 One of the strengths of a systematic review is the 
improved precision of the summary diagnostic odds 
ratio estimates compared with the individual studies. 
Thus, although the diagnostic odds ratio was not large, 
the combined estimate was signifi cantly different from 
unity, indicating that DNA integrity results have some 
effect on IVF and ICSI outcomes. No systematic 
review can be better, however, than the component 
studies and in this evaluation, the study quality varied. 
The data collection in 11/13 cohort studies was said to be 
prospective, which is a good feature because random allo-
cation would not be expected in studies of diagnostic 
accuracy. The number of patients in each study was a 
limitation of this systematic review: average group 
size per estimate was just over 100 cycles (2,161/18); 
also, the diagnostic effects were generally small; and 
few studies provided a sample size statement. In only 
six of 13 studies was accrual of couples reported to be 
consecutive  (13,   27,   28,   30,   32,   36) . Also, few studies 
controlled for female age, a prognostic factor that 
might have altered the predictive value of sperm DNA 

  Table 4    Subgroup analyses among studies of sperm DNA 
integrity and pregnancy   

 Number 
of studies 

 Number 
of cycles  DOR  95% CI 

  p -
Value 

 Treatment 
 IVF  6  1,107  1.53  0.77, 3.02  0.41 
 ICSI  7  549  1.12  0.59, 2.15 
 IVF, ICSI  5  505  1.91  0.79, 4.57 
 Assay type 
 SCSA  11  1,441  1.31  0.81, 2.11  0.48 
 TUNEL  7  720  1.67  0.89, 3.11 
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integrity on IVF and ICSI pregnancy rates and thereby 
limited the ability of the meta-analysis to predict repro-
ductive outcome. We did not detect signifi cant publi-
cation bias but this is not surprising: publication bias 
usually means that small studies with negative results 
may be missing, while this analysis included six small 
studies with diagnostic odds ratios less than unity.  

  2.10 Conclusions of Meta-Analysis 

 The fi nding of a clinically signifi cant but limited 
association between sperm DNA integrity and IVF 
or ICSI outcome is consistent with the results of 
other studies. In two studies that were otherwise eli-
gible for this review for which a two-by-two table 
could not be constructed, three evaluations of sensi-
tivity and specifi city were within the range of the 18 
estimates from the 13 studies that were included in 
the analysis  (46,   47) . Also, a subgroup analysis indi-
cated no signifi cant heterogeneity between summary 
estimates from SCSA and TUNEL studies, suggesting 
that both the measures of DNA integrity had similar 
predictive value. Moreover, inclusion of a study 
using the acridine orange method in the sensitivity 
analysis did not materially alter the summary diag-
nostic odds ratio. Variability in the association with 
pregnancy is unlikely to refl ect intra- and interlabo-
ratory variability or imprecision in the SCSA; this 
sperm DNA assay is adequately standardized between 
laboratories and statistically robust with limited 
intra- and interlaboratory variability  (8) . It is possi-
ble, of course, that better diagnostic performance 
might be observed in subgroups of infertility patients 
undergoing IVF or ICSI or in patient populations 
undergoing other treatments such as IUI, evaluation 
of which was not an objective of this study. Results 
of one large IUI study using SCSA suggested a 
strong effect of abnormal DNA integrity on preg-
nancy  (27) , while another IUI study found no differ-
ence in sperm chromatin dispersal results between 
pregnant and nonpregnant groups  (49) . 

 The sperm DNA integrity results are reminders that 
correlations can only describe how much of an out-
come (e.g., pregnancy after IVF or ICSI) is explained 
by the variability in a “predictive test” (e.g., sperm 
DNA integrity testing.) Diagnosis and prediction in 
clinical practice are more demanding and require that 

the test results accurately discriminate between disease 
and nondisease states  (55) . Thus, the sperm DNA 
integrity assay results discriminate only between preg-
nancy rates of 23 and 30%, which may have limited 
utility for couples even if the prediction were precise. 

 The fi ndings of this systematic review suggest a 
limited relation between sperm DNA integrity and 
IVF/ICSI outcome that may provide direction for 
further research. More clinical studies are needed to 
further evaluate other clinical groups of infertility 
patients such as those undergoing IUI to determine 
whether tests of DNA damage would be worthwhile 
with this treatment  (56) . Also, although the current 
literature does not identify subgroups of couples 
undergoing IVF or ICSI beyond those with recurrent 
spontaneous abortion who might have clinical char-
acteristics that would merit the use of DNA integrity 
testing, the lack of strong predictors other than female 
age for ICSI success suggests that additional studies 
are needed to identify possible subgroups in which 
sperm DNA integrity testing might have greater 
value. Since TUNEL   and SCSA are continuous vari-
ables, it is possible that “highly abnormal” sperm DNA 
integrity values (e.g., >50% DNA fragmentation) could 
have a more dramatic negative effect on IVF/ICSI out-
come than that reported in this meta-analysis.   

  3 Treatment Options for Abnormal 
Sperm DNA Integrity  

 There are no treatments for abnormal sperm DNA 
integrity that are documented to be of clinical benefi t. 
This may refl ect the possibility that several different 
causes of sperm DNA fragmentation exist, so a “one 
size fi ts all” approach to treatment may not work. 
Alternatively, treatments that have been suggested to 
date may be inadequately effective or incompletely 
tested. 

 Abnormal sperm DNA integrity is hypothesized to 
occur because of intrinsic sperm defects (e.g., lack of 
protamine, ineffective sperm DNA packaging, etc.), 
after spermatogenesis (e.g., during sperm transport or as 
an effect of the paratesticular environment, such as heat 
from a varicocele, or from excess reactive oxygen 
species (ROS) effects on sperm, delayed sperm trans-
port (such as in a partially obstructed epididymis or 
other region of the male reproductive tract) or from 
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other unknown effects. Treatment has been directed 
toward these conditions that may cause abnormal 
sperm DNA integrity, or to “rescue” sperm before these 
effects manifest with sperm DNA fragmentation (e.g., 
testicular sperm extraction.) Relevant studies can be 
summarized in the following three different categories 
of treatment. 

  3.1 Varicocele Repair 

 Two published studies have examined the effect of 
varicocele repair on abnormal sperm DNA integrity. 
In these case series, men with abnormal SCSA results 
were selected for varicocelectomy and postoperative 
sperm DNA testing was compared to preoperative 
levels. No controls were provided in either of these 
studies. Zini et al. reported on patients with abnormal 
DNA integrity who underwent varicocele repair. A sta-
tistically signifi cant, but perhaps clinically irrelevant, 
decrease of DNA fragmentation from 27.7 to 24.6% 
was observed  (61) . Werthman et al. reported on 11 
men with abnormal sperm DNA integrity who under-
went varicocele repair. Out of the 11 patients, ten men 
had decreased sperm DNA integrity postoperatively, 
and, based on the fi gures in this study, overall sperm 
DNA integrity appeared to decrease from 39 to 29% 
postoperatively  (57) . The Zini and Werthman studies 
support the observation that varicocele may contribute 
to abnormal DNA integrity, but the role of varicocelec-
tomy in the treatment of these patients has not yet been 
defi nitively demonstrated.  

  3.2 Antioxidant Therapy 

 On the basis of the potential role of reactive oxygen 
species on sperm DNA fragmentation, the use of anti-
oxidants could have utility in the treatment of men 
with abnormal sperm DNA fragmentation. Unfor tu-
nately, randomized controlled studies are very limited. 
Many case series have suggested that the use of anti-
oxidants is associated with a decrease in sperm DNA 
integrity, but it is not clear if this observation is “regres-
sion to the mean” of a biological variable (e.g., sperm 
DNA integrity) or a true treatment effect. One random-
ized controlled study reported a randomized, c ontrolled 
double-blind study of “Menevit,” an antioxidant 

compound containing lycopene 6 mg, vitamin E 400 
IU, vitamin C 100 mg, zinc 25 mg, selenium 26  m g, 
folate 0.5 mg, and garlic 1,000 mg  (58) . Sixty severe 
male factor couples with abnormal sperm DNA frag-
mentation were randomized to antioxidant treatment or 
placebo prior to IVF/ICSI. Unfortunately, sperm DNA 
fragmentation was not retested after antioxidant vita-
min therapy. Couples where the man was treated with 
antioxidants had a higher embryo implantation rate 
(38.5 vs. 16% in those receiving placebo), but the 
pregnancy rate was not statistically signifi cant for 
these groups. Greco et al. (62) treated 64 men with oral 
antioxidants (1 gm vitamin C, 1 gm vitamin E) and 
showed marked improvement in sperm DNA fragmen-
tation (decreased from 22 to 9%). In another group of 
patients treated by the same authors, antioxidant treat-
ment of men providing sperm for ICSI was associated 
with an increased pregnancy rate (7 to 48%) despite no 
effect on fertilization and cleavage rates (63). 
Unfortunately, we also do not know if the treatment 
actually changed sperm DNA fragmentation, as this 
was not tested during treatment. A trial of antioxidants 
may be reasonable to consider in couples where consis-
tently abnormal sperm DNA integrity is detected, but 
repeat sperm DNA testing may be necessary to detect a 
benefi cial effect of treatment.  

  3.3 Testicular Sperm Retrieval 

 As the testis is rich in antioxidant enzymes, it is pos-
sible that sperm are “protected” while in the testis and 
retrieval of sperm from the testis could provide sperm 
that have not yet undergone sperm DNA damage. 
Greco et al. reported on a series of 18 couples who had 
undergone at least two failed IVF cycles and had sperm 
DNA fragmentation >15%  (59) . Repeat ICSI cycles 
were done with both ejaculated and testicular sperm. 
Testicular sperm had lower DNA fragmentation (4.8 
vs. 23.4%), and pregnancy rates were higher using tes-
ticular sperm (44 vs. 5.6%). Although this study sug-
gested a benefi t of testicular sperm extraction, only 
two couples in this series had abnormal sperm DNA 
integrity using the criteria typically applied in similar 
studies (sperm DNA fragmentation >30%.) Therefore, 
it is not clear if these results can be translated to the 
typical patient with abnormal sperm DNA integrity 
seen in clinical practice.   
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  4 Clinical Summary  

 Abnormal sperm DNA integrity is associated with 
adverse reproductive outcomes after IVF/ICSI, although 
the magnitude of effect is not adequate to require sperm 
DNA integrity testing prior to assisted reproduction. 

 The summary DOR was 1.44 (95% CI 1.03, 2.03), 
indicating a statistically signifi cant adverse effect of 
abnormal sperm DNA integrity on IVF/ICSI out-
come. However, a secondary outcome measure of the 
meta-analysis, the summary likelihood ratios (LR) 
were not statistically predictive of pregnancy out-
come (LR+ = 1.23, 95% CI 0.98, 1.54, LR− = 0.81, 
95% CI 0.67, 0.98). Neither SCSA nor TUNEL tests 
were more predictive of pregnancy outcome after 
IVF/ICSI, and DNA integrity testing was not more 
predictive for IVF than ICSI. Treatments for abnor-
mal DNA integrity, including varicocele repair, 
retrieval of testicular sperm, and antioxidant treat-
ments have been investigated, but their role for man-
agement of this condition is still evolving. In summary, 
SCSA results affect the outcome of IVF/ICSI but the 
magnitude of effect is limited.      
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  Abstract   With improvements in implantation poten-
tial, and the compelling need to reduce the likelihood 
of multiple pregnancies resulting from in vitro fertil-
ization (IVF), efforts have continued to focus on devel-
oping methods to select the most competent embryo 
for transfer. For the fi rst 15 years or so of human IVF, 
embryo selection methodologies exclusively involved 
morphological assessment of the embryo at a single 
time-point, immediately prior to transfer. Despite con-
siderable efforts to defi ne those characteristics predic-
tive of high implantation potential, the implantation 
rate of selected embryos is typically only around 30%. 
More recent attempts to improve selection have as-
sessed characteristics of the oocyte along with those 
of the embryo at specifi c times during culture in order 
to derive a cumulative score. However, these studies 
have led to confl icting results regarding the worth of 
cumulative scoring. These confl icting results are likely 
associated with various study limitations including 
small sample sizes, a preponderance of retrospective 
studies combined with variation in timing of evalua-
tions and, in some cases, the use of transfer cohorts in 
which not all embryos have known implantation fate. 
While culture to the blastocyst stage has been used in 
attempts to improve selection, this approach is benefi -
cial for only selected, good prognosis patients, and it 
is unlikely that even the best current culture media pre-
cisely mimic the uterine environment. 

 Given the accepted limitations of morphological 
approaches, alternative selection methodologies are 
under development involving targeted analyses or pro-
fi ling approaches. Targeted analyses involve quantifi ca-

tion of known markers in the medium. While these 
analyses hold some promise, technologies are either 
cumbersome with turnaround times too long for pro-
spective application, and/or have relatively low predic-
tive value. Of greater potential, metabolomic profi ling 
using spectroscopic analyses of spent media have rapid 
turnaround, require very small volumes of medium for 
analysis and may provide superior selection as com-
pared with morphological assessment alone. 

 While we still depend on morphological assessment 
as our fi rst line approach to embryo selection, it is 
likely that this may be used in conjunction with metab-
olomic profi ling in the future. As we continue to strive 
towards identifying the single most competent embryo 
in any cohort, the aim will be to interface such tech-
nologies with the cutting-edge areas of genomic and 
proteomics research. These are exciting times in the 
fi eld of IVF, and much future research is required to 
fi ne-tune these promising technologies.  

  Keywords   Noninvasive embryo selection  •  Implan-
tation  •  Morphology scoring  •  Spectroscopic metabolo-
mic profi ling    

  1 Introduction  

 The single most important challenge for the success of 
in vitro fertilization (IVF) is the identifi cation of the 
most developmentally competent embryo in every 
cohort. Once this challenge has been met, we will be 
positioned to transfer that one identifi ed embryo in each 
and every cycle, thereby performing single embryo 
transfer (SET) to all of our patients. Nevertheless, even 
when so positioned, our expectations for the probability 
of a live birth from SET must be realistically set against 

 Selecting the Most Competent Embryo       

     S. Temel   Ceyhan   ,    Katharine V.   Jackson   , and    Catherine   Racowsky      

D.T. Carrell et al. (eds.), Biennial Review of Infertility, DOI: 10.1007/978-1-60327-392-3_10 143
© Humana Press, a part of Springer Science + Business Media, LLC 2009

S.T. Ceyhan, K.V. Jackson and  C. Racowsky (�)
 Department of Obstetrics and Gynecology ,
 ASB 1 + 3, Rm 082, Brigham and Women’s Hospital ,
  75 Francis Street ,  Boston ,  MA ,  02115 ,  USA  
 e-mail: temelceyhen@yahoo.com 



144 S.T. Ceyhan et al.

the background rate of natural conception. The chance 
of an in vivo fertilized oocyte reaching term is approxi-
mately 20–30%  (1) , which is not dissimilar to the 
implantation rate achieved after SET in unselected 
patients  (2) . 

 Although there have been signifi cant developments 
in IVF during the last three decades, approaches for 
embryo selection and assessment remain limited. 
Indeed, despite active research in the fi elds of genomics, 
proteomics and metabolomics, we still depend on 
morphological assessment as our fi rst line approach 
when evaluating embryos. Initially, in order to com-
pensate for our defi ciencies in embryo selection, more 
than one embryo was typically transferred in the hope 
that at least one viable embryo was included. The con-
sequence was unacceptably high multiple rates from 
IVF, and the attendant risks to fetal and maternal 
health. 

 Principles underlying embryo selection techniques 
should take into consideration potential adverse effects 
to the embryo, the level of skill required to perform the 
selection technique, turn-around to avoid need for 
freezing, cost and need for specialized equipment 
and, lastly, the amount of information obtained. The 
approaches used fall into the two broad categories of 
noninvasive and invasive. In this chapter, we will focus 
exclusively on the noninvasive approaches (see the 
chapters discussing preimplantation genetic screening 
(PGS) for coverage of the invasive techniques). We 
will start by considering assessment of oocyte quality 
since it is generally considered that this is the primary 
driver behind embryo quality. We will then proceed to 
consider the various approaches used in the evaluation 
of the embryo itself and the relative effi cacies of the 
evaluation procedures. Finally, we will offer an objec-
tive appraisal of the current literature regarding selec-
tion of the most competent embryo with respect to 
morphological approaches on the one hand, and devel-
oping technologies to screen spent culture media on 
the other. 

 As we consider these topics, we must continually 
bear in mind that numerous variables impact upon the 
ability of embryos to develop to their full potential in 
vitro. These variables include, but undoubtedly are 
not limited to, maternal age, infertility diagnosis, 
ovarian stimulation, and endometrial receptivity, in 
addition to the lab technologies and successful intra-
uterine placement of the embryos at transfer. Each 
of these variables independently and collectively 

will inevitably impact when evaluating effi cacy of 
the selection techniques used. Any evaluation tech-
nique will obviously only have use for selection 
when more embryos are available than will be 
transferred.  

  2 Oocyte Morphological Assessment  

  2.1 Gross Morphology 

 With the introduction of intracytoplasmic sperm injec-
tion (ICSI)  (3,   4) , it became possible to identify the 
meiotic status of freshly retrieved oocytes and to 
assess, in some detail, the morphology of both intrac-
ellular and extracellular structures. In contrast, assess-
ment of oocytes destined for standard IVF is only 
possible at the fertilization check after removal of the 
cumulus and corona cells as the oocyte is prepared for 
pronuclear evaluation. Early work suggested a rela-
tionship between the degree of expansion of corona-
cumulus complex and oocyte maturity  (5) . However, 
the oocyte-cumulus complex needs to be spread for 
accurate assessment of meiotic status, which may 
compromise viability. Furthermore, such an approach 
provides little information regarding the actual quality 
of mature, metaphase-II (MII) oocytes [i.e., those with 
an extruded fi rst polar body (PBI)]. Indeed, the results 
of further studies support general agreement that there 
is poor correlation between the quality and degree of 
expansion of corona-cumulus complex and oocyte 
maturity  (6–  8) . 

 Several studies have attempted to correlate morpho-
logical characteristics of the oocyte with meiotic 
maturity and quality, such as overall shape, the color 
and granularity of the cytoplasm, the zona pellucida 
thickness, the size of the perivitelline space (PVS), the 
presence of vacuoles, the presence or absence of the 
germinal vesicle, and the shape of the PBI when pres-
ent  (9–  13)  (see Chapter “Human Oocyte Abnormalities: 
Basic Analyses and Clinical Applications” for an excel-
lent review). Indeed, morphological abnormalities have 
been classifi ed into those that are extracytoplasmic and 
those that are intracytoplasmic  (9–  14 ; Table  1 ). In con-
trast to these abnormal characteristics, morphologi-
cally normal oocytes are those considered to be 
spherical in shape exhibiting an unfragmented PBI, 
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smooth cytoplasm with no inclusions, a uniform PVS, 
and a transparent zona pellucida (Fig.  1 ) Interestingly, 
zona thickness decreases both with increasing days in 
culture (average thickness of 17.7  μ m on day 1, 16.3 
 μ m, and 14.9  μ m on day 3), and with increasing patient 

age  (15) .   
 Several studies have demonstrated an association 

between oocyte quality and one or more of the above 
abnormalities. For example, the presence of vacu-
oles, an abnormal PBI, and a large perivitelline space 
each have been related to a lower fertilization rate 
 (12,   14,   16,   17) . Moreover, cytoplasmic abnormali-
ties appear to be tightly associated with oocyte qual-
ity, and refl ective of poorer embryo quality  (18) . 
Based on these observations, Rienzi et al.  (14)  
derived a MII oocyte morphological score (MOMS) 
by identifying relationships among oocyte appear-
ance, fertilization status, PN score, and day 2 embryo 
quality. As shown in Table  2 , abnormal morphology 
of the PBI, a large perivitelline space, increased 
cytoplasmic granularity, the presence of a centrally 
located granular area, and vacuoles at MII stage were 
each associated with a decreased potential of the 
oocyte to fertilize, cleave, and/or develop into a via-
ble embryo. However, earlier studies showed no 
relationship between embryo morphology  (10)  and 
any oocyte abnormality except for the refractile body 
which was associated with a lower, albeit insignifi -

cantly reduced, fertilization rate  (19) .  
 Clearly, although gross oocyte morphology may 

give us important information about fertilization 
potential and subsequent developmental fate, there 
are some inconsistencies in the fi ndings, and evalu-
ation at this stage is unlikely to be as powerful for 
selection as observations acquired at later stages of 
culture.  

 Oocyte abnormalities 

 Intracytoplasmic  Extracytoplasmic 

 Granular cytoplasm  Fragmented PBI 
 Centrally located 

granular area 
 Abnormal PBI (large and/or 

cytoplasmic abnormalities) 
 Vacuoles  Abnormal zona pellucida 

(thick and/or dark) 
 SER clusters  Large perivitelline space 
 Refractile bodies  Abnormal oocyte shape 

  Table 1    Classifi cation of oocyte abnormalities     

  SER  smooth endoplasmic reticulum 
 Characteristics compiled from (9–14) 

  Fig. 1    Micrographs of oocytes showing normal and abnormal 
gross morphology. ( a ) Normal oocyte with a smooth cytoplasm, 
an intact PB with clear zona pellucida of uniform thickness; ( b ) 
An oocyte showing abnormal morphology with severely pyc-
notic cytoplasm with a large central vacuole ( arrow ) and a 
smaller inclusion ( arrowhead ), and a rough zona pellucida over-
lying a perivitelline space with inclusions along the inner zona 
surface. The  bar  represents 20  μ m       

  Table 2    Metaphase II oocyte morphology scoring system (MOMS)     

 Points 

  Extracytoplasmic features  
 Abnormal I polar body  2.0 
 Large perivitelline space  1.4 
  Cytoplasmic features  
 Granular cytoplasm  1.4 
 Centrally located granular area  2.7 
 Vacuoles  2.1 

 Reprinted from (14), (Table  4 ), with permission, Elsevier 
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  2.2 The First Polar Body 

 Formation of the PBI occurs at the end of the fi rst mei-
otic division and is dependent upon precise formation 
of the meiotic spindle under delicate structural and 
functional control of microtubule formation. Since the 
extruded and otherwise to be discarded haploid set of 
chromosomes give rise to PBI, it is not surprising that 
the appearance of PBI may provide insight regarding 
the ploidy status of the oocyte and its overall viability. 
Accordingly, much effort has focused on assessing the 
relationship between the PBI characteristics and 
embryo quality. 

 The absence of the PBI indicates that the oocyte is 
likely to have failed to progress to MII, although the 
rare possibility exists that the oocyte may have under-
gone rapid maturation to MII with subsequent 
degeneration and disappearance of the PBI before 
examination  (20) . For those oocytes retrieved at meta-
phase-I (MI), a portion will complete meiotic matura-
tion in vitro, reaching MII. Fertilization rates are 
maximized in such oocytes if ICSI is performed at 
least 2 h after PBI emission  (21,   22) . 

 Ebner et al.  (23)  graded the oocyte according to PBI 
morphology into three grades: (1) Ovoid or round, 
smooth surface; (2) Ovoid or round, rough surface; (3) 
Fragmented, with a fourth grade including oocytes 
with a large perivitelline space. These investigators 
found that ICSI of oocytes with an intact, well-shaped 
PBI (grade 1 or 2) yielded higher fertilization rates and 
also higher quality embryos than those oocytes with a 
fragmented PBI or having a large perivitelline space. 
Collectively, the results showed that embryo selection 
on the basis of PBI morphology resulted in improved 
implantation rates and pregnancy rates. In contrast, 
other studies relating PBI morphology to oocyte qual-
ity have failed to reveal this correlation  (24–  27) , except 
for a lower viability associated with a large PBI  (24) . 
In fact, aneuploidy rate of MII oocytes may be unre-
lated to the morphology of the PBI  (26) .  

  2.3 The Meiotic Spindle 

 During the very early phase of transition from MI to 
MII of meiosis, the meiotic spindle is formed with a 
highly dynamic structure of microtubules. It is located 

radially, at the oocyte periphery, with one pole attached 
to the cell cortex. The meiotic spindle controls chro-
mosome movement through the different stages of 
meiosis and is involved in various functions that are 
essential for fertilization and early post-fertilization 
events, recognized as crucial for ensuring correct chro-
mosome segregation and genomic stability after oocyte 
activation. For these reasons, integrity and positioning 
of the spindle may provide valuable markers for pre-
dicting oocyte quality. 

 The polarized light microscope (PolScope™) (see 
Chapter “Human Oocyte Abnormalities: Basic Analyses 
and Clinical Applications”) has been used to screen 
metaphase II oocytes for quality by assessing the pres-
ence, position, and integrity of the birefringent spindle 
(see  28 , for review). Although the PolScope™ is 
expensive, this real-time approach does not require 
fi xation or staining of the oocytes. Furthermore, this 
imaging system provides a noninvasive approach, 
therefore apparently not rendering the oocyte nonviable, 
as is the case with confocal microscopy  (29,   30) . 
Visualization of the bifringent spindle can predict fer-
tilization potential, embryo development and clinical 
outcome  (31–  35) . Indeed, absence of the spindle has 
been associated with lower probability of fertilization, 
lower likelihood of embryo cleavage and blastocyst 
formation  (31) , and lower implantation rates  (33) . Of 
interest, despite a signifi cantly higher proportion of 
abnormal spindles in older women  (36) , is the fact that 
surprisingly there appears to be no relationship between 
the extent of spindle retardance and patient age  (27) . 
While several authors have suggested that the PolScope 
may be used to reduce spontaneous abortions by 
screening out the oocytes with chromosomal aberra-
tions  (37) , no rigorous studies have been performed to 
confi rm this possibility. Nevertheless, detection of the 
position of the spindle may avoid damage from ICSI 
since spindle location does not always correlate with 
PBI position  (32) .  

  2.4 Zona Pellucida 

 During oogenesis, a glycoprotein coat- the zona 
pellucida (ZP)- is laid down around the developing 
oogonium. This structure is comprised of three layers 
(see  38 , for review) and plays a fundamental role in the 
fertilization process. The structure is also thought to 
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provide a protective coating to the embryo as it tra-
verses the reproductive tract  (39) , prior to release of 
the embryo during the “hatching” process, with subse-
quent interaction between the trophectoderm and uter-
ine epithelium at implantation. Because of the wide 
variation in thickness and also appearance of the ZP 
(Fig.  2 ), studies have investigated the relationship 
between zona appearance and developmental compe-
tency. Twenty years ago, Cohen et al.  (40)  studied the 
association between the extent of ZP variation within 
an embryo (Z variation) and its implantation potential. 
This study, which showed that implantation rates were 
signifi cantly increased with increasing variation in 
thickness, laid the foundation for other studies assess-
ing the relationship between ZP thickness and embryo 
viability. While the results of one study showed that 

zona thickness was inversely related to the likelihood 
of pregnancy  (41) , a more recent analysis revealed that 
adding Z variation to embryo selection was only ben-
efi cial in embryos of poor morphological grade  (42) . 
Consistent with the Cohen study, pregnancy rates were 
positively associated with Z variation after transfer of 
poor quality embryos. Shen et al.  (43) , have further 
analyzed the relationship between implantation poten-
tial, ZP thickness, and the structure of the three overt 
ZP layers using the Polscope™,. They found that thick-
ness was signifi cantly increased, and the mean magni-
tude of light retardance was nearly 30% higher in the 
inner ZP layer of oocytes contributing to conception 
cycles compared to non conception cycles. They offer 
this technique as a new option in oocyte selection.   

  2.5 Summary 

 Based on the above discussion, it is clear that numer-
ous studies have attempted to correlate morphological 
appearance of the oocyte with embryo developmental 
competency. Despite the recognized shortfalls of cor-
relating oocyte appearance with cytoplasmic maturity, 
fi ndings from several studies do support some relation-
ship between oocyte abnormalities and compromised 
embryonic development. In addition, there is some 
data in support of an association between implantation 
potential and Z variation, and/or retardance of the inner 
zonal layer. However, further work is required to assess 
the true benefi t of oocyte assessment in selecting the 
best embryo. In this context, sperm morphology ,and 
in particular integrity of sperm chromatin is a critical 
consideration.   

  3 Embryo Morphology  

  3.1 Single-Day Scoring 

  3.1.1 Pronuclear Stage Embryos 

 Oocytes are typically evaluated for fertilization status 
14–16 h after ICSI and 16–18 h after standard insemi-
nation. At the fertilization check, the presence and 
number of pronuclei (PNs) are recorded. A diploid 

  Fig. 2    Micrographs of oocytes with zonae pellucidae of varying 
thickness and appearance. ( a ) An oocyte with a zona of average 
thickness (~17  μ m) and smooth outer edge; ( b ) An oocyte with 
a thick zona (~30  μ m) and a rough outer edge. The  bar  repre-
sents 20  μ m       



148 S.T. Ceyhan et al.

zygote will exhibit 2PN, while other variants include 
those failing to fertilize (0PN), or having either a sin-
gle PN, or more than 2PN. 

 After sperm entry into the ooplasm, the oocyte 
resumes meiosis to release the second polar body at 
telophase II. The retained female haploid chromatids 
form the female PN and the sperm DNA decondenses 
to form the male pronucleus. Within the pronuclei, the 
nuclear precursor bodies (NPB; the sites for rRNA 
synthesis) become visible. These dynamic structures 
vary in size, shape, and number as they migrate within 
the nucleus, eventually merging to reduce the overall 
number. Due to the importance of the NPB’s in devel-
opment, many studies have investigated a possible 
association between implantation potential and their 
disposition  (44,   45) . These studies have given rise to 
various PN scoring systems that refl ect the size, num-
ber, and position of the NPBs in each of the PNs. 

  PN Scoring Systems 

 The original PN scoring system as devised by Tesarik 
and Greco  (44) , correlated NPB size, number, and dis-
tribution with implantation potential. Six patterns of 
PN morphology were distinguished; 0 (normal): the 
number of NPB in both PN never differed by more than 
three; (1) Big difference (>3) in the number of NPB in 
both PN, (2) Small number (<7) of NPB without polar-
ization in at least one PN, (3) Large number (>7) of 
NPB with polarization in at least one PN, (4) Very small 
number (<3) of NPB in at least one PN, (5) Polarized 
distribution of NPB in one PN and nonpolarized in the 
other. They found that pattern 0 was associated with 
higher pregnancy rates than patterns 1–5 (50% vs. 9% 
clinical pregnancy rate, respectively), although the dif-
ferences did not reach statistical signifi cance. 

 Subsequent to the establishment of the above scoring 
system, Scott et al.  (45)  advanced another scoring sys-
tem based more on nuclei size and alignment, although 
also including NPB number and distribution. Using 
these criteria, four categories were developed: Z-1, Z-2, 
Z-3, and Z-4. The Z-1 zygotes exhibited polarized 
NPBs, with each PN having the same number; Z-2 
zygotes exhibited equal numbers and sizes of NPBs 
which were equally scattered in the two nuclei; Z-3 
zygotes had either equal numbers of NPBs in each PN 
but with polarization only evident in one, or unequal 
numbers or sizes of NPBs between the two PNs; Z-4 

zygotes had unequal numbers of NPBs with or without 
PN alignment. Examples of zygotes exhibiting various 
Z-scores are shown in Fig.  3 . Results showed an equiva-
lent increase of 1.6-fold in implantation rates when this 
Z-scoring system was included in embryo selection.  

 Numerous other studies have assessed whether the 
PN scores are correlated with improved outcomes. The 
balance of publications shows a relationship between 
PN scoring (with or without day 3/day 5 grading) 
and improved embryo development  (46–  48) , and/or 
increased pregnancy and implantation potential  (49–
  51 ; reviewed by  52) . Further, several studies have 
reported that PN morphology also predicts blastocyst 
formation  (45)  and embryo chromosomal constitution 
 (53–  55) . Inconsistent with these fi ndings, however, 
Salumets et al.  (56)  failed to show a relationship 
between zygote scores and embryo quality or implan-
tation, and Payne et al.  (57)  found that use of a 
Z-scoring model provided no additional benefi t to 
embryo selection as compared with a standard cleav-
age stage embryo morphology model. Moreover, when 
analyses were performed exclusively with transfers 
involving embryos with unique zygote scores, no sig-
nifi cant differences in live birth rates were observed 
among embryos having Z-1, Z-2, or Z-3 scores  (58) . 

 It is unclear why the utility of the  Z -score for 
embryo selection varies among investigators. However, 
several possibilities exist: (a) Given the dynamic nature 
of PN formation  (59) , including NPB distribution, 
migration, coalescence, and dissolution, the timing of 
evaluation is of critical importance; (b) Zygotes formed 
from ICSI reveal their PNs approximately 4 h earlier 
than those formed by routine insemination  (60) , indi-
cating that the method of fertilization must be taken 
into consideration when evaluating pronuclear embryos; 
and (c) Accurate assessment of the 3-dimensional 
disposition and number of NPBs is challenged not 
only by the diffi culty of visually memorizing spatial 
organization of the structures through multiple focal 
planes, but also because the procedure must be per-
formed rapidly to avoid prolonged exposure of the 
zygote to light, and to temperature and pH shifts.  

  The Cytoplasmic Halo 

 In addition to the disposition and appearance of the 
pronuclei, attention has also been given to the cytoplasmic 
“halo”. This refers to the clear ring-like region, located 
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immediately under the oolemma, which represents cyto-
plasmic streaming as organelles [particularly mitochon-
dria  (61)]  are translocated towards the center of the 
zygote (Fig.  3b ). Similar to the confl icting results regard-
ing relevance of the Z-score for embryo selection, dis-
agreement exists with respect to the utility of using the 
cytoplasmic halo as a marker of embryo quality. Some 
studies report improved quality of embryos derived from 
zygotes having a halo  (56) , with increased blastocyst for-
mation  (62) , and implantation  (63) . Interestingly, how-
ever, in cases of extreme halo visualization, there appears 
to be a negative effect on blastocyst development  (48) . 
The few studies attempting to relate the presence of a 
halo to pregnancy have also produced confl icting data; 
Salumets et al.  (56)  found no relationship; in contrast, 
Stalf et al.  (64)  found a positive association.   

  3.1.2 Cleavage Stage Embryo 

  First Mitotic Division (“Early Cleavage”) 

 The timing of human embryos through the fi rst mitotic 
division occurs over a wide interval, ranging from 20 
to beyond 27 h after zygote formation  (65,   66) , with a 
majority entering this division between 25 and 27 h. 
Within this timeframe, one can expect four classes of 
embryo  (67) : (a) those still at the 2PN stage; (b) those 
at the 0PN stage (i.e. that have undergone syngamy, 
breakdown of the PN membranes and their subsequent 
fusion; (c) those at the 2-cell stage; and (d) those 
exhibiting more than 2 cells. 

 In view of the variance in developmental kinetics 
among embryos, considerable attention has focused on 

  Fig. 3    Micrographs of zygotes showing various  Z -scores (Scott, 
44). ( a ) A Z-1 zygote showing polarized NPBs of equal number; 
( b ) a Z-2 zygote showing equal numbers and sizes of NPBs, equally 
scattered in the PNs; note also the clear cytoplasmic region ( arrow ), 

representing the “cytoplasmic halo”; ( c ) a Z-3 zygote showing 
unequal numbers and sizes of NPBs between the two PNs; and 
( d ) a Z-4 zygote with non-alignment of the PNs and unequal num-
ber and distribution of NPBs. The  bar  represents 20  μ m       
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the possibility that those zygotes that complete this fi rst 
division fi rst, have the highest developmental compe-
tence. Over 10 years ago, Shoukir et al.  (68)  designated 
those embryos that had reached the 2-cell stage by 25-h 
post-insemination as having undergone “early cleavage”. 
These investigators found that more clinical pregnancies 
were associated with transfers of “early cleavage” 
embryos as compared with those not involving “early 
cleavage” embryos (33.3% vs. 14.7%;  p  = 0.04). 

 Following this fi rst report, the time to fi rst cell divi-
sion has been extensively studied as a predictor of 
improved pregnancy outcomes. However, precise tim-
ing for evaluating zygotes for early cleavage remains 
to be defi nitively established. Majority of studies have 
selected a 25–27 h time window  (69–  71) , with only a 
few taking into consideration a possible earlier devel-
opmental programming of ICSI zygotes (e.g. 25–26 h 
vs. 26–27 h, respectively;  72) . Regardless, most inves-
tigations have confi rmed the fi ndings of Shoukir et al. 
that early cleavage is associated with increased develop-
mental potential, as assessed by blastocyst formation 
 (73)  and clinical pregnancy rates  (70,   74) . However, at 
least one study has failed to show any such relationship 
when examining only mononucleated 4-cell embryos 
on day 2  (75) . 

 It is unknown why early cleavage stage embryos 
appear to yield embryos of high quality. However, it 
may be hypothesized that (a) they have improved syn-
chronization of cytoplasmic and nuclear maturation, 
and overall higher metabolic fi tness; and/or (b) that 
sperm quality is implicated, as refl ected by superior 
contribution of centrioles to the oocyte since these are 
required for entry into the fi rst mitotic division  (71) . 

 While very few studies have addressed a possible 
relationship between morphological features of the 
2-cell embryos and quality of cleavage stage embryos, 
it has recently been concluded that 2-cell embryos with 
blastomeres of even size result in more “top” quality 
day 2 embryos than those with blastomeres of “uneven” 
size (77% vs. 46.3%,  p  < 0.0001;  (72) ).  

  Second and Third Mitotic Divisions 

  Cell Number 

 Development of the 1-cell zygote progresses through 
the early mitotic divisions to reach the 8-cell stage on 
day 3 of culture (Fig.  4 ). However, determination of 

precise developmental timeline for human embryos can 
only be accurately assessed using time-lapse cinema-
tography. Unfortunately, such an approach has not been 

  Fig. 4    Micrographs showing ( a ) a 2-cell embryo; note the 
mononucleated blastomeres, each exhibiting a single nucleus; 
( b ) a 4-cell embryo; note that the blastomeres are slightly asym-
metric and that one of them exhibits a single nucleus ( arrow-
head ); ( c ) an 8-cell embryo showing perfectly symmetric 
blastomeres and no fragmentation. The  bar  represents 30  μ m       
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used in the clinical IVF setting due, presumably, to the 
attendant risks to the embryos (e.g. maintenance of a 
stable environment without prolonged light-exposure 
etc.). The next best way to develop growth curves for 
human embryos is to perform intermittent evaluations 
from which timelines can be derived. More than 25 
years ago, this methodology was used by Edwards et al. 
 (76) . Their fi ndings showed that normal human embryos 
progress through pre-implantation development along 
a predictable timeline, with 95% of them estimated to 
reach the 2-cell stage by 33.2 h, the 4-cell stage by 49.0 
h, the 8-cell stage by 64.8 h, and the 16-cell stage by 
80.7 h after insemination. From the data, an “average” 
growth curve was generated for normal development of 
the human embryo up to the 16-cell stage (Fig.  5 ).   

 Consistent with these early observations of Edwards 
and his colleagues, many studies have reported the 
existence of optimal cleavage rates, with those embryos 
cleaving either too quickly or too slowly being associ-
ated with compromised development  (77–  79) . 
Numerous studies have shown a direct correlation 
between the number of cells in day 3 embryos (up to 8) 
and implantation rates following day 3 transfer  (80, 
  81) . Carillo et al.  (82)  demonstrated that embryos with 
at least 8 cells on day 3 resulted in signifi cantly higher 
pregnancy rates when compared to embryos with <8 
cells, and Racowsky et al.  (83)  demonstrated that those 
embryos with exactly 8 cells on day 3 had the highest 
implantation rates. Interestingly, these authors found 
that embryos having more than 8 cells had a signifi -
cantly lower implantation rate than those with 8 cells 
(18.1% vs. 24.9%;  p  < 0.01). This reduced develop-

mental competency of the faster cleaving embryos 
may relate to their increased incidence of aneuploidy 
 (84) . Some authors have also associated cell number 
on day 3 with blastocyst formation rate  (85) , suggest-
ing that an optimal number of blastomeres on day 3 is 
a key developmental feature for further developmental 
progression. Of interest is the observation by Alikani 
et al.that embryos having 7–9 cells on day 3 converted 
to blastocysts at a signifi cantly higher rate than day 3 
embryos with <7 cells or >9 cells  (79) .  

  Fragmentation 

 Human embryos - those of at least some of the other 
higher primates- exhibit the unique feature of extracellu-
lar cytoplasmic structures not associated with blastom-
eres  per se . These structures are typically classifi ed as 
fragments, although it is clear that some may indeed, be 
normal “blebs” that occur transiently during cell division 
 (86) . True fragmentation has many phenotypes character-
ized by differences in size of fragments, percentage of the 
volume of the embryo occupied by fragments, and the 
disposition of this anomaly among the blastomeres (Fig. 
 6 ;  87) . Fragmentation is thought to be secondary to abnor-
malities in cell metabolism or cell division, that may 
refl ect apoptosis  (88,   89)  or anomalies in chromosomal 
segregation  (90,   91) . These abnormalities may arise from 
intrinsic problems within the embryo, and/or from devel-
opmental aberrations caused by poor culture conditions 
 (92) . Regardless, the etiology of fragmentation appears to 
lie in abnormalities in the link between nuclear and cyto-
plasmic cell division (see  93 , for review).  

 There are numerous scoring systems for fragmenta-
tion. The simplest system describes solely the percent-
age of the volume of the embryo occupied by fragments 
(e.g. Score 0 = 0%; Score 1 = < 10%; Score 2 = 
10–25%; Score 3 = > 25%)  (83) . Alternatively, some 
systems provide more detailed information, that 
refl ects the size and location of fragments relative to 
the size and position of nucleated cell (Table  3 ; 87).  

 Fragmentation has been considered a primary 
marker of embryo developmental potential  (78,   87) . 
Numerous studies have shown that highly fragmented 
cleavage stage embryos have severely compromised 
implantation rates  (83) , and one study showed an asso-
ciation between high fragmentation and an increased 
incidence of neonatal malformations  (94) . There is a 
close relationship between the extent of fragmentation 
on day 3 and implantation following day 3 transfer on 

  Fig. 5    The estimated “growth” curve of development of human 
embryos in culture. The  solid line  represents the average devel-
opmental timeline; the  dashed lines  indicate that 95% confi -
dence limits. Reproduced from Fig.  3 , with permission from 
Elsevier  (76)        
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the one hand  (83) , and the likelihood of progressing to 
blastocyst formation and subsequent implantation on 
the other  (95–  97) . Nevertheless, Alikani et al.  (87)  
showed that microsurgical removal of small fragments 
can improve implantation potential of embryos by 
restoring spatial relationship of cells within the embryo 
and prevention of secondary degeneration.  

  Symmetry 

 As a characteristic for assessing embryo quality, sym-
metry typically refers to the size and shape of the blas-
tomeres, rather than an abnormal disposition of the 
blastomeres in the embryo, giving rise to a nonspherical 
overall shape (Fig.  7 ). In embryos with an even number 
of blastomeres (i.e. 4, 6, or 8 cells), and which exhibit 
asymmetry, the asymmetry likely arises from an uneven 
distribution of proteins, mRNA, and various organelles, 
including mitochondria, between the two sister cells 
 (98) . In embryos having an uneven number of blastom-
eres (i.e. 5 or 7 cells), the asymmetry is more likely to 
refl ect an asynchrony in cell division than an uneven 
distribution of cytoplasm. In general, these distinctions 
are not made when evaluating the relationship between 
asymmetry and implantation potential.  

 As compared with cell number or fragmentation, 
fewer studies have assessed the relationship between 
asymmetry and implantation potential. Nevertheless, 
where investigated, embryos with marked cellular asym-
metry have been shown to have substantially reduced 
implantation rates (22.4% vs. 1.4%;  p  < 0.0001  (83) ; 
36.4% vs. 23.9%;  p  = 0.003  (99) ), and this association 
has been found to hold up even after controlling for cell 
number and percent fragmentation  (77) . Interestingly, 
embryos displaying uneven cleavage also had a higher 
incidence of aneuploidy as compared with those having 
even cleavage (29.4% vs. 8.5%;  p  = 0.014, 99). It 
remains to be defi nitively determined whether the spa-
tial arrangement of the blastomeres bears any relation-
ship to developmental competency. However, one study 
failed to show any signifi cance in a multiple logistic 
regression analysis  (100) .  

  Multinucleation 

 The nuclear status of the blastomeres and the presence 
of mononucleation provide an additional means of 

  Fig. 6    Micrographs showing embryos with various patterns and 
degrees of fragmentation. ( a ) An 8-cell embryo with <10% frag-
mentation involving fragments of similar size and localized to 
only one blastomere ( arrow ); ( b ) A 4-cell embryo showing 
10–24% fragmentation involving fragments of various sizes, 
dispersed among the blastomeres ( arrows ); ( c ) A 5-cell embryo 
showing >50% fragmentation involving fragments of various 
sizes ( arrow ). The  bar  represents 30  μ m       
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assessment in the 4-cell embryo. Multinucleation has 
also been correlated with other morphological charac-
teristics of early cleaving embryos such as fragmenta-
tion and cleavage rate  (101) . Jackson et al.  (102)  found 
that multinucleation is associated with decreased 
embryo development potential, implantation, clinical 
pregnancy, and live birth rates and suggested it should 
be included in embryo scoring system. Several more 
recent studies have confi rmed these earlier fi ndings for 
day 2 transfers. Saldeen et al.  (103)  found that equal 
sized, mononucleated blastomeres in four-cell embryo 
were associated with signifi cantly higher implantation 
rates as compared to those with 0–3 mononucleated 
blastomeres (42% vs. 22%;  p  < 0.0005). Interestingly, 
although standard morphologic features were used to 
guide embryo grading, mononucleation of all four 
blastomeres was the only morphologic sign that was 
associated with implantation in this study. These inves-
tigators suggested that four mononucleated blastom-
eres are important markers for selecting an embryo for 
transfer. Consistent with this conclusion, embryos with 
multinucleated blastomeres have been associated with 
a higher rate of aneuploidy and chromosomal abnor-
malities  (104,   105) , and a lower rate of blastocyst for-
mation  (73,   106)  when compared to embryos with 
mononucleated blastomeres  (101) .  

  Compaction 

 As with symmetry, relatively few studies have considered 
compaction in cleavage stage embryos as a potential 

 Pattern  Degree 

 Type 1  Minimal in volume, and fragments are associated typically with one blastomere  W1  0–5% 
 Type 2  Localized fragments predominantly occupying the perivitelline space  W2  6–15% 
 Type 3  Small, scattered fragments may be in the cleavage cavity or peripherally positioned  W3  16–25% 
 Type 4  Large fragments distributed through the embryonic mass and are associated with asymmetric cells  W4  26–35% 
 Type 5  Fragments appear necrotic, with characteristic granularity and cytoplasmic contraction within the 

intact blastomeres 
 W5  >35% 

  Table 3    Fragmentation system, as proposed by Alikani  (87)     

  Fig. 7    Micrographs showing embryos with various degrees of 
asymmetry. ( a ) A 10-cell embryo exhibiting blastomeres moder-
ately asymmetrical in size and shape (note the supernumerary 
sperm attached to the zona pellucida); ( b ) An 8-cell embryo 
exhibiting blastomeres severely asymmetrical in size and shape; 
( c ) An 8-cell embryo exhibiting severe distortion of blastomere 
spatial arrangement, in addition to having severely asymmetric 
blastomeres (a few supernumerary sperm are attached to the 
zona pellucida). The  bar  represents 30  μ m       
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predictor for implantation potential. This phenomenon 
begins as early as the 8–16 cell stage on day 3, although 
is typically observed as a prelude to morula formation 
on day 4. Since the degree of compaction in day 4 
embryos, is associated with implantation potential 
 (107) , the possibility exists that “early compaction” on 
day 3 may also be an important positive predictor of 
development. The process of compaction is character-
ized by gradual decreased resolution of the blastomere 
membranes as cell to cell adherence proceeds and tight 
junctions form  (108)  (Fig.  8 ).  

 The presence of compaction was used in a com-
bined embryo grading score on day 3 by Desai et al. 
 (109) . Although pregnancy rate was found to increase 
with the transfer of a compacting embryo, no statistical 
association between compaction and pregnancy was 
obtained. In contrast, in a study by Skiadas et al.  (110) , 
“early compaction” was signifi cantly associated with 
implantation depending upon the degree of fragmenta-
tion. In embryos having  ≥ 8 cells and displaying <10% 
fragmentation, early compaction was associated with a 
signifi cantly higher implantation rate, whereas, in 
embryos with  ≥ 10% fragmentation, early compaction 
was negatively associated with implantation.    

  3.1.3 Morula 

 In contrast to the numerous studies assessing the rele-
vance of morphological characteristics in cleavage 
stage embryos for selection, relatively little attention 
has been given to grading embryos on day 4 at the 
morula or early blastocyst stage. Nevertheless, at least 
two studies have shown that criteria such as degree of 

compaction, extent of fragmentation, and cytoplasmic 
vacuolization are useful markers for developmental 
competency when selecting at these stages  (107,   111) . 
For example, the Feil  (111)  scoring system on day 4 is 
as follows: Grade 1: early blastocyst, with cavitation or 
compacted embryo; Grade 2: grade 1 compacted 
morula with one or more morphological anomaly; 
Grade 3: partially compacted embryo with vacuoles or 
excessive fragmentation present, or embryo with 8 
cells or more and without any sign of compaction; 
Grade 4: embryos with 8 cells or more, with no signs 
of compaction and having vacuoles or excess frag-
ments, or embryos with less than eight cells, and with 
no sign of compaction.  

  3.1.4 Blastocyst 

  Development of Systems for Blastocyst Culture 

 Support for the sustainability of mitotic activity and 
normal embryo metabolism is crucial for blastocyst 
development in vitro. Blastocyst culture was fi rst 
reported by Steptoe et al.  (112)  and then, 20 years later, 
live births, following transfer on day 5, were docu-
mented  (113) . However, the live-birth rate was only 
10%, and the application of blastocyst transfer did not 
become routine until the late 1990’s following 
improved understanding of the metabolic needs of the 
blastocyst and the physiological changes which may 
occur in the human reproductive tract. 

 While sequential media, designed to mimic the 
environments of the fallopian tube and uterus, paved 
the way for establishing blastocyst culture and transfer 

  Fig. 8    Micrographs showing embryos with various degrees of 
compaction. ( a ) An 8-cell embryo exhibiting minimal compac-
tion; the blastomere membranes are readily discernible; ( b ) 
A 6-cell embryo showing moderate compaction; blastomere 

membranes are less distinct; ( c ) A embryo showing a high 
degree of compaction making it diffi cult to count the blastom-
eres; the blastomere membranes are fusing as tight junction for-
mation gets underway       
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as a routine option in the IVF laboratory  (114,   115) , 
several other single media have since been proven to 
have comparable effi cacy  (116 ; see  117 , for review). 
However, despite these developments, it is likely that 
none of these systems precisely mimics the oviduct 
conditions  (117) . Furthermore, practical implementa-
tion of blastocyst culture also involves consideration 
of the increased costs of culture media, increased 
embryologist time required to set-up and maintain 
these extended cultures, and the increased risk of 
monozygotic  (118) , as well as monochorionic  (119)  
twinning.  

  Patient Selection 

 Despite the current availability of media that support 
reasonable blastocyst formation rates of around 
40–50% in good prognosis patients, it is still not known 
to what extent we make concessions in terms of 
implantation capacity or, especially, viability through 
the extended culture duration. Specifi cally, it remains 
to be clarifi ed how many of the embryos that sustain 
their development under in vivo conditions would be 
able to reach the blastocyst stage under in vitro condi-
tions. Indeed, at least with the culture media available 
a decade ago, extending culture to day 5 signifi cantly 
reduced the likelihood of pregnancy in those patients 
with no 8-cell embryos, as compared with those who 
underwent a day 3 transfer  (120) . 

 Despite the above caveats regarding blastocyst cul-
ture and transfer, studies have shown that this approach 
results in improved implantation rates compared with 
cleavage stage transfer  (121,   122) , and also improved 
pregnancy rates either in unselected patients  (122)  or 
only in select, good prognosis patients  (121) . In this 
setting, good prognosis patients include those having 
at least 10 follicles  (121)  or oocytes  (123) , or at least 
four embryos  (124)  or a minimum of at least three 
8-cell embryos  (120) . 

 There are three primary reasons underlying the 
potential benefi t of day 5 transfer: (a) Extended culture 
may assist in determination of the most competent 
embryo  (125 ; see  126 , for review) by the introduction 
of the paternal transcript and activation of the embry-
onic genome which occurs around the 4–8 cell stage 
 (127) . Indeed, the probability of normal embryonic 
genome expression is higher among embryos that form 
blastocyst  (128) , although some aneuploid embryos 

are capable of reaching the blastocyst stage  (129) ; (b) 
In blastocyst transfer, there is shorter exposure of the 
embryo before implantation to possible deleterious 
adverse conditions in the uterus induced by supra-
physiological concentrations of gonadotropins  (130, 
  131) ; and (c) when the transfer is performed at this 
relatively later stage, uterine contractions may be 
dampened leading to a reduced risk of embryo expul-
sion and higher implantation rates  (132) . 

 The above potential advantages of blastocyst trans-
fer aside, some studies have revealed comparable 
implantation rates between day 3 and day 5 transfer 
 (47,   133) . Moreover, whether blastocyst culture and 
transfer is benefi cial for poorer prognosis patients 
(such as those with repeated implantation failure, or 
having exclusively bad quality embryos on day 2 or 
day 3) remains to be confi rmed despite a few studies 
demonstrating some benefi t  (134,   135) .  

  Blastocyst Scoring System 

 Since the two cell lineages in the blastocyst perform 
unique roles (the trophectoderm giving rise to the 
embryonic component of the placenta, while the inner 
cell mass forming the embryo per se), it is not surprising 
that the scoring system for assessment of blastocyst 
quality appraises both cell types. The system advanced 
by Gardner et al.  (136) , is that most typically used for 
blastocyst selection. It takes into consideration the size 
of the blastocoelic cavity and whether the blastocyst is 
hatching, in addition to assessment of the organization 
and number of cells within the inner cell mass and the 
trophectoderm (Fig.  9 ).     

  3.2 Multi-Day Scoring 

 It is well established that a large proportion of human 
pre-implantation embryos undergo deviant develop-
ment, failing to follow expected normal developmental 
timeline  (76,   138)  by either cleaving too slowly or too 
quickly. This fact has provided the rationale for inves-
tigating whether multiple evaluations through early 
pre-implantation development may improve selection 
compared with a single evaluation, performed shortly 
before transfer. Indeed, a large number of studies have 
been performed in recent years in which various 
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combinations of days for scoring have been chosen 
(see  139 , for review), and systems for evaluation have 
been proposed. 

 Appraisal of this literature shows that there is no 
consensus on (a) the optimum day(s) for evaluation; 
(b) the statistical methods used for data analyses and 
interpretation; or (c) the scoring system to use for 
selection. Nevertheless, many systems have been 
advanced (Table  4 ), and several of these have been 
adopted for widespread use (see  139 , for review). 
However, the need for even more sensitive morpho-
logical approaches has become apparent, as pressures 
to perform SET have increased (see Chapter “Elective 

Single Embryo Transfer ” ).  
 There are numerous reasons for the lack of an 

established morphological grading system. First and 
foremost, many studies have involved datasets in which 
the developmental fate of each embryo was not 
traceable to a viable implantation  (109,   143–  146) . 

The assumption in these studies has been that the pre-
dicted “best” embryo, was the one that implanted in 
the case of singleton pregnancies, when more than one 
embryo is transferred. However, without proof that the 
identifi ed “best” embryo was indeed, the one that suc-
cessfully gave rise to the fetus, the conclusions must be 
interpreted with caution. Secondly, the vast majority of 
scoring systems have been derived from retrospective 
analyses, with only a handful reporting prospective 
assessment with demonstrated improvement in selec-
tion  (147,   148) . Thirdly, a “numerical scoring system” 
for selection is frequently based on assignment of 
seemingly arbitrarily weighted values without multi-
variate analyses being performed  (47,   109,   149) ; such 
multivariate analyses or Spearman rank order correla-
tion are necessary for developing a model in which 
prediction for implantation is precisely refl ected by the 
score  (100,   150) . Fourthly, many studies have involved 
datasets involving both day 3 and day 5 transfers  (145, 
  147) , an approach likely to reduce utility of the analy-
ses due to various confounders relating to patient selec-
tion bias, culture infl uences (e.g. probable improved 
overall quality of embryos cultured to day 5, possible 
loss of developmentally competent day 3 embryos not 
supported by extended culture conditions), and vari-
ances in uterine receptivity. Fifthly, datasets involving 
transfer of more than one embryo may introduce fur-
ther confounding due to possible inter-embryo coop-
eration/interaction whereby a poorer quality embryo 
may either increase or decrease the likelihood of a bet-
ter quality embryo implanting or, conversely, a better 
quality embryo may enhance the independent implan-
tation potential of one considered of poorer quality 
 (151) . Sixthly, possible confounding caused by inter-
embryologist variance in grading (particularly for 
those embryos of marginal quality) may reduce the 
accuracy of a system  (149) . Lastly, data is sparse 
regarding rigorous prospective testing of any specifi c 
selection algorithm to prove that its implementation 
does, indeed, improve embryo selection. 

 Collectively, published studies in this fi eld show that 
derivation of selection algorithms have used various 
paradigms regarding the days and times for scoring, 
morphological characteristics recorded, and the trans-
formation and statistical analyses of the data. The utility 
of any of these subjective evaluations is likely tempered 
by several factors including: (a) the unique morpho-
logical phenotype of each embryo; (b) the dynamic 
nature of early development, thereby highlighting the 

  Fig. 9    Scoring system for human blastocyst. Blastocysts are 
initially given a numerical score from 1 to 6 based upon their 
degree of expansion and hatching status: (plus 1) Early blasto-
cyst, the blastocoel occupies less than half the volume of the 
embryo; (plus 2) Expanding blastocyst, the blastocoel occupies 
half the volume of the embryo or more; (plus 3) Full blastocyst, 
the blastocoel completely the embryo, but the zona is not 
thinned; (plus 4) Expanded blastocyst, the blastocoel volume is 
now larger than that of the early embryo and the zona is thin-
ning; (plus 5) Hatching blastocyst, the blastocyst has completely 
escaped from the zona. The second step in the scoring procedure 
involves grading those blastocysts with a Score of 3–6 for devel-
opment of each of the trophectoderm and inner cell mass as indi-
cated in the fi gure. Reproduced from Fig. 7.1 in  (137) , with 
permission from Taylor & Francis, London       
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need to evaluate embryos within discrete time windows; 
(c) the lack of precise correlation between aneuploidy 
and morphology  (152) ; and (d) the diffi culties associ-
ated with categorical grouping of continuous variables 
(e.g. fragmentation).  

  3.3 Summary 

 The balance of studies shows that one or more morpho-
logical parameter on any one day of culture indepen-
dently provides predictive value in embryo selection. 
Whether multi-day, as compared with single day, scor-
ing consistently aids in embryo selection remains to be 
defi nitively proven. The central question is, to what 
extent does appearance on one day refl ect appearance at 
a previous stage of development? Moreover, any poten-
tial advantage of multi-day scoring must be weighed 
against possible detrimental effects of environmental 
perturbations (light exposure, temperature and pH shifts 
etc), caused by serial evaluations. Finally, precision and 
consistency of scoring among embryologists within and 
across laboratories must be taken into consideration. 

 Logic would dictate that, an embryo showing normal 
development on day 3, is likely also to have exhibited 
normal development earlier in culture; this concept is 
supported by the fi nding that there is, indeed, a link 
between day 1 and day 3 morphologies  (153,   154) . It may 
well be, therefore, that only one morphological assess-
ment, immediately before transfer, is suffi cient to select 
the developmentally most competent day 3 embryo. The 
burden of proof rests on demonstrating, unequivocally, 
that more than this single observation improves selection. 
This can only be accomplished using multivariate analysis 

of a pristine dataset of embryos of known developmental 
fate, and preferably involving only SETs to rule out any 
infl uence of inter-embryo interactions. Using such an 
approach, preliminary data from our group has shown 
that no additional benefi t is accrued from early cleavage 
and day 2 assessments over that obtained exclusively 
from evaluation on day 3 (Racowsky et al. unpublished 
data). However, there is considerable overlap in the mor-
phological appearance of those embryos that successfully 
implant versus those that fail, indicating that, as con-
cluded by Guerif et al.  (69)  other methods for embryo 
selection must be developed.   

  4 Analysis of Spent Culture Medium  

 Although morphological grading certainly contributes to 
prediction of implantation potential, the data obtained has 
limitations, indicating the need for new selection methods 
with greater sensitivity. Two different broad approaches 
are being investigated: that of spent culture media assays, 
which are low risk and give insight regarding the pro-
teomic and metabolomic profi les of the embryos, and 
biopsy of polar bodies, blastomeres or trophectoderm, 
which may have attendant high risks to embryo health 
and provide information regarding the genomic and tran-

scriptional status (see  155 , for review; Table  5 ).  
 Spent culture media analyses can be considered to fall 

into two broad classes: targeted analyses on the one hand, 
and “profi ling” approaches on the other (Fig.  10 ; see 
 (156) , for review). While the profi ling approach of “fi n-
ger printing” (i.e. assessment of the intracellular compart-
ment) might provide a more accurate refl ection of embryo 
viability, current technologies would require blastomere 

 Culture medium assays  Oocyte PB/TE biopsy  Cleavage embryo biopsy 

 Genomic  N  Aneuploidy screening  Aneuploidy screening 
 Transcriptomic  N  Qualitative RT-PCR; quantitative 

RT-PCR; mRNA amplifi cation + 
microarrays a,b  

 Qualitative RT-PCR; quantitative 
RT-PCR; mRNA amplifi cation + 
microarrays a,b  

 Protein  Human leukocyte antigen-G  N  N 
 Metabolites  Amino acids; a  infrared analyses; a  

mass spectroscopy a  
 N  N 

  Table 5    Comparison of various strategies for embryos selection, based on risk, nearness to phenotype, and amount of information 
obtained (Risk increases from left to right, nearness to phenotype increases from top to bottom)     

  PB  polar body;  RT - PCR  reverse transcription polymerase chain reaction;  TE  trophectoderm;  N  not possible, at least with current 
technology 
  a Systems biology approaches;  b technologies that are theoretically possible but not yet demonstrated in principle 
 Modifi ed from (155), (Table  1 ), with permission from Reproductive Biomedicine Online 
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destruction. Therefore, “footprinting” (i.e. assessment of 
the extracellular compartment), is currently the approach 
being used. Regardless, the overall goal is to obtain infor-
mation on the metabolism of each embryo, which can 
then be used either alone, or in conjunction with, morpho-
logical evaluation to assist in selection.  

  4.1 Targeted Analyses 

 Targeted analyses involve identifi cation and quantifi ca-
tion of defi ned metabolites that are related to a specifi c 
pathway or to intersecting pathways of pre-implantation 
embryos with their in vitro conditions  (156) . Such anal-
yses provide insight into aberrations in genetic  (157, 
  158)  or cellular metabolism and rely on measurement of 
substances either taken up or secreted into the medium 
(Fig.  11 ),  (137) .  

  Fig. 10    Different strategies to study the metabolome in the context of functional genomics.  Nu , nucleus;  Cyt , cytoplasm. 
Reproduced from  (156) , with permission from Wiley       

  Fig. 11    Uptake and secretion of specifi c nutrients by the 
embryo. Diagram depicting examples of nutrients that either 
decrease or increase in concentration depending upon their 
uptake or secretion by the embryo in culture. LDH, lactate dehy-
drogenase; sHLA-G, soluble histocompatability antigen class I 
G; HOXA10, homeobox platelet activating factor. Reproduced 
from Fig. 7.5 in  (137)  with permission from Taylor & Francis, 
London       
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  4.1.1 Pyruvate and Glucose 

 Leese et al.  (159)  has proposed that “quiet” metabo-
lism rather than “active” metabolism is associated with 
increased embryo viability. This quiet metabolism is 
proposed to refl ect a basal state in which there is a 
minimal or reduced rate of oxygen consumption and 
nutrient uptake  (159,   160) . In embryos developing to 
the blastocyst stage, pyruvate uptake occurs through 
day 4, while uptake of glucose continues through day 
5 and exceeds that of pyruvate  (161,   162) . Based on 
these early fi ndings, several studies have measured 
pyruvate and glucose uptake in relation to blastocyst 
formation and quality  (161–  163,   163–  165) . Since 
absolute uptake of pyruvate by embryos during the 
fi rst 3 days varies over a wide range  (165) , any correla-
tion with viability is tricky. Not surprisingly, therefore, 
confl icting data exists. While some studies show that 
uptake of both energy substrates appears related to 
blastocyst formation  (162,   164) , others have failed to 
reveal such a relationship either for pyruvate  (166)  
alone, or for both pyruvate and glucose  (167) . 

 Taken together, while there may be a relationship 
between pyruvate and/or glucose uptake and embryo 
quality, the data appears somewhat confl icting and few, 
if any, laboratories are using these assays for routine 
embryo selection.  

  4.1.2 Amino Acids 

 It is well established that amino acids play an impor-
tant role in cellular metabolism in terms of energy 
expenditure (ATP production, protein synthesis, as 
osmolytes, and for maintaining intracellular pH). Not 
surprisingly, therefore, studies have assessed the rela-
tionship between amino acid concentrations in spent 
culture media as related to embryo viability  (168,   169) . 
A relationship between depletion of several amino 
acids from the culture medium has been associated 
with blastocyst formation, with leucine being the most 
consistent marker in this regard  (169) ; conversely, of 
those most consistently produced, alanine was present 
at the highest level through development. Interestingly, 
although the concentrations of glycine, asparagines, 
and leucine correlated with pregnancy and live-birth, 
those for two of them (glycine and leucine) were sig-
nifi cantly lower in the medium of those embryos that 
implanted, while that for asparagine was increased. 

Moreover, the only amino acid concentration that was 
associated with embryo quality was glutamine  (168) . 
Based on the above fi ndings, the authors suggested 
that amino acid turnover measurement in spent culture 
medium could aid in selection of the most viable 
embryo for transfer. However, the high performance 
liquid chromatography systems employed are unlikely 
to provide a practical screening method for routine use 
in IVF laboratories due to the long turnaround.  

  4.1.3 Soluble Human Leukocyte 
Antigen-G (sHLA-G) 

 Several recent investigations have assessed the effi cacy 
of sHLA-G as a marker of implantation potential 
 (170–  172) . The rationale for these studies rests on the 
facts that: (a) sHLA-G is thought to play a critical role 
at the maternal-embryonic interface as implantation 
proceeds  (173,   174) ; and (b) the cytokine is synthe-
sized primarily by trophoblast  (175) . Jurisicova et al. 
 (176)  were the fi rst to report that the extent of HLA-G 
mRNA expression was associated with increased 
cleavage rate in human embryos, and that this mole-
cule may therefore play an important role in human 
pre-embryo development. Consistent with this possi-
bility, Fuzzi et al.  (172)  showed implantation to occur 
only in women having embryos transferred with 
sHLA-G detection in culture supernatants, and Noci et 
al.  (170)  and Fisch et al.  (177) , respectively, found that 
pregnancies only occurred in women who had at least 
one or two transferred embryo that secreted sHLA-G. 
Interestingly, however, neither of these groups found a 
direct correlation between embryo morphology and 
sHLA-G levels, and at least one other investigation 
failed to detect any sHLA-G in human embryo spent 
culture media  (178) . In contrast, a more recent study 
by Desai et al.  (171)  observed that expression of sHLA-
G was, indeed, associated not only with implantation 
potential, but also with increasing cell stage. 

 Collectively, the contrasting results described above 
refl ect the technical diffi culties associated with mea-
suring sHLA-G in spent culture media (see  179 , for 
review). A multitude of assay systems have been 
employed with a wide range of sHLA-G concentra-
tions being reported. Whether sHLA-G is a useful non-
invasive biomarker for embryo viability awaits further 
clarifi cation that may be dependent on development of 
more sensitive assays.   
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  4.2 Profi ling Studies 

 Only within the last couple of years have profi ling 
studies been performed for analysis of the “metabo-
lome” of the spent culture media (see  180 , for review). 
The metabolome is defi ned as the low molecular 
weight metabolites (typically <3,000  m/z ) that repre-
sent the end products of cell regulatory processes. 
Moreover, unlike analysis of mRNA (i.e. assessment 
of the transcriptome), proteins and metabolites are 
functional entities within the cell  (181) . Thus, metabo-
lomic analysis gives information of the cellular func-
tion, and defi nes the phenotype of the cell based on the 
genotype and in response to a variety of nutrient or 
environmental changes  (156) . 

 While changes in the levels of individual enzymes 
may be expected to have little effect on metabolic 
fl uxes, they can and do have signifi cant effects on the 
concentrations of the variety of individual metabolites. 
In addition, as the downstream result of gene expres-
sion, changes in the metabolome are amplifi ed relative 
to changes in the transcriptome and the proteome, 
which is likely to allow for increased sensitivity. 
Finally, it is known that metabolic fl uxes are regulated 
not only by genetic expression, but also by post-tran-
scriptional and post-translational events, together 
implying that the metabolome is an accurate refl ection 
of the phenotype  (182) . 

 The profi ling approach does not require identifi ca-
tion and quantifi cation of specifi c metabolites. Rather, 
it involves the analysis of a wide range of metabolites 
with the objective of identifying one or more that is 
associated with a specifi c biological outcome (in our 
case, viable embryos). Comparisons of the amount of 
one or more metabolite in spent medium of viable 
embryos are made with that in the spent medium of 
nonviable, unsuccessful embryos to enable distinc-
tion of unique metabolic characteristics of viable vs. 
nonviable embryos. Clearly, replication of profi les 
within the two embryo classes (viable and nonviable) 
is critical if the approach has validity in embryo 
selection. 

 To date, near infrared spectroscopy  (183,   184)  
RAMAN spectroscopy  (183,   185) , and Fourier trans-
form infrared spectroscopy  (155)  have all been used to 
screen embryo spent culture media. Following such 
spectroscopic analyses, mean spectra associated with 
viable and nonviable embryos have been obtained, 
from which identifi ers of viability have been derived 

(the “viability index”  (185) , or a “discriminant function” 
 (155) . Of interest, the spectral regions most predictive 
of outcome (ROH, -SH, C = C, –CH, –NH, and –OH 
groups) are sensitive to reactive oxygen species. As 
such, these fi ndings indicate that oxidative modifi ca-
tion may be refl ected in embryo viability. However, as 
expected, there is some over-lap between the indices 
for viable and nonviable embryos  (183) , and there is 
considerable inter-patient and inter-embryo variation 
regarding the embryo viability score  (184) . Nevertheless, 
this technology appears to have a higher degree of accu-
racy for selecting viable embryos, relative to that 
obtained exclusively from morphological evaluation 
(53.6% vs. 38.5%;  184) .  

  4.3 Summary 

 In theory, there is great attraction for developing a new 
noninvasive technique for embryo selection that has 
practical application in the IVF clinic. This technique 
must have a proven high sensitivity and specifi city, be 
reasonably priced and easy to use, and involve a short 
turnaround for selection of embryos for fresh transfers. 
While several target analyses have been explored, to 
date, none of these fulfi ll all these prerequisites. Of more 
promise, profi ling approaches using metabolomic 
techniques such as near infrared spectroscopy and 
RAMAN spectroscopy may provide the high through-
put technologies needed and which meet these criteria. 
However, available data are preliminary, no applica-
tion of any algorithm has been applied for prospective 
embryo selection in the clinic, and larger prospective 
trials are needed to prove overall effi cacy.   

  5 Clinical Applications Summary  

 The over-arching goal of embryo selection is to identify 
that embryo within a cohort with the highest implanta-
tion potential and with no genetic or epigenetic defects. 
To this end, morphological associations continue to be 
studied, while genomic, proteomic and metabolomic 
technologies are all under investigation. However, until 
effi cacy is proven with these newer technologies, mor-
phological assessments will remain the fi rst-line 
approach for noninvasive embryo evaluation. 
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 Several oocyte gross morphological characteristics, 
in addition to presence of a birefringent spindle, have 
been associated with implantation potential of the 
embryo. However, the application of these characteris-
tics is limited not only by our incomplete understand-
ing of what constitutes a normal oocyte, but also by the 
obvious exclusion of sperm contribution to embryo 
quality. In the absence of identifi ed standard genomic 
or proteomic markers for oocyte quality (e.g. in associ-
ated follicular fl uid or cumulus granulosa cells) any 
inclusion of oocyte markers in an algorithm for embryo 
selection will remain of limited value. 

 A wide range of studies have been conducted in 
attempts to identify not only the best day for embryo 
evaluation, but also which morphological markers pro-
vide the greatest power for predicting implantation 
potential. While numerous studies show that one or 
more morphological parameter on any one day has 
independent predictive value, the association among 
these independent predictors, both within and across 
days, has not been clearly elucidated. Currently, there 
is no consensus regarding an algorithm for embryo 
selection. Furthermore, the effi cacy of any selection 
algorithm may vary from one IVF program to another, 
since a multitude of variables, in addition to embryo 
quality, may impact on whether an embryo will 
implant. Aside from the health of the gametes (as 

affected by parental age, genetic backgrounds and life-
time environmental exposures), the ovarian stimulation 
along with culture conditions/embryo manipulations, 
the day of transfer and uterine receptivity issues all play 
a role (Fig.  12 ). Therefore, we recommend that each 
program should develop its own algorithm for morpho-
logical scoring.  

 The prevailing need is to identify a marker(s) that 
refl ects the cellular phenotype of viable embryos. 
Targeted approaches to screen spent culture media 
have been investigated since study of a single target 
(e.g. sHLA-G, or amino acid turnover) provides some 
insight as to the overall phenotype. However, none of 
these approaches are ready for prime time due to prob-
lems associated with inadequate sensitivity, specifi city, 
need for specialized, expensive equipment, and/or 
staffi ng expertise. Of great promise, metabolomic pro-
fi ling may provide the much searched for technique, 
by enabling accurate insight into the cellular pheno-
type of the embryo, which can then be applied to 
develop a genetic algorithm for embryo selection. 
However, effi cacy of this approach is not proven and 
there is a critical need for prospective testing in trials 
with large numbers of patients. Whether metabolomic 
profi ling, either alone or in conjunction with morpho-
logical grading, becomes the routine method for 
embryo selection ,awaits the test of time.      

  Fig. 12    Diagram showing 
the multitude of variables 
that impact upon the 
probability of an embryo 
implanting.  OA  obstructed 
azoospermia;  NOA  
non-obstructed 
azoospermia       
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    Abstract     In the early days of IVF, replacement of 
several embryos in order to compensate for low 
implantation rates in the human was considered good 
clinical practice. Lack of funding, suboptimal embryo 
culture and selection techniques and pressure from 
patients led to a staggering 50% of all children born 
after IVF/ICSI belonging to a set of multiples. The fi rst 
step towards a more reasonable approach came when it 
was shown that transferring two or three embryos did 
not infl uence the pregnancy rate but only the triplet 
rate. Unfortunately, this step in the right direction did 
n ot result in a decrease of twins. Although the chal-
lenge of a triplet pregnancy is much greater than that 
of a twin, the epidemic size of iatrogenic twinning 
results in a more widespread negative effect on neona-
tal, perinatal and maternal outcome. The challenge is 
to combine excellent pregnancy rates with a reduction 
in twinning rate from 25–30% to 5–10%. The second 
step has received much attention but little following: 
elective single-embryo transfer (eSET). Published data 
indicate the feasibility to perform judicious eSET. This 
is defi nitely the case in good prognosis patients (less 
than 36 years of age, fi rst or second IVF/ICSI trial) and 
if there is a choice from several embryos. Embryo 
selection, still on the basis of an optimized morphol-
ogy assessment using strict criteria and time intervals, 
is essential. Apart from the preventive effect on the 
complications associated with many (but not all) twin 
pregnancies, both health-economic considerations and 
neonatal outcome considerations also underpin the 
value of SET. Cryopreservation is a useful tool in an 

optimal strategy and management of all oocyte 
harvests.  

  Keywords   IVF/ICSI  •  Multiple pregnancy  •  Com-
plications  •  Single-embryo transfer  •  Embryo selection    

  1 Introduction  

 Twins can be dizygotic (70%) or monozygotic (30%). 
Monozygotic twinning used to occur at a stable inci-
dence of around 1/250 (0.4%) births worldwide. An 
increase in MZ twinning reaching 2–3% has been 
recorded since the early days of ART  (1) . Complications 
are more frequent in the later stages of separation of 
monozygotic twins    and dizygotic twins; because there 
are many more twins than triplets in absolute number, 
more complications are the consequence of twins than 
of triplets. However, because of their much higher 
absolute numbers, dizygotic twins are the major cause 
of complications. The increase in twinning after ART 
is mainly an exponential rise in dizygotic twins, directly 
related to the fact that more than one embryo is trans-
ferred in IVF/ICSI  (2) . The effect of increased age, at 
which women bear children in modern societies, is 
responsible for about one quarter of this increase. In 
addition, many multiple pregnancies (MPs) are the 
result of so-called controlled ovarian hyperstimulation 
 (3) . High-order multiple pregnancies (HOMPs) are 
also strongly increased after ART and the complica-
tions are even more severe. It has been silently accepted 
that a high proportion of iatrogenic twins and HOMPs 
was the price to be paid for a reasonable success rate of 
a treatment that is physically and emotionally demand-
ing and often expensive. An increased fi nancial cost for 
multiple pregnancies, deliveries and neonatal care has 
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been demonstrated  (4–  8)  and severe emotional stress 
has been reported by parents of multiple births  (9,   10) . 

 MPs cause several pathologies  (11–  23) , comprising 
both maternal and foetal/neonatal risks and complica-
tions. The main risk involved is prematurity. In single-
tons, prematurity occurs in 6–7% of births; in twins the 
incidence is >50% and in higher multiples it is >90%. 
Prematurity results in increased neonatal and infant 
mortality, a higher incidence of low and very low birth 
weight neonates, and more intraventricular haemor-
rhage, neonatal enterocolitis, respiratory distress syn-
drome and sepsis. Cerebral palsy is fi ve times more 
frequent in twins than in singletons. Maternal risks are 
also increased and comprise pre-eclampsia, gestational 
diabetes, myocardial infarction, heart failure, venous 
thrombo-embolism, pulmonary oedema, postpartum 
haemorrhage and an increased chance for caesarean 
section and caesarean hysterectomy  (24–  27) . These 
medical risks are accompanied by long-term compli-
cations: subtle neuro-linguistic development disorders, 
parenting stress and sibling-stress. All of these adverse 
outcomes have to be paid for by patients, insurers and 
society  (28–  30) . It is becoming gradually accepted that 
the incidence of iatrogenic twinning should be kept 
within reasonable limits. A philosophical argument 
has focussed on the fact that we have responsibility 
for our children’s health from the start of their lives 
 (31,   32) .  

  2 Clinical Data on Set  

  2.1 Published Randomized Trials 
Comparing Outcome of Infertility 
Treatment 

 Five truly prospective randomized trials have been 
published, four European studies, of which two util-
ised day 3 SET  (33,   34)  and two mostly day 2 SET  (35, 
  36) , and one American study using single blastocyst 
transfers  (37)  (Table  1 ). In our own study, patients 
were randomised between receiving one vs. two top 
quality embryos, strictly defi ned as an embryo with 
<20% fragmentation, four or fi ve blastomeres on day 2 
and  ≥ 7 blastomeres on day 3 after fertilisation and no 
multinucleation in any of the blastomeres. Such 
embryos were shown to have an ongoing implantation 
potential of ~40%  (38) . A Finnish study concluded 
that a 32.4% pregnancy rate after SET is not signifi -
cantly different from a 47.1% pregnancy rate after 
double embryo transfer (DET   )  (34).  In a Scandinavian 
study, women <36 years of age in their fi rst or second 
attempt were randomized to receive either one excel-
lent fresh embryo  and  one frozen/thawed embryo in 
case no pregnancy occurred (Group 1+1) vs. two fresh 
embryos (Group +2)  (35) . It showed that a strategy of 
1+1 transfer (39.7%) did not result in a substantial 

 Author   N  cycles  PR SET (%)  Twins (%)  PR DET (%)  Twins (%) 

  Randomised trials  
 Gerris et al.  (33)   53  10/26  (38 .5)  1/10  20/27  (73)   6/20  (30 .0) 
 Martikainen et al.  (34)   144  24/74  (32 .4)  1/24  33/70  (46 .1)  6/33  (18 .2) 
 Gardner et al.  (37)   48  14/23  (64 .9)  0/14  19/25  (75)   9/19  (46 .4) 
 Thurin et al.  (35)   661  91/330  (27 .6)  1/91  144/331  (42 .5)  52/144  (36 .1) 

 + cryo  131/330  (39 .7)  1/131 
 Van Montfoort et al.  (36)   308  51/154 (33.)  0/51  73/154  (46 .4)  13/73  (17 .8) 
 Total  906  190/607  (31 .3)  3/190  (1 .58)  289/607  (46 .6)  86/289  (29 .8) 

  Cohort studies  

Reference  N  cycles PR SET (%) Twins (%) PR DET (%) Twins +HOMPs(%)

 Gerris et al.  (60)   1152  105/299  (35 .1)  1/124  309/853  (36 .2)  105 + /309  (35 .6) 
 De Sutter et al.  (62,   63)   2898  163/579  (28 .2)  1/163  734/2319  (31 .7)  219 + 4/734  (30 .4) 
 Tiitinen et al.  (61)   1494  162/470  (34 .5)  2/162  376/1024  (36 .7)  113/376  (30 .1) 
 Catt et al.  (96)   385  49/111  (43 .1)  1/49  161/274  (56 .8)  71/161  (43 .1) 
 Gerris et al.  (28  )      367  83/206  (41 .3)  0  65/161  (41 .4)  20/65  (30 .8) 
 Martikainen et al   .  (34)   1111  107/308  (34 .7)  1/107  255/803  (31 .8)  n.a. 

 187/308  (64 .7) 
 Total  7407  669/1,973  (33 .9)  6/591  (1 .0)  1,900/5,434  (35 .0)  537/1,645  (32 .6) 

  Table 1    Randomized studies and cohort studies comparing SET with DET     

 (Data for the Martikainen 2001 study and the Thurin 2004 study show both the fresh and the cryoaugmented pregnancy rates) 
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reduction in ongoing pregnancy rate when compared 
with 2-embryo transfer (43.5%). The fresh PR was 
91/330 = 27.6% after SET vs. 142/330 = 43% after 
DET (OR= 1.56; 95%CI = 1.26–1.93). An American 
study compared the transfer of one with two day 5 
embryos in a selected good prognosis group   . Higher 
pregnancy rates were found in the DET-group but the 
pregnancy rate in the SET group was very high (~60%) 
(~37). In a Dutch study, eSET was compared in 
unselected patients with DET; all twins were prevented 
in the SET group but the pregnancy rate after DET was 
twice as high (40.3%) as after SET (20.4%). The mean 
rate of fresh pregnancy after SET in the four studies 
was 31.3% with 1.58% twins and 47.6% after DET 
with 29.8% twins. A formal Cochrane meta-analysis 

came to a similar conclusion  (39) .   

  2.2 Published Cohort Studies Describing 
Fertility Treatment Outcome After SET 
and DET 

 The mean pregnancy rate in a total of 7,407 cycles 
after SET was 33.9% with 1.0% twins vs. 35.0% after 
DET with 32.6% multiple pregnancies (Table 1 ) . In 
most of these studies, SET was elective, i.e. was per-
formed only if an excellent quality embryo was avail-
able in a cohort of embryos. These data suggest that 
elective SET (transfer of a high competence embryo) 
yields the same pregnancy rate as indiscriminate two-
embryo transfer. This is because the high success rate 
after the transfer of two high competence embryos is 
balanced down by the low success rate after the trans-
fer of two poor quality embryos. Recently, excellent 
results have been published from prospective nonran-
domized studies in selected patients in Australia, the 
USA, India and the UK (39,  40–  42)  where use has 
been made of single blastocyst transfer in selected 
good-prognosis patients.  

  2.3 Opinion Papers 

 Some authors have spoken in support of single-embryo 
transfer, while others have expressed arguments against 
the application of single-embryo transfer. Single-embryo 

transfer has received support in the US  (43) . Others 
have stressed the importance of counselling and edu-
cating patients as well as staff members  (44) . On the 
other hand, some have argued that according to US 
guidelines, eSET appears to represent an appropriate 
transfer option for only a small minority of IVF 
patients. They consider indiscriminate SET (not advo-
cated by any author) to be unrealistic and that it should 
be reconsidered  (45) . Arguments against SET are 
mostly of a non-medical nature and are related to val-
ues and circumstances characteristic for the societal 
context rather than to evidence. Reviews have shown 
arguments to optimize, not maximize IVF results 
 (46–  48) .  

  2.4 A Balanced Appraisal 
of Published Results 

 Published data illustrate two points of paramount impor-
tance with respect to SET. First, cryopreservation is a 
very important tool in reducing twins after IVF/ICSI. 
Second, transferring the “two best” embryos always 
yields more pregnancies than transferring “the” best 
embryo. This is clearly shown when comparing the 
results after SET vs. DET between the randomised and 
the cohort studies. In the randomized there is a clear dif-
ference between both (DET: 216/453 vs. SET: 139/453; 
OR = 1.55; 99% CI = 1.24–1.94   ). In the non-random-
ized there is no difference. The fi ne point in  elective  
SET is that it is closely tied up with optimal embryo 
selection and that it should only be applied if an embryo 
with putative high competence is available  (38) . The 
essential point that should not be missed is that opti-
mized embryo selection, however and for whomever it 
is performed, is a tool that can be used in two opposite 
directions. It can be used to perform SET in a substantial 
proportion of patients, maintaining an overall PR in the 
vicinity of the natural conception rate for a normally fer-
tile couple (~30%) but lowering the twinning rate sub-
stantially. Or it can be used to perform optimised 
two-embryo transfer in that same patient population, 
increasing the overall PR to well over 30% but “accept-
ing” a substantially elevated twinning rate. The decision 
is a matter of judgement, a trade-off between outcome 
and complications and very much dependent on societal 
values and circumstances.  
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  2.5 The European Experience with eSET 

 Belgium has resorted to a legal regulation regarding 
eSET  (49) . Six attempts of IVF/ICSI are covered by 
the government but the maximum number of embryos 
that can be transferred has been set, depending on the 
age of the woman and on the rank of the trial. The crux 
is that savings (mainly neonatal) from the reduction in 
twins and the disappearance of triplets make up for the 
money needed to cover six cycles, thus providing 
access to treatment to all who need it and at the same 
time ensuring quality outcome  (49) . There is also com-
pulsory on-line registration of all cycles. Pivotal in the 
whole exercise is the judicious application of SET. 
Depending on the woman’s age and the rank of the 
trial, the maximum number of embryos to transfer is 
regulated. All women <36 years of age in their fi rst 
cycle receive one embryo, independent of its morpho-
logical assessment. In older women or in subsequent 
cycles, the number of embryos to transfer never 
exceeds two except in women >39 years of age, where 
there is no imposed maximum. 

 Table  2  shows data from the Belgian Registry of 
Artifi cial Reproduction (BELRAP) on the fi rst year 
after the funding regulation. There has been a rise in 
the number of SET cycles and a drastic reduction of 
twins   . Twins have dropped from ~25 to ~10%. The 
evolution of the number of embryos transferred and of 
singleton and multiple pregnancies over a longer 
period of time for the whole of Belgium is illustrated 
in Figs.  1 – 2 . In Finland, SET has been applied widely 
for several years. On a national level, the incidence of 
IVF/ICSI twins has signifi cantly decreased and even 
the total national birth registry shows a decrease in the 

proportion of twins  (50) . SET has been combined very 
successfully with cryopreservation  (51)  and was shown 
to be very successful in oocyte donation  (52) . In 
Sweden, the practice seems to be in concordance with 
the regulation of the National Board on Health and 
Welfare stating that in principle only one embryo 
should be replaced apart from exceptional circum-
stances, which seem to be loosely defi ned. The inci-
dence of twinning after IVF/ICSI has dropped in these 
countries from >20 to <10%. With increasing eSET 
being performed, cryopreservation has become more 
important  (51,   53)  and the criterion for success after 
IVF/ICSI is now considered to be the  cumulative  rather 
than the per transfer chance for a  singleton  pregnancy, 
multiples being considered as a risk, a complication, or 
even as a failure. In Germany, the Embryo Protection 
Act rules that no more than three oocytes can be cul-
tured further than the two pronuclear (2PN)-stage and 
no embryos can be frozen. This compels the German 
embryologists to select the embryos for transfer at the 
2PN-stage, which hinders the application of SET. 
Switzerland and Austria have a similar ruling. In Italy, 
no more than three oocytes can be fertilised  and  all the 
embryos that result  have to  be replaced. Ethical con-
cerns about respect of human life and protection of the 
family and offspring have the deplorable effect of bur-
dening women with a legislation that is not refl ecting 
biomedical reality  (54) . Dutch IVF centres seem con-
vinced of the value of SET as testifi ed by an increasing 
number of Dutch publications addressing clinical or 
health-economic aspects of SET  (36,   55,   56) . In the 
UK, there is at present legal restriction of two to the 
number of embryos to transfer, except in exceptional 
circumstances. The British Human Fertilization and 

 <36 years  36–40 years 

 Rank  1  2  3–6  7 
 No. of cycles  5,728  2,033  732  183  1,497  594  278  92 
 No. of transfers (94%)  5,384  1,921  691  170  1,371 (93%)  546  259  87 
 No. of embryos transferred 
 1  4,918  807  98  71  344  135  55  13 
 2  426  1,103  581  82  968  382  114  58 
 3  28  7  12  14  50  28  86  13 
 No cycles with +hCG  1,880  697  213  74  419  135  66  34 
 % per cycle  33  34  29  40  28  23  24  37 
 % per ET  35  36  31  43  31  25  26  39 

  Table 2    Results from the BELRAP showing results after the fi rst full year of implementation of the reimbursement regulation in 
Belgium (July 2003-June 2004)    
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Embryology Authority (HFEA) has stated that it would 
like to move to SET and has installed a SET working 
group which is studying how and when to implement 
SET. Several recent papers from British authors 

support the introduction of SET  (48,   57) . Southern 
European countries (France, Spain, Portugal, Greece), 
to date, have neither produced clear evidence of a sub-
stantial proportion of SET cycles nor have legislation 

  Fig. 1    Evolution of the number of embryos replaced over the years 1992–2005 in Belgium       

  Fig. 2    Evolution of the number of singleton, twin and triplet deliveries over the years 1992–2005 in Belgium. Because funding 
legislation started per 1st of June 2003, changes in twin percentages are to be viewed per year since June 2003       
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in place to limit the maximum number of embryos to 
transfer.      

  3 Indications and Exceptions: 
Set for Whom?  

 The essential prerequisites to introduce elective SET 
are simple. There must be a high base-line ongoing PR 
of the program in the group of good prognosis patients 
(e.g. fi rst and second cycles in women <38 years of 
age) in combination with a compellingly high MP rate, 
and there must be an effi cient cryopreservation pro-
gram. There is a distinction between compulsory, med-
ical and elective SET. In compulsory single-embryo 
transfer (cSET), the only available embryo is often of 
poor quality and the mean implantation rates in pub-
lished series of cSET are low (Table  3 )  (58,   59,   64–  67) . 
There are women in whom a multiple pregnancy repre-
sents an  a priori  increased risk [e.g. those with con-
genital anomalies of the uterus, bad obstetrical history, 
previous loss of a twin, previous severe prematurity in 
a singleton, insuffi ciency of the cervical isthmus, 
severe systemic disease (e.g. insulin dependent diabe-
tes)], which constitute absolute contraindications 
against two-embryo transfer. By defi nition, elective 
SET means that there is choice from among two or 
more embryos suitable for transfer, with the purpose of 
transferring only one embryo. The challenge is to 
defi ne the subgroup of patients who should receive one 
embryo.  

 A number of retrospective studies examined which 
clinical factors correlate with the chance for pregnancy 
or MP  (60–  62) . These were based on the transfer of 
two or more embryos. Most of the factors that were 
found to correlate (age being the single most impor-
tant), are in fact themselves correlated with intrinsic 

embryo implantation potential (e.g. number of oocytes, 
number of normally fertilised 2PN-zygotes, number of 
“good looking” embryos, low dose of FSH needed, 
good ovarian response), emphasizing the dominant 
impact of the embryo factor as compared to the patient 
(uterine?) factor. Others have approached the problem 
using theoretical mathematical prediction models  (68, 
  69)  or made recommendations towards two-embryo 
transfer  (70–  74) . One study tried to identify patients 
most suitable for SET on the basis of a multivariate 
analysis of >2,000 IVF/ICSI cycles with two-embryo 
transfers. These were found to be women <35–37 years 
of age in their fi rst or second treatment cycles, with at 
least two embryos and without tubal pathology as an 
indication for IVF  (75) . A specifi c group that should 
be actively counselled towards SET are women who 
obtained a non-ongoing pregnancy in a fi rst IVF/ICSI 
cycle  (76,   77) . In some countries SET is performed up 
to 38 or even 40 years of age. Above that age, transfer 
of more than one embryo is more liberal.  

  4 Set and Embryo Selection  

 Documented ongoing implantation is the gold standard 
for a particular embryo’s competence. Published data 
show it to be a gradual biological variable, varying 
between 0% for the “worst” and ~60% for the “best” 
embryos. Labelling an embryo as a “top quality 
embryo” or a “high implantation potential embryo” or 
a “putative high competence embryo” remains clini-
cally useful, when communicating with patients, but 
intrinsically oversimplifi ed this gradual implantation 
potential. 

 Is has been previously shown that embryos with 
multinucleated blastomeres have very low implantation 
rates of ~5%  (78–  83) . Morphological and functional 

 Reference  No of compulsory SETs  No of implantations  IR (%)  No of live births  LBR (%) 

 Giorgetti et al.  (58)    858   88  10.3   62   7.2 
 Vilska et al.  (59)     94   19  20.2   15  16.0 
 Gerris et al.  (60)     86   26  30.2   19  22.1 
 Tiitinen et al.  (61)    205   39  19.0   31  15.1 
 De Sutter et al   .  (62  )    211   21  10.0   19   9.0 
 Total  1454  193  13.3  146  10.1 

  Table 3    Published results of compulsory single embryo transfers. IR: implantation rate; LBR: live birth rate    
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characteristics that have been studied comprise of the 
following: morphology of the oocyte; ATP content and 
mitochondrial distribution in oocytes; pronuclear 
membrane breakdown; number and symmetry of dis-
tribution of nucleolar bodies in zygote pronuclei; early 
(25–27 h after fertilisation) or late fi rst cleavage for 
day 2 embryos; number and symmetry of blastomeres, 
fragmentation and presence or absence of multinucle-
ation in early cleaving embryos; number of blastom-
eres undergoing compaction and the morphology of 
the compaction process in day 4 morulae and blasto-
cyst morphology in day 5 or day 6 embryos. Dynamic 
characteristics such as pyruvate and glucose metabo-
lism or amino acid turnover have also been studied but 
not in an immediate clinical context. 

 Morphology alone cannot disclose whether a par-
ticular embryo will implant or not, because we are 
looking at a statistical correlation, not at an individual 
measurement and because morphology alone cannot 
disclose all the information contained in the embryo. 
Studies utilizing day 5 embryo transfers usually report 
highly selected patients  (37,   39,   40) . Culturing several 
high quality day 3 embryos, if available, to blastocysts 
may add selective power, increasing the chance to 
transfer  the  best embryo available, but this subgroup of 
patients is limited to those with at least four good qual-
ity embryos on day 3  (84) . No single static observation 
gives all the information contained in an embryo’s 
morphology. It is more logical to consider that a com-
bination of  different  observations, preferably refl ecting 
 different  aspects of implantation potential, should be 
used. Although some centres proclaim excellent results 
after single blastocyst transfer, others found the merit 
of blastocyst transfer not to exist for the overall popu-
lation  (85–  91) . It should be underlined that to obtain a 
high ongoing pregnancy, numerous factors impact on 
embryo competence in the IVF/ICSI treatment chain, 
including ovarian stimulation, optimized laboratory 
conditions at oocyte retrieval and embryo transfer, 
transfer technique and endometrial receptivity.  

  5 The Role of Cryopreservation  

 One benefi t of SET is an increase in the number of 
embryos available for cryopreservation. Optimized 
cryopreservation of embryos after SET is part of the 
strategy to decrease multiple pregnancies  (92) . It 

increases the cumulative PR per oocyte harvest and 
ideally allows patients who “desire” a twin pregnancy 
to have their “delayed” twin. In a group of 127 Finnish 
patients, cryopreservation increased the PR per patient 
to 62.4% and the delivery rate to 52.8%  (51,   67) . In the 
Scandinavian study  (35) , the transfer of one frozen/
thawed embryo after a failed fresh cycle was able to 
increase the cumulative PR (39.5%) to that observed 
after the transfer of two embryos (43.5%). In the Dutch 
study  (56) , the cumulative ongoing PR rose from 24 to 
34% in SET patients and from 34 to 38% after DET, 
loosing signifi cance between SET and DET. An 
Australian group performed a fresh transfer of either a 
single blastocyst or two blastocysts (pregnancy rates of 
44% and 59%, respectively) followed by a frozen/thaw 
cycle involving transfer of a maximum of two embryos, 
rising the PR per patient to 74% in the SET group and 
70% in the DET group, respectively  (93) . The twin-
ning rates were 2% vs. 44% for the fresh SET vs. the 
fresh DET and 5% vs. 28% after cryoaugmentation. 
A small recent Japanese study of 66 patients  (94)  
obtained a fresh PR of 44.9% in 66 fresh SET cycles 
and a cryoaugmented PR of 72.4% after 29 patients 
underwent a subsequent transfer of one frozen/thawed 
blastocyst. In this study embryos had been cryopre-
served by vitrifi cation. Further development of cryo-
technology and increasing application of frozen/
thawed cycles is becoming an integral part of every 
IVF/ICSI program applying SET.  

  6 eSET: Not Only Less Twins 
But Also Better Singletons  

 It has been shown  (23,   95)  that the outcome of single-
tons but not of twins after IVF/ICSI in a standard-two-
embryo program is worse than that of naturally 
conceived singleton or twins. Recently, we found that 
ongoing IVF/ICSI pregnancies showing fi rst trimester 
blood loss had an inferior obstetrical and neonatal out-
come than if no fi rst trimester blood loss occurred  (96) . 
A correlation was found between the incidence of fi rst-
trimester bleeding and the number of embryos trans-
ferred. This provides a further argument in favour of 
eSET. We also found that birth weight of singletons 
born after eSET (3324.6 ± 509.7 g) was higher than 
after two-embryo transfer (3204.3 ± 617.5) ( p  < 0.01) 
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 (97) ; that the incidence of prematurity <37 weeks was 
6.2% for singletons after SET vs. 10.4% after DET 
(adjusted odds 1.77; 95%  CI  = 1.06− 2 .94); and that the 
incidence of low birth weight (<2,500 g) was lower for 
singletons after SET (4.2%) vs. DET (11.6%) (adjusted 
odds = 3.38; 95%  CI  = 1.86− 6 .12). These observations 
are in line with the fact that there appear to be more 
vanishing twins after IVF than previously suspected 
 (98)  and that in utero competition for implantation 
may play a role in the outcome of these pregnancies. 
Hence, eSET does not only prevent the complications 
of twins but also improves the outcome of singleton 
pregnancies.  

  7 Health-Economic Considerations  

 Although the main reason to apply SET is the health 
of the children at the start of their lives, fi nancial con-
siderations are also paramount. The increased utilisa-
tion of hospital care in ART-children is the consequence 
of MP  (6) . The estimated cost for an IVF singleton 
after IVF was calculated to be three times less than 
that of a twin  (5) ; an American group found a twin 
twice and a triplet fi fteen times as expensive as a sin-
gleton  (4) . Others have used a health-economic model 
to establish that SET and DET are fi nancially equiva-
lent per live born child. SET needs more cycles and 
yields less children per cycle but DET yields higher 
obstetrical and mainly neonatal costs per child  (8,   99)  
and these effects balance out each other. A Dutch ret-
rospective cost analysis showed that an IVF twin 
pregnancy costs on average (10,000 more than an IVF 
singleton pregnancy  (55) . In a real-life prospective 
comparison between elective SET vs. DET in women 
<38 years of age in their fi rst IVF/ICSI cycle, elective 
SET of one high competence embryo was as effi cient 
as two-embryo transfer (40% PR on both groups), but 
the cost per child was only approximately half after 
elective SET  (100) . 

 An international survey of IVF costs revealed huge 
differences both in accessibility and cost per cycle 
among countries  (101) . In the USA, the existence of 
(partial) insurance coverage had a decreasing effect on 
the number of embryos transferred  (101) . Funding 
may serve as a leverage to overrule short-sighted con-
siderations for quick success. In Belgium, it has been 
calculated that the money saved by avoiding half of the 

MP would suffi ce to fi nance all IVF/ICSI cycles in a 
year  (102) . This is the basis for the Belgian reimburse-
ment system. A British study also found that redirec-
tion of money saved by implementation of a mandatory 
“two embryo transfer” policy into increased provision 
of IVF treatment could double the number of NHS-
funded IVF treatment cycles at no extra cost and fur-
ther savings could be made if a selective “single-embryo 
transfer” policy were to be adopted  (95) .  

  8 The Patient’s Perspective: 
Information and Counselling  

 Patients need accurate and complete information  (28, 
  63)  about the fact that prevention of MP is possible 
without serious decline in the chances for pregnancy, 
especially if combined with cryopreservation. This is 
particularly true if results are expressed (and patients or 
health insurers charged) per oocyte harvest and not per 
cycle or per transfer. Differences among patients, 
embryologists and clinicians in their perceptions of the 
desirability of MP  (103)  originate in a mix of objective 
and subjective factors. Effective counselling involves 
insight as to how patients think, or feel, about their chances 
of success, and about risks they do not always under-
stand  (104) . A British study investigated whether 
patients’ willingness to accept a hypothetical policy of 
SET changed with the method of providing information 
 (105)  and found that counselling could easily change 
patients’ views. A Danish group found that the delivery 
of a child with very low birth weight and hence morbid-
ity was predictive of high acceptance of SET  (106) . 
They concluded that SET requires extensive counsel-
ling. The importance of full counselling of patients was 
also stressed by an Australian group  (44) .  

  9 How to Implement eSet in Practice?  

 For a particular centre to implement eSET, several pre-
requisites must be fulfi lled:

   1.    The pregnancy rate for the centre must be excellent  
   2.    Clinicians must be willing to decrease a high mul-

tiple pregnancy rate at the expense of a slightly 
lower overall pregnancy rate  
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   3.    Investment in the optimisation of a freeze/thaw 
programme  

   4.    Compatibility with specifi c societal circumstances 
in which the centre works     

 There are the fi ve pillars on which eSET rests to make 
it work:

   1.    Creating awareness among physicians, midwives, 
nurses, mental health practitioners, clinical embry-
ologists, laboratory technicians, insurers, politicians, 
ethicists and all who are directly or indirectly involved 
in promoting good clinical outcome after ART.  

   2.    Marketing the idea of eSET in order to maintain 
pressure on the kettle of ethical medicine.  

   3.    Coming to a formal international agreement on 
patient and embryo characteristics compatible with 
eSET that can be used in all routine clinical IVF 
units throughout the world. The development of 
sophisticated methods of embryo selection for SET 
is to be welcomed. However, to make eSET work 
on a large scale, the focus is on easy, cheap and 
reproducible methods, which at present rely on light 
microscopic observation of cleavage rate and 
morphology.  

   4.    Organizing in-depth counselling by understanding, 
in a cross-cultural way, factors that determine the 
perception of multiple pregnancies all over the 
world, factors that impede eSET and effective meth-
ods to inform patients orally and in writing regard-
ing the risks and complications of multiple 
pregnancies.  

   5.    Creating appropriate funding through any means 
compatible with national health care systems so as 
to strike the balance between reasonable access to 
treatment for all who need it and an acceptable per-
centage of complications.      

  10 Conclusion and Future Perspectives  

 Elective SET, combined with subsequent transfer of 
frozen/thawed embryos, can maintain a high PR with a 
dramatic decrease in MP rate. It has been argued that 
in the near future, SET should be the default policy for 
good prognosis IVF/ICSI patients: if at least one high 
competence embryo is available only one should be 
transferred. This is probably the way to go on a global 
scale and we should welcome that evolution. On the 

other hand, there will always remain a substantial sub-
group of patients in whom the transfer of more than 
one embryo remains unavoidable, acceptable or even 
desirable. Ovarian stimulation schemes might be 
adapted towards a lower dose approach, without com-
promising on the possibility of choice. To fi nd the opti-
mal trade-off between ongoing PR and twinning rate is 
the foremost clinical challenge for each IVF centre. 
Clinical judgements regarding SET differ between 
centres and countries. It should be underlined that it 
has been not been anyone’s intention to implement 
SET in  all  or even in the large majority of IVF/ICSI 
cycles, as insinuated by some authors  (45) . It is also 
clear that in large parts of the world, none of the play-
ers are “ripe” for SET. This is the best reason to con-
tinue the search for optimized embryo selection and to 
exchange clinical experience with SET among differ-
ent types of medical practice both within and across 
countries  (107–  111) .      
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  Abstract   Obesity in reproductive age women is com-
mon and associated with various serious comorbidities. 
In women attempting pregnancy, obesity portends an 
independent risk factor for maternal complications 
such as preeclampsia and gestational diabetes, 
each of which carries its own set of comorbidities. 
Obesity in in vitro fertilization (IVF) patients has 
been associated with increased cycle cancellation 
rates, reduced live birth rates, and increased risk 
of mis-carriage. Additionally, obese and morbidly 
obese women are more likely to encounter delivery 
complications including preterm delivery, fetal 
macrosomia, increased need for induction of labor, 
greater utilization of instrumental delivery and a higher 
risk for emergency cesarean section. We recommend that 
obese and morbidly obese women should be strongly 
counseled regarding the importance of weight reduction 
and offered effective strategies during preconception 
visits and prior to initiation of infertility workup.  

  Keywords   Obesity  •  Polycystic ovarian disease  
•  PCOS  •  IVF outcome  •  Anovulation  •  Hyperin-
sulinemia    

  1 Introduction  

 Recent estimates suggest that approximately 60% of 
U.S. women are overweight, nearly one-third are 
obese and 6% are morbidly obese  (1,   2) . Obesity in 

women is characterized by similar comorbidities as 
in men, namely, increased risk of type II diabetes, coro-
nary artery disease, gall bladder disease, osteoporosis, 
and certain cancers including breast and uterine 
cancer. The relative risk of mortality in the reproduc-
tive age group from obesity-associated complica-
tions in the U.S. is annually 1.83 (CI 1.27–2.62)  (3  ) . 
Unfortunately, over the past decade population-based 
trends show a 40% increase in prepregnancy with 
overweight and obesity and a two-fold increase in 
prepregnancy with morbid obesity in women  (  4) . 
This increase in obesity has several health implications 
during pregnancy. Obesity is an independent risk fac-
tor for maternal complications such as preeclampsia 
and gestational diabetes, each of which carries its own 
set of comorbidities  (5  –  7) . Additionally, obese and 
morbidly obese women are more likely to encounter 
delivery complications including preterm delivery, 
fetal macrosomia, increased need for induction of 
labor, greater utilization of instrumental delivery and 
a higher risk for emergency cesarean section  (5,   7,   8    )  
In each case, the magnitude of risk increases with 
increasing maternal body mass index (BMI). 
Furthermore, adverse neonatal outcomes such as CNS 
abnormalities, shoulder dystocia, stillbirth, and death 
have been associated with maternal obesity, though 
obesity was not an independent risk factor in all studies 
 (6,   7,   9,   10)     .  

  2 Links Between Obesity 
and Reproductive Outcomes  

 Recently, in a study of over 7,000 women fecundity was 
found to be signifi cantly reduced in obese women (OR 
= 0.82, 95% CI 0.72–0.95) compared to  normal-weight 
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women and this was more evident in obese primiparous 
women (OR = 0.66, 95% CI 0.49–0.89)  (11  ) . Importantly, 
these fi ndings persisted even in the subset of women 
with regular menstrual cycles. In a large British study, 
obesity at age 7 and obesity at age 23 independently 
increased the risk of menstrual problems at age 33 
(OR = 1.59, 1.75, respectively,  n  = 5,799)  (12  ) . 
Consistent with these fi ndings, obese women at age 23 
years were less likely to conceive within 12 months of 
unprotected intercourse (RR = 0.69) compared to nor-
mal-weight woman. A cohort study of 53,910 couples 
enrolled in the Danish National Birth Cohort found a 
dose-response relationship between increasing female-
BMI category and subfecundity (time to pregnancy >12 
months; OR = 1.32, 95% CI 1.26–1.37)     (13  ) . These 
studies collectively indicate that obese women are at a 
higher risk of infertility; however, the underlying mech-
anisms are unclear. Many obese women are hyperinsu-
linemic and therefore have endocrine profi les similar to 
women with polycystic ovary syndrome (PCOS). Serum 
hormone profi les are characterized by elevated insulin 
and LH levels, an elevated LH–FSH ratio and low mid-
luteal progesterone levels. This profi le refl ects anovula-
tion and has been referred to as “relative functional 
hyperandrogenism” to distinguish from PCOS  (14  ) . The 
ability of metformin, an insulin sensitizing agent, to 
restore ovulation further emphasizes the role of insulin 
in oocyte development and release in obese individuals. 
In addition, the endocrine changes seen after bariatric 
surgery provide evidence that weight loss helps correct 
the abnormal hormonal milieu that is associated with 
obesity and anovulation  (15  ) . In this study by Teitelman 
et al., the mean menstrual cycle length preoperatively 
among those women categorized as ovulatory and ano-
vulatory was 27.3 and 127.5 days, respectively. Of the 
98 patients who were anovulatory preoperatively, 70 
patients (71.4%) regained normal menstrual cycles after 
surgery. The women who regained ovulation had greater 
weight loss than those who remained anovulatory (61.4 
vs. 49.9 kg,  p  = 0.02) supporting the association between 
obesity and anovulation.  

  3 IVF Outcomes and Obesity  

 With the increasing prevalence of obesity worldwide, 
more women seeking in vitro fertilization (IVF) as a 
treatment for infertility are obese. The data regarding 

the impact of obesity on pregnancy rates after IVF are 
confl icting. This can be partly explained by the lack of 
uniformity in the defi nition of obesity and different 
end points (clinical pregnancy, live birth rate) used in 
these studies. Further, the high proportion of women 
with PCOS among the obese population may also 
infl uence some of the outcomes associated with IVF 
 (16  ) . 

 Given the impact of obesity on obstetric outcomes, 
the end point of IVF treatment in this population should 
be the live birth rate. Live birth, as an outcome measure, 
has been reported by a small number of studies. A few 
studies have shown no effect of increasing BMI on 
IVF success rates after controlling for patients age and 
dose of gonadotropins administered  (17–  19) . In a large 
Dutch study, BMI > 27 was associated with no signifi cant 
difference when live birth rate per oocyte retrieval was 
compared with the normal-weight group  (20  ) . Other 
groups have reported decreased cumulative live birth 
rates after IVF with increasing BMI  (21–  23) . In a study 
from Norway ( n  = 5,019) the cumulative live birth 
rates showed a negative trend with increase in BMI     
(21). BMI  ³  30 had a cumulative live birth rate of 
41.4% after three IVF cycles compared to 50.3% in 
normal-weight women. Similarly, in an Australian 
study ( n  = 3,586) the likelihood of achieving at least 
one pregnancy after assisted reproductive treatment in 
obese women [BMI  ³  30, OR = 0.73 (0.57–0.95)] and 
very obese women [BMI > 35, OR = 0.5 (0.32–0.77)] 
was signifi cantly reduced  (23  ) . 

 We reported live birth rates after IVF in 1,293 
patients (<38 years) undergoing their fi rst fresh IVF 
or IVF with ICSI cycle  (24  ) . Women were divided into 
BMI groups, as determined by weight and height 
measured at the initial IVF consultation [weight (kg)/ 
height (meters)  2  ] based on the World Health Organization 
(WHO) and National Institute of Health (NIH) defi nitions: 
normal weight (BMI < 25), overweight (BMI 25–29.9), 
obese (BMI 30–39.9) and morbidly obese (BMI  ³  40) 
 (1,     25  ) . The study population’s clinical pregnancy 
rate per cycle start was 47.6% with no signifi cant 
difference among the four BMI groups with regard to 
clinical pregnancy (presence of fetal heart beat). After 
adjusting for the year of study, diagnosis of PCOS and 
age with multifactorial logistic regression analysis, we 
did not detect a signifi cant difference in clinical 
pregnancy rate with increasing BMI. The overall 
delivery or live birth rate was 41.6%. We also did not 
fi nd a difference in live birth rate with BMI. This is the 
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only study to include women with BMI > 40. Although 
the morbidly obese women ( n  = 79) had a slightly 
lower clinical pregnancy (41.7 vs. 46.8%) and delivery 
rate (36.7, 41.5%) compared to normal-weight women 
these were not statistically signifi cant. 

 Recently, a meta-analysis reported the odds of live 
birth rate after IVF in women with BMI < 25 as 1.08 
(95% CI 0.92–1.26) compared to BMI  ³  25 (total num-
ber of studies = 3)  (26  ) . In women with BMI < 30 the 
OR for live birth was 1.12 (95% CI 0.91–1.37) when 
compared to BMI  ³  30.In the same analysis, women 
with BMI  ³  25 had a lower chance of pregnancy (bio-
chemical, clinical, ongoing) following IVF (OR = 
0.71, 95% CI 0.62, 0.81) compared with women hav-
ing a BMI < 25 (total number of studies = 6). In women 
with a BMI of < 30, the odds of pregnancy was 1.16 
(95%: CI 0.95, 1.43) when compared with women 
having a BMI of  ³  30. Taken together, data from these 
few studies suggest that obese women may have lower 
clinical pregnancy rates after IVF. Future studies 
examining the effects of obesity on IVF outcomes 
should include live birth as the end point.  

  4 Increased IVF Cancellation Rates  

 Several studies have demonstrated higher rates of IVF 
cycle cancellation prior to oocyte retrieval in over-
weight and obese women  (19,   21        , 27) . We found a 
signifi cantly higher cancellation rate of 25.3% in the 
morbidly obese group ( n  = 79) compared to 10.8% in 
the normal-weight and overweight women ( n  = 978, 
 p  < 0.004)  (24  ) . After adjusting for the year of treat-
ment, age and diagnosis of PCOS, the OR for cancel-
lation in women with BMI  ³  40 compared to 
normal-weight women was 2.73 (95% CI 1.49–5.0). In 
our study, obese women had a cancellation rate com-
parable to overweight and normal-weight women. For 
the patients who did undergo oocyte retrieval, there 
was a signifi cant trend towards increasing length of 
gonadotropin stimulation days with increasing BMI 
( p  < 0.001). Despite the longer stimulation for women 
with increased BMI, the peak estradiol levels showed a 
signifi cant linear reduction across the BMI groups 
( p  < 0.001). All women included in our study were 
administered gonadotropins intramuscularly and for 
women > 91 kgs    2 in. needles were used instead of 
1 and ½ in. needles   . One study has demonstrated lower 

absorption of recombinant FSH in obese women with 
both the intramuscular and subcutaneous routes of 
administration  (28  ) . We examined the second cycles of 
morbidly obese women who were cancelled in our 
study and found a similar high cancellation rate despite 
an increase in gonadotropin dose  (24  ) . Other studies 
have also reported increased gonadotropin use in obese 
subjects undergoing IVF  (21, 29      ) . In a retrospective 
study of 5,019 IVF or IVF/ICSI treatments in 2,660 
couples, a positive correlation was reported between 
BMI and gonadotropin requirement during stimulation 
and a negative correlation between BMI and the num-
ber of oocytes collected  (21  ) . A recent meta-analysis 
showed that BMI  ³  30 was associated with a higher 
odds of cancellation 1.35 (95% CI 0.99, 1.84) compared 
to those with BMI < 30. Similarly, women with BMI  ³  30 
required higher dose of gonadotropins (weighed mean 
differences 361.9, 95% CI: 156.4, 567.4) compared to 
women with BMI < 30. The precise mechanisms for 
increased gonadotropin requirements and higher can-
cellation rate in obese women undergoing IVF remain 
unclear. Although it is possible that obesity may be 
associated with decreased absorption of gonadotropins, 
it has also been suggested that the FSH threshold maybe 
increased resulting in impaired ovarian response in this 
population.  

  5 Miscarriage Rates After IVF 
in Obese Women  

 The data regarding the effects of obesity on miscarriage 
rates after IVF are controversial  (18,   21,   22,   24,       29–  31) . 
One of the reasons for this discrepancy maybe the vary-
ing defi nition of miscarriage used in the above studies 
(less than 6 weeks, up to 20 weeks gestation). We 
detected a higher spontaneous miscarriage rate in obese 
women after IVF as compared to normal-weight women 
 (24  ) . Increased risk of miscarriage in women with PCOS 
has not been shown to be independent of obesity  (16  ) . In 
a large study from Norway after adjusting for diagnosis 
of infertility, the OR for early miscarriage was 1.69 
(1.1.3–2.51,  p  = 0.003) in obese women (BMI  ³  30) 
compared to normal-weight women  (21  ) . Recently, 
there have been two meta-analysis examining the risk of 
miscarriage after IVF. Maheshwari et al. reported an 
increased risk of miscarriage (6–20 weeks) in women 
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with BMI  ³  25 OR = 1.33  (1 .06–1.68) compared to 
BMI < 25, and in women with BMI  ³  30 an increased 
risk of 1.53 (1.27–1.84) compared to women with 
BMI < 30 (number of studies = 10)  (29) . Interestingly, 
in another meta-analysis ( n  = 16 studies) patients with 
a BMI  ³  25 had signifi cantly higher odds of miscar-
riage, regardless of the method of conception (odds 
ratio, 1.67; 95% CI, 1.25–2.25). This study showed that 
both oocyte donor recipients with BMI  ³  25 have sig-
nifi cantly higher odds of miscarriage (OR    = 1.52; 95% 
CI 1.10–2.09) and women treated with ovulation induc-
tion medications (OR = 5.11; 95% CI 1.76–14.83)  (32  ) . 
These fi ndings suggest that the increased risk of miscar-
riage was related to obesity rather than the type of infer-
tility treatment. 

 The studies that report an increased risk of miscar-
riage in obese subjects are not specifi cally designed to 
determine the cause of this association. In a retrospec-
tive study of 712 ovum donation cycles, the rate of 
miscarriage was 13.3% in normal-weight patients, 
15.5% in overweight patients, and 38.1% in obese 
patients (BMI  ³  30)  (1  ,   33  ) . This model suggests that 
altered endometrial receptivity may contribute to the 
increased miscarriage rate observed in obese women. 
More studies are needed especially in the infertility 
population to clearly determine the risk of miscarriage 
with obesity and the potential contribution of predia-
betes/insulin resistance.  

  6 Independent Effect of PCOS 
on IVF Outcomes  

 Although a large number of women with PCOS are 
obese in the US, it is not clear whether the above 
reported effects of obesity on IVF outcomes were 
entirely independent of the effects of PCOS. The 
data on pregnancy outcomes in women with PCOS 
are controversial and IVF studies comparing PCOS 
women to weight-matched controls are limited  (16  ) . 
A meta-analysis (nine studies) demonstrated that the 
cycle cancellation rate was signifi cantly increased (12.8 
vs. 4.1%; OR = 0.5, 95% CI 0.2–1.0), duration of 
gonadotropin stimulation was signifi cantly longer 
(1.2 days, 95% CI: 0.9–1.5) and more cumulus–oocyte 
complexes (2.9, 95% CI: 2.2–3.6) were retrieved in 
women with PCOS as compared with women without 
PCOS  (16  ) . The high cancellation rate may be sec-
ondary to hyperstimulation indicating that these fi ndings 

are not entirely similar to those summarized for obese 
women in this chapter. We examined the independent 
effects of PCOS and obesity in women undergoing IVF 
treatment  (24  ) . We reported the overall cancellation 
rate in the non-PCOS morbidly obese women was 
almost three times higher compared to the PCOS 
women (33.3 vs.12.9%). These fi ndings underscore the 
observed association between obesity and decreased 
ovarian response to exogenous gonadotropins. Overall, 
there was no signifi cant difference in clinical pregnancy 
rates, miscarriage rates and live birth rates in women 
with or without PCOS when matched for obesity and 
morbidly obesity. In a large Australian study discussed 
above, the likelihood of achieving a pregnancy in very 
obese women (BMI > 35) was half that of the normal-
weight group after controlling for the cause of infertil-
ity  (23  ) . The same study reported PCOS to have an 
independent effect on fecundity. Another study has 
reported the OR for live birth rate after IVF as 0.75 
(0.57–0.98,  p  = 0.05) in obese women after adjusting 
for diagnosis of infertility     (21).  

  7 Effect of Obesity on Obstetric 
Outcomes After IVF  

 As mentioned in the Introduction, prepregnancy obesity 
is associated with signifi cant obstetric and neonatal 
complications. Our data confi rm previously reported 
associations between obesity and obstetric complications 
in the infertility population  (6–  8,   24  ) . We have reported 
that women with a BMI  ³  40 undergoing IVF were 
almost twice as likely to have a Cesarean section 
(68.9%) than women with a BMI < 25 (36%,  p  < 0.002). 
Also, there was a signifi cant trend towards increased 
risk of gestational diabetes ( p  < 0.01) and preeclampsia 
( p  < 0.001) with increasing BMI and after adjusting for 
multiple gestation. Morbidly obese patients were also 
more likely than women with a BMI < 25 to develop 
preeclampsia (21 vs. 7%;  p  < 0.001) and gestational 
diabetes (10.3 vs. 3.1%;  p  = 0.03). The risk of preterm 
delivery and multiple births was similar among BMI 
groups. Further, the morbidly obese group had 
signifi cantly higher risk for singleton fetal birth weight 
>4,000 g compared to the normal-weight group (23.5 
vs. 9.7%,  p  < 0.05). 

 Analysis of a large multicenter database in the US 
showed that obesity and morbid obesity had a statisti-
cally signifi cant association with preeclampsia (OR = 
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1.6 and 3.3), gestational diabetes (OR = 2.6 and 4.0) 
and fetal birth weight >4,000 g (OR = 1.7 and 1.9)  (  34) . 
The association between maternal BMI and cesarean 
delivery has been shown to be independent of fetal 
macrosomia  (  4) . The same authors reported that one in 
seven cesarean deliveries of singleton infants were 
attributable to overweight and obesity. Operative and 
postoperative complications in these BMI groups 
include increased blood loss, increased operative time, 
wound infections and endometritis  (35  )   .

  8 Pathophysiology of the Effects 
of Obesity on IVF Outcomes  

 Both ovarian and endometrial mechanisms may con-
tribute to the outcomes of IVF in obese patients. It is 
likely that the impact of obesity on IVF pregnancy 
rates may be secondary to reduced ovarian response as 
refl ected by the high cancellation rate and increased 
requirement for gonadotropins. In addition, we 
reported fewer mature oocytes in women with a 
BMI  ³  40 compared to normal-weight women ( p  < 0.02) 
 (24  ) . Other authors have examined the role of the 
endometrium on IVF outcomes in obese patients. In 
oocyte donation cycles, ongoing pregnancy rates per 
cycle were lower (38.3%) in the overweight ( n  = 450) 
and obese recipient groups ( n  = 122) compared to the 
underweight ( n  = 471) and normal groups ( n  = 1,613, 
45.5%)  (36  ) . Recently, BMI was reported as an inde-
pendent risk factor for the development of endometrial 
polyps in patients undergoing IVF  (37  ) . Although the 
precise effect of endometrial polyps on IVF outcomes 
is unclear, this study showed a positive correlation 
between obesity and occurrence of polyps, size of the 
polyps, and occurrence of multiple polyps. A combi-
nation of higher miscarriage and lower clinical preg-
nancy rates in overweight and obese women after IVF 
could also account for the observed reduced live birth 
rate in some studies.  

  9 Discussion  

 This chapter highlights the increased obstetric risks 
in a population that has undergone a planned inter-
vention to achieve pregnancy and warrants urgent 

attention. This is a target group that may benefi t from 
counseling regarding the complications of obesity in 
early and late pregnancy and perhaps delaying ART 
treatment to allow for weight loss. In 2006, the 
British Fertility Society, which represents profes-
sionals working with assisted conception, issued rec-
ommendations on eligibility for IVF in the National 
Health System (NHS). They suggested that woman 
who are obese or severely overweight (BMI  ³  36) 
should not get IVF treatment until they have lost 
weight  (38  ) . The American Society for Reproductive 
Medicine does not recommend an upper limit for 
BMI prior to IVF. The American Society for 
Obstetrics and Gynecology (ACOG) recommends 
that obstetricians provide preconception counseling 
and education about the specifi c maternal and fetal 
risks of obesity in pregnancy  (5  ) . Setting an initial 
goal of losing 5–10% of body weight over a 6-month 
period is realistic and achievable. The target popula-
tion should include obese women seen at annual 
examinations and also children and adolescents as 
childhood onset of obesity contributes to 25% of 
adult obesity  (39  ) . ACOG further recommends that 
referral for further evaluation and treatment should 
be considered when resources of the clinician are 
insuffi cient to meet the needs of obese women  (40  ) . 
For women with morbid obesity, a combination of 
medications and group lifestyle modifi cations results 
in greater weight loss than medication or lifestyle 
modifi cations alone  (41  ) . Not surprisingly, the epi-
demic of obesity seen in the pregnant population will 
have signifi cant public health implications. It is 
therefore not surprising that countries offering uni-
versal health care wish to implement upper limits of 
weight for infertility treatment. There are currently 
no estimates on the economic impact of obesity on 
pregnancy. We recommend that obese and morbidly 
obese women should be strongly counseled regard-
ing the importance of weight reduction and offered 
effective strategies during preconception visits and 
prior to initiation of infertility workup. Once patients 
are referred for IVF treatment, acceptance of weight 
loss therapies that require delay in child bearing is 
diffi cult. Obese women who do not have PCOS 
should also be counseled regarding their signifi cantly 
increased risk of IVF cycle cancellation. However, 
the obstetrics risk in the obese and morbidly obese 
women who successfully complete an IVF cycle, 
underscores the importance of early initiation of 
weight loss therapies.      
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  Abstract   Oocyte quality impacts early embryonic 
survival and the establishment and maintenance of 
pregnancy. Although meiosis may be completed succe-
s sfully, there are a variety of other processes occurring 
within the cytoplasm of the oocyte that are required 
for complete developmental competence following 
fertilization. Morphological criteria are insuffi cient to 
give information on the oocyte’s developmental abil-
ity, so it is of importance to understand the cellular and 
mole cular basis of the oocyte pathology and determine 
the classifi cation criteria for the selection of oocytes 
with superior developmental ability. In the absence of 
a comprehensive oocyte grading scheme, the power 
of morphological observations to aid oocyte/embryo 
sele ction is reduced. Until the mechanisms underlying 
oocyte quality are elucidated, efforts to apply assisted 
reproductive technologies in the treatment of human 
infertility will not be maximized. Exciting new tech-
nologies and data on oocyte biology have emerged in 
the last few years. In the present review, we briefl y 
consider morphological characteristics with regard to 
oocyte developmental competency and then summa-
rize key cellular and molecular fi ndings as related to 
the pathophysiology of human oocytes. Finally, we 
consider some possible clinical predictors for assess-
ing oocyte quality in ART.  

Keywords Oocyte quality • Oocyte morphology
• Female gamete • Assisted reproduction techniques 
• In vitro fertilization • Intracytoplasmic sperm injection  

  1 Introduction  

 Oocytes play a central role in the establishment of embry-
onic fate. Cellular and molecular events progressively 
provide the oocyte with the ability to complete meiosis 
 (1) , to ensure normal fertilization  (2)  and to undergo 
embryo development  (3) . Any dysfunction or dislocation 
of oocyte components will decrease oocyte competence 
with subsequent detrimental effects on embryo quality  (4,   5) . 
Of the oocytes retrieved after ovarian stimulation, only a 
minority (5–10%) can generate embryos with full devel-
opmental potential  (6) . Furthermore, only a small per-
centage of morphologically normal oocytes give rise to 
pregnancies, suggesting that most of the problems lead-
ing to poor embryonic development and implantation 
failure cannot be detected using standard microscopic 
evaluation. While morphological abnormalities appear 
to be associated with compromised oocyte quality, their 
precise identifi cation and impact on embryo development 
is currently lacking. Characterization of the structural and 
functional defi ciencies will help design strategies to 
improve fertilization and embryo development. 

 In the following review, we provide a summary of 
(1) morphological characteristics as related to oocyte 
developmental competence, (2) cellular and molecular 
fi ndings for understanding the pathophysiology of 
human oocytes, and (3) possible clinical predictors for 
the evaluation of oocyte quality in ART.  

  2 Morphological Characteristics 
of Oocytes  

 When considering oocyte morphology, focus should 
not only include the oocyte, but also its extracellular 
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accompanying compartments and cells, namely the 
cumulus cells, zona pellucida, and perivitelline space. 

  2.1 Extracytoplasmic 

  2.1.1 Cumulus Cells 

 The cumulus cells are the specialized granulosa cells 
that directly surround the oocyte during antral follicular 
development. Importantly, these cells accompany the 
oocyte throughout the development from an immature 
to a fully mature ovulated gamete, as well as beyond, 
as it awaits fertilization in the fallopian tube. Not surpri-
singly, cumulus cells thus serve a pivotal role in support-
ing the oocyte, whether in vivo or in vitro. Considerable 
evidence buttresses the interdependence between cumu-
lus cells and the oocyte, including compromised oocyte 
quality when completing its developmental program 
and maturation in the absence of cumulus cells. Func-
tionally, the oocyte is known to depend on its surround-
ing somatic cells for a myriad of activities, ranging from 
sources of signaling molecules to metabolites  (7–  9) . 
Interestingly, the interdependence between the two cell 
compartments of the cumulus–oocyte complex (COC) 
is reciprocal. Indeed, the cumulus cells also depend on 
the oocyte for their normal differentiation, regulation, 
and functions  (10–  12) . 

 Mechanistically, the development of cumulus cells 
and oocyte appear coordinated through a complex and 
regulated set of intercellular interactions, including 
direct cell–cell contacts, gap junctional communica-
tions, and paracrine signaling  (11,   13,   14) . Specialized 
cellular projections (from the cumulus cells to the 
oocyte surface) permit a physical and close link with 
the oocyte. These transzonal projections exist in COCs 
of all mammalian systems described to date; they are 
rich in either microtubules or microfi laments, and are 
reminiscent of cell processes in neurons, themselves 
examples of another cell type that rely extensively on 
cell communication and support from other cells. Gap 
junctions exist between cumulus cells and oocytes, and 
their functional roles are supported by genetic program-
ming and several in vitro lines of evidence  (13–  15) . 
Furthermore, communication between cumulus cells 
and oocytes appear to rely on several members of the 
transforming growth factor- b  superfamily  (11,   16) . On 
the basis of the pivotal roles and infl uences of cumulus 

cells and oocytes on each other, clinical efforts should 
also focus on identifying cumulus abnormalities. 
Another essential component of the COC is the extra-
cellular matrix (ECM) within which cumulus cells are 
embedded. Studies using animal models support the 
roles of adequate COC matrix in not only ovulation but 
also fertilization  (17,   18) . Ovulation is a complex event 
that entails the upregulation and secretion of ECM mole-
cules leading to cumulus expansion, itself a process 
believed to provide the necessary environment and cues 
for sperm penetration and eventual fertilization. 

 In the clinic, COCs may be routinely graded based 
on gross evaluations under light microscopy. Upon 
retrieval, COCs vary considerably in their appearance; 
early attempts at classifying morphologies of the 
cumulus mass described the number of cell layers vest-
ing the oocyte, the visibility of the oocyte, as well as 
the tightness of cell interactions in contrast to an 
expanded disposition of the cumulus–corona complex. 
Upon receiving the ovulatory signal, COCs are stimu-
lated to mature and normally respond with the expan-
sion and mucifi cation of their cumulus masses  (18) . 
So, it was initially proposed that oocytes from a COC 
with a dense compact cumulus represent a state of 
maturity less advanced than those from COCs with 
expanded radial arrays of cells  (19) . However, the pre-
dictive value of variations in COC morphologies has 
largely fallen by the wayside  (20) . Previous studies 
evaluated COC grading in relation to nuclear maturity 
of the oocyte and/or subsequent embryo and pregnancy 
outcomes. Rattanachaiyanont et al.  (21)  reported a 
decrease in the proportion of mature oocytes in COCs 
with a dense layer of coronal cells although over 60% 
of oocytes were still meiotically mature in this group; 
none of the other COC grades appeared to relate to the 
maturity state of the oocyte on the day of retrieval. 
There were also no detectable links among COC 
grades, fertilization rates, and embryo cleavages; how-
ever, ICSI was employed and thus the potential infl u-
ences of varying cumulus morphologies on normal 
routes of fertilization could not be determined  (21) . In 
contrast, another study documented improved fertil-
ization rates and chances of pregnancy for expanded 
COCs in conventional IVF cycles  (22) . Overall, it 
remains uncertain whether COC grading could reliably 
pinpoint the deviant oocytes that are destined for fertil-
ization; perhaps, the use of COC grading remains most 
relevant to applications aimed at maturing oocytes 
in vitro as opposed to mature eggs obtained after ovarian 
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stimulation. In addition, many issues in COC grading 
remain, including a certain level of subjectivity, an 
inability to identify a morphological scheme with actual 
predictive value, and the superimposed confounding 
infl uences of hormone stimulation on the organization 
of the COC. However, on the basis of the biological 
underpinnings of the COC and cooperation between 
the oocyte and cumulus cells, it remains likely that fea-
tures of the COC (if assessed adequately) may detect 
oocyte abnormalities. Only new approaches and future 
research will unravel this interesting possibility. 

 Another point of clinical relevance to cumulus cells 
that merits mention is the routine removal of these 
cells for intracytoplasmic sperm injection (ICSI) 
within a 2–4 h window post-retrieval. Given the known 
infl uences of cumulus cells on oocyte maturation and 
fertilization, it is not unreasonable that a premature 
removal of cumulus cells may compromise the last 
steps of oocyte development and competence acquisi-
tion. For instance, oocytes that progressed from meta-
phase-I to metaphase-II shortly after retrieval exhibit 
compromised fertilization rates when compared to 
oocytes already in metaphase-II  (23) . Extending the 
time of culture prior to ICSI may permit some of the 
oocytes to complete their developmental programs, a 
situation particularly relevant to those remaining 
slightly immature at the time of retrieval. For this sub-
set of oocytes, studies tested the effects of delayed 
sperm injection on oocyte maturation and fertilization 
rates; the use of such a rescue maturation step was 
shown to provide an increased number of available 
embryos, albeit of compromised quality  (24–  26) . 
However, rescued M-I oocytes have only been cultured 
thus far in the absence of cumulus cells. Future studies, 
therefore, should not ignore the seminal roles of cumu-
lus cells, with efforts aiming to ensure that any oocytes 
remaining to complete their maturation programs in 
vitro can do so under the most optimal and effi cient of 
culture conditions.  

  2.1.2 Zona Pellucida 

 The zona pellucida (ZP) is the specialized ECM layer 
that directly surrounds the oocyte. As such, the ZP 
represents the interface between the oocyte and its 
enclosing cumulus cells. The normal development of 
follicles, and thus the oocytes, depends on the pres-
ence and integrity of the ZP  (13,   27,   28) . Beyond an 

involvement in oocyte–somatic cell interactions, the ZP 
also plays essential roles at fertilization permitting 
sperm–egg interactions, the acrosome reaction, and an 
adequate block to polyspermy. The clinical introduc-
tion of ICSI has permitted not only the treatment of 
male factor infertility and the ability to circumvent 
many cases of fertilization failures, but also the identi-
fi cation of variants in ZP morphology. In contrast to 
IVF, the removal of cumulus cells before ICSI allows 
the visualization of the ZP shortly after retrieval and 
prior to fertilization. A large number of ZP variants 
(appearance, thickness, irregularities, composition, and 
organization) have been described with the advent of 
ICSI (Fig.  1 ). Thicker ZPs are associated with decreased 
fertilization rates, implantation, and pregnancy rates 
 (29,   30) . The dynamic features of the ZP were also later 
evaluated, with thickness variation (ZPTV) measured 
along the circumference of the zona; the more variable 
the ZP thickness, the better the quality of the embryos 
 (31) , and the higher the implantation and pregnancy 
rates  (32) . Extending these retrospective analyses, a 
randomized controlled trial showed the signifi cant 
value of using ZPTV measurements to select embryos, 
although only among a cohort of poor quality ones; no 
benefi ts were apparent in other instances  (33) , thereby 
arguing for the need to combine and tailor the use of 
various morphological markers.  

 Recent studies have taken advantage of polarized 
microscopy (described in technical details in Sect. 
 3.1.2 ) to detect noninvasively variations in ZP organi-
zation and relate these to embryonic and clinical out-
comes  (34–  36) . The use of the Polscope ™  has permitted 
the identifi cation of three ZP layers, each with differ-
ent light-retardance properties and thicknesses, in turn 
refl ecting the various orientations of fi laments  (34) . 
These zona properties differ within and across the mat-
uration states  (34) . ZP evaluations performed on the 
day of retrieval indicate a positive relationship between 
increased retardance and thickness of the inner layer, 
and embryo cohorts of good quality  (36) , and elevated 
pregnancy rates  (35) . Together, these more recent studies 
highlight the advantages of examining the ZP layers 
both qualitatively and quantitatively by polarized 
microscopy and the potential weaknesses of measuring 
total ZP thickness alone. 

 Taken together, available studies reveal signifi cant 
variances in ZP organization which, in turn, refl ect het-
erogeneity in oocyte quality within a retrieved cohort. 
Indeed, during oogenesis, the ZP is laid down in a very 



196 V.Y. Rawe and C.M.H. Combelles

orderly fashion (in both time and space) and given its 
critical roles during oocyte and embryo development, 
the zona is likely a good predictor of oocyte quality. 
The ZP has been imaged at different time points, on the 
day of retrieval or postembryo culture. While ZP thick-
ness varies and becomes thinner postfertilization, there 

is still a clear value to examining the zona on the day of 
retrieval, that is after it has reached its maximal thick-
ness post oocyte maturation and before later remodel-
ing events. Interestingly, in the clinic the organization 
of the ZP appears infl uenced by intrinsic factors in the 
oocyte from the time of retrieval, hormonal stimulation 

  Fig. 1    Light microscopy of MII human oocyte abnormalities. 
( a ) Large perivitelline space (PVS). ( b ) Extremely granulated 
oocyte. Note the presence of debris in the PVS, a dark and 
thick zona pellucida and a fragmented polar body. ( c ) 
Presence of small vacuoles within the ooplasm. ( d ) Large 

vacuole. ( e ) Presence of cytoplasmic inclusions. ( f ) Excessive 
centrally located granularity and dark cytoplasm. Images 
were kindly donated by Dr. Mariana Hernández and Dr. Andrea 
De Matteis (CIGOR, Córdoba, Argentina).  Scale bar  repre-
sents 50  m m       
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 (37) , and subsequent ZP thickening and hardening 
 during culture (discussed below). Albeit invasive in 
nature, Familiari et al.  (38)  undertook an ultrastructural 
study of human ZPs using electron microscopy; spongy, 
mesh-like vs. compact ZP fi laments were characteristic 
of mature vs. immature or atretic oocytes, respectively. 
These observations further support the relevance of 
ZP organization in predicting oocyte quality. Mecha-
nistically, the biological signifi cance of the ZP ultrastruc-
ture remains uncertain, but it may relate to differences in 
chemical permeability. In theory, a spongy ZP network 
may facilitate sperm binding and digestion through the 
zona at fertilization  (38) . 

 The ZP also plays a pivotal role in preimplantation 
embryos; for instance, abnormalities in oocyte (and 
thus ZP) shape are associated with irregular cleavage 
patterns, compromised cell–cell contacts, and subse-
quent diffi culties in developmental progression  (39) . 
The importance of the ZP continues until the blasto-
cyst stage, a time when the embryo needs to hatch out 
of the zona prior to implanting into the uterine epithe-
lium. Interestingly, the zona pellucida thickness marker 
discussed above may refl ect a subsequent ability of 
the embryo to hatch and implant successfully  (32) . 
Although still contentious, there may be a causal rela-
tionship between recurrent implantation failure and an 
inability of embryos to escape normally from the ZP 
 (40) . In the clinic, assisted hatching of the ZP is some-
times used to facilitate the release of the embryo from 
its ZP. Randomized controlled trials do not support a 
benefi cial use of AH in all patients but rather in spe-
cifi c circumstances such as in cases of recurrent preg-
nancy losses  (41,   42) . However, other than targeting a 
particular patient population, no useful morphological 
predictors of the zona (not even its thickness) yet 
exist to identify embryos that could benefi t from AH. 
A need for AH may relate to intrinsic aberrations (due to 
advanced maternal age, infertility diagnosis, hormones) 
 (40,   42)  and/or culture-induced changes in zona prop-
erties. For instance, prolonged and nonphysiological 
culture conditions may lead to irreversible chemical 
modifi cations or zona hardening  (41) . With much of 
the focus placed on evaluations of the ZP at the embry-
onic stage, there is a need to ascertain whether ZP 
morphological features or abnormalities in the oocyte 
may predict any potential benefi ts of circumventing 
these with the use of AH prior to embryo transfer. In 
addition, AH may also only be benefi cial for a subset of 
embryos within a cohort. Clearly, we need to augment 

our knowledge regarding abnormalities in zona morp-
hology and their potential clinical signifi cance.  

  2.1.3 Perivitelline Space 

 The perivitelline space (PVS) represents the acellular 
compartment in between the plasma membrane of the 
oocyte and its ZP. It becomes clearly visible in a mature 
oocyte with the extruded polar body located in its most 
prominent portion (Fig.  1 ). There is a gradient of poss-
ible PVS arrangements: from directly apposed to the 
membrane, to separate and distinguishable, to be exag-
gerated. These variants may exist within the circumfer-
ence of a single female gamete or across a cohort of 
oocytes. A challenge still resides in unequivocally 
assigning a PVS arrangement with what may be typical 
or deviant from normal. An indistinguishable PVS 
typically corresponds to immature oocytes while a dis-
tinct space to mature oocytes  (43) . In contrast, the exact 
signifi cance of an exaggerated PVS remains uncertain 
even though it is typically described as aberrant in spite 
of equivocal evidence. One retrospective study demon-
strated a correlation between a large PVS and a decline 
in both fertilization and embryo quality  (44) , while oth-
ers reported a lack of any such relationships  (45–  47) . 
Recently, Ten et al.  (48)  reported no infl uence of PVS 
size on fertilization, but improved embryo quality in 
oocytes with large PVS. When examining oocyte 
cohorts, the incidence of large PVS is rather common, 
in 23% of retrieved oocytes  (46) , 11% of donor oocytes 
 (48) , and 50% of fertilized zygotes  (47) . However, there 
is still no consensus as to whether PVS assessment 
alone may predict oocyte quality. 

 Given the paucity of knowledge, one can only spec-
ulate on the relevance of a minimal as opposed to large 
PVS. On one hand, a large PVS may result in disrupted 
or compromised communication between the cumulus 
cells and the oocyte, particularly via gap junctions and 
transzonal projections. On another hand, it may be 
advantageous to interrupt certain modes of cell commu-
nication at the right time, and there may be a mecha-
nism by which the PVS infl uences oocyte development, 
a possibility that merits experimental consideration. It 
may be hypothesized that the PVS contains and houses 
molecules essential to oocyte and/or cumulus cell 
development. Conversely, secreted molecules may 
become inadequately trapped in the PVS, thereby hind-
ering their availability to the oocyte and/or cumulus 
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cells. Interestingly, at least in the mouse, there is selec-
tivity with respect to the entrance and retention of certain 
molecules in the PVS  (49) . Besides the speculations on 
potential developmental implications, the reasons for 
an exaggerated PVS also remain unknown. 

 Relatively little attention has focused on the compo-
sition of the PVS, although it does contain a matrix of 
proteins and hyaluronic acid organized as granules and 
fi laments  (50) . The exact origin of the PVS chemicals 
remains unknown with the cumulus cells and oocyte 
representing likely candidates. Indeed, there is some 
support for the presence of cortical granule material in 
the PVS, as well as the formation of a cortical granule 
envelope within the PVS  (43,   50) . In this vein, the PVS 
may infl uence sperm penetration, fertilization, and a 
proper block to polyspermy. Early work also reported 
the accumulation of other materials in the PVS, includ-
ing secreted glycoproteins of oviductal origin  (49,   51) . 
However, these factors are only present in naturally 
ovulated oocytes and not in gametes obtained and 
manipulated for ART. Future studies should explore the 
possibility that defi ciencies in PVS content may reside 
in in vitro fertilized oocytes with no exposure to the 
natural oviductal milieu. 

 Another measurable morphological feature of the 
PVS is the presence or absence of debris, with about 
40% of donor oocyte  (48)  and 50% of zygote cohorts 
 (47)  displaying PVS debris. The origin of such debris, 
as observed in the clinic, remains unknown; Xia  (44)  
proposed that it might arise from premature exocytosis 
of cortical granules (see Sect.  3.1.3 ). Future work will 
also be needed to distinguish normal changes in PVS 
content from abnormalities. A retrospective analysis in 
donor oocytes showed no correlations between the 
presence of debris, fertilization rates, and embryo 
quality  (48) . Although grossly understudied to date, 
future oocyte studies cannot afford to ignore the PVS, 
its exact and dynamic content, as well as its morpho-
logical and clinical signifi cance. 

 Taken together, morphological evaluations of the 
three extracellular components of the oocyte provide 
a certain measure of oocyte assessment while not 
independently providing predictors of oocyte quality. 
Current modes of assessment likely merit further 
refi nements and evaluations in combination, with the 
acceptance that their potential utility may ultimately 
be limited in scope. Indeed, it is conceivable that 
morphology of the cumulus cells, ZP, and PVS may 
distinguish inherently compromised oocytes within a 

heterogeneous cohort, while never enabling distinc-
tion among the top quality gametes. Furthermore, 
issues pertaining to inter- and intra-observer variability 
will likely exist. Given the complexity in morphological 
variants, much work remains in accurately detecting 
and assessing these characteristics, and then in estab-
lishing their clinical signifi cance. Randomized contr-
o lled trials may then test the value of using any 
single extracytoplasmic assessment, or combination 
of features on pregnancy outcomes.   

  2.2 Intracytoplasmic 

  2.2.1 Polar Body 

 The mammalian oocyte is arrested in diakinesis of 
prophase I at birth. It retains an intact nucleus (the 
germinal vesicle, GV) until ovulation at which time 
exposure to luteinizing hormone (LH) triggers meiotic 
resu mption. After germinal vesicle breakdown (GVBD), 
a short anaphase I (A-I) and telophase I (T-I) take place 
and the fi rst polar body (PB) is extruded. Finally, the 
oocyte becomes arrested at the metaphase-II (MII) 
stage until fertilization. In 1995, Eichenlaub-Ritter 
et al.  (52)  postulated that morphology of the fi rst PB 
refl ected the postovulatory age of the oocyte. At pres-
ent, some data support the conclusion that PB shape, 
size, surface and integrity can predict oocyte quality 
 (44,   53–  55) , but other studies show no correlation 
between PB characteristics and oocyte developmental 
competence  (46,   56,   57)  or genetic constitution of the 
embryo  (58) . Polar bodies contain a redundant set of 
cytoplasm, organelles, and chromosomes/chromatids 
and they can provide useful information about the 
genetics of the oocyte without potentially jeopardizing 
it. Cytogenetic analysis of both PBs using fl uorescent 
in situ hybridization (FISH) and chromosomal paint-
ing allows the prediction of the partial or total chromo-
some status of the oocyte. PBs can also be used to 
screen for mitochondrial mutations and deletions. 
Thus, the study of PBs may serve as a powerful genetic 
diagnostic tool during prefertilization screening with-
out the need for embryo biopsy  (59) . Although a clear 
advantage of PB biopsy vs. embryo PGD is that the 
information can be obtained earlier in the culture 
process, some limitations should be considered  (60) . 
First, only the maternal genetic contribution can be 
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studied. Second, potential nonseparation of sister 
chromatids during meiosis II can occur, requiring PB2 
analysis. Third, polar body chromosomes are shorter, 
which makes the technique more diffi cult. Technical 
problems such as lack of metaphase preparation, loss 
of chromosomes, signal overlap, and hybridization 
failure should also be taken into account when consid-
ering PBs analysis.  

  2.2.2 Ooplasm 

 In order to guarantee adequate oocyte quality, nuclear 
and cytoplasmic maturation must take place in a syn-
chronized manner. In this context, nuclear maturity 
refers to the resumption of meiosis and the progression 
to metaphase II, the arrested stage at the time of ovula-
tion. The metaphase promoting factor (MPF) formed 
by cyclin B and p34cdc2 supports the transition from 
G 

2
  to M phase. Active MPF in turn permits the initia-

tion of nuclear maturation (e.g., germinal vesicle 
breakdown) and condensation of metaphase I (MI) 
chromosomes, then a decrease in MPF leads to entry 
into anaphase I and a second peak in MPF activity 
drives the oocyte to metaphase II  (61) . 

 Even if oocytes possess nuclear competence, they 
still may be defi cient in cytoplasmic maturation, which 
refers to all processes preparing the oocytes for activa-
tion, fertilization, and embryo development. Completion 
of both types of maturation are highly susceptible to 
abnormalities in follicular hormonal milieu and/or in 
vitro culture conditions (e.g., pH, temperature, oxygen) 
that may cause alterations in oocyte morphology (Fig. 
 1 ), with some of these anomalies being visible at the 
light-microscopic level  (62,   63) . 

 With the advent of ICSI, removal of cumulus cells 
has allowed direct observation of oocyte morphologi-
cal characteristics under light microscopy. Several 
ooplasmic features such as the presence or absence of 
granularity (Fig.  1b ), coloration, presence of vacuoles 
(Fig.  1c, d ), inclusion, and organelles clustering are 
typically observed (Fig.  1e, f )  (44,   64,   65) . Indeed, 
more than 50% of human oocytes show at least one of 
these morphological abnormalities  (66) . In contrast, a 
“good looking” MII oocyte typically shows a clear 
cytoplasm with moderate granulation and no inclu-
sions, while an oocyte with a dark ooplasm decreases 
by 83% the likelihood of obtaining good quality 
embryos  (48) . 

 Vacuoles and aggregations of smooth endoplasmic 
reticulum (sER) were found to be the most apparent 
cytoplasmic feature that impairs developmental capac-
ity. Vacuoles arise spontaneously  (67)  by fusion of 
preexisting vesicles derived from the sER or Golgi 
apparatus  (68) . Very few reports studied the effect of 
vacuoles on oocyte competence in humans  (67,   69–  71) , 
but the majority of them established a negative impact on 
fertilization rates and development to blastocyst stage. 
Otsuki et al.  (72)  reported that the presence of smooth 
Endoplasmic Reticulum Clusters (sERCs) is associated 
with reduced chances of successful pregnancy, even in 
sERC-negative oocytes from the same cohort that are 
transferred along with the sERC-positive oocytes. 

 Treatment of human infertility typically involves the 
administration of exogenous gonadotropins to stimulate 
aggressively the ovaries to produce the maximal number 
of mature oocytes. Ovarian stimulation in mice causes 
delayed embryonic development, increased abnormal 
blastocyst formation, fetal growth retardation, and 
increased fetal loss  (73) . Similar detrimental effects of 
superovulation on oocyte quality may occur in human-
assisted reproduction. In fact, in the study by Otsuki 
et al.  (72)  a correlation between the level of estradiol on 
the day of HCG administration and the presence of 
sERC was found. 

 Despite these broad associations among oocyte 
morphology, embryo quality, and ovarian stimulation, 
it is clear that microscopic visualization of morphology 
is not suffi cient to understand the basis of an underlying 
pathology, or its relative impact in assisted reproduc-
tion technologies. Researching these events is a major 
challenge, which will be undoubtedly rewarded by 
new knowledge and, in the long term, by the improved 
treatments of infertility.  

  2.2.3 Meiotic Spindle 

 The defi ning feature of meiosis is that chromosome rep-
lication in S-phase is followed by two consecutive cell 
divisions to produce haploid gametes. Aneuploidy is a 
major obstacle in achieving reproductive success. About 
20% of all human oocytes are regarded as aneuploid 
although this fi gure can vary widely, from 10% to as 
high as 40–60%  (74–  76) . The incidence of aneuploidy 
increases with advanced maternal age  (77) . These aneu-
ploidies are believed to result primarily from errors 
in maternal meiosis I  (78,   79) . The nondisjunction of 
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bivalent chromosomes appears as a key mechanism for 
age-related aneuploidy  (80) . Aberrant spindle assembly 
 (81)  or other meiotic errors  (79)  may also be partly to 
blame. The vast majority of embryos formed from aneu-
ploid oocytes are nonviable and lost at some point before 
term. Unfortunately, standard morphological evaluation 
cannot detect chromosomal anomalies and thus cannot 
guide the decision of which embryo(s) to transfer. 

 The structure and function of the meiotic spindle is 
fundamental to ensuring correct chromosome segrega-
tion at MI and MII. Characteristics of the spindle such 
as its presence, location, and length, are often used to 
evaluate oocyte quality. In somatic cells, the spindle is 
under the control of backup mechanisms, ensuring that 
each phase of chromosome segregation is not triggered 
unless the previous phase is correctly completed  (82) . 
In contrast, in mammalian oocytes these checkpoints 
are not strictly implemented during the meiotic process 
 (83,   84)  which, in turn, may result in chromosome 
missegregation occurring under conditions of spindle 
disorganization. Furthermore, oocytes from older women 
 (81) , either grown under suboptimal conditions or 
exposed to environmental chemicals  (85,   86) , are 
particularly susceptible to the consequences of such a 
“leaky” control mechanism of chromosome segregation. 
For these reasons, it has been suggested  (87–  89)  that 
analysis of the spindle may be a valuable criterion for 
assessing oocyte quality. Indeed, while no relationship 
was found between the relative position of the meiotic 
spindle (with respect to the PB) and oocyte develop-
mental competence, spindle length has been reported 
to correlate with oocyte quality  (4,   87) . 

 There are two approaches to studying the meiotic 
spindle: noninvasive method, using an optical system 
termed “polarization light microscopy” (Polscope ™ , 
Fig.  2a , b) and a second, invasive method using fl uo-
rescence (conventional or confocal) immunostaining 
microscopy (Fig.  3 , see Sect.  3.1.2 ).   

 Polarized light is the light in which all the rays 
vibrate in one plane. A polarizing microscope has two 
disk accessories. They are made up of polarizing plas-
tic that allows light to pass that is only vibrating in one 
plane. One of the discs is called a polarizer (placed 
below the condenser). Another similar disc is placed in 
the top part of the microscope and cuts off all the light 
vibrating in a perpendicular plane. This disc is called 
analyzer. The placement of the discs is such that they 
allow light vibrating in planes perpendicular to each 

other. Hence, when both the disks are in place, no light 
can pass to the eyepieces and the fi eld of view is dark 
unless a doubly refractile object like polymerized 
microtubules is placed in the path of polarized light. 
In this instance, microtubules of the meiotic spindle, 

  Fig. 2    Polarization microscopy of MII human oocytes. ( a ) 
Living human oocyte with a spindle rotated approximately 30° 
from the polar body (PB). ( b ) Oocyte with the spindle located 
near the PB. The inset in B shows a polarization image of a 
mouse oocyte. Note the difference in the length and position of 
the meiotic spindle. Images A and B were generously donated 
by Dr. Ariel Ahumada (Procrearte, Buenos Aires, Argentina). 
 Scale bar  represents 50  m m       
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  Fig. 3    Confocal microscopy of human oocytes at different 
maturational stages: cytoskeleton markers. ( a ) During Germinal 
Vesicle Breakdown (GVBD stage), oocytes show a network of 
tubulin ( green ) organized throughout the ooplasm and surrounding 
the germinal vesicle where the chromatin ( blue ) is tightly 
associated with the nucleolus. ( b ) Filamentous actin (F-actin) is 
visualized using 568-Phalloidin ( red ) in GVBD human oocytes. 
Microfi laments are distributed in the ooplasm and enriched at the 
oocyte cortex. Note the different distribution of microfi laments 
around the human GV when compared with microtubules ( a  vs. 
 b ), suggesting that the migration of the nucleus during meiosis I 
in humans is a microtubule (and not microfi lament) dependent 
event. ( c  and  d ) MII oocytes show microtubules polymerized in 
the meiotic spindle ( green ). In  c , a normal morphology of the 
spindle and an organized metaphase plate are observed (inset) in 

contraposition to  d , where chromosomes are not well aligned and 
the meiotic spindle is rotated with respect to the polar body (PB). 
( e ) Profi lin (an actin-related protein) distributes to specifi c foci 
inside the GVBD nucleus and throughout the ooplasm. It 
promotes the incorporation of actin monomers into fi laments and 
the nucleation of them is catalyzed by the Arp 2/3 complex. ( f ) 
Wiskott-Aldrich syndrome protein family verprolin-homologous 
protein (WAVE1) regulates the actin cytoskeleton and is observed 
associated with Golgi apparatus in human GV oocytes 
(unpublished observations). Images were obtained using an 
Olympus spectral confocal microscope, with laser lines at 488-, 
568-, and 633-nm wavelengths (University of Buenos Aires, 
Faculty of Exact and Natural Sciences) and then processed by 
Adobe Photoshop 7.0.  Scale bar  represents 20  m m        (see Color 
Plates)
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Fig. 3 (continued)

for example, appear illuminated against the ooplasm 
that appears as a dark background. 

 Compared with immunostaining or other microscopy 
methods, the Polscope ™  offers the unique advantage of 
being totally noninvasive, preserving oocyte viability, 
and allowing repeated observations to be performed 
(Fig.  2 )  (87,   90,   91) . Using this approach, numerous 
studies have assessed the relationship between spindle 
appearance and/or position and oocyte developmental 
competency. Wang et al.  (87)  suggested that more 
oocytes with birefringent spindles than oocytes without 
spindles fertilized normally after ICSI (61.8 vs. 44.2%). 
Oocytes in which the spindle is shifted more than 90° 
relative to the position of the fi rst polar body also display 
reduced fertilization rates. Confocal studies confi rmed 
that spindles structures were almost identical to Pols-
cope ™  images of spindle birefringence. 

 Rienzi et al.  (89)  have shown that the absence of the 
MII spindle is associated with reduced rates of fertil-
ization and blastocyst formation. Interestingly, a perce n-
tage of oocytes showing a fi rst polar body may not 
have completed nuclear maturation. Eichenlaub-Ritter 
et al.  (92)  and De Santis et al.  (57)  have found that 
human oocytes without birefringent spindles may still 
be at the telophase or prometaphase I stage, and as a 
consequence, have worse prognosis after IVF/ICSI.    

  3 Cellular/Molecular Parameters 
of Oocytes  

  3.1 Invasive Analysis 

  3.1.1 Mitochondria 

 The distribution of mitochondria is a highly dynamic 
process during oocyte maturation, fertilization, and 
early embryonic development  (93,   94) . Mitochondria 
are the main energy producers in oocytes, using the 
oxidative phosphorylation pathway to supply ATP for 
all cellular activities requiring energy. The abnormal 
redistribution of mitochondria throughout the ooplasm 
is a marker of cytoplasm immaturity and is strongly 
linked to low developmental ability  (93–  96) . Santos et 
al.  (97)  demonstrated that the average mtDNA copy 
number was signifi cantly lower in cohorts of human 
unfertilized oocytes than cohorts with normal fertiliza-
tion. Furthermore, mtDNA deletions have been associ-
ated with impaired oocyte quality and insuffi cient 
embryonic development  (98,   99) . Consistent with 
these observations, variations in ATP levels signifi -
cantly affect oocyte quality and embryonic develop-
ment  (100,   101) . 
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 The regulation of spindle formation, as well as pro-
gression of meiotic maturation, necessitates the inter-
action of mitochondria and the activity of microtubule 
motor proteins (see Sect.  3.1.2 ). Mitochondria translocate 
to the perinuclear region during formation of the fi rst 
metaphase spindle and subsequently disperse during 
extrusion of the fi rst polar body  (102) . Recently, Zeng 
et al.  (103)  applied the Polscope ™  to assess the presence 
of the meiotic spindle and for t   he quantifi cation of 
mtDNA and ATP content to in vitro matured human 
oocytes. Interestingly, they found a signifi cant positive 
relationship between elevated mtDNA, ATP content 
and detectable meiotic spindles. 

 Taken together, mitochondrial distribution as well 
as cytoplasmic mtDNA and ATP content may be 
regarded as potential predictors of oocyte developmen-
tal competence. However, these methods are invasive 
and therefore have no value as prediction tools in the 
clinical IVF laboratory.  

  3.1.2 Cytoskeleton Structure (Epifl uorescence 
and Confocal Microscopy) 

 Confocal microscopy offers the most detailed and 
informative data on spindle structure and the cytoskel-
eton components in general ( Fig.    3  ). It allows the 
analysis of fl uorescently labeled thick specimens with-
out physical sectioning. Optical sections are generated 
by eliminating out-of-focus fl uorescence and displayed 
as digitalized images. It allows 3-dimensional recon-
struction (XYZ) and time analysis (XYT), thus provid-
ing a unique chance to link morphology with cell 
function. Since images are obtained by scanning, 
excess illumination of the specimen and quick decrease 
of the fl uorescent signal are avoided. Nevertheless, this 
technique unfortunately requires a fi xation step that 
causes loss of oocyte viability and thereby is unpractical 
for application with oocytes destined for clinical use. 
However, the identifi cation of factors responsible for 
the developmental competency within the oocyte is 
essential not only to establish objective criteria of 
oocyte quality, but also to aid in improving methods 
for gamete selection. 

 Published protocols detail how to perform parallel, 
multichannel immunodetection and imaging of human 
oocyte, zygote, and embryo components by epifl uores-
cence or confocal microscopy  (104) . As far as the 
oocyte cytoskeleton is concerned, the plasticity of 

rodent and nonrodent mammals is different. Therefore, 
some differences between mouse and human oocytes 
have to be considered before generalizations and 
extrapolations are made among mammalian species. 
Mouse oocytes exhibit a polarized distribution of actin 
fi laments, cortical granules, and microvilli, prior to ferti-
lization. Human oocytes, on the contrary, show no 
polarization of these components (Fig.  3b ). The meiotic 
spindle in rodent oocytes is arranged tangentially to the 
plasma membrane (see inset Fig.  2b ), while in human 
oocytes it is smaller and arranged radially (Figs.  2a, b  
and  3 c, d). Numerous cytoplasmic microtubule asters 
are found in the unfertilized mouse oocyte. After fertil-
ization, they elongate and, together with actin fi laments, 
form the scaffolding necessary for pronuclear migration 
and apposition. By contrast, in nonrodent species the 
centrosome degenerates in the oocyte and is retained in 
the sperm during the maturation process. Human sper-
matozoa contribute the centrosome during fertilization, 
which serves as the dominant microtubule-organizing 
center in the zygote, and nucleates microtubules from a 
central structure known as the  g -tubulin ring complex. 
Also, during fertilization in nonrodent mammals the 
microtubules, but not the actin fi laments, are required 
for pronuclear migration and apposition  (105) . 

 Meiotic spindles in mammalian oocytes lack centri-
oles, which are present only up to the pachytene stage 
during oogenesis  (106) . Contrarily to rodents where sev-
eral pericentriolar material (PCM) foci including  γ -tubulin 
have been found at the acentriolar meiotic spindle poles 
and in the cytoplasm  (107) , metaphase II arrested oocytes 
from pig  (108) , sheep  (109) , and cow  (110)  do not have 
cytoplasmic microtubule organizing centers (MTOC). 
Different pathways of spindle formation have been 
described for several species but in the majority of them, 
common components are used  (111) . Microtubule-
associated molecular motors such as DYNC1I1 (cyto-
plasmic dynein 1 intermediate chain), and its cofactor 
DCTN1 (dynactin p150 Glued ) are critically involved in the 
transport of vesicles and formation of the meiotic spindle 
 (112) . The role of microtubule-associated molecular 
motors like HSET, Eg5 and the mitotic antigen NuMA 
have been observed in nonhuman primates oocytes  (113, 
  114)  and just recently identifi ed in human oocytes  (115, 
  116) . The identifi cation of HSET, Eg5 and NuMA in 
human oocytes suggests that their presence may be nec-
essary for controlled microtubule dynamics. As stated 
before (see Sect.  2.2.3 ), approximately 20% of all human 
oocytes are considered aneuploid, and it is thus of 
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particular interest to understand the establishment of a 
normal bipolar spindle and the respective roles of micro-
tubules and motor proteins in chromosomal segregation. 
According to Blake et al.  (117) , approximately 35% of 
transferred human embryos/blastocysts derived from in 
vivo maturation develop to term. In contrast, when mei-
otically immature oocytes are recovered from stimulated 
ovaries and matured in vitro (IVM), only 12% of the 
resulting zygotes progress to the blastocyst stage  (24)  
and only a mere 14% of transferred embryos develop to 
term  (118,   119) . It is clear, therefore, that even if oocytes 
are meiotically mature, they still may be defi cient in 
cytoplasmic maturation. 

 Comprehending the events responsible for a bal-
anced coordination of nuclear and cytoplasmic matura-
tion is of clinical relevance since there are sporadic, yet 
accumulating, instances of meiotic arrests in ART. 
Controlled ovarian stimulation typically results in matu-
ration rates of about 90%, with the remaining oocytes 
either meiotically incompetent or only able to resume 
meiosis upon in vitro maturation (IVM)  (120) . However, 
there are unusual clinical patient cases when IVM fails 
to rescue oocytes that are immature across an entire 
cohort. These oocytes appear irreversibly, uniformly, 
and repeatedly arrested in defi ned phases of meiosis, 
including cases in prophase-I or metaphase-I  (121–  125) . 
Given the tight cell cycle controls that preside over 
meiotic resumption and progression, it is not surprising 
that errors may arise. For instance, defi ciencies in the 
cell cycle regulator CDC25B may preclude oocytes 
from exiting prophase-I arrest  (126) . Metaphase-I arrest 
may result from aberrant meiotic recombination events, 
defects in MPF or PKC regulation, or spindle malfunc-
tions  (127) . It is important to acknowledge that even 
oocytes that are mature at the time of retrieval may fail 
to fertilize, predominantly because of defects in oocyte 
activation  (128) . Etiologies may include spindle abnor-
malities and/or defects in the normal dynamics of cell 
cycle molecules. To date, much of the evaluation of 
these arrested oocytes has relied on endpoint nuclear 
and cytoskeletal evaluations using the aforementioned 
immunofl uorescence approaches. Although these tech-
niques are invasive, they enable the systematic detection 
of oocytes possessing aberrant nuclear and/or cytoplas-
mic maturation (notably chromosomal and cytoskeletal 
defects), together with the identifi cation of relevant 
underpinnings. Such knowledge may then allow improved 
management along with targeted treatment strategies in 
patients affl icted by meiotic arrest.  

  3.1.3 Calcium and Cortical Granules 

 Beyond the evaluation of the cytoskeleton, cellular 
mediators of oocyte activation ought to be considered. 
A central middleman is calcium with its well-described 
oscillations downstream of sperm entry and upstream 
of cell cycle regulators  (129) . Future studies should 
assess whether the processing of sperm factors, calcium 
stores, oscillations, and/or calcium response elements 
are compromised in human oocytes that fail to exit 
metaphase-II arrest and activate. The ability of an 
oocyte to mount and sustain calcium oscillations is rel-
evant to any effort aimed at identifying human oocyte 
abnormalities. Indeed, previous animal studies demon-
strated that calcium-signaling activity is acquired 
during follicular and oocyte development  (130) , and it 
is further infl uenced by many factors pertinent to 
clinical ART (including age, hormonal stimulation, 
and in vitro culture)  (131) . Now that the early embry-
onic events are also known to depend on calcium oscil-
lations in the oocyte  (132) , it is all the more paramount 
to understand and identify any interruptions in egg 
activation and calcium-signaling pathways of the 
human oocyte. 

 Cortical granules (CGs) constitute a complement of 
organelles essential to egg activation and fertilization 
 (133) . CGs are Golgi-derived, specialized secretory 
vesicles of the oocyte; they accumulate during oogene-
sis with a fi nal location in the microfi lament-rich cortex 
of the oocyte. CGs are fi lled with mucopolysaccharides, 
peroxidases, and proteolytic enzymes; upon exocytosis 
into the PVS for eventual transport through the ZP, CG 
enzymes mediate irreversible changes in the ZP, result-
ing in zona hardening. Zona hardening, characterized 
by an increased resistance to denaturing agents, prevents 
polyspermy and provides protection to the embryo 
 (133) . CGs are normally found in very high density and 
docked at the oolemma, awaiting a cue prior to their 
fusion and release of contents. CG exocytosis (i.e., the 
cortical reaction) takes place in response to the calcium 
rises at oocyte activation  (2) . Given the importance of 
calcium signaling and secretory pathways in oocytes 
 (134) , it is not surprising that CG abnormalities arise in 
ART. Van Blerkom  (67)  documented that about 15% of 
mature human oocytes exhibit premature CG exocyto-
sis, thereby interrupting the normal sequence of egg 
activation events. The demonstration that failed to fertil-
ize human eggs may experience precocious CG release 
 (135)  corroborates the importance of these organelles in 
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identifying and managing oocyte abnormalities. The 
cortical reaction may not always be premature; for 
instance, the extended culture of mature mouse oocytes 
actually interferes with normal CG exocytosis  (136) . 
CGs thus serve as a marker of cytoplasmic maturation, 
and their total complements as well as localization merit 
analysis in human oocytes; this can be done using 
routine fl uorescence microscopy and simultaneously 
with nuclear and cytoskeletal parameters  (137) . 
Microfi laments also play a role in CG migration and 
cortical positioning  (138) , and ovarian stimulation with 
large quantities of gonadotropins negatively infl uence 
microfi lament and CG distribution in hamster oocytes 
 (139) . Lastly, it is important to note that not all oocytes 
are competent to undergo CG exocytosis in response to 
calcium increases; indeed, immature mouse oocytes are 
not able to do so even downstream of intracellular 
calcium rises  (140) . Abnormalities in both CG translo-
cation to the plasma membrane and calcium-dependent 
signaling molecules characterize immature mouse 
oocytes  (141) . In this vein, organelle and/or CG-related 
molecular defects merit further consideration in human 
oocytes.  

  3.1.4 Ubiquitin-Proteasome System 

 In eukaryotes, proteasomes are ubiquitous and essen-
tial for cellular viability; they represent the major site 
of proteolytic activity in mammalian cells and consti-
tute up to 1% of cellular proteins  (142,   143) . Over the 
past few years, intensive research has focused on the 
20S proteasome and its molecular structure and func-
tion. It is present in the cytoplasm and nucleus of 
eukaryotic cells and when associated with regulatory 
particles, it forms the 26S proteasome with a catalytic 
core. The 26S proteasome is an essential component of 
ubiquitin-dependent proteolysis, a process by which 
most proteins become degraded. Besides the tightly 
controlled degradation of regulatory proteins (cyclins, 
transcription factors, etc.), proteasomes degrade the 
bulk of proteins as part of a quality control process. 
They have recently been described in gametes, with 
specifi c roles during fertilization in different species 
 (144–  147) . 

 While the importance of the proteasome system to 
degrade cell cycle regulatory proteins is well estab-
lished during mammalian preimplantation embryonic 
development, its role in regulating oocyte quality is 

much less understood. Nevertheless, in the last few 
years, studies have explored the distribution of protea-
somes during various stages of mammalian oocyte 
maturation together with the effects of proteasome 
inhibitors on oocyte quality. Preliminary results sug-
gest that the differential presence of proteasomes may 
play an important role in remodeling cytoplasmic and 
nuclear events during human oocyte maturation, fertil-
ization, and early embryonic development  (148,   149) . 
Failure of proteasome-mediated quality control may 
be a hidden cause for poor oocyte and embryo quality 
observed during assisted reproduction techniques.   

  3.2 Non-Invasive 

  3.2.1 Proteome, Secretome, and Metabolome 

 While considerable knowledge can be gained from 
invasive evaluations, a critical impetus prevails to iden-
tify predictors of oocyte quality in a noninvasive manner. 
Other requirements pertaining to oocyte assessment 
include the need for accuracy, high-throughput analysis, 
and rapid turnaround with results available prior to 
the time of embryo transfer. These are some of the 
constraints within which approaches are explored, and 
despite the signifi cant efforts that remain, this is a 
booming and exciting time in the fi eld of noninvasive 
oocyte assessment. 

 Much attention has been placed on the comple-
mentary assessment of all available sample types in the 
clinic. These samples (both cellular and noncellular) 
are routinely discarded and they will presumably refl ect 
the developmental competence of the corresponding 
oocyte. To date, studies have investigated the potential 
use of serum, follicular fl uid, follicular cells (both gran-
ulosa and cumulus cells), and the spent culture medium. 
Analyses have detected the presence and/or activity of 
a wide set of molecules. A focus on molecular param-
eters would conceivably provide more precise markers 
of cellular functions; an important premise of such 
analysis is that the presence and/or regulated expres-
sion of a gene product would refl ect its physiological or 
pathophysiological roles. For instance, if the culture 
medium within which an oocyte is held were to contain 
a high level of stress-related proteins, this may indicate 
a compromised quality of the gamete. It may conversely 
be envisaged that elevated levels of stress proteins may 
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indicate an oocyte’s ability to respond to stressful 
culture conditions, thereby potentially refl ecting its 
superior quality and developmental competencies. 
Therefore, only longitudinal studies that unequivocally 
correlate levels of a protein to clinical outcome are of 
ultimate value. 

 Proteomics or the profi ling of expressed proteins 
with high-throughput analysis is an emerging and 
invaluable approach to detect the protein signatures of 
clinical samples. For instance, serum proteomics can 
allow the identifi cation of biomarkers in patients at 
elevated risks of certain diseases  (150) . Similarly, 
proteomics may be applied to serum or other fl uids of 
infertility patients for subsequent correlations with the 
quality of their embryo cohorts. With respect to serum, 
one of the limitations is that it is too dynamic and non-
specifi c of a sample type. Thus, serum does not neces-
sarily refl ect the microenvironment of the developing 
oocyte with any accuracy. Analyses of follicular fl uid 
address this defi ciency of serum since this is the very 
milieu within which the COC completes its develop-
ment in vivo. Indeed, many studies have focused on 
measuring the levels of pertinent molecules (namely a 
myriad of hormones, paracrine factors, and cytokines), 
and some of these factors have showed correlations 
with oocyte quality  (151–  153) . However, while follic-
ular fl uid remains an invaluable resource (readily avail-
able and likely to refl ect the developmental potential of 
an oocyte), its testing as a predictor of oocyte quality is 
fraught by many limitations. Issues include the lack of 
sample representation across a patient’s cohort, con-
founding variables not systematically controlled for, 
and the use of outcome measures not always proven to 
relate to live birth (such as oocyte/embryo morpho-
logical grading). More generally, there is a limited 
ability to correlate directly follicular fl uid content with 
the fate of a given oocyte or embryo. Taken together, 
follicular fl uid studies provide an invaluable glimpse 
into potential markers of oocyte health, but its clinical 
and irrefutable use in selecting the golden oocyte is not 
yet ready for primetime. Perhaps, novel markers of 
oocyte health or aberrations should be considered; 
along these lines, more recent analyses of follicular 
fl uids using proteomic approaches may permit the detec-
tion of new factors for future validation  (154–  157) . 

 The follicular cells retrieved at the time of follicular 
aspiration constitute another sample type readily avail-
able for analysis without any detriment to the oocytes. 
The two follicular cell types obtained are the memb-

rana granulosa cells and the cumulus cells. Of the two, 
membrana granulosa cells are the most immediately 
available for analysis, since they are routinely disc-
arded upon removal of the COC from the follicular 
aspirates. As one potential biomarker of oocyte health, 
several studies have focused on the luteinized status of 
the membrana granulosa cell population with, for 
example, apoptosis of luteinized granulosa cells serving 
as an indicator of fertilization outcome  (158) . However, 
many factors confound most membrana granulosa cell 
studies, including cell pooling across follicular aspi-
rates, contaminants, and differentiation states that have 
already become modifi ed by the hormone stimulation 
treatments. Indeed, membrana granulosa cells are 
known to respond to exogenous hormone regimens, 
thereby artifi cially affecting a physiological balance of 
cell proliferation and differentiation. More precisely, 
granulosa cells typically become luteinized in response 
to ovarian stimulation  (159) , and thus true biomarkers 
of the follicular environment within which an oocyte 
developed in vivo may no longer be represented accu-
rately by the analysis of granulosa cells during IVF. 
Nonetheless, one must acknowledge that granulosa 
cell studies may provide invaluable clues into their 
roles and potential regulation of oocyte quality. 

 The cumulus cells are the second type of somatic 
cell having potential use as biomarkers of oocyte quality. 
These cells are typically left intact during conventional 
insemination cycles, but undergo dispersal during 
overnight incubation with sperm, after which they are 
mechanically removed. There are two occasions when 
studies collect and analyze cumulus cells: postinsemi-
nation or pre-ICSI following the enzymatic and 
mechanical removal of cumulus cells. In the fi rst case, 
the cumulus cells are alas not pristine since they may 
be contaminated by sperm cells. Their assessment may 
also be confounded by a superimposed period of in 
vitro culture for up to 24 h, thereby no longer accu-
rately representing the developmental potential of the 
oocyte. Also, a large number of embryology laborato-
ries do not inseminate COCs singly but rather in groups 
of 2–4, thereby eliminating any possibility of direct 
correlation of a cumulus cell biomarker from a given 
COC with the quality of its associated oocyte. In con-
trast, cumulus cells obtained prior to ICSI can be 
obtained within a few hours of retrieval, washed free of 
contaminants, and readily tracked to the fate of a single 
oocyte, early embryo, and fetus. As to the types of 
evaluations, these include gene expression patterns in 
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cumulus cells (see Sect.  3.2.2 ). The growth patterns of 
cultured cumulus cells have also been considered, with 
the analysis of their cell proliferation and death prop-
erties  (19,   31,   160,   161) . For instance, Host et al.  (31)  
put forth an association between more apoptosis in 
cumulus cells and subsequent quality of the associated 
oocyte, based on compromised clinical outcomes. 
Unfortunately, these studies remain extremely prelimi-
nary and of weak predictive value. This is despite the 
indisputable infl uences of cumulus cells on the oocyte 
as evidenced by animal studies (see Sect.  2.1.1 ); also of 
importance may be the consideration that not all cumulus 
cells within a COC are created equal, as documented 
by the detection of gradients of apoptotic activities in 
the various cumulus layers of bovine COCs  (162) . 

 A last set of samples that is routinely discarded in 
the clinic are all of the culture media, which were “con-
ditioned” or “spent” by eggs or embryos. It is important 
to note that, to date, testing has focused on insemina-
tion and embryo culture media in an attempt to relate 
biomarkers to embryo, and thus, by inference, oocyte 
quality. Directly analyzing the conditioned media of 
unfertilized oocytes presents additional challenges 
because the cells are cultured for a relatively short time 
before insemination or injection. The minute amount of 
products that may be detectable is a likely limitation, 
but the additional time that can be allotted for analysis 
(that is prior to embryo transfer) is a defi nite advantage 
of oocyte analyses. Nevertheless, the evaluation of 
embryo conditioned media is a reasonable approach 
given that the health of the embryo ultimately depends 
on the initial quality of the oocyte, thereby underlying 
the future development of the resulting fetus. Analyses 
of embryo conditioned media range from assessment of 
specifi c potential candidates to profi ling using high-
throughput mass spectrometry. 

 Initial studies on soluble human leukocyte antigen 
G (HLA-G) pinpointed the likely need to examine 
more than one predicting factor out of the embryo 
secretome  (163) . The use of high-throughput mass 
spectrometry methodologies was reported in embryo 
spent media for the initial detection of novel protein 
candidates  (164) , all of which necessitate later confi r-
mation with other more specifi c technologies (e.g., 
immunoassays). The results to date are still prelimi-
nary and illustrate a need for further validation of the 
employed methodologies, successful and independent 
use by multiple laboratories, and demonstration of 
powerful predictor values  (165,   166) . 

 Regarding the direct analysis of conditioned media 
from cultured COCs on the day of retrieval, Cecconi et al. 
 (20)  tested its use in conjunction with COC grading 
and evaluation of cell morphology. The presence of a 
31-kDa band correlated with conception cycles, 
thereby suggesting that analyzing the secretome of 
cumulus cells may prove of superior predictive value 
when compared to mere morphological assessment. 
Animal studies also support the relevance of measur-
ing molecules secreted by the oocyte as predictors of 
oocyte quality  (11,   167) . Given the known infl uence of 
cumulus cell- and oocyte-secreted factors on the normal 
function of the COC  (11) , studies targeting the secre-
tome of cumulus cells and/or the oocyte should come 
as no surprise. 

 When it comes to monitoring the oocyte noninva-
sively and safely, techniques are still limited and our 
incomplete understanding of oocyte biology still pre-
cludes the development and implementation of novel 
assays. That acknowledged, efforts are already under 
way to assess the physiology of the oocyte using tech-
nologies that, for instance, permit the output of certain 
metabolites in the surrounding milieu or, conversely, 
their depletion. To date, studies focused on cultured 
mouse embryos and their oxygen/glucose consump-
tion, lactate production, and amino acid turnover  (168, 
  169) . Together, these markers indicate that a “quieter” 
rather than a more “active” metabolism is associated 
with improved embryo viability  (170) . The noninva-
sive measurements of respiration rates also permit the 
identifi cation of embryos of good quality  (171) . 
Technologies for the characterization of oocyte physi-
ology at the single-cell level are still highly complex, 
require a certain level of expertise, and are neither 
available nor yet validated for routine use in the ART 
laboratory. Clearly, these are exciting and innovative 
areas of future product development and testing. 
Previous studies point towards the relevance of evalu-
ating the metabolic states of oocytes following retrieval 
 (172) . While current efforts focus on profi ling the 
metabolomes of human embryos, such knowledge and 
technological developments will surely impact oocyte 
studies, particularly ones that will rely on oocyte spent 
media samples. 

 In summary, noninvasive assessments will permit 
the identifi cation of abnormalities and the preselection 
of the best quality oocytes. Despite the many potential 
directions explored to date, there still remain techno-
logical advances to apply, improve on, and test through 
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large cohort randomized controlled studies that will 
compare clinical outcomes with or without the use of 
noninvasive predictors.  

  3.2.2 Gene Expression and Microarray Studies 

 Despite all of the undeniable and practical advantages 
of noninvasive oocyte assessment, including analyses 
of secretomes and metabolomes, invaluable informa-
tion may be gained from invasive, yet complementary, 
gene expression studies. Indeed, only when relevant 
molecular pathways and players are identifi ed, may 
future efforts zero in on their noninvasive evaluations. 
In the meantime, gene expression and microarray 
studies are also being applied to oocytes and cumulus 
cells, with the latter sample type analyzed without 
compromising current laboratory practices. 

 Initial reports performed gene microarray analyses 
of human oocytes that vary in their meiotic and/or 
developmental competences. Although these studies 
are preliminary and notes of caution remain as to the 
origin and thus informative nature of the human oocytes, 
there is support for signifi cant variation in gene expres-
sion levels. For instance, in vitro and in vivo matured 
human oocytes (known to diverge in their developmen-
tal competencies) display differences in the groups of 
genes that they express  (173,   174) . Instances of differ-
entially expressed gene families include ones involved 
in gene expression, cell cycle regulation, transport, cell 
organization, metabolism, and signaling. Gene profi l-
ing of human and animal oocytes also identifi ed new 
cumulus- and oocyte-specifi c genes that may prove of 
developmental relevance  (175,   176) . Oocytes from 
older women represent another example of gametes 
that harbor compromised quality in conjunction with 
signifi cant changes in gene expression profi les  (177) . 
Taken together, all of the emerging microarray studies 
have identifi ed relevant and new targets to the evalua-
tion and management of oocyte health. 

 As in the case of oocytes, microarray studies in 
cumulus cells promise to complement hypothesis-
driven efforts; many of these have already identifi ed a 
growing list of gene markers that may relate to the 
quality of oocytes. To date, recurring cumulus cell 
gene groups with potential predictive value include 
ones related to paracrine signaling, the cumulus 
matrix, and hypoxia  (178–  181) . A microarray analy-
sis of human granulosa cells also identifi ed a subset 

of genes (mostly involved in steroidogenesis) with 
differential expressions depending on the pregnancy 
outcome  (182) . 

 Extending and often confi rmatory of microarray 
profi les are reports that carefully analyze candidate 
genes (in oocytes and/or cumulus cells), their dynamic 
expression, and potential prognostic value in terms of 
oocyte competence. Some of these studies have already 
undergone testing in an ART setting and in relation to 
embryo outcomes  (178,   181,   183) . To date, most studies 
focus on analysis at the mRNA transcript level, largely 
because of available technologies and the ability to 
amplify the very little amount of samples available. 
However, there are clear benefi ts to profi ling the pro-
teome of oocytes and cumulus cells  (184) , particularly 
since the fi nal gene products are the ones that carry out 
cellular functions, and posttranscriptional regulation is 
a common process in female gametes. Proteomic fi nd-
ings are currently preliminary and seriously limited by 
sensitivity, quantifi cation, and sample needs. Lastly, 
future studies must focus on not only the assessment of 
individual gene marker or gene families, but also the 
use of a systems biology approach in order to avoid 
any bias and unwanted omissions in our quest for 
oocyte quality predictors.    

  4 Conclusions  

 The central role of oocyte competence in determining 
embryo developmental fate has spurred an extensive 
search for reliable predictors of oocyte quality. 
Attempts to characterize morphological attributes 
associated with oocyte quality have achieved very lim-
ited success. Among all of the morphological, cellular, 
and molecular parameters presented above, a pivotal 
overarching theme is our need to characterize a “normal” 
oocyte. From this platform, we will then be positioned 
to develop diagnostic methodologies to detect oocyte 
abnormalities. Insight into the subcellular nature of 
oocyte abnormalities and into the mechanisms that 
lead to aberrant oocyte maturation has only recently 
began to unfold. The understanding of cellular and 
molecular basis of morphological characteristics will 
allow the identifi cation of reliable predictors of oocyte 
quality. In the absence of a comprehensive oocyte 
grading scheme, the power of morphological observa-
tions to aid oocyte/embryo selection is reduced. 
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Technologies should be tailored towards detecting the 
abnormal. Many challenges remain ahead but excitingly, 
several paths have now been paved towards much-
awaited breakthroughs in the detection of oocytes 
exhibiting compromised quality.      
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  Abstract   Efforts to optimize oocyte quality as a result 
of in vitro maturation (IVM) are critical to achieving 
patient-specifi c success in assisted reproductive tech-
niques. Traditional approaches to human IVM have 
been replaced by methodologies aimed at recapitula ting 
the changing milieu of the ovulatory follicle following 
reception of signals initiated by LH. These include the 
deployment of sequential media changes that more 
accurately refl ect the temporal shift in balance between 
biosynthetic and metabolic alterations that occur within 
the cumulus cells and their enclosed oocytes. Distinc-
tions in cumulus cell physiology and gene expression 
in an in vivo and in vitro context are likely to serve as 
useful noninvasive biomarkers for the developmental 
potential of human oocytes that complete nuclear and 
cytoplasmic maturation under ex vivo conditions.  

 Keywords      Oocyte  •  Germinal vesicle  •  Metabolic 
cooperation  •  Junctions  •  Cumulus oocyte complex 
cytoskeleton  •  Meiotic spindle  •  Chromosomes  •  Cell 
cycle    

  1 Introduction  

 The link between oocyte quality and the developmental 
capability of an embryo has long been appreciated. But 
exactly what properties in the oocyte, both prior to and 
following maturation, confer developmental compe-
tence to the conceptus has evaded rigorous defi nition 

until recently. What has become clear is that a pro-
tracted series of molecular and cellular modifi cations 
must occur during both the growth and maturation 
stages of oogenesis in mammals to realize successful 
preimplantation embryogenesis  (1) . While achieving 
ex vivo oogenesis is a novel and much sought after 
paradigm within emerging assisted reproductive tech-
niques (ART), manipulating the fi nal stages of oocyte 
maturation for purposes of embryo production has been 
at the heart of contemporary ART, originating with the 
classical studies of Edwards  (2,   3) . His work foresaw 
the need to develop and optimize cell culture techniques 
that would sustain oocyte maturation, and heralded 40 
years of active research in animal and human systems. 
As the clinical application of in vitro maturation in 
human oocytes has entered the mainstream of ART, so 
too has the need to better understand the in vivo condi-
tions that stimulate oocyte maturation during ovulation. 
Thus the purpose of this review is to outline recent evi-
dence based on the physiology of ovulation and pose a 
series of questions that would allow for comparison of 
the quality of oocytes produced under in vivo and in 
vitro conditions. It is hoped that the concepts put forth 
here will stimulate further research designed to improve 
in vitro maturation for clinical applications. 

  1.1 Historical Considerations 

 Even before the classical studies of Edwards  (2) , there 
was ample evidence demonstrating the feasibility of in 
vitro maturation in mammalian oocytes based on the 
pioneering efforts of Pincus and his colleagues  (4)  
(Table  1 ). Pincus’ success in documenting the sponta-
neous maturation of rabbit oocytes from the germinal 
vesicle to metaphase-II stage of meiosis in culture 
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prompted one of the fi rst documented efforts to achieve 
IVM in the human. In 1944, Menkin and Rock  (5)  pub-
lished what was debated to be the fi rst “successful” 
IVF study in humans using aspirated follicular oocytes 
from the ovaries of women judged to be peri-ovulatory. 
They reported that in excess of 800 human oocytes 
were retrieved between 1938 and 1944 and were 
“bathed in Locke’s solution and incubated in the 
patient’s blood serum for 24 h to bring them to matu-
rity.” While many of these oocytes were observed to 
have matured based on the extrusion of a fi rst polar 
body, it remains speculation as to whether or not any of 
these patients would have undergone an endogenous 
gonadotropin surge to infl uence these earliest results. 
Nevertheless, the concept that human oocytes could 
undergo spontaneous IVM was established.  

 From the outset, there was little doubt that traditional 
culture conditions would support at least nuclear matu-
ration but short of carrying out IVF and embryo culture, 
evidence was lacking to support the idea that IVM 
oocytes from any animal species had acquired the nec-
essary cytoplasmic properties that would support embry-
onic development. This barrier to further advances was 
in part dictated by the lack of information on the basic 
metabolism of the mammalian oocyte. Biggers et al.  (6)  
were the fi rst to study this problem and in the mouse, 
showed that metabolism of the mouse embryo was com-
parable to that of the oocytes in terms of using pyruvate 
as a preferred energy substrate, and more importantly, 
identifi ed the source of this substrate as the follicle cells 
attached to the oocyte. This fundamental observation 
has withstood the test of time and laid the foundation for 
appreciating the extreme dependence of the embryo’s 

metabolism upon energy resources derived from the 
companion cells of the cumulus oophorus. Following 
this work, a series of discoveries was made over the next 
20 years in animal models that would set the stage for 
using human IVM (Table  1 ). These included identifi ca-
tion of cAMP as a meiosis arresting agent  (7) , the dis-
covery of gap junctions between oocytes and granulosa 
cells  (8) , the demonstration that mouse oocytes matured 
in vitro could develop to blastocysts and yield live young 
after IVF and embryo transfer  (9) , and the fi nding that 
even under conditions of meiotic arrest, FSH or EGF 
could promote IVM in mice with the resulting oocytes 
exhibiting higher developmental potential than oocytes 
matured in the absence of cumulus cells or hormonal 
supplements  (10) . Collectively, this body of knowledge 
established the notion that factors within the ovarian fol-
licle suppressed spontaneous maturation using meta-
bolic cooperation between the oocyte and granulosa 
cells, and that hormonal signals relieved this inhibition, 
supporting IVM in a fashion consistent with achieving 
conceptus developmental competence. 

 Concurrent with these substantive advances were 
initial  (11,   12)  and then later  (13–  15)  attempts to under-
take human IVM using explanted follicular oocytes cul-
tured in a single medium for variable amounts of time. In 
1997, Bavister and Boatman working with the rhesus 
monkey introduced the notion of deploying a sequential 
medium postulating that the needs and requirements for 
the oocyte and cumulus cells changed at successive 
stages of the maturation process  (16) . As will be discus-
sed further, new information on the cascade of signals 
generated during ovulation suggests that indeed the 
microenvironment in which the oocyte undergoes fi nal 
maturation is a changing one and will need to be tightly 
regulated under in vitro conditions to consistently and 
effi ciently achieve full nuclear and cytoplasmic matura-
tion (Fig.  1 ).    

  2 In Vivo Vs. In Vitro Maturation 
of Oocytes  

  2.1 A Revised Physiological Perspective 
of the Follicular Milieu 

 Over the past 10 years, collective evidence from 
primarily rodent model systems has added complexity 
to our understanding of the intrafollicular sequence of 

  Table 1    Historical milestones in development of IVM    

 Author/Year  Observation  Ref. 

 Pincus and 
Enzmann, 1935 

 Spontaneous maturation 
of rabbit oocytes 

  (4)  

 Rock and Menkin, 
1944 

 Spontaneous maturation 
of human oocytes 

  (5)  

 Edwards, 1965  Spontaneous maturation is 
common amongst mammals 

  (3)  

 Biggers et al., 1967  Oocyte metabolism depends on 
follicle cells 

  (6)  

 Cho et al., 1974  cAMP blocks meiotic resumption   (7)  
 Anderson and 

Albertini, 1976 
 Gap junctions connect oocyte and 

granulose cells in mammals 
  (8)  

 Schroeder and 
Eppig, 1984 

 IVM in mice allows birth 
of live young 

  (9)  

 Downs et al. 1988  Oocyte maturation can be 
induced by FSH and EGF 

  (10)  
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events that are elicited by the LH surge during ovula-
tion. Central to this new paradigm is the notion that a 
cascade of signaling steps brings about signifi cant 
changes in the transcriptional activity of granulosa 
cells resulting in the synthesis and secretion of EGF-
like molecules whose primary target is the cumulus 
oophorus  (17,   18) . Buttressed by the long-standing 
idea that the cumulus–oocyte complex is a highly inte-
grated heterocellular syncytium, two key questions 
have remained that would mechanistically contribute 
to the problem of oocyte in vitro maturation. First, how 
is the switch from diplotene arrest into meiotic matura-
tion triggered at the level of the oocyte? Second, how 
do cumulus cells participate in the resumption of mei-
osis and what role does this level of communication 
have in conferring cytoplasmic competency to the 

mature oocyte? These two questions lie at the heart of 
the technical and conceptual problems presently 
impeding optimization of IVM for human ARTs. 

 By tradition, and for lack of better alternatives, the 
inclusion of gonadotropins, steroids, growth factors, 
serum, and antioxidants has been used in the design of 
culture media to mimic what has been postulated to be 
an ex vivo environment within which immature oocytes 
could proceed through meiosis-I and progress through 
to metaphase of meiosis-II. However, it is not clear 
that persistent exposure to gonadotropins is benefi cial 
in the context of cumulus–oocyte interactions during 
meiotic resumption or at later transition stages of 
oocyte maturation. In fact, many of the genes that 
direct the pathway of luteinization become transcrip-
tionally activated within hours of LH treatment in mice 

  Fig. 1    Confi guration of immature germinal vesicle and MII 
stage human oocytes. Confocal scanning microscopy of human 
oocytes at the germinal vesicle (A, B) and MII (C, D) stage. 
Germinal vesicle oocytes show an extensive tubulin network 
throughout the entire oocyte ( A ) and condensed chromatin 

within the germinal vesicle with a distinctive ring surrounding 
the nucleolus ( B ). MII stage oocytes display a well organized 
meiotic spindle with microtubules meeting at fl attened poles 
adjacent to the oocyte cortex ( C ) with aligned chromatids along 
an equatorial plate ( D ).  Scale bars  represent 10  m m       
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and these seem suffi cient to direct terminal differentia-
tion of the mural cell compartment. Although we know 
little about the lifespan of ligand–receptor activation 
and stability during ovulation, persistent exposure in a 
culture setting is likely to bring about inappropriate 
signaling of a prolonged duration that interferes with 
the maintenance of structural integrity within the 
cumulus oophorus. In animal models, this condition 
directly impacts cell cycle progression during IVM 
and further results in a failure to maintain meiotic 
arrest at metaphase-II  (19) . Moreover, both clinical 
and research programs have now reached a consensus 
that excess gonadotropin brings about a reduction in 
oocyte quality further emphasizing the need to use 
hormone supplements judiciously in designing IVM 
protocols that would better mimic follicular physiol-
ogy in the context of ovulation. 

 Thus, mapping of the transcriptional requirements 
for oocyte and follicular maturation in vivo has already 
identifi ed a triggering rather than constitutive role for 
the peri-ovulatory gonadotropin and pinpointed as an 
intermediary in this process, the generation of EGF-like 
molecules as pertinent to the microenvironment that 
sustains oocyte maturation (17, 18). It follows then that 
temporally limiting exposure to gonadotropins in com-
bination with supplements conducive to both cumulus 
expansion and oocyte maturation provide logical fi rst 
steps in the development of effi cacious IVM protocols.  

  2.2 Signaling Meiotic Resumption 

 It has long been appreciated that coordination of nuclear 
maturation with that of the cytoplasm leads to oocytes 
exhibiting good developmental potential. How such 
coordination is achieved is a more perplexing problem 
but in general, the assumption that these events are tem-
porally, if not spatially, synergized has provided a back-
drop for studies on oocyte IVM. With respect to nuclear 
maturation, the fi rst overt sign that diplotene arrest has 
been overcome and that there is a commitment to pro-
ceed through meiosis-I, is the process of germinal ves-
icle breakdown. While commitment to engage in 
M-phase progression is tantamount to the activation of 
the cdk/cyclin/kinase complex, an upstream signal 
releasing a state of cell cycle arrest is pivotal to initiat-
ing meiotic maturation. Recent evidence has shed 
important new light on how this critical early step is 
regulated in the rodent. 

 Within 1–3 h of receptor activation by LH in mural 
granulosa cells, EGF-like proteins including amphi-
regulin and epiregulin are synthesized from newly tran-
scribed mRNAs  (17,   18) . These factors can elicit oocyte 
maturation as long as granulosa cells are present, again 
indicating that the signal to commence maturation is 
transduced through the cumulus oophorus and is not 
the direct result of LH per se. As discussed earlier, 
cAMP is believed to be a central regulator of meiotic 
resumption due to the ability of oocytes to generate this 
factor which exerts a direct PKA-mediated negative 
effect on the MPF activator CDC25  (20) . What there-
fore regulates cAMP levels in the oocyte? In the mouse, 
this pivotal function appears to rely upon a Gs-coupled 
receptor (GPR3) located in the oocyte plasma mem-
brane. Studies by Mehlmann et al.  (21)  have shown that 
when GPR3 is genetically depleted from mice, oocytes 
undergo precocious maturation in the follicle, and mei-
otic arrest can be restored by replenishing the mRNA 
for GPR3 in oocytes from the mutant mice. Thus the 
long-standing model invoking cAMP metabolism in 
maintenance of meiotic arrest fi nds support from these 
recent studies and has been used clinically to synchro-
nize immature human oocytes prior to IVM  (22) . 

 Clearly, the ability to regulate the onset and pro-
gression of meiotic maturation in mammalian oocytes 
are important factors to consider in designing clini-
cally appropriate protocols for human oocyte IVM. At 
least in the case of releasing meiotic arrest, pharmaco-
logical agents such as phosphodiesterase inhibitors 
have been used to block the precocious advancement 
of the oocyte cell cycle  (22) . It will be necessary to 
identify agents that delay or impede cumulus cell 
responses to EGF to synchronize the metabolism of 
the cumulus with that of the oocyte upon release from 
meiotic arrest. The more pressing challenge will be to 
determine the causes of cytoplasmic maturation and 
the role of cumulus cell integrity on this developmen-
tally relevant aspect of oocyte quality (Table  2 ).   

  2.3 Linking Cumulus Oocyte Integrity
 to Cytoplasmic Maturation 

 The most obvious changes that distinguish oocyte mat-
uration in vivo from those which occur in vitro relate to 
the state of cell interactions within the cumulus–oocyte 
complex (Table  2 ). Specifi cally, little is known about 
the short or long term effects of follicular disruption 
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induced during the process of ovum retrieval. For 
achieving IVM, it is known that the presence of cumu-
lus cells provides a physical basis for integrating both 
nutrient supply and signal conveyance if the contacts 
between the oocyte and cumulus cells are retained. But 
again, the dynamics of the cumulus–oocyte-complex 
(COC) are subject to progressive change due to the 
process of cumulus expansion and the resulting subdi-
vision of labor between those cumulus cells that retain 
adhesive contacts with the zona pellucida and those 
that assume more distal locations as cumulus expan-
sion progresses. Models of these interactions have 
been proposed but most tend to ignore the conse-
quences of diluting COCs into relatively large volumes 
of medium that would irreversibly modify both the 
structure and contents of the extracellular matrix envel-
oping the oocyte  (23) . The importance of this interac-
tion, and a major reason to think that it must be 
sustained throughout the course of meiotic maturation, 
is that after signaling to resume meiosis, major changes 
in oocyte structure and metabolism occur that are 
linked to cytoplasmic maturation (Table  2 ). 

 Amongst the more recent principles governing cel-
lular regulation in many systems is the notion that 
mRNAs are localized within the cytoplasm to perform 
site specifi c functions, once activated for translation to 
occur. Thus, both maintenance of appropriate levels of 
mRNAs by establishing a means for preventing degra-
dation, and assignment to correct locations, synergize 
to produce robust responses controlling cell cycle pro-
gression and timing, and organelle positioning and 
activation  (24) . These processes are hallmarks of 
oocyte maturation. Correct readout of stored maternal 
mRNAs, positioning of mitochondria and the meiotic 
spindle, and timely initiation of anaphase onset at both 

meiosis-1 and 2 are vital to ensure the synchronous 
maturation of the nucleus and cytoplasm. Notably, 
none of these processes would involve transcription, 
thereby emphasizing the need to focus on posttransla-
tional dynamics in the case of the oocyte itself. 

 In contrast, transcriptional regulation at the level of 
the cumulus cells is characteristic of their function both 
prior to and following the LH surge, as noted above. 
Here, several aspects of cumulus cell function are subject 
to regulation not only via the activation of LH or FSH 
receptors but also by the system of TGF beta molecules 
derived from the oocyte itself  (1) . For example, the 
inability of the oocyte to undergo glycolysis and derive 
energy substrates like pyruvate is compensated for by 
the metabolism of the granulosa cells to which it is 
attached. Recent evidence in the mouse now shows that 
BMP-15 and FGF-8 are made in the oocyte, and their 
secreted products stimulate glycolysis in the cumulus 
cells  (25) . Moreover, in the mouse, GDF-9 and BMP-15 
also seem to infl uence the delivery of cholesterol to the 
oocyte after it is synthesized in the cumulus cells  (26) . 
There is then precedence for so-called metabolic coop-
eration at many stages in the process that regulates meiotic 
maturation beginning with energy substrate provision, 
and ending with the loading of important molecules like 
glutathione and ATP. The common feature that links 
cumulus integrity with achieving cytoplasmic matura-
tion appears then, to be based in an architecture that sat-
isfi es a symbiotic relationship between oocyte and 
cumulus cell, as summarized in Table  2 . Defi ning this 
architecture and understanding how it changes in space 
and time during ovulation will set the stage for improve-
ments in human IVM. 

 The metabolic demands during meiotic maturation 
are formidable  (27) . A constant energy supply is 
required to sustain ATP-consuming kinases that, in 
turn, drive entry into metaphase-I and maintain meta-
phase-II arrest. The intrinsic lack of a glutathione gen-
erating capacity in the oocyte means that the only 
source of this essential redox regulator is from the sur-
rounding cumulus cells  (28) . Stored maternal proteins 
are needed to generate the meiotic spindle and, in 
murine models, this has been shown to be directly 
infl uenced by IVM conditions. Specifi cally, the local-
ization and assembly of the meiotic spindle in vivo 
involves a spatial restriction that limits the amount of 
tubulin that is effectively integrated during progression 
of meiosis  (29) ; in vitro maturation under conditions 
that compromise cumulus cell attachment leads to 
excess tubulin recruitment into spindles and a loss of 

  Table 2    Mechanisms integrating COC metabolism    

 Interface  Transfer mode 
 Substrate or signal 
propagated 

 Granulosa-
Granulosa 

 Gap junction  ATP, GSH, cAMP, Ca 
 Adhesion junctions  Receptor tyrosine 

kinases 
 Granulosa-

Zona 
pellucida 

 Integrins, proteases, 
crosslinkers, 
hyaluronic acid 
matrix binding 

 EGF, IL-6, GDF-9, 
BMP-15 

 Granulosa-
Oocyte 

 Gap junction  ATP, GSH, cAMP, Ca 
 Adherens junctions  RTKs, scaffold proteins 
 Lipid exchange  Cholesterol, 

phosphoinositides 
 Local endocytosis 

and exocytosis 
 Proteolytic cleavage 

products 
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this maternal protein into the polar bodies. It was 
recently shown that spindle enlargement is due to the 
failure to retain gamma-tubulin containing organizing 
centers in the oocyte cortex, again due to a loss in 
cumulus cell contact  (30) . Similar forces acting to sta-
bilize the oocyte cortex during maturation are likely to 
infl uence the location and integrity of other organelles 
required during preimplantation development. This 
aspect of IVM needs to be better characterized in 
human oocytes especially with reference to the nature 
of oocyte granulosa cell interactions  (31) .   

  3 Lessons Learned  

 Optimizing conditions for human IVM has, under 
certain circumstances, drawn upon discoveries made 
with animal models. These animal systems offer abun-
dant material, the ability to manipulate gene and protein 
actions, and more importantly, in the case of the mouse 
and cow, the ability to translate IVM conditions to a 
clinical outcome measure whether it be pregnancy 
establishment or term birth. On the other hand, without 
a clear picture of normo-ovulatory processes in humans 
and nonhuman primates there are likely to be additional 
or different factors that are called into play to achieve 
oocyte maturation in vivo or in vitro. While this is an 
unrealistic research scenario for studies on humans, 
future work in this area can be guided by the principles 
of ovulatory physiology gleaned from animal studies 
and suggest that the lessons learned in these models 
will fi nd application in the clinic (Table  3 ).  

 One set of lessons can be viewed from the perspec-
tive of oversimplifi cation. Just as the facility to study 
gene transcription set the stage for deducing many of 

the gene networks involved in murine ovulation, so too 
will the need to map the spatial and temporal aspects 
of oocyte proteins that underlie developmental compe-
tencies. Given the oocyte’s transcriptionally dormant 
state and its reliance on the cumulus cells for funda-
mental aspects of metabolism, it will be essential to 
achieve effective support of mRNA processing and 
the lifetimes for specifi c proteins in cell cycle control. 
This will ultimately require defi nition of the protein 
factors that drive chromosome alignment and segrega-
tion at both meiotic anaphases, and those maternally 
inherited proteins that support the fi delity of cell divi-
sion in the early conceptus. What sets the primate 
oocyte apart from other mammals in this regard 
remains a perplexing problem, given the high inci-
dence of aneuploidy that is known to compromise 
human oocyte health. 

 Another example of oversimplifi cation derives from 
the microenvironment that the oocyte fi nds itself in both 
prior to, and following, cumulus expansion. Viscous 
hyaluronate-rich gels provide physical rigidity and bio-
chemical accessibility for growth factors in many devel-
opmental systems and this should not be overlooked in 
the case of the COC. If nothing else, mounting evidence 
for the dualistic functions of both granulosa and oocyte 
secreted proteins argues strongly that any enzymatic or 
dilution effect imposed on the COC is likely to alter the 
immediate interfaces being used to initiate or sustain 
signaling cascades as oocyte maturation progresses. 
Likewise the basic culture conditions now employed are 
also apt to generate stress responses in both cumulus 
cells and oocytes due to the heightened metabolism of 
the former, and the protracted dependence of the latter, 
on the energy requirements for both the oocyte and 
zygote. Addressing both the sources of and ways to 
micromanage reactive oxygen species will measurably 

  Table 3    Physicochemical factors required for IVM optimization    

 Factors   Consequence    Remediation prospect  

 Matrix stability  Loss of growth factors  Substitution of enriched artifi cial matrices 
 Diffusion  Reversal of local metabolite and protein 

gradients 
 Limit vessel volume and number of medium exchanges 

 Culture stress  ROS generation, metabolic diversion  Medium quenching, directed metabolism 
 Enhanced catabolism  Precocious depletion of maternal 

mRNAs, proteins 
 Medium conditioners to adjust protein phosphatase, 

proteosome, and RNA degrading machinery 
 Cell contact interactions  Loss of metabolic cooperation  Identify and overexpress/stabilize junctional complexes 
 Oolemma stability  Modifi cation of oocyte domain structure 

and linkage to cytoskeleton initiates 
macromolecular turnover 

 Identify cumulus/zona (extrinsic) and oocyte (intrinsic) 
molecules that regulate membrane stability using 
pharmacological agents 
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serve to protect both long lived and rapidly turning over 
proteins that determine oocyte quality. And fi nally, 
taking the dimensions of time and space and putting 
them into the context of the changing demands on the 
oocyte while cumulus expansion proceeds, will neces-
sitate the adoption of microfl uidic technology to effect 
the in vivo situation. While some of these modifi cations 
from existing clinical approaches are underway and 
promising, the majority of clinics retain standards for 
IVM that require updating in an effort to improve the 
effi ciency and safety of this form of ART.  

  4 Clinical Applications Summary  

 Human oocyte IVM will continue to be used for clini-
cal embryo production. This need will be driven by 
benefi ts to patients that include lessening the risk of 
ovarian hyperstimulation syndrome (OHSS), espe-
cially in cases of polycystic ovary syndrome (PCOS), 
minimizing both costs and adverse oocyte quality 
derivative from excessive follicular stimulation, and 
offering in general a more patient-friendly experience. 
This potentially major role that human IVM may play 
in current ART practices is likely to grow as more 
suitable conditions are defi ned for manipulating both 
oocyte and cumulus cell physiology with respect to 
the array of factors yet to be discovered that contribute 
to establishing consistent and high levels of oocyte 
quality. One of the more relevant questions at this point 
then pertains to identifying biomarkers that directly or 
indirectly refl ect cytoplasmic maturation without com-
promising the functionality of the cumulus–oocyte 
complex. New assays are under development that will 
allow for rapid detection of mRNAs from cumulus 
cells that might have biomarker potential for assessing 
oocyte quality. Alternatively, using microassays and 
sensitive detection strategies to monitor COC metabo-
lism based on catabolism and metabolite secretion 
might afford the opportunity to profi le a given COCs 
metabolome that could in practice serve as a quality 
indicator. While all of these approaches offer some 
merit for clinical application, predictors of oocyte 
quality will ultimately depend on demonstration of the 
features of oocytes that best dictate the initiation and 
persistence of an otherwise error-prone program for 
pre and post implantation development. Thus, any 
summary of the state of human IVM must look beyond 

currently accepted practices, such as whether to use 
hCG priming or not, and introduce practical modifi ca-
tions in technology that are based on our best guess, 
drawn from results with animal models such as nonhu-
man primates. 

 An impending opportunity for carrying out studies 
on human IVM should derive from the introduction of 
fertility preservation programs. Specifi cally, the use of 
oocytes isolated from grafted pieces of ovarian cortex 
and grown to maturity will expand research-oriented 
clinical programs to analyze the developmental program 
for human oogenesis at a level of detail not previously 
appreciated. Moreover, the growth of cryopreservation 
options for both immature and mature human oocytes 
will similarly stimulate more study into the staging of 
oocyte maturation in a context that will bear fruits 
consistent with improved clinical outcome. As always, 
the burden of proof in any new procedure will be 
enhancement of pregnancy rates and birth of healthy 
offspring in large numbers; data we await from the 
initial phase of human IVM.      
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        Abstract     Refi ned slow freezing and new vitrifi cation 
methods have signifi cantly improved cryopreserva-
tion of human oocytes and embryos. Slow freezing 
techniques using a programmed cryo-machine have 
been traditionally employed, but usually take several 
hours to complete and involve ice-crystal formation 
during freezing. Vitrifi cation has become a reliable 
strategy, not only because it is very simple but also 
because it can lead to high survival rates and viability. 
The underlying concept of vitrifi cation is to transform 
the cells into an amorphous glassy state inside and 
outside the vitrifi ed cell, instead of ice crystal forma-
tion. This requires high concentrations of cryopro-
tectancts (CPAs) and rapid cooling and warming steps. 
Conventional vitrifi cation, using cryostraws with rela-
tively high concentration of CPAs was not clinically 
effective compared with slow freezing, especially in 
oocyte and blastocyst. However, ultra-rapid vitrifi ca-
tion, using a minimized volume of vitrifi cation solu-
tion, has been adopted and could dramatically improve 
survival rate and viability. In order to vitrify the cells 
in liquid nitrogen, suffi cient dehydration and perme-
ation of the CPA are necessary, in any stage of gametes 
and embryos, although this ultra-rapid vitrifi cation 
does not require full equilibration of CPAs because of 
its extremely high cooling rate. This is why this 
approach could decrease the concentration of CPAs 
to reach the vitrifi ed state during the cooling and 
warming steps that could reduce the toxicity of CPA 
without forming ice-crystals inside the cell. Recently 
cryoloop, cryotop, hemistraw, open pulled straw (OPS), 

and EM grid were introduced as tools to minimize 
the vitrifi cation solution at the fi nal steps. In this 
chapter, the basic concepts and methodologies of 
both conventional vitrifi cation and ultra-rapid vitri-
fi cation will be discussed.  

 Keywords      Vitrifi cation  •  Cryotop  •  Cryoloop  •  Cryo-
preservation  •  Cryoprotectant  •  Embryo  •  Blas-
tocyst  •  Oocyte    

  1 Introduction  

 In assisted reproductive technology (ART), cryopreser-
vation of embryos has proven important for the best 
use of supernumerary embryos. In the cryopreserva-
tion of embryos, there is a risk of various types of 
injury  (1,   2) . Among them, the formation of intracel-
lular ice appears to be the most damaging. The fi rst 
strategy to prevent intracellular ice from forming was 
to adopt a lower concentration of cryoprotectant and a 
long slow-cooling stage. This slow freezing method 
has proven effective for embryos of a wide range of 
mammalian species. Unlike embryos of laboratory 
animals and domestic animals, in which dimethylsul-
phoxide (DMSO), glycerol or ethylene glycol (EG) are 
commonly used as the cryoprotectant (Cryoprotective 
agent: CPA), human embryos at early cleavage stages 
have most often been frozen in a solution of propane-
diol supplemented with sucrose  (3) , although those at 
the blastocyst stage have more frequently been frozen 
with glycerol and sucrose  (4–  6) . With slow freezing, 
however, it is diffi cult to completely eliminate injuries 
occurring from ice formation. Furthermore, the slow 
freezing method requires a long period of time before 
embryos are stored in liquid nitrogen (LN 

2
 ). 

       The Use of Oocyte and Embryo Vitrifi cation 
in Assisted Reproductive Technology       

     Tetsunori   Mukaida  

T. Mukaida
 Hiroshima HART Clinic ,   5-7-10 Ohtemachi, Naka-ku , 
 Hiroshima   730-0051 ,  Japan  
e-mail: info@hiroshima-hart.jp

D.T. Carrell et al. (eds.), Biennial Review of Infertility, DOI: 10.1007/978-1-60327-392-3_15 223
© Humana Press, a part of Springer Science + Business Media, LLC 2009



224 T. Mukaida

 In 1985, Rall and Fahy reported  (7)  an innovative 
approach called “vitrifi cation,” in which injuries 
related to ice crystal are minimized by using very high 
concentrations of CPAs. Vitrifi cation is the solidifi ca-
tion of a solution at a low temperature without the for-
mation of ice crystals, by increasing the viscosity using 
high cooling rates  (1) . The rapid cooling process can 
minimize chilling injury and osmotic shock to the 
embryos. Vitrifi cation, with recent improvements, has 
become a reliable strategy, not only because it is very 
simple but also because it can lead to high survival 
rates. To induce vitrifi cation in LN 

2
 , the solution must 

contain a high concentration of CPAs  (2) . This 
approach simplifi es the cooling process, because 
embryos can be rapidly cooled directly in LN 

2
 . 

Although embryos subjected to vitrifi cation are more 
liable to be injured by the toxicity of the high concen-
tration of CPAs, the method has been refi ned and 
proven to be effective for the cryopreservation of 
embryos at various stages of development in labora-
tory and domestic species. In 1998, we showed that 
vitrifi cation using an EG-based vitrifi cation solution 
 (8)  (EFS40) with conventional cryostraws was effec-
tive for human embryos at the 4–8 cell stage  (9) . The 
effectiveness of vitrifi cation was confi rmed for human 
embryos at the 8–16 cell stage  (10)  and the morula 
stage  (11) , using EG-based solutions. 

 The basic procedure for vitrifi cation is simple. 
Embryos are suspended in a vitrifi cation solution and 
then plunged in LN 

2
 . Embryos are warmed rapidly and 

diluted quickly with a sucrose solution. The most 
important stage is the exposure of embryos to the vitri-
fi cation solution before cooling. To prevent intracellu-
lar ice from forming, a longer period of exposure is 
desirable. However, if the exposure is too long, cells 
suffer from the toxicity of the solution. Therefore, the 
optimal exposure time for successful vitrifi cation must 
be a compromise between preventing the formation of 
intracellular ice and preventing toxic injury. Actually, 
however, embryos may be injured by the toxicity of the 
cryoprotectant before enough cryoprotectant can per-
meate the cells. Therefore, a two-step procedure is 
commonly adopted in which embryos are fi rst equili-
brated in a dilute (e.g., 10%) CPA solution, followed 
by a brief (30–60 s) exposure to a vitrifi cation solution 
before the cells is cooled with liquid nitrogen. The 
optimal exposure time in the vitrifi cation solution 
depends not only on the CPA solution but also on the 
temperature, since both the permeability of embryos 

and the toxicity of the CPA are largely infl uenced by 
temperature  (6,   7) . 

 In vitrifi cation, the selection of CPAs requires 
extreme care because their concentration can be as 
high as 6 M, which can make the toxicity of these com-
pounds a key limiting factor in cryobiology. The most 
appropriate characteristics of a penetrating CPA are 
low toxicity and high permeability. For cryopreserva-
tion of human embryos, PROH and DMSO have been 
used as the dominant CPAs, although glycerol is used 
when embryos are frozen at the blastocyst stage  (6) . 
As a less toxic CPA, ethylene glycol is commonly and 
widely used  (2) . However, few comparative studies 
have examined the effect of the CPA on the survival of 
vitrifi ed embryos.  

  2 Day 2–3 Embryo Vitrifi cation  

 In 1998, we performed an investigation to fi nd a suit-
able CPA and suitable conditions for exposing embryos 
to a vitrifi cation solution using 8-cell mouse embryos 
 (9) . The survival rates of 8-cell embryos vitrifi ed in 
various solutions after exposure to the solutions for 0.5 
and 2 min at 20 and 25°C are summarized in Fig.  1 . 
The highest rates of survival were obtained, regardless 
of the time and temperature, with ethylene glycol-
based solutions. Although none of the vitrifi ed embryos 
were morphologically normal when embryos were vit-
rifi ed after 0.5 min exposure to any mixture of 30% 
CPA, the survival rate was over 90% when embryos 
were treated for a longer time (2 min) at a higher tem-
perature (25°C), or when embryos were treated with a 
higher concentration of ethylene glycol (EFS40) at a 
higher temperature (25°C).  

 In addition, a small saccharide (e.g., sucrose) and a 
macromolecule (e.g., Ficoll 70, BSA or PVP) are fre-
quently included in vitrifi cation solutions. These non-
permeating agents are much less toxic, and are known 
to promote vitrifi cation of the solution  (8) . Therefore, 
their inclusion can reduce the toxicity of the solution 
by decreasing the concentration of the permeating 
agent required for vitrifi cation. In addition, inclusion 
of a saccharide promotes shrinkage of embryos, and 
thus reduces the amount of intracellular cryoprotectant, 
which will also reduce the toxic effect of the permeat-
ing CPA  (8) . At the same time, the osmotic action of 
saccharide plays an important role in minimizing the 
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swelling of embryos during dilution, since a quick 
dilution is necessary to prevent the toxic effect of the 
solution.  

  3 Protocols and Clinical Results 
of Day 2–3 Vitrifi cation  

  3.1 Vitrifi cation Using Conventional 
Cryostraws for Day 2–3 Embryos 

 A two-step protocol for straw vitrifi cation using ethyl-
ene glycol-based solutions, EFS20 and EFS40, has 
been described  (1,   12) . This method has been proven 
suitable for human embryos on day 2–3  (9 , Mukaida 
et al., unpublished data). The two solutions (EFS20 
and EFS40) are used for pretreatment and vitrifi ca-
tion, respectively. The base medium used for vitrifi -
cation of embryos is modifi ed phosphate-buffered 
saline (PB1), in which BSA is replaced with human 
serum albumin (HSA). Ethylene glycol is diluted to 
20 or 40% (v/v) with Ficoll-sucrose (FS) solution; 

the components of the FS solution are 30% (w/v) 
Ficoll 70 (average molecular weight 70,000, Amersham 
Pharmacia Biotech, Buckinghamshire, England), and 
0.5 M sucrose in PB1 medium. The respective vitrifi -
cation solutions are designated EFS20 and EFS40. 
The fi nal concentrations of Ficoll 70 and sucrose are 
24% (w/v) and 0.4 M, respectively, in EFS20, and 
18% (w/v) and 0.3 M, respectively, in EFS40. For 
dilution, PB1 medium containing 0.5 M sucrose (S-PB1) 
is prepared. 

 All the solutions are placed in a room at 25–27°C, 
at which temperature embryos are manipulated. A 0.25 
ml plastic straw (~132 mm including the cotton plug) 
is prepared for embryo loading by drawing S-PB1 
medium up to a depth of ~60 mm, followed by air 
(~25–30 mm), EFS40 (~5 mm), another volume of air 
(~5 mm) and fi nally more EFS40 (~12 mm). First, 
embryos are pretreated by being suspended in a drop 
of EFS20 in the lid of a culture dish (or a dish) for 
2 min. Then, embryos are transferred into the larger col-
umn of FES40 near the mouth of the straw. The con-
tents of the straw are aspirated until the fi rst column of 
S-PB1 medium is in contact with the cotton plug, and 
the straw is sealed with the heat-sealer. After exposure 
of embryos to EFS40 for ~30 s, the straw is positioned 
in the LN 

2
  vapor phase by placing it horizontally on a 

~1 cm thick Styrofoam boat fl oating on the surface of 
the LN 

2
  in a Dewar vessel (inner diameter, 140 mm). 

After 3 min or more, the straw is placed in a canister 
and stored in LN 

2
 . EFS40 and EFS20 are prepared in 1 ml 

syringes equipped with 18-G needles, and new small 
drops are placed on the lid of a dish just before use for 
each sample, to prevent concentration of the solution 
by evaporation. 

 For embryo recovery, the straw is kept in air for 10 s 
and then immersed in water at 25–28°C. When the crys-
tallized S-PB1 medium in the straw begins to melt (after 
about 7 s), the straw is removed from the water, quickly 
wiped dry, and cut at both ends. The contents of the 
straw are expelled into a culture dish by fl ushing the 
straw with 0.8 ml of S-PB1 medium using a 1 ml 
syringe attached with an 18-G needle. After gently 
agitating the culture dish to promote mixing of the con-
tents, the embryos are pipetted into fresh S-PB1 medium. 
About 5 min after being fl ushed out, the embryos are 
transferred to fresh PB1 medium. Embryos are further 
washed with fresh PB1 medium, and are transferred to a 
culture medium for culture until transfer. 

  Fig. 1    Survival of vitrifi ed 8-cell mouse embryos, assessed by 
their ability to develop into expanded blastocysts, expressed as 
the percentage of morphologically normal embryos at recovery 
for each vitrifi cation solution, regardless of the time and tem-
perature of exposure. Vitrifi cation solutions contain 30% ( closed 
bar ) or 40% ( hatched bar ) permeating cryoprotectant. All the 
concentrations were diluted with FS solution (PB1 medium con-
taining 30% Ficoll + 0.5 M sucrose). ** p  < 0.01   , * p  < 0.05; 
signifi cantly different within solutions containing the same per-
meating cryoprotectant.  AFS  acetamide-based solution;  PFS  
propanediol-based solution;  DFS  dimethylsulphoxide-based 
solution;  GFS  glycerol-based solution;  EFS  ethylene glycol-
based solution       
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 In 1998, we reported  (9)  the effectiveness of this 
vitrifi cation method for day 2–3 human embryos, more 
trials on this straw vitrifi cation were performed in the 
HART Clinic group (Hiroshima HART Clinic, Osaka 
HART Clinic, and Tokyo HART Clinic), and its effec-
tiveness was confi rmed. In our unpublished data for 
day 2–3 embryos, a total of 661 embryos were vitri-
fi ed, and 486 (74%) of them had 50% or more morpho-
logically intact blastomeres after warming, confi rmed 
by further development of these vitrifi ed embryos on 
the day after warming. A total of 335 vitrifi ed embryos 
were transferred in 127 cycles at one or two days after 
warming, 34 (26.8%) women became pregnant and 22 
women (17%) delivered babies.  

  3.2 Vitrifi cation Using Cryoloops 
for Day 2–3 Embryos 

 Here we describe an ultra-rapid vitrifi cation approach 
using the cryoloop  (13–  16) . This method is available 
not only for embryos on day 2–3, but also for blasto-
cysts, for which conventional vitrifi cation using a straw 
was found to be less effective. The protocol for vitrifi -
cation using the cryoloop can be found in the follow-
ing section on vitrifi cation of blastocysts, which is 
basically the same technique. 

 At the HART Clinic group, cryoloop vitrifi cation is 
adopted for cryopreservation of supernumerary human 
embryos on day 2–3 for a short period of time, and 
mainly blastocysts on day 5–6 after oocytes pick-up 
that were obtained from culture in sequential media. 
Available data are as follows: For embryos on day 2–3, 
a total of 269 embryos have been vitrifi ed, and 188 
(70%) of them had 50% or more morphologically 
intact blastomeres, confi rmed by further development 
on the day after warming. A total of 112 vitrifi ed 
embryos were transferred into 44 patients, and 14 
(32%) of these women conceived (Mukaida et al., 
unpublished data). 

 In 2007, Desai et al.  (17)  reported the postvitrifi ca-
tion development, pregnancy outcomes and live births 
for cryoloop vitrifi cation of human day 3 cleavage-
stage embryos. Tables  1  and  2  include their protocol 
and results, which presented consecutive vitrifi cation-
warming cycles performed over a 2.5-year interval. A 
total of 236 embryos were warmed, and the average 
number of embryos transferred per patient was 2.66 ± 

0.86. They reported that the clinical pregnancy rate 
was 44% (34/77), and the implantation rate was 20% 
(40/201). The postwarming survival rate was 85% 
(201/236). They also reported that 78% (184/236) of 
warmed embryos showed signs of embryonic compac-
tion and/or blastulation by the time of transfer. That 
means those surviving embryos were confi rmed as 
potentially viable. Theoretically, vitrifi cation does not 
involve ice crystal formation, and survival judged by 
the morphological appearance may not always be 
related to their viability. Therefore, confi rmation of 
further development is necessary and one of the impor-
tant factors to evaluate after warming.   

 In 2005, Raju et al.  (18)  reported a modifi ed proto-
col for vitrifi cation of human 8-cell embryos using the 
cryoloop technique. They reported using 10% ethylene 
glycol (EG) for 5 min at 37°C as a equilibration phase, 
and 40% EG in 0.6 mol/l sucrose for 30 s as a vitrifi ca-
tion phase. Human 8-cell embryos were loaded onto a 
nylon loop made in their biomechanical Department at 
the Krishna IVF Clinic. Also, the nylon loop with a 
thin fi lmy layer of vitrifi cation solution and vitrifi ed 
embryos was directly placed into a cryovial containing 
liquid nitrogen. Loading and storage steps were simi-
lar to our cryoloop protocol described above, however, 
the protocol including the type of cryoprotectant and 
duration of exposure was different. Initially, embryos 
were suspended in a 10% ethylene glycol solution for 
5 min at 37°C, and transferred to a 40% ethylene gly-
col in 0.6 mol/l sucrose solution for 30 s. For warming, 
vitrifi ed embryos were passed through four different 
concentrations of sucrose solution i.e., 1, 0.5, 0.25, and 
0.125 mol/l for 2.5 min at each step at 37°C (Table  1 ). 
Table  2  includes their results. Mean age of patients was 
31.3 ± 4.5 years. The post-thaw survival rate of 
embryos was 95.3%. The clinical pregnancy rate and 
implantation rates were 35.0 and 14.9%, respectively.  

  3.3 Vitrifi cation Using Cryotops 

 Since in our center (Hiroshima HART clinic) the cry-
oloop system has only been applied for the cryopreser-
vation of embryos at the blastocyst stage, the protocol 
and data of vitrifi cation using cryotops in this chapter 
were adopted from the study carried out at the IVF 
Nagata Clinic, Hakata, Japan. Their protocol and data 
of vitrifi cation were described briefl y as follows: 346 
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patients who needed to have their embryos cryopre-
served on day 2 of development to avoid either OHSS 
or as supernumerary embryos for subsequent transfer 
attempts, agreed to cryopreservation of the embryos by 
vitrifi cation. A total of 1,774 day 2 embryos were vitri-
fi ed with equilibration solution, an equal mixture of 
7.5% DMSO and 7.5% ethylene glycol (EG) in HTF 
supplemented with 20% HSA and a vitrifi cation solu-
tion, using a mixture of 15% DMSO, 15% EG and 0.5 
M sucrose in HTF/HSA. Initially, embryos were 
exposed to the equilibration solution for 5–10 min, and 
to the vitrifi cation solution for 1 min at room tempera-
ture (25–27°C). The duration of the equilibration 
time was adjusted by morphological changes that indi-
cated shrinkage for dehydration and reexpansion for 

cryoprotectant (CPA) permeation, and was individ-
ually recorded for further analysis. Embryos were then 
loaded onto a minute nylon sheet (cryotop), and 
plunged into LN 

2
  immediately. For warming, vitrifi ed 

embryos on the tip of a cryotop were dipped and kept 
in 1 M of sucrose solution for 1 min. and then diluted 
in 0.5 M of sucrose solution for 3 min. Embryos with 
70% or more intact blastomeres were considered as 
indicative of survival and kept in culture until transfer 
on the following day (Table  1 ). 

 Table  2  includes the results from the use of the 
Cryotops at Nagata Clinic. Briefl y, 346 patients with day 
2 embryos that were to be cryopreserved to avoid either 
OHSS or as supernumerary embryos for subsequent 
transfer attempts were entered in this investigation. 

 Cryostraw  Cryoloop (1)  Cryoloop (2)  Cryotop 

 Temperature  Room (25–27°C)  Warm stage (37°C)  Warm stage (37°C)  Room (25–27°C) 

 Equilibration step  EG.F.S. 20:20%EG (2 min)  7.5%EG + 7.5%DMSO 
(2 min) 

 10%EG (5 min)  7.5%EG + 7.5%DMSO 
(5–10 min a ) 

 Vitrifi cation 
 step 

 EG.F.S. 40 :40%EG (1 min)  15%EG + 15%DMSO + 
F + S (35 s) 

 40%EG + S (30 s)  15%EG + 15%DMSO + 
S (1 min) 

 Cooling system  Vapor phase LN 
2
  (3 min), 

then plunged into LN 
2
  

 Plunged into LN 
2
  

directly (Ultra-rapid 
cooling) 

 Plunged into LN 
2
  

directly (Ultra-rapid 
cooling) 

 Plunged into LN 
2
  directly 

(Ultra-rapid cooling) 

 Warming step  One step  Two steps  Four Steps  Two Steps 
 0.5 M S (5 min)  0.25 M S (2 min)  1 M S (2.5 min)  1 M S (1 min) 

 0.125 M S (3 min)  0.5 M S (2.5 min)  0.5 M S (3 min) 
 0.25 M S (2.5 min) 
 0.125 M S (2.5 min) 

  Table        1  Summary of each vitrifi cation protocol with respect to the concentration, time and properties of vitrifi cation solution for 
day 2–3 human embryo cryopreservation     

  EG  ethylene glycol;  F  fi coll;  S  sucrose 
 Cryoloop (1): Reported by Desai  (17) . Cryoloop (2): Reported by Raju  (18)  
 a The duration of equilibration is adjusted according to the time needed for reexpansion of the vitrifi ed embryos 

  Table 2    Summary of the clinical results in each vitrifi cation approach for day 2–3 embryos. Results 
in each vitrifi cation protocol for human day 2–3 vitrifi ed embryos    

 Age  Cryostraw 
 Cryoloop (1)
34.1 ± 4.5 

 Cryoloop (2)
31.3 ± 4.5 

 Cryotop
35.0 ± 4.5 

 No. of cycles  127  77  40  604 (346 patients) 
 Survival rate  201/236 (85)  121/127 (95)  1,701/1,774 (95.9) 
 Cleavage rate a   486/661 (76)  184/236 (78)  1,289/1,774 (72.7) 
 Pregnancy rate  34/127 (26.8)  34/77 (44.2)  14/40 (35.0)  164/604 (27.2) 
 Implantation rate  40/201 (19.9)  18/121 (14.9)  192/1,442 (13.3) 
 Delivery rate b   22/127 (17)  13/40 (32.5)  118/604 (19.5) 

   Cryoloop (1): Reported by Desai  (17) . Cryoloop (2): Reported by Raju  (18)  
 Values in parentheses indicates percentage 
  a  Including survival and further cleavage rate 
  b  Including on-going pregnancy  
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A total of 1,774 day 2 embryos were warmed in 604 
transfer cycles. One thousand, seven hundred and one 
of the vitrifi ed embryos survived and 1,442 of them 
were transferred. Pregnancy was confi rmed in one 
hundred sixty four cycles, and 192 of them were 
implanted as confi rmed by the presence of a gesta-
tional sac. Forty six cycles were ended in miscarriage, 
and 67 deliveries were achieved. Others are ongoing 
pregnancies. 

 Total survival and cleavage rates were 95.9% 
(1,701/1,774) and 75.8% (1,289/1,701), respectively. 
The mean number of embryos transferred was 2.4 ± 0.7, 
the pregnancy rate was 27.2% (164/604), the implanta-
tion rate was 13.3% (192/1,442), and the abortion rate 
was 28.0% (46/164). Ninety nine healthy babies were 
born from 84 deliveries (boys: 49, girls: 50).   

  4 Blastocyst Vitrifi cation  

 Recent advances in culture systems with sequential 
media have made it possible to develop human IVF 
embryos to the blastocyst stage quite easily. Because 
the blastocyst is better suited to the uterine envi-
ronment and blastocyst formation is a form of selec-
tion for more viable embryos, blastocyst transfer has 
become a promising option to raise the overall preg-
nancy rate  (19,   20) . Accordingly, the need to cryopre-
serve human blastocysts is increasing. Menezo et al. 
 (3)  cryopreserved human cocultured blastocysts using 
the slow freezing method with glycerol and obtained 
reasonable clinical results (27% pregnancy rate, 17% 
implantation rate). However results reported by other 
clinics have not been consistent  (21–  23) . Menezo et al. 
 (3)  speculated that the cryopreservation outcome is 
infl uenced by the culture conditions, such as a cocul-
ture system. 

 Recently, human blastocysts were successfully vitri-
fi ed in straws  (24) . However, our own attempts to vitrify 
human blastocysts using straws resulted in only 45% 
survival (39/86) (unpublished    data). Vanderzwalmen 
et al.  (25)  also reported a low pregnancy rate with human 
blastocysts vitrifi ed in straws. This is probably because 
human blastocysts are much less permeable to CPA 
and water, since we have observed that they shrink 
more slowly than mouse and bovine blastocysts in the 
CPA solution. This suggests that human blastocysts 

are more likely to be injured by intracellular ice crystal 
formation. 

 Increased rates of cooling and warming can help cir-
cumvent the problem of intracellular ice formation in less 
permeable embryos. Faster rates of cooling and warming 
can be achieved by minimizing the volume of the solution 
with which embryos are vitrifi ed, i.e., by using minute 
tools such as electron microscopic(EM) grids  (26) , open 
pulled straws  (27)  or cryoloops  (2,   28) . We showed that 
transfers of human blastocysts vitrifi ed with cryoloops 
led to the fi rst successful birth of a baby  (13) . Since our 
original report, we have continued to use this vitrifi cation 
approach in our group of three clinics (Tokyo, Osaka, 
Hiroshima HART clinic) for the cryopreservation of blas-
tocysts on day 5 and day 6. This chapter includes our 
summary of the clinical outcomes from our blastocyst 
vitrifi cation program for the last 8 years, which confi rms 
the effectiveness of the cryoloop technique for the cryo-
preservation of human blastocysts.  

  5 Protocol for Blastocysts Vitrifi cation  

 The protocol for the cryoloop vitrifi cation of blasto-
cysts was adopted from a previous report  (16) , albeit 
with slight modifi cations, and has been described pre-
viously  (13–  15) . The cryoloop consisted of a nylon 
loop (20  m m wide; 0.5–0.7 mm in diameter) mounted 
on a stainless steel pipe inserted into the lid of a cry-
ovial (Hampton Research, Laguna Niguel., CA, USA) 
(Fig  2    ). A metal insert on the lid enables the use of a 
stainless steel handling rod with a small magnet 
(Crystalwand, Hampton Research) for manipulation of 
the loop at low temperature.  

 One or two blastocysts were vitrifi ed in one cry-
oloop after a two-step procedure to load the blastocysts 
with CPAs at ~37°C. As the base medium, HEPES-
buffered modifi ed hTF medium supplemented with 
10% (v/v) synthetic serum substitute (SSS) was used. 
Initially, blastocysts were placed in the base medium 
containing 7.5% (v/v) DMSO and 7.5% (v/v) EG (CPA 
solution I). After 2 min, the blastocysts were trans-
ferred into CPA solution II, which is the base medium 
containing 15% (v/v) DMSO, 15% (v/v) EG, 10 mg/
ml of Ficoll 70 (average molecular weight 70,000; 
Pharmacia Biotech, Uppsala, Sweden) and 0.65 mol/l 
sucrose (CPA solution II). Both CPA solutions had 
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  Fig. 2    ( a ) Capping portion of the cryovial, which consists of a 
minute nylon loop (20  μ m wide, 0.5–0.7 mm in diameter) 
mounted on a stainless steel tube inserted into the lid of a cryovial. 
( b ) Container part of the cryovial. The shape and the size are 

similar to those of Nunc Cryovials used for semen cryopreserva-
tion. ( c ) The capping portion attached to a stainless steel 
handling rod with a small magnet for manipulation of the loop 
at low temperature       

been warmed briefl y in an incubator at 37°C and 
blastocysts were handled on the stage warmer of a 
dissecting microscope at 37°C. 

 While the blastocysts were suspended in CPA solu-
tion II, a cryoloop was dipped into CPA solution II in 
order to create a thin, fi lmy layer of solution, by sur-
face tension, on the nylon loop. The blastocysts were 
then washed quickly in solution II and transferred onto 
the fi lmy layer on the nylon loop using a micropipette. 
Immediately after the loading of blastocysts, the cry-
oloop was plunged into LN 

2
 . The time blastocysts were 

exposed to solution II before cooling was limited to 
25–30 s. Using a stainless steel rod, the loop contain-
ing the blastocysts was sealed in a cryovial, which was 
previously submerged in LN 

2
 . The vials were attached 

to standard canes and stored in LN 
2
 . The entire proce-

dure was completed within 5 min. Vitrifi ed blastocysts 
were kept in the LN 

2
  tank for one month to 6 years 

depending on the patients’ background.  

  6 Warming of Blastocysts, Assisted 
Hatching and Assessment of Survival  

 In a four-well multi-dish, ~1 ml of base medium con-
taining 0.5 mol/l sucrose in no.1 well, base medium 
containing 0.25 mol/l sucrose in no. 2 well, and base 
medium in no. 3 well were warmed briefl y in an incu-
bator at 37°C and then placed on the stage warmer of a 
dissecting microscope. With the cryovial submerged in 
liquid nitrogen, the vial was opened with the aid of the 
stainless steel rod, and the loop containing blastocysts 
was removed from the liquid nitrogen and placed 
directly and quickly into the well containing the 
0.5 mol/l sucrose solution (no.1) well. Blastocysts 
immediately fell from the loop into the solution. 
Thus blastocysts were warmed and diluted instantly 
at around 37°C adjusted by the stage warmer. After 2 min, 
the blastocysts were transferred to the 0.25 mol/l 
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sucrose solution in no. 2 well. After an additional 3 min, 
blastocysts were washed and kept in the base medium in 
no. 3 well for 5 min. During this 5 min. assisted zona 
hatching was always performed on warmed blastocysts 
with either acidic tyrode as previously described  (29, 
  30)  or Laser pulse on warmed blastocysts (Fig.  3 ). Then 
blastocysts were returned to Blast Assist Medium 2 
(Medicult) medium or Global (Life Global) medium for 
further culture until transfer.  

 About 2–3 h after warming, the appearance of the 
blastocysts was examined on an inverted microscope at 
400× magnifi cation, and survival was assessed based on 
the morphological integrity of the blastomeres, inner cell 
mass and trophectoderm, and reexpansion of the blasto-
coele. The surviving blastocysts were scored as to devel-
opmental stage and were graded according to quality as 
described in the section on grading of blastocysts.  

  7 Patients and Grading of Blastocysts  

 We perform blastocyst transfer programs on patients 
who have had previous multiple failures of conven-
tional day 2 or day 3 embryo transfer and who have 

agreed to use of the cryoloop vitrifi cation method to 
cryopreserve their supernumerary blastocysts obtained 
5 or 6 days after oocyte retrieval. 

 On day 5 after the oocyte pick up, blastocyst devel-
opment was examined. Only on day 5, each embryo 
developed to the blastocyst stage was scored depend-
ing on the developmental stage, and graded according 
to quality criteria 32 with slight modifi cations  (31) . 

 Briefl y, blastocysts were fi rst given a numerical 
score from 1 to 6 on the basis of their degree of devel-
opment. Secondly, the blastocysts were graded in three 
ranks based on morphological appearance. For exam-
ple, the inner cell mass (ICM) was graded as A (many 
tightly packed cells), B (several loosely grouped cells), 
or C (few cells) and the trophectoderm was graded as 
A (many cells forming a cohesive epithelium), 
B (fewer cells forming a loose epithelium) or C (very 
few large cells). 

 When patients had their fresh embryos transferred 
on day 2–3, all the remaining embryos were cultured 
to allow those that developed into blastocysts to be vit-
rifi ed. Patients who received transfers of fresh blasto-
cysts had all their remaining supernumerary blastocysts 
vitrifi ed. On day 5, if at least one supernumerary blas-
tocyst was graded as A or B, all the blastocysts of the 

  Fig. 3    ( a ) A minute nylon loop (20  m m wide, 0.5–0.7 mm in diam-
eter) mounted on a stainless steel pipe under 100× magnifi cation. ( b ) 
A thin layer of the vitrifi cation solution on the nylon loop after 
dipping the loop into the solution. ( c ) Under a dissecting microscope, 
the capping portion of cryovial with the cryoloop attached with a 

stainless steel handling rod for manipulation is held by left hand, and 
a pulled Pasteur pipette with blastocysts is held by the right hand. 
Prior to loading, blastocysts are rinsed several times in small drops 
of fi nal vitrifi cation solution (solution II) on the lid of a culture dish. 
( d ) Blastocysts on the loop with thin layer of vitrifi cation solution       
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patient were vitrifi ed regardless of the developmental 
stage and the grading. In a few cases, compacted moru-
lae forming the cavity were also vitrifi ed with the blas-
tocysts. If all the blastocysts of the patient were graded 
C, they were not cryopreserved. On day 6, if at least 
one blastocyst had a large blastocoele (i.e., scored as 
3–6) and was graded as A or B, all the developed blas-
tocysts scored as 3–6 were vitrifi ed.  

  8 Artifi cial Shrinkage (AS) of Expanded 
Blastocyst (Figs.  4 ,  5 )  

 As previously mentioned, the fi rst successful outcome 
of blastocyst vitrifi cation using a cryoloop was origi-
nally reported in 2001 (13) , and in 2003, the summary 
of the clinical results with 223 warming cycles con-
fi rmed the effectiveness of the cryoloop technique for 
the cryopreservation of human blastocysts  (14) . 
However, this previous report in 2003 revealed that the 
survival rates were dependent on the developmental 
stage of blastocysts and were negatively correlated 
with the expansion of the blastocoele  (32) . The sur-
vival rate of early blastocysts with a smaller blastocoe-
lic cavity, which was scored 1 and 2 according to 
Gardner’s criteria  (33) , were 87% (48/55) and 97% 
(62/64) respectively. Also, full blastocysts lacking an 
expanded blastoceolic cavity, which were scored 3, 
had a survival rate of 89% (99/111). The total survival 
rate of blastocysts scored 1–3 together was 91% 
(209/230). However, the survival rate of both expanded 
and hatching blastocysts, scored 4 and 5 respectively 
was 85.0% (288/339), which was signifi cantly lower 
than that of the score 1–3 group ( p  < 0.05). We there-
fore postulated that a large blastocoele might lessen 
cryopreservative potential due to ice crystal formation 
during the rapid cooling phase of vitrifi cation. In order 
to overcome this problem, shrinkage of the blastoceole 
was thought to be the appropriate approach. Several 
studies reported an increase in the survival rate of blas-
tocysts when the volume of the blastocoele was artifi -
cially reduced with glass microneedle  (32) , 29-gauge 
needle  (34) , or micropipetting with a hand-drawn 
Pasteur pipette  (35) . 

 Since 2003, therefore, we added artifi cial shrinkage 
(AS) after puncturing the blastocoele with a micronee-
dle or laser pulse using a cryoloop technique prior to 
vitrifi cation to improve the survival rate and clinical 
outcome of vitrifi ed blastocyst transfer programs. In 

2006, we reported the effectiveness of AS prior to vit-
rifi cation, including the confi rmation of the safety of 
this procedure  (31) . 

 The technique of shrinkage using microneedle 
puncture has been described previously  (32) . Briefl y, 
about ten minutes before the vitrifi cation, the expanded 
blastocysts were placed in 50 µl drops of preequili-
brated Blast Assist Medium 2 (Medicult) or Global 
(Life Global) medium. The expanded blastocyst was 
held with a holding pipette connected to the microma-
nipulator, and the ICM was placed at the 6 or 12 
o’clock position, a glass microneedle was pushed 
through the cellular junction of the trophectoderm into 
the blastocoele cavity until it shrank (Fig.  4 ). After 
removing the microneedle, contraction of the blasto-
coele was observed within a few minutes. After com-
plete shrinkage of the blastocoele, the blastocyst was 
vitrifi ed and stored in a LN 

2
  tank.  

 Since September of 2004, a laser pulse generated 
by laser system ZILOS-tkTM (Hamilton Thorn 
Bioscience Inc., Beverly, MA., USA) has been intro-
duced to perform the artifi cial shrinkage, instead of 
microneedle puncture. The inner cell mass should be 
located away from the targeted point of the laser pulse. 
One single laser pulse (200 ms) targeted at the cellular 
junction of the trophectoderm creates a hole to induce 
collapsing of the blastocoelic cavity. The blastocoele 
of the expanded blastocyst shrank immediately (Fig.  5 ). 
With the use of this laser system, it is not necessary to 
hold and locate the expanded blastocyst with a hold-
ing pipette connected to the micromanipulator. The 
laser technique makes the procedures simple and 
convenient  (31) .   

  9 Clinical Results of Vitrifi ed 
Blastocysts Transfer  

 At the HART clinic, a vitrifi ed blastocysts transfer pro-
gram using a cryoloop between November 1999 and 
December 2007 was analyzed (Fig.  6 ). A total of 5,412 
blastocysts originating from 2,670 cycles were vitri-
fi ed and warmed. Mean age was 36.2 years. Vitrifi ed 
blastocysts were generated in three categories of 
patient groups. Group.1: Patients who had their fresh 
embryos transferred on day 2–3, and all the remaining 
embryos were cultured to allow those which developed 
into blastocysts to be vitrifi ed. Group.2: Patients who 
received transfers of fresh blastocysts and had all their 
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  Fig. 4    Artifi cial shrinkage of expanded blastocyst with the 
microneedle. ( a ) Holding the expanded blastocyst with holding 
micropipette connected to micromanipulation, ( b ) insertion of 
the microneedle inside the blastocoele at a point away from the 

inner cell mass, ( c ) Puncture through the blastocoele and remov-
ing the microneedle gradually, ( d ) beginning of shrinkage 10 s 
after puncture, ( e ) partial shrinkage 30 s after puncture, ( f ) com-
plete shrinkage 1 min after puncture       

  Fig. 5    Artifi cial shrinkage of expanded blastocyst with a single 
laser pulse. ( a ) Prior to the artifi cial shrinkage, ( b ) a single laser 
pulse at the point of the cellular junction of trophectoderm cell 
at a point away from the inner cell mass ( circle  indicated), 

( c ) beginning of shrinkage 5 s after laser shooting and arrows 
indicated formation of perivitelline space because of contraction, 
( d ) shrinkage 10 s after laser shooting, ( e ) shrinkage 20 s after laser 
shooting, ( f ) almost complete shrinkage 30 s after laser shooting       
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remaining supernumerary blastocysts vitrifi ed. 
Group.3: Patients who had no fresh embryo transfer 
due to either OHSS symptom or attempting only vitri-
fi ed blastocyst transfer intentionally, along with con-
trolled endometrial cycle supplemented by exogenous 
female hormones in order to overcome multiple 
implantation failures, because uterine receptivity under 
controlled endometrial cycles was indicated as better 
than that under stimulated cycles. In HART clinics, 
fresh blastocyst transfer is intentionally avoided after 
two or three failures of fresh transfer. One of the rea-
sons why fresh transfer is intentionally avoided is that 
ovarian hyperstimulation does not always create a suit-
able uterine receptivity and environment for implanta-
tion compared with controlled endometrial preparation 
using exogenous hormone.  

 After warming of vitrifi ed blastocysts for transfer, 
4,984 (92.1%) of the embryos survived. In 61 cycles, 
no blastocysts survived and embryo transfer was not 
conducted. In ten cycles, viable blastocysts were 
obtained but embryo transfer was cancelled because 
the number of cells that survived and the quality of the 
embryos were low. A total of 4,289 blastocysts were 
transferred in 2,599 cycles. The mean number of blas-
tocysts transferred per cycle was 1.65. Of 2,599 trans-
fers, 1,281 resulted in clinical pregnancy (confi rmed 
by gestational sac in the uterus); the pregnancy rate 
was 48.0% per warming cycle, and 49.3% per transfer. 
The implantation rate was 35.9% (1,538/4,289). Seven 
hundred and six healthy babies were born in 572 deliv-
eries, and 373 pregnancies are ongoing or have not 
been followed up. No bias in the sex ratio was observed 
since 351 babies were boys and 355 were girls. Three 

hundred thirty six pregnant cycles ended in miscar-
riage (26.2%). In comparison of 1,187 pregnancies 
established from fresh blastocyst transfers in our 
group of clinics during the same period, 249 (21.1%) 
resulted in miscarriages, and no difference was 
observed between them.  

  10 Clinical Results of Artifi cial 
Shrinkage (AS) Procedures  

 As we described  (31) , when we cryopreserve human 
blastocysts using the above vitrifi cation technique at 
full, or more advanced, stages including expanded and 
hatching blastocysts, the AS procedure is always nec-
essary prior to vitrifi cation. 

 In order to show the effectiveness of AS, 270 cycles 
with 245 patients who had only expanded and/or hatch-
ing blastocysts vitrifi ed were retrospectively evaluated. 
The average age of the patients was 35.6 years  (27–
  41) . Two hundred and sixty-six cycles had vitrifi ed 
blastocyst transfer with artifi cial shrinkage. In four 
cycles, no blastocysts survived and embryo transfer 
was cancelled. Five hundred and two vitrifi ed blasto-
cysts were warmed for transfer, and 488 survived. 
Survival rate was 97.2%. Four hundred and forty-eight 
vitrifi ed blastocysts were transferred, and the mean 
number of blastocysts transferred per cycle was 1.7. Of 
266 transfers, 160 resulted in clinical pregnancy; the 
pregnancy rate was 59.3% per warming cycle 
(160/270), and 60.2% per transfer (160/266). 

 Results of vitrifi ed expanded and hatching blasto-
cysts in our previous study reported in 2003 served as 
a control group. Survival rate of both expanded and 
hatching blastocysts, scored 4 and 5 respectively was 
85.0% (288/339). A statistical difference was noted 
between the study and the control groups ( p  < 0.05). 
When the pregnancy rate of the study group was com-
pared with the control group, a statistically signifi cant 
improvement was noticed in the AS group (60.2 vs. 
34.1%;  p  < 0.01). 

 Also we performed preliminary comparisons 
between the results achieved by using microneedle or 
laser pulse for blasocoele shrinkage, to show the dif-
ference of methodologies for AS. AS using a micronee-
dle was performed in 240 cycles with 462 blastocysts, 
and AS using a laser pulse was performed in 26 cycles 
with 40 blastocysts. The survival rates achieved with 

  Fig. 6    Clinical outcome data following blastocyst vitrifi cation 
at the HART clinic       
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the two methods were similar (microneedle: 97.2% vs. 
laser pulse: 97.5%). The mean number of survived 
blastocysts transferred was also similar. Clinical preg-
nancy, implantation and miscarriage rates were also 
similar. No statistical difference was observed in the 
results achieved with the two methods  (31 , Table  3 ). 
We reported the perinatal outcome  (36)  of our vitrifi ed 
blastocyst transfer program in 2004.   

  11 Discussion  

 Numerous protocols for the cryopreservation of mam-
malian embryos have been reported. The protocols can 
be classifi ed into four methods, original slow freezing, 
conventional slow freezing, conventional vitrifi cation 
using the conventional cryo-straw and ultra-rapid vitri-
fi cation using a minute tool. Although strategies to 
circumvent various injuries (especially from the forma-
tion of intracellular ice) are different, the principle of 
cryopreservation is the same. The most suitable proto-
col should be adopted for each case. For certain types 
of embryos such as human blastocysts and bovine 
embryos at earlier stages, ultra-rapid vitrifi cation will 
be the preferred choice, because the survival rates of 
embryos cryopreserved by other methods have been 
low. For other embryos, e.g., mouse embryos, bovine 
blastocysts and human embryos at 2–8 cell stages, both 
slow freezing and conventional vitrifi cation have 
proven effective. However, vitrifi cation has a potential 
advantage in that higher survival rates can be obtained 

if conditions, such as temperature and duration of 
exposure of embryos to the CPA, as well as the skill of 
pipetting, are optimized. Therefore, vitrifi cation would 
be a preferred method of cryopreservation to the slow-
cooling method because of both the lack of ice crystal 
formation and its greater convenience. 

 We have already reported  (9)  a simple vitrifi cation 
method using an ethylene glycol-based solution for 
4–8 cell human embryos frozen in conventional cryo-
straws. Moreover, the success of vitrifi cation proce-
dures has recently been increased by techniques that 
substantially reduce the volume of the vitrifi cation 
solution. Among such techniques, the Cryoloop and 
Cryotops are the most refi ned strategy. A major differ-
ence between the Cryoloop, the Cryotop, and the con-
ventional cryo-straw for vitrifi cation is the cooling and 
warming rate. The Cryoloop and the Cryotop enable 
ultra-rapid cooling and warming, and this may have 
prevented intracellular ice formation, more consis-
tently since we have observed that human embryos are 
dehydrated and concentrated more slowly than other 
types of embryos, suggesting that intracellular ice is 
more likely to form. The difference between the 
Cryoloop and the Cryotop is only in the way vitrifi ed 
embryos are held. In the Cryoloop system, the vitrifi ed 
embryo is almost fl oating in the thin fi lmy layer of 
the droplet on the nylon loop, and heat conduction to 
the embryos becomes homogenous. In the Cryotop, 
the vitrifi ed embryo is placed on the surface of nylon 
sheet, and heat conduction might not be homogenous 
especially from the sides of the plastic tip. For the 
cryopreservation of multiple cells or a small amount of 
tissue, this may create uneven heat conduction; how-
ever, for a smaller number of eggs or embryos, it does 
not seem to make any difference. 

 In conclusion, for day 2–3 human embryos, vitrifi -
cation through ultra-rapid cooling achieved by direct 
contact with LN 

2
  seems preferable, and either EG only 

or EG + DMSO as CPAs are acceptable. For equilibra-
tion prior to vitrifi cation, a two step approach is enough 
to obtain acceptable clinical results. Moreover, indi-
vidual adjustment of cryoprotectant exposure times 
depending on the morphological change is always bet-
ter for equilibration compared with the fi xed duration 
protocol. Theoretically, the Rama Raju et al.  (18)  pro-
tocol for equilibration and warming adding individual 
adjustments in each step will be the most appropriate 
approach based on our review. Finally, maximizing the 

 Microneedle  Laser pulse 

 No. of cycles with vitrifi ed 
blastocyst transfer 

 240  26 

 No. of blastocysts vitrifi ed  462  40 
 No. of vitrifi ed blastocysts that 

survived 
 449  39 

 Survival rate (%)  97.2  97.5 
 Mean no. of blastocysts 

transferred 
 1.6  1.4 

 Clinical pregnancies  144  16 
 Percentage (%)  60.0  61.5 
 No. of implantation  191  18 
 Implantation rate (%)  46.5  48.6 
 No. of cycles miscarried  32  3 
 Percentage (%)  22.2  18.8 

  Table 3    Artifi cial Shrinkage using either microneedle or laser 
pulse    



The Use of Oocyte and Embryo Vitrifi cation in Assisted Reproductive Technology 235

cooling rate and minimizing the concentration of cro-
protectants is critical to establish the protocol for vitri-
fi cation with any stage of embryo, and vitrifi cation of 
day 2–3 human embryos is more effective than using 
the slow cooling approach. 

 With the development of sequential culture media, 
based upon the physiology of the human reproductive 
tract and the changing physiology of the developing 
embryos, it is possible to grow viable blastocysts eas-
ily in vitro. And because of the resulting high implan-
tation rates, blastocyst transfer will necessarily be a 
good approach in ART. Accordingly, the need to cryo-
preserve human blastocysts is increasing. 

 The cryoloop enables ultra-rapid cooling and warm-
ing, and this may consistently prevent intracellular ice 
formation, since we have observed that human blasto-
cysts are dehydrated and concentrated more slowly 
than in earlier stage embryos, suggesting that intracel-
lular ice is more likely to form in blastocysts. 
Furthermore the technique using the cryoloop is easier 
and simpler than that using the cryo-straw. 

12 Oocyte Vitrifi cation

 Cryopreservation of human oocytes has been signifi -
cantly improved by the refi ned slow-freezing methods 
and new vitrifi cation techniques. The establishment of 
oocyte cryopreservation techniques would provide a 
number of benefi ts. First it could prevent ethical and 
legal problems associated with embryo freezing, par-
ticularly in certain countries where embryo freezing is 
banned or limited by law. Second, the age at which 
people marry is rising, resulting in infertility issues, 
and an egg bank would create an option for older 
women to have children later in life. Third, it would 
allow enough time for genetic and infectious screening 
in donor oocyte programs. It would also provide the 
convenience for synchronization of procedures and uti-
lize precious donor oocytes effi ciently thereby avoiding 
the unnecessary use of fertilization by the recipient’s 
husband’s sperm. Finally oocyte freezing gives the 
option of fertility preservation for patients who receive 
anticancer treatment or oophorectomy. 

 Although cryopreservation has a lot of advantages 
as above, clinical outcomes remain unsatisfactory due 
to lower pregnancy and implantation rate resulting 

from decrease in survival rates and poor embryo 
development. 

 There are many reasons to be listed as to why cryo-
preservation of oocytes does not achieve satisfactory 
results. The size and shape of the oocyte are quite obvi-
ous reasons. Cryobiologically, those reasons are quite 
important to achieve acceptable permeation of CPA, 
dehydration and rehydration. Moreover, another rea-
son is that the oocyte itself is single cell. Survival can 
be judged as all or nothing. Multicellular embryos can 
survive and compensate for as much as half of the loss 
of their cells, as demonstrated by biopsy and further 
development after cryosurvival. 

 Apart from the factors mentioned above, there are 
many other factors that infl uence the sensitivity of 
oocytes to cryobiological damages. In terms of CPA per-
meability, the plasma membrane is extremely sensitive 
and rapidly undergoes a transition from the liquid state to 
the gel state, an irreversible process that is detrimental 
for further development. For some reasons including the 
releasing of cortical granules, after fertilization, the 
plasma membrane of the zygote is much less sensitive 
to this type of injury. Chilling injury that occurs at rela-
tively high temperatures induces irreversible damage 
of cytoplasmic lipid droplets, lipid-rich plasma mem-
branes, and microtubules  (37) . The osmotic shock at 
equilibration may result in shrinking and deformity of 
oocytes, supposedly damaging the cytoskeleton. On 
the other hand, osmotic swelling shock that can occur 
during the dilution (rehydration) steps may results in 
extensive swelling, rupture of the membrane, lysis, 
and immediate death of the oocyte. These damages 
might relate the depolymerization of microtubules, 
misalignment of chromosomes, and the possible 
increased risk of aneuploidy. However, similar to 
somatic cell nuclear transfer, in human oocyte, spindle 
reorganization  (38)  may occur surprisingly effi ciently, 
and the number of chromosomal abnormalities in chil-
dren born after oocyte vitrifi cation does not seem to 
fi nd a signifi cant increase. 

 Based on the factors listed above, principles of a 
successful cryopreservation strategy can be found in an 
ultra-rapid vitrifi cation system for the following rea-
sons. The large cell and spherical shape of the oocyte 
necessitate the use of high permeable cryoprotectants 
with low toxicity. According to earlier investigations in 
rabbits  (39) , the permeability of ethylene glycol is 
facilitated by dimethylsulphoxide (DMSO). A possible 
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way to minimize toxic and osmotic effects of CPA is to 
decrease the required concentration of CPA while 
maintaining the ice-free solidifi cation pattern. The only 
practical way to achieve above circumstances is to 
induce extreme increase in cooling rates. For this pur-
pose, electron microscope(EM) grids  (26) , cryoloops 
 (28) , and cryotops  (40)  seems to be the most appropri-
ate tools as well as containers. And the problem of zona 
hardening and subsequent low level of fertilization has 
been eliminated entirely with the discovery and subse-
quent widespread application of ICSI. 

 Since vitrifi cation was introduced as an alternative 
approach for cryopreservation of human gametes and 
embryos, vitrifi cation, with recent improvements, has 
become a more reliable strategy, not only because it is 
very simple but also because it can lead to high clinical 
effi ciency along with better clinical outcome. In particu-
lar, ultra-rapid vitrifi cation opens a new era for oocyte 
and blastocyst cryopreservation as described by the 
author in this chapter. Classically, enough equilibration 
of CPA and dehydration are necessary to cryopreserve 
gametes and embryos. However, extremely high cool-
ing rates achieved by direct plunging into LN 

2
  with 

minimal volume ( £ 0.5  m l) of fi nal vitrifi cation solu-
tion including vitrifi ed cells, could obtain high survival 
rate and better viability and help us to escape ice crys-
tal formation even with the lower concentration of 
CPA, that could cause devitrifi cation (ice crystal 
formation) if conventional cooling was applied. 
Recently this ultra-rapid vitrifi cation approach was 
applied for ovarian tissue cryopreservation and stem 
cell cryopreservation. With the proper preparation of 
ovarian tissue such as 1 cm square shape and less than 
1 mm thickness with properly designed container, 
high survival and better postwarming viability can be 
expected in this vitrifi cation approach. In future, vitri-
fi cation will become the most suitable method for 
cryopreservation of any cells and tissues.   

  12.1 Materials and Methods of Oocyte 
Vitirifcation 

 Recently, many reports related to oocyte vitrifi cation 
have been coming out with ultra-rapid vitrifi cation 
technique, especially cryotop  (40)  method. That was 
why I chose cryotop technique to describe the clinical 
usefulness of oocyte vitrifi cation in this chapter. 

 The cryotop that was originally introduced  (40)  by 
Kuwayama is now used in an increasing number of 
laboratories worldwide for oocyte vitrifi cation as well 
as embryo cryopreservation. The technique of the cryo-
top vitrifi cation for oocyte was reported in number of 
scientifi c papers  (41,   42)  and cryotop vitrifi cation kit 
(Kitazato, Tokyo, Japan) has been commercially avail-
able for the last 4 years. The kit contains the cryotop 
device, a fi lmstrip attached to a plastic handle also 
equipped with a cap to cover the fi lmstrip for safe han-
dling and storage, and all media required for washing, 
equilibration, vitrifi cation, warming, and dilution. These 
solutions are based on TCM199 medium supplemented 
with synthetic serum substitute (SSS), and containing 
ethylene glycol, DMSO, as permeable CPA and sucrose 
as non permeable CPA. Concept and concentration of 
these solutions are quite similar to cryoloop vitrifi cation 
described preciously. However, no Ficoll is added in the 
vitrifi cation solution for cryotop technique. 

 All media and manipulations should be performed 
at 25–27°C, except for thawing where the medium 
should be warmed to 37°C. Oocytes can be vitrifi ed 
2–6 h after the ovum pick-up, immediately after denu-
dation. A stepwise, very mild initial equilibration pro-
cedure can be carried out by making 20  μ L droplets of 
washing and equilibration solutions (one and two 
droplets, respectively) close to each other, and unify-
ing droplets when oocytes seem to have completely 
recovered from the osmotic effect (a total of approxi-
mately 6 min). Finally, oocytes should be placed into 
an equilibration drop and incubated until they are com-
pletely recovered (approximately in an additional 
9 min). Subsequently, one oocyte should be placed into 
a large volume of vitrifi cation solution, mixed well, 
and after 60 s loaded on the fi lm strip of the cryotop. 
All excess media should be removed leaving only the 
oocyte covered with a thin layer of vitrifi cation solu-
tion. Then the fi lm part should be submerged into liq-
uid nitrogen with a quick and continuous vertical 
movement to ensure the maximum cooling rate 
(23,000°C/min). Finally, under the liquid nitrogen, the 
cap should be fi xed on the cryotop with forceps to pro-
tect the fi lm part from mechanical damage during 
transfer to the container and storage. At warming, the 
fi lm part of the cryotop should be submerged quickly 
into the 37°C warming solution to reach extremely 
high warming rate (42,000°C/min). After 10 s, the 
oocyte can be gently removed from the surface of the 
cryotop and kept submerged in the warming solution. 
After 1 min, the dilution should be continued in the 
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dilution and washing solutions for 3, 5 min, respectively. 
Oocytes should be kept for an additional 2 h before 
the ICSI.  

  12.2 Results of Oocyte Vitrifi cation 
with Cryotop Technique 

 The cryotop is now used in an increasing number of 
laboratories world wide for oocyte vitrifi cation. Luccena 
et al.  (41)  reported 89.2% survival rates after cryotop 
vitrifi cation and a total pregnancy rate of 56.5% (13 of 
23 patients) with and average of 4.63 embryos trans-
ferred to each patient. Ruvalcava et al.  (42)  from Mexico 
have reported 401/445 (90.1%) survival and 34.1% 
pregnancy rates. In Valencia, Spian, Cobo et al., (sub-
mitted) have vitrifi ed a total of 225 MII oocytes. Of 
which 217 (96.5%) survived, and 165(76.0%) were nor-
mally fertilized after ICSI, which was not different from 
the controls. Of zygotes 93.9% underwent cleavage on 
day 2 and 22.4% of them reached blastocyst stage. 
Twenty-one cycles of embryo transfer were performed 
and resulted in 13 pregnancies (61.9% pregnancy and 
37.2% implantation rates). Kato Ladies Clinic, where 
Dr. Kuwayama belongs, also reported more than 90% of 
survival and cleavage rate, resulting in around 40–50% 
pregnancy rates (personal communication). They con-
cluded that cryotop vitrifi cation of oocytes may soon 
exceed the total numbers of babies born after other cryo-
preservation methods worldwide with high survival and 
implantation potential.   

  13 Conclusions  

 For embryo cryopreservation, the vitrifi cation method 
has many advantages over the slow freezing method: 
(1) injuries related to ice are less likely to occur (2) 
survival of embryos can be maintained at a higher level 
if conditions for embryo treatment are optimized and 
(3) embryos can be cryopreserved by a simple method 
in a short period without a programmable freezer. 
Therefore, vitrifi cation is suitable for human embryos, 
in which a small number of embryos are cryopreserved 
frequently. Human embryos at early cleavage stages 
can be cryopreserved by conventional vitrifi cation 
using cryostraws or by ultrarapid vitrifi cation using 
cryoloops. Human blastocysts are more effi ciently 

cryopreserved by the ultra-rapid approach. Our clini-
cal outcome shows that vitrifi cation of blastocysts 
using the cryoloop technique results in high survival 
and high pregnancy rates, and confi rms the safety of 
this procedure as seen in our perinatal evaluation. 
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  Abstract   Imprinting disorders have been reported 
in children conceived by IVF. There is concern that 
procedures of IVF may interfere with epigenetic 
processes responsible for setting imprint marks during 
gametogenesis. This possibility seems plausible in 
light of the rarity of these conditions and results 
of experiments examining imprint marks in model 
organisms subjected to in vitro manipulations. We 
quantitatively summarized published human data on 
this question by meta-analysis, relating IVF to the risk of 
four model imprinting disorders. Estimates of summary 
relative risk were 3.7 (95% confi dence interval (CI) = 
1.7–7.8) for Angelman syndrome, 6.1 (95% CI = 3.8–11) 
for Beckwith-Wiedemann syndrome, and 5.7 (95% CI 
= 1.4–22) for Prader-Willi syndrome. Published data 
were insuffi cient to conduct meaningful analyses of risk 
of Silver-Russel syndrome. These results are consistent 
with the elevated risk of imprinting disorders following 
IVF, although absolute risk of these outcomes remains 
low. Elevated risk could in theory arise from either 
detrimental effects of IVF procedures or increased 
occurrence of aberrant methylation of imprinted genes 
in gametes of subfertile parents.  

  Keywords   Imprinted gene  •  Angelman syndrome (AS)  
•  Beckwith-Wiedemann syndrome (BWS)  •  Prader-
Willi syndrome (PWS)  •  Silver-Russel syndrome (SRS) 
•  In vitro fertilization • (IVF) Assisted reproductive 
technology (ART)    

  1 Introduction  

  1.1 Imprinted Genes 

 In diploid organisms including humans, autosomal 
genes are present in two copies or alleles. Most auto-
somal genes are expressed from both the maternal and 
the paternal alleles (gene copies inherited from the 
mother and the father, respectively). However, in pla-
cental mammals, a small subset of autosomal genes, 
the “imprinted genes,” are expressed from only one 
allele, determined by the parent of origin. Imprinted 
genes are characterized by the allele that is not 
expressed. Thus, under normal circumstances “pater-
nally imprinted genes” are expressed from the mater-
nal allele, and “maternally imprinted genes” from the 
paternal allele. To date, nearly 50 imprinted genes have 
been identifi ed in the human genome  (1,   2) , although 
several times this number are postulated to exist. 

 Parent-of-origin expression of imprinted genes 
appears to be controlled largely by epigenetic mecha-
nisms of gene regulation. These mechanisms do not 
rely on DNA sequence differences of expressed versus 
unexpressed alleles. Instead, alleles inherited from 
each parent are differentially packaged in other mole-
cules. At imprinting control regions, often in the vicinity 
of imprinted genes, proteins and covalently bound 
molecules are arranged in distinct patterns – termed 
“imprints” – on the maternal versus paternal alleles. 
Methyl groups bound to DNA are the imprint marks 
that have been most thoroughly characterized to date. 
The imprints are reset in each generation, in a multi-staged 
process that includes several key events: protection of 
imprint marks in the preimplantation embryo, erasure 
of imprint marks during migration of primordial germ 
cells to the genital ridges, and resetting imprint marks 
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in gender-specifi c patterns at various stages of 
gametogenesis.  

  1.2 Functional Haploidy of Imprinted 
Genes 

 Genes that are expressed from both alleles have func-
tional redundancy: even if one allele does not encode 
functional RNA or protein, it is very likely that the 
other one does. The advantage of such redundancy is 
apparent in numerous X-linked recessive disorders, 
such as some forms of muscular dystrophy and color 
blindness. Among females who carry two copies of 
each X chromosome gene, these conditions are far 
rarer than among males with a single copy of each. 
Haploid males develop these conditions after inheriting 
a single allele with signifi cant functional defi cits, 
whereas females who inherit such an allele are gener-
ally protected by functional RNA or protein encoded 
by a second, intact allele. 

 A similar situation exists at imprinted loci: although 
two copies of each imprinted gene are present, only 
one is expressed. Imprinted genes are therefore func-
tionally haploid. As a consequence, they can convey 
vulnerabilities associated with functional defi cits of the 
expressed allele, even in the presence of a second allele. 
Unlike X chromosome genes, however, imprinted 
genes impart haploid vulnerability to both sexes.  

  1.3 Origin of Imprinted Genes 

 It is widely accepted that the biological benefi ts of 
sexual reproduction outweigh disease risk arising from 
the haploid state of the male X chromosome. What 
biological benefi t could balance the consequences to 
both sexes of the functional haploidy of imprinted 
genes? One hypothesis postulates that patterns of 
expression of imprinted genes have resulted from dif-
fering selective pressures on maternal versus paternal 
alleles  (3) . Based on the premise that maternal strate-
gies for promoting offspring survival would distribute 
resources among all of a female’s pregnancies, whereas 
paternal strategies would concentrate resources on 
each ongoing pregnancy, one prediction of the hypoth-
esis relates to growth control by imprinted genes. 

Specifi cally, paternally expressed genes were predicted 
to promote fetal growth, while maternally expressed 
genes were predicted to restrict it. Aspects of these 
predictions have been borne out in subsequent research 
on the function of molecules encoded by imprinted 
genes, the majority of which infl uence embryonic 
development and fetal growth  (4,   5) .  

  1.4 Consequences of Improper Parental 
Contributions of Imprinted Genes 

 The phenotypic consequences of uniparental gestation 
– in which a conceptus receives the usual number of 
chromosomes from a single parent – have been dem-
onstrated both experimentally and clinically. In an 
elegant set of experiments conducted in the 1980s, fer-
tilized mouse eggs were manipulated to contain two 
pronuclei of uniparental origin. Although each con-
ceptus had a full set of genetic material, development 
was very abnormal: bi-paternal conceptuses experi-
enced minimal embryonic development but had over-
grown extra-embryonic tissue, whereas bi-maternal 
embryos developed to early somite stage but had very 
little extra-embryonic tissue  (6) . These experiments 
provided dramatic evidence of the nonequivalence of 
maternal and paternal DNA, a phenomenon now attrib-
uted to genetic imprinting. In the clinical setting, two 
gynecologic tumor types originate from uniparental 
gestation: the DNA of ovarian mature teratomas is of 
solely maternal origin whereas that of complete hyda-
tidiform moles is of solely paternal origin  (7) . 

 Dramatic phenotypes can also result from improper 
complements of far smaller subsets of the genome 
containing imprinted genes. Uniparental disomy is the 
rare state in which an individual has received both cop-
ies of an autosomal gene or chromosome from the 
same parent. A number of dramatic developmental 
phenotypes result from uniparental disomy involving 
chromosomal regions containing imprinted genes. 
Many of the same disorders can occur in the absence 
of disomy, resulting instead from either genetic errors, 
such as deletion or mutation of an imprinted gene, or 
from improperly set imprint marks, also called imprinting 
defects. The anticipated molecular consequence of each 
of these etiologies is the improper expression of one or 
more imprinted genes. The resulting sets of conditions 
are called “model imprinting disorders.”   
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  2 Imprinting Disorders Following 
In Vitro Fertilization (IVF)  

 Model imprinting disorders are individually and collec-
tively extremely rare. Reports that one of these disorders, 
Angelman syndrome, was diagnosed in several children 
conceived by IVF, was therefore interpreted as a possible 
indication that assisted reproductive technology may 
have the potential to cause improper imprinting  (6,   7) . 
Occurrence of a second model imprinting disorder, 
Beckwith-Wiedeman syndrome, was subsequently 
reported among children conceived by IVF. Similarities 
between the overgrowth phenotype observed in this 
syndrome and the veterinary condition large offspring 
syndrome intensifi ed concerns about a possible role of 
IVF, since large offspring syndrome appeared to be 
induced by conditions of embryo culture  (10) . Very 
recent experiments conducted on the laboratory mouse 
demonstrated the plausibility of a causal role of IVF, 
reporting aberrant imprints in embryo DNA,  (11)  and 
abnormal placental expression of imprinted genes  (12)  
following superovulation, as well as aberrant embryonic 
expression of imprinted genes following IVF,  (13)  and 
manipulation of embryos  (14) . 

  2.1 Body of Review 

 To examine published human data on associations 
between IVF and imprinting disorders, we conducted 
an extensive literature review on associations between 
a history of IVF conception and occurrence of each of 
four imprinting disorders: Angelman syndrome and 
Beckwith-Wiedemann syndrome ( Table   1 ) had been 
postulated previously to have IVF as a possible etiol-
ogy, and both conditions are associated with disrupted 
imprinting of maternal origin. Prader-Willi syndrome 
and Silver-Russel ( Table   1 ) are regarded as reciprocal 
conditions to Angelman syndrome and Beckwith-
Wiedemann syndrome, respectively, because they are 
associated with disrupted paternal imprinting of the 
same chromosomal regions. These latter conditions 
were addressed in this review in order to examine the 
possible role of paternal imprinting in the IVF setting.   

  2.2 Methods 

 MEDLINE and PubMed were searched for all articles 
published in English through April 2008 describing 

  Table 1    Population frequencies and proportionate contributions of described etiologies of four imprinting disorders    

 Disorder  Population frequency 
 Described etiologies and approximate proportion attributed 
to each 

 Syndromes associated with imprinting defects of maternal origin 
 Angelman syndrome MIM#105830  1/15,000  80% genetic (70% deletion maternal 15q11–q13; 10% 

 UBE3A  mutation)  (29)  
 0% unknown  (29)  
 5% paternal UPD  (29)  
 5% maternal ID  (29)  

 Beckwith-Wiedemann syndrome 
MIM#130650 

 1/14,5000  45% maternal ID chromosome 11 (40% hypomethylated 
ICR2; 5% hypermethylated ICR1)  (30)  

 22–27% unknown  (30)  
 20% paternal UPD chromosome 11  (30)  
 7% genetic (2% paternal deletion or maternal rearrangement 

chromosome 11p15.5; 5%  CDKN1C  mutation; 5% ICR1 
or ICR2 deletion)  (30)  

 Syndromes associated with imprinting defects of paternal origin 
 Prader-Willi syndrome MIM#176270  1/10,000–1/15,000  80% genetic (75% deletion paternal 15q11–q13; 5% balanced 

translocation or other)  (31)  
 20% maternal UPD  (31)  
 1% paternal ID  (31)  

 Silver-Russell syndrome MIM%180860  1/3,000–1/100,000  50% maternal UPD chromosome 7  (32)  
 40% unknown  (32)  
 10% paternal ID (hypomethylation) chromosome 11  (32)  

    ICR  imprinting control region;  UPD  uniparental disomy;  ID  imprinting defect  
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associations between conception by ART and occurrence 
of imprinting disorders. Publications were reviewed in 
detail and selected for inclusion in the meta-analysis if 
they met two criteria: (1) specifi cally reported on 
occurrence of one or more imprinting disorders in a 
defi ned series of children conceived following ART, 
and (2) reported on occurrence of the same set of 
disorders in a comparable population conceived 
without ART. A single reviewer extracted data from 
each of the reports found to meet these criteria. Data 
were extracted directly from the articles as numbers of 

affected and unaffected children among ART and 
comparison groups, or as point and interval estimates 
of relative risk provided in the original article. 

 Cells with zero counts were included in the analysis 
by imputation of 0.5 cases. Meta-analyses were imple-
mented separately for each disorder using Stata statis-
tical software (Stata/SE 9.0, College Station, TX) and 
specifying a random effects model. We graphically 
displayed the point and 95% confi dence interval for 
each contributing study in a Forrest plot ( Figs.  1a ,  2a  
and  3a ) and assessed the possibility of publication bias 

  Fig. 1    Results of meta-analysis estimating summary relative risk of Angelman syndrome following IVF ( a ) Forest plot, ( b ) Funnel plot       
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using Egger’s unweighed regression asymmetry test 
 (15) . To examine dispersion of the data, we created 
Begg’s funnel plots ( Figs.   1b ,  2b  and  3b ), which dis-
play for each study the risk ratio versus its standard 
error. Results distributed within the “funnel” defi ned 
by 95% confi dence limits can be interpreted as varia-
tion due to sampling error. Variation due to differences 
in design and conduct of the studies is termed statisti-
cal heterogeneity, and may result in over-dispersion of 
results (e.g., outside the confi dence limits).     

  2.3 Results 

 The literature search identifi ed three articles providing 
association data on ART and AS (16–18), nine providing 
data on BWS (16–24), four providing data on PWS 
(16–18, 24), and one providing data on RSS  (17) . 
Specifi c etiology was not provided for most cases, so 
effects of imprinting defects versus other etiologies 
could not be addressed. Meta-analysis of data on AS, 

  Fig. 2    Results of meta-analysis estimating summary relative risk of Beckwith-Wiedemann syndrome following IVF ( a ) Forest plot, 
( b ) Funnel plot       
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BWS and PWS provided statistically signifi cant sum-
mary relative risk ratio estimates consistent with 
increased risk of each of these conditions following 
IVF conception. The estimates were 3.7 (95% confi dence 
interval (CI) = 1.7–7.8) for AS ( Fig.   1a ), 6.1 (95% CI = 
3.8–11) for BWS (Fig.  2 a), and 5.7 (95% CI = 1.4–22) 
for PWS ( Fig.   3a ). The single data set on RSS following 
ART revealed a statistically nonsignifi cant relative risk 
estimate of 14.6 (95% CI = 0.70–304). 

 Egger’s test statistics were 0.519 for AS, 0.928 for 
BWS and 0.629 for PWS, providing no indication of 
publication bias for any of the disorders (i.e., smaller 
studies did not systematically estimate stronger 
associations than larger studies). Moreover, funnel 
plots ( Figs.   1b ,  2b  and  3b ) provide little evidence of 
statistical heterogeneity since results of all (AS) or 
most contributing studies (BWS, PWS) are distributed 
within the 95% confi dence limits.   

  Fig. 3    Results of meta-analysis estimating summary relative risk of Prader-Willi syndrome following IVF ( a ) Forest plot, 
( b ) Funnel plot       
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  3 Discussion  

 Results of the meta-analysis suggest that there may be 
increased risk of imprinting disorders following IVF. 
This is the fi rst comprehensive meta-analysis relating 
published data on IVF to these imprinting disorders, 
and results must be interpreted with caution for both 
statistical and logical reasons. Studies contributing to 
the analysis were few in number and reported small 
numbers of cases from a variety of settings, such that 
unidentifi ed sources of bias may have infl uenced the 
summary risk ratio estimates to some extent. More 
importantly, even truly increased risk of imprinting 
disorders following IVF does not necessarily indicate 
a causal relationship between procedures of IVF and 
these conditions. Several alternate explanations cannot 
be ruled out on the basis of purely observational data. 
First, sub-fertile parents electing for IVF may produce 
gametes    with improper imprints at an elevated fre-
quency. This possibility is consistent with recent 
reports of elevated rates of aberrant methylation of 
imprinted genes among men with poor semen parame-
ters (25–28). Moreover, couples undergoing IVF are 
quite unlike the general populations in which they 
reside with respect to age and income, two factors asso-
ciated with numerous environmental exposures and 
physiologic process that may have unrecognized roles 
in the etiology of these disorders. Thus, confounding of 
the results by indication for IVF remains a real possibil-
ity. Perhaps the greatest value of these results is the early 
indication that epigenetic processes may be important in 
either the etiology of subfertility or as a complication 
of IVF.  

  4 Conclusions  

 Couples considering IVF may be counseled that 
according to preliminary data the risk of the birth of a 
child with a rare imprinting disorder may be increased 
several-fold following IVF, although absolute risk 
remains very low. The substantial magnitudes of the 
associations reported here indicate that further investi-
gation of both possible explanations for these results is 
warranted, in the light of the high prevalence of idio-
pathic infertility as well as societal patterns of increas-
ing use of assisted reproductive techniques.      
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  Abstract     Varicoceles are common in the population 
and pose a challenge to infertility providers. The data 
to support varicocelectomy in infertile males is limited 
and controversial. Varicocelectomy does demonstrate 
improvement in semen parameters and may be consid-
ered the sole infertility management in only a limited 
subset of the infertile population. Current advances in 
assisted reproductive technologies (ART) have dem-
onstrated superior success rates and shorter time to 
pregnancy compared to surgical repair of varicocele in 
the sub-fertile male and should be considered the pri-
mary treatment.  

 Keywords      Varicocele •   Varicocelectomy  •   Infertility 
•  Male factor  •  Assisted reproductive technologies 
(ART)  •  In vitro fertilization (IVF)  •  Intra-cytoplasmic 
sperm injection (ICSI)  •  Semen analysis; Oligospermia; 
Anti-sperm antibodies    

  1 Introduction  

A varicocele is an enlarged, tortuous spermatic vein 
above the testis that almost always occurs on the left 
side (1). The left-sided predominance is probably 
refl ective in the venous drainage of the right (into infe-
rior vena cava) and left (into left renal vein) testicular 
veins. This usual presentation includes a soft mass or 
swelling above the testis noted when the male patient 
stands or with valsalva. It has commonly been referred 
to as a “bag of worms” on physical examination (Fig. 1). 

Varicoceles are prevalent in the population and occur 
in approximately 15% of normal males. The preva-
lence may be as high as 40% in males presenting with 
infertilitly (2). A varicocele is the most common surgi-
cally correctable abnormality found in infertile men 
and the available clinical and animal model data on vari-
coceles indicate an adverse effect of spermatogenesis (1). 
It has been assumed, therefore, that correction of a vari-
cocele would improve fertility. For many years, varico-
celectomy has remained a standard treatment of infertile 
males with varicoceles despite a paucity of evidence. 
The purpose of this review is to evaluate the current lit-
erature and knowledge of varicocelectomy and its utility 
in the sub-fertile patient in light of advances in assisted 
reproductive technologies (ART). 

  2 Pathophysiology of Varicoceles  

 The proposal that varicoceles are associated with male 
sub-fertility is widely accepted, but the pathophysiol-
ogy and mechanisms by which fertility is affected are 
not completely understood. Based upon the available 
literature, varicocele effects on spermatogenesis appear 
to be multifactorial (Fig.  2 ).  

 Alterations in spermatogenesis may be explained 
by the increased scrotal temperature which results 
from impaired blood drainage from the testes  (3,   4) . 
Yamaguchi et al. demonstrated that intra-testicular 
temperatures increased by 0.78°C in men with varico-
celes when moving from a supine to standing position. 
This is in contrast to men without varicoceles in whom a 
0.5°C decrease in scrotal temperature was observed  (5) . 
Other studies have supported the presence of higher 
intra-scrotal temperatures in males with varicoceles 
 (6–  8) . Interestingly, increases in bilateral testicular 
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temperature occur in the setting of unilateral varicoce-
les. This bilateral effect was established in animal 
models in which the production of unilateral varicoce-
les resulted in bilateral increases in testicular blood 
fl ow and temperature  (9) . 

 Other mechanisms by which varicoceles may 
adversely affect spermatogenesis include hypoxia  (10, 
  11) , the refl ux of adrenal and renal metabolites from 
the renal vein  (12–  14) , the presence of reactive oxygen 
species  (15) , and the presence of anti-sperm antibodies 
 (16,   17) . The association of varicoceles and anti-sperm 
antibodies remains controversial  (18) .  

  3 Varicocelectomy and the Semen 
Analysis  

 The strongest argument for the routine use of varico-
celectomy in the sub-fertile male has arisen from the 
literature showing that these men frequently have 
semen parameters that improve following surgical cor-
rection. A recent meta-analysis of seventeen studies in 
2007 demonstrated a positive effect of varicocelec-
tomy on semen parameters. The population studied 
included infertile men with a clinically palpable 
varicocele who had undergone varicocelectomy., and 
with at least one abnormal semen parameter, The analysis 
demonstrated an overall statistically signifi cant increase 
in sperm concentration by 9.7–12.0 × 10(6)/mL–1 and 
an increase in motility by 9.9–11.7% after microsurgi-
cal and high ligation varicocelectomies, respectively. 
It also demonstrated a 3.16% improvement of sperm 
morphology as per the World Health Organization 
sperm morphology  (19) . 

 Improvement in semen parameters following vari-
cocelectomy would intuitively imply improved fertil-
ity; however, trials have not consistently demonstrated 

Fig. 1 Demonstrating the abnormal dilation of spermatic vein 
found in varicocele (Figure originally from Gray’s Anatomy, 
now in public domain.)

  Fig. 2    The factors implicated in altered 
spermatogenesis as found in varicocele       
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an improvement in pregnancy rates compared to no 
treatment.  

  4 Varicoceles in the Adolescent  

 The presence of varicocele in the adolescent poses a 
unique dilemma. There is suffi cient data to support that 
varicocele has a progressive and deleterious effect in the 
adolescent patient. Varicoceles in the pubertal male 
either decrease or prevent an increase in testicular vol-
ume  (20,   21) . When examining treatment of varicoceles 
in adolescents, randomized prospective trials have dem-
onstrated “catch-up” growth after repair  (22–  25) . There 
is also evidence to suggest that semen analysis parame-
ters are improved with treatment  (22,   24) . Based upon 
these data, it is the recommendation of the American 
Society of Reproductive Medicine (ASRM) that “ado-
lescents who have a varicocele and objective evidence of 
reduced ipsilateral testicular size should be offered vari-
cocele repair”  (26) . The question of whether this pro-
gressive effect (and improvement with repair) exists in 
adulthood is an area of debate. At the present time, the 
treatment of varicocele in the adolescent should be con-
sidered a special entity, different from that of adults.  

  5 Varicoceles and Fertility  

 Past data have brought into question the relationship of 
varicocele to infertility. Indeed, it is the most com-
monly identifi ed abnormality in sub-fertile males, but 
this does not necessarily translate into a causal rela-
tionship of varicocele and infertility. Reported in 1968, 
Uehling described examining 776 men during routine 
military physical. Within this group 440 (57%) were 
married and a varicocele was present in 25% of mar-
ried men. There was no difference in the percentage of 
childless couples between married men with and with-
out varicocele (31% and 32%, respectively)  (27) . 
Similarly, Thomason et al. examined over 900 men for 
routine physical examinations and noted the preva-
lence of varicocele was not different between the whole 
group (31%) and the subgroup of men ( n  = 299, 33%) 
who reported fathering a child (29%)  (28) . 

 The wide variation in reported prevalence rates of 
varicocele may be infl uenced by examiner bias in the 

detection of varicocele in infertile males as suggested 
by Redmon  (29) . Within this review, the authors cite 
varicocele prevalence rates ranging from 4 to 47% 
depending on the source of the information. In an effort 
to describe this observation, it is stated that the “data 
raise the possibility that reported prevalence rates of 
varicocele from examination of men attending infertil-
ity clinics may be subject to examiner bias. Men 
referred for infertility evaluation almost universally 
have had one or more abnormal semen analyses 
prompting a referral. In most cases there is no obvious 
factor found. In a search for an explanation for the 
abnormal semen analyses, examiners may be uncon-
sciously biased to detect a varicocele”  (29) .  

  6 Controversies of Varicocelectomy: 
Review of the Literature  

 In 1995, Nieschlag stated that “therapeutic recommen-
dations in male infertility, as in other fi elds of medicine, 
should be based exclusively on properly controlled clini-
cal trials”  (30) . Indeed, in an age of evidence based med-
icine one cannot rely upon anecdotal or inadequate 
information. Considering this thought, many practitio-
ners have based their treatment recommendations of 
varicoceles on “less than optimal” data. A review of the 
literature reveals many confl icting opinions on the use of 
varicocelectomy in the treatment of the sub-fertile male. 

 There has not yet been a defi nitive randomized con-
trolled trial of varicocele treatment versus expectant 
management in the sub-fertile male that effectively 
resolves the controversy. Two of the most thorough ran-
domized controlled trials of sub-fertile males with vari-
coceles have shown dramatically different outcomes 
 (31,   32) . The most convincing data in support of surgi-
cal varicocelectomy is demonstrated by Madgar et al. 
with a remarkable pregnancy rate of 60% in the treated 
group versus 10% in the untreated group ( p  < 0.001) at 
12 months  (31) . This is in contrast to the larger study by 
Neischlag  (30,   32)  which concluded no improvement 
in varicocele treatment (surgical varicocelectomy and 
embolization) compared to counseling alone, with 
pregnancy rates of 29 and 25%, respectively (NS)  (32) . 
Both of these studies included only couples in which 
the female infertility factor had been excluded. 

 Careful examination of both of these studies 
reveals several limitations. These studies suffered a 
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large drop-out rate of patients. The Madgar study con-
sidered 210 patients initially, but ultimately only 45 
patients were randomized (25 to treatment and 20 to no 
treatment). Within this relatively small group was a 
signifi cant difference in pregnancy rates between 
treated/untreated males that has not been reproduced 
in later trials. The mean age of the male partner was 
28-years old within this group  (31) . While the 
Nieschlag study was larger, it too suffered from large 
drop-out rate. Of the initial 226 patients who fulfi lled 
the entry criteria, 203 were randomized but 78 couples 
subsequently dropped out leaving 125 patients for 
analysis (63 received counseling versus 62 with varic-
ocele treatment). The mean age of the males in this 
study was 32  (32) . Both of these studies included men 
only from couples with sub-fertility, although the 
Madgar study did exclude men with severe oli-
gospermia (<5 million mL–1). 

 Many criticisms have been made of both of these 
landmark trials in addition to the limitations already 
discussed. One such criticism of the Nieschlag trial 
was that varicocelectomy repair included both surgical 
as well as embolization treatment. Subsequent trials 
have demonstrated embolization therapy to be inferior 
to surgical correction; a potential reason for a non-
signifi cant difference in pregnancy rates when com-
pared to no treatment (counseling alone). The Nieschlag 
trial described a strategy for concealment that was not 
reported by Madgar. The study by Madgar et al. did 
not include men with severe oligospermia. Both stud-
ies reported a follow-up time of 12 months. Neither 
study was blinded. 

Numerous other investigations within the literature 
are equally divided in the use of varicocelectomy. 
Table 1 represents a partial list of the published evalu-
ations of varicocelectomy in treating the infertile male 
demonstrating the disparity of data that exists.v

  6.1 Meta-analyses and Varicocelectomy 

 Because of the limited and confl icting data, several 
meta-analyses have attempted to pool the data and 
make more solid conclusions. In 2004, Evers and 
Collins conducted an analysis of eight studies (607 
participants) that met their inclusion criteria. 
Randomized clinical trials were included if they 
reported pregnancy rates and compared treated and 
untreated groups. The combined Peto odds ratio of the 
eight studies was 1.10 (95% CI, 0.73–1.68) which 
indicated “no benefi t of varicocele treatment over 
expectant management in sub-fertility couples in 
whom varicocele in the man is the only abnormal fi nd-

ing”  (33)  (Table  2 ).  
 In contrast to the analysis by Evers and Collins, a 

more recent meta-analysis conducted by Marmar et al. 
concluded a benefi t of varicocelectomy. This analysis 
included only studies that involved infertile males with 
clinical varicocele and abnormal semen analysis, 
treated with surgical varicocelectomy. Five studies 
were included in the analysis (570 participants) and 
the pooled odds ratio was 2.87 (95% CI, 1.33–6.20), 
demonstrating an improvement in the odds of sponta-
neous pregnancy following varicocelectomy  (34)  

(Table  3 ).  
 Just as the individual trials have received criticism 

and have been deemed “poor studies,” the meta-analyses 
have also been met with hesitation. The analysis by 
Evers and Collins included a study in which emboliza-
tion for treatment of varicocele was included, three 
studies evaluating men with subclinical varicoceles, 
and one study involved clinical varicocele but normal 
semen analysis. Together, some suggest that these 
studies favor “no difference” with treatment. Similarly, 
criticisms of the analysis by Marmar are present. The 
main criticism surrounds the inclusion of observational 
studies (three out of the fi ve studies) in the analysis. In 
addition, it excluded the large randomized controlled 
trial by Nieschlag due to its use of embolization in the 
treatment arm. The potential inclusion bias in this 
meta-analysis may imply a difference with treatment 
that does not really exist. 

 Meta-analytical studies are only as good as the 
studies included therein; they cannot overcome fl aws 
in the design or implementation of the individual stud-
ies. They are also subject to risks such as publication 
bias (negative studies are less likely to be published) 

For varicocelectomy Against varicocelectomy

Madgar 1995 (31) Neischlag 1995/98 (30, 32)
Schlesinger 1994 (42) Krause 2002 (47)
Onozawa 2002 (43) Grasso 2000 (48)
Marmar 1994 (44) Bresnik 1993 (49)
Sayfan 1992 (45) Nilsson 1979 (50)
Cayan 2000 (46) Rageth 1992 (51)
Marmar 2007 (34) Evers 2004 (33)

Table 1 Summary of trials/analyses which have addressed the 
utility of varicocelectomy in the infertile male



Discriminate Use of Varicocelectomy in Light of Advances  253

and selection/inclusion bias. As such, the ideal study 
to derive solid evidence would consist of a prospec-
tive, blinded, randomized control trial. Blinding is 
not reasonable as a surgical treatment consists of one 
arm of the study and a study volunteer would be 
unlikely to agree to the idea of sham surgery. In 
regards to the need for a properly constructed RCT, 
Evers and Collins state that “it will become increas-
ingly diffi cult to conduct such a study, since the intro-
duction of IVF/ICSI in the fertility clinic will make 
many men reluctant to take the risk of being allocated 
to the no-treatment arm of such a study, when at the 
same time a treatment of proven effectiveness is read-
ily available in the form of IVF/ICSI”  (33) .   

  7 Varicocele in Light of Advances 
in Assisted Reproductive Technologies  

 All of the studies listed thus far have examined a sub-
fertile couple population that was designated as pure 
male factor. These studies all claim to have excluded 
female infertility factors. Epidemiologic data suggests 
that 20% of infertility couples are due to solely to 
male factor, but combined male and female factors 
contribute to an additional 30–40% of infertility  (35) . 

 Given the prevalence of combined male and female 
infertility and the advances made in the fi eld of ART, 
recent analyses have begun to examine the natural his-
tory of varicocele and its relationship with ART, with 

  Table 2    Evers and Collins meta-analysis summary       

 Table 3       Marmar et al. meta-analysis summary     
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or without varicocelectomy. In 2004, O’Brien et al. con-
ducted a retrospective cohort analysis with couples with 
advanced female age comparing microsurgical varico-
celectomy versus no treatment; both groups were free to 
undergo ART  (36) . Within the 202 couples identifi ed, 
108 males chose to have microsurgical varicocelectomy 
and 94 elected to no surgery. At a mean of 30 months 
follow up, 41% of couples from both groups had 
achieved pregnancy. Within the surgically treated group 
35% obtained spontaneous pregnancy and an additional 
6% from the use of ART. Within the non-surgical group, 
25% achieved spontaneous pregnancy and an additional 
16% through ART (all non-signifi cant differences). The 
authors conclude that the natural history of infertile men 
with varicocele (with the option of ART) demonstrated 
similar pregnancy rates between surgical and non-surgi-
cal arms  (36)  (Table  4 ).  

 A larger retrospective study has recently been reported 
by Zini et al. which confi rms these conclusions  (37) . This 
retrospective cohort of six hundred and ten (610) couples 
demonstrated overall comparable rates of pregnancy 
(spontaneous and assisted pregnancies) between the 
observational and surgical groups. They conclude that the 
surgical group had statistically lower sperm concentration 
and motility while the observation group was more likely 
to utilize ART  (37)  (Table  5 ).   

  8 Advantages of Assisted Reproductive 
Technologies  

 Before the advent of intra-cytoplasmic sperm injection 
(ICSI) in 1992, males with varicoceles and severe male 
factor infertility had no reasonable treatment alterna-
tives to surgical repair. With ICSI, the effect of male 
factor infertility on pregnancy rates became less pro-
nounced. The 1997 American Society for Reproductive 
Medicine (ASRM) report stated that “clinics with pro-
fi ciency in ICSI may be able to mitigate the effects of 
male factor infertility. When all IVF cycles were clas-
sifi ed by male factor and other diagnoses, patients with 
male factor infertility experienced a higher delivery 
rate per retrieval (25.5%) than those with other diagno-
ses (23.4%)”  (38) . 

 In vitro fertilization with ICSI now allows for 
successful fertilization of the human oocyte despite 
severe oligozoospermia, asthenozoospermia (low sperm 
motility), and teratozoospermia (higher rate of abnor-
mal sperm morphology). With advances in surgical 
techniques, even males without sperms in the ejaculate 
may be candidates for ICSI procedures. Spermatozoa 
now may be obtained through testicular biopsy or 
fi ne needle aspirates with good success  (39,   40) . 
Important to the discussion of ART is that infertility 
due to female factors (tubal obstruction, anovulation, 
etc.) are addressed simultaneously. 

 The success rates and effi cacy of assisted reproduc-
tive technologies are well documented. All clinics per-
forming in vitro fertilization are required to report their 
statistics to the Society for Assisted Reproductive 
Technology (SART). Figure  3  demonstrates the suc-
cess rates of fresh, non-donor oocyte cycles as strati-
fi ed by female age. The overall success is greatest in 
the <35 year old age group and live birth rates per 
transfer have risen from 33.6% in 1996, to 43.3% in 
2005  (41) . Male factor infertility accounts for approxi-
mate 17% of all IVF cycles. When evaluating cycles of 
IVF/ICSI for male factor infertility, approximately 
85% utilize ICSI and the success rates are at an impres-
sive 42.6% in 2006  (41) . The use of ICSI has increased 
signifi cantly due to its proven success. The American 
Society for Reproductive Medicine (ASRM) report of 
1997 documented that 35.7% of all IVF cycles used 
ICSI  (38) . This has increased to approximately 62% by 
the year 2006. Table  6  summarizes the trend in ART in 
couples with only a male factor diagnosis  (41) .   

 Surgery 
 No 
surgery   p  

  n   108  94 
 Follow up time (months)  30.1  32.9  NS 
 Female age  37.4  38.5  0.01 
 Spontaneous pregnancy rate (%)  35  25  NS 
 Overall pregnancy rate (%)  41  41  NS 
 ART use (%)  20  45  NS 
 Time to pregnancy (months)  16  11  NS 

  Table 4    Summary of results from O’Brien et al. (36)    

  Table 5    Summary of results from Zini et al. (37)    

 Surgery 
 No 
surgery   p  

  n   363  247 
 Follow up time (months)  36  40  NS 
 Spontaneous pregnancy rate (%)  39  32  NS 
 Overall pregnancy rate (%) a   53  56  NS 
 ART use (%)  38  54  0.002 

   a Overall pregnancy rate (spontaneous + ART pregnancies)  
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 In addition to superior pregnancy rates, ART offers 
the additional advantage of a decreased time to preg-
nancy. As demonstrated in Table  6 , the pregnancy rate 
per IVF cycle in 2006 was 48.8%  (41) . In contrast, the 
time to pregnancy for the varicocelectomy group (with 
the option of ART) as documented in the O’Brien anal-
ysis was 16 ± 5 months  (36) . Clearly, ART offers an 
abbreviated interval to pregnancy while maintaining 
better success rates. To further support the use of ART, 
Zini et al. reported that 38% of men who chose primary 

surgical management (varicocelectomy) ultimately did 
utilize ART. This is in contrast to the group who chose 
the observation arm in which 54% underwent some 
form of ART; no difference was noted in the pregnancy 
rates between these two groups. 

 The data support that ART offers excellent preg-
nancy rates of the infertile couple and it is able to treat 
both male and female factor infertility. The advances 
in ART (with ICSI) have been signifi cant over the past 
10 years and there is clear and reproducible published 
data to support its effi cacy.  

  9 Conclusions  

 Varicoceles are prevalent in the infertile male popula-
tion and the detrimental effect on spermatogenesis is 
well documented. Varicocelectomy may prove to be 
the treatment of choice in the adolescent to prevent 
progressive testicular damage. However, the associa-
tion of varicoceles and infertility does not prove cau-
sality. Despite evidence that shows improvement in 
semen parameters following surgery, varicocelectomy 
has not been clearly proven to improve pregnancy 
rates. Furthermore, many sub-fertile couples exhibit a 
concurrent female abnormality contributing to the 
problem, which obviously is not addressed by varico-
celectomy. At this time ART has superior success rates 
and shorter time to pregnancy compared to surgical 

  Table 6    SART/CDC published data on all reported assisted 
reproductive technology cycles per year. Cycle specifi c data 
limited to cycles performed for male factor only. Data limited 
to fresh nondonor oocyte cycles with female age < 35 years    

 2004  2005  2006 

 Total ART cycles per year  119,461  123,200  126,706 
 All ART cycles done for 

male factor only (%) 
 17  17  17 

 All ART cycles utilizing 
ICSI (%) 

 57  59  62 

  Male Factor Only ART Data  
 Number of ART cycles 

for male factor 
 8,899  9,051  9,023 

 Male factor cycles 
utilizing ICSI (%) 

 85  85  86 

 Cycles resulting in pregnancies 
(%) 

 44.6  44.7  48.8 

 Cycles resulting in live 
births (%) 

 38.8  39.2  42.6 

 Cancellations (%)  6.9  6.3  5.9 
 Implantation rate (%)  28.4  29.3  33.1 

  Fig.  3    In vitro fertilization success rates as reported by Society for Assisted Reproductive Technology. Based upon fresh, nondonor 
oocytes cycles and stratifi ed by female age       
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repair of varicocele. Varicocelectomy may have a role 
in a limited subset of patients, but the data supporting 
its use are controversial and do not demonstrate it to be 
superior to ART.      
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  Abstract   Varicoceles are diagnosed in about 15% of 
men in the general population, but these lesions are 
seen in 40% of male infertility patients. For decades, 
urologists have considered these lesions as a possible 
cause of male infertility, and they have performed 
varicocelectomies on infertile men with palpable vari-
coceles and at least one persistently abnormal semen 
parameter. With the advancements in IVF/ICSI, repro-
ductive endocrinologists (REs) have taken a different 
approach and they usually recommend some form of 
ART instead of the surgical alternative. In recent years, 
the debate has intensifi ed because of confl icting pub-
lications and subsequent commentaries on the subject 
of varicoceles and pregnancy. There have been lim-
ited prospective randomized trials (PRTs), and many 
uncontrolled studies. Nevertheless, urologists generally 
contend that there is suffi cient experimental and clini-
cal evidence to support the surgical correction of these 
lesions, whereas the REs usually minimize the role 
of varicoceles as a cause of infertility. The confl ict-
ing opinions reached new heights recently, when two 
meta-analyses on varicoceles and fertility appeared 
in prominent peer review journals with completely 
opposite results. One meta-analysis was written by two 
REs, whereas the other was written by a team of urolo-
gists, basic scientists and statisticians. In this chapter, 
the differences between these meta-analyses will be 
explored, current concepts related to the pathophysiol-
ogy of varicoceles will be presented, different methods 
for the correction of varicoceles will be considered and 

new protocols will be analyzed that combine surgery 
and ART. The intent of the chapter will be to enlighten 
both urologists and REs with current information 
related to varicoceles, varicocelectomies and ART.  

  Keywords   Varicocele  •  Varicocelectomy  •  Male 
infertility  •  Meta-analysis  •  Apoptosis  •  Oxidative 
stress  •  IUI  •  IVF/ICSI    

  1 Introduction  

 When urologists examine infertile men, they usually 
search for a varicocele because they are taught that this 
lesion may be a possible cause of infertility. In fact, 
most urologists utilize specifi c clinical routines to 
search for these lesions that are consistent with the rec-
ommendations of the Best Policy Practice Committees 
of both the American Urologic Association (AUA) and 
the American Society of Reproductive Medicine 
(ASRM)  (1,   2) . These include examinations of the 
patient in both the recumbent and upright positions, an 
examination during valsalva maneuver, and a Doppler 
examination for clarifi cation of inconclusive cases. 
This diagnosis seems important because the commit-
tees have stated “correction of varicoceles is indicated 
for infertile men with palpable lesions and one or more 
abnormal semen parameters or an abnormal sperm 
function test.” Furthermore, in the urologic literature, 
there have been numerous reports of benefi ts following 
varicocele surgery  (3–  11) . 

 When Reproductive Endocrinologists (REs) counsel 
infertile couples, their opinions often differ from those 
of urologists regarding the diagnosis and treatment of 
varicoceles. RE’s often take the position proposed by 
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the National Collaborating Centre for Women’s and 
Children’s Health, 2005  (12)  that “men should not be 
offered surgery for varicoceles as a form of fertility 
treatment because it does not improve pregnancy 
rates.” Furthermore, RE’s often cite other studies, usu-
ally not done by urologists, that suggest no benefi t 
from surgery  (13–  18) . As an alternative, these special-
ists often recommend IVF/ICSI. 

 Recently, these opposing positions were clearly 
represented in two meta-analyses. The fi rst report was 
written by two gynecologists and the authors con-
cluded that varicocele repair does not seem to be an 
effective treatment for male infertility or unexplained 
subfertility  (19) . The second meta-analysis was writ-
ten by a collaboration of urologists, basic scientists 
and statisticians and demonstrated improved preg-
nancy rates after surgery  (20) . Both of these publica-
tions have been widely critiqued, but even the 
commentaries appear to be quite partisan. The com-
mentaries written by REs supported the data presented 
by Evers and Collins  (19)  whereas the commentaries 
by urologists supported Marmar et al.  (20) . 

 Clearly, these positions represent clinical polariza-
tion by specialty, and they beg the question, where do 
we go from here? If selected infertile men may benefi t 
from a simple outpatient surgical procedure, then as 
scientists and clinicians, it seems important for all of 
the specialists involved in these cases to gain a greater 
understanding of the issues. If young couples want 
more than one child and a varicocelectomy enables 
them to accomplish their goal, then a carefully planned 
procedure should be carried out to avoid repetitive 
cycles of IVF/ICSI. On the other hand, if there is no 
valid reason to recommend a varicocelectomy, then the 
unbiased facts should be known. 

 The purpose of this chapter will be to review 
information related to varicoceles in several ways. First, 
the differences between these two meta-analyses will be 
highlighted. Second, there will be an explanation of the 
clinical diversity among men with varicoceles, and 
aspects of the pathophysiology of varicoceles will be 
discussed in the light of current molecular and genetic 
studies. Third, the chapter will present the pros and cons 
of specifi c varicocelectomy procedures. Lastly, the 
outcomes and costs will be reviewed for protocols that 
include both varicocele surgery and ART (IUI and IVF/
ICSI). It is hoped that this chapter will offer new ideas 
about varicoceles for both REs and urologists.  

  2 The Differences Between Recent 
Meta-analyses on Varicocelectomy 
and Pregnancy  

  2.1 The First Meta-analysis 

 The fi rst meta-analysis  (19)  included only Level I 
evidence from a group of prospective randomized trials 
(PRTs). The study concluded that varicocele surgery 
did not improve fertility. However, this meta-analysis 
was reviewed by several critics and they cited 
methodological fl aws that may have introduced bias. 
Specifi cally, the National Collaborating Centre for 
Women’s and Children’s health  (12)  offered criticisms 
for several reasons: the selected studies included in the 
meta-analysis had clinical heterogeneity among the 
subjects, differences in the mean ages, differences in 
the duration of infertility and high dropout rates after 
randomization. The editorial comment that immediately 
followed the meta-analysis  (21)  raised the question of 
“publication bias” because Evers and Collins exclude 
data from a large WHO study that was presented in the 
abstract form. The multicenter WHO report concluded 
that varicocele surgery may improve pregnancy rates 
and the exclusion of these data may have made a 
difference. Other critics pointed out that this meta-
analysis included data from men with subclinical 
varicoceles and men with normal semen parameters 
 (22) . In a separate analysis  (23) , several studies were 
eliminated from the Evers and Collins meta-analysis 
that included subjects with subclinical varicoceles and 
normal semen analyses. Recomputation of the data 
was limited to three studies, and these results changed 
the conclusions because these data did not allow the 
reader to draw any favorable or adverse conclusions 
about the treatment of varicoceles in infertile couples. 
Furthermore, two of these three studies showed 
signifi cant improvement in semen parameters which 
was consistent with the fi ndings of another recent 
meta-analysis that reported improved semen fi ndings 
following varicocele surgery on infertile men with 
palpable lesions and at least one abnormal preoperative 
semen parameter  (24) . The data in this study were 
collected and analyzed by the same team involved with 
the study of Marmar et al. and they used similar scoring 
systems to evaluate bias when selecting studies for 
their meta-analysis  (20) . 
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 Although some published literature has been critical 
of the fact that most varicocele studies were uncontrolled 
and not PRTs  (25) , others pointed out potential prob-
lems associated with PRTs. The studies may be costly 
and diffi cult to complete without high drop out rates 
after randomization  (26–  28) . Still others have cited 
potential ethical issues with some PRTs because the 
randomization and informed consent may not reach 
international standards, and in most cases they are 
done without peer review  (29) . Lastly, some critics of 
the PRTs considered them unfair to the infertile cou-
ples because they offered no treatment in one arm of 
the trial, when alternative treatment was available such 
as IVF/ICSI  (21) . In these instances, treatment delays 
may expose these couples to the disadvantage of 
advancing age on pregnancy outcome. The question 
that remained was whether other data from existing 
PRTs and observational studies could be used together 
to evaluate the relationship between varicocelectomies 
and pregnancies?  

  2.2 The Second Meta-analysis 

 The second meta-analysis by Marmar et al.  (20)  used 
data from both PRTs and observational studies. The 
authors followed the guidelines established by the 
Potsdam Coalition  (30) . This approach may be contro-
versial to some, but the Potsdam Coalition suggested 
that observational studies should not be abandoned, 
especially when there is a lack of data from PRTs  (30) . 
Others noted that observational studies may be included 
in a meta-analysis after critical appraisal and method-
ological evaluation  (27) , and a combination of data 
from several smaller observational studies may be an 
effi cient, effective and perhaps the only means of 
reaching a conclusion about a clinical topic  (31) . Still 
others commented that decisions about clinical prac-
tices should be based on the combined weight of the 
evidence from available reports, but the challenge to 
develop a methodology for evaluating observational 
studies and deciding which to include in a particular 
meta-analysis remained  (28) . 

 Marmar et al. addressed the challenge of study 
design in several ways. Initially, all of the articles for 
this meta-analysis were blinded for the reviewers and 
then specifi cally scored for four types of bias – selection, 
confounding, informational and “other.” A scoring 

system was developed related to each type of bias. 
A higher score indicated that the study met most of the 
criteria required to avoid bias, but an article was elimi-
nated whenever it failed to reach the threshold score in 
more than one category of bias. If only one category 
scored below the threshold range, then the study was 
reexamined for inclusion in the meta-analysis. The 
articles for inclusion contained only infertile men with 
palpable varicoceles and at least one abnormal semen 
parameter on at least three semen analyses. The treat-
ment included only men with surgical repairs because 
this approach minimized heterogeneity and addressed 
the difference of opinion regarding outcomes with sur-
gery compared to embolization  (32,   33) . Lastly, 
Marmar et al. selected articles that included data on 
“spontaneous or natural” pregnancy rates, and excluded 
men who had undergone IVF/ICSI. 

 There were 101 articles retrieved from the search, 
but most were eliminated because of the study design. 
A total of 15 studies were blinded for the reviewers, 
but after scoring for bias, fi ve articles (two RCTs and 
three observational studies) were included in the fi nal 
meta-analysis. The results suggest that after varico-
celectomy, compared to no treatment, the odds of a 
spontaneous pregnancy was 2.87 (95% CI, 1.33–6.20, 
 p  = 0.007). Within the fi ve studies, there were 131 
pregnancies among 396 couples where the husband 
had surgery (33.0%) vs. 27 pregnancies among 174 
controls (15.5%). The number needed to treat was 5.7 
(95% CI, 4.1–9.5). Based on these data, the authors 
concluded that a surgical varicocelectomy was an 
effective treatment for improving the spontaneous 
pregnancy rate for couples with an infertile male part-
ner who had at least one low semen parameter and a 
palpable varicocele.   

  3 The Need for Specifi c Entry Criteria 
in Varicocelectomy Studies  

 Clinicians in the fi eld of infertility realize that ques-
tions related to varicocelectomies and pregnancy rates 
have not been settled, but why are the opinions on 
these matters so different and so polarized? How could 
experienced clinicians and scientists reach such different 
conclusions about the role of varicocelectomy and 
fertility? One explanation may relate to diversity 
among the patients, which in turn may necessitate 
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careful consideration of the entry criteria and study 
designs. For example, PRTs have been considered to 
be the highest level of evidence for medical research, 
but some investigators have noted that there maybe 
signifi cant heterogeneity among the PRT study groups 
with a level of variability that may produce contradic-
tory results between studies. Other investigators have 
been concerned about observational studies because 
they may over state the benefi t of a specifi c procedure 
or treatment. Both of these concerns were addressed in 
a review that evaluated the outcomes of both observa-
tional studies and PRTs on similar topics  (34) . The 
results proved to be similar so long as the entry criteria 
were the same for the patients in these studies. 
Therefore, the next sections will address specifi c fac-
tors that may infl uence entry criteria, such as: the clini-
cal diversity among varicocele patients, the molecular 
differences among the patients and the differences 
among varicocelectomy procedures. 

  3.1 Understanding Clinical Diversity 

 As a practical matter, men with varicoceles demon-
strate considerable clinical diversity  (35) . Some men 
with these lesions are fertile and have normal semen 
parameters  (36,   37) . Others are infertile, and show a 
variety of semen fi ndings  (5) . Some men have left 
sided lesions alone, but many are bilateral. Some men 
seem to improve after varicocelectomy, but others 
show no benefi t following this surgery. Bilateral vari-
cocelectomies may lead to signifi cantly better preg-
nancy rates vs. unilateral repairs  (38) . These differences 
demonstrate the need for strict entry criteria to accom-
modate for the diversity. 

 One entry criterion to consider is the size of the 
varicocele and methods used for testing the size. The 
size of the lesions may vary considerably, and the 
effect of varicocele size on semen parameters may be 
used to illustrate the complexity of the varicocelec-
tomy debate. A study reported maximum benefi t from 
varicocelectomies among men with large lesions and 
lower sperm densities  (38,   39) . Others demonstrated 
improvement mostly among men with large varicoce-
les so long as the sperm densities were <40 million 
sperm/ml  (40) . They suggested a “ceiling effect” or no 
improvement when the initial sperm densities were 
>40 million sperm/ml. In contrast to these reports, 
other studies have shown improvement with varico-
celectomies among selected men with small or sub-

clinical varicoceles diagnosed by ultrasound  (41–  43) . 
Others have suggested that repair of small varicoceles 
offers no benefi t to the patient  (1,   2) . These confl icting 
fi ndings may depend on the method used for diagnosis 
and for classifi cation. 

 An early classifi cation of varicoceles included four 
categories: Grade 3 – large and visible, Grade 2 – palpable, 
Grade 1 – only palpable with a valsalva maneuver and 
Grade 0 – nonpalpable or subclinical  (43) . This clas-
sifi cation has been used for years and predates the use 
of clinical venography and ultrasound. Presently, the 
“gold standard” for the diagnosis of varicoceles has 
been venography, but it is an invasive procedure and is 
not practical for routine use. More recently, ultrasound 
studies have been used for the diagnoses, and these 
protocols include measurable and reproducible param-
eters that provide a high degree of sensitivity and spec-
ifi city for the diagnosis of varicoceles when compared 
to selective venogrophy. One study developed ultrasound 
criteria for a signifi cant varicocele that included three 
or more veins with a diameter of 3 mm at rest and 
which increased in size during the valsalva maneuver 
 (42) . In a more recent review of clinical ultrasound in 
the diagnosis of varicoceles  (43) , maximum vein diam-
eter, sum of the diameters (plexus size) and changes in 
fl ow velocity during a valsalva maneuver were used to 
evaluate clinical varicoceles. Others used a simple 
pencil Doppler as part of the examination  (5) . The 
patients were examined in the standing position, with 
and without the valsalva maneuver. The probe was 
placed over the spermatic cord, and only continuous 
refl ux was considered clinically meaningful. Grade 3 
was visible, palpable and audible, Grade 2 was palpa-
ble and audible and Grade 1 was only audible. 
Regardless of grade, continuous refl ux was needed to 
classify a clinical varicocele. These types of ultrasound 
protocols are now applicable for use in the offi ce as 
part of the varicocele work up, and may be included in 
future varicocelectomy studies.  

  3.2 Consistent Varicocele Effects 

 Regardless of the clinical diversity, certain varicocele 
effects may be quite consistent because these lesions 
develop from retrograde blood fl ow down the internal 
spermatic veins and the cremasteric veins into the 
pampiniform plexus. The reversal of venous fl ow 
occurs because of absent or incomplete valves. Some 
anatomical dissections on men with varicoceles have 
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demonstrated absence of the valve at the junction of 
the left renal vein and the internal spermatic vein  (44) . 
Other retrograde venography studies on men with vari-
coceles have demonstrated either absent or incompe-
tent valves along the entire internal spermatic vein 
 (45–  47) . The retrograde fl ow may produce varying 
increases in testicular temperature, hydrostatic pres-
sure, stasis and release of substances from the endothe-
lium from the inner walls of these veins. 

 These factors infl uence spermatogenesis in a vari-
ety of ways, but these conditions may be qualitatively 
and quantitatively different among individuals and 
represent another manifestation of clinical diversity. 
Human data related to intra testicular temperatures, 
increased hydrostatic pressures and stasis resulting 
from varicoceles overlap considerably among men 
with varicoceles and controls and may be too diffi cult 
to measure on a regular basis. However, the impact of 
these effects can be demonstrated consistently in ani-
mal models with varicoceles, because after the experi-
mental surgery, the factors are always present and 
unrelenting. Therefore, data from these models are 
worthy of specifi c mention.  

  3.3 The Infl uence of Consistent 
Varicocele Effects in Animal Models 

 In humans, varicocele effects may vary under chang-
ing conditions, such as the time spent in a horizontal 
position during sleep, or with different clothing. 
Furthermore, these effects may trigger certain molecu-
lar and genetic changes that collectively produce the 
pathophysiology of varicoceles. In animal models, the 
varicocele effects are constant and unrelenting all the 
time, and the varicocele effects have been well 
documented. 

 Varicocele models have been created in at least four 
species of laboratory animals: rats  (48) , dogs  (49) , rab-
bits  (50,   51) , and monkeys  (52–  54) . The “varicocele” 
was created by partial constriction of the left renal vein 
and/or left testicular vein leading to sustained partial 
obstruction with congestion and dilatation of the pam-
piniform plexus and testis vasculature. In the models 
that achieved visible evidence of venous distention, 
there was a reproducible increase in intra-testicular 
temperature and interstitial pressures in all species. 
Although these animals were fertile prior to the cre-
ation of the “varicocele effect,” over time, 25–50% of 
the seminiferous tubules demonstrated a predictable 

pattern of hypospermatogenesis with premature 
sloughing of spermatocytes and spermatids. In the 
monkey model, sperm density dropped from a mean of 
440 million sperm/ml to 227 million sperm/ml after 90 
days, while in the rabbits it dropped from 300–450 
million sperm/ml to 17–100 million sperm/ml. 

 These effects were reversible in the rat model following 
removal of the obstructing suture, so long as it was 
removed within 30 days after the creation of the varicocele 
 (55) . These results demonstrate that unrelenting varicocele 
effects infl uence spermatogenesis negatively, and lead 
to a progressive decline in the semen parameters, but 
that these processes are reversible. 

 Several studies have suggested that apoptosis may 
play an important role in the development of oligozoo-
spermia among animal models and infertile men. In a 
rat model  (56) , there was increased germ cell apoptosis 
using the TUNEL assay. After 28 days, the model 
demonstrated 0.27 apoptotic cells per seminiferous 
tubule compared to 0.14 cells for controls ( p  < 0.002). 
In humans  (57) , there was increased apoptosis among 
varicocele patients. The mean percent apoptotic cells 
per total germ cells counted per high powered fi eld 
was 14.7% for men with varicoceles compared to 2% 
for controls. In a report on ejaculated sperm  (58) , the 
investigators demonstrated that up to 10% of sperm 
cells in the ejaculate of men with varicoceles were 
apoptotic compared to 0.1% among fertile controls. 
Most recently, studies on testis tissue reported a bilat-
eral increase in apoptosis even in cases of a unilateral 
varicocele  (59) . Thus, there seems to be a link between 
varicoceles and apoptosis, and the pathways leading to 
apoptosis, including oxidative stress, heat stress, 
androgen deprivation, and accumulation of toxic stim-
uli are discussed below.   

  4 Molecular/Genetic Responses 
Among Men with Varicoceles  

  4.1 NO, ROS and Oxidative Stress 

 Nitric oxide production is upregulated in the veins and 
testis of men with varicoceles because of pressure 
and stasis  (60–  63) . This phenomenon is consistent 
with effects in other varicose veins within the body. 
The increase in NO concentration leads to increased 
expression of both endothelial nitric oxide synthase 
(eNOS)  (64)  and inducible NOS (iNOS)  (64) , and the 
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NO can lead to the production of reactive oxygen 
species (ROS) (hydrogen peroxide and free radicals 
such as OH and O 

2
  − ) which are elevated in blood 

plasma, seminal plasma and testicular tissue of infer-
tile men with varicoceles  (57,   65,   66) . 

 Low levels of reactive oxygen species may be involved 
in capacitation and induction of sperm motility, but 
elevated concentrations of ROS are associated with 
detrimental effects on the sperm  (67) . The oxidative 
stress associated with varicoceles produces are: 1) greater 
sperm DNA fragmentation  (68) , 2) greater testicular 
lipid peroxidation  (69,   70) , 3) increased numbers of 
immature sperm with cytoplasmic droplets in the ejac-
ulate  (71) , 4) higher levels of proinfl ammatory cytokines 
in semen  (72) , and increased percentages of apoptotic 
(TUNEL-positive) sperm in the ejaculate  (68) . 

 Of patients attending an infertility clinic, 40% had 
detectable levels of reaction oxygen species (ROS) in 
their semen  (73) , whereas, reaction oxygen species 
were not detectable in the semen of normal volunteers 
 (74) . Recent studies suggest that varicocelectomy may 
reduce generation of NO and ROS, increase the anti-
oxidant activities of seminal plasma, reduce lipid per-
oxidation, reduce retention of the cytoplasmic droplet 
during spermiation  (71,   75,   76)  and reduce the level of 
DNA damage. Some investigators have suggested that 
studies of oxidative stress should be included in the 
infertility workup  (77) , and future varicocelectomy 
studies may include indicators of oxidative stress as an 
entry criteria. A recent example of this study design 
reported a possible apoptosis-related phenotype of 
ejaculated sperm in patients with varicoceles  (78) . This 
protocol included four laboratory studies: the plasma 
membrane translocation of phosphatidylserine, evi-
dence of mitochondrial dysfunction, nuclear DNA 
damage and single cell gel electrophoresis (Comet 
assay). These tests represent a coordinated laboratory 
protocol and they along with other markers may be 
used to stratify patients when evaluating outcomes of 
future varicocelectomy and/or ICSI studies.  

  4.2 Heat Stress and Apoptosis 

 Although the average scrotal temperature increases 
2.5°C among men with varicoceles, it is unclear whether 
this increase is suffi cient to initiate apoptosis  (79) . 
Experimentally,  (80)  the scrota of rats were exposed to 

43°C for 15 min. The results of the heat stress lead to 
apoptosis, which was cell specifi c and stage specifi c. 
A separate report noted an early and increased expression 
of the proapoptotic Bax gene in susceptible germ cells 
after 30 min of scrotal heating  (81) . 

 Other markers of heat effect have been studied and 
well documented. Specifi c heat shock proteins (HSP70-2) 
are distributed over sperm cells and seem to be up 
regulated in heat stress  (82) . In the absence of heat 
shock proteins in a “knock out” mouse model there 
was a dramatic increase in apoptosis  (83) . Recently, 
the expression of HSP 70-1 was studied in the testis 
tissue as a defense mechanism of men with varicoceles 
 (84) . The men that demonstrated an HSP 70-1 response 
had less apoptosis and higher sperm densities vs. those 
with no response. Although the direct measurement of 
heat changes in men with varicoceles is diffi cult to 
carry out, identifi cation of the markers of heat effect 
may be more practical and informative. Thus, identifi -
cation of these markers may defi ne the heat related 
conditions among men with varicoceles leading to 
apoptosis. These markers may be used to stratify 
patients for future varicocelectomy studies.  

  4.3 Androgen Deprivation and Apoptosis 

 Androgen deprivation may represent another apoptotic 
pathway in men with varicoceles. Specifi c studies of 
apoptosis and androgen deprivation have been carried 
out on rat models after a hypophysectomy  (85) , and 
with a gonadotropin-releasing hormone antagonist  (86) . 
These models demonstrated reduced sperm densities, 
but these effects were overcome with testosterone 
supplement  (87) . In other experimental studies, there 
was a sharp decline in intra-testicular testosterone in 
the varicocele rat model, without an effect on serum 
testosterone  (88) , and a failure of testicular tissue 
homogenates to convert  3 H-pregnenolone to 3H-T in 
animal models and humans with varicoceles  (89) . 

 In the past, supplemental hCG, clomid and tamox-
ifen were used empirically following varicocelectomy 
 (90,   91) . In other studies, Leydig cells were quantifi ed 
in biopsies from men with varicoceles and the fi ndings 
were used to predict varicocelectomy outcomes  (92) , 
and semi-thin sections of testis biopsy material were 
evaluated for the function of Leydig cells based upon 
their histological appearance  (93) . In some of these 
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cases, the Leydig cells appeared “burned out” which 
implied that this group would not benefi t from varico-
celectomy. Recently, the size and number of Leydig 
cells were quantifi ed in testis tissue of men with vari-
coceles  (94) . These cells were reduced in number, but 
they appeared hypertrophied. In addition, the testis 
appeared to be mounting a protective response to reactive 
oxygen species by increased expression of inducible 
heme oxygenase-1 in Leydig cells, because the products 
of heme oxygenase-1 have antioxidant activities  (94) . 

 The use of hormonal supplements for men with 
varicoceles has been empiric, but in the future selec-
tive hormonal stimulation may be used on specifi c 
patients with evidence of intra testicular androgen 
deprivation. The diagnosis may require percutaneous 
aspiration biopsies of limited testis tissue, but this 
approach has proven safe with ultrasonic control  (95) . 
This type of testing for local androgen defi ciency may 
lead to protocols for hormonal therapy, and entry crite-
ria for future varicocelectomy studies.  

  4.4 Toxic Agents and Apoptosis 

 Toxic agents, such as 2-methoxyethanol, an ethylene 
glycol ether and its byproduct 2-methoxyacetic acid, 
have been shown to cause apoptosis in rats and mice 
leading to spermatocyte death  (96–  98) . Some investi-
gators have suggested that toxic adrenal byproducts 
could refl ux down the internal spermatic vein to the 
testicle in men with varicoceles  (99,   100) . However, 
the toxic effects of cortisol and catacholamines were 
never proven. Others demonstrated higher levels of 
prostaglandin and serotonin in the spermatic veins of 
varicocele patients, but these compounds did not produce 
an antispermatogenesis affect  (101,   102) . 

 Perhaps, the most widely studied toxic agent related 
to infertility has been cigarette smoke. In smokers, the 
semen quality may shift into an infertile range  (103)  
and oligozoospermia is ten times more common among 
men with varicoceles who smoke compared to men 
with varicoceles who did not smoke  (104) . In a separate 
study, cadmium has been suggested as a toxic agent 
that affected spermatogenesis because the serum levels 
of cadmium in smokers is more than double the values 
of nonsmokers  (105) . Recently, cadmium levels were 
studied in testicular tissue of infertile men with 
varicoceles who were undergoing a varicocelectomy, 

and 53% had elevated levels of tissue Cd  (59,   95) . 
The men with increased levels of testis Cd had 
increased levels of apoptosis and less improvement 
following varicocelectomy. 

 In a rat model, administration of cadmium (Cd) 
chloride induced the characteristic apoptosis ladder-like 
patterns of DNA on the agarose gel  (106) . Wister rats 
demonstrated oligozoospermia following varying 
doses of Cd in their drinking water  (107) . Furthermore, 
altered gene expressions were noted on microarray 
analysis and microdeletions were noted in the L-type 
voltage dependent calcium channels. A similar alteration 
of the calcium channel had been demonstrated in infertile 
humans with varicoceles, and the men with microdele-
tions had a poor response to varicocelectomy  (59,   95) . 

 In summary, the molecular and genetic effects con-
tribute to the overall pathophysiology of varicoceles, 
and identifi cation of molecular/genetic markers in 
semen or testis tissue may be used to stratify men with 
varicoceles, and increase the selectivity for surgery. 
Identifi cation of some specifi c markers may be included 
with the entry criteria for candidates in future varico-
celectomy studies, but the panel of markers needs 
greater clarifi cation. These markers may be present as 
part of the intrinsic genetic make-up of the individuals, 
or they may develop from extrinsic causes related to 
the effects. In either case, these markers have led some 
investigators to introduce the concept of the “second 
hit hypothesis”  (35,   108,   109) . 

 These authors suggest that the varicocele was the 
“second hit” on top of underlying molecular/genetic 
defects. If there were no defects, then the men would 
remain fertile, despite the varicocele. If these defects 
were limited, then correction of the varicoceles would 
lead to improvement in the semen parameters and 
pregnancy rates. However, if the defects were advanced, 
then the varicocelectomy would probably fail. To illus-
trate these concepts, the genetic infl uences on varico-
celectomies may be demonstrated in men with 
azoospermia and varicoceles.   

  5 Molecular/Genetic Differences Among 
Men with Azoospermia and Varicoceles  

 In a classic paper, Tulloch performed a varicocelectomy 
on an azoospermic male  (110) . After surgery, the semen 
parameters improved leading to pregnancy. This report 
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has been the stimulus for varicocele surgery over the 
years, but until recently, most azoospermic men were 
excluded as candidates for varicocelectomy. With the 
development of IVF/ICSI, there has been renewed 
interest in varicocelectomy for azoospermic men  (111) , 
but the data suggest that the outcome of varicocelec-
tomy may depend upon the preexisting genetic status. 
For example, sperm returned to the ejaculate following 
varicocelectomy in 55% of azoospermic men and 
pregnancy rate was 3 of 22 (13.6%)  (112) . In 28 men 
with varicoceles with nonobstructive azoospermia, 12 
(43%) demonstrated sperm in the ejaculate after 24 
months of follow up  (113) . However, the improvement 
occurred only in men who had testis histology with 
hypospermatogenesis or spermatogenic arrest at the 
spermatid level, but recent reports suggest that varico-
celectomies may produce sperm in the ejaculate of 
some men with Sertoli Cell Only  (114,   115) . In con-
trast to these results, others considered the endpoint of 
varicocelectomy in men with azoospermia as the 
appearance of sperm in the ejaculate that were suffi -
cient for ICSI. In these cases, varicocelectomy pro-
duced suffi cient sperms for ICSI in only 9.6% of these 
cases  (116) . Although some azoospermic men improve 
after varicocelectomy, it may be reasonable to evaluate 
the histology of testicular biopsies to determine the 
underlying histology. Presently, limited percutaneous 
testis biopsies may be performed in an offi ce setting 
with local anesthesia  (95) . 

 In addition to testicular histology, azoospermic men 
with varicoceles have been studied for other genetic 
factors. The Y chromosome microdeletion analysis 
was performed in 200 consecutive infertile men, and 2 
of 70 men with varicoceles tested positive for Y chro-
mosome micro deletions  (117) . This fi nding illustrates 
that genetic problems may coexist in patients with 
varicoceles. In a separate study on a group of azoo-
spermic and oligozoospermic men, those with Y chro-
mosome microdeletions or aneuploidy failed to 
improve following varicocelectomy  (118) . These data 
suggests that Y chromosome mapping and karyotype 
studies may be important in the workup of men with 
varicoceles and azoospermia or severe oligozoo-
spermia, because the genetic fi ndings may predict vari-
cocelectomy outcome. Another 138 patients with 
nonobstructive azoospermia and varicoceles were 
evaluated, and 82 had Y chromosome studies  (116) . 
From among this group, seven had micro microdele-
tions. No sperm were retrieved with TESE from the 

men with deletions in the AZF b region, but some 
sperm were recovered with TESE in 2 of 3 men with 
micro deletions in the AZFc regions with or without 
varicocelectomies. An additional 14 patients had a 
varicocele and Kleinfelters Syndrome (47,XXY), and 
11 (79%) had sperm at TESE regardless of a 
varicocelectomy, 

 Although the molecular/genetic aspects of an indi-
vidual may contribute to the pathophysiology of infer-
tile men with varicoceles, another variable should be 
considered when comparing the outcomes of varico-
celectomy studies. There maybe signifi cant differences 
in the success and failure rates based on the procedures 
themselves. The following section will examine some 
of these differences.  

  6 Variable Outcomes with Different 
Varicocelectomy Procedures  

 Evers et al. presented an updated systemic review for 
the Cochrane Collaboritave study entitled, “Surgery or 
embolization for varicoceles in subfertile men”  (119) . 
Based on data from nine PRTs they concluded that, 
“there is no evidence that treatment of varicoceles in 
men from couples with otherwise unexplained subfer-
tility improves the couple’s chance for conception.” 
Their review included data from PRTs that utilized 
open surgery, percutaneous retrograde embolization 
with coils and antegrade sclerosis. None of the varico-
celectomies were done with microsurgical procedures. 
The basic assumption in the article was that these pro-
cedures had similar outcomes. However, this assump-
tion requires further analysis. 

 Surgical varicocelectomies were done for the treat-
ment of pain early in the twentieth century  (120) . The 
original surgical procedures included exploration of 
the inguinal canal with ligation of the dilated internal 
spermatic veins  (121) , and a retroperitoneal approach 
with ligation of the entire spermatic cord at a level 
above the internal ring  (122) . Varicocele surgery was 
not used for the treatment of infertility until Tulloch in 
1955 performed retroperitoneal surgery on a man with 
azoospermia  (110) . Subsequently, others popularized 
the inguinal approach for the treatment of infertile men 
with varicoceles  (123) , and now it is estimated that 
approximately 20,000–40,000 varicocelectomies are 
performed in the United States each year. 
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 Although these techniques have been widely 
accepted in clinical practice, some reports described 
signifi cant complications as a result of these surgeries 
including azoospermia after bilateral varicocelecto-
mies and testicular atrophy after ipsilateral surgery 
 (124,   125) . To overcome these specifi c clinical prob-
lems associated with open surgery, the subinguinal 
microsurgical varicocelectomy was developed  (9,   126) . 
With these microsurgical techniques, the lymphatics 
and testicular arteries were preserved, hydroceles were 
eliminated and there was no testicular atrophy. More 
recently, laparoscopic varicocelectomies were intro-
duced, but they are usually limited to the treatment of 
adolescents  (127) . Percutaneous retrograde sclerosis 
procedures  (128,   129)  and embolizations  (130)  were 
introduced as an alternative to surgery. More recently, 
a technique for antigrade sclerosis of varicoceles was 
introduced  (131) . These various procedures may have 
different outcomes, and unless these differences are 
accounted for in the varicocelectomy studies, they may 
affect the fi nal statistical analysis. 

 With the clinical utilization of diagnostic venogra-
phy, it became apparent that the recurrence rates fol-
lowing open surgical varicocelectomies were higher 
than previously reported or a frequency of recurrence 
of 5–20%  (132) . Often these failures were due to 
refl uxive vessels that were overlooked during the sur-
gical procedure, including refl uxive cremasteric veins 
in 40% of these cases  (133) . With retrograde phlebog-
raphy and embolization for therapy, some interven-
tional radiologists reported technical problems during 
access to the venous drainage systems, and 5–18% of 
the cases were aborted  (134) . In some cases the bal-
loons or coils migrated  (135) . Overall, when the refl ex-
ive veins were not obliterated, the failure rate was 
about 4.4%  (136) . In the case of antegrade sclerother-
apy, the recurrence rates were higher at 9%  (137) . 

 The studies in the meta-analysis of Evers et al. uti-
lized a variety of procedures for treatment, and several 
lacked information regarding the post treatment exam-
inations and true failure rates  (19,   119) . Furthermore, 
none of the studies were microsurgical procedures. 
The Guidelines Committees on Infertility from the 
AUA and ASRM indicated that most specialists utilize 
microsurgery for the correction of varicoceles  (1,   2) , 
and in a recent “head to head” PRT  (138)  the authors 
demonstrated that the recurrence rate and postopera-
tive pain was less with the microsurgical approach. 
The original recurrence rate for microsurgical repairs 

was 2.9%/patient, but with experience the recurrence 
rates dropped to 2.1%/patient or 1.6%/unit  (5,   9) . Since 
the recurrence rates may differ among procedures, 
each varicocelectomy study should include a statement 
of recurrences, because these rates may infl uence out-
comes. Ideally, future systemic reviews of the effect of 
varicocelectomy on reproductive outcome should be 
limited to a single procedure. 

 Another aspect for consideration regarding future 
varicocelectomy studies will be the study design for 
the control group. The use of a “no treatment” arm 
may be not appropriate for control patients because it 
is contrary to the intent of the couple that is seeking 
help for infertility and a “no treatment” delay adds age 
to the female during the time of no treatment. One 
reviewer suggested that future varicocelectomy studies 
should offer a recognized treatment option such as 
IVF/ICSI in the control arm  (21) . Therefore, the next 
section will explore the relationship of varicocelec-
tomy with assisted reproductive technologies (ART).  

  7 Varicocelectomy and Art  

 The statements at the beginning of this chapter suggest 
that some clinical decisions regarding varicocelecto-
mies are partisan. For infertile men with palpable vari-
coceles and an abnormal semen parameter, urologists 
will often recommend surgery, whereas REs favor 
IVF/ICSI. However, recent literature on varicocelec-
tomy and ART has taken this debate in a new direction. 
Some clinicians have combined these therapies with 
improved pregnancy outcomes and cost savings, and 
coined the term “progressive stacking therapy”  (139) . 
If the improvement after varicocelectomy was limited, 
they recommended ART in addition to surgery to 
maximize the benefi ts from both the procedures. Initially, 
some investigators were concerned that the sequence of 
varicocelectomy and ART would delay the inevitable 
and add age to the female partner  (140) . They warned 
that the average interval between varicocele repair and 
pregnancy may exceed 6 months, and that this natural 
delay may add at least 6 months to the female age who 
may become candidates for ART. 

 This concern is consistent with data from several 
investigators who have called attention to the importance 
of female age and the outcome with ART  (13) . The 
2005 ART report of The Centers of Disease Control 
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and Prevention supported these concern based on data 
based on 143,260 IVF cycles from 422 clinics  (141) . 
The women were classifi ed by age: <35 years., 35–37, 
38–40 and >41. The live birth rates per cycle were 
37.3, 29.5, 19.7 and 10.6%, respectively. However, 
when other studies on women over 35 used a 
combination of surgery and ART, the age factor seemed 
to be minimized. The pregnancy outcomes for women 
over 35 years after combined varicocelectomy and 
ART was 35% and an additional 2 and 4% achieved 
pregnancy with IUI and IVF/ICSI respectively for an 
overall success rate of 41%. In a group with ART 
alone, 25% achieved a spontaneous pregnancy with 
management of the female partner, and an additional 7 
and 9% achieved pregnancy with IUI and IVF/ICSI 
alone. Although the female age should be considered in 
all cases, other factors may infl uence the outcomes such 
as improved semen parameters after varicocelectomy. 

  7.1 Varicocelectomy and Postoperative 
Sperm Density and Financial 
Considerations 

 In a recent comprehensive review of the outcomes of 
varicocelectomy, the authors cited data from seven 
controlled and 19 uncontrolled studies since 1994 and 
suggested that the sperm density improved signifi -
cantly after the surgery  (142) . Even an open critic of 
varicocelectomy reported statistically signifi cant 
improvement of sperm density following surgery  (13,   25) . 
In a separate randomized clinical trial for IUI and 
superovulation, the authors established the threshold 
for fertility based on sperm density as a single variable 
at 13.5 million sperm/ml  (143) . The men with values 
below this threshold had an odds ratio for infertility of 
5.3 (95% CI 3.3–8.3). Specifi c to a varicocelectomy, a 
50% improvement of sperm density after surgery was 
a strong predictor of pregnancy  (144) . Therefore, if 
varicocelectomy procedures can signifi cantly raise the 
sperm density, then why withhold these procedures 
from selected patients? 

 In some studies involving varicocelectomy and 
ART, the total motile sperm count was used as predic-
tor of pregnancy outcome because a threshold value of 
greater than or equal to 5 million motile sperm was 
associated with elevated spontaneous pregnancy rates 
 (145) . In one study, the investigators classifi ed 110 

infertile men with clinical varicoceles by their total 
motile sperm count (TMC)  (146) . Overall, 66% of 
these men shifted to an improved category after sur-
gery. The authors created three categories: Grade A, 
>20 million motile sperm, Grade B, 5-20 TMC and 
Grade C, <5 TMC. Following varicocelectomy, the 
mean TMC increased signifi cantly for the group from 
21.7 to 54.6 ( p  = 0.015), and the number of Grade A 
patients increased from 18 to 35. Among the group of 
Grade A patients, 12 achieved natural pregnancies, and 
12 required the least number of ART procedures to 
achieve pregnancies: three IUI and nine IVF/ICSI. 

 In another study, investigators evaluated 540 infer-
tile men with varicoceles  (147)  and the patients were 
classifi ed into four categories based on their TMCs 
and each group received a clinical designation: 
Preoperatively, 154 were classifi ed as ICSI candidates 
(TMC 0–1.5 million), 79 as IVF candidates (TMC 
1.5–5.0 million), 151 as IUI candidates (TMC 5–20 
million) and 156 as spontaneous pregnancy candidates 
(>20 million). After surgery, many candidates shifted 
their clinical classifi cation: 31% of the ICSI group and 
53% of IVF candidates achieved IUI or spontaneous 
pregnancy status, and 42% of the IUI group achieved 
spontaneous pregnancy status. The overall spontane-
ous pregnancy was 36.6% and the mean time to con-
ception was 7 months (range 1–19 months). The 
authors concluded that varicocelectomy demonstrated 
a signifi cant potential to shift the clinical category and 
reduce the need for IVF/ICSI. 

 In a separate study from Canada, pregnancy data 
were recorded for 610 infertile men with varicoceles 
who were counseled and given options for treatment 
 (148) . The options included surgery, IUI and IVF/
ICSI. The patient decisions may be in part due to eco-
nomic infl uences, because in Canada varicocelectomy 
is covered by the National Health Plan but ART is not. 
The authors estimated costs in US dollars, and fi gured 
the costs of three to six IUIs in the range of $1,000–
2,000, and the cost of one IVF/ICSI cycle about 
$5,000–10,000. A total of 363 patients opted for a var-
icocelectomy and the spontaneous pregnancy rate after 
surgery alone was 39%. When IUI and ICSI were used 
in addition, the overall postoperative pregnancy rate 
for this group was 53%. The remaining 40% of the 
study group or 257 original patients rejected surgery 
and was considered the “observational” group. From 
among this group, 77 couples attempted ART for with an 
overall pregnancy rate of 56%. However, it is important 
to note that the remainder of the “observational” group 
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opted for no treatment, and these results may have 
been skewed by economic decisions, and because the 
surgical population had signifi cantly greater numbers 
of couples with primary infertility. These studies sup-
port the notion that varicocelectomies done on prop-
erly selected infertile men may lead to improved semen 
parameters, but the reality remains that many clinical 
decisions regarding the combination of surgery and 
ART may be based on other factors, such as cost. 

 The estimated costs per delivery were examined 
after a single cycle of IVF/ICSI vs varicocelectomy 
 (149) . The study utilized 1994 fi gures and the average 
delivery rates for ICSI were 28% single cycle, and 
30% for varicocelectomy. The cost per delivery with 
ICSI was $89,091 whereas the cost per delivery after 
varicocelectomy was only $26,268. Another study 
evaluated the cost benefi t analysis by applying a deci-
sion modeling technique, and by stratifying patients 
according to the total motile sperm count  (150) . The 
initial branch of the decision model included two 
choices, varicocelectomy or ART, and the second 
branch for the ART group split the patients into two 
groups, those with >10 million TMC and those with 
<10 million TMC. The cost per pregnancy was calcu-
lated using the cumulative costs in each branch divided 
by the number of pregnancies. In the varicocelectomy 
group, the pregnancy rate was 16.5% for men with <10 
million sperm at a cost of $28,286/pregnancy, whereas 
in a similar ART group, the cost was $33,333. 
Following varicocelectomy for men with >10 million 
TMC the average pregnancy rate was 36.6% at an aver-
age cost of $10,694. In a similar group with ART, the 
cost per pregnancy was $18,733. When the TMCs 
were low, the ART patients required more IVF/ICI 
procedures at a cost of $10,000/cycle, whereas patients 
with higher scores used more IUI attempts which were 
less expensive at $500/attempt. So long as the preg-
nancy rate was >14% after surgery, the varicocelec-
tomy was more cost effective than ART. For couples to 
make an informed decision, these types of cost analy-
ses should be essential in any counseling session 
related varicocelectomy and ART.   

  8 Conclusions  

 The intent of this chapter was to examine the differ-
ences between two recent meta-analyses on the subject 
of varicocelectomy and fertility  (1,   2)  and to present 

general information related to the clinical diversity 
among men with varicoceles and some aspects of the 
pathophysiology of varicoceles in the light of current 
molecular and genetic studies. The chapter also pre-
sented potential differences among specifi c varico-
celectomy procedures, and examined the outcomes of 
varicocele surgery combined with IUI and IVF/ICSI, 
including the costs. With this comprehensive informa-
tion, it is hoped that the matter of varicocelectomies 
and pregnancies may be considered with greater under-
standing on both sides of the debate. 

 When Evers et al. stated, “there is no evidence that 
treatment of varicoceles in men from couples with oth-
erwise unexplained subfertility improves the couple’s 
chance for conception,” perhaps their statement was 
too broad and not selective enough for application in 
clinical practice. Perhaps the position of the AUA and 
ASRM Guidelines, which stated, “correction of varic-
oceles is indicated for infertile men with palpable 
lesions and one or more abnormal semen parameters 
or an abnormal sperm function test” is now more 
understandable regarding the essential conditions for 
surgery. In the future, molecular/genetic markers may 
be used to better identify patients for surgery. 
Microsurgical corrections may have advantages over 
other procedures. Presently, it should be apparent to all 
clinicians that surgery and ART may be used together 
in protocols to improve outcomes. In the end, it is 
hoped that this publication presented some new ideas 
about varicoceles that may prove to be useful to all 
clinicians.      
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Does Preimplantation Genetic Screening (PGS) 
Improve IVF Outcome?



  Abstract   Aneuploidy screening in human preimplan-
tation embryos or preimplantation genetic screening 
(PGS) has been clinically applied to different groups 
of IVF patients for over a decade but is generally con-
sidered too invasive and inaccurate for routine embryo 
selection following IVF. Nevertheless, for some 
women (e.g. those of advanced maternal age), high 
incidence of aneuploidy arising in female meiosis is 
clearly a major factor contributing to pregnancy fail-
ure, and PGS could still have a role in their clinical 
management. PGS should be considered a diagnostic 
procedure incorporating confi rmatory molecular cyto-
genetic analysis of any screened embryos remaining 
after transfer. Consequently, patients benefi t from detailed 
assessment of aneuploidy risk and avoid transfer of 
aneuploid embryos. To become a successful routine 
adjunct for all IVF patients, PGS must tip the cost-
benefi t ratio towards benefi t by providing: (a) safer 
biopsy or non-invasive methods, (b) rapid testing at 
low cost (c) high accuracy, (d) comprehensive analysis 
of all chromosomes and (e) information to distinguish 
between chromosomal abnormalities of meiotic and 
mitotic origin.  

  Keywords   Preimplantation genetic screening  •  Chro-
mosomal aneuploidy  •  Chromosomal mosaicism  • 
 Fluore-scence in-situ hybridisation  •  Aneuploidy risk  • 
 Embryo biopsy  •  Blastomere  •  Polar body    

  1 Introduction  

 Abnormalities of chromosome number (aneuploidy) are 
relatively common in human gametes and preimplanta-
tion embryos and are a major cause of developmental 
failure and abnormality. The genetic imbalance caused 
by trisomy (three copies of a chromosome) or monosomy 
(only a single copy) can result in developmental arrest 
before implantation, miscarriage, stillbirths or, rarely, 
viable but developmentally abnormal pregnancies 
depending on the chromosome(s) involved. Half of all 
miscarriages that can be karyotyped are associated 
with chromosomal aneuploidy. Sex chromosome aneup-
loidies and trisomies of some of the smaller autosomes 
– most commonly trisomy 21 (Down syndrome) – can be 
viable with abnormalities of varying degrees – although 
more than 80% of trisomy 21 concepti are lost through 
miscarriage  (1) . 

 Aneuploidy in gametes is typically caused by 
abnormal segregation or pre-division of chromosomes 
in one or both meiotic divisions, which should normally 
result in a haploid set of single chromosomes, one of 
each pair. Aneuploidy in embryos can arise via (a) 
meiotic error – through fertilisation with an aneuploid 
gamete, or (b) mitotic error – abnormal cell division of 
the embryo resulting in a chromosomally mosaic 
embryo with both euploid and aneuploid cells. The 
overall incidence of aneuploidy in sperm from a fertile 
male is estimated to be 1–2%  (2) . In some cases of 
severe male infertility, however, there can be a 
signifi cantly increased incidence of aneuploidy of 
some or all chromosomes with an increase in sex 
chromosome aneusomy, specifi cally observed in 
oligozoospermic men with Klinefelter’s syndrome  (3) . 
The incidence of aneuploidy in oocytes is estimated to 
be approximately 20% but increases dramatically with 
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advancing maternal age from the mid 30s to menopause 
 (2,   4,   5) . 

 In cleavage stage human embryos analysed by 
sequential multicolour fl uorescence in situ hybridisa-
tion (FISH) with probes specifi c for fi ve autosome 
pairs (22, 21, 18, 16, and 13) plus X and Y, the inci-
dence of abnormal chromosomal number, affecting all 
cells of the embryo (uniform aneuploidy) and assumed 
to arise from fertilisation with an aneuploid gamete, 
increases with maternal age  (6,   7) . 

 Embryo selection following cleavage stage embryo 
biopsy and chromosome analysis to identify aneuploid 
embryos has been performed worldwide for over a 
decade and has overtaken more conventional PGD for 
single gene disorders as the most common indication 
for preimplantation testing  (8) . However, PGS, in its 
current form, is considered by most clinics to be too 
invasive and potentially damaging for routine use 
in every couple having IVF/ICSI, or all women of 
advanced maternal age  (9) . The largest randomized 
multi-center clinical PGS trial to date  (10)  confi rms 
this expectation and is valuable in quantifying the neg-
ative effect on pregnancy and live birth rates of using 
preimplantation genetic screening (PGS) for aneu-
ploidy routinely for all women over 35. Nevertheless, 
for some women in their late 30s and early 40s, high 
incidence of aneuploidy arising in female meiosis is 
clearly a major factor contributing to pregnancy failure 
suggesting that the level of aneuploidy risk varies 
between patients. This chapter explores the premise 
underpinning the use of PGS in human cleavage stage 
embryos, current and future methodologies and its 
clinical applications (including possible harms, bene-
fi ts, indications and strategies for use).  

  2 The Rise of PGS  

 Preimplantation genetic screening for aneuploidy is 
now in widespread practice for women of advanced 
maternal age, recurrent miscarriage, recurrent implan-
tation failure and some severe male factor infertility 
indications across the world  (8,   11) . In the UK, clinical 
application has been slower than in the US as a result 
of the requirement for licensing to perform PGS. 
Despite this regulatory hurdle, PGS is currently 
licensed by the Human Fertilisation and Embryology 
Authority (HFEA) in eight clinics across the UK and 
looks set to increase as clinics try to fi nd ways to help 

specifi c subgroups of patients in a regulatory environ-
ment moving towards single embryo transfer. Conven-
tional cytogenetic analysis in the 1970s demonstrated 
that half of all spontaneous miscarriages are associated 
with aneuploidy and other structural chromosomal 
abnormalities, the incidence of which was higher in 
the fi rst trimester suggesting a process of natural selec-
tion through pregnancy loss. By extrapolation, an aver-
age incidence of aneuploidy at conception of 25% was 
suggested which has been consistently and extensively 
confi rmed by direct analysis of human IVF embryos 
using fl uorescence in situ hybridisation (FISH) to iden-
tify specifi c chromosomes in interphase nuclei  (7,   12, 
  13) . For this reason, few disagree that the premise 
underpinning a screening test for chromosomal aneu-
ploidy in human embryos is scientifi cally and clini-
cally sound.  

  3 What Can We Learn from 
Clinical Trials?  

 Contradictory results have been noted on the benefi ts 
of aneuploidy screening among the various clinical 
indications, with a recent meta-analysis concluding 
that insuffi cient data was available to determine whe-
ther PGS is an effective intervention in IVF/ICSI for 
improving live birth rates  (14) . 

 However, in many other studies not included in the 
meta-analysis, outcome measures were improved but 
not signifi cantly so – suggesting insuffi cient power 
(i.e. too few cases), or refl ecting variability between 
patients (a feature which is clearly seen among our 
patients). It seems evident that any future trials, how-
ever large, involving heterogeneous target groups will 
likely show no benefi cial effect of PGS (particularly as 
measured by increased pregnancy rates) since we 
observe heterogeneity in the incidence of aneuploidy 
in different treatment groups. Essentially, there are two 
main reasons for the poorer results in the PGS treat-
ment group in the large clinical trial investigating the 
value of PGS for advanced maternal age  (10) : (a) 
embryo biopsy and (b) false positive results due to 
chromosomal mosaicism. Clearly embryo biopsy is 
invasive and can compromise embryo development 
 (15)  particularly when applied to embryos with already 
compromised development. There are also questions 
surrounding the effi cacy of embryo biopsy in the hands 
of the centres involved in the trial, since biopsied 
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embryos with no result that were transferred showed a 
much reduced implantation rate compared with non-
biopsied embryos  (11) . Embryo biopsy is therefore 
only justifi able when the benefi t of testing outweighs 
the cost to the embryo. With respect to chromosomal 
mosaicism, our experience shows that the incidence of 
false positive results decreases as the embryos are 
more at risk of aneuploidy. It follows that routine 
application of PGS, irrespective of  a priori  aneuploidy 
risk, will result in more unwanted false positive results 
and is clearly inappropriate. Since no follow-up analy-
sis of embryos was reported in the large clinical trial 
 (10) , it is impossible to establish the actual aneuploidy 
risk for patients and accuracy of the PGS test used in 
the trial (both of which are critical when considering 
the effi cacy of PGS). 

 Leaving these criticisms aside, there is a clear mes-
sage from this trial about the futility of indiscriminate 
application of PGS for advanced maternal age. 
Ironically, although the conclusions from recent clini-
cal trials are that PGS has no clinical benefi t, a lot of 
data does actually point to some benefi t to selecting 
against abnormality  (10,   16–  18) . It is hard to otherwise 
explain maintenance of implantation rates following 
PGS vs. no-PGS controls having eliminated the 
majority of the cohort of embryos for transfer.  

  4 Current Methodologies  

 The majority of centres performing clinical PGS to date 
have investigated aneuploidy in cleavage stage embryos 
 (8) ; but it is possible to perform aneuploidy screening on 
polar bodies  (4,   5)  and later at the blastocyst stage  (19)  
with each stage having different diagnostic limitations 

(see  Table    1  ). PGS at the cleavage stage typically 
involves the following steps: (1) removing single cells 
from each cleavage stage embryo, with fi ve or more 
cells, early on day three post-insemination; (2) spread-
ing of interphase nuclei on a microscope slide; (3) 
sequential Fluorescence in-situ hybridisation (FISH) 
analysis using between 5 and 12 different chromosome-
specifi c probes, and (4) on day 4 or 5, transfer of embryos 
with the normal number of chromosomes for those 
tested. An additional step that can be incorporated for 
confi rmation of single cell diagnosis and accurate assess-
ment of aneuploidy risk is to perform whole embryo 
follow-up analysis of all nuclei from untransferred, non-
cryopreserved embryos with or without prior single cell 
diagnosis. The choice of which chromosomes to analyse 
for PGS to be effective depends, to some extent, on the 
reason for applying PGS. Nevertheless, selection of the 
fi rst eight or nine chromosomes to evaluate is relatively 
straightforward (namely 13, 14, 15, 16, 18, 21, 22, X, 
and Y) based on data from fi rst trimester miscarriages 
 (20)  which has been largely confi rmed following FISH 
analysis of human embryos  (21) . However, beyond nine 
chromosomes, it is less clear which chromosomes should 
next be tested in order of clinical signifi cance. The obvi-
ous next step is to test for all 23 pairs of chromosomes in 
conjunction with the sex chromosomes. Although it is 
possible to perform multiple sequential rounds of FISH 
on the same single cell, FISH effi ciency and hence accu-
racy decreases with each successive round and markedly 
so beyond the third round  (22) . The use of FISH on 
single blastomeres to deliver a PGS service to patients 
carries with it a degree of technical error and the 
inherent problem of chromosomal mosaicism in the 
embryo. However, both limitations are measurable 
and, as such, can be discussed with patients to allow 
fully informed consent. We are one of the few private 

  Table 1    Detection of aneuploidy with respect to biopsy strategy    

 Method of biopsy 

 Origin of aneuploidy   First p olar body   First and second p olar body 
 Cleavage stage 
blastomere(s) 

 Trophectoderm cells 
from blastocysts 

 Errors resulting in uniform aneuploidy 
 Maternal meiosis I  �  �  �  � 
 Maternal meiosis II  �  �  �  � 
 Paternal meiosis I and II  �  �  �  � 
 Chromosome loss prior 

to 1st mitosis 
 �  �  �  � 

 Errors resulting in chromosomal mosaicism 
 Postzygotic 

malsegregation 
 �  �  ��  �� 
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diagnostic laboratories worldwide to provide follow-up 
confi rmation of diagnosis of any embryos remaining 
after transfer and/or cryopreservation. Thus we can pro-
vide quality assurance (in the form of accurate false 
negative and false positive rates) as well as useful diag-
nostic information that may lead to clinical closure for 
some patients. Indeed, for some patients, information 
gained from whole embryo chromosome analysis is 
more useful than the single cell result. With patient con-
sent, follow-up of whole embryos allows us to categor-
ise embryos as chromosomally chaotic (negligible 
viability), uniformly aneuploid (resulting in miscarriage 
or affected children as a result of meiotic errors in sperm 
or eggs), or to evaluate the degree of chromosomal 
mosaicism (see  Fig.    1  ). Such follow-up analysis may be 
a key piece of diagnostic information in assessing the 
likelihood of a live birth or the time needed to achieve a 
live birth healthy with the patients’ own gametes and 
embryos. We speculate that a small degree of mosaicism 
in an otherwise chromosomally normal embryo - in the 
absence of any other pathology - would likely result in a 
“normal” pregnancy.    

  5  Accuracy and Effi ciency  

 Patients and providers alike are rightly focussed on the 
accuracy and effi ciency of the FISH technique on sin-
gle blastomeres. Follow-up analysis of embryos after 
PGS confi rms the single cell result represents a uni-
form aneuploidy in approximately 85–90% of embryos. 
Of the remaining 10–15% in which the single cell 
result is not confi rmed to be a uniform abnormality, 
most are false-positives i.e. an aneuploid test result is 
not confi rmed in all cells of the biopsied embryo (most 
of which can be interpreted as caused by chromosomal 
mosaicism) and very few (approximately 1–2%) are 
false-negatives i.e. a normal test result in an otherwise 
uniformly aneuploid embryo. In addition, false-positives 
are less likely in patients at higher risk of aneuploidy. 
 Figure    1   illustrates the mechanism by which false-
positives and negatives can arise when testing embryos 
using a single blastomere. The effi ciency of the sequen-
tial multicolour FISH technique on fi xed blastomere 
nuclei is approximately 95%, but effi ciency of the 
process from biopsy to result of the single cell analysis 

  Fig. 1    Embryo chromosome constitution and classifi cation after 
single cell and whole embryo follow-up analysis .  Schematic 
demonstration of the proportion of normal and abnormal cells to 
qualify as uniformly normal, minor mosaic, major mosaic, uni-
formly abnormal or chaotic in our classifi cation system. Following 

single cell biopsy and FISH testing, both false-positives (FP) and 
false-negatives (FN) lead to adverse outcomes. FP results lead to 
a reduced chance of success (owing to a reduced pool of embryos 
for transfer) and FN results lead to increased chances of implanta-
tion failure, miscarriage or birth of an affected child       
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is slightly lower at 85%. In the remaining 15% either 
no nucleus is found or there is an inconclusive result 
– both of which observations support the view that 
nucleus spreading and fi xation is critical to the success 
of the test. Patients therefore need to be aware that like 
any other prenatal tests, PGS is a screening test only 
and a conclusive result is not 100% guaranteed. For 
this reason, patients should consider carefully non-
invasive and/or invasive testing (chorionic villus sam-
pling or amniocentesis) of any pregnancy following 
PGS. Since (a) there is no universally agreed system 
for classifying chromosomal mosaicism in embryos; 
(b) embryos may be analysed by FISH at different 
developmental stages; (c) embryos from patients with 
different indications have been reported in the litera-
ture, estimates of embryo mosaicism vary widely, 
making comparisons between groups performing PGS 
diffi cult. However, chromosomal mosaicism certainly 
presents a problem for accurate assessment of chromo-
some constitution in embryos as illustrated in data we 
have collected from two different target groups where 
the embryos were analysed by seven chromosome FISH 
following single cell biopsy (see  Table    2  ). Note that, in 
the better prognosis group (Group 1), despite an 
extremely low incidence of uniform aneuploidy, the 
incidence of mosaicism is still relatively high with 
potential for false-positives and subsequent discard of 
essentially chromosomally normal embryos.  

 In clinical scenarios in which there is a high preva-
lence of disease (for PGS this equates to chromosome 
abnormality within an embryo), an effective test can 
have relatively low specifi city. In contrast, where the 
prevalence of chromosome abnormality (or specifi -
cally uniform abnormality) is lower, then both sensi-
tivity and specifi city need to be very high for the test to 
be considered effective. In clinical PGS, when using a 
clinical test of limited sensitivity and specifi city, one 
would predict that the positive predictive value - PPV 
(the ability of the test to detect an abnormality when 
one exists) would be lower in a population with low 
incidence of uniform aneuploidy than that in the 
advanced maternal age group (in which prevalence of 
aneuploidy is higher). This is supported by our data 
comparing embryos from women whose ages were on 
average 30 vs. 40 completed years (see  Table    2  ). It is 
not surprising therefore that in clinical trials of PGS 
for women in whom the rate of uniform chromosome 
abnormality may not be high  (10) , the risk of false 
positive results, largely as a result of chromosomal 
mosaicism in the cleavage stage embryo, is too high to 
justify the procedure and results in selection against 
and ultimately the discard of essentially normal embryos. 
As with any embryo selection method, the quality of 
embryos per se is not improved following selection of 
euploid embryos. Indeed embryo quality is slightly 
compromised since any invasive test, especially biopsy, 

  Table 2    Incidence of aneuploidy in different target groups       

  Group 1  Group 2 

 Patients ( n )  29  52 
 Cycles ( n )  29  64 
 Maternal age in years (range)  30.6 ± 3.9 (22–39)  40.6 ± 2.4 (36–47) 
 % Embryo transfer/cycle  N/A  66 
 % Live birth/cycle  83  10 
 Embryos with single cell and whole embryo data a  ( n )  122  161 
 Patients with ³1 uniform aneuploidy (%)  1 (3)  40 (77) 
 Uniform aneuploidy (%)  0.8 b   53.4 
 Major mosaic (%)  23  13.7 
 Abnormal (uniform aneuploid + major mosaic + chaotic + other)  37.6  76.4 
 Normal  8.2  9.9 
 Minor mosaic  54.1c  13.7 
 Normal + minor mosaic  62.4  23.6 
 Positive predictive value  0.63  0.82 

    Group 1  Simulated aneuploidy screening using only surplus frozen embryos from successful clinical IVF cycles;  Group 2  Clinical 
aneuploidy screening in women of advanced maternal age 
  Minor   mosaic  when >50% nuclei are normal 
  Major mosaic  when >50% nuclei are abnormal 
  Normal  when >85% nuclei are normal 
  a Mean number nuclei scored/whole embryo is 30 vs. 12 (Group 1 vs. Group 2) 
 bOne embryo with monosomy 21 
  c Majority with ³75% nuclei of normal genotype  
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has a cost to the embryo  (15) . Moreover, embryos from 
some women of advanced maternal age may already 
be developmentally compromised even without biopsy 
and irrespective of their chromosomal status.  

  6 How Well Do We Select Genetically 
Healthy Embryos Based on Morphology 
Alone?  

 Most laboratories worldwide use a simple morpho-
logic grading scheme for selecting embryos for trans-
fer to the uterus. With an increasing focus on single 
embryo transfer, a battery of embryo selection tools 
(including morphology) is vital. PGS is one such tool. 

At present, in the context of a PGS treatment cycle, 
even limited chromosomal information is weighted 
above embryo morphology such that a morphologi-
cally high quality embryo testing positive for trisomy 
18 (Edwards syndrome) will not be selected above a 
poorer quality embryo testing chromosomally normal. 
However, embryo morphology may take precedence if 
the abnormality detected is monosomy, as this could 
be a false positive. Even if the monosomy is a true 
positive result, transfer in most cases would not result 
in the birth of an affected child. Depending on the par-
ticular patient history, PGS may be more or less impor-
tant than simple morphologic selection. The potential 
confl ict in choosing between chromosomal and mor-
phological information for specifi c embryos is illus-
trated in  Fig.    2  . Selection by morphology alone can 

  Fig. 2    Assessment of day 3 human preimplantation embryos by 
a combination of morphologic and chromosomal assessment by 
7-chromosome FISH. A cohort of day 3 embryos from a 38-year 
old women having PGS for chromosomes 13, 16, 18, 21, 22, X, 
and Y. All embryos had PGS performed on day 3 on a single 
biopsied cell. Embryos testing abnormal based on the single cell 
result were followed-up (confi rmation of diagnosis from all 

remaining cells after whole embryo fi xation). Embryo geno-
types were confi rmed as follows: (E1 – monosomy 21; E2 – 
monosomy 22; E3 – trisomy 21; E6 – trisomy 16 and 22; 
E9 – monosomy 16; E10 – chaotic). Two of the three embryos 
testing “normal” from the single cell result (E4, 5, and 8) 
were transferred to the uterus resulting in a healthy singleton 
live birth       
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eliminate embryos with gross chaotic chromosomal 
abnormalities but not the uniform abnormalities cou-
ples most wish to avoid  (7,   23) .   

  7 Future Methodologies  

 Despite the push to identify ever more chromosomes 
in PGS testing, for women over 40, a relatively small 
sample of chromosomes screened may be suffi cient to 
avoid viable abnormalities and identify abnormalities 
incompatible with pregnancy and live birth. In con-
trast, for younger women with higher quality eggs hav-
ing concomitantly fewer chromosomal abnormalities, 
a comprehensive 24-chromosome screen may be more 
effective at identifying chromosomal errors governing 
the embryo’s ability to implant. Comprehensive chro-
mosome screening has been performed clinically in 
human embryos  (24,   25)  and oocyte polar bodies  (26)  
using comparative genomic hybridisation, but the tech-
nique is not in widespread use because it is labour-
intensive and, in the case of embryos, cannot generally 
be performed in time following cleavage-stage biopsy. 
To this end, we, and others, are investigating the use of 
microarray technology to allow us to screen multiple 
regions of each chromosome simultaneously in single 
embryonic cells  (27) . Moreover, limited aneuploidy 
screening, using a DNA based approach with polymor-
phic markers is already incorporated into tests for spe-
cifi c single gene disorders  (28,   29)  and may be the 
most effective way of identifying clinically signifi cant 
chromosome abnormalities such as viable trisomies. 
Once again, each of the methodologies has limitations 
with respect to diagnostic performance (see  Table    3  ).

     8 Clinical Applications  

 Few disagree that the premise underpinning a screen-
ing test for chromosomal aneuploidy in human embryos 
is scientifi cally and clinically sound. For women of 
advanced maternal age, this is particularly relevant 
since high levels of uniform aneuploidy have been 
confi rmed in their embryos  (7,   12,   13)  (see Table  2 ). 
While chromosomal aneuploidy in embryos increases 
with increasing maternal age  (7) , the relationship 
between chromosomal mosaicism and maternal age in 
embryos is less clear  (6,   21)  and, it is diffi cult to accu-
rately cite an average estimate of mosaicism from pub-
lished data. Nevertheless, reports estimate chromosomal 
mosaicism in cleavage stage embryos at between 30 
and 50%  (7,   30) , while elevated levels of mosaicism 
are strongly associated with poor morphology and 
development  (7,   23) . In our centre, after testing all 
cells from untransferred embryos, 80% of women aged 
37–45 completed years having PGS were confi rmed to 
have at least one uniformly aneuploid embryo among 
those tested and the incidence of aneuploidy per 
embryo in each cycle ranged from 20 to 75%. The inci-
dence of double (16%) and triple (9%) aneusomies 
was also surprisingly high. With any indication for 
PGS the benefi ts of reducing the risk of aneuploid 
pregnancy are balanced by the costs of invasive testing 
and limitations of single cell analysis on clinical preg-
nancy rates (see  Table    4  ). Indeed, while considering 
any improvements to aneuploidy screening, both costs 
and benefi ts need to be carefully assessed (see  Table    5  ). 
Three aspects of PGS, as it is currently performed, 
remain contentious: (a) the exact method needed to 
accurately, reliably and comprehensively diagnose 

  Table 3    Limitations of different aneuploidy detection methods on cleavage stage blastomeres    

  Multicolour sequential FISH  Haplotyping using DNA markers  Array CGH 

  Aneuploidy detection method  
 Number of chromosomes identifi ed  7–12  Limited  24 

  Type of aneuploidy detected  
 Trisomy  �  �  � 
 Monosomy  �  �  � 
 Haploid  �  �  �� 
 Tetraploid  �  �  � 
 Structural imbalance  �  Limited  Limited 
 Uniparental disomy  �  ��  �� 

  Uniform vs. mosaic aneuploidy  
 �  Trisomy  � 
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  Table 4    Costs and benefi ts associated with aneuploidy screening using FISH    

 Costs  Benefi ts 

 Damage to embryo from non-invasive/invasive selection/
biopsy methods, particularly low quality embryos in poor 
prognosis patients 

 Lower risk of aneuploid pregnancy and live birth 

 Elimination of chromosomally normal embryos for transfer 
because of chromosomal mosaicism/technical errors, 
resulting in lower live birth rate 

 Assessment of aneuploidy risk by follow-up analysis of embryos 
identifi ed as aneuploid 

 Test specifi city normal embryos << aneuploid embryos  
 Low positive predictive value in low aneuploidy risk 
 Unforeseen long-term effects of invasive biopsy methods 

 Improved pregnancy and miscarriage rates only if moderate 
incidence of aneuploidy and other chromosomally normal, good 
quality embryos available for transfer 

  Table 5    Possible approaches for improving the effi ciency of aneuploidy screening at cleavage stages    

 Measure  Limitations  Benefi ts 

 Improve clinical management 
 More stringent patient selection  Procedure offered to fewer patients  Procedure focussed on eligible patients 

only 
 Algorithm to incorporate cumulative patient 
PGS experience 

 Requires large body of comparable 
data to make accurate assumptions 

 Identify patients most likely to benefi t 

 Transfer selected monosomic embryos  Small chance of viable abnormal 
pregnancy 

 Fewer embryos discarded as false-positives/
mosaics 

  Safer biopsy  
 Demonstrated competency  Reduced access to patients initially  Standardised, high quality service 
 “Safer” methods (e.g. mechanical biopsy)  Additional training required  Improved viability post-biopsy and post-

freezing 

  High quality single cell testing  
 Chromosomes appropriate to indication  Not yet clear which are most 

important for specifi c patient target 
groups 

 Eliminate use of redundant chromosomes 
from diagnostic test, improve accuracy and 
reduce false-positives 

 24 chromosome test (successive rounds of 
FISH) 

 Increased chance of false-positives  More comprehensive test 

 External quality assessment  Additional staff resource  More accurate and reproducible test and 
reporting 

 Pre-test Validation to identify possible 
polymorphic regions on parental 
chromosomes 

 Test development required at extra 
cost and time delay 

 More accurate test 

 Rescue probes  Additional cost and procedure time  More accurate test; fewer embryos 
discarded as false positives 

 Optimised cell spreading/fi xing techniques  Additional training required  More accurate, reproducible test 
 Pre-cycle aneuploidy risk assessment  Discarded embryos may be 

unrepresentative of therapeutic 
cohort 

 Uses only discarded embryos from 
therapeutic cycle 

  Incorporate routine follow-up analysis of embryos  

 Confi rm single cell diagnosis  Additional cost and procedure time  Establish ongoing accurate false positive/
negative rates 

 Estimate aneuploidy risk for individual patients  Relatively small embryo cohort  Determine for individual patients: 
 Utility of aneuploidy screening 
 Likelihood of IVF success using own eggs 
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aneuploidy in single embryonic cells (whether it be the 
precise chromosomes to identify or the number of cells 
to biopsy), (b) the appropriate patients to target to 
obtain maximum benefi t from the technique and (c) 
the strategy required to overcome the reduced test 
specifi city due to high incidence of chromosomal 
mosaicism in human preimplantation embryos. What-
ever the precise method to be used, PGS test results 
need to be relatively simple and easy to comprehend 
for clinicians, embryologists and patients since most 
centres providing PGS do not incorporate genetic 
counselling into the process and have not yet been rec-
ommended to do so  (31) .     

  9 Indications  

 Clearly, there are a number of indications for which 
PGS may be of benefi t (since they are each associated 
with an increased risk of chromosomal aneuploidy). 
These include advanced maternal age, recurrent mis-
carriage, recurrent implantation failure and severe 
male factor infertility  (11)  – The situation becomes 
more complex when several indications co-exist in a 
single patient or couple (for example, advanced mater-
nal age and recurrent miscarriage). Moreover, within 
each indication there is likely to be a degree of bio-
logical variance such that there is heterogeneity within 
each group with some patients more at risk of chro-
mosomal aneuploidy than others. Other indications in 
which patients may benefi t from aneuploidy screen-
ing include (a) risk of chromosomally unbalanced 
embryos as a result of a structural chromosomal aber-
ration and (b) single gene disorders with an additional 
aneuploidy risk factor, such as age. A high proportion 
of embryos screening normal for specifi c chromosomes 
involved in the translocation have been found to be 
chromosomally abnormal when a fi ve-chromosome 
screen for common aneuploidies was applied  (32) . 
Contraindications include (a) women with low egg 
and embryo numbers (if using PGS primarily for posi-
tive embryo selection) and (b) poor embryo quality in 
which case the cost-benefi t ratio for PGS is shifted 
towards cost to the embryo. 

 Even with current test limitations, detailed follow-up 
of developmental and chromosomal abnormalities in 

embryos is an extremely powerful way of assessing 
risk for some patients. PGS should be considered a 
diagnostic procedure effective for aneuploidy detec-
tion (but not necessarily for embryo selection) incor-
porating confi rmatory molecular cytogenetic analysis 
of any screened embryos remaining after transfer. 
Confi rmatory analysis provides quality assurance, an 
assessment of true aneuploidy risk for individual 
patients and a detailed assessment of a patient’s future 
prospects including clinical closure in some cases. 

 In view of equivocal and, in some case, poorer out-
comes following PGS in clinical trials  (10,   16,   19)  and 
the professional recommendations which followed 
 (33,   34) , it is easy to forget that chromosomal aneu-
ploidy may be the main cause of morbidity in the 
human preimplantation embryo. If one accepts the bio-
logical signifi cance of chromosomal aneuploidy in the 
human embryo, then the question is not whether to test 
for chromosomally abnormal embryos, but how to test 
and in which target groups. Indeed, a signifi cant pro-
portion of women would prefer PGS to spontaneous 
pregnancy with prenatal diagnosis if the risk of Down 
syndrome was reduced by 80% and pregnancy rate 
was unaffected  (35) . Current PGS tests should be tar-
geted only to “at-risk” patients and include follow-up 
of untransferred embryos to provide accurate quality 
assurance and risk estimates for patients. However, the 
“ideal test” to screen for chromosomally abnormal 
embryos could be used more liberally if it was inex-
pensive, rapid, and comprehensive for all 24 chromo-
somes, high resolution, accurate, non-invasive or 
minimally invasive and could distinguish meiotic from 
mitotic errors. Such a test would tip the cost/benefi t 
ratio in favour of benefi t, even in lower risk patients 
and regardless of the indication.  

  10 The Changing Role of Aneuploidy 
Screening: Focus on Follow-Up Analysis  

 Of the tens of thousands of embryos undergoing PGS, 
only a small proportion have been analysed in their 
entirety following single blastomere analysis and many 
of the published data are inadequately reported or 
report embryos as “normal” when up to 37% of the 
constituent cells are abnormal  (7) . Thus, limited, accu-
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rate data exists regarding the incidence of false-posi-
tives and false-negatives – both of which determine the 
strength of a diagnostic test. At our center, PGS is tar-
geted to women with previous failed IVF cycles, mis-
carriage or termination of an abnormal pregnancy and, 
importantly, we strongly recommend that following 
PGS, particularly in the fi rst cycle, the single cell test 
is followed up by analysis of every cell from the abnor-
mal embryos. This follow-up analysis serves as a con-
fi rmatory diagnosis and helps to accurately assess the 
level of risk of chromosomal aneuploidy (both uniform 
and mosaic) for individual patients. This ensures that 
couples who are not at risk of uniform aneuploidy do 
not have repeated cycles of PGS and for women in 
their forties it helps to determine the likelihood of a 
live birth when using their own oocytes. 

 We propose a broader perspective of PGS following 
analysis of embryos identifi ed as aneuploid from sin-
gle cell biopsies, to incorporate not only (a) embryo 
selection (to improve pregnancy rates), but also (b) 
screening (to reduce miscarriage) and (c) comprehen-
sive diagnostic information from untransferred 
embryos to provide patients with a realistic roadmap 
towards future treatments as follows:

    (a)    Selection  

    When more than two or three embryos (depending on 
age) have developed to an appropriate stage on day 3 
post-insemination, PGS can be used to enhance embryo 
selection. Although 1 in 10, predominantly mosaic 
embryos, may be excluded from transfer because of 
false positive results, avoiding uniformly aneuploid 
embryos must  de facto  reduce the chance of implanta-
tion failure, miscarriage or aneuploid live birth and 
this is apparent on closer analysis of data from clinical 
trials  (10,   16) . Following PGS for selection, if all 
embryos have an aneuploid or no result, the patient 
may decide that one or more embryos should be trans-
ferred because of the possibility of false positive 
results. In such cases, the preference would be to trans-
fer monosomic embryos, rather than trisomic embryos, 
based on the latter group’s reduced developmental 
potential if uniformly aneuploid. 

 (b)  Screening 

 The main application is to reduce chance of miscar-
riage or viable aneuploid birth in women at increased 
risk because of advanced maternal age and/or previous 
aneuploid pregnancy. In this scenario, PGS is per-

formed even if there is only a single embryo that has 
reached the appropriate stage for biopsy on day 3 post-
insemination and only screened “normal” embryos are 
selected for transfer.  

    (c)    Diagnostic     

 Detailed follow-up of untransferred embryos following 
IVF cycles with or without PGS will reveal uniform 
aneuploidies or major mosaic patterns of chrom-
osome abnormalities incompatible with a healthy live 
birth. 

 In evaluating respective goals of patients and pro-
viders, clearly, for patients, a healthy live birth within 
a reasonable time frame should be the primary focus. 
As providers, we must also take great care to help cou-
ples achieve pregnancy without the disappointment of 
miscarriage and resulting delay to future treatments. 
Indeed, we have a moral obligation to avoid the trans-
fer of embryos that are chromosomally abnormal and 
also have a responsibility for the health of children 
born following assisted reproduction. Even current 
PGS, with its limitations, has been shown to improve 
pregnancy rates  (17)  and reduce common miscarriages 
 (18)  and for these reasons, may be of value to at-risk 
couples. 

 Clearly PGS has been overused as a solution to 
declining IVF results in women in their late 30s and 
early 40s and many clinics, particularly in the US, were 
quick to make it available to all patients. We now know 
that when applied to all women of advanced maternal 
age  (10)  and women under 35 with no other indication 
 (16)  the average pregnancy and live birth rates are not 
signifi cantly increased and can even be reduced. 
Clearly, in older women the removal of a blastomere, 
the obligatory extended culture period and additional 
stress of procedures, such as biopsy  (15)  could further 
weaken an already developmentally compromised 
embryo. In young women, prevalence of uniformly 
aneuploid embryos is lower than in their older counter-
parts and discard of essentially normal embryos occurs 
owing to false positive PGS results as a result of chro-
mosomal mosaicism. However, we believe strongly 
that when combined with detailed follow-up of embryos 
screened as abnormal from the single cell test to con-
fi rm risk, PGS is an effective method for identifying 
embryos with abnormal numbers of the chromosomes 
tested. If there is now a moral obligation to prevent 
multiple pregnancies and resulting increased perinatal 
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morbidity, because it is possible to limit the numbers of 
embryos transferred, there must surely be an equal obli-
gation to avoid the transfer of genetically abnormal 
embryos, which are either not viable, cause miscarriage 
or rarely can result in severely abnormal babies.  

  11 What of Clinical Relevance Have 
We Learned from PGS?  

 Chromosomal mosaicism is a fact of life when dealing 
with IVF embryos generated after superovulation and 
may be linked to the high levels of gonadotropin  (36)  
or the  in vitro  culture system used  (37) . In this respect, 
any test - however powerful and accurate - may be lim-
ited in its ability to identify uniformly abnormal 
embryos unless it can identify mosaicism (through dis-
crimination of mitotic and meiotic errors). Of more 
fundamental interest is the preponderance of monoso-
mies among early human embryos. Based on a non-
disjunction model for aneuploidy origin, one would 
predict approximately equal numbers of monosomic 
and trisomic embryos. Instead we have observed a dis-
tortion in the monosomy: trisomy ratio of approxi-
mately 0.63:0.37 in follow-up analysis of whole 
preimplantation stage embryos in agreement with pre-
vious reports  (21)  – presumably as the result of chro-
mosome loss prior to the fi rst mitotic division.  

  12 Conclusion  

 PGS for aneuploidy is an effective method for identi-
fying uniformly aneuploid embryos that if transferred, 
would have limited or no viability or may cause mis-
carriage or developmental abnormality. Follow-up 
analysis confi rms high incidence of uniformly aneu-
ploid embryos in some, but not all, patients. The chal-
lenge for the future of PGS is to identify patients who 
will benefi t using the safest, most cost-effective and 
accurate test available. In a regulatory environment 
moving inexorably towards single embryo transfer, we 
have a duty to avoid the transfer of chromosomally 
abnormal embryos, not necessarily to improve preg-
nancy rates but to avoid miscarriage and children with 
abnormalities. Identifi cation of a group of embryos 
with uniform chromosome abnormalities may not only 

provide closure to the patient in terms of using her own 
eggs but also prevent future fruitless IVF cycles at 
additional expense to the couple – an expense that 
vastly outweighs the additional expense of PGS. 
Chromosomal mosaicism combined with inherent lim-
itations of the current FISH-based test makes PGS a 
test of limited value if applied routinely and without 
targeting at-risk patients. Indeed, it is tempting to 
speculate that if the main embryo morbidity factor 
derives from maternal meiotic errors, the focus should 
be on diagnosing polar bodies and not blastomeres. 
With our current technology, however, appropriate 
application of PGS can provide immense benefi t to a 
sub-group of at-risk patients. With improved microar-
ray technology, the use of algorithms to determine eli-
gibility and robust information to fully inform patients, 
aneuploidy screening could become a mainstream tool 
for embryo selection for many more patients and would 
likely complement rather than replace other selection 
methods.      
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  Abstract   While there have been more than 3 million 
babies born from the assisted reproductive techno-
logies (ART) worldwide, success in a cycle is not 
guaranteed. In an effort to overcome ineffi ciencies in 
human reproduction, additional embryos are often 
transferred into the uterus, increasing the risk of mul-
tiple pregnancies. Despite the transfer of supra-numer-
ary embryos, the probability of achieving pregnancy is 
less than 50%. Pre-implantation genetic screening 
(PGS) has been utilized by some programs in addition 
to standard IVF procedure in an effort to increase 
delivery rates in patients with poor prognosis for con-
ception (advanced maternal age or prior failed IVF 
cycles) or to reduce the chance of subsequent miscar-
riage in patients with a history of recurrent pregnancy 
loss. Additionally, PGS has been used in an attempt to 
select the “perfect” embryo to reduce risk of multi-
fetal gestation. Due to diffi culties with the technique of 
fl uorescence in-situ hybridization (FISH) used to 
detect aneuploidy in embryos, as well as biologic limi-
tations of embryonic development, the goal of increas-
ing live birth rates with ART does not appear to have 
been reached. In fact, in two randomized controlled 
trials, PGS might actually have had the opposite effect 
and reduced a woman’s chance of having a child.  

  Keywords   Assisted reproductive technology  •  Preim-
plantation genetic screening  •  Aneuploidy  •  Live birth    

  1 Introduction  

 Assisted reproductive technology (ART) has helped 
more than 3 million couples conceive and deliver 
children. Pre-implantation genetic testing (PGT) is a 
technique that can be used in conjunction with ART 
where removal of one or more nuclei from oocytes 
(polar bodies) or embryos (blastomeres or trophoec-
toderm cells) allows for detection of mutations in 
gene sequence or aneuploidy before embryo transfer 
 (1) . PGT includes both pre-implantation genetic diag-
nosis (PGD) where one or both potential parents are 
known to carry a genetic defect and pre-implantation 
genetic screening (PGS) where both genetic parents 
are presumed to be karyotypically normal and screening 
is performed for the possibility of a de-novo aneu-
ploidy in each embryo. 

 Pre-implantation genetic screening (PGS) has been 
utilized by some programs in addition to the standard 
IVF procedure in an effort to increase delivery rates in 
patients with poor prognosis for conception (advanced 
maternal age or prior failed IVF cycles) or to reduce the 
chance of subsequent miscarriage in patients with a his-
tory of recurrent pregnancy loss. Additionally, PGS has 
been used in an attempt to select the “perfect” embryo 
to transfer in an effort to reduce the risk of multi-fetal 
gestation. PGS has even been championed as a tech-
nique that should be utilized in every ART cycle. 

 In patients with previous IVF failures, recurrent 
miscarriages and advanced maternal age where a 
higher than normal rate of aneuploidy is expected to be 
the primary etiology for reproductive failure, PGS in 
theory should improve the probability of transferring 
chromosomally normal embryos. However, PGS has 
technical limitations including the possibility of misdi-
agnosis due to overlapping or split signals and failed 
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hybridization, as well as biologic limitations including 
embryo mosaicism and self-correction that reduces the 
clinical signifi cance of an abnormal result from a sin-
gle cell in a multi-cell embryo. Additionally, when 
there is a limited number of embryos to test or transfer, 
as is often the case in the population of patients at risk 
of aneuploidy, increasing the probability of live birth 
seems unlikely, and misdiagnosis can only further 
reduce the possibility of success. Is the failure of 
implantation always due to embryo aneuploidy? Is it 
possible that screening for aneuploidy analyzing less 
than the entire complement of chromosomes in each 
embryo can eliminate the chance for miscarriage or are 
there other potential causes of miscarriage and ART 
failure that make this goal impossible to achieve? A 
critical review of the literature regarding outcomes fol-
lowing PGS appears to cast doubt on the clinical ben-
efi t of PGS as it is currently performed.  

  2 PGS Techniques  

  2.1 Biopsy of Cells for Analysis 

 Genetic analysis is usually performed on one or two 
nucleated blastomeres removed from the embryo, 3 
days after fertilization. Genetic analysis can also be 
performed on the oocyte by removing the fi rst and 
sometimes, the second polar body and by inferring the 
genetic composition of the oocyte from the result  (2, 
  3) . Alternatively, mural trophectoderm cells can be 
removed from the embryo for analysis at the blastocyst 
stage. To remove cells from an oocyte or embryo, an 
opening in the zona pellucida is created using a laser, a 
sharpened glass needle or acid Tyrode’s solution. The 
polar body or blastomere(s) then may be removed 
through the opening using a small suction pipette or by 
gently compressing the embryo to extrude cells through 
the opening. 

 The decision to remove one or two blastomeres from 
a day 3 embryo depends on the quality of the embryo 
although it has been suggested that removal of two 
blastomeres can potentially compromise embryonic 
developmental competence  (4) . Unfortunately, this 
argument comes from extrapolation of data looking 
at cell survival after cryopreservation and thawing 
and may not be applicable to the biopsy procedure in 

normally developing embryos. Loss of one or more blas-
tomeres from cryopreservation and thawing together 
with the negative impact of the cellular debris remaining 
in the embryo is not equivalent to the removal of one or 
two cells from a 7–8-cell embryo. Biologic differences 
between an embryo that doesn’t fully survive the cryo-
preservation process and one that does are also not 
considered in this model used to refute the negative 
fi ndings of a randomized controlled trial from an expe-
rienced center. Polar body biopsy avoids the possible 
detrimental effect of removal of biomass from the embryo; 
however it still subjects the embryo to possible negative 
impact of the biopsy procedure itself and does not 
account for post-meiotic events.  

  2.2 Genetic Analysis for PGS 

 Fluorescence in-situ hybridization (FISH) employs 
DNA probes labeled with distinctly colored fl uoro-
chromes that bind to specifi c DNA sequences unique 
to each chromosome. FISH is used to detect missing 
or excess chromosomal material in the oocytes or 
embryos. After removal of the blastomere, the nucleus 
of each cell removed is fi xed on a glass slide and fl uo-
rescent DNA probes are added. The DNA is heat dena-
tured and the probes allowed to hybridize to the 
matching chromosome. The number of fl uorescent sig-
nals of a particular color refl ects the number of copies 
of each of the corresponding chromosomal segments. 

 The specifi c chromosomes evaluated are those 
involved in the most common aneuploidies identifi ed in 
spontaneous miscarriages, or are chosen according to 
the patient’s prior history. The number of chromosome 
pairs from each nucleus that can be evaluated by FISH 
at present is incomplete (usually 9–11) due to technical 
limitations. Alternatively, the entire genome (all 23 
chromosome pairs) can be amplifi ed using random 
primers for analysis by comparative genomic hybrid-
ization (CGH)  (5) . CGH is a technique in which test 
and reference samples are amplifi ed simultaneously 
using red (test sample) and green (reference sample) 
fl uorochromes. The amplifi ed products are allowed to 
hybridize with a normal male metaphase chromosome 
spread for 2–3 days. Image-processing software is used 
to analyze relative amounts of red and green signal to 
determine chromosome numbers and identify any 
structural chromosomal abnormalities. Newer methods 
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of detecting aneuploidy in all 23 chromosome pairs 
which do not require the arduous and technically diffi -
cult task of fi xing each blastomere and spreading the 
nucleus in a time frame that would be consistent with 
current limitations are in development.   

  3 Limitations in Single Cell Testing  

  3.1 Technical Limitations of Single 
Cell Testing 

 Because of the limited number of chromosome pairs 
that can currently be evaluated by FISH, the possibility 
of missing aneuploidies and transferring what appear 
to be normal embryos exists. Studies comparing results 
obtained with FISH and CGH have revealed that up to 
25% of aneuploid embryos would be judged normal by 
FISH because the abnormal chromosome pair(s) were 
not among those included in the analysis.  (6)  

 Approximately 10% of cells removed for screening 
yield no results, or results not confi rmed by analysis of 
the remaining cells in embryos not transferred. The 
likelihood of obtaining no result or an incorrect result 
with FISH depends on the number of blastomeres and 
the number of chromosomes that are analyzed  (7–  9) . 
No result may be obtained if the labeled probes fail to 
hybridize with the denatured chromosomes. Erroneous 
results may be obtained from polymorphisms or cross-
hybridization or when the orientation or overlapping 
of chromosomes yields split or diffused signals that are 
misinterpreted  (10) . Despite best efforts to reduce this 
error, technical challenges remain. Even in one of the 
most experienced labs, the probability of not getting 
interpretable results from each cell was 11.6 and 15.4% 
using 5 and 9 probes respectively  (10) . Using an addi-
tional round of hybridization with probes binding to a 
different locus than the original probe used or subtelo-
meric probes, the authors were able to obtain informa-
tion on 87.4% of blastomeres where they had either 
obtained no results or results were inconclusive. 
Blastomeres from embryos that had “no result” were 
not re-analyzed and were discarded when additional 
embryos with results were available for transfer. While 
this reduced the probability of technical errors with 
interpreting signals to 3.1% from 7.5% of blastomeres 
analyzed, some potentially normal embryos were dis-
carded due to technical limitations of the fi xation and 

FISH. Re-analysis also does not eliminate the possibil-
ity of other diagnostic errors.  

  3.2 Biologic Limitations of Single 
Cell Testing 

 Aneuploidy may arise in several ways. When non-dis-
junction occurs during meiosis, all of the cells in the 
embryo should be aneuploid. In contrast, mitotic non-
disjunction yields two or more distinct cell lines and 
results in an embryo that contains both normal and 
abnormal cells; the actual proportions of normal and 
abnormal cells will vary, depending on the point at 
which the abnormal segregation occurred. These 
mosaic embryos can only be potentially identifi ed if at 
least two cells are removed and analyzed. Even then, 
the true proportions of normal and abnormal cells can-
not be determined unless all the cells are analyzed, 
thus destroying the embryo. In one study  (11) , removal 
of two cells resulted in discordant results (one normal 
and one abnormal, or both abnormal for different chro-
mosomes) in 50% of cases. Almost 50% of these 
“mosaic” embryos were euploid after all cells were 
analyzed. Potentially, up to half of all embryos identi-
fi ed as aneuploid at the cleavage stage will “self cor-
rect” by the blastocyst stage  (12–  14) . Theories 
proposed to explain the discordant results include 
embryonic mosaicism in which abnormal cell lines fail 
to proliferate, self-correction of the embryo weeding 
out the abnormal cell line, correction of the mosaicism 
through biopsy procedure or the possibility that the 
initial diagnosis was incorrect  (13,   14) . However, 
because the actual proportion of euploid cells required 
for normal development is unknown, abnormal results- 
even when discordant- must be considered potentially 
abnormal and therefore be reanalyzed at the blastocyst 
stage or the embryo discarded. Therefore, an abnormal 
result from FISH analysis of a single blastomere 
removed from a day 3 embryo is not proof-positive 
that the embryo is abnormal and non-viable.   

  4 Appropriate Outcome Measures  

 The only outcome truly relevant to a discussion on the 
merits of PGS is live birth rate per cycle started. Most 
non-controlled trials evaluating the merits of PGS use 



292 G.L. Schattman

inappropriate outcome measures such as implantation 
rate, pregnancy rate per transfer, pregnancy loss rate or 
chromosomal abnormalities detected in miscarriages. 
Since the denominator in implantation rate (No. of 
embryos transferred) depends on strategy and not on 
the design, it cannot be used. Additionally, if approxi-
mately 20% of patients undergoing PGS have no 
embryo transfer performed, and these patients discard 
potentially viable embryos due to falsely categorizing 
an embryo as abnormal when in fact it was not, preg-
nancy rate per transfer procedure will be falsely ele-
vated at the expense of patients who were not given a 
chance to conceive.  

  5 PGS for Advanced Maternal Age  

 The risk of miscarriage increases with advancing 
maternal age in both naturally conceived and IVF 
pregnancies and the percentage of abnormal karyo-
types identifi ed increases as women get older.  (15–  17) . 
The reason for this can be traced back to the preim-
plantation embryo since the majority of day 3 embryos 
that are analyzed by FISH are aneuploid.  (18,   14) . 
Using a panel of nine chromosome pairs (X, Y, 13, 15, 
16, 18, 21, 22) only 40% of embryos from women <35 
years of age and 20% of embryos from women >40 
were found to be normal  (19) . As the detection of ane-
uploidy among embryos increases using an expanded 
panel of probes, it is quite surprising that anyone ever 
conceives a pregnancy following ART procedures. 
However, with the addition of each new chromosome 
screened for, the risk of mis-diagnosis also increases. 
Despite this pessimistic outlook, PGS in theory should 
increase the likelihood that embryos selected for trans-
fer will be euploid and thus result in improved implan-
tation, pregnancy and live birth rates. However, the 
results achieved with PGS so far for advanced mater-
nal age have not lived-up to that expectation. 

 One prospective study observed a signifi cantly 
higher implantation rate (26%) in a group of 73 women 
who had PGS, compared to a group of 84 “controls” 
(14%) who chose not to have PGS but underwent 
assisted hatching  (20) . As stated previously, this study 
used both an inappropriate control group -since patients 
selected their treatment -as well as an inappropriate 
outcome measure- implantation rate. In a prospective, 
randomized, controlled trial, 400 women age 37 years 

or older agreed prior to oocyte retrieval to be random-
ized to blastocyst transfer with or without PGS per-
formed on their day 3 embryos  (21) . In the PGS group, 
148/200 women (74%) and 141/200 (71%) of controls 
went to oocyte retrieval. In the PGS group, 130/148 
(88%) had embryos suitable for biopsy; one blasto-
mere was removed from embryos having fi ve cells 
and two were removed from those containing six or 
more cells on day 3 after fertilization. Among 685 
embryo biopsies analyzed by FISH (7 chromosomes; 
X, Y, 13, 16, 18, 21, 22), 653 (95%) yielded results. 
Only 240/653 embryos (37%) were normally diploid; 
353/653 (54%) exhibited a variety of abnormalities, 
and the remaining 60 embryos (9%) contained one 
normal and one abnormal cell. In the PGS group, 
81/148 (55% of retrievals) received an embryo trans-
fer, compared with 121/141 (86% of retrievals) in the 
control group. In the control group, 15/141 women 
(11%) had no blastocysts available for transfer. In the 
PGS group, 11/130 women with analyzed embryos 
(8%) had no morula or blastocysts derived from genet-
ically normal embryos and 38/130 (29%) had no 
genetically normal embryos. FISH was successfully 
performed on the rest of the cells in 43/67 (64%) 
embryos considered normal on day 3 but morphologi-
cally not suitable for transfer. All contained a majority 
of normal cells (0% false-negative). Among 285/413 
(69%) abnormal embryos reanalyzed successfully, 
18% were mosaic and 8% were normal (false-positive). 
Among the 49/130 women in the PGS group having 
only genetically abnormal embryos (38/49; 78%) or no 
morula or blastocyst derived from normal embryos 
(11/49; 22%), reanalysis identifi ed normal embryos in 
2/38 (5.2%) and 1/11 (0.9%), respectively. In 6% of 
PGS cycles patients unfortunately did not have an 
embryo transfer due to false positive results. This is 
probably the most compelling argument against doing 
PGS in this study. There were 22 ongoing pregnancies 
in the PGS group (15% per retrieval, 27% per trans-
fer), compared with 29 among controls (21% per 
retrieval, 24% per transfer) (NS). Overall, the preg-
nancy loss rates (including preclinical and clinical 
abortions) in the PGS (7/29, 24%) and control (10/39, 
26%) groups were also not different. 

 In the only other double-blind controlled trial 
undertaken to evaluate the effects of PGS in older 
women, 408 women ages 35–41 having no previous 
IVF failures were randomized to undergo up to three 
cycles of IVF with or without PGS  (22) . Neither the 
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patients nor the physicians were aware of group assign-
ment or the number or quality of embryos transferred 
on day 4 after fertilization. A maximum of two embryos 
were transferred. Extra embryos of suffi cient quality 
were cryopreserved, and if pregnancy did not result, 
cryopreserved embryos were thawed and transferred 
before a new cycle was initiated. In the PGS group, a 
single blastomere was removed from all embryos con-
taining at least four cells. FISH was performed for 
eight chromosomes (X, Y, 1, 13, 16, 17, 18, and 21). If 
no chromosomally normal embryos with good mor-
phologic features were available for transfer to women 
assigned to PGS, embryos of undetermined chromo-
somal composition (failed biopsy, absent or incom-
plete nucleus after fi xation, failed FISH) were 
transferred. In the control group, selection of embryos 
for transfer was based solely on morphologic features. 
There were 434 completed cycles in patients random-
ized to PGS and 402 cycles in patients whose embryos 
were not biopsied. While the implantation rate for 
genetically “undetermined” embryos transferred into 
women who had no normal embryos was only 6% 
(6/100), there were still pregnancies from this cohort 
of embryos. Overall, the cumulative ongoing preg-
nancy and live birth rates for the group of women 
assigned to PGS (25% and 24%, respectively) were 
signifi cantly lower than those observed among con-
trols (37% and 35%, respectively). Since PGS in this 
prospective RCT actually decreased the probability of 
pregnancy, another way to look at these results is to 
identify the number needed to harm. In other words, 
for every nine women aged 35–41 who plan to undergo 
up to three cycles of IVF, there will be one MORE live 
birth if PGS is NOT performed  (23) .  

  6 PGS for Recurrent Pregnancy Loss  

 Recurrent pregnancy loss (RPL) is defi ned as three or 
more pregnancy losses under 500 g (before 20 weeks’ 
gestation). If no specifi c cause or predisposing factor 
can be identifi ed, the probability for a subsequent suc-
cessful pregnancy in patients with RPL is approxi-
mately 70%, depending on the number of previous 
miscarriages and the karyotype of prior abortuses  
(24–  26) . Women with RPL have a high likelihood of 
having chromosomally abnormal miscarriages (46%) 
and embryos (>70%) independent of the age of the 

female partner  (27–  29) . Some patients with RPL have 
karyotypically normal abortuses. These patients have 
worse prognosis for subsequent live births compared 
to women whose abortus was karytypically abnormal 
and screening of their embryos for aneuploidy is not 
likely to be informative or benefi cial  (24) . PGS for 
aneuploidy has been proposed in an attempt to decrease 
the risk of implanting an aneuploid conceptus and 
improve live-birth rates in women with RPL. 

 No randomized controlled trials have been con-
ducted to evaluate if indeed PGS improves outcome in 
patients with RPL. In one prospective study, 71 patients 
with RPL undergoing PGS for aneuploidy were com-
pared to 28 patients having PGD performed for a sex-
linked disease (controls)  (28) . Twenty two percent 
(19/86) of cycles in patients with RPL did not proceed 
to embryo transfer as no “normal” embryos were iden-
tifi ed. The ongoing/delivered pregnancy rate was 26% 
per cycle and 33% per transfer in the RPL group, com-
pared with 29% per cycle and 32% per transfer among 
controls. In the RPL group, three miscarriages (12%) 
occurred despite PGS while there were none in the 
control group. Interestingly, 71% of embryos were 
aneuploid in both younger (< 37) and older ( ³   37)  
patient groups compared with 45% in the controls. It 
was also observed in this study that 62% of euploid 
embryos reached the blastocyst stage, while only 25% 
of aneuploid embryos made blastocysts- an observa-
tion suggesting that extended culture itself might help 
in selection of euploid embryos for transfer. 

 Platteau  (30)  prospectively compared outcomes in 
both younger (age < 37; 35 cycles) and older (age  ³  37; 
34 cycles) women with a history of RPL undergoing a 
cycle of IVF with PGS. A large proportion of embryos 
were aneuploid in both younger (44%) and older 
patients (67%). The ongoing pregnancy rates/cycle in 
both the younger women (26%, mean age 32.5 ± 2.7 
years) and the older patients (2.9%, mean age 40.2 ± 
2.5 years) did not differ signifi cantly from those 
achieved in the general IVF population. No embryo 
transfer was performed in 11.4% of younger patients 
and 47% of cycles from women  ³  37 because they had 
no normal embryos. The conclusion of this study was 
that RPL patients did not derive any benefi t from PGS, 
but the fi nding of no normal embryos with PGS will 
help with the decision to utilize donor oocytes. 
However, because the prevalence of aneuploidy in the 
embryos of women with RPL is already so high, and 
the possibility of misdiagnosis with PGS persists, the 



294 G.L. Schattman

threshold level that would justify such a recommenda-
tion is diffi cult to determine.  

  7 PGS for Repeated Implantation 
Failure  

 Patients would like to know the reasons for IVF fail-
ure. This is especially true after more than one failed 
IVF attempt. Most PGS studies point to the embryo 
and aneuploidy as a possible reason for embryonic 
demise. PGS has therefore been suggested as a means 
to improve outcome with IVF in future cycles in these 
patients. Unfortunately, no randomized controlled 
trials are available to evaluate critically if PGS is of benefi t 
to this population. One retrospective study showed that 
the rate of aneuploidy in patients with recurrent 
implantation failure is quite high; in patients < 37 years 
of age with an average of 8.9 embryos per patient, 
65.4% were chromosomally abnormal. In patients  ³  37 
years of age who had an average of 7.5 embryos biop-
sied, 70.7% were chromosomally abnormal. They 
observed a 31% ongoing pregnancy rate/retrieval in 
patients < 37 years of age and a 16% ongoing preg-
nancy rate in patients  ³  37 years of age after IVF/ICSI 
with PGS in a group of patients with an average of 4.2 
previous failed IVF cycles. This result compared favor-
ably with a pregnancy rate of 33% in a group of women 
who received IVF with PGS for sex-linked diseases 
(mean age of 31.6 ± 2.5 y)  (31) . Even with PGS, mis-
carriage rate was 12.5%. If we compare these fi ndings 
to a group of young egg donors with a mean age of 
25.4, only 43% of their embryos were considered 
normal after PGS with an experienced program perfor-
ming the biopsy and FISH. If embryos from 25-year-
old women are abnormal more than 50% of the time, 
the argument that aneuploidy is the main reason 
for repeated failed implantation is hard to justify. 
Additionally, PGS to screen embryos from young egg 
donors did not increase the chance for pregnancy in the 
recipients which was only 50% (mean of 2.1 embryos 
transferred), as the LIVE birth rate with egg donation 
nationally is 54% with a mean of 2.2 embryos trans-
ferred on day 3 or 5  (32) . 

 Two other retrospective studies did not identify a 
difference, even in implantation rates between patients 
with >2 prior failed cycles and a “control” group. 
Patients who elected PGS were matched to a control 

group whose embryos underwent assisted hatching on 
day 3  (20) . In the 27 patients with recurrent implanta-
tion failure, 54% of the embryos analyzed by PGS 
were aneuploid. While implantation rate appeared 
higher due to the use of an inappropriate denominator 
in the PGS group compared to the control group (17.3 
vs. 9.5%), no difference in the clinical pregnancy rate 
or miscarriage rate was observed (22 and 20% respec-
tively in both groups). Yet another study observed a 
14.3% implantation rate in 54 cycles in patients aged 
35 or older with recurrent implantation failure (2 or 
more failed IVF cycles), compared to 11.5% in a group 
of controls matched retrospectively (NS)  (33) . Nineteen 
patients (14%) had no embryo transfer due to all their 
embryos testing abnormal. Unfortunately the error rate 
for a false positive result was at least 12% in re-ana-
lyzed embryos- meaning that two patients in this group 
would have had a transfer of potentially genetically 
normal embryos and might have been pregnant had 
they not done PGS.  

  8 PGS for Selection of Best Embryo 
for Elective Single Embryo Transfer  

 Multiple pregnancies (twins or greater) account for 
28.8% of all ART pregnancies. While the overwhelm-
ing majority of these pregnancies are twins, ideally the 
ability to select the single best embryo most likely to 
implant would improve the effi ciency of the ART pro-
cess and reduce the need to transfer supra-numerary 
embryos with its associated risks. While elective single 
embryo transfer has met with success in a limited pop-
ulation of patients (younger patients, fi rst attempt, 
good quality embryos), most patients undergoing ART 
in the U.S. do not fall into this category and transfer of 
a single embryo will signifi cantly limit their chance for 
success. Freezing success rates in most programs how-
ever, are not as good as success rates with fresh 
embryos  (32) , and for this reason, transferring a single 
embryo will decrease the chance of having a child. 

 One recent prospective controlled trial  (34)  random-
ized young women (age < 38 years) with at least two 
blastocysts to either trophectoderm biopsy and PGS 
with analysis of 5 chromosome pairs or no biopsy with 
transfer of the single best blastocyst. The trial had to be 
terminated early as patients randomized to the no 
biopsy group had a statistically signifi cantly higher live 
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birth rate than patients who had PGS performed (58.7% 
vs. 35.7%,  p  = 0.03). The no biopsy control group was 
similar to patients who did not participate in the study 
and all underwent elective single blastocyst transfer. 
Additionally, patients who did not have PGS performed 
had more embryos cryopreserved for future attempts. 

 Are there non-invasive measures of aneuploidy in 
pre-implantation embryos? Morphology has tradition-
ally been the basis for embryo selection and there are 
numerous classifi cation schemes that have been devel-
oped; however the value of morphologic parameters 
up to day 3 of culture to predict a normal chromosomal 
complement or implantation potential is limited.  (35–
  38)  Extended culture however appears to be one way 
that aneuploid embryos will differentiate themselves. 
As mentioned previously, it was observed that 62% of 
euploid embryos reached the blastocyst stage, while 
only 25% of aneuploid embryos reached this develop-
mental milestone, indicating that extended culture 
itself, not PGS might be helpful in selecting euploid 
embryos for transfer.  

  9 Conclusions  

 Women subjecting themselves to ovarian stimulation, 
oocyte retrieval and all the associated risks of ART 
usually do not step foot into the doctor’s offi ce and ask 
“what is my implantation rate?” The clinical outcome 
they are most interested in is the chance of having a 
live-birth if they start gonadotropin stimulation and 
proceed to oocyte retrieval. It is imperative that appro-
priate outcome measures are used when comparing 
treatments; the only appropriate measure for these 
patients being live birth rate per started cycle. 

 It has been stated that there are four potential ben-
efi ts of screening for numerical chromosomal abnor-
malities  (33) . The fi rst and second goal is to “prevent 
trisomic offspring” and “reduce spontaneous abor-
tions”. Nature already does this quite well as most tri-
somic and all monosomic (with the exception of 45XO) 
conceptions do not survive up to the stage of viability. 
Most conceptions that make it up to 13 weeks gesta-
tion will be picked-up on routine screening during 
pregnancy or at amniocentesis or CVS. Miscarriage 
rates in the Mastenbroek study were identical between 
the PGS arm (18%) and the control arm (18%). 
Likewise, there was no signifi cant difference in either 

preclinical or clinical losses in the only other RCT 
 (21) . Additionally, even in the most experienced lab, 
patients undergoing IVF with PGS still had a miscar-
riage rate of 14.3%  (8) . 

 The third goal is to “minimize the number of 
embryos necessary for replacement and successful 
pregnancy”. Clearly, based on the above discussions 
and data, PGS falls far short of this goal. If all the 
embryos of the patient were subjected to extended cul-
ture, embryo self-selection will help identify the best 
suited embryo for transfer. As PGS only “works” for 
patients with  ³  8 embryos of good enough quality to 
biopsy  (33) , these are the same patients who would be 
candidates for extended culture. Since the embryo 
biopsy itself and the removal of 12.5–25% of the 
embryo biomass cannot be advantageous to the devel-
opment of the embryo, embryo biopsy will possibly 
reduce the potential for each embryo to survive. 

 The last goal is to “improve implantation”. While 
PGS may be able to achieve this false goal, it does so 
at the expense of discarding potentially viable embryos 
and actually reducing the number of women who will 
have a child as a result of the ART procedure. By arti-
fi cially controlling the denominator, total number of 
embryos transferred, patients are misled by an appar-
ent improvement in a false outcome measure. As 
already mentioned, in doing PGS, the number needed 
to harm is only nine  (23) . For every nine patients 
undergoing IVF with PGS, there will be one fewer 
baby born. It is essential that patients considering PGS 
be made aware of the available evidence that no benefi t 
is derived from PGS to improve live birth rate as it is 
currently performed and it may potentially lower their 
chance of having a child. Until data from well-designed 
studies is presented that unequivocally demonstrates 
the benefi t of PGS for improving live-birth rate per 
started cycle, PGS should be considered experimental 
and should not be done outside of appropriately 
designed, IRB approved research protocols.      
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  Abstract   Despite recent controversy, preimplantation 
genetic diagnosis (PGD) for aneuploidies is becoming 
a practical means in assisted reproduction technology 
(ART) to select embryos with higher developmental 
potential for improving in vitro fertilization (IVF) 
effectiveness. Available PGD experience for chromo-
somal disorders shows that at least half of the oocytes 
and embryos obtained from poor prognosis IVF 
patients are aneuploid and clearly should not be trans-
fered, which makes PGD of direct clinical relevance to 
IVF. The current selection of embryos for transfer, 
based on morphologic criteria, cannot guarantee avoid-
ing the transfer of aneuploid embryos destined to be 
lost in pre and post-implantation developments. This 
may explain the fact that thousands of PGD cycles 
have been performed for poor prognosis IVF patients, 
including those of advanced reproductive age, with 
repeated IVF failure, and recurrent spontaneous abor-
tions, with the majority demonstrating a positive 
impact of preselection of aneuploid-free embryos on 
IVF outcome. The present review demonstrates that 
because of the potential benefi t of PGD for chromo-
somal disorders, it may soon become a valuable addi-
tion to the required standards of IVF.  

  Keywords   Preimplantation genetic diagnosis 
(PGD)  •  PGS  •  Aneuploidy  •  Chromosomal dis-
orders  •  Oocytes  •  Embryos  •  IVF outcome    

  1 Introduction  

 Preimplantation genetic diagnosis (PGD) was intro-
duced almost two decades ago with the initial purpose 
of providing at-risk couples with an option to avoid the 
birth of affected offspring with inherited disorders, 
without facing pregnancy termination. It has since 
become obvious that the detection and avoidance of 
transfer of embryos with chromosomal abnormalities 
may allow preselection of embryos with higher devel-
opmental potential as an alternative to traditional 
selection of embryos, based on morphologic criteria 
during in vitro fertilization (IVF) because, despite pos-
sible correlation between normal morphology and 
euploidy, many morphologically normal embryos still 
have chromosome abnormalities  (1–  3) . 

 Because of the potential of improved implantation 
rates, decreased spontaneous abortion rates, and low-
ered multiple pregnancy rates, PGD has now been 
applied in several thousand IVF cycles  (4–  6) . It is pres-
ently performed by either the fi rst and second polar body 
(PB1 and PB2) removal, or by embryo biopsy at the 
cleavage or blastocyst stage, and the biopsied material is 
tested for chromosomal abnormalities using fl uorescent 
in-situ hybridization (FISH) analysis  (2,   7)  to select and 
transfer embryos free from numerical and structural 
chromosome anomalies. Although each of the biopsy 
methods may be used separately depending on the cir-
cumstances, the most accurate and reliable diagnosis 
may be achieved by a combination of two or even three 
different methods. For example, paternally derived chro-
mosomal abnormalities will be missed by PB analysis, 
while mosaicism derived from trisomy rescue following 
female meiotic errors will be missed in embryo biopsy. 
Although more data has to be collected to exclude com-
pletely short and/or long-term side effects of multiple 
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biopsy procedures, presently available data provides no 
evidence for a detrimental effect of PB, single blastom-
ere, or blastocyst biopsy  (8,   9) . 

 This chapter reviews the available data on preim-
plantation aneuploidy testing and suggests that it is 
potentially benefi cial for improving IVF outcome.  

  2 The Basis for Potential Benefi t 
of Preimplantation Aneuploidy Testing  

 The potential benefi t of pre-selecting euploid embryos 
for transfer is in agreement with the fact that approxi-
mately half of the oocytes and embryos tested in poor 
prognosis IVF patients contain chromosomal abnor-
malities  (1,   10–  14) . It is established that 95% of these 
abnormalities originate from female meiosis, with only 
5% deriving from paternal meiosis or mitotic nondis-
junction  (15) . This is in agreement with the sperm 
karyotyping data, showing 1.8% aneuploidy rate on 
the average, with a certain increase of disomy fre-
quency for chromosome 21 and sex chromosomes 
 (16) . On the other hand, direct testing of oocytes from 
IVF patients of advanced reproductive age by PB1 and 
PB2 analysis with fl uorescent probes specifi c for chro-
mosomes 13, 16, 18, 21, and 22, revealed 52% aneu-
ploidies, of which 41% had errors in meiosis I, 31% in 
meiosis II, and 28% in both meiosis I and II  (10,   11) . It 
is understood that the tested oocytes were obtained 
from stimulated IVF patients of advanced reproductive 
age, which may explain the higher aneuploidy rate 
than described previously  (17) . Also the aneuploidy 
rates strongly depend on the overall maternal age, and 
may almost double in oocytes obtained from patients 
of 40 years and older  (1,   2,   10–  13) . 

 Results of direct testing of female meiotic errors 
show two times higher frequency for nullisomies com-
pared to disomies in meiosis I, in contrast to a compa-
rable distribution of nullisomines and disomies in 
meiosis II  (10–  11) . Also, the meiosis I errors of chroma-
tid nature were observed ten times more frequently than 
chromosome type anomalies, with the majority of the 
chromatid and chromosome errors resulting in disomies 
in MII oocytes, which is in agreement with a higher fre-
quency of trisomies over monosomies, described in 
spontaneous abortions and affected children. 

 It is also of note that approximately one quarter of 
abnormalities resulting from female meiosis I and II are 

of complex types, represented by different types of 
errors, or errors of different chromosomes. As expected, 
the most frequent chromosomes involved in meiotic 
error were the smaller chromosomes 21 and 22, although 
chromosome 22 errors were mainly originated from mei-
osis II, while chromosome 21 errors originated compara-
bly from meiosis I and II. The other chromosome errors, 
originating predominantly in meiosis II, were chromo-
some 16 errors, while chromosome 18 errors originated 
predominantly in meiosis I. Involvement in meiotic error 
of chromosomes 13, 16, and 18 was less frequent with a 
specifi c error pattern for each of them  (10,   11) . 

 Data show that the genotype of the resulting zygote 
cannot be predicted without testing the outcomes of 
both meiotic divisions, which can be inferred from 
PB1 and PB2 analyses. It is of clinical signifi cance that 
the testing of meiosis I errors alone reduce aneuploidy 
rate in the resulting embryos by at least two-thirds. 
Although one-third of these oocytes will still be aneu-
ploid following the second meiotic division, PB1 test-
ing alone may in practice improve the implantation 
and pregnancy rates in poor prognosis IVF patients, 
just by applying ICSI selectively to the oocytes with 
aneuploidy-free PB1. This has recently been applied in 
a setting in which only a few oocytes are allowed to be 
fertilized  (12) , allowing generation of only zygotes 
free from meiosis I errors. Although the results of test-
ing of only the fi rst 527 oocytes were reported, signifi -
cant improvement in clinical pregnancy rate was 
observed, with reduction in fetal loss rate. The overall 
high aneuploidy rate of 59% in this series may be due 
to the inclusion in testing of immature oocytes, matured 
in vitro, in which the aneuploidy rate was 70%. 

 However, only half of meiosis II errors are detected 
by PB1 analysis; so to avoid the transfer of the embryos 
with all types of meiotic errors, testing of both PB1 
and PB2 is still required. In contrast to other microma-
nipulation procedures involving embryo biopsy which 
may potentially affect viability of the embryo, PB1 
and PB2 are extruded in a normal process of oocyte 
maturation and fertilization, having no biological sig-
nifi cance in pre- and post-implantation development. 
Therefore, PB removal and testing may become a use-
ful tool in assisted reproduction practices to identify 
aneuploidy-free oocytes, which should help in the pre-
selection of embryos with the highest potential for 
establishing a viable pregnancy. 

 In agreement with the above PB data, 60–80% cleav-
age stage embryos are aneuploid  (1–  3,   13) . Although 
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the reported prevalence and types of aneuploidies may 
differ depending on the average reproductive age of 
patients, up to 50% of these abnormalities may be repre-
sented by mosaicism. The proportion of mosaicisms 
may differ depending on the morphology of the embryos 
and their rate of cleavage  (3,   13,   17) , and it cannot be 
excluded that the observed mosaicism, especially those 
with chaotic errors, may actually be the direct conse-
quence rather than the cause of developmental anoma-
lies or arrest of the embryos. In the majority of these 
cases, it is not known if the mosaic embryos were aneu-
ploid from the onset, or became chromosomally abnor-
mal following mitotic errors during cleavage. It may 
therefore be suggested, that a signifi cant proportion of 
mosaic embryos originate from aneuploid oocytes, 
through a process of trisomy rescue  (8) . A possible high 
rate of further mitotic errors in cleaving embryos, deriv-
ing from the oocytes with complex aneuploidies, may 
also explain the phenomenon of chaotic embryos. A 
comparable prevalence of aneuploidies in oocytes and 
embryos, with differences in the types of chromosomal 
anomalies, may also support a prezygotic origin of the 
majority of embryo chromosome abnormalities  (8) . 

 The exact rate of mosaicism in preimplantation 
development is not known, because only a limited 
number of preimplantation embryos have been fully 
studied. The majority of data available from PGD for 
aneuploidies was obtained through a single biopsied 
blastomere, which may not be representative of the 
whole embryo. Although some fraction of postzygotic 
mitotic errors may derive from the cleavage stage 
embryos euploid from the onset, the proportion of ane-
uploidy and mosaicism stemming from these errors, as 
well as the impact of these postzygotic errors on the 
pre and post-implantation embryo development, is not 
known. Despite the high rate of mosaicism, most of 
them are chaotic or diploid/polyploid mosaics, associ-
ated with developmental abnormalities, and rarely 
reach the blastocyst stage  (8) . Also, only a small pro-
portion of mosaicism, represented by aneuploid mosa-
ics, is thought to affect the accuracy of PGD, mainly 
due to false negative diagnoses, evaluated to occur in 
4.3%, while the false positive rate is estimated to hap-
pen in 1.3%, not actually affecting the accuracy as 
these embryos are not transferred anyway  (13) . On the 
other hand, for clinical purposes, such results might 
still not be acceptable, because the probability of mis-
take cannot be excluded, which may result in transferring 
an aneuploid embryo, or not transferring an otherwise 

perfectly normal embryo, because of the false positive 
result, unless the corresponding oocyte information is 
available. 

 A possible overestimate of aneuploidy rate, detected 
by blastomere analysis, may also be suggested by the 
signifi cantly higher prevalence of autosomal monoso-
mies over trisomies reported in cleaving embryos  (13) , 
which is in confl ict with the above oocyte data, predict-
ing a 3:1 disomy/nullisomy ratio  (11) . However, as 
mentioned, data on the predominance of trisomies over 
monosomies is in agreement with spontaneous abor-
tions data, and may suggest that the higher prevalence of 
autosomal monosomies over trisomies detected in cleav-
ing embryos, may originate from the postzygotic errors 
in the early cleavage, which might not have biological 
signifi cance and will actually form euploid embryos 
with appropriate developmental potential  (8,   18) . 

 On the basis of this data, it may be suggested that 
the most accurate preselection of embryos for transfer 
in PGD for aneuploidies may be performed by a 
sequential testing of meiosis I, meiosis II and mitotic 
errors, through sequential PB1 and PB2, followed by 
blastomere sampling. This may allow the avoidance of 
transfer of embryos with prezygotic chromosomal 
errors, which seem to be the major source of chromo-
somal abnormalities in the embryo, and also the detec-
tion of possible mitotic errors in embryos resulting 
from the euploid zygotes, some of which may not be of 
clinical signifi cance. 

 According to the presented information, aneuploidy 
testing should potentially exclude from transfer almost 
half the cohort of embryos, which might be aneuploid 
and would clearly contribute to the low pregnancy out-
come of the poor prognosis IVF patients. If undetected, 
the majority of these chromosomally abnormal embryos 
will be eliminated before implantation, because only 
one in ten of them are expected to survive through rec-
ognized pregnancies, thereby being responsible for 
implantation and pregnancy failures in poor prognosis 
IVF patients.  

  3 PGD Experience on Aneuploidy 
Testing in Relation to IVF Outcome  

 The above data provides the background for the clinical 
application of aneuploidy testing, making it obvious 
that recent controversy about PGD application in IVF 
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is not about its benefi t, as the transfer of chromosomally 
abnormal embryos should clearly be avoided, but solely 
concerns the safety, accuracy and reliability of the test-
ing. The high aneuploidy prevalence in oocytes and 
embryos makes it obvious that without the detection 
and avoidance of chromosomally abnormal embryos, 
there is a 50% chance of transferring abnormal embryos, 
destined to be lost during implantation or post-implan-
tation development. So, in addition to the clear benefi t 
of avoiding aneuploid embryos from transfer, which 
contributes to the improvement of the pregnancy out-
come of poor prognosis IVF patients, this should 
improve the overall standard of medical practice, up-
grading the current selection of embryos by morpho-
logical criteria to include testing for aneuploidy. 

 The expected obvious benefi t of avoiding aneuploid 
embryos from transfer may explain the widespread 
application of aneuploidy testing, which has been per-
formed in thousands of IVF cycles in the effort to pre-
select the embryos with highest developmental potential. 
It is not surprising that most of the large studies have 
demonstrated the clinical benefi t of aneuploidy testing, 
in terms of improved IVF outcome through improved 
implantation and pregnancy rates, reduction of sponta-
neous abortions and improved take-home baby rate in 
poor prognosis IVF patients, including those of advanced 
reproductive age, repeated IVF failures and recurrent 
spontaneous abortions  (1,   4,   5,   19,   20) . 

 On the other hand, PGD is still a highly sophisti-
cated procedure, involving oocyte and/or embryo 
biopsy, which may have a detrimental effect on embryo 
development if not performed up to standards  (21) , as 
well as the FISH technique applied on single cells, also 
requiring suffi cient training and experience due to its 
present limitations. So the failure of observing the pos-
itive effect of aneuploidy testing on reproductive out-
come in a few smaller studies may be due to possible 
methodological problems  (22–  24) . In two of these 
reports, two (instead of one) blastomeres were removed 
from day 3 embryos  (22,   23) , which defi nitely reduced 
the implantation potential of the biopsied embryos to 
an extent that could not be compensated, even by pre-
selection of aneuploidy-free embryos  (25) . Instead, the 
data were misinterpreted as the lack of PGD impact on 
pregnancy outcome  (22,   23,   26–  28) , although even the 
absence of differences between PGD and non-PGD 
groups in the above study may suggest the possible 
benefi cial effect of preselection of aneuploidy-free 
embryos, compensating for the detrimental effect of 

the two-cell biopsy on day 3  (25) . In the other study 
also, there was a clearly detrimental effect of embryo 
biopsy even after single blastomere biopsy, in addition 
to the lack of a suffi cient success rate of aneuploidy 
testing that could have affected the appropriate prese-
lection of embryos for transfer  (24) . 

 Although randomized controlled studies may still 
be designed to further quantify the clinical impact of 
pre-selection of aneuploidy-free zygotes for embryo 
transfer, the positive impact of PGD is also obvious 
from the comparison of reproductive outcome in the 
same patients with and without PGD, as previous 
reproductive experience of the patients may be an 
adequate control for PGD impact. In the two large 
studies devoted to this issue, the reproductive outcome 
of >500 couples was investigated before and after 
PGD, including implantation rate, spontaneous abor-
tions and take-home baby rates, demonstrating sig-
nifi cant improvement after PGD  (29,   30) . This 
included an almost fi vefold improvement in implanta-
tion rate, and a threefold reduction of spontaneous 
abortion rate, which contributed to a more than two-
fold increase of take-home baby rate after PGD, sug-
gesting the obvious clinical usefulness of aneuploidy 
testing for IVF patients with poor reproductive 
 performance. These results have recently been further 
reproduced by a number of reports presented during 
the eighth PGDIS 2008 Barcelona Conference, cover-
ing overall the total reproductive outcomes from thou-
sand of patients  (31) . The impact of PGD is even 
higher in translocation patients, with a considerable 
reduction of spontaneous abortion rate after PGD, 
resulting in a corresponding increase in the take-home 
baby rate  (30) . 

 In the light of the data presented above, the current 
IVF practice of selection of embryos for transfer on the 
basis of morphologic criteria may hardly be an accept-
able procedure for poor prognosis IVF patients at present. 
Without PGD there is an extremely high risk of estab-
lishing an effected pregnancy from the onset and there 
will be a signifi cant compromise in the very poor 
chances of the IVF patients to become pregnant, espe-
cially with the current tendency of limiting the number 
of transferred embryos to only two, thus leaving only a 
single embryo on the average with a potential chance 
of reaching full term. 

 Although culturing embryos to day 5 (blastocyst) 
before transfer may allow, to some extent, the pre-
selection of more developmentally competent embryos 
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compared to day 3, at least some aneuploid embryos 
will still be capable of developing to blastocyst  (32–
  33) . So, these abnormal embryos will not be eliminated 
in the current shift to blastocyst transfer, and may 
implant and lead to spontaneous abortions, compro-
mising the outcome of pregnancies resulting from the 
implanted normal embryos in multiple pregnancies. In 
fact, multiple pregnancies represent a severe complica-
tion of IVF, which may in the future be avoided by 
preselection and transfer of a single euploid blastocyst 
with the greatest developmental potential to result in 
healthy pregnancy. 

 While it may be predicted that PGD will soon 
become an important addition to the practice in poor 
prognosis IVF patients, it cannot be excluded that pre-
selection of aneuploid-free embryos may appear of 
value for any IVF patient, and in future contribute to 
improving the overall standards of assisted reproduc-
tion practices.  

  4 Conclusions  

 Preimplantation genetic diagnosis is a realistic option 
in assisted reproduction technology (ART), to allow 
detection and avoid transfer of embryos with chromo-
somal abnormalities, with the purpose of improving 
pregnancy outcome. Because more than half of in vitro 
fertilization (IVF) patients are of advanced reproduc-
tive age, and therefore at risk of producing offspring 
with age-related aneuploidies, PGD may appear an 
important tool in improving IVF effi ciency. In this 
context, exclusion of aneuploid embryos from transfer 
may clearly be considered a useful tool in any future 
effort in improving the effectiveness of IVF, because 
otherwise these embryos are destined to be lost during 
implantation or post-implantation development. In 
other words, PGD for chromosomal aneuploidies may 
in the future be a more valuable component in identify-
ing embryos with higher implantation potential and in 
the avoidance of the transfer of aneuploid embryos, 
than present strategies, which mainly concentrate on 
morphological criteria, can guarantee. Despite the 
present controversy about the use of PGD for 
aneuploidies,the majority of available experiences, 
presently involving as much as dozens of thousands of 
PGD cycles, suggest that there is a defi nite positive 

effect of PGD on IVF outcome, if performed accu-
rately, avoiding embryo damage. So, with the future 
improvement of reliability of aneuploidy testing, PGD 
may soon become a useful addition in the pre-selection 
of a single embryo with the best potential of implanta-
tion and produce a healthy pregnancy.      
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   Abstract   Preimplantation genetic screening (PGS) 
was introduced into clinical practice to improve the 
disappointingly low ongoing pregnancy rates in sub-
fertile couples in assisted reproduction, based on the 
assumption that the high rates of chromosomal aneu-
ploidy in the cleavage stage embryos of these couples 
were the underlying cause. However, despite its wide 
availability and usage during the past 10 years, PGS 
has never been shown to actually increase ongoing 
pregnancy rates after assisted reproduction. In fact, 
meta-analysis of all properly designed studies con-
ducted for the indication advanced maternal age shows 
a signifi cant reduction in ongoing pregnancy rates. 
This lack of evidence for the effi cacy of PGS and the 
accumulating evidence for its harm for the indication 
advanced maternal age, means that PGS should not be 
offered as a routine treatment in clinical practice.  

  Keywords   Preimplantation genetic screening • Advan-
  cedmaternal age  •  IVF outcome  •  Aneuploidy  •  FISH 
•  Embryo quality  •  Mosaicism    

 PGS has evolved from preimplantation genetic diag-
nosis (PGD). In PGD a blastomere is aspirated from an 
in vitro embryo and selection of embryos for transfer is 
based on the subsequent genetic analysis of these cells. 
PGD was developed to prevent the transmission of 
genetic disorders from a fertile couple in which one or 
both partners carries a genetic abnormality  (1) . In 1992, 
2 years after the fi rst reported pregnancies after PGD, 

blastomere gender determination by fl uorescence in 
situ hybridisation (FISH) analysis was introduced for 
PGD of X-linked diseases  (2) . Further development of 
this FISH analysis made it possible to determine the 
ploidy status of multiple chromosomes in a single blas-
tomere and soon aneuploidy screening became a tool 
in itself and as such is nowadays referred to as PGS  
(3,   4) . It was introduced into clinical practice to improve 
pregnancy rates of subfertile couples, based on the 
assumption that high rates of chromosomal aneuploidy, 
frequently found in the cleavage stage embryos of these 
couples, were responsible for the disappointingly low 
pregnancy rates using ART  (5) . 

 Since the fi rst reported pregnancies after PGS in 
1995  (4),  there has been a steady increase in the use 
of this technique. The most extensive registry avail-
able to date is that of the European Society for Human 
Reproduction and Embryology (ESHRE) PGD Consor-
tium, which reported on 116 cycles of PGS performed 
worldwide in 1997–1998 and 2,087 cycles in 2004  (6) . 
The preliminary analysis of data from 2005 follows 
this trend with 2,316 PGS cycles (Fig.   1  )  (7) . The total 
number of cycles performed worldwide each year 
is much higher, since only a limited number of PGS 
centers report their data to the consortium. A survey in 
2005 among all US-based infertility centers showed 
that 127 out of 186 centres (68%) performed PGS, 
with a total of 2,197 cycles  (8) .  

During this decade of increasing use of PGS, many 
papers have been published on this topic, but PGS has 
never been shown to do what it promised, which is to 
increase ongoing pregnancy rates after ART. Non-
randomised studies comparing the outcomes of ART 
cycles with and without PGS did show an increase in 
implantation rate (the proportion of transferred 
embryos that successfully implant in the uterus), but 
no effect on clinical pregnancy rate (the proportion of 
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women with a gestational sac). Surprisingly, no data 
on ongoing pregnancy and live birth was provided in 
these studies. From 2004 onwards fi ve randomised 
controlled trials in women of advanced maternal age, 
i.e. women aged 35 years and up, were published 
(9–13). Combining the available data from these trials 
shows a ongoing pregnancy rate per cycle of 13% (92 
out of 696) after PGS, vs. 21% (132 out of 638) in the 
control group (odds ratio 0.56 (95% CI 0.42–0.76) 
(Fig. 2). In other words, PGS causes a signifi cant 
reduction in ongoing pregnancies in women of 
advanced maternal age.

 Although advanced maternal age is the most com-
mon indication for PGS, PGS has also been applied for 
other indications like recurrent implantation failure, 
recurrent early pregnancy loss, severe male factor 
infertility and more recently good prognosis patients 
 (6) . Only one trial, presented as a poster at the ESHRE 
meeting in Barcelona (Blockeel, P-522), is available 
for patients with repeated implantation failure. This 
trial included 140 cycles and showed that the relative 
risk of clinical pregnancy per cycle after PGS is 0.60 
(95% CI 0.35–1.03). For the indications recurrent early 

pregnancy loss and severe male factor infertility no tri-
als have been performed. Four trials have been per-
formed with multiple good quality embryos (14–17). 
for good prognosis patients, i.e. younger infertile 
women (<38 years of age) with multiple good quality 
embryos, four trials have been performed. No benefi t 
of PGS was found in any of these trials. 

 PGS advocates are disputing the outcomes of the 
randomised controlled trials, especially the trials on 
PGS for advanced maternal age, on grounds of insuf-
fi cient expertise of the investigators and inappropriate 
methods such as (1) the aspiration of two blastomeres 
instead of one, (2) the use of incomplete panels of 
probes, and (3) the low success rates of biopsy-, fi xa-
tion- and FISH-procedures resulting in high rates of 
embryos without a diagnosis  (18–  22) . Ad 1: Although 
the aspiration of two blastomeres instead of one has 
been shown to negatively infl uence embryo develop-
ment, it does not seem to affect live birth rates  (23) . 
Ad 2: The selection of probes to be used in PGS is in 
fact quite arbitrary since there are no large detailed 
studies on the frequency of numerical abnormalities of 
all 23 chromosome pairs in cleavage stage embryos. In 
addition, prospective studies comparing different probe 
sets in relation to live birth rates after PGS have not 
been conducted. Ad 3: The success rates of the techni-
cal steps in PGS, i.e. biopsy, fi xation and FISH-analysis, 
seem to be similar between the two centers that per-
formed the largest randomised controlled trials on 
PGS: 97.2 and 94.2% successfully biopsied embryos, 
89.1 and 93.6% successfully fi xated blastomeres, and 
92.3 and 92.9% blastomeres with successful FISH 
analysis for the centers in Amsterdam and Brussels, 
respectively  (11,   24) . No other center has ever reported 
their success rates per technical step making any 
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  Fig. 1    An increasing use of PGS as shown by the data collection 
of the European Society for Human Reproduction and Embryology 
(ESHRE) PGD Consortium (7)       

Fig. 2 Meta-analysis of the available randomised controlled 
trials on PGS for the indication advanced maternal age shows a 
signifi cant reduction in ongoing pregnancies per cycle after 

PGS. On the left is the traditional meta-analysis and on the right 
the same data are presented as cumulative meta-analyses 
(adapted from (34))



The Ineffi cacy of Preimplantation Genetic Screening 307

 comparison unfair. Combined data of the ESHRE PGD 
consortium data collection on PGS shows a somewhat 
higher success rates (98.7% successful biopsied 
embryos and 89.3% blastomeres with successful fi xa-
tion and FISH). This could be due to the fact that this 
data collection was not a prospective study with an 
intention to treat analysis, but a voluntary retrospective 
data collection  (6) . Thus, there are no scientifi c data 
that substantiate the claim of PGS advocates that the 
RCTs were of inferior technical quality. 

 Another commentary on the PGS RCTs for 
advanced maternal age was that these trials included 
women from 35 years onwards whereas PGS would 
only have a benefi cial effect in older patients. Although 
no specifi c trial for patients above 40 years of age has 
thus far been performed, subgroup analysis from the 
largest trial available to date shows that also in even 
older patients there is no benefi cial effect of PGS  (25) . 
More precisely, the rate ratio for women between 35 
and 38 years of age was 0.83 and for women 38 years 
and older the rate ratio was 0.47  (25) . Thus, although 
not signifi cantly different, the effect of PGS was even 
worse in the subgroup of older patients. This also 
seems apparent from two RCTs performed by the 
group from Brussels  (12,   17) . When studying the effect 
of PGS on ongoing pregnancy rates in young patients 
(under 36 years of age) they found a relative risk of 
0.90 and when they studied the effect of PGS on ongo-
ing pregnancy rates in older patients (over 37 years of 
age) they found a relative risk of 0.72  (12,   17) . Of note, 
additional subgroup analysis also indicated no benefi t 
of PGS in subgroups of women with increased risk of 
embryonic aneuploidy, i.e. women with a male partner 
with low semen quality, women receiving high dose 
FSH during ovarian hyperstimulation and women with 
a history of recurrent miscarriage  (25) . 

 What are the possible causes for the ineffi cacy of PGS? 
First, the biopsy procedure per se may be more harmful 
for the potential of an embryo to successfully implant than 
previously thought  (26) . Data regarding the effect of 
biopsy alone on pregnancy rates are not available. 

 Second, the techniques used for PGS have -as do all 
other laboratory techniques- a certain failure rate as dis-
cussed above. Third, FISH analysis is not 100% accu-
rate. The estimated accuracy of FISH probes used for 
PGS is 92–98% per probe. An accuracy of 98% per 
probe will result in an estimated 15% error rate for an 
eight-probe panel (0.98 8 ), while an accuracy of 92% 
per probe will result in an estimated 49% error rate 

(0.92 8 ). The low positive predicative accuracy of the 
test results in the exclusion of embryos for consider-
ation for transfer which have the potential to be suc-
cessful. Fourth, many preimplantation embryos are 
mosaic, which may well be the most important con-
tributor to the ineffi cacy of PGS. A recent review of the 
literature reported that 58% of 260 cleavage stage 
embryos that were analysed with fi ve or more chromo-
somes were diploid-aneuploid mosaic, with a mean of 
61% diploid blastomeres in these embryos (van Echten 
et al., submitted). This means that in 35% of all embryos 
(0.58 × 0.61) a diploid blastomere is aspirated during 
the PGS procedure, which will reduce the proportion of 
diploid blastomeres in these embryos and lead to trans-
fer or cryopreservation of embryos with an increased 
proportion of abnormal cells. Conversely, in 23% of all 
embryos (0.58 × 0.39) an aneuploid blastomere will be 
aspirated during the PGS procedure, which will lead to 
discarding of these embryos, despite the fact that the 
proportion of normal blastomeres is increased and the 
fact that they have potential to be viable. 

 Several observations support the idea that these dis-
carded diploid-aneuploid embryos are viable. First, 
frozen-thawed embryos that have lost nearly half of 
their blastomeres due to the cryopreservation proce-
dure are still able to result in live births, implying that 
not all blastomeres of human preimplantation embryos 
are necessary for proper development into a child  (28) . 
Second, mosaic embryos are suggested to contain res-
cue mechanisms that lead to the disappearance of ane-
uploid blastomeres once the embryonic genome has 
been activated  (29) . Interestingly, in humans the 
embryonic genome is not activated until the 8-cell 
stage which is exactly the time when PGS is generally 
performed  (30) . Third, experiments using tetraploid 
embryo complementation, a technique in which mice 
originate from ES cells that are injected in tetraploid 
blastocysts, have shown that even the injection of 
donor ES cells of which only a small percentage are 
diploid (20% diploid cells combined with 80% cells 
with chromosomal abnormalities) results in a fully 
diploid normal adult mice  (31) . 

 It can of course not be excluded that eventually an 
improved form of PGS (technically or conceptually) 
will help (some) couples to improve their chance to 
achieve an ongoing pregnancy. Such new forms of PGS 
however, should not be introduced into routine clinical 
practice before pilot studies have shown promising 
results which should then be confi rmed in well-designed 
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randomised clinical trials. One example is the emerging 
technology that provides the ability to analyse all 23 
chromosome pairs in a single blastomere and not just 
the 5–9 chromosomes typically analysed with current 
techniques  (32) . Although these new techniques can 
detect aneuploidy for more chromosomes than analy-
sed at present (and possibly with increased accuracy), 
they will never be able to circumvent the biological 
phenomenon of chromosomal mosaicism. In the light 
of current evidence it should be assumed that the patient 
will not benefi t from having their embryos tested with 
PGS until proven otherwise. 

 The primary principle in medicine is to do no harm 
(primum non nocere). Given the currently available 
tools in clinical research, this ideally translates into 
proof of safety and effectiveness of a treatment through 
clinical trials fi rst, and introduction into routine clini-
cal practice thereafter. The days should now be behind 
us where a technique is routinely applied just because 
it is widely promoted and accepted by some profes-
sionals, such as for instance voluminous bloodletting, 
that persisted from antiquity well into the nineteenth 
century  (33) . The lack of evidence for the effectiveness 
of PGS after all these years, combined with the accu-
mulating evidence for its harm in women of advanced 
maternal age, means that PGS should not be offered as 
routine clinical practice and to do so in fact violates the 
primary principle in medicine.     

  References 

  1.        Handyside     AH   ,    Kontogianni     EH   ,    Hardy     K   ,    Winston     RM    . 
  Pregnancies from biopsied human preimplantation embryos 
sexed by Y-specifi c DNA amplifi cation  .   Nature     1990  ; 
  344  :  768  –  770  .  

  2.        Griffi n     DK   ,    Wilton     LJ   ,    Handyside     AH   ,    Winston     RM   , 
   Delhanty     JD    .   Dual fl uorescent in situ hybridisation for simul-
taneous detection of X and Y chromosome-specifi c probes 
for the sexing of human preimplantation embryonic nuclei  . 
  Hum Genet     1992  ;   89  :  18  –  22  .  

  3.        Munne     S   ,    Lee     A   ,    Rosenwaks     Z   ,    Grifo     J   ,    Cohen     J    .   Diagnosis 
of major chromosome aneuploidies in human preimplanta-
tion embryos  .   Hum Reprod     1993  ;   8  :  2185  –  2191  .  

  4.        Verlinsky     Y   ,    Cieslak     J   ,    Freidine     M,      et al   .   Pregnancies follow-
ing pre-conception diagnosis of common aneuploidies by 
fl uorescent in-situ hybridization  .   Hum Reprod     1995  ; 
  10  :  1923  –  1927  .  

  5.        Wilton     L    .   Preimplantation genetic diagnosis for aneuploidy 
screening in early human embryos: a review  .   Prenat Diagn   
  2002  ;   22  :  512  –  518  .  

   6.        Harper     JC   ,    Die-Smulders     C   ,    Goossens     V,      et al   .   ESHRE PGD 
consortium data collection VII: cycles from January to 
December 2004 with pregnancy follow-up to October 2005  . 
  Hum Reprod     2008  ;   23  :  741  –  755  .  

   7.        Harper     J   ,    Sermon     K   ,    Geraedts     J,    et al.       What next for preim-
plantation genetic screening  ?   Hum Reprod     2008  ;   23  :  478  –  480  .  

   8.        Baruch     S   ,    Kaufman     D   ,    Hudson     KL    .   Genetic testing of 
embryos: practices and perspectives of US in vitro fertiliza-
tion clinics  .   Fertil Steril     2008  ;   89  :  1053  –  1058  .  

   9.        Debrock     S   ,    Melotte     C   ,    Vermeesch     J   ,    Spiessens     C   ,    Vanneste   
  E   ,    D’Hooghe     TM    .   Preimplantation genetic screening (PGS) 
for aneuploidy in embryos after in vitro fertilization (IVF) 
does not improve reproductive outcome in women over 35: 
a prospective controlled randomized study  .   Fertil Steril   
  2007  ;   88  :  S237  .  

   10.     Hardarson T, Hanson C, Lundin K, et al. Preimplantation 
genetic screening in women of advanced maternal age 
caused a decrease in clinical pregnancy rate: a randomized 
controlled trial. Hum Reprod 2008.  

   11.        Mastenbroek     S   ,    Twisk     M   ,    van Echten-Arends     J,      et al   .   In 
vitro fertilization with preimplantation genetic screening  .   N 
Engl J Med     2007  ;   357  :  9  –  17  .  

   12.        Staessen     C   ,    Platteau     P   ,    Van Assche     E,      et al   .   Comparison of 
blastocyst transfer with or without preimplantation genetic 
diagnosis for aneuploidy screening in couples with advanced 
maternal age: a prospective randomized controlled trial  . 
  Hum Reprod     2004  ;   19  :  2849  –  2858  .  

   13.        Stevens     J   ,    Wale     P   ,    Surrey     ES   ,    Schoolcraft     WB   ,    Gardner     DK    . 
  Is aneuploidy screening for patients aged 35 or over benefi -
cial? A prospective randomized trial  .   Fertil Steril     2004  ; 
  82  :  S249  .  

   14.        Jansen     RP   ,    Bowman     MC   ,    de Boer     KA   ,    Leigh     DA   ,    Lieberman   
  DB   ,    McArthur     SJ    .   What next for preimplantation genetic 
screening (PGS)? Experience with blastocyst biopsy and 
testing for aneuploidy  .   Hum Reprod     2008  ;   23  :  1476  –  1478  .  

   15.        Mersereau     JE   ,    Pergament     E   ,    Zhang     X   ,    Milad     MP    .   Preim-
plantation genetic screening to improve in vitro fertilization 
pregnancy rates: a prospective randomized controlled trial  . 
  Fertil Steril     2007  ;   90  :  1287  –  1289  .  

   16.        Meyer     LR   ,    Hazlett     D   ,    Nasta     T   ,    Mangan     P   ,    Klipstein     S   , 
   Karande     V    .   Does pre-implantation genetic diagnosis (PGD) 
improve cycle outcome in the “good-prognosis” patient  ? 
  Fertil Steril     2006  ;   86  :  S72  .  

   17.        Staessen     C   ,    Michiels     A   ,    Verpoest     W   ,    Van der Elst     J   ,    Liebaers     I   , 
   Devroey     P    .   Does PGS improve pregnancy rates in young 
patients with single-embryo transfer  ?   Hum Reprod     2007  ; 
  22  :  i31  –  i33  .  

   18.        Cohen     J   ,    Wells     D   ,    Munne     S    .   Removal of 2 cells from cleav-
age stage embryos is likely to reduce the effi cacy of chromo-
somal tests that are used to enhance implantation rates  . 
  Fertil Steril     2007  ;   87  :  496  –  503  .  

   19.        Cohen     J   ,    Munne     S   .    Staessen    et al.       (2004). Two-cell biopsy and 
PGD pregnancy outcome  .   Hum Reprod     2005  ;   20  :  2363  –  2364  .  

   20.        Cohen     J   ,    Grifo     JA    .   Multicentre trial of preimplantation 
genetic screening reported in the New England Journal of 
Medicine: an in-depth look at the fi ndings  .   Reprod Biomed 
Online     2007  ;   15  :  365  –  366  .  

   21.        Kuliev     A   ,    Verlinsky     Y    .   Impact of preimplantation genetic 
diagnosis for chromosomal disorders on reproductive out-
come  .   Reprod Biomed Online     2008  ;   16  :  9  –  10  .  



The Ineffi cacy of Preimplantation Genetic Screening 309

   22.        Munne     S   ,    Gianaroli     L   ,    Tur-Kaspa     I      et al   .   Substandard appli-
cation of preimplantation genetic screening may interfere 
with its clinical success  .   Fertil Steril     2007  ;   88  :  781  –  784  .  

   23.        Goossens     V   ,    De Rycke     M   ,    De Vos     A,      et al   .   Diagnostic effi -
ciency, embryonic development and clinical outcome after 
the biopsy of one or two blastomeres for preimplantation 
genetic diagnosis  .   Hum Reprod     2008  ;   23  :  481  –  492  .  

   24.        Michiels     A   ,    Van Assche     E   ,    Liebaers     I   ,    Van Steirteghem     A   , 
   Staessen     C    .   The analysis of one or two blastomeres for PGD 
using fl uorescence in-situ hybridization  .   Hum Reprod     2006  ; 
  21  :  2396  –  2402  .  

   25.        Twisk     M   ,    Mastenbroek     S   ,    Hoek     A,      et al   .   No benefi cial effect 
of preimplantation genetic screening in women of advanced 
maternal age with a high risk for embryonic aneuploidy  . 
  Hum Reprod     2008  ;   23  :  2813  –  2817  .  

   26.        De Vos     A   ,    Van Steirteghem     A    .   Aspects of biopsy procedures 
prior to preimplantation genetic diagnosis  .   Prenat Diagn   
  2001  ;   21  :  767  –  780  .  

   27.        Deugarte     CM   ,    Li     M   ,    Surrey     M   ,    Danzer     H   ,    Hill     D   ,    Decherney   
  AH    .   Accuracy of FISH analysis in predicting chromosomal 
status in patients undergoing preimplantation genetic diag-
nosis  .   Fertil Steril     2008  ;   90  :  1049  –  1054  .  

   28.        Munne     S   ,    Sultan     KM   ,    Weier     HU   ,    Grifo     JA   ,    Cohen     J   , 
   Rosenwaks     Z    .   Assessment of numeric abnormalities of X, Y, 
18, and 16 chromosomes in preimplantation human embryos 
before transfer  .   Am J Obstet Gynecol     1995  ;   172  :  1191  –  1199  .  

   29.        Los     FJ   ,    Van Opstal     D   ,    van den     BC,      et al   .   Uniparental disomy 
with and without confi ned placental mosaicism: a model for 
trisomic zygote rescue  .   Prenat Diagn     1998  ;   18  :  659  –  668  .  

   30.        Braude     P   ,    Bolton     V   ,    Moore     S    .   Human gene expression fi rst 
occurs between the four- and eight-cell stages of preimplan-
tation development  .   Nature     1988  ;   332  :  459  –  461  .  

   31.        Eggan     K   ,    Rode     A   ,    Jentsch     I,      et al   .   Male and female mice 
derived from the same embryonic stem cell clone by tetraploid 
embryo complementation  .   Nat Biotechnol     2002  ;   20  :  455  –  459  .  

   32.        Le Caignec     C   ,    Spits     C   ,    Sermon     K,    et al.       Single-cell chromo-
somal imbalances detection by array CGH  .   Nucleic Acids 
Res     2006  ;   34  :  e68  .  

   33.        Niebyl     PH    .   The English bloodletting revolution, or modern 
medicine before 1850  .   Bull Hist Med     1977  ;   51  :  464  –  483  .  

   34.        Antman     EM   ,    Lau     J   ,    Kupelnick     B   ,    Mosteller     F   ,    Chalmers     TC    . 
  A comparison of results of meta-analyses of randomized con-
trol trials and recommendations of clinical experts. Treatments 
for myocardial infarction  .   JAMA     1992  ;   268  :  240  –  248  .    



A
Abdominal myomectomy

adhesion rate, 31
vs. laparoscopic myomectomy, 30

Abnormal sperm chromatin, reproductive outcomes
DNA damage, 130
meta-analysis

categorical analysis, 135
citation fl ow chart, 132–133
data extraction, 131
diagnostic odds ratio (DOR), 135–136
diagnostic test properties, 131–132
likelihood ratios, 133–134
methodological features, 131–132
predictive test, 136
primary analysis, 134–135
search strategy, 130–131
study characteristics, 133

treatment, 136–137
Advanced maternal age, 306–308
AI. See Aromatase inhibitors
American Society for Obstetrics and Gynecology 

(ACOG), 189
American Society of Clinical Oncology, 95
American Society of Reproductive Medicine (ASRM)

adolescents, 251
guidelines, 269
intracytoplasmic sperm injection (ICSI), 254

American Urologic Association (AUA), 259, 
267, 269

AMH. See Antimullerian hormone
Androgens (A), 21–23, 62, 63
Aneuploid blastomeres, 307
Aneuploidy. See also Preimplantation genetic 

screening (PGS)
detection, 292
risk

embryo follow-up analysis, 279, 284
individual patients, 284, 285

screening
benefi ts, 285
cleavage stages, 284
clinical indications, 278
DNA, 283
fl uorescence in situ hybridisation (FISH), 284
follow-up analysis, 285–287

testing
blastomere analysis, 301
chromosomal abnormalities, 300, 301
embryo transfer, 302
euploid blastocyst transfer, 303
fi rst and second polar body (PB1 and PB2) 

analysis, 300
free embryos, preselection, 303

Angelman syndrome (AS)
in vitro fertilization

Egger’s test statistics, 244
forest and funnel plot, 242

population frequency and etiologies, 241
Anovulation, 21, 23, 24, 186
Antimullerian hormone (AMH), 43, 44
Anti-sperm antibodies, 250
Antral follicle count (AFC), 45
Antral follicle maturation, 47
Apoptosis

androgen deprivation, 264–265
heat stress, 264
toxic agents, 265

Aromatase inhibitors (AI), 60, 62, 63
Assisted reproductive technology (ART), 130, 135, 137

artifi cial shrinkage (AS), clinical results, 233–234
blastocyst vitrifi cation

artifi cial shrinkage (AS), 230, 231
blastocyst warming, 229–230
nunc cryovials, 229
patients and grading, 230–231
protocols, 228–229
transfer, clinical results, 231, 233

cryopreservation strategy, 236, 237
cytoskeleton structure, 204
day 2–3 embryo vitrifi cation

conventional cryostraw, 225, 226
cryoloops, 226
cryotops, 226–228
survival rate, 8-cell mouse embryo, 224, 225

effi ciency of, 294
gene expression and microarray studies, 208
IVF/ICSI, 254
oocyte vitirifcation

materials and methods, 235
results, cryotop technique, 235–236

pre-implantation genetic testing (PGT), 289

Index

311



312 Index

B
BAC. See Bacterial artifi cial chromosomes
Bacterial artifi cial chromosomes (BAC), 114, 115, 117
Barker hypothesis, 4
Beckwith–Wiedemann syndrome (BWS)

in vitro fertilization
Egger’s test statistics, 244
forest plot and funnel plot, 243

population frequency and etiologies, 241
Belgian Registry of Artifi cial Reproduction (BELRAP), 174
Benzo[a]pyrene (BaP), 5
Beta human chorionic gonadotropin (β−hCG), 83–85
Blastocyst vitrifi cation

artifi cial shrinkage (AS), 230, 231
blastocyst warming, 229–230
nunc cryovials, 229
patients and grading, 230–231
protocols, 228–229
transfer, clinical results, 231, 233

Blastomere
analysis, 301
aneuploidy detection, 283
FISH uses, 279

Bone marrow transplantation (BMT), 98
British Human Fertilization and Embryology Authority 

(HFEA), 174–175

C
Cancer

childhood, 96, 98
embryo cryopreservation, 100
survival rate, 95

Carbendazim, 5
CBAVD. See Congenital Bilateral Absence of the Vas Deferens
Cell cycle, IVM oocytes, 218
Cellular/molecular parameters, oocytes

invasive analysis
calcium and cortical granules, 204–205
cytoskeleton structure, 203–204
mitochondria, 202–203
ubiquitin-proteasome system, 205

non-invasive analysis
gene expression and microarray analysis, 208
proteome, 205–207
secretome and metabolome, 207–208

Centers of Disease Control and Prevention, 267
Cervical ectopic pregnancies. See also Ectopic pregnancy

cesarean scar pregnancies, 91–92
heterotopic pregnancy, 90
interstitial (cornual) pregnancy, 90–91
ovarian pregnancies, 91

CFTR. See Cystic fi brosis transmembrane conductance 
regulator

CGH. See Comparative genomic hybridization
Chemotherapy

ovarian damage, 96–97
radiotherapy, 98

Chromosomal aneuploidy
follow-up analysis, 286
human embryos, 283

Chromosomal disorders, 300, 301
Chromosomal mosaicism

cleavage stage embryo, 281, 283
clinical trials, 278
fl uorescence in situ hybridisation (FISH), 279, 287
IVF embryos, 287
preimplantation genetic screening (PGS), 278, 279

Clomiphene citrate challenge test (CCCT), 43, 45
Comparative genomic hybridization (CGH), 115, 117, 290, 291
Compulsory single-embryo transfer (cSET), 176
Congenital Bilateral Absence of the Vas Deferens 

(CBAVD), 119
Controlled ovarian hyperstimulation (COH), poor response

acquired risk factors, 39, 41
clinical application, 67
defi nition

FSH receptor (FSHR) polymorphism, 38
oocytes, 38–39

genetic risk factors, 39–41
interventions, physiological basis

antral follicle maturation, 47
endogenous gonadotropins, 46–47
FSHR expression, 47
luteal phase synchronization, 47–48
pituitary gland suppression, 48

ovarian reserve (OR)
age effect, 41
antimullerian hormone (AMH), 43, 44
antral follicle count, 45
basal serum E

2
, 43

basal serum FSH, 42–43
blood fl ow, 46
clomiphene citrate challenge test (CCCT), 43, 45
EFORT and GAST, 45
history, 41–42
inhibin B, 43
ovarian biopsy, 46
ovarian volume (OVVOL), 45–46

therapeutic interventions
androgens (A), 62, 63
aromatase inhibitors (AI), 60, 62, 63
clomiphene citrate (CC) – gonadotropins, 60, 61
GH and GHRH, 64, 67, 68
glucocorticoids, 64, 66
GnRH agonist cessation, 50–52
GnRH antagonist protocols, 53, 56
gonadotropin dose, 50
luteal phase synchronization, 53, 57, 58
lutenizing hormone (LH) supplementation, 57, 59–60
microdose/fl are GnRH agonist protocols, 51, 53–55
natural cycle protocols (NC), 62, 64–66
normal OR markers, 48–50
oral contraceptive pills (OCs), 53, 57, 59

Copy number variants (CNV), 114, 115, 117
Cotinine, 4
Cryoloops

artifi cial shrinkage (AS), 231
blastocysts vitrifi cation, 228–229
day 2–3 embryo vitrifi cation, 226

Cryopreservation
oocytes



Index 313

day 2–3 embryo vitrifi cation, 224–225
mammalian embryos, 223, 234

ovarian tissue freezing, 99
ovarian transplantation, 99–100

Cryoprotectant (CPA)
blastocyst vitrifi cation, 228
embryo vitrifi cation, 224
ultra-rapid vitrifi cation, 237

Cryotops
clinical results, 227
day 2–3 embryo vitrifi cation, 226–228
oocyte vitrifi cation, 235
techniques, 234–236

Cumulus oocyte complex (COC)
grading, 194, 195
metabolism

clinical applications, 221
integration, 218, 219

Cystic fi brosis transmembrane conductance regulator 
(CFTR), 119

Cytogenetic analysis, 198

D
Day 2–3 embryo vitrifi cation

conventional cryostraw, 225–226
cryoloops, 226
cryotops, 226–228
survival rate, 8-cell mouse embryo, 224, 225

Deleted in azoospermia like (DAZL), 123
Diagnostic odds ratio (DOR), 131, 133, 135
1,1-Dichloro-2,2-bis(p -chlorophenyl)ethylene (DDE), 10–11
Dihydrofolate reductase (DHFR), 86
Double embryo transfer (DET), 172, 173

E
Ectopic pregnancy

abdominal pregnancies, 88–90
cervical pregnancies

cesarean scar pregnancies, 91–92
heterotopic pregnancy, 90
interstitial (cornual) pregnancy, 90–91
ovarian pregnancies, 91

diagnosis
curettage, 85
evaluation, 83
magnetic resonance imaging, 84
pelvic ultrasound, 83–84
radiologic imaging, 83

expectant management, 85
medical treatment, 85–88
reproduction, 92
risk factors

behavioral and clinical factors, 82
infertility, 82–83
tubal factors, 81–82

serum tests
beta human chorionic gonadotropin (β−hCG), 84–85
progesterone, 85

surgical management, 88, 89

Elective single-embryo transfer (eSET)
clinical data

embryo transfer evolution, 175–176
fertility treatment, 173
infertility treatment, 172–173
reimbursement regulation, Belgium, 174
results, 173

cryopreservation role, 177
health-economic considerations, 178
implementation, 178–179
indications and exceptions, 176
multiple pregnancies (MPs), 171–172
patient’s information and counselling, 178
SET and embryo selection, 176–177
singletons, 177–178

Embryo biopsy, 278, 279
Embryo morphology

blastocyst scoring system, 156, 157
cleavage stage embryo

cell number, 152–153
compaction, 153–154
early cleavage, 151
fragmentation, 153–154
multinucleation, 152–153
symmetry, 152

clinical applications, 161–162
morula, 154
multi-day scoring

assumption, 155–156
evaluation factors, 156–158

patient selection, 155
pronuclear stage embryos

cytoplasmic halo, 148–149
PN scoring systems, 148

spent culture medium
profi ling studies, 161–162
targeted analyses, 159–160

Embryo quality, 306
Embryo selection, 176–177
Embryotoxic effect

mercury, 6
polychlorinated biphenyls (PCB), 10

Endogenous gonadotropins, 46–47
Environmental contaminants

agricultural and residential pesticide exposures, 6
aryl hydrocarbon receptor (AhR), 12
bisphenol A (BPA)

dietary consumption, 7
meiotic cell cycle progression, 8
murine studies, 8–9
oocytes, 7, 8
synaptonemal complex, 8

cigarette smoking
Barker hypothesis, 6
continine, 4
fecundity reduction, 4, 6
in vitro fertilization, 4
ovarian response, 5
polycyclic aromatic hydrocarbons (PAHs), 5, 6
time to pregnancy, 4

clinical applications, 12



314 Index

Environmental contaminants (Cont.)
DDT and DDE, 10–11
dioxin

murine maternal exposure, 11
2,3,7,8-tetrachlorodibenzo- p -dioxin (TCDD), 11–12

inorganic heavy metals
lead (Pb) exposure, 7
mercury (Hg) exposure, 6–7
seafood consumption, 7

polychlorinated and polybrominated biphenyl compounds, 
9–10

European Society for Human Reproduction and Embryology 
(ESHRE), 305–307

Exogenous FSH ovarian reserve test (EFORT), 45
Extracellular matrix (ECM), 194

F
Female factor infertility, 253–255
Female gamete, 197, 208
Female infertility

environmental contaminants
agricultural and residential pesticide exposures, 6
aryl hydrocarbon receptor (AhR), 12
bisphenol A (BPA), 7–9
cigarette smoking, 4–6
clinical applications, 12
DDT and DDE, 10–11
dioxin, 11–12
inorganic heavy metals, 6–7
polychlorinated and polybrominated compounds, 9–10

Fertility preservation
adverse reproductive outcomes, 98
cancer survival rate, 95
chemotherapy and ovarian damage, 96–97
extragonadal effects, 96
leukemia, 95
radiotherapy and ovarian failure, 97–98
strategies

advantages and disadvantages, 98
embryo freezing, 100
oocyte freezing, 100–101
ovarian tissue cryopreservation, 99–100

Fibroblast growth factor receptor (FGFR), 108
Fluorescence in-situ hybridisation (FISH), 299, 302

analysis, 279, 305–307
aneuploidy screening, 284
applications, 279
blastomeres, 279, 280
DNA, 290
IVF embryos, 278
pre-implantation genetic screening (PGS), 307
techniques, 280

Follicle-stimulating hormone receptor (FSHR)
polymorphism, 38

FSH receptor, 121

G
Genetic variants, male infertility

genitourinary development, 118–119

genome-wide genetic variant association, 116–118
multifaceted genome, 113–114
SNP and CNV detection, 114–116
spermatogenesis, 120–123
sperm development, 123–124

Ginseng extract, 7
Glitazones. See Thiazolidinediones
Glucocorticoids, 64, 66
Gonadotoxicity, 96, 97
Gonadotropin-releasing hormone (GnRH)

agonist
microdose/fl are regimens, 51, 53–55
reduction/cessation, 50–52

antagonist, 53, 56
Gonadotropins, 187
Gonadotropin stimulating hormone agonist stimulation test 

(GAST), 45
Growth hormone releasing factor (GHRH), 64, 67, 68
Gs-coupled receptor (GPR3), 218

H
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(HFEA), 278
Human follicular fl uid (FF)

cigarette smoking, 4
heavy metals, 7
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polar body (PB), 198–199

invasive analysis
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cytoskeleton structure, 203–204
mitochondria, 202, 203
ubiquitin-proteasome system, 205

non-invasive analysis
gene expression and microarray analysis, 208
proteome, 205–207
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Hyperandrogenism, 23
Hyperinsulinemia, 21–23

I
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Implantation

blastomeres, 153
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nuclear precursor bodies, 148
preimplantation genetic screening, 144
ZP variation, 146–147
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Insl3. See Insulin-like hormone 3
Insulin-like hormone 3 (Insl3), 118
Intracytoplasmic sperm injection (ICSI)

acridine orange test, 133
diagnostic odds ratio, 135
infertility, 129
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sperm DNA integrity, 130

Intra-cytoplasmic sperm injection (ICSI), 
254, 268

cumulus cells, 195, 206
elective single-embryo transfer (eSET), 174
health-economic considerations, 178
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In-vitro fertilization (IVF)

blastocyst culture, 154
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diagnostic accuracy, 133
diagnostic odds ratio, 135
embryo freezing, 100
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assisted reproductive technology (ART), 
241–242

Egger’s test statistics, 244
forest and funnel plot, 242–244
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infertility, 129
intra-cytoplasmic sperm injection, 254
obesity

body mass index (BMI), 186, 187
effects, obstetric outcome, 188–189
miscarriage rates, 187–188
pathophysiology, 189
reproductive outcomes, 186

oocyte freezing, 100–101
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pregnancy rates, 136
preimplantation genetic diagnosis, 299
single embryo transfer, 143
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sperm DNA integrity, 130
targeted analyses, 159
zona pellucida, 195

K
Karyotyping data, 300

L
Laparoscopic myomectomy
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morcellation, 30
pregnancy rate and uterine rupture, 32
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Leydig cell, 121
Likelihood ratios, 133–134
Live birth

egg donation, 294
pre-implantation genetic screening (PGS), 291, 293

Lutenizing hormone (LH) receptor, 121

M
Male biological clock, 105–106
Male factor infertility, 253–255
Male fertility, 118, 120
Male infertility
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fertility, 106–107
pregnancy outcomes, 107–108

diagnostic tests, 129
genitourinary development
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genome-wide genetic variant association
defi nition benefi ts, 118
patient pharmacologic treatment impact, 116–117
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SNP and CNV detection, 114–116
spermatogenesis
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DNA repair gene polymorphisms, 122
estrogen receptor alpha (Era), 121
folate-related enzyme polymorphism, 122
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Y chromosome SNP, 122–123

sperm development
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sperm nuclear protein, 123

varicoceles, 265, 266
Mammalian oocytes, in vitro maturation (IVM)

chromosome alignment and segregation, 220
history, 215–216
microfl uidic technology, 221
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vs. in vivo maturation

clinical applications, 221
cumulus–oocyte-complex (COC) metabolism 

integration, 218, 219
follicular milieu, 216–218
meiotic maturation, 219–220
metabolic cooperation, 219
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signaling meiotic resumption, 218
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Meta-analysis
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second meta-analysis, 261
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in vitro fertilization, 161
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Multiple pregnancy
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heterotopic pregnancy, 90
interstitial (cornual) pregnancy, 90–91
ovarian pregnancies, 91

O
Obesity outcomes
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Ovarian damage, 96–97
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2
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clinical
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Polycystic ovary syndrome (PCOS), metformin therapy
diabetes prevention, 22
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R
Radiotherapy
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ovarian failure, 97–98

Reactive oxygen species (ROS), 264
Receiver operating characteristics (ROC), 131, 

134, 135
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Robotic-assisted laparoscopic myomectomy, 32–33

S
Schizophrenia, 108
SCSA. See Sperm chromatin structure assay
Semen analysis, 250–252
Sertoli cell, 121
Silver–Russel syndrome (SRS), 241
Single-embryo transfer (SET), 143

clinical data, 172–173
and embryo selection, 176–177
fertility treatment, 173

Single nucleotide polymorphisms (SNP)
CNV detection, 114–116
FSH and LH receptor genes, 121
genitourinary development, 118–119
genome-wide genetic variant association, 116
patient pharmacologic treatment, 116–118
spermatogenesis, 120
sperm development, 123
types, 113–114
Y chromosome, 122–123
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SNP. See Single nucleotide polymorphisms
Soluble human leukocyte antigen-G (sHLA-G), 160
Spectroscopic metabolomic profi ling
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Sperm chromatin structure assay (SCSA), 130, 133, 136
Sperm DNA integrity
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predictive test, 136
pregnancy, 135
ROC curve, 134
treatment, 136–137
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adhesion rate, 31
morcellation, 30
pregnancy rate and uterine rupture, 32

MRI-guided focused ultrasound surgery, 34
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uterine artery embolization (UAE), 33–34

Systematic review, 135, 136
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Terminal deoxy-nucleotidyl transferase-mediated dUTP nick 

end labelling (TUNEL), 130, 133, 136
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Time to pregnancy (TTP), 4, 9
Total body irradiation, 97–98
Transition nuclear proteins (TNP), 123
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U
Uniparental disomy, 240
Uterine artery embolization (UAE), 33–34
Uterine fi broid embolization (UFE). See Uterine artery 

embolization (UAE)

V
Varicocelectomy

assisted reproductive technology (ART)
intrauterine insemination (IUI),, 268, 269
IVF/ICSI, 267–269
postoperative sperm density, 268–269

entry criteria
clinical diversity, 262
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infertile male
limitations, 251–252
randomized controlled trials, 251

meta-analyses, 252–253
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fi rst meta-analysis, 260–261
second meta-analysis, 261

semen analysis, 250–251
variable outcomes, 266–267

Varicoceles. See also Varicocelectomy
adolescents and fertility, 251
assisted reproductive technologies (ART)

advantages, 254–255
male and female infertility, 

253, 254
molecular/genetic differences

azoospermia, 265–266
IVF/ICSI, 266

molecular/genetic responses
androgen and apoptosis, 264–265
heat stress and apoptosis, 264
nitric oxide (NO), 263–264
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limitations, 251–252
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