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Foreword

Time is brain–penumbra is brain–brain is life.

The ischemic penumbra is an enigma and is the key to stroke pathophysiology and treatment. 
The term is used exhaustively and has become the major rationale for the early delivery of 
stroke care. Knowledge about the penumbra, its variability, and its ever-changing extension 
and individuality has dramatically changed stroke treatment. Paradoxically, it is still poorly 
understood. Animal experiments contributed to the early concepts and allowed investigators to 
establish blood flow thresholds. Information gained from these studies and those with multi-
tracer positron emission tomography defining the penumbra in humans for the first time have 
been in existence for more than 20 years; it was the translation into the management of stroke 
and the design of clinical trials that took longer than expected. The ultra-early treatment con-
cept of the early intravenous tissue plasminogen activator studies, specifically the National 
Institute of Neurological Disorders and Stroke trial, opened the eyes of most stroke physicians. 
Finally, it became clear that time was the most important variable in stroke treatment and that 
this translated into the presence of penumbral tissue. Hence, the “time is brain” concept arose. 

The next logical step was to look for mechanisms and tools that would allow the replace-
ment of a time-based therapy by a pathophysiologically based treatment window. It led to the 
introduction of perfusion–diffusion mismatch magnetic resonance imaging and computer-
ized tomography angiography–computed tomography perfusion. These techniques offered 
information about pathophysiological variables that would correspond to penumbral tissue, 
never forgetting that it always would be just a snapshot of something penumbra-like at the 
time of assessment.

This volume, edited by eminent scientists and clinicians who are experts in the field of 
stroke pathophysiology and treatment, together with contributions by a prestigious list of 
 scientists involved in penumbral research, provides the first comprehensive book on one of the 
most important concepts in acute stroke research and management. There is a comprehensive 
review of the history, background, pathophysiology, and application of the penumbra, from con-
cept to stroke management. There is no doubt that the reader of this volume will gain a deeper 
understanding of the penumbra, given that there is a consolidation of about half a  century of 
research that finally led to the first approved treatment of acute ischemic stroke. The book will 
be judged a success if, as it will undoubtedly do, it stimulates readers to explore the penumbra 
 further and advance knowledge in the area. The most important outcome is recanalization and 
reperfusion or, better, saving penumbral tissues and saving brain.

Werner Hacke, MD, PhD
Department of Neurology
University of Heidelberg

Heidelberg, Germany





Preface

In the world of acute ischemic stroke, nothing is more important than an understanding of the 
ischemic penumbra. The whole concept of the existence of salvageable tissue, that is, the penum-
bra, is based on the daily clinical observation of almost immediate and early recovery from an 
episode of hemiparesis or other clinical expression of occlusion of a blood vessel within any 
of the arterial territories of the brain. Indeed, even before there was an appreciation of the 
 complexities of the ischemic cascade, many clinicians dealing with stroke understood that 
something akin to the ischemic penumbra was likely to exist. These ideas, which fueled pivotal 
experimental studies to document the penumbra, clashed with the then prevailing dogma that 
the ischemic brain was doomed to die within minutes of onset of the clinical event. It is because 
of this  central positioning of the penumbra in stroke outcome and therapy that we felt that a 
volume dedicated to its existence was timely.

The editors are all clinical scientists working in the field of stroke, but coming from 
 different perspectives. In particular, we have backgrounds in imaging and therapies for stroke, 
as well as its pathophysiology and neurochemistry. Hence, we have tried to draw together an 
overview of the ischemic penumbra viewed predominantly from the clinical perspective, but 
providing the reader with a solid component of the more basic experimental and neurochemi-
cal aspects. Also, we are of an opinion that this should also be put in historical context. Here we 
have been particularly fortunate in having an enthusiastic contribution from Professor Lindsay 
Symon, who had such a pivotal role in defining the ischemic penumbra during the 1970s by 
means of a series of rigorous animal experiments. We have also included chapters that summa-
rize aspects of the penumbra in a way that has not been done before, such as providing an overall 
view of species differences in thresholds for the penumbra and its duration. The duration of the 
penumbra is particularly relevant if we are to extend the time window for treatment so more 
patients can benefit from modern therapies. 

In bringing together ideas about the definition, criteria, and the various penumbral imag-
ing modalities now available, one message becomes quite clear. Although already clearly useful 
in the clinical setting, the concept of the ischemic penumbra is still evolving as there is still no 
entirely satisfactory definition, and the operational criteria for its existence need refining. 
Perhaps even more obviously, there is no ideal imaging technique to confirm its presence. Each 
of the penumbral imaging techniques described in this volume have their advantages and 
 disadvantages, and none really directly and precisely images the penumbra as originally 
defined. One conclusion that can be drawn from this is that the penumbra is still a fertile area 
of research with many new discoveries of importance still to be made.

Hence, we hope that this volume is a useful resource for clinicians, researchers, and students 
alike who have an interest in the ischemic penumbra. While we have attempted to include a 
broad range of elements of the penumbra together, there are, of course, always areas that could 
have been strengthened and others that may have been overemphasized. As the first major 
attempt to paint a scientific picture of the penumbra on one canvas, we hope that this has been 
a reasonable start. If the benefit achieved is to enhance penumbral research even to a small 
extent, we will have realized our aim of helping those who, unfortunately, have been the  victims 
of stroke.

Geoffrey A. Donnan
Jean-Claude Baron
Stephen M. Davis

Frank R. Sharp
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SECTION I: THE ISCHEMIC PENUMBRA: AN OVERVIEW

1 The Ischemic Penumbra—The Beginning
Lindsay Symon
Institute of Neurology and the National Hospital, London University, London, U.K.

INTRODUCTION

Like all cerebral vascular concepts, the ischemic penumbra did not arise from nowhere, and a 
little background information may be of interest. The concept emanated from The Neurosurgical 
Experimental Laboratory at The Institute of Neurology in Queen Square, which I formed when 
I came back from my Rockefeller year in the United States in 1964. I had been stimulated toward 
research by a number of people, including my old Professor of General Surgery in Aberdeen 
(Bill Wilson) and my mentor and friend in the National Institute for Medical Research (NIMR) 
(Wilhelm Feldberg). Though he had no direct interest in the cerebral circulation himself, he 
gave me facilities in his laboratory during an appointment as a Research Fellow of the Medical 
Research Council, and a great deal of encouragement. This enabled me to set up a program of 
experiments on collateral circulation (1–3). My surgical chief (Valentine Logue), although no research 
worker himself, saw a need for the development of basic scientific research in British neurosurgery 
and enthusiastically supported the formation of an experimental laboratory.

Since the days of Cohnheim, in the nineteenth century, the paucity of collateral circulation 
to the deep nuclei of the cerebral hemispheres had been recognized. By the middle of the 
twentieth century, however, there was persuasive experimental and clinical evidence that 
the situation in the cortical circulation was quite different and that functional anastomoses 
existed between the major vessels in the leptomeninges. The fluctuating nature of weakness 
following aneurysmal surgery and the curious phenomenon of the transient ischemic attack 
made it clear that some critical level of perfusion must exist in the brain. It was with these 
thoughts that I began the programs first in NIMR and then in Queen Square. Early work in the 
National Institute on the dog and cat had convinced me that the cerebral circulation of these 
animals, particularly the arrangements of the afferent and basal vessels, differed significantly 
from primates, and the subsequent work, both in NIMR and later, was carried out exclusively 
on large primates. The complexity of the preparations was such that I preferred to carry out all 
surgery myself. The basic technique was borrowed from electrophysiology, with a thermostati-
cally warmed paraffin pool to protect the exposed cortex, and vascular occlusion carried out by 
the transorbital route (Fig. 1). Fortunately, my appointment to the staff of the National Hospital 
was combined with an appointment to the external staff of the Medical Research Council, and 
for many years, one day per week could be devoted to experimental surgery, each experiment 
occupying many hours, and data analysis then extending over most of the next week.

With the support of the Medical Research Council, therefore, experimental primate 
research was undertaken at first with a single technician and a variety of Fellows, and then with 
the invaluable help of Neil Branston, a young physiologist who came back to Britain from John 
Meyer’s laboratory in the United States (Fig. 2).

At that time regional cerebral blood flow (RCBF) was a topic of great interest. Lassen and 
Ingvar had pioneered the xenon clearance technique in man and had begun the Association, 
which subsequently became the International Society for Cerebral Blood Flow and Metabolism. 
At the National Hospital there was a group of interested clinicians: John Marshall, the Chairman 
of the group; and Ralph Ross-Russell, both physicians; George Du Boulay, a radiologist; and 
myself, a surgeon and experimentalist. Through these and the International Society we had a 
great deal of communication across Europe and with one another. The xenon clearance technique 
was suitable for man but not very suitable for the analysis of animal RCBF—the probes 
were simply too large. We were fortunate, therefore, in being joined for a year by Emil Pasztor, 
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 subsequently the director of the Institute of Neurosurgery in Budapest, who had spent some time 
in Norway learning the technique of hydrogen clearance. The electronics of the system were far 
from adequate, however, and it was Neil Branston and Nick Dorsch, research fellow from 
Australia, subsequently our first assistant in the clinic and now neurosurgeon in Westmead 
Hospital in Sydney, who put together an adequate electronic package to enable us to make multi-
point RCBF studies using the technique of hydrogen clearance. By this method we were able to 
map the autoregulatory capacities of the cerebral circulation and to document the effects of middle 
cerebral occlusion in the primate, studying autoregulation and negative reactivity, which had 
already become known as intracerebral steal (4–7). In parallel with this, the recovery experiments 
conducted by myself and Kemp Clark from Dallas, Texas, U.S.A. who was on a sabbatical, demon-
strated the close similarity between the experimental stroke in the primate and stroke in man (7).

The next step came with the use of evoked responses to determine the degree of reduction 
in cerebral blood flow (CBF) necessary to abolish electrical activity, and from this emerged the 
concept of thresholds of ischemia, evoked response failing pretty swiftly below levels of 
20 mL/100 gU of RCBF and completely silent by about 12 mL/100 g per minute. We found that 
this threshold of failure could be re-crossed by the simple elevation of blood pressure, since 
 autoregulation had failed in the ischemic area and pathology could, therefore, be fought by 
physiological means (8). We took this into the clinic in the technique of induced hypertension to 
combat ischemic events following aneurysm surgery, and in this we closely paralleled work 
done by Bill Hunt and his associates in Cleveland, Ohio, U.S.A.

FIGURE 2 (See color insert.) Lindsay Symon (left) and Neil 
Branston (right) working on the penumbral model.

FIGURE 1 (See color insert.) The prepa-
ration showing multiple electrodes inserted 
into the cerebral cortex in a paraffin pool.
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In the course of discussion at the International CBF meeting in Aviemore in Scotland, 
Branston and I discussed with the Scandinavians the possible explanation for electrical failure. 
Hodgkin’s work on electrical transmission in nerves was well known and it seemed to me 
that some disturbance of potassium metabolism might well hold the key. Dieter Heuser in 
Eberhard Betz’s laboratory in Tubingen had developed an electrode using ion sensitive resin, 
which, in combination with a reference electrode, enabled measurement of potassium ions in 
brain tissue during changes in circulation or other circumstances. Jens Astrup from Lassen’s 
laboratory in Copenhagen, Denmark, had gone to Tubingen to study these electrodes, and had 
already  successfully used them. We invited him across to London to combine potassium and 
 electrophysiological measurements with determinations of RCBF. The original electrodes, 
large and with separate active and reference barrels, were, however, unsuitable for multiple 
measurements. In the laboratory at that time we had some very deft young technicians, Robert 
Pullen and Robert Harris, who miniaturized these electrode systems by combining the refer-
ence and ion selective barrels together in a tiny electrode which, properly balanced, could sit 
upon the pia just penetrating the cortex. Thus refined, potassium electrodes could be used in 
multiple sites and, indeed, eventually a triple-barreled ion-sensitive microelectrode (ISM) was 
used to monitor both potassium and calcium (Fig. 3). These ISMs enabled us to measure 
focal potassium concentration in multiple areas of reduced blood flow or in the region of an 
evoked response.

What then emerged was that at a critical level of reduction of CBF, potassium, normally at 
a very low concentration in the extracellular space, suddenly increased; clearly membrane 
failure had occurred and potassium was leaking from the cells into the extracellular space 
(Fig. 4). In subsequent experiments, a similar level was detected for calcium, which went in the 
reverse way, having been plentiful in the extracellular space it suddenly declined, indicating 
that it had passed from the extracellular space into cells. The level of this membrane failure was 
very sharp—around 10 mL per 100 g per minute—and very clearly distinct both in terms of 
RCBF and in terms of area from the failure of the evoked response. Once again, both thresholds 
could be re-crossed by prompt elevation of the systemic arterial blood pressure (9,10). We then 
had experimental evidence of failure of evoked response without failure of membrane function 
in an area surrounding a more dense area of ischemia, where membrane function also failed 
(Fig. 5). Examining the autopsy data from two-year infarcts in the recovery primates, which 
clearly documented the extent of infarction, it was clear that this was vastly smaller than the 
area of brain involved in electrical silence in the acute experiments.

FIGURE 3 A diagram of a double-barreled micro-
 electrode. The twin barrels are fused together and then 
drawn out to a twin point—a few microns in diameter. 
The electrode assembly is supported on its electrical 
connections formed as a spring. The collar allows it to sit 
gently on the pia, and assures that it does not penetrate 
beyond the cortex. A third barrel for simultaneous meas-
urement of calcium and potassium could be added. 
Details of the construction of these electrodes may be 
found in the Ph.D. theses of Robert Pullen and Robert 
Harris in the library of the Institute of Neurology, 
University of London, United Kingdom.
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We, therefore, had evidence that an infarct, at any rate in the acute stages, was surrounded 
by an area of brain from which evoked responses could not be obtained, and yet in which the 
lethal phenomena of membrane failure had not occurred. It was also clear that in the acute 
circumstances the area of electrical silence could be reduced by elevation of the blood pressure 
and also the threshold for membrane failure re-crossed if the efforts to reperfuse were made in 
time. Interestingly, we also observed spontaneous transient increases in extracellular potassium 
from time to time in this area. Though we could not at that time demonstrate propagation of 
these transients, it seemed possible that they might be involved in recruitment of the ischemic 
area, with enlargement of the area of the ischemic core.

We took this material into the clinic, reinforcing our view that the correct way to treat 
postoperative ischemia due to vasospasm or other reasons, following aneurysm surgery, was 
elevation of the systemic blood pressure with metaraminol and this, together with hypervol-
emia, became a fairly standard neurosurgical maneuver (11). I well remember a postoperative 
aneurysm patient who developed arm weakness the day following surgery. As John Marshall, 
my physician colleague, watched we resolved the hemiparesis by infusing metaraminol 
intravenously. Over the next few hours, if the systemic blood pressure was allowed to fall, the 
hemiparesis would recur, to resolve again as the blood pressure was raised. Such a phenome-
non commonly would last for a day or two, and as the presumed vasospasm receded, the blood 
pressure could be returned to normal levels. John was convinced!

At that time Anthony Strong, who writes elsewhere in this volume, was one of our research 
fellows and I recall going across Guildford Street from the lab to the dining room 
discussing this curious zone, which we had documented. It seemed to me that it was rather like 
the area around the center of a candle flame, where there is a small bright zone known as the 
penumbra. We considered that the correct name for this area was the ischemic penumbra and 
so it proved. Astrup and Lassen pointed out that in a complete eclipse of the sun there was a 

FIGURE 4 The two thresholds recorded in a group of experi-
ments from somatosensory evoked responses and adjacent 
potassium sensitive micro-electrodes. Potassium concen-
tration on left vertical axis and evoked potential amplitude 
on the right. Abbreviations: EP, evoked potential amplitude; 
Ke, potassium (symbol).

FIGURE 5 A figurative diagram of thresholds of 
ischemia from the results of our experiments. 
Abbreviation: CBF, cerebral blood flow.
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bright zone around which was also known as the penumbra. Whichever one likes to take as the 
scientific basis of the sobriquet is a matter of choice.

As with all concepts, the application of an acceptable name popularized the concept, and 
the term penumbral ischemia was born. Subsequently, in our own lab, Obrenovitch devoted a 
great deal of time by careful micro-profusion systems, analyzing the movement of amines in 
relation to penumbral ischemia (11–13). In particular, he demonstrated that the predominant 
interest in glutamate as a source of cellular damage in ischemia was unjustified. Indeed, 
glutamate simply happened to be there in great concentration, as the others amines emerged in 
membrane failure at the same time as glutamate, but, being in much smaller concentration, 
were much more difficult to measure. It can be seen that all these experiments were exacting 
and required a team effort (Fig. 6). The concept of penumbral ischemia, therefore, has undoubt-
edly stimulated a great deal of experimental and clinical research, as the remainder of this 
volume will attest.

But that’s how it was in the beginning.
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INTRODUCTION

Prior to the 1970s, ischemic tissue death was generally believed to be relatively sudden and 
irreversible. When compared to other areas of basic research, the number of investigators 
involved in experimental cerebral ischemia was relatively few, so progress was slow. Although 
clinicians were aware of the clinical paradigm in which transient cerebral ischemic attacks 
occurred with a full recovery within 24 hours without any evidence of cerebral infarction, expla-
nations such as “hypertensive crisis” or “arterial spasm” were proposed to account for these 
episodes. In the mid-1950s, however, the embolic theory for transient ischemic attacks (TIAs) 
became widely accepted, which stimulated a number of investigators to consider the possibility 
that the ischemic process itself was potentially reversible and its progression to infarction was 
not inevitable. Interestingly, it was later shown using modern imaging techniques such as com-
puted tomography (CT) and magnetic resonance imaging (MRI) that small cerebral infarcts do 
occur in a proportion of patients who present with transient ischemic attacks (1), although these 
infarcts were usually quite small. In the pre-imaging era it was not possible to make these in 
vivo observations. Nevertheless, clinician researchers began to investigate the mechanisms for 
the potential  reversibility of the ischemic process.

Indeed, as outlined in the preceding chapter, in the early 1970s Lindsay Symon and his 
group at Queen Square started to think about the issue of the relationship between tissue 
 function, ischemia, and infarction in some detail (2–8). They used a baboon model of cerebral 
ischemia induced by clipping of the middle cerebral artery to demonstrate for the first time that 
there was a mismatch between cerebral function as documented by somato-sensory evoked 
potentials and cerebral blood flow (CBF) at various threshold levels (2). They were also able to 
show that the region of cerebral dysfunction, as recorded by somato-sensory potentials, could 
be restored to its previously normal state with improvement of CBF. They later coined the term 
“ischemic penumbra” for this region, which was functionally impaired but structurally intact 
(8). The term was particularly appropriate in that it captured the ephemeral character of the 
tissue it described and its physical location around the infarct core. In astronomy, the penumbra 
refers to “the partly shaded outer region of the shadow cast by an opaque object, especially that 
of the shadow cast by the earth or moon over an area experiencing a partial eclipse” (from the 
Latin paene “almost” and umbra “shadow”) (9).

Three separate brain compartments were identified by Symon et al. in their baboon model 
of focal cerebral ischemia as CBF was progressively lowered. That is, oligemic tissue where 
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 cerebral function was normal in spite of the reduction in blood flow, the penumbra where cerebral 
function (somato-sensory evoked potentials) became impaired at about 20 mL/100 g cerebral 
tissue/min and the ischemic core with thresholds in the baboon model established at about 
6 to 10 mL/100 g tissue/min (8). The original diagram illustrating these thresholds is shown in 
Figure 5 of Chapter 1. Interestingly, during carotid endarterectomy in humans it was shown 
that electrical activity was ablated at about the same level of CBF reduction of 20 mL /100 g/
min (10,11).

At about the time that the concepts of the ischemic penumbra were being developed, 
remarkable advances were also being made in understanding the mechanisms of cerebral isch-
emia and the complexity of the ischemic cascade. The excito-toxicity model of cellular damage 
was proposed by Olney in 1969 (12) and later (1984) it was shown that components of the cas-
cade could be attenuated and some neuroprotection afforded by the glutamate antagonist 
MK801 (13). Since it seemed likely that much of the ischemic cascade that occurs in the core of 
the infarct was taking place within the ischemic penumbra, this cemented its importance and 
placed it at the forefront of clinical and basic cerebral ischemia research.

While the time dependent nature of the development of infarction was appreciated by 
earlier investigators, it was brought into sharp relief by Jones et al. who meticulously estab-
lished thresholds for focal cerebral ischemia in awake monkeys with reference to time of vessel 
occlusion (Fig. 1) (14). This was also confirmed by Garcia et al. (15). By the early 1980s, claims 
were being made that the ischemic penumbra may exist in humans using xenon CBF methodol-
ogy, a technique which had been used in patients with stroke since the 1960s (16). However, the 
first demonstration of the existence of the ischemic penumbra in humans was accomplished 
using positron emission tomography (PET) in 1980 and 1981 (17,18). Here, the concept of a mis-
match between reduced CBF in the presence of a relatively preserved, or even normal, cerebral 
metabolic rate of oxygen consumption (CMRO2) was introduced. As a result of this mismatch 
an increased oxygen extraction fraction (OEF) occurred, usually above the 30% to 40% seen in 
normals up to a theoretical maximum of 100%. Other investigators also used this approach and, 
in particular, showed that the penumbra was more often distributed in the cerebral cortex in 
humans with quite marked increases in OEF and less so in the basal ganglia region (19–26). 
These early studies using PET techniques, made no attempt to determine if the penumbra was 
in white as well as grey matter because of the low resolution of the images. Reassuringly, the 
topographical distribution of the penumbra was similar to that demonstrated in monkeys and 
other subhuman primates and was documented to persist for as long as 48 hours after stroke 
onset (24).

Also during the 1980s MRI made its first appearance. After the initial excitement of the 
realization that probable areas of infarction could be seen early after the onset of symptoms, 
perhaps even minutes using diffusion weighted imaging (DWI) (27), the technique of perfusion 
weighted imaging (PWI) was developed and soon superimposed on the DWI image. Indeed, it 
was Warach and Edelman who inferred that a DWI/PWI mismatch might represent the 

FIGURE 1 Ischemia thresholds. When local cerebral blood flow 
(LCBF) falls below about 23 cc/100 gm/min, reversible paralysis 
occurs. Even profound ischemia is reversible for a brief time. 
When 1CBF falls below 10 cc/100 gm/min for two hours, or 
below 18 cc/100 gm/min during permanent occlusion, irreversible 
infarction occurs. Abbreviations: MCA, middle cerebral artery; 
LCBF, local cerebral blood flow. Source: From Ref. 14.
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 penumbra and provide a practical, in vivo method for assessing individual patients with poten-
tially reversible penumbral tissue (28). However, it was Baron’s group who first proved the 
presence of the ischemic penumbra in humans using multitracer PET technology in a series of 
studies during the mid-90s (29–33). To achieve this, they combined in the same frame of refer-
ence the acute stage PET and late stage structural imaging (defining the final infarct), and pro-
posed an operational model of the penumbra as contrasted with the other three tissue categories 
(i.e., core, oligemia, and normal). To validate the presence of  penumbra, they compared these 
topographical compartments with acute stage and outcome neurological scores, and were able 
to verify their hypotheses that the volume of (core +  penumbra) was significantly correlated 
with acute stage neurological scores, and that the volume of the eventually noninfarcted 
 penumbra was positively correlated with neurological recovery (i.e., the change in scores from 
the acute stage to the outcome endpoint). Using this model, they also showed that, whereas in 
some patients no penumbra was present as early as a few hours after stroke onset, in others as 
much of 52% of the final infarct was still in a penumbral state as late as 16 hours after onset. 
Although factors influencing this duration in individuals remained uncertain, they emphasized 
the idea of extending the time window in individual patients using technologies to image the 
ischemic penumbra (34).

Two other PET radio ligands were introduced at about this time, which further advanced 
our understanding of the penumbra. C11-flumazenil PET pioneered by Heiss et al. (35,36) 
exploited the knowledge that flumazenil bound to central diazepam receptors which were 
located on neurons and that C11-flumazenil PET was able to document pan and selective neu-
ronal loss (37). Selective neuronal loss in focal ischemia had been first suggested in humans by 
Lassen during the early 1980s (38,39). Although only assessable in the cortex, the mismatch 
between CBF and loss of C11-flumazenil binding proved to be a useful penumbral marker. The 
loss of C11-flumazenil binding was predictive of infarction and hence was a useful means of 
identifying the infarct core. For example, this technique was used to show that as much as 70% 
of tissue may be already infarcted in the cortex as early as three hours poststroke in selected 
patients, emphasising the need for very early reperfusion strategies to be implemented if sig-
nificant volumes of tissue were to be salvaged and, correspondingly, better clinical outcomes be 
achieved (35). It was pointed out, however, that in other patients of this series, large fractions 
(up to 85%) of the final infarct were still viable even as late as 12 hours after onset (40). In paral-
lel with these findings, the Melbourne group developed 18F-fluoromisonidazole (18FMISO) as 
a penumbral marker and validated this in humans (38,39,41–45). They were able to confirm in 
a systematic way that penumbral duration extended well out to 48 hours in selected patients 
and, even more importantly, the proportion of penumbra salvaged was independent of time 
and that spontaneous tissue salvage beyond 12 hours continued to be associated with clinical 
improvement and better clinical outcomes (43).

Based on the previously mentioned outcomes, at the systems level, the penumbra 
emerges as a tissue that is neurophysiologically impaired; hypoperfused and hypoxic (as 
 evidenced by high OEF or 18F-MISO uptake) but metabolically preserved (as evidenced by 
CMRO2 and C11-flumazenil binding above certain thresholds); at risk of infarction but that can 
be rescued with early therapy; and whose rescue would result in better functional recovery, 
in proportion with the amount of tissue saved.

In parallel with the earlier studies, however, significant advances had been made by the 
new millennium in the basic science of cerebral ischemia: there was a better understanding of 
the ischemic cascade in both grey and white matter, it was shown that blockade of numerous 
points within the cascade could be exploited as neuroprotective mechanisms and the genomics 
revolution had opened new possibilities in understanding the penumbra and ischemic process 
(46). The concept of the “molecular penumbra” was introduced in which the genomic response 
to cerebral ischemia was found to be topographically distributed around the infarct core (47). 
These advances in the basic science of cerebral ischemia resulted in the penumbra being vari-
ously defined at the cellular as well as molecular levels, occasionally to embrace any phenome-
non that surrounds the core, regardless of the perfusion level or time since occlusion—even 
defining events that followed reperfusion. At the same time, in the clinical sphere, CT perfusion 
was found to be a useful alternative to MR in providing in vivo images of the ischemic penum-
bra in humans (48,49). The technique of CT perfusion had been in existence for some time but 
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was rendered more practical by the development of spiral CT that enabled multislice images to 
be generated within a very short timeframe. Using an injected bolus of gadolinium, the infarct 
core was defined by a collapse of cerebral blood volume (CBV) of <40%, while the penumbra 
was identified as a mismatch between the area of hypoperfusion and the CBV identified infarct 
core (48,49). It is hoped that newer MR techniques such as BOLD imaging, in which areas of 
increased OEF may be identified (50), and the use of arterial spin labeling in which quantitative 
CBF information may be generated may further advance our understanding of the in vivo 
imaging of the ischemic penumbra (51,52).

However, as can be seen from the preceding discussion, there is a real need to have a rea-
sonable definition of the penumbra, which encompasses the concept of the dynamic changes 
involved and to develop criteria by which many of the penumbral markers can be judged.

THE DEFINITION OF THE ISCHEMIC PENUMBRA

There have been a number of definitions used over the years, the majority of which are listed in 
Table 1 (8,53–57). The following modification of a previous definition (57) embodies most of the 
concepts discussed earlier:

The ischemic penumbra is ischemic tissue which is functionally impaired and is at risk of infarction 
but has the potential to be salvaged by reperfusion and/or other strategies. If not salvaged this 
tissue is progressively recruited into the infarct core, which will expand with time into the maximal 
volume originally at risk.

CRITERIA FOR THE ISCHEMIC PENUMBRA

When developing criteria for the existence of the ischemic penumbra using specific markers, 
one needs to incorporate the concepts of the identification of a tissue under ischemic stress, 
which has the capability of being salvaged and when this does occur it translates into improved 
clinical outcomes. For clinical purposes, any penumbral measure or marker which does not 
fulfil these criteria (when tested) would be difficult to endorse as a true representation of the 
ischemic penumbra as it is currently understood. The criteria presented in Table 2 are a 
 refinement of earlier thoughts on this subject (45,57,58).

TABLE 1 Definitions of the Ischemic Penumbra

Definition Authors

The condition of the ischemic brain with flow between two thresholds—the  Astrup J et al. (8)
upper threshold of electrical failure and the lower threshold of energy failure 
and ion pump failure. This tissue may recover without irreversible damage 
if residual blood flow is maintained on the safe side of the threshold for 
energy and ion pump failure.  

Penumbral tissue is an equivalent to “viable tissue,” the fate of which is  Heiss WD and Graf R (53)
undetermined because it might turn into necrosis but it still has the 
potential of preserving morphological integrity and of functional recovery. 

An area that can be rescued by pharmacological agents. Kinouchi H, Sharp FR, Koistinaho J, 
  et al. (54)

A region of constrained blood supply in which energy metabolism is  Hossmann KA et al. (55)
preserved. 

Fundamentally reversible tissue. Hakim AM (56)
Severely ischemic, functionally impaired tissue at risk of infarction that  Baron JC (57)

will be saved if reperfused before it is irreversibly damaged, but that 
otherwise will be progressively recruited into the core until maximum 
infarct extension is reached. 

Ischemic tissue, which is functionally impaired  Donnan GA et al. (as above in this
and is at risk of infarction but has the potential to be salvaged by reperfusion  chapter)
and/or other strategies. If not salvaged this tissue is progressively recruited 
into the infarct core, which will expand with time into the maximal volume 
originally at risk.
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IDENTIFYING THE ISCHEMIC PENUMBRA: ESTABLISHED MARKERS

Numerous markers have been used to identify the ischemic penumbra since its first description 
in the 1970s. Interestingly, not all have been validated conclusively (as yet) according to our 
 criteria outlined in Table 2. These markers are mainly used in animal models where it is more 
difficult, or not even within the scope of the investigators, to establish a relationship between 
tissue salvage and improved clinical outcome. Typically, animals are sacrificed to obtain an 
immediate in vitro quantification of the distribution of the marker. For example, FMISO as an 
hypoxic marker in animal models has not, as yet, fulfilled this criterion (59–61). One may ask as 
to why there are so many penumbral markers spanning the animal experimental and clinical 
spheres. The main reason is that no marker is perfect and each was developed with a different 
purpose in mind. This is particularly so in experimental studies in which animal models, 
tissues or cellular preparation are used. Here there are many instances where a “penumbral” 
model has been developed more to study biochemical processes than study the characteristics 
of the penumbra per se.  For example, the mismatch between protein synthesis and energy 
depletion in the rat model of cerebral ischemia was first proposed to study the differential 
expression of the HSP72 gene in regions of ischemic stress (62). Conversely, the MR DWI/PWI 
mismatch concept was very much driven by the need to have a simpler and more generalizable 
technique than PET to identify potentially salvageable tissue (28). This was in an era when 
potential therapies were looming but none at that time were proven to be effective. An impor-
tant consideration is that while each of these markers is identifying tissue which fulfils the 
 criteria for the ischemic penumbra, there is no doubt that each identifies somewhat different 
but overlapping volumes. For example, protein synthesis is quite sensitive to CBF reductions 
and probably becomes impaired at around 30 mL/100 g/min, whereas, electrical impairment 
begins at around 20 mL/100 g/min (55). These differences do not diminish the usefulness of 
each of them as markers, which the reader must take into account. The common feature to all 
techniques is that they can be used to identify variable volumes of ischemic brain tissue that is 
potentially salvageable. In other words, tissue that is a target for therapy is demarcated. One 
must bear in mind the caveats associated with each technique when viewing a summary of 
these with the number of criteria fulfilled in Table 3.

Mismatch Between Electrical Function and Cerebral Blood Flow

As mentioned earlier, this is the original technique around which the whole concept of the 
 ischemic penumbra was built (2–8). Hence, it has the huge advantage of precedent and was 
used to establish the threshold for oligemic, penumbral, and ischemic core interfaces, which 
have been confirmed in numerous models. However, it is now rarely used because it is a very 
complicated measurement (see Chapter 1) and there are better measures of tissue dysfunction 
giving improved spatial resolution. Similarly, the measures of CBF have improved from the 
days of the use of hydrogen electrodes, which only gave a very focal picture of blood flow in the 
immediate vicinity of the electrode tip. The original baboon model of focal cerebral ischemia 
with clipping of the middle cerebral artery is also used less commonly because of the expense 
and ethical difficulties with its use. The technique was first validated according to our criteria 
in that an area of hypoperfused abnormal tissue with physiological characteristics having 
c ellular dysfunction but not death was identified by somato-sensory evoked potentials, topo-
graphically this area surrounded the final infarct core and it was shown that this tissue was 
salvaged or died depending on the state of reperfusion (6,62–64). Further, salvage of the tissue 
as evidenced by return of somato sensory evoked potentials (SSEP) amplitudes were associated 
with better clinical outcome (6,62–64).

TABLE 2 Criteria for the Ischemic Penumbra

1.  An area of hypoperfused, abnormal tissue with physiological and /or biochemical characteristics 
consistent with cellular dysfunction but not death.

2. The tissue is within the same ischemic territory as the infarct core.
3. Demonstration that the tissue can survive or progress to pan-necrosis.
4. Salvage of this tissue is related to better clinical outcome.
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Mismatch of Cerebral Blood Flow and Cerebral Metabolic Rate of Oxygen 
with Increased Oxygen Extraction Fraction Using Multi-tracer 
Positron Emission Tomography

As the modality in which the ischemic penumbra was first demonstrated in humans, this 
technique is regarded as the penumbral gold standard (17,18). Its significant advantage is 
not only its early precedence in the field but the biological plausibility of the use of CBF and 
CMRO2 parameters, given that ischemia is driven by reduction in CBF and the wellbeing of 
cells is evidenced by their oxygen consumption. The generation of the additional marker of 
oxygen extraction fraction (OEF) is also useful since it emphasizes the presence of cells under 
stress with increased oxygen extraction as CBF reduces to a trickle (57). The significant 
 disadvantage of multi-tracer PET is its high cost, limited availability, the need for arterial 
sampling for quantitation, and the cumbersome, time consuming nature of the procedure. 
While the measurement of CBF has been shortened by the use of the bolus injection tech-
nique (64) rather than steady state (it should be noted that while the CBF bolus technique is 
quicker, it is also more complicated because of the need for a dynamic arterial input function 
and much less accurate in situations of low blood flow), oxygen consumption still requires 
inhalation of 15O2 with a mask which can be difficult in some patients. Nevertheless, from 
this technique was generated all the original human data on the ischemic penumbra and it 
still acts as an important comparator for the more recently developed  clinical techniques.

Mismatch Between Cerebral Blood Flow and Neuronal Integrity

While not able to live in isolation without their glial support structures, neurons are certainly 
the most important cells in the central nervous system. Hence, to have a measure of neuronal 
integrity imaged in vivo is a considerable advance. As mentioned earlier, the work of Lassen 
et al. (38) had suggested that neuronal integrity was not an all or none phenomenon and may 

TABLE 3 Established Markers of the Ischemic Penumbra

  Criteria fulfilled
Marker Technique (by number from Table 2) Key references

1. Mismatch between electrical SEP and H2 electrodes in 1, 2, 3  Branston et al. (3)
 function and CBF  Baboon stroke model  Astrup et al. (7)
    Jones et al. (14)
2. Increased oxygen extraction Multitracer PET animal  1, 2, 3, 4 Baron et al. (85)
 fraction  models and humans
3. Mismatch of neuronal integrity Flumazenil PET and CBF 1, 2 Heiss et al. (36)
 and CBF  measure in animal  
   models and humans
4. Mismatch PWI and DWI MR in animal models  1, 2, 3, 4 Baird and Warach (86) 
   and humans  
5. Hypoxic marker [18F]FMISO PET in animal 1, 2, 3, 4 Read et al. (87)
   models and humans  Markus et al. (43)
6. Mismatch of  CPS and ATP levels  1, 2 Hata et al. (88)
 cerebral protein   measured in animal   
 synthesis and energy   models  
 depletion   
7. Mismatch between  In situ hybridization  1, 2 Sharp et al. (47)
 molecular expression   techniques in animal   
 of proteins and CBF  models  
8. Mismatch between  CT perfusion in humans 1, 2, 3, 4 Wintermark et al. (48,49)

CBV (infarct core) and   
perfusion impairment 
(penumbra)

Abbreviations: CBF, cerebral blood flow; CBV, cerebral blood volume; CPS, cerebral protein synthesis; DWI, diffusion weighted imaging; 
MR, magnetic resonance; PET, positron emission tomography; PWI, perfusion weighted imaging; SEP, sensory evoked potentials. 
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be an important consideration in the penumbral story. Fortuitously, central benzodiazepine 
receptors are located on neurons only and may be labeled by flumazenil and conveniently 
imaged by PET using the C11 radioligand (36). The mismatch between CBF and neuronal integ-
rity as a marker of potentially salvageable tissue is clinically useful and represents a significant 
advance (35). The main disadvantage is that the ligand can currently be imaged only by PET 
with all the aforementioned cost and availability limitations. Of interest, a single photo emission 
computed tomography (SPECT) analogue of flumazenil, iomazenil has been used clinically (65). 
Another limitation is the obvious restriction to imaging in grey matter in which neurons lie so 
that the 50% of human brain, which represents the white matter compartment is unable to be 
imaged (36,45,66,67).

Validation against our suggested criteria are, as yet, incomplete but the mismatched tissue 
certainly fulfil criteria 1 and 2. There has also been some validation against triple tracer PET 
showing that increased areas of OEF correlate approximately with the CBF/neuronal integrity 
mismatch regions. Areas with 11C-flumazenil (FMZ) binding decreased below this threshold 
corresponded to regions with markedly decreased CMRO2 (<60 micromol/100 g/min) (68).

Magnetic Resonance Diffusion Weighted Imaging/Perfusion Weighted 
Imaging Mismatch

It is reasonable to say that MR has “popularized” the concept of the ischemic penumbra since 
the technique has become commonly used by clinicians, even those not actively involved in 
research. Its huge advantage is its noninvasive quality with no radiation involved such that 
repeated studies can be performed. It is more generally available than PET, although is still 
moderately expensive and not as universally available as CT perfusion.

Its disadvantages relate to those experienced for MR generally, that is; inability to image 
those with claustrophobia, unable to lie still during the imaging procedure, or the presence of 
pacemakers or metallic objects in situ. The problem of patient movement is an issue because of 
the duration of most studies, although this is being reduced down to 15 to 20 minutes, and even 
shorter with recent MR designs (69). All of these issues can be a problem in elderly stroke 
patients such that not all patients are eligible for study. There are also some uncertainties about 
the meaning of the mismatch in that the interface between oligemia, penumbra, and infarct core 
remains uncertain (70).  The initial belief that DWI represented infarct core has proven to be 
more complex than originally proposed and is the subject of ongoing research. Again, the mea-
sure is semiquantitative, which is a further limitation, although apparent diffusion coefficient 
(ADC) is an absolute measurement on the DWI. However, there is no doubt that this technique 
represents one of the most significant advances in penumbral imaging and has been validated 
according to our four criteria.

Hypoxic Marker with 18F-Fluoromisonidazole Positron Emission Tomography

This marker was developed because of the need to have a more simple and direct image of the 
ischemic penumbra using PET technology given the complexities of the approaches mentioned 
earlier (41– 44). Hence, its advantage is the directness of its measure (no mismatch required) and 
lessening of coregistration errors and the simplicity of the technique (only one image required 
over a 20-minute period). However, like its other PET counterparts, it suffers from the other PET 
limitations of cost and access problems. A further limitation is that imaging has to be delayed 
two hours after administration of the tracer to allow for equilibrium, which hinders its clinical 
use, and is more a research than clinical tool. It has been validated by all four criteria for the isch-
emic penumbra in that, uptake of the hypoxic marker suggests that cells are biologically active 
although under hypoxic stress, the marker has been shown to be associated with the infarct core, 
in the same vascular territory, the tissue has been shown to either survive or become infarcted 
and the proportion of salvaged tissue directly correlates with better clinical outcomes (43).

Mismatch of Cerebral Protein Synthesis and Energy Depletion

Various animal models and experimental approaches have been used to provide a basic 
understanding of the sequence of events that occur in the ischemic penumbra in the brain. 
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One of the earliest descriptions of a biochemical penumbra, beginning in the 1970s by 
Hossmann et al., was the local decrease of cerebral protein synthesis that occurs following 
focal ischemia. Protein synthesis falls once CBF decreases below 50% of normal (50 mL/100 
g/min in rodent models; 25 mL/100 g/min in primate and man). Protein synthesis remains 
low in areas that go on to infarct, and recovers in the areas of the penumbra that survive the 
focal ischemia (55). Importantly, this group further characterized these changes of protein 
synthesis and correlated them with ATP in the same regions. Indeed, they were able to 
 compartmentalize tissue in a region of focal ischemia as normal [ATP and cerebral protein 
synthesis (CPS), preserved];  penumbral tissue (ATP preserved, but CPS decreased); and 
infarct core (ATP and CPS decreased) (62). The penumbra, as described by preserved ATP but 
decreased CPS, is an area that can be salvaged pharmacologically and improve neurological 
outcome, thus fulfilling the tenets for a marker of the penumbra. In addition, this ATP/CPS 
definition of the penumbra correlates with molecular markers,  including Hsp70 as noted in 
the following sections.

Other Biochemical Markers of the “Penumbra”

Many changes of the biochemistry of the brain occur following a focal decrease of blood flow. 
Hossman provided an excellent review of some of these changes (55). Though decreased protein 
synthesis is one of the first events to occur during focal ischemia in brain, there are subsequently 
hundreds, if not thousands of changes in the tissue related to decreased oxygen and glucose deliv-
ery to the tissue. One of these is the change of gene expression as noted in the next section. In addi-
tion, there are immediate changes of oxygen extraction, glucose transport, and as oxygen becomes 
limiting, increases of lactate and decreases of pH take place. This is followed by changes of trans-
port of glucose, glutamate, and many other molecules. As energy reserves fail with falling ATP and 
phosphocreatine, the ionic gradients fail and tissue infarction occurs. This is outlined in Figure 2, 
Chapter 3 of this book, as derived from Hossmann (55). Some of these processes occur only in the 
core where infarction occurs. Some of the changes occur in the region immediately adjacent to the 
core, in an area smaller than the clinically defined penumbra. Other changes occur in the tissue 
described as “penumbra” throughout this book. Finally, other changes occur in a region probably 
much wider than the penumbra—potentially in all of the tissue where blood flow decreased below 
normal and potentially in tissues even connected to the ischemic tissue but which were never actu-
ally ischemic. These changes are all relevant in terms of understanding the processes that result in 
infarction or survival of cells in the penumbra, but most of them do not correlate with the region 
that can be described as a salvageable penumbra with improved function.

Molecular Markers of the Penumbra

Concurrent with better understanding of the biochemical events occurring in the penumbra, a 
better understanding of the genes expressed following focal ischemia has developed. Sharp et al. 
first proposed that regions where Hsp70 protein and mRNA were expressed represented the 
region defined as the clinical penumbra (54,71). Indeed, Hata et al. went on to show that the pen-
umbra described by Normal ATP but decreased CPS (see previous section) colocalized with the 
region of Hsp70 mRNA expression virtually precisely (62). This area of decreased CPS, normal 
ATP, and Hsp70 expression has been shown to be quite large shortly after focal ischemia, and 
then decrease over time as the perfusion deficit persists. In addition, this region is pharmacologi-
cally salvageable as shown by multiple parallel studies using the suture model in rats.

It is notable that the expression of many other molecules has not correlated with the pen-
umbra as it is being described in this book. For example, c-fos is expressed throughout the 
entire hemisphere of animals and in subcortical structures that are not ischemic, following 
middle cerebral artery strokes (72). These changes of c-fos expression have been postulated to 
be due to spreading depression and synaptic changes between infracted cortex and intercon-
nected structures. In addition, many apoptotic genes are expressed only in the core of an infarct 
or, at most, at the margins of an infarct and are not expressed throughout the penumbra. In 
addition, even a hypoxia response factor like hypoxia-inducible factor-1 (HIF-1) appears to be 
expressed not only in the entire territory where CBF decreases—more than the “penumbra”— 
but in some cases in areas outside of decreased flow regions. Hence, gene expression changes 
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have been shown to demonstrate “multiple molecular penumbras,” a concept which simply 
reinforces the idea that many changes occur in, around, and even at some distance from areas 
of focal infarction (72). Only some of these molecular changes, for example, Hsp70-, probably 
coregister with the penumbra, as described by perfusion diffusion mismatch and other 
 parameters currently being developed in humans.

Mismatch Between Cerebral Blood Volume and Perfusion Impairment 
(Penumbra Using Computerized Tomography Perfusion)

Given that CT is so universally available in most developed countries and becoming so in 
 developing countries, any penumbral measure using this technology represents a significant 
opportunity to generalize access to penumbral imaging to the general clinical community. Hence, 
when Wintermark et al. from the Lausanne group in Switzerland took advantage of the newer 
spiral CT technology to apply the already existing knowledge about the potential to measure 
perfusion with injected iodinated contrast agent to devise a penumbral measure this was a con-
siderable advance (48,49). Based on the knowledge that reduced CBV was associated with infarct 
core from experimental and early clinical studies, they were able to validate topographically 
using this technique and that the mismatch between this region and the perfusion defect most 
likely represented potentially salvageable penumbral tissue. In a relatively short space of time 
they have fulfilled all four criteria for a penumbral marker in that the mismatch area represents 
compromised tissue, is present in the same arterial territory as the infarct core, either goes on to 
survive or become infarcted, and the proportion of salvageable tissue is related to better clinical 
outcomes. The disadvantages of the technique lie with the radiation exposure associated with 
CT, the need for injection of iodine contrast agent, and the limitation currently to two to four 
major slices. In spite of this, because of its accessibility and ease of use it may become the 
 “workhorse” for penumbral identification in future clinical trials and, indeed, identification of 
patients for emerging therapies.

ADDITIONAL PENUMBRAL MARKERS

There have been a number of other concepts that have been considered to be consistent with the 
penumbra and may be penumbral markers. However, for a variety of reasons, these have not 
come into universal use or, in the view of the authors, do not adequately fullfil the criteria for 
penumbra. These are as follows:

Penumbral Measures Based on Cerebral Blood Flow Indices Alone
A variety of semiquantitative and quantitative measures of CBF in both animal models and 
humans have been used to establish absolute and relative values for the thresholds of the 
 oligemic/penumbral limit and the penumbral/infarct core limit. It could be argued, therefore, 
that these more unidimensional approaches are able to define the presence of the ischemic 
 penumbra. Indeed, in 1983 Lassen et al. used intra-arterial xenon 133 (133Xe) in ischemic stroke 
patients to infer the presence of ischemic penumbra for the first time using this technique, 
although this was well after the pattern of CBF and OEF thought to represent the penumbra 
had already been described using PET technology (16). The intravenous xenon 133 methodol-
ogy (73) lacked adequate spatial resolution (two-dimensional) to validate the thresholds 
according to current criteria. The intra-arterial 133Xe method, which had higher spatial resolu-
tion but was also a two-dimensional method, was also used at about this time (74). Further, the 
concepts of tissue outcome and clinical correlations were not considered by investigators of 
this era. A major shortfall of the Xenon CBF technique generally was that, as with any CBF 
measurement, there was no certainty that ischemic core was being imaged given that it could 
already be partially reperfused. The same argument applies to isolated CBF measures in 
animal models such as  iodoantipyrine autoradiography.

Diffusion Weighted Image/T2 Magnetic Resonance Signatures
Welch et al. used information they had gained in their focal rat model of cerebral ischemia to 
develop a signature pattern utilizing DWI and T2 parameters to predict tissue recovery or 
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necrosis. They then used these signatures in humans to develop five MR signatures, two of 
which predicted either cell recovery or progression to necrosis, which would be consistent with 
the ischemic penumbra (75–78). This signature relationship with respect to time between DWI 
and T2 is certainly useful, and at the time of publication in 1995 contributed significantly to 
knowledge in the area. However, with the technological advances made with DWI imaging in 
the interim, the PWI/DWI mismatch concept has probably superseded this approach. However, 
it is interesting to note that the reversibility of DWI has subsequently been demonstrated both 
in animal models and humans and, indeed, portions of the DWI lesion are penumbral (70,79). 
Furthermore, it has been demonstrated that after initial regression of the DWI lesion (presum-
ably penumbra) a re-expansion may occur which may reflect reperfusion injury (80). Hence, as 
our knowledge of the changes in DWI with time increased together with corresponding ADC 
changes, a more sophisticated approach to the DWI/PWI mismatch concept may develop 
which incorporates components of the DWI lesion.

Absolute Apparent Diffusion Coefficient Thresholds
Hoehn-Berlage et al. at the Max Planck Institute also used a focal rat model of cerebral 
ischemia to correlate MR signatures with an index of penumbral and core tissue (81). They 
defined infarct core as a total breakdown of energy metabolism using autoradiographic 
imaging techniques while the penumbral region was defined as the region surrounding this 
with normal energy balance but severe acidosis. They found that the corresponding ADC 
values were thresholded at 90% of control values for the severe acidosis threshold and 77% of 
controls for infarct core. In reality, the definition here is a combination of acidosis/energy 
 mismatch and ADC thresholds. When these were correlated with CBF thresholds, absolute 
values were approximately 20 mL/100 g/min for infarct core threshold and 30 mL/100 g/min 
for acidosis threshold. In essence, therefore, these investigators have used a mismatch between 
energy levels and acidosis as a penumbral marker. In other words, potentially salvageable 
tissue was identified, which had a normal energy balance but severe acidosis, whereas 
the infarct core was defined a total breakdown of energy metabolism. This was then correlated 
with absolute ADC values to obtain thresholds of 90% and 77%, respectively. While the energy/
acidosis mismatch concept seems quite reasonable, the ADC threshold issue can be grouped 
with the DWI comments as in section diffusion weighted image/T2 magnetic resonance 
 signatures, in which it can be stated that more work needs to be done before a sophisti-
cated penumbral definition is reached in combination with PWI indices, if ever achievable. 
There is a need to demonstrate that severely acidotic tissue with normal energy balance 
is salvageable as per criteria 3, and that this salvageable tissue correlates with better clinical 
outcomes.

A Possible Expansion of the Concept of Penumbra—Mildly Hypoperfused 
but at Risk Tissue
The standard three compartments consist of oligemic, penumbra, and necrotic tissue, and 
it is classically considered that only the penumbra is at risk of infarction. However, the 
possibility that oligemic or even sufficiently perfused tissue at the time of imaging after acute 
ischemic stroke can be at risk of infarction has been discussed (35,40). This tissue would not 
contribute to acute stage clinical deficit but could still become infarcted, perhaps only under 
unusual circumstances. This volume is of variable extent and the reasons for its eventual 
necrosis are unclear. However, one could postulate that processes may have commenced, such 
as apoptosis or inflammatory changes, which were not attenuated and infarction has occurred. 
Other possibilities include loss of autoregulation due to low perfusion pressure; placing 
the tissue at risk of becoming penumbral and even infarcted if systemic blood pressure 
drops or severe vasogenic edema develops; and detrimental changes in tissue oxygen 
supply, metabolic needs, or pH due to hypoxia, hyperthemia, or hypergylycemia, respectively, 
despite stable CBF (35,40). A final possibility is that further subclinical events such as further 
thrombo-embolism have been responsible for its demise. Hence, even though not penumbral 
stricto sensu, this compartment may represent a further legitimate target for therapy, 
particularly neuroprotective agents or interventions likely to minimize the occurrence of 
 secondary events.
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Other Biochemical Markers of Tissue Dysfunction at Various Thresholds
In animal models, it has been demonstrated that a clear sequence of biochemical events occurs 
as CBF is gradually reduced. Although there are difficulties in correlating these because of 
 differences in animal species and the use of differing anesthetic agents (many of which may be 
neuroprotective), an approximate representation of the absolute CBF values in mL per 100 mg 
per minute at which these changes occur is shown in Figure 2, Chapter 3. Initially, protein syn-
thesis is inhibited at a threshold of about 0.5 mL per gram per minute, then anerobic glycolysis 
is stimulated at around 0.35 mL per gram per minute and, lastly, a loss of energy status occurs 
at about 0.20 mL per gram per minute. Hossmann et al. were able to exploit this knowledge 
using 14C-iodoantipyrine autoradiography with ATP induced bioluminescence to quantitate 
blood flow reductions with energy failure (55). They were also able to image pH using 
 autoradiography and used the mismatch between the region of energy failure and acidosis as a 
penumbral marker. This approach also probably exaggerates the penumbral region compared 
to the  classical definition since evoked potentials disappear between 0.15 mL and 0.25 mL per 
gram per minute. Whether all tissue defined by this marker has the potential to survive or go 
on to become infarcted is unclear.

CONCLUSIONS

In this chapter we have reviewed most of the described penumbral markers and tried to put 
them in the context of their origins and usefulness, mainly from the clinical and therapeutic 
perspective. As can be seen, the more established markers have proven to be more useful to 
investigators, or perhaps captured their imagination. The field is constantly evolving and, as 
mentioned earlier, the number of markers used for potentially salvageable tissue suggests that 
no single marker is perfect and each may be employed usefully for specific purposes. The estab-
lished markers discussed are all consistent with our definition of the penumbra, and fulfil, most 
criteria. Others require more work or have not yet proven to be useful or practical in the experi-
mental or clinical setting. Regardless, the penumbral concept is robust and clinically useful. 
Given the rapid developments in therapies for acute ischemic stroke and the need to identify 
meaningful targets, penumbral imaging is already coming into regular clinical usage (82–84); 
although, whether it is truly beneficial for functional outcome remains to be formally docu-
mented. This constitutes a remarkable—and perhaps unique—example of incorporation of a 
complex pathophysiological concept into daily clinical routine.
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INTRODUCTION

The brain generates almost all its energy by oxidation of glucose and is, therefore, vitally 
 dependent on a continuous and stable blood supply. It follows that in focal cerebral ischemia, 
energy-dependent cellular processes will fail in parallel to the restriction of blood flow, both 
 spatially and over time. During the past few decades, extensive research has been undertaken to 
quantify the thresholds of cerebral blood flow (CBF) associated with failure of cellular function 
and integrity (1,2). This was greatly aided by the availability of techniques to measure CBF in 
various experimental stroke models as well as man, and the realization that focal ischemia results 
in incomplete and heterogeneous reduction of blood flow (3) (Fig. 1). The two principal CBF 
thresholds, which constitute the basis of the operational definition of the ischemic penumbra, are 
discussed in detail in Chapter 4. These are namely, the “infarction threshold,” below which tissue 
will inevitably proceed to infarction, and the “penumbral threshold,” below which tissue is func-
tionally impaired but still viable (4). In addition to these major events, several other  cellular 
 processes will fail in ischemia according to a fairly constant hierarchy determined by energy 
needs and biologic significance (Fig. 2, Table 1). This chapter will review the flow thresholds for 
failure of those functional and metabolic processes and shed light on their relationships and 
determinants.

It is, however, essential to briefly clarify the relationship of the penumbra and infarction 
thresholds to another two important perfusion thresholds: that of “electrical failure” at which 
the electrical activity of the brain ceases; and that of “membrane failure” at which ion gradients 
across the cell membrane cannot be maintained. From the time of the early studies defining the 
concept of the penumbra (3), it has been known that those respective thresholds closely  coincide. 
Nonetheless, it is also known that tissue fate is not determined by electrical failure or mem-
brane failure per se, as they are both immediate responses to ischemia and can be recovered 
completely (3). Hence, the correspondence of these events with tissue viability only  indicates 
that they parallel key steps in the cascade leading to cell death.

About Cerebral Blood Flow Thresholds

It is, first of all, important to address the merits and limitations of the flow threshold approach 
to cerebral ischemia. The main benefit has been, and continues to be, the insights gained into 
the pathophysiology of ischemic brain injury and the implications this has on the clinical care 
of stroke patients. Nonetheless, emphasizing thresholds in ischemia may imply that absolute 
CBF is the sole determinant of tissue injury, whereas in fact this is not true. Some biological 
 processes, such as protein synthesis (vide infra) are perturbed during ischemia at CBF levels 
that are very close to normal. Such levels are not known to disturb the energy state of brain 
tissue and are commonly encountered outside the context of acute stroke, apparently exerting 
no effect.

Furthermore, several factors may alter flow thresholds. Oxygen availability is a critical 
parameter for cellular functioning and thus flow thresholds would be expected to rise under 
hypoxic conditions (3). A similar effect could also be expected in anemia. Conversely, ischemic 
preconditioning and neuro-protectants may lower the thresholds for ischemic injury and afford 
more tolerance to lesser CBF levels (1). Some of the known flow thresholds vary with time, 
such that they rise as time elapses after the onset of ischemia (Table 1). The most familiar 
 example of this phenomenon is that of the infarction threshold, which gradually approaches the 
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penumbral threshold within a few hours of stroke (4) (see Chapter 4). However, for several 
other thresholds, time dependence has not been fully addressed. It is thus critical to recognize 
these temporal and physiologic dependencies and interpret flow thresholds in context with 
other variables within the ischemic tissue and the organism as a whole.

Another limitation of perfusion thresholds is that they, by definition, dichotomously 
 separate a state of normality from a state of abnormality. Yet, it should be remembered that the 
thresholds discussed here are rather oversimplified and indicate the point at which substantial 
perturbation of the biological process in question occurs rather than imply such a sudden 
 transition from presence to absence or vice versa.

Finally, since the resting (or baseline) CBF varies from one animal species to another, 
flow thresholds will also vary proportionally. In what follows, we will therefore present the 
relative threshold in addition to the absolute threshold whenever possible, but it is left to the 
reader to appreciate the correspondence across the various experimental models and species.

Cerebral Blood Flow Thresholds and the Partial Pressure of Oxygen

From a metabolic perspective, it is the hypoxia rather than the reduction of blood flow itself that 
adversely affects tissue function. Nonetheless, direct quantification of the partial pressure of 
oxygen in tissue (PtO2) has several technical limitations, and noninvasive techniques are not yet 
fully developed (5,6). Blood flow may thus, at least for the time being, be used to reflect tissue 
oxygenation status provided that this relationship is well characterized. Unfortunately, the data 
available in this regard remain scarce.

Farrar (7) concurrently measured CBF and PtO2 using paired platinum electrodes in cats 
ventilated with 100% oxygen during occlusion of the middle cerebral artery (MCA). He found 

FIGURE 1 (See color insert.) The spatial pattern of 
 cerebral blood flow (CBF) reduction following middle cere-
bral artory (MCA) occlusion in the baboon. Values indicate 
CBF in mL/100 g/min.

FIGURE 2 (See color insert.) Perfusion thresholds for perturbations in cellular function and metabolism during 
focal ischemia. Scale represents cerebral blood flow in mL/100 g/min; (*) indicates that threshold varies over time. 
Source: Modified from Ref. 1.
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TABLE 1 Perfusion Thresholds for Functional and Metabolic Changes in Focal Cerebral Ischemia

Threshold

Parameter Gerbils Rats Cats Primates Humans

Electrophysiology
 EEG/ECoG 18–23 

(isoelectric)
20 (abnormal) 16–20 (abnormal) 

15 (isoelectric)
20–23 

(abnormal)
16 (isoelectric)

 EP 20 (low 
amplitude)

20 (low amplltude)
15 (abolished—

cortical)
10 (abolished—

subcortical)
 Spontaneous unit 

 activity
18 (range 

6–22)
Metabolism

 Ions

  K 23 15 10–15 6–11

  Na 10–15 6–11

  Ca 15 10–15 10

  Water

   Edema 10 20 (begins)
5 (maximal)

   Impedance 30

   DWI signal 15–20 (begins to 
rise)

4–7 (maximal)

30 → 41 15 → 24

 Energy

  ATP 12–20 (decline)
10 (depleted)

13 → 19 20

  PCr 18–23 (decline)
10 (depleted)

20 20

  Glucose utilization 35 (transient rise)
25 (decline)

  Acidosis/lactate 20–27 35–40 → 47 20–30

 Neurotransmitters

  Glutamate 20 → 30

  GABA 48% (release 
begins)

20% (massive 
release)

20 → 30

  Adenosine 25

  Glycine 48% (release 
begins)

20% (massive 
release)

10 → 30

 Protein 100 (decline)

40 (arrest)

55 [50–80%] 
(decline)

35 [40%] 
(complete)

CMRO2 20–49% 

All thresholds are CBF in mL/100g/min except where otherwise indicated. Percentages are of normal baseline → indicates a rise of 
threshold over time.
Abbreviations: ATP, adenosine triphosphate; CMRO2, cerebral metabolic rate of oxygen; DWI, diffusion-weighted imaging; ECoG, elec-
trocorticography; EEG, electroencephalography; EP, evoked potentials; GABA, γ-amino-butyric acid; PCr, phosphocreatine.
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that CBF and PtO2 had a fairly linear relationship up to six hours after occlusion. Administration 
of Fluosol-DA (an oxygen carrying fluorocarbon) resulted in a greater PtO2 for a given CBF 
level, yet expectedly did not alter the linearity of the relationship. Moreover, the PtO2 threshold 
for infarction, remained constant at around 7 to 8 mmHg, whereas the CBF threshold for infarc-
tion was dependent on the time of intervention with Fluosol-DA ranging from 10 mL/100 g/
min at 15 minutes to 18 mL/100 g/min at two hours postocclusion.

Harris et al. (8) also measured CBF and PtO2 concurrently in a baboon MCA occlusion 
model under 100% oxygen (Fig. 3). They found that PtO2 progressively decreases with the 
decline of CBF, reaching 30% of normal levels at around 30 mL/100 g/min. Below this level of 
blood flow, PtO2 continued to decrease but at a somewhat slower rate, likely because of a 
decrease in the rate of oxygen utilization in tissue.

Finally, in patients suffering head injury, Doppenberg et al. (9) reported a close linear cor-
relation between decline of tissue PtO2 measured using Clark electrodes and the decrease of CBF 
measured by Xenon computed tomography (r = 0.74). Closer inspection of their data, however, 
suggests that the relationship may be more complex. In any case, the validity of extrapolating 
these results to ischemic stroke is uncertain owing to the differences in the pathophysiologic 
mechanisms involved.

Overall, the relationship between PtO2 and CBF may be assumed, for practical purposes, 
to be linear but its slope is altered by the prevalent cerebral metabolic rate of oxygen (CMRO2).

FLOW THRESHOLDS FOR ELECTROPHYSIOLOGIC CHANGES

Electrical activity is the most energy-consuming process in nervous tissue and its impairment 
is a hallmark of ischemic injury. Shutdown of electrical function can be understood as a homeo-
static mechanism aimed at protecting neurons from the effects of a reduced blood supply (10). 
Indeed, events that increase the metabolic demand of brain tissue, such as peri-infarct 
 depolarization waves, are known to precipitate the penumbra into inevitable damage by 
 disrupting this homoeostatic mechanism.

Degrees of flow limitation that impact electrical function have been investigated at three 
levels of organization: electroencephalography (EEG) and electrocorticography (ECoG) have 
been used to reflect global electrical activity in the cerebral cortex, evoked potentials (EPs) to 
reflect the electrical activity along specific somato–sensory and auditory pathways, and 
 measurements from single neurons to reflect spontaneous unit activity (Table 1).

Electroencephalography/Electrocorticography

In gerbils subjected to graded hypotension, the ECoG becomes isoelectric when CBF falls to 
18 to 23 mL/100 g/min (about 40% of the normal CBF of 51 ± 7 mL/100 g/min) (11). Notably, 
this threshold is higher than that for adenosine tri-phosphate (ATP) depletion, which was seen 
to start in that experiment at 12 to 14 mL/100 g/min.

In baboons, with a normal CBF around 50 mL/100 g/min, EEG abnormalities occur 
when CBF falls to 16 to 17 mL/100 g/min (3). Similarly, in Macaque monkeys and even in cats, 

FIGURE 3 The effect of progressive reduction of 
 cerebral blood flow on cortical PO2 in baboons. 
Source: From Ref. 8, Figure 1.



Perfusion Thresholds in Cerebral Ischemia 25

it was shown that the ECoG becomes abnormal below 20 mL/100/min and isoelectric below 
15 mL/100 g/min (12,13).

In humans, clamping of the carotid artery during carotid endarterectomy (CEA) has 
allowed the investigation of the electrophysiological response to hypoperfusion produced in 
the corresponding hemisphere (14 –16). It was shown that the EEG decreases in amplitude when 
regional cerebral blood flow drops below 20 to 23 mL/100 g/min and becomes isoelectric at 
around 16 mL/100 g/min. The close correspondence of these thresholds to those found in other 
species is noteworthy. Nonetheless, the effects of anesthesia may alter these thresholds signifi-
cantly owing to the changes in the metabolic demands of the brain and in the flow–metabolism 
 relationship. For instance, Messick et al. (17) reported that whereas during halothane anesthesia 
the threshold for EEG changes is around 20 mL/100 g/min, it is closer to 10 mL/100 g/min 
during isoflurane anesthesia. The EEG reflects brain metabolism and its frequency indices 
 correlate well with the CMRO2 (18). A corresponding correlation also exists for CBF provided 
the normal coupling of flow and metabolism prevails in the brain. The effects of anesthesia on 
the threshold for EEG changes can thus be understood on the basis of its effects on baseline CBF 
and CMRO2.

Evoked Potentials

EPs are the electrical signals generated by the nervous system in response to sensory stimuli 
and consist of a series of waves that reflect sequential activation of neural structures along the 
sensory pathways. They therefore represent cortical, subcortical, as well as peripheral compo-
nents of these pathways. As would be expected, the cortical component is affected by ischemia 
at flow levels that are comparable to those affecting the EEG. Shimada et al. (13) have shown 
that in cat, the amplitude of auditory EP diminishes below 20 mL/100 g/min. Similarly, in 
baboons and Macaque monkeys, the amplitude of EPs was shown to decrease when CBF falls 
below 20 mL/100 g/min and abolished below 15 mL/100 g/min (3,12,19).

The subcortical components of EPs, however, appear to have higher tolerance to ischemia 
and can be detected at significantly lower CBF levels. Branston et al. (20) compared the effects 
of hypoperfusion on each component of the sensory EP and showed that, whereas the cortical 
response was abolished in the range of 15 to 20 mL/100 g/min the subcortical responses, 
recorded from the thalamus and medial lemniscus, tolerated ischemia as low as 10 mL/100 g/
min. In dogs, Okada et al. (21) similarly demonstrated that EPs were abolished at around 
20 mL/100 g/min in the cortex, but remained detectable at flows around 10 mL/100 g/min in 
the basal ganglia. These results emphasize the differential tolerance of brain tissue compart-
ments to ischemia, and may account for the longer tolerance to ischemia in basilar occlusion 
compared to MCA occlusion (MCAO).

Spontaneous Unit Activity

In contrast to the integrated network activity reflected by EEG and EPs, investigating the 
 electrical activity of individual neuronal units has revealed an intriguing differential tolerance 
to  ischemia among neural populations. Heiss et al. studied the action potentials recorded from 
individual cortical neurones following MCAO in cats (22). They found that spontaneous neuro-
nal spike activity rapidly ceases as local blood flow falls below 18 mL/100 g/min. However, 
in a later experiment they showed that although the activity of most neuronal populations 
 conformed to this threshold, it varied from 22 mL/100 g/min down to 6.4 mL/100 g/min in 
some resistant neurons (23). This emphasizes the principle of selective neuronal vulnerability 
and argues against an absolute flow threshold below which spontaneous activity of cortical 
 neurones homogeneously disappears or becomes irrecoverable. Moreover, they showed that 
individual neuronal vulnerability, duration of ischemia, and residual blood flow interact to 
 influence the postischemic recovery of spontaneous activity. Some neurons resumed function 
after severe ischemia with flow values below 9 mL/100 g/min for more than 20 minutes 
and represented the resistant subpopulation. Neurones exposed to moderate ischemia for 
20 minutes uniformly showed rapid recovery within 18 minutes, whereas neurons exposed to 
severe ischemia of short duration or to moderate ischemia (between 9 and 22 mL/100 g/min) 
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for longer periods, required between 19 and 50 minutes to recover. Notably, in recovering 
 neurons, electrical  discharge patterns were abnormal during early recovery, showing grouped 
spikes or  periodic  discharges but not seizure activity, before slowly normalizing as flow returned 
to  baseline values.

FLOW THRESHOLDS FOR METABOLIC CHANGES

The metabolic disturbances occurring within ischemic brain tissue will be addressed here sepa-
rately. Nonetheless, one needs to bear in mind that most of them are spatially and temporally 
interdependent (Figs. 2 and 4). Some of these dependencies are fairly well defined, but many 
remain speculative and require further confirmation, particularly as regards their evolution 
over time.

Ion Homeostasis

At the level of flow that is insufficient to sustain any energy production, the cell membrane fails 
to maintain the physiologic gradients across it and dramatic disruption of ion and water homeo-
stasis ensues. The main disturbances that occur comprise massive efflux of K+ to the extracellu-
lar space; reciprocal influx of Na+, Cl- and water into the cells; and consequent anoxic membrane 
depolarization (1). Influx of Ca++++ also occurs in parallel and is believed to contribute to cellular 
toxicity (24). The CBF threshold for these changes is known as the threshold of “ion pump 
 failure” or “membrane failure.” As noted before, this often coincides with the infarction thresh-
old of irreversible tissue damage, but they are not synonymous. Energy metabolism and ionic 
gradients may indeed initiate or contribute to neuronal damage but are themselves essentially 
reversible even after prolonged ischemia (3).

In nonhuman primates, the threshold of the sharp rise of extracellular potassium and 
increase in intracellular Na–K ratio has been determined in several studies to be between 6 and 
11 mL/100 g/min (12,25–27) (refer to Table1). The differences in the exact CBF values probably 
represent methodological differences, but importantly, in each of these experiments, K+ efflux 
occurred at a lower threshold than electrical failure and coincided with the threshold for energy 

FIGURE 4 Illustrative representation of the relative 
changes in hemodynamic and metabolic parameters 
during progressive reduction of cerebral perfusion 
pressure.

Is O A
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depletion. The changes in Ca++++ have also been reported to occur at the same threshold in primates 
(25). Notably, tissue infarction does not necessarily coincide with these ionic gradient changes 
since the infarction threshold varies with time, such that even severe ischemia with CBF below 
5 mL/100 g/min does not induce histological damage if sustained only for a short duration 
(less than 45 minutes) (28). Conversely, reduction of CBF just below the penumbra threshold (i.e., 
~20 mL/100 g/min) will result in tissue infarction if prolonged for several hours (see Chapter 4).

In cats, the intracellular sodium/potassium ratio of brain tissue increases and the extra-
cellular Ca++++ decreases at flow values below 10 to 15 mL/100 g/min (29). Similarly, in rats, the 
flow threshold for such changes has been determined as 15 mL/100 g/min (30). Mies et al. (31) 
found a higher threshold for K+ efflux in gerbils (23 mL/100 g/min), and this was rightly 
 attributed to methodological and species differences of the resting CBF.

Energy Metabolism

The critical dependence of the brain on the supply of oxygen and glucose is for the production 
of energy-rich phosphorus compounds, mainly phosphocreatine (PCr) and ATP. To sustain 
this supply, CBF is closely maintained under normal conditions within a narrow range through 
an autoregulatory mechanism that continuously modulates vascular resistance to counteract 
variations in cerebral perfusion pressure (CPP). In conditions of hemodynamic failure, the 
substantial reduction of CPP further induces a series of vascular and metabolic compensatory 
mechanisms that struggle to maintain the substrate supply and a constant rate of glucose and 
oxygen utilization in the tissues (Fig. 4) (32). When these mechanisms are exhausted, energy 
production then fails and its consequences become manifest.

Before any reduction of CBF becomes evident, the first set of compensatory mechanisms 
comprises arteriolar dilatation, slowing of the local circulation, and an increase in regional cere-
bral blood volume (CBV). This can be demonstrated in primates as a linear increase in CBV 
with gradually induced reduction of arterial blood pressure (33) and in humans as a negative 
linear correlation between CPP and CBV (34). If, however, this vascular autoregulatory capacity 
is exceeded, blood flow starts to fall whereas oxygen consumption still remains unchanged. 
This results in an increase in extraction of oxygen from the blood from the normal 40% up to a 
theoretical 100% and continues until CBF has reached values close to the penumbra threshold. 
Temma et al. (35) have demonstrated this phenomenon in rats where a decrease of CBF from 
67 ± 22 mL/100 g/min to 44 ± 17 mL/100 g/min for one hour was accompanied by an increase 
in the oxygen extraction fraction (OEF) from 42 ± 13% to 50 ± 19%. The increase in OEF during 
hypoperfusion was also demonstrated in humans using the ratio of CBF to CBV as an index of 
CPP. It was shown that OEF remains unchanged until this ratio reaches 5.5 to 6 min-1 and then 
starts to rise steeply (34,36), whereas tissue oxygen utilization is relatively unchanged. The ratio 
of CBF to CBV is sensitive to variations in CPP and correlates with it over a wide range (37). It 
is, mathematically, the reciprocal of the mean transit time (MTT) in tissue, which itself can be 
seen to rise linearly with progressive reduction of CPP (Fig. 4).

With further decline of blood flow, and the CBF/CBV ratio, the limitation of substrate 
delivery results in an “energy crisis,” manifesting a measurable decrease of the CMRO2, and to 
a lesser extent the metabolic rate of glucose (CMRGlu) in the tissues (34). Under normal 
 circumstances in humans, a close correlation exists in brain tissue between CBF, CMRO2, and 
CMRGlu. The ratio between these metabolic rates is normally around 6 moles of oxygen per 
mole of glucose. In regions of recent, or even chronic hemispheric stroke, the linear correlation 
is preserved but the metabolic ratio is altered to around 2 moles of oxygen per mole of glucose 
(38,39) indicating that anerobic glycolysis is utilized preferentially in these tissues. Anerobic 
glycolysis is sometimes also seen in areas with low OEF, where CMRO2 is not limited by sub-
strate delivery, and it has been suggested that the response of nonneuronal cells to ischemia 
might be at least partly responsible for this (39). Of note, the progressive decrease of CMRGlu 
and the switch to anerobic glycolysis seem to be preceded by a transient rise in the metabolic 
rate of glucose that is still not fully explained (40).

The stimulation of anerobic glycolysis is reflected by a rise in tissue lactate production 
and a decline of tissue pH. Kohno et al. (41) observed that after 30 minutes of MCAO in 
the rat, the threshold for tissue acidosis was 40 mL/100 g/min and at two hours it rose to 
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47 mL/100 g/min. Harris and Symon, similarly, demonstrated a linear decrease in rat cortical 
tissue pH at flow levels below 35 mL/100 g/min (30). In baboons, Obrenovitch et al. (42) 
 correspondingly found an increase in tissue lactate between 20 and 30 mL/100 g/min. Clearly, 
these flow levels are well above the penumbra threshold. Curiously however, in the gerbil, 
Crockard et al. (43) found that tissue pH remained almost unchanged until flow fell below 
20 mL/100 g/min, and then abruptly declined. This result is somewhat unusual since gerbils 
have a generally higher baseline CBF than other species and thus a higher absolute threshold 
would be expected. Indeed, in later experiments on gerbils, the decline of tissue glucose  content 
and acidosis were observed at higher CBF values (35 mL/100 g/min and 21–27 mL/100 g/min, 
respectively) (11,40).

The final stage of disturbance of energy metabolism is reached when CBF continues to fall 
beyond the levels described so far. At this stage, PCr and ATP are gradually depleted and all 
energy-dependent cellular mechanisms progressively fail. The thresholds for this stage of 
energy failure have been determined in several species, and although they differ, they follow a 
consistent sequence of progression. In gerbils, PCr and ATP begin to decline slowly at around 
20 mL/100 g/min and become undetectable below 10 mL/100 g/min (11,40,43). Allen et al. (44) 
reported a higher threshold at which phosphorus energy compounds begin to fall (30 mL/ 
100 g/min), but confirmed the sharp decline at CBF values below 20 mL/100 g/min, support-
ing earlier results. In baboons, a similar rapid decline below 20 mL/100 g/min has also been 
reported (42). Naritomi et al. (11) have further suggested that the beginning of decrease in PCr 
occurs at a higher threshold than for ATP (18–23 vs. 12–14 mL/100 g/min, respectively), which 
might account for some of the variability between studies. In any case, the close correspondence 
of these thresholds for energy decline to that of electrical failure and to the penumbra threshold 
is worth noting, as it provides a plausible pathophysiologic association between the various 
disturbances seen in this stage of ischemic injury (Fig. 2).

Likewise, the threshold for complete depletion of ATP roughly coincides with the thresh-
old for membrane failure and with the infarction threshold, and even parallels the rise of the 
infarction threshold with elapsed time after experimental ischemia (Fig. 2). This has been con-
firmed in two separate studies on rats, where the threshold for ATP depletion was found to 
rise from 13 mL/100 g/min after 30 minutes to 19 mL/100 g/min at two hours (41) and from 
18 ± 9 mL/100 g/min at one hour to 31 ± 9 mL/100 g/min at 12 hours (45).

Neurotransmitters

Substantial changes in the concentrations of various neurotransmitters and neuro-active sub-
stances occurs during ischemia and are believed to have a significant impact on the ischemic 
penumbra (2). This is particularly relevant in the case of glutamate where a considerable body 
of evidence has accumulated regarding its excito-toxicity to neurones in acute stroke (46). 
Adenosine, which is mainly generated by ATP catabolism, is also of particular significance as 
it has protective properties against ischemic injury (47), possibly through the modulation of 
glutamate neurotoxicity (48). Furthermore, accumulation of amino acids may also contribute 
to tissue acidosis (8), and thus compound the metabolic derangement in the already fragile 
ischemic environment.

Blood flow thresholds have been observed mainly for changes in neurotransmitter amino 
acids and, to a lesser extent, for modulator amino acids (2,13). In cats, it was shown that the CBF 
threshold of glutamate and γ-amino-butyric acid (GABA) release is around 20 mL/100 g/min 
during the first hour after focal ischemia and that it rises to 30 mL/100 g/min after 6 to 15 hours 
(13,49,50). There was also a similar time-dependent rise in the threshold for release of glycine 
(from 10 to 30 mL/100 g/min). The release of those amino acids had a lower threshold and was 
more delayed than that of purine catabolites and adenosine, which reached a peak level 30 
minutes after ischemia but returned to normal within two hours. The transient release of 
 adenosine has also been observed in other studies using the same model and was shown to 
occur at a higher threshold (25 mL/100 g/min) than that of glutamate release (49,51).

In rats, a similar sequence has been observed by Takagi et al. (52) where moderate release 
of glutamate, GABA, and glycine occurred when CBF fell below 48% of control values and 
 massive release was seen below 20% of control levels.



Perfusion Thresholds in Cerebral Ischemia 29

Water Homeostasis

The brain tissue water content rises in ischemia as a consequence of various metabolic distur-
bances and massive shifts of water between the extra and intracellular tissue compartments (1). 
The decrease in extracellular water can be detected by measuring the electrical impedance 
directly in brain tissue. In experiments on cats, increase in cortical water content and cortical 
impedance were both seen when flow fell below 10 to 15 mL/100 g/min but not when it was 
maintained above that level even in the presence of disturbed energy metabolism (53). In later 
experiments on cats subjected to two hours MCA occlusion (54), the changes in water content 
and extracellular volume were further clarified. Cortical impedance was found to rise sharply 
after one minute of occlusion and stabilized after 30 to 60 minutes. Correspondingly, the calcu-
lated extracellular volume correlated to blood flow early after occlusion, and at two hours a 
threshold separating normal from reduced extracellular space could be identified around 25 to 
32 mL/100 g/min. Brain water content, on the other hand, correlated with these changes in 
extracellular volume only in the early stages of ischemia but not at two hours, indicating the 
existence of other processes such as vasogenic edema.

In baboons subjected to unilateral ischemia, brain edema measured by microgravimetry 
begins in the cortex at CBF values around 20 mL/100 g/min and becomes maximal when it falls 
to 5 mL/100 g/min (55–57). Bell et al. (55) further noted that the occurrence of edema parallels 
tissue infarction and respects its dependence on time as well as blood flow. Accordingly, animals 
subjected to short periods of MCA occlusion followed by reperfusion do not show significant 
edema formation, whereas those subjected to longer periods of hypoperfusion below 35% to 40% 
of normal CBF do. These observations corroborate the results found in an earlier study by Garcia 
et al. (58) where they also showed that the degree of edema (indicated by neuronal vacuolation) 
induced by transient ischemia depended on the product of percent reduction of CBF and duration 
of occlusion. Little or no edema was seen when that product value remained below 100, whereas 
almost all local neurones showed evidence of vacuolation at values around 150 (i.e., 75% CBF 
reduction for two hours).

Diffusion Imaging

During the past decade or so, diffusion-weighted magnetic resonance imaging has increasingly 
been used to depict changes in tissue water during ischemia. The diffusion-weighted imaging 
(DWI) signal intensity increases in acute ischemia as a result of an apparent lowering of the 
 diffusion coefficient (ADC) of water, yet the mechanisms of this restricted diffusion in ischemic 
tissue (and indeed in any biological tissue) are still not fully understood (59). At present, there is 
satisfactory evidence attributing it largely to the occurrence of cytotoxic edema with intracellular 
limitation of net molecular displacement and shrinkage of the  extracellular space (60).

The CBF thresholds for DWI signal increase (or the underlying ADC decrease) are outlined 
in Table 1, yet two issues arise when considering them. First, these thresholds appear to change 
over time after the onset of stroke or experimental ischemia, such that a given CBF corresponds 
to a different DWI signal intensity at different time points. In gerbils, for example, the DWI signal 
intensity starts to rise as early as 2.5 minutes following complete bilateral carotid artery occlu-
sion and continues to rise further for up to 60 minutes (61). On reperfusion, the intensity then 
gradually declines over 20 minutes to almost preocclusion levels. Thus inevitably, the time of 
observation will affect the determined CBF threshold for DWI signal increase, which in turn 
makes it difficult to compare studies that do not use similar  observation times.

The other issue that needs to be considered is whether the determined CBF threshold 
corresponds to simply any increase in DWI signal intensity or only to a significant increase 
beyond a certain cutoff value. This is particularly relevant when trying to relate the changes in 
DWI to other metabolic processes, such as ATP depletion, based on the coincidence of their 
CBF thresholds. For example, following MCA occlusion in rats, the threshold for increase in 
DWI signal intensity was generally found to be around 40 mL/100 g/min (41,62–67), ranging 
from 34 mL/100 g/min at 30 minutes and 41 mL/100 g/min at two hours (41). However, 
when a significantly reduced ADC was arbitrarily defined by Mancuso et al. (68) as a  reduction 
of >15% of contralateral value, this spatially corresponded to regions with CBF below 
25 mL/100 g/min at 30 minutes and below 35 mL/100 g/min at 90 minutes.
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These differences in the temporal and spatial definitions of the DWI lesion account for 
many of the inconsistencies in defining a CBF threshold for its appearance and in relating it to 
a single state of tissue damage. This has been emphasized in recent studies in humans (69–71) 
that argue against it being the representative of tissue that has become homogeneously and 
irreversibly damaged. Other studies on humans have also elucidated many aspects of the rela-
tionship between ADC and CBF. Lin et al. (72) reported that following an initial gradual decline, 
an abrupt and significant reduction of ADC occurred at CBF values around 15 mL/100 g/min 
(Fig. 5). Consistent with the experiments on other species, the threshold was time dependent, 
rising to 24 mL/100 g/min at later time points between 4.5 and 6.5 hours. Beyond method-
related errors, this time dependence may explain why some studies in humans have reported 
ADC changes at CBF as high as 50 mL/100 g/min and explains the difficulty of identifying an 
absolute ADC threshold for irreversible damage (73). In a recent study by Guadagno et al. (74), 
the relationships of ADC to CBF and oxygen metabolism were investigated using magnetic res-
onance imaging (MRI) and PET, respectively. The ADC remained essentially unchanged until 
CBF reached values around 20 mL/100 g/min. Below this threshold the ADC declined linearly 
in relation to CBF, and the relationship varied with elapsed time from the onset. In contrast, the 
relationship of ADC to CMRO2 was only seen when the latter was severely reduced and was 
more reliable at >6 hours from stroke onset.

PROTEIN METABOLISM

Gene expression (and hence protein synthesis) appears to be the most sensitive metabolic pro-
cess to the effects of ischemia and begins to be disturbed when blood flow falls only slightly 
below normal (1). It was initially suggested that regions of suppressed protein synthesis could 
represent the maximum spatial extent of the tissue at risk of infarction (45,75). However, it sub-
sequently became clear that the inhibition of protein synthesis is almost complete above the 
CBF threshold of the penumbra, and hence does not determine the risk of infarction—at least 
under usual circumstances (1,2).

It is not yet clear if the inhibition of protein synthesis is a direct consequence of the altera-
tion of blood flow and/or oxygen availability or rather that it occurs in peri-ischemic areas as a 
remote effect that is electrically or chemically mediated. Intuitively, the suppression of protein 
synthesis may serve to reduce the metabolic requirements of neurones and thus evade an energy 
crisis. However, it is now recognized that, at least initially, the suppression of protein synthesis 
is not arbitrary, but rather very specific to a complex array of protein populations and thus may 
serve a biological purpose beyond simply conserving energy (45,76). Furthermore, some pro-
tein populations are selectively overexpressed during ischemia, and these mostly represent 
activation of a cellular stress response in which heat-shock proteins, unfolded proteins, endo-
plasmic reticulum kinases, caspases, and many others come to action (76–78). Current evidence 
suggests that protein synthesis inhibition (PSI) comprises an acute reversible phase mediated 
through phosphorylation of translational initiation factors by the PKR-like-eIF2α-kinase 

FIGURE 5 Relationship between 
cerebral blood flow (CBF) and nor-
malized apparent diffusion coeffi-
cient (ADC) in acute stroke patients 
imaged within four hours (♦) and 
beyond four hours (■) of symptom 
onset. Solid box indicates the range 
of CBF at which the nADC is signifi-
cantly different between the two 
groups. Source: From Ref. 72.
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(PERK), and a persistent phase related to cell survival that may represent a lack of recovery of 
acute PSI or a parallel process mediated by other factors (77). This has two major implications: 
(i) that selective gene expression and the translational changes that ensue may explain the phe-
nomenon of ischemic preconditioning and tolerance induced by transient or sublethal ischemia 
(79); and (ii) that the persistence of cellular stress responses initiates apoptotic programmed cell 
death and hence may explain the selective loss of neurones in areas remote from the penumbra 
and core of cerebral ischemia (76,80).

In gerbils, Xie et al. (75) demonstrated that protein synthesis begins to decline below 100 mL/ 
100 g/min and is arrested at 40 mL/100 g/min (cf. CBF in control gerbils 180–220 mL/100 g/min). 
In the rat MCAO model, Mies et al. (45) showed that inhibition begins at CBF values around 55 
mL/100 g/min and becomes complete at 35 mL/100 g/min. These thresholds were stable up to 12 
hours following occlusion, in contrast to the rising threshold of concurrently measured ATP deple-
tion. The same group later showed (81) that the threshold for suppression of protein synthesis can 
be significantly lowered (to 19 ± 4 mL/100 g min) by the glutamate antagonist MK-801 and 
 suggested that this effect may be mediated by  suppression of  peri-infarct depolarizations.

Also in rats, Jacewicz et al. (82) found that CBF reduction to 50 to 80 mL/100 g/min 
inhibited the synthesis of many proteins and that on further reduction to 40 mL/100 g/min, 
synthesis was limited to only a small group of protein and polypeptides. Importantly, they 
also demonstrated that some selected proteins involved in the cellular stress response became 
overexpressed in this flow range and dominated protein synthesis below 25 mL/100 g/min. 
This selective expression has been demonstrated in other experimental studies such as that of 
Goda et al. (83) showing that heat-shock proteins are induced when CBF is transiently lowered 
to 20% of the resting normal level.

No data is available on the CBF threshold for PSI in primates or humans. However, the 
relationship of gene expression to CMRO2 has been studied in a baboon model of focal ischemia. 
Ali et al. (84) determined that a selective increase in the expression of transforming growth 
factor-beta 1 (TGF-β1) messenger ribonucleic acid (mRNA) up to 25-fold can be observed in 
regions where CMRO2 ranged from 20% to 49% of normal values following permanent MCA 
occlusion. Similarly, in a cluster analysis of the expression of 74 genes following permanent 
focal ischemia in the same model (85), differential expression of gene groups was observed in 
regions of CMRO2 reductions between 48% and 66% of normal.

THRESHOLDS OF NEUROLOGIC FUNCTIONING

The end result of all disturbances that occur in response to ischemic restriction of perfusion is 
the manifested clinical effect on neurologic function. It is reasonable to think that this failure of 
integrated functioning of the brain coincides with the failure of electrical function and impend-
ing energy crisis, though an exact threshold may be more difficult to pinpoint, especially for 
complex functions such as cognition that may be disturbed by minor or transient alterations of 
flow selectively targeting particular neuronal populations (86).

To correlate neurologic function to changes in flow, Jones et al. (28) used the hydrogen 
clearance technique to serially measure CBF in awake Macaque monkeys subjected to varying 
degrees and durations of MCA occlusion. A neurologic deficit appeared in all the animals within 
seconds of MCAO and became maximal between 10 and 30 minutes. The severity of the deficit 
was inversely related to the decline in CBF, and they were able to define a “paralysis threshold” 
for reversible loss of motoric function (independent of time) at around 23 mL/100 g/min. With 
further decline of CBF below that threshold, the severity linearly increased until the deficit was 
complete at around 8 to 9 mL/100 g/min. On reperfusion, they observed that the extent of neu-
rologic recovery was a function of the duration of ischemia. This latter observation was pivotal 
in the formulation of the concept of time dependence of irreversible damage.

In humans, it has been reported as early as 1954 (87) that neurologic signs appear with 
hypotension when CBF falls below 29 mL/100 g/min. Two further studies on patients under-
going CEA (88,89) also showed that impaired neurologic function is seen postoperatively if CBF 
falls below 30% of baseline CBF (∼45 mL/100 g/min) and 30 mL/100 g/min, respectively. 
However, the limited resolution of the techniques used in these early studies overestimates the 
regional CBF as these average values may have included some areas with normal flow.
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CONCLUSION

The availability of techniques to quantify cerebral perfusion has permitted the definition of CBF 
thresholds for cerebral tissue viability and the various other perturbations occurring in brain 
tissue during acute ischemia. The insights gained from this line of investigation have expanded 
our appreciation of the cerebral response to ischemic injury and encouraged the exploration of 
novel means of modifying it by therapeutic intervention. Moreover, the concurrence of thresh-
olds for certain processes has prompted the investigation of their possible inter-relationships 
and has had a significant impact on characterizing the penumbra. The variation of flow  thresholds 
over time has attested to the dynamic and evolving nature of ischemia and provided hope in sal-
vaging the ischemic brain even beyond restoring cerebral perfusion. In the future, thresholds for 
ischemic injury may become defined by means other than CBF, perhaps tissue oxygen tension or 
another immediately effective equivalent of perfusion. This might allow an even more accurate 
understanding of the penumbra and, by consequence, the enigma of  ischemic stroke.
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INTRODUCTION

The concept of the ischemic penumbra was originally introduced on the basis of studies in a 
model of focal cerebral ischemia in the baboon. The initial description of the penumbra linked 
changes in electrical activity and membrane function in the brain to threshold levels of cerebral 
blood flow (CBF). The penumbra was described as a moderately hypoperfused cerebral region 
in which electrical failure had occurred but oxygen supply level was sufficient to maintain 
membrane homeostasis and, thus, cellular viability. The description of CBF thresholds has, 
indeed, been remarkably helpful in the analysis of the penumbra. In this chapter, flow  thresholds 
in different species are addressed.

Evidence exists in the literature to show that the ischemic penumbra is a dynamic and its 
evolution toward irreversible damage is a gradual process. This is important because it implies 
that timely therapeutic intervention should be possible. The volume of the ischemic penumbra 
gradually decreases with time elapsed following the arterial occlusion. Nonetheless, the 
dynamics of this process will depend on species, strain, and stroke model used; the initial 
severity of ischemia; and the existence of concomitant pathology (e.g., chronic hypertension, 
diabetes). The temporal evolution of the ischemic penumbra can be documented by two 
approaches: (i) analyzing the delay between the onset of ischemia and a successful therapeutic 
intervention, and (ii) imaging the temporal evolution of functional parameters that would 
predict final tissue outcome. Data obtained with these two approaches are discussed in differ-
ent animal species as well as in the human.

DURATION OF THE PENUMBRA

Abundant data suggest that brain injury secondary to an arterial occlusion is a dynamic process 
and is slower than previously believed. Although irreversible damage occurs rapidly in the 
most severely affected brain region, damage in peripheral regions of less severe ischemia or 
“penumbra” may develop over many hours and possibly even days. Characterizing the  kinetics 
of the ischemic penumbra is crucial since the time frame in which the ischemic penumbra is 
present will inform the window of therapeutic opportunity.

Much of the evidence for the progression of ischemic brain damage derives from animal 
studies. Nonetheless, comparing the available data is difficult because different models of cere-
bral ischemia, with different severities of the insult, have been employed in different species and 
strains. Although animal models allow measurements of a given parameter at multiple time 
points throughout the acute, subacute, and chronic stages of ischemia, associated variables such 
as the occurrence of reperfusion; the type of anesthesia; premorbid chronic arterial hypertension 
or diabetes; age; gender; and arterial blood pressure, glucose level, and brain temperature during 
the experiment, might all modify the hemodynamics and the biochemical status of cerebral 
tissue, and thus affect the dynamics of the ischemic penumbra. In the present chapter, we will 
discuss the duration of the ischemic penumbra in the most widely used animal species, namely 
the rodent, cat, and nonhuman primate, as well as in the human.
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Duration of the Penumbra in Rodents

Middle cerebral artery occlusion (MCAO) models are the most widely used for the study of 
focal cerebral ischemia in rodents. The pertinence of these models has been discussed in detail 
elsewhere (1,2). Among rodents, the rat is the most used species for the investigation of the 
pathophysiology of stroke. In this species, it is easier to occlude the MCA under the control of 
physiological parameters and to undertake behavioral and neuroimaging examinations. 
Nonetheless, the recent development of gene-manipulated mice has encouraged the use of 
models of cerebral ischemia in mice (3).

Interventional Studies
Informative data regarding the evolution of ischemic injury in rodents can be drawn from inter-
ventional studies. As by definition the duration of the penumbra describes the therapeutic 
window, an effect of a beneficial therapeutic intervention can only be expected as long as pen-
umbral tissue is present. A wide range of therapeutic strategies have been explored in rodents 
subjected to ischemia with the aim of protecting the penumbra from evolving toward infarction 
and improving the outcome after stroke. Description of these strategies is beyond the scope of 
the present review; the reader can refer to published reviews (4,5). Here we will illustrate the 
concept through some examples.

Studies that used quantitative neuropathology in the chronic stage to examine the effects 
of restoration of CBF at different time points following the occlusion have provided evidence 
that infarction volume progressively increases over the first two to four hours. In rats, Nagasawa 
and Kogure (6) showed that one-hour intraluminal MCAO induced only mild, scattered isch-
emic damage. However, both three- and six-hours occlusive periods resulted in severe cell 
changes in the ipsilateral cortex. Zea Longa et al. (7) demonstrated that the neuropathological 
changes (assessed 72 hours after MCAO) were more extensive in rats that underwent perma-
nent occlusion than those subjected to temporary occlusion (of two to four hours). In a similar 
study, Memezawa et al. (8) reported that 15 minutes of MCAO leads to selective neuronal necro-
sis, while 60 minutes induced frank infarction in both caudoputamen and cortex. Moreover, the 
infarct size increased progressively with increasing occlusion time up to 120 to 180 minutes. 
Using a model of temporary focal neocortical infarction in spontaneously hypertensive rats 
(SHR), both Kaplan et al. (9) and Buchan et al. (10) found that the cortical infarction is a function 
of time and reaches its maximum in three to four hours, following the occlusion. Several studies 
(11–13) have shown that neuropathological changes evolve more rapidly in the caudoputamen 
than in the cortex. This different rate of infarct progression is attributed to the more severe ini-
tial ischemia in the striatum compared to the cortex, where collateral circulation can maintain a 
higher perfusion.

Relatively to the rat, few data regarding the histological evolution of ischemic brain lesion 
in mice are available. In the studies of Hata et al. (3,14), the penumbra, defined as the tissue 
volume with preserved adenosine tri-phosphate (ATP) and reduced protein synthesis, was 
present at three hours following the MCA occlusion and its volume was approximately 50% of 
the core volume at this time point. Subsequent deterioration of the so-defined penumbra has 
been observed up to six hours of permanent MCAO. Reperfusion, with rt-PA after one hour of 
MCAO, resulted in reversal of metabolic deterioration (15).

In addition to restoration of CBF following temporary arterial occlusion, several pharma-
cological treatments have been shown to reduce brain damage when administered after the 
induction of ischemia (Table 1). Administration of carbamylated erythropoietin (CEPO), 
a modified form of erythropoietin that is not erythropoitic, conferred a significant neuro-
protection even when the treatment was initiated four hours after permanent MCAO (27). 
Albumin can reduce infarct volume by 60% to 65% and markedly reduces the extent of brain 
swelling, with a therapeutic window extending to four hours (29). A few agents might even be 
active with an extraordinary therapeutic window up to 8 to 12 hours (24,34). These studies and 
others are summarized in Table 1.

Although these pharmacological findings document on the duration of the salvageable pen-
umbra, the efficacy of a given treatment will also depend on the importance of the targeted events 
in the development of the lesion and on the dosing regimen (bolus, infusion or repeated doses).
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Neuroimaging Studies
Thanks to the development of magnetic resonance imaging (MRI), many studies have 
addressed the temporo-spatial evolution of brain damage in rodents subjected to focal stroke. 
The advantage of this approach is the possibility to study the lesion in the most acute stage 
with subsequent and valuable temporal information in the same animal (35–38).

Early ischemic lesions seen on diffusion-weighted imaging (DWI) expand progressively 
over time and reach maximal volumes approximately three hours after permanent MCAO in 
the rat. At this time, the DWI lesion volume becomes equivalent in size to the final infarction 
measured histologically (39–41). Although it has well-described limitations (42–44), the use of 
the mismatch between perfusion-weighted magnetic resonance imaging (PWI) and DWI to 
delineate the putative penumbra also argues for a progressive shrinkage of the at-risk tissue 
following permanent focal ischemia in the rat. This profile of evolution is exemplified by the 
study of Shen et al. (45) in which the volume of apparent diffusion coefficient (ADC)-defined 
lesion increased gradually until it converged with the hypoperfused tissue volume at three 
hours (Fig. 1). Interestingly, these authors have recently shown the existence of substantial dif-
ferences in the temporal evolution of the diffusion/perfusion mismatch in two rat strains sub-
jected to the same MCAO protocol (46), with the evolution of DWI-defined damage being 
slower in Wistar–Kyoto rats than in Sprague–Dawley rats. These data provide an example to 
argue that the spatio-temporal evolution of the penumbra is complex and can be influenced by 
factors as apparently mundane as the strain used.

In models of transient ischemia in rats, the pattern of evolution of MRI abnormalities is 
more complex and depends on the duration of ischemia. The initial DWI hyperintensity can 
partially or completely vanish following reperfusion after brief MCAO (less than one hour). 
However, this recovery may not invariably identify tissue rescue, since a secondary DWI lesion 
may reappear and expand at late time points (12–48 hours) (47–50). Areas showing secondary 
reappearance of the DWI lesion are prone to exhibit selective neuronal loss at postmortem (51). 
Studies are needed to analyze whether the brain tissue that undergoes delayed secondary 
 ischemic damage has penumbral properties and can be entirely salvaged by a therapeutic 
intervention.

Positron emission tomography (PET) has provided valuable informative data on the 
presence of the penumbra and its temporal evolution in larger animal species as well as in man 
(vide infra). Similar data are not available as yet in rodents in part due to the limited spatial 
 resolution of current PET machines. Nonetheless, Saita et al. (52) recently reported the use of 
18F-fluoromisonidazole (18F-FMISO), a PET tracer of hypoxic cells that has shown promise as a 
marker to image the penumbra in humans [see subsequently in this volume and Markus 
et al. (53)], in an ex vivo autoradiographic paradigm, reported increased tracer uptake in the 
affected area. Consistent with Saita et al. a recent in vivo study by Takasawa et al. (54), suggests 
18F-FMISO can demonstrate the penumbra using dedicated high resolution PET in the rat 
 subjected to MCAO.

FIGURE 1 (See color insert.) The spatiotemporal evolu-
tion of CBF and ADC, measured with MRI, at different 
times following MCAO in the rat. The core region with 
marked reduced CBF and ADC is shown in orange. The 
“mismatch” zone with reduced CBF but slightly reduced 
ADC is shown in yellow. The nonaffected area with normal 
CBF and ADC is in grey. Between 30 minutes and 180 min-
utes of ischemia, the area of “mismatch” decreased pro-
gressively, SP indicating a progressive recruitment of the 
penumbra in infarction. Abbreviations: CBF, cerebral blood 
flow; ADC, apparent diffusion coefficient; MRI, magnetic 
resonance imaging; MCAO, middle cerebral artery occlu-
sion. Source: From Ref. 45.
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As a summary of the studies in rodents discussed earlier, one might deduce that ischemic 
brain damage in this species generally evolves during a two- to four-hour period following the 
induction of ischemia.

Duration of the Penumbra in Cats

Although cats present the advantage of being a gyrencephalic species, they have been much 
less used to model acute stroke compared to rodents, especially during the last decade. The 
data regarding the duration of the penumbra in this species are somewhat sparse.

Interventional Studies
The available neuropathological data obtained at different time points after the induction of 
ischemia indicate that the evolution toward brain infarction is less rapid in cats than in rodents. 
In awake cats subjected to MCAO, Weinstein et al. (55) found no infarct with ischemic periods 
lasting less than four hours; ischemia lasting five to eight hours produced infarcts significantly 
smaller than those seen after permanent occlusion. These findings are in accordance with those 
reported by Sundt et al. (56) in anesthetized cats. More recently, Taguchi et al. (57) also have 
shown that four hours occlusion in this species led to a larger infarction than that induced by 
one or two hours ischemia. In this study, however, periods of ischemia longer than four hours 
were not examined.

A variety of pharmacological agents have been tested in stroke models in the cat. 
Nonetheless, the great majority of these have been administered before or immediately after the 
onset of ischemia (58–61). Therefore no information about the therapeutic window or the tempo-
ral progression of brain damage can be drawn from these studies. N-methyl–d-aspartate (NMDA) 
receptor antagonists have been shown to reduce infarction volume by about 50% when adminis-
tered two hours postocclusion (62,63). Baskin et al. (64) have demonstrated that treatment with 
selective kappa-opioid agonists, initiated six hours following the induction of permanent 
MCAO and continued through seven days, resulted in significant reduction of brain infarction.

Neuroimaging Studies
The evolution of the ischemic penumbra in cats has been documented by studies using repeated 
measurements of hemodynamic and metabolic parameters with PET. Heiss et al. (65) showed 
that animals subjected to MCAO displayed a region with reduced CBF, relatively preserved 
cerebral metabolic rate of oxygen (CMRO

2
) and increased oxygen extraction fraction (OEF). 

This pattern indicative of the ischemic penumbra (66) shrunk concentrically from the center 
of the ischemic zone to the periphery of the middle cerebral artery (MCA) territory over a 
period extending to at least four hours. Conversely, the center of the ischemic region gradually 
developed the pattern consistent with irreversible damage (i.e., very low CBF and CMRO

2
, 

normal or low OEF). Further reversible ischemia studies from the same authors showed that in 
the animals surviving 24 hours of reperfusion, the OEF remained elevated throughout the 
 ischemic episode; however, the initial OEF increase disappeared within 60 minutes of onset 
of ischemia in those cats that died during the reperfusion period (67). In cats dying during 
the observation period, extended postischemic hyperperfusion accompanied marked decrease 
of CMRO

2
 and cerebral metabolic rate of glucose (CMRGlu). In these cats, large infarcts 

 developed and intracranial pressure increased fatally. Such results further illustrate the impor-
tance of the severity of ischemia in relation to its duration for the progression and irreversibility 
of ischemic brain damage.

As a general conclusion, the progression of the ischemic brain lesion is slower in the cat 
than that observed, in general, in rodents.

Duration of the Penumbra in Nonhuman Primates

Nonhuman primates are the species of choice to study the pathophysiology and the treatment of 
cerebral ischemia, because of the close similarities with the human cerebrovascular system, brain 
metabolism, gyrencephaly, and grey to white matter ratio (68). Although landmark studies 
regarding the ischemic penumbra have been carried out in nonhuman primates, these species 
have been relatively less used during the last two decades.
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Interventional Studies
Few studies have quantitatively assessed infarct volume in the chronic stage in nonhuman 
 primates. In a qualitative study in awake macaques subjected to MCAO, DeGirolami et al. (69) 
noted that short occlusion periods (15–60 minutes) were associated with preferential neuronal 
loss in poorly circumscribed cortical regions—a situation termed “selective necrosis”—whereas 
a consolidated necrosis was not observed until eight hours of MCAO. This evolution of damage 
has been reported to be much slower in the study of Meier-Ruge et al. (70). Using a histochemi-
cal, rather than histopathological technique, these authors demonstrated a progression of infarct 
volume during the 48 hours following permanent occlusion of the MCA in the anesthetized 
macaque. Recent quantitative histopathological experiments performed in the anesthetized 
baboon have shown that infarction volume, quantified at the chronic stage, was significantly 
smaller when reperfusion was initiated six hours after MCAO than following 20 hours MCAO 
or permanent MCAO (71,72). These findings suggest that in this model, the infarct still grows 
between 6 and 20 hours of occlusion time and the window of therapeutic opportunity remains 
open beyond six hours of ischemia. These data may appear to be in disagreement with the 
much cited study by Jones et al. (73) implying that infarction reaches its maximal size at three 
hours of MCAO. However, this latter investigation, which was performed in the awake 
macaque, focused on the probability of individual tissue compartment to evolve toward necro-
sis relative to local residual CBF, and not on the spatio-temporal expansion of an infarction 
volume in the ischemic brain (see later). Close examination of their data however, entirely 
 supports the idea that at three hours, infarct volume has not reached its maximum (Fig. 2).

As in cats, neuroprotection studies in the nonhuman primate are rare despite the recent 
recommendation to use larger gyrencephalic species to test the efficacy of a therapeutic inter-
vention (74). In the macaque, Tacrolimus (FK506), an immunosuppressive drug, conferred 
significant neuroprotection with a window of three hours following MCAO (75,76). In these 
studies, however, longer delays have not been examined. In a permanent ischemia in the 
marmoset, a new world monkey, Marshall et al. (77) reported that NXY-059, a nitrone-based 
free-radical-trapping agent, improves the neurological outcome and reduces the infarct size 
even when administration was delayed for up to four hours after stroke onset. Interestingly, 

FIGURE 2 Relationships between local cerebral blood 
flow (LCBF), as measured by hydrogen clearance tech-
nique, and ultimate infarction as a function of the  duration 
of middle cerebral artery occlusion (MCAO). Open circles 
represent normal tissue, triangles represent the periph-
ery of the infarct, filled boxes represent infarcted tissue. 
Dashed line approximates infarction threshold: when 
LCBF falls below this critical value, infarction occurs. 
Source: From Ref. 73.
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a recent randomized controlled trial suggests that this agent may have clinical benefit when 
administered within six hours of onset of stroke (78).

Neuroimaging Studies
As discussed earlier, 15O–based PET studies have used combinations of low CBF, relatively 
preserved or normal CMRO

2
, and a high OEF to distinguish tissue at risk of infarction, but 

potentially recoverable from irreversibly damaged tissue, characterized by severely reduced 
CBF and CMRO

2
 with variable OEF (66). In the baboon subjected to permanent MCAO, 

Pappata et al. (79) observed progressive derangement of oxygen metabolism over four hours—
the latest time point examined in this study. Further sequential investigations made both in the 
acute, subacute, and chronic stages of ischemia, showed that the severely hypometabolic tissue 
volume, taken as an index of irreversible damage, progressively increased over at least 24 
hours following permanent MCAO in the baboon (80). This expansion of damage was reversed 
by restoration of CBF after six hours of ischemia (81,82). Although in this model of stroke corti-
cal ischemia is relatively moderate since infarction affects mainly the deep structures of the 
MCA territory and the insular cortex, the findings from these experiments support the concept 
of a dynamic penumbra that progresses relatively slowly toward irreversible damage, unless 
a therapeutic intervention is instituted. Interestingly, these studies in baboons documented 
that not only the insular cortex regions but also the striato-capsular area could be salvaged 
from infarction by reperfusion at six hours (72). Recently, serial CBF measurements in the 
macaque subjected to thrombotic occlusion of the MCA showed also a progressive  enlargement 
of the hypoperfused region over at least 24 hours after the insult (83).

Based on the few available quantitative animal studies discussed earlier, one might 
deduce that the delay before the establishment of the maximal ischemic brain lesion is propor-
tional to the size of the species (or, at least, its brain). Nonetheless, as we have discussed before, 
the progression of ischemic brain damage is known to be influenced by a variety of factors 
including the severity of the primary insult, age, pre-existence of concomitant pathologies such 
as arterial hypertension and diabetes, physiological variables like brain temperature and blood 
glucose level, and also, of course, the anesthetic regimen.

Duration of the Penumbra in Man

Evidence for the existence and the evolution of the penumbra in humans mainly derives from 
functional neuroimaging techniques (51). Nonetheless, reflecting the well-known heterogeneity 
of stroke disease in man, the extent and the progression of ischemic brain damage is highly 
variable among patients (84).

Although repeated PET examinations in both the acute and chronic stages of ischemia are 
difficult to perform in human stroke due to logistical and ethical reasons, the use of this tech-
nique has revealed, in some patients, the presence of areas of low blood flow, preserved CMRO

2
, 

and markedly increased OEF as late as 16 hours after the clinical onset, and even beyond in a 
few patients (85,85a). These penumbral areas may, or may not, eventually evolve to infarction, 
as documented by computed tomography (CT) scans performed in the chronic stage of 
stroke (86). Demise of the penumbra is signaled by dramatic decreases in the OEF indicating 
the precipitous fall in tissue’s oxygen consumption when penumbra is recruited into the core 
(87,88). As theoretically expected, the volume of the penumbra that escapes infarction is highly 
correlated with neurological recovery (89). Read et al. (90,91), have employed PET with 18F-
FMISO, a marker of hypoxic tissue, to distinguish between irreversibly damaged and poten-
tially viable penumbral tissue in acute-stroke patients. They reported the presence of a significant 
volume of peri-infarct hypoxic tissue as late as 42 hours after stroke. The volume of this hypoxic 
tissue declined with time after stroke, which they interpreted as the expansion of the infarct 
core occurring at the expense of penumbral tissue (53). Furthermore, the fate of the hypoxic 
tissue identified using this technique correlated to clinical recovery up to 48 hours from stroke 
onset (92). In accordance with these PET observations, MRI investigations have also demon-
strated a relatively slow progression of ischemic brain damage in some patients. The expansion 
of ischemic lesions defined by DWI has been found to occur over the first 24 hours of ischemic 
stroke (93–95). Similarly, the use of the mismatch between DWI and PWI to map the penumbra 
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has shown that so-defined regions are present up to six hours after the insult in around 75% of 
MCA territory stroke patients (96), and may persist for up to 24 hours (96,97). As with PET, the 
volume of mismatch tissue salvaged correlates with neurological recovery (98). Recently, how-
ever, the definition of the penumbra, based on this mismatch, has been criticized by several 
authors (42,43).

The progressive evolution of abnormalities seen with PET and MRI supports the dynamic 
nature of the penumbra and suggests that in a fraction of patients there may be salvageable 
tissue at extended time points after the clinical onset. Nonetheless, significant penumbra can be 
absent in other patients even very early after stroke onset, due to extensive core or early exten-
sive/complete reperfusion (see later). Within the hypoperfused but viable tissue that evolves to 
infarction, Heiss et al. (99) distinguished a genuinely penumbral area with CBF below a critical 
threshold of 12 mL/100 g/min, and more extensive areas of less severely hypoperfused tissue 
that may survive for extended time intervals; only the former would be amenable to hyperacute 
reperfusion therapy. However, numerous studies have shown the penumbra threshold to be 
closer to 20 mL/100 g/min in human (Table 3) (85,89,100). More recent studies documenting 
benefit of reperfusion as late as nine hours after stroke onset also support this view (see later). 
Using Xenon CT, Kaufmann et al. (101) failed to document significant penumbra within six 
hours of stroke onset, but this study was criticized on methodological grounds (102).

As in laboratory animals, the duration of the penumbra in man can also be inferred from 
interventional studies. Reperfusion induced by thrombolysis has been shown to be an effective 
therapeutic strategy in acute ischemic stroke when initiated within three hours of onset of 
symptoms (103). However, the use of multimodal brain imaging in acute stroke should help to 
identify those patients at risk of an enlarging infarct and may expand the therapeutic window 
beyond three hours in these selected patients (104). Accordingly, the Pro-Act II randomized trial 
of intra-arterial thrombolyis up to six hours in patients selected on the presence of proximal 
MCAO on cerebral angiography showed significant benefit of treatment versus placebo (105). 
Furthermore, among others, Ribo et al. (106) have shown successful use of stroke MRI in select-
ing patients for intravenous tissue plasminogen activator (t-PA) in the three- to six-hour window. 
Similarly, the novel thrombolytic, desmoteplase, has been shown to be associated with a higher 
rate of reperfusion and better clinical outcome compared with placebo when administered 
intravenously between three to nine hours after acute ischemic stroke in patients selected on the 
presence of perfusion/diffusion mismatch (107,108). These clinical observations further attest 
to a prolonged therapeutic window in some patients and stress the importance of the use of 
neuroimaging techniques to map the potentially viable tissue in individual patients (109). 
Formal demonstration of the benefit (or not) of MR imaging to select candidates for thromboly-
sis despite added time awaits completion of current trials such as EPITHET.

Although penumbral tissue may persist in some patients up to 16 to 24 hours after clinical 
stroke onset, in others it may disappear very early, which demonstrates considerable patho-
physiological heterogeneity underlying acute MCA stroke, and has very important clinical 
implications with respect to therapeutic thrombolysis. For instance, the prospective 15O PET 
study of Marchal et al. (84,110) showed that in some patients the core is seen to widely extend 
into cortical areas as early as four hours after onset, probably from inadequate pial collaterals, 
while in other patients hyperperfusion with preserved CMRO

2
 involves the entire MCA territory 

in the same timescale, indicative of early spontaneous recanalization. Notably, in contrast with 
the presence of penumbra where outcome is unpredictable, the former PET pattern invariably 
predicts poor outcome and malignant infarction, while the latter invariably predicts excellent 
outcome, independent of admission clinical scores. Clearly, thrombolysis would not appear 
 logical in the latter patients, and potentially harmful in the former. These three pathophysiologi-
cal PET patterns are illustrated in Figure 3. Importantly, the same three main pathophysiological 
patterns have been documented with MR-based DWI/PWI (97,111,112).

THRESHOLDS OF THE PENUMBRA

Thanks to the pioneering works of Symon et al. (113), two ischemic flow thresholds have been 
introduced: the electrical (or penumbra) threshold, corresponding to the CBF level below which 
spontaneous or evoked brain electrical activity fails, and the viability (or infarction) threshold, 
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that is, the flow level below which irreversible neuronal damage occurs. These two thresholds 
therefore define the upper and lower flow limits of the penumbra (85,114). In these initial stud-
ies, loss of membrane homeostasis with efflux of potassium was used as a marker of irreversible 
structural injury. In subsequent investigations, viability thresholds have been operationally 
defined based on different techniques such as neuropathology, metabolic autoradiography, and 
physiological and morphological neuroimaging (85,115).

Reference to CBF thresholds is of crucial importance to analyze the penumbra. However, 
it should be emphasized that the absolute values of these thresholds are not universally con-
stant, but will depend on different important factors like the animal species studied, the nature 
of the anesthetic agents employed (if any), the physiological conditions (e.g., systemic blood 
pressure, body temperature, plasma glucose), the technique used for perfusion measurements, 
and the presence or not of a given therapeutic manipulation (116). In addition, although the 
penumbra threshold is time-independent, the infarction threshold increases with time elapsed 
since MCAO (73), eventually reaching the penumbra threshold, when all the penumbra has 
been recruited into the core. In other words, the more hypoperfused tissue will tend to 
progress to infarction the earliest. Only the studies that aimed to determine, as opposed to 
 studies that simply applied, the penumbra and infarction thresholds for CBF and CMRO

2
 will 

be  discussed here. The reader is referred to method-specific chapters in this volume regarding 
thresholds derived with other variables such as 11C-Flumazenil, the MTT/TTP, the cerebral 
blood volume (CBV), and the ADC.

Thresholds in Rodents

The baseline CBF values in rodents are around twice those measured in nonhuman primates 
(117). Neuronal density and brain metabolism in these animals are also greater, relative to those 
of primates (118,119). Therefore, one assumes that, at any particular time period following an 
arterial occlusion, the absolute thresholds of the penumbra in rodents would be higher than in 
larger species.

Harris and Symon (120), using similar procedures as in their initial baboon studies (see 
subsequently), reported that in the rat subjected to cerebral ischemia, the extracellular K+ 
increases at CBF levels around 15 mL/100 g/min. This threshold, indicative of irreversible 
damage, was higher than that observed in the baboon brain (121). Following permanent MCAO 
in the rat, Bolander et al. (122) have reported that when CBF was below 24 mL/100 g/min (15% 
of preocclusion values), brain tissue undergoes infarction; whereas regions with CBF above 
20% of control, do not show any histological alterations. These threshold values are  consistent 
with those reported in other rat studies in which postmortem histology was employed to 
 identify irreversible brain damage (Table 2) (45,46,123–125). In spontaneously hyper tensive rats 
subjected to periods of ischemia longer than three hours, the CBF threshold for  infarction was 

FIGURE 3 (See color insert.) The three 
main pathophysiological positron emission 
tomography patterns observed in the acute 
stage of anterior circulation stroke. The 
pseudo color scale on the right goes from 
lowest pixel values (black) to maximum pixel 
values (white), adjusted for each image.
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50 mL/100 g/min (127). This critical CBF value is approximately two-fold higher than that 
observed in normotensive rats. This might explain the difference in vulnerability between 
hypertensive and normotensive rats (128). It is also interesting to note that the absolute values 
of CBF thresholds for infarction reported in the normotensive rats are higher than those observed 
in nonhuman primates (see later). This implies that any extrapolation of these values between 
the rats and primates would be meaningless.

Critical CBF thresholds have also been examined by correlation with DWI, ATP metabo-
lism, and other measurements (115). Hoehn-Berlage et al. (129) reported an infarction threshold 
of approximately 18 mL/100 g/min at two hours after MCAO, by correlating CBF autoradiogra-
phy with ATP depletion. This threshold is time dependent since it was around 13 mL/100 g/min 
at 30 minutes, following the occlusion (130). A similar pattern of time dependency was observed 
when CBF values were correlated with the increase of signal intensity in DWI (Table 2) (130).

Thresholds in Cats

Using electrophysiological techniques, Heiss and Rosner (132) have shown in cats that recovery 
of neuronal activity is a function of both the severity and the duration of blood flow impair-
ment. Spontaneous neuronal activity recovered rapidly when blood flow was maintained 
between 9 to 22 mL/100 g/min for up to 20 minutes; however, most of neurons required longer 
periods to recover their activity when CBF was below 9 mL/100 g/min for less than 20 minutes 
or between 9 and 22 mL/100 g/min for up to two hours. Histological analyses revealed no 
abnormality or slight ischemic changes in cases with electrical recovery, while regions with 
irreversible neuronal failure displayed selective necrosis of individual cells or total infarction 
(132). This study is of importance in that neuronal reaction to decreased CBF was highly hetero-
geneous among neurons examined. This indicates different vulnerability of neurons to  ischemia 
and in turn may explain the selective neuronal loss observed in laboratory animals, and 
 occasionally also in humans (47,133–137).

In a neuropathological study of cats subjected to two hours MCAO followed by recircu-
lation for two hours, Tamura et al. (138) observed histological signs of cell damage in all regions 
with flows below 12 mL/100 g/min and in some regions with flows between 12 and 15 mL/
100 g/min (Table 2). These perfusion thresholds were similar to those reported in the monkey 
following two to three hours of ischemia (73,139). More recently, Miyabe et al. (140) showed, 
through the use of sequential DWI, that irreversible damage was delineated by blood flow 
of < 15 mL /100 g/min at 30 minutes of ischemia and < 40 mL/100 g/min at 60 minutes of 
 ischemia. Again, this study in the cat illustrates the dependency of flow thresholds for  ischemic 
injury with time.

Thresholds in Nonhuman Primates

As mentioned earlier, the concept of critical flow thresholds that define the penumbra 
has mainly emerged from experimental investigations in nonhuman primates. In the baboon 
subjected to MCAO, reduction of CBF beyond an ischemic threshold of approximately 
15 mL/100 g/min (approximately 35% of control values) led to complete failure of the somato-
sensory evoked potential, which could be reversed if CBF was promptly increased above this 
threshold (141,142). The same group, using the same stroke model, also showed that massive 
release of intracellular K+ occurred only when CBF reached a level of 6 mL/100 g/min (121). 
These two flow thresholds identify an ischemic condition in which brain tissue has lost its func-
tion but still maintains its membrane integrity, and thus viability. Subsequent investigations in 
the awake macaque have confirmed these findings (143) and extended them to integrate the 
time component. Indeed, in the studies of Jones et al. (73), a reduction in blood flow led to the 
development of a neurologic deficit. When average local CBF was greater than 21 to 23 mL/100 
g/min, little or no deficit could be detected, however, when CBF dropped below a “paralysis 
threshold,” mild deficits were noted that progressed to complete hemiplegia when CBF was 
less than 8 to 9 mL/100 g/min. In these investigations, the infarction threshold clearly depended 
on the duration of ischemia (Fig. 2). Based on the several published reports from this series of 
investigations (73,139,144), an infarction threshold was not observed until occlusion times of 1.5 
to 2 hours, where it was approximately 5 mL/100 g/min, and then increased to ~12 mL/100 g/min 
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for three hours ischemia and ~18 mL/100 g/min with permanent occlusion, that is, close to the 
clinically eloquent threshold of ~22 mL/100 g/min. The dependency of infarction on both flow 
impairment and duration clearly illustrates the concept of the dynamic penumbra. Importantly, 
selective neuronal necrosis was observed in the striatum for occlusion times one to two hours 
and CBF in the range of 5 to 18 mL/100 g/min (139), suggesting that early reperfusion of the 
penumbra can arrest its progression to pan-necrosis but cannot save all the neurons, with some 
vulnerable neurons dying out in the peri-infarct area. Also, Marcoux et al. (139) suggested lower 
infarction thresholds for the white than for the grey matter.

In more recent nonhuman primate studies, perfusion thresholds of infarction were exam-
ined through the use of functional imaging. Yonas et al. (145,146), studying anesthetized 
baboons with selective occlusion of the lateral striate arteries by electrocoagulation, demon-
strated with a Xe-CT method that CBF less than 8 to 10 mL/100 g/min for six hours or shorter 
results in infarction in the involved regions. Kuge et al. (147) observed that ischemic regions 
with CBF below 40% of contralateral hemisphere (10–16 mL/100 g/min) were associated with 
consolidated infarction one hour following clots injection. Although these infarction thresholds 
are comparable to those reported by Jones et al. (73), differences between these values could be 
attributed to the method used to induce ischemia, duration of ischemia, anesthesia regimen, 
and techniques used for CBF measurements.

Perfusion and Metabolic Thresholds in Man

As stated above, it is crucial for optimal acute-stroke management to be able to discriminate 
between irreversibly damaged brain tissues (i.e., core), mildly hypoperfused tissue that recovers 
spontaneously (i.e., oligemia), and more seriously hypoperfused but viable tissue that may 
 progress to infarction if left untreated (i.e., the penumbra). In this section we review the reported 
CBF and CMRO

2
 thresholds for penumbra and infarction in humans. By definition, a threshold 

determines the boundary between two tissue categories, so only the studies that have formally 
determined (either visually or statistically) the value best separating ROIs or voxels with different 
outcomes are reported here (i.e., infarction or no infarction, either spontaneously or after throm-
bolysis); in other words, studies that report only mean values for tissue compartments are not 
considered. Also, only those studies that have analyzed patients with persistent arterial occlusion 
and/or high OEF to determine the penumbra threshold are considered; in other words, studies 
that did not exclude already reperfused patients have been excluded from this review. Finally, the 
thresholds derived from acute-stroke studies using tomographic imaging techniques are only 
discussed here; an account of classic studies of hemispheric CBF, electroencephalography (EEG), 
and clinical status during carotid clamping are described elsewhere (85).

Positron Emission Tomography
PET has been leading the way in the analysis of these different regions in man (85,148): 
Multitracer 15O studies defined the penumbra as tissue with reduced CBF but relatively pre-
served CMRO

2
 and raised OEF. Although this definition appropriately excludes situations of 

low perfusion with normal or reduced OEF—reflecting diaschisis and partially reperfused 
tissue, respectively—it still encompasses both benign oligemia and genuine penumbra (100). 
There is, therefore, a need to augment this definition by both perfusion thresholds separating 
these two high OEF compartments, and clinical/functional correlates, specifically: (i) the 
volume of the penumbra must contribute to acute-stage neurological deficit, and (ii) the volume 
of penumbra that eventually escapes infarction must predict neurological recovery, that is, the 
difference between admission and outcome scores (89). Through the use of PET combined with 
late structural MRI or CT scan to map the eventually infarcted tissue, several investigations 
have determined the CBF or CMRO

2
 thresholds for the penumbra and irreversible damage 

(Table 3).
Regarding CBF, initial studies using ROIs and/or subacute stage scanning found that a 

flow less than ~12 mL/100 g/min indicated the core of ischemia which evolved inevitably 
toward necrosis (149–152). However, subsequent studies performed within the 5 to 
18 hours time window and assessing the tissue fate at the voxel level, reported probabilistic 
 infarction thresholds of ~7 to 8 mL/100 g/min (89,153). In the Furlan et al. 1996 study (89), 
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TABLE 3 Flow (Top) and CMRO2 (Bottom) Thresholds in Man

Threshold for 
irreversible damage

Threshold for 
the penumbra

Time following 
ischemia

Technique 
of CBF 

measurement

Technique of 
imaging 

infarction Reference

12 ND 2 to 38 d PET CT (149)

15 19 8 d to 
3 yr

PET CT (151)

12 18 10–38 h PET CT (152)d

ND 22 7–18 h PET CT (86)d

7 17 5–16 h PET CT (85)d

8.4 ND 5–18 h PET CT (153)d

4.8 14.1 2–12 h PET MRI (99)

35% ND ≤6 h PET MRI (154)

35%a 70% ≤6 h SPECT CT (168)

40% 60% 2.5–6 h SPECT CT (172)

25 35 ≤6 h SPECT CT (159)

25–55%b 55% 2-12 h SPECT CT (158)

20 (GM), 12 (WM) ND ≤6 h MRI MRI (162)a

ND 59% (21c) ≤6 h MRI MRI (170)

36% 79% 1–12 h MRI MRI (171)

ND 48% (24 c) 3.5–22 h MRI MRI (169)

6 20 1–6 h Xe-CT CT (101)
CMRO2 thresholds
1.7 N/A 2–38 d PET CT (149)
1.5 N/A 2–24 h PET CT (167)

1.3 N/A 8 d–3 yr PET CT (151)

∼1.3 N/A 3.5–16 h PET MR (156)
0.87 N/A 7–18 h PET CT (153)a

45% N/A ≤6 h PET MRI (154)

The values for CBF and CMRO2 are in mL/100g.min and when indicated in percentage of contralateral hemisphere.
aThreshold for hemorrhagic transformation after thrombolysis.
bTime-dependent increase in infarction threshold.
cValue calculated assuming normal global CBF in man is 50 mL/100 g.min.
dVoxel-based studies (remaining studies were all ROI_based).
Abbreviations: GM, gray matter; N/A, not applicable; ND, not determined; WM, white matter.

acute-stage multitracer PET was combined with serial clinical scoring from admission and 
 outcome CT. Using a spatial-temporal-clinical model, they found that flow values between 
7 and 22 mL/100 g/min probabilistically defined the penumbra with an uncertain fate, while 
flow above 22 mL/100 g/min indicated hypoperfused areas with high chance for spontaneous 
recovery—predicted clinical correlations were found for both compartments. Although the 
infarction threshold has not been systematically assessed at different time points, it would be 
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expected, based on monkey studies (73) to be lower with more acute studies. Accordingly, 
studying patients in the 2 to 12 hours time window, Heiss et al. (99) reported a probabilistic grey 
matter infarction thresholds of 4.8 mL/100 g/min; however, in this same study the penumbra 
threshold was reported as being 14.1 mL/100 g/min, which is on the low side perhaps due 
to the use of a bolus CBF method and ROIs (85). Interestingly, both Furlan et al. (89) and 
Shimosegawa et al. (154) found that the portion of the penumbra that ultimately progressed 
to frank infarction had lower CBF and CMRO

2 
values, on average, than the portion that 

 eventually escaped infarction, in agreement with the experimental concept that the process of 
recruitment of the penumbra into the core targets, in the first instance, the most hypoperfused 
penumbral tissue.

Regarding the CMRO
2
 infarction threshold, PET studies using the ROI approach reported 

critical values ranging 1.3 to 1.7 mL/100 g/min below which irreversible damage invariably 
occurred (149,151,155). However, studies performed at the voxel level reported a probabilistic 
infarction threshold of 0.87 mL/100 g/min for mixed grey and white matter voxels, unrelated 
to time elapsed since stroke onset within the 7 to 18 hours window (153), and of 1.3 mL/100 g/
min for grey matter ROIs, using a different PET technique, in the 3.5 to 16 hours window 
(156)—consistent with these critical values. Overall, and in contrast with the CBF, the CMRO

2
 

infarction threshold does not appear to depend on time since stroke onset, although no study 
has yet formally addressed this issue. Interestingly, in the Marchal et al. (153) study, applying 
the CBF and CMRO

2 
probabilistic infarction thresholds to the same data set yielded largely 

overlapping voxel populations, yet allowed to significantly increase the total voxel number, 
probably because of their probabilistic nature. Note that reduced OEF alone is not a reliable 
predictor of infarction (153). Interestingly in the Marchal et al. study (153) a probabilistic CBV 
infarction threshold of 1.64 mL/100 g was found, which, however, fell just short of statistical 
significance.

Other Imaging Modalities
As PET technology is restricted to a few centers worldwide and requires complex logistics 
for investigations of acute-stroke patients, other techniques have been employed in order to 
analyze perfusion thresholds that distinguish the penumbra and the core (Table 3). However, 
it must be noted that, apart from the still unreplicated Lee et al. (157) MR study, these tech-
niques provide only perfusion, not CMRO

2
 or OEF, which constrains their predictive power. 

In addition, because of technical issues discussed elsewhere in this volume, they rarely allow 
truly absolute CBF values to be derived, or if so, with such degree of uncertainty that only 
 perfusion values relative to the contralateral mirror ROI (or voxel population) are generally 
considered.

In SPECT perfusion studies using mainly 99mTc-HMPAO, CBF penumbra thresholds rang-
ing from 25% to 55% of the contralateral hemisphere have been reported (Table 3), with sugges-
tion of increase with time (158). Some of this variability may be due to the fact that it is impossible 
with SPECT to differentiate ischemic from partially reperfused tissue (159). Rather consistent 
penumbra threshold around 55% to 70% of the contralateral values were found in these studies 
(Table 3), somewhat on the high side probably because of the method used.

Recently, many investigations have been performed to assess the potential of MR-based 
PWI in determining perfusion levels for infarction/DWI lesion growth or recovery. As shown in 
Table 3, however, few studies only have determined actual thresholds, but when reported, the 
values appear overall consistent with other studies (Table 3). Note that in all these studies the 
model used to determine the thresholds implied that the acute DWI represents irreversibly 
 damaged tissue, an assumption now known to be inaccurate (see earlier), while the penumbra 
threshold defined the hypoperfused tissue that progressed to infarction, that is, the severely 
affected penumbra.

CT perfusion has been used recently in clinical studies to map the core and penumbra, 
using thresholds derived from CBV and CBF, namely CBF reduction >34% (relative to opposite 
hemisphere) and CBV <2.5mL/100mL for the core, and CBF reduction >34% but CBV > 2.5 
mL/100mL for the penumbra. Although these thresholds have been validated against DWI/
PWI and have shown the expected correlations with clinical recovery (160,161), they have not 
been formally validated as yet (see Chapter 10, this volume, for further details).
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General Comments
The modality-related differences and some of the variability in the thresholds reported among the 
studies and summarized in Table 3 can be attributed to a host of additional factors. The use of 
ROI- or voxel-based analysis is particularly important. Voxel-based thresholds are necessary for 
clinical applications, in order to map the penumbra and the core. However, they are more difficult 
to perform, and the mix of gray and white matter may be an issue. Both the penumbra and the 
infarction thresholds are likely to differ between grey and white matter. For instance, the recent 
DWI/PWI study of Bristow et al. (162) reports significantly higher grey matter than white matter 
CBF infarction threshold. These findings, which concur with earlier data from monkey studies (73), 
suggest that a single common threshold applied to both tissues will overestimate extent of tissue 
at risk in white matter and underestimate it in grey matter. Solutions to this problem applicable in 
the acute stage of stroke for decision-making purposes are not readily available but may use, for 
instance, spatially-normalized segmentation templates. On the other hand, ROIs, by providing 
averaged values, will tend to overestimate the true infarction threshold and underestimate the 
true penumbra threshold. The variable size of the ischemic areas results in partial volume effects, 
particularly in early PET studies and with SPECT. As stated, the delay between the stroke and 
scanning affects the measured infarction threshold. As well demonstrated in animal studies, the 
infarction threshold is time dependent and is likely to increase even within short time intervals 
(see earlier) (Fig. 2). This is exemplified by the MR study of Lin et al. (163) in which patients exam-
ined two to four hours after the stroke had a CBF threshold for ADC decrease of 15 mL/100 g/
min, whereas in patients examined between 4.5 and 6.5 hours this threshold was on an average 
24 mL/100 g/min) (see Chapter 3). Finally, although MR does not easily access OEF/CMRO

2
, it 

allows access to the ADC, which is related to the severity of the ischemic injury. Variable combina-
tions of several perfusion variables (e.g., MTT and CBV in addition to CBF) together with the 
ADC value and/or the volume of affected tissue appear to provide more reliable prediction of 
final infarction than the CBF alone and are being extended at present (164–166).

CONCLUSION

The studies discussed in the present chapter show clearly that the ischemic penumbra is a 
dynamic process and its kinetics of evolution toward irreversible necrosis is species dependent, 
and is likely slower in human than small laboratory animals. However, within each species, 
multiple factors are capable of influencing the duration of the penumbra, above all, the time 
elapsed since stroke onset. The better characterization of critical flow thresholds for the penum-
bra, and their temporal evolution will help to identify this region as well as its duration, and 
thus to optimize the management of acute stroke.
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INTRODUCTION

Although the sequence of molecular and cellular events following cerebral ischemia is highly 
complex, research over the last decades has revealed that ischemia induced pathophysiology 
appears to follow a stereotypic, spatio-temporal pattern. In this chapter we will review those 
events, with particular emphasis on the ischemic penumbra. Conceptually, we will treat 
 ischemia-induced pathobiology as a cascade of interlinked mechanisms, which ultimately lead 
to either cell death or survival.

Due to the high demand of brain tissue for oxygen and glucose, a disruption of blood supply 
within minutes leads to substrate depletion in the affected brain region. In addition, toxic metabo-
lites accumulate. The cellular energy deficit leads to a collapse of ion gradients and membrane 
potentials—neurons and glial cells depolarize. Depending on the extent and duration of energy 
deficiency, the cells will suffer not only a functional, but also a structural breakdown.  Key to our 
understanding of mechanisms of survival and cell death after cerebral ischemia is the concept of 
the ischemic penumbra and infarct core, as discussed in earlier chapters.  The latter is a spatially 
and temporally dynamic brain region. While the infarct core within hours becomes necrotic, 
the penumbra over hours or even days can either undergo cell death via necrosis or apoptosis, 
or  survive via spontaneous or therapeutic reperfusion, endogenous protective mechanisms, or 
 neuroprotective intervention. The penumbra is, therefore, considered as “tissue at risk,” and the 
mechanisms that lead to delayed cell death or survival within the penumbra are subject of intense 
research, as they provide targets for a specific  neuroprotective therapy (1,2).

In the following sections, we have stratified the complex events occuring after cerebral 
ischemia into pathophysiological entities. We are aware of the fact that these processes do 
overlap in space and time, that this represents an oversimplification, and that some of the 
mechanisms could have been categorized differently. However, we feel that portraying these 
events as “cascade” greatly simplifies the task of reviewing the current literature, as well as the 
generation of testable hypotheses.

We will begin by reviewing the early elements of the ischemic cascade, which are 
 excitotoxicity, the formation of reactive oxygen free radicals, tissue acidosis, and the  occurrence of 
peri-infarct-depolarizations. We will then look at the more delayed events of inflammation, 
 programmed cell death, DNA damage, and repair. Although excitotoxicity and peri-infarct-
 depolarizations start within minutes or hours after the onset of ischemia they may go on for days 
within penumbral tissue. They trigger both inflammation and programmed cell death. The com-
plex changes in gene expression programs not only lead to the expression of destructive proteins 
involved in inflammation and apoptosis, but also to a host of protective proteins that contribute 
to the amelioration of ischemic damage. At the end of this review we will, therefore, briefly sum-
marize what is known about such endogenous protective mechanisms, which have the potential 
to provide us with novel therapeutic options.

EXCITOTOXICITY

Among the first cellular consequences of cerebral ischemia is a slow rise of extracellular potas-
sium accompanied by extracellular acidification. Whereas the acidification may be due to 
 lactate accumulation, the slow rise of extracellular potassium is probably due to decreased 
sodium pump activity and activation of Ca2+ or ATP-gated K+ channels (3). In this phase, 
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 neurons hyperpolarize, which possibly helps them to conserve energy. With continued  shortage 
of oxygen and glucose, after one or two minutes hyperpolarization is followed by neuronal 
depolarization caused by a failure of the outwardly transporting, ATP-dependent pumps, in 
particular the sodium pump, to balance the Gibbs-Donnan forces, which result from the high 
intracellular concentration of impermeant anions attracting diffusible cations, from the extra-
cellular space. The depolarization of neurons causes the activation of voltage-gated calcium 
channels and the release of excitatory amino acids into the extracellular space (ECS). Glutamate 
accumulates in the ECS since the re-uptake by astrocytes and neurons is impeded. In the 
 further course of ischemia, glutamate transport reverses, such that glutamate is not only 
released synaptically, but also actively transported from the intra- to the extracellular space. 
The activation of glutamate receptors [N-methyl–d-aspartate (NMDA) and alpha-amino-3-
hydroxy-5-methyl-4-isoxazoleproplonic acid (AMPA)] leads directly or indirectly to a further 
augmentation of the intracellular calcium concentration. In addition, the activation of metabo-
tropic glutamate receptors results in the mobilization of intracellular calcium stores via activa-
tion of phospholipase C (PLC) and production of  inositol-triphosphate (IP3). Altogether, the 
result is a massive disturbance of ion homeostasis, and so called “anoxic depolarization”. 
Anoxic depolarization represents the largest network event in the central nervous system 
(CNS). For comparison, the changes of extracellular potassium are about six-fold greater than 
those during a tonic–clonic epileptic seizure. During anoxic depolarization, water passively 
follows Na+ and Cl- ions into the intracellular space so that the cells swell and the extracellular 
volume shrinks by about 70%. If energy is not restored in time, these changes cause rapid cel-
lular lysis. This lytic type of cell death, also referred to as  necrosis, is primarily observed in the 
core of the infarction. If the cells escape this form of disintegration, as in the penumbra, excito-
toxicity may initiate molecular events that lead to apoptosis and inflammation (2,4). One of the 
major controversies regarding anoxic depolarization  concerns the  question whether glutamate 
receptor antagonists are sufficient to block anoxic depolarization or not (5–8). Glutamate recep-
tor antagonists may only be effective in high doses and in very young animals (8).

PERI-INFARCT DEPOLARIZATIONS

In brain slices, anoxic depolarization starts at multiple sites “propagating outwards like the 
 ripples from several stones thrown in a pond” (7). A thorough analysis of the spread of anoxic 
depolarization after middle cerebral artery occlusion in rats in vivo was provided by Nallet 
et al. (9). Their finding of a relatively short time lag between the onsets of anoxic depolarization 
at different recording sites in the neocortex supported the assumption of a spread from multiple 
elicitation sites. In addition to the anoxic depolarization in the ischemic core, shorter-lasting 
large slow voltage shifts, so-called peri-infarct depolarizations, start at the borderzone of the 
ischemic core region and propagate as peri-infarct depolarizations through the penumbra into 
healthy tissue, where they adopt typical features of spreading depression.

Spreading depression represents an electrochemical wave that propagates through grey 
matter at a rate of 2–5 mm/min. Whereas the magnitude of the intra-/extracellular ion and volume 
changes are similar between spreading depression and anoxic depolarization, spreading depres-
sion is not preceded by cessation of unit firing, but unit firing stops simultaneously with the large 
slow voltage shift. Furthermore, there is no gradual rise of extracellular  potassium or extracellular 
acidification preceding the large slow voltage shift. In contrast to anoxic  depolarization, spreading 
depression is easily blocked by NMDA receptor antagonists. After spreading depression cells repo-
larize within one or two minutes after the event. However, spreading depression causes some 
 metabolic imbalance (10,11) due to excessive ion changes. The redistribution of sodium and 
 potassium requires activation of the energy-driven sodium pump. This additional energy burden 
is matched by an increase in cerebral blood flow (CBF) under normal conditions (12).

Leão discovered spreading depression as well as anoxic depolarization and he already 
noted the similarity between both network events (13). Branston et al. (1977) were the first to 
describe the incidence of spreading depression in the context of ischemic stroke (14). Peri-infarct 
depolarizations represent the spectrum of large slow voltage shifts between anoxic depolariza-
tion and spreading depression. They propagate similarly as spreading depression (15,16), but 
activated neuronal metabolism is not sufficiently matched by an increase in CBF, as evidenced 
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by a delay in energy-dependent repolarization (17). CBF may even decrease in response to peri-
infarct depolarizations, as shown in mice. This vasoconstriction further aggravates the  mismatch 
between energy demand and supply (18). Such an inverse hemodynamic response to spreading 
depression resulting in a spreading ischemia was earlier described for a condition with reduced 
nitric oxide (NO) concentration and increased baseline extracellular potassium in rats (19,20,21). 
Decreased NO concentration in focal ischemia may result from lack of molecular oxygen or a 
disturbance of endothelial NO synthase. A rise of baseline potassium in the penumbra is well 
known (22) (see also under “Excitotoxicity” of this chapter).

In models of experimental focal ischemia the incidence of peri-infarct depolarizations 
 correlates with infarct size (23). This may be a causal relationship, because elicitation of spread-
ing depression remote from the infarct region increased infarct volumes when the  depolarization 
waves propagated into the penumbra (24–26). Conversely, drugs that decreased the frequency 
of peri-infarct depolarizations were neuroprotective (27–30). Interestingly, in rats two different 
periods with peri-infarct depolarizations were observed after middle cerebral artery occlusion, 
which were separated by a quiescent period of ~8 hours (30). Infarct maturation, that is progres-
sion of the ischemic core into the penumbra, was associated with peri-infarct depolarizations 
over 24 hours. Peri-infarct depolarizations in patients with head trauma even recurred within a 
period of several days after the initial trauma (31).

OXYGEN FREE RADICALS

As a consequence of ischemia and particularly of reperfusion, reactive oxygen free radicals such as 
superoxide, hydrogen peroxide, and hydroxyl radical are generated. Nitric oxide is produced via 
the activation of calcium-calmodulin-dependent nitric oxide synthase (NOS). NO reacts with 
superoxide radicals and forms the highly reactive peroxy-nitrite radical. Further sources for oxygen 
free radicals in damaged brain tissue are the breakdown products of adenosine phosphates, which 
contribute to radical production via xanthine oxidase and the iron  catalyzed Haber-Weiss reaction. 
The many different radical species that are  formed after  ischemia and reperfusion can react with 
virtually any cellular component (carbohydrates, amino acids, DNA, phospholipids) and damage 
them. The peroxidation of membrane lipids releases further radicals—and further glutamate. 
Oxygen free radicals gain even more significance when new oxygen reaches the damaged tissue by 
virtue of reperfusion, or in the penumbra where oxygen supply has not ceased entirely (2,4).

Hypoxia itself as well as the elevated intracellular concentration of calcium ions and free 
radicals disrupt the function of neuronal mitochondria. Consequently, a so-called mitochondrial 
permeability transition pore (MTP) in the mitochondrial membrane may form. Besides imped-
ing ATP production through loss of mitochondrial potential, the MTP leads to mitochondrial 
swelling, a burst of free oxygen radicals, and the release of pro-apoptotic molecules. Thus, a 
vicious cycle of further disintegration is fuelled [see subsequently) (2,32)]. This vicious cycle is 
counterbalanced in part by anti-oxidative enzymes like manganese-superoxide dismutase 
(Mn-SOD) and the cytosolic forms of copper-zinc superoxide dismutase (CuZn-SOD). These 
may prevent the breakdown of the mitochondrial membrane and thus induce the release of 
 cytochrome C, which otherwise might trigger apoptosis (33).

TISSUE ACIDOSIS

Proton balance is intimately linked with glucose metabolism. With reduced oxygen availabil-
ity, anaerobic glycolysis as the only remaining source of ATP production leads to tissue  acidosis. 
It has long been assumed that this acidosis is one of the main deleterious mechanisms in 
 ischemic stroke. This so-called “lactate-acidosis-hypothesis” is often quoted as explanation for 
the “glucose parado” of cerebral ischemia. This paradox refers to the observation that exces-
sive supply of glucose, the most important source of energy of the brain, during focal cerebral 
paradox does not reduce tissue damage as expected, but instead worsens it (34). However, the 
mechanism by which this happens and whether levels of acidosis reached in brain ischemia 
can generate brain tissue damage at all are still far from being clear. The pH dependent transi-
tion of Fe(III) to Fe(II) and the release of iron from molecular storages might facilitate the 
Haber-Weiss reaction that forms toxic oxygen free radical species (see preceding). Besides the 
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production of different species of oxygen free radicals, acidosis also interferes with intracellu-
lar protein synthesis. However, the lactate-acidosis-hypothesis has been challenged. 
Particularly, the fact that acidosis blocks the NMDA-receptor and thus has an anti-excitotoxic 
effect indicates the complexities of the role of acidosis in cerebral ischemia (2).

Similarly debated are the findings on hyperglycemia during stroke. Experimental data 
from animal models show a detrimental effect of hyperglycemia during focal cerebral ischemia 
(35–37). Clinical data demonstrate that hyperglycemia during the acute phase of stroke worsens 
prognosis (38–40). Persisting hyperglycemia beyond the acute phase is also an independent 
prognostic factor for larger infarct volume and poorer functional outcome in stroke patients 
(41). It is a matter of debate as to whether these observations are due to a causal relationship or 
whether hyperglycemia is an epiphenomenon, possibly due to a stress reaction (i.e., an effect of 
concomitant catecholamine and glucocorticoid release proportional to initial tissue damage) 
(42,43). The controversial role of stroke associated lactate-acidosis has already been discussed. 
An alternative concept is the glucocorticoid hypothesis (44). This concept suggests that 
 hyperglycemia enhances the release of glucocorticoids, which are also released during ischemia 
as part of the stress reaction. Glucocorticoids have been shown to be directly cytotoxic (45), and 
the blockade of glucocorticoid receptors reduces the damaging effect of hyperglycemia (44). On 
the other hand, hyperglycemia and acidosis are protective in vitro (46,47), and some experimen-
tal studies demonstrate that hyperglycemia can also have a beneficial effect under special 
 circumstances (48,49).

In this controversy, a recent human study reveals the following: it demonstrated with 
 perfusion- and diffusion-MR imaging and spectroscopy that stroke patients with hyperglycemia 
accumulate lactate in the penumbra. While the perfusion-diffusion-mismatch (as a measure of 
the size relation of penumbra and core) was similar in the normoglycemic and hyperglycemic 
groups, the eventual infarct size and disability scores were significantly greater in the hypergly-
cemic group (50). While it could still be argued that initially hyperglycemic patients were likely 
to be longstanding or latent diabetics with an overall worse microvascular state, we take this 
study, in combination with much of the experimental animal data, as strong indicator for the 
vulnerability of the penumbra to hyperglycemia. Indirectly, this study also corroborates the 
lacatacidosis theory, which, however, still lacks direct proof.

INFLAMMATION

Postischemic inflammation is an essential component in the pathogenesis of ischemic stroke. 
The inflammatory response is a double-edged sword contributing to ischemic brain injury but 
also initiating tissue regeneration. It is characterized by an influx of leukocytes and increase in 
vascular permeability. This process involves the upregulation of endothelial and leukocytic 
adhesion receptors and the release of chemoattractants. Inflammation might be a promising 
therapeutic target, because of a much longer therapeutic time window compared to the early 
processes discussed previously.

Leukocyte-Endothelium Interaction

The early stage of inflammation, which starts a few hours after the onset of ischemia, is 
 characterized by the expression of adhesion molecules in the vascular endothelium as well as 
on circulating leukocytes (51).

Thus, leukocytes adhere to the endothelium and transmigrate from the blood into the 
brain parenchyma, which is of decisive importance for stroke induced brain inflammation 
(52–54). Neutrophils, which are important components of the innate immune response, are 
capable to produce a number of potentially harmful substances. These include toxic oxygen 
metabolites, destructive enzymes, and proinflammatory cytokines. Polymorphonuclear 
 leukocytes are early participants of the microvascular response, followed by mononuclear 
cells entering the ischemic territory and, in particular, the penumbra. The invasion of nonresi-
dent inflammatory cells requires the rapid appearance of adhesion receptors.

Upregulated endothelial adhesion molecules like ICAM-1, VCAM-1, P-Selectin, and 
E-Selectin facilitate the interaction between endothelium and leucocytes as first steps of 
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 transmigration of white blood cells from blood into the tissue. Important players in this process 
are the β2-integrins CD11b/CD18 (Mac-1) and CD11a/CD18 (LFA-1) (55,56). P-Selectin and 
E-Selectin are essential in the stage of rolling during leukocyte/endothelial interaction. 
P-Selectin has been shown to be upregulated as early as 15 minutes following induction of isch-
emia, whereas E-Selectin is induced within two hours of ischemia (57). ICAM-1, which is most 
crucial for the integrin-mediated leukocyte adhesion to activated endothelium, is upregulated 
very early in cerebral injury (58).

ICAM-1 mRNA and the ICAM-1 surface protein have been detected within one to two 
hours after ischemia onset (59). Elevated ICAM-1 levels in the ischemic hemisphere have also 
been demonstrated in brains of acute stroke patients (60).

Neutrophil activation has been demonstrated to play a critical role in neuronal injury 
 following cerebral ischemia, particularly during reperfusion (61–63).

Accumulation of neutrophils together with red blood cells, fibrin, and platelets leads to 
capillary plugging and reduction of blood flow on the microvascular level. This enhances stasis 
of the already impaired microcirculation (64). These results provide the basis for the therapeutic 
blockade of molecules crucial for the adhesion of neutrophils to the microvascular endothe-
lium. Thus, blockade of these molecules intends to inhibit the influx of neutrophils into the 
ischemic territory and thereby to improve the local CBF.

An important focus has been on blocking the neutrophil integrins LFA-1 (CD11a/CD18) 
and Mac-1 (CD11b/CD18), as well as on the endothelial molecules ICAM-1, P-Selectin, and 
E-Selectin (65–67). The role of these molecules mediating interaction between neutrophils and 
endothelial receptors during cerebral ischemia was studied by using knockout mice. For 
 example, Mac-1 knockout mice have 26% smaller infarct volumes in comparison to wild type 
mice (68). CD-18 knockout mice demonstrated a 57% decrease in infarct size following transient 
focal cerebral ischemia. Interestingly, this neuroprotective effect was not observed in models of 
a permanent ischemia (69). Likewise, ICAM-1 knockouts demonstrate not only a significant 
reduction of neutrophil adhesion to the endothelium four hours following reperfusion, but also 
an increased CBF, smaller infarcts, and lower mortality compared to wild type mice (70). These 
results were corroborated by experiments using monoclonal antibodies blocking the 
 corresponding endothelial and leukocytic receptors.

Antibodies blocking E and P-Selectins, ICAM-1, CD18, or CD11, not only reduce the 
number of infiltrating leucocytes, but also the infarct volumes (71). Blocking the α4-component 
of VLA-4 (α4 β1), another integrin more specific for lymphocytes also reduces the volume of 
infarction (72). A novel, nonantibody based approach using recombinant neutrophil inhibitory 
factor (RNIF) exerts neuroprotection in a reperfusion model of ischemic stroke, but not in a 
model of permanent ischemia (73).

RNIF is a 41 kD recombinant hookworm protein blocking neutrophil adhesion. This sub-
stance is also promising in combination therapy with rt-PA in order to extend the therapeutic 
window of thrombolysis. In a model of embolic stroke, when co-administered with rt-PA RNIF, 
it decreases neutrophil influx into the ischemic area, improves outcome, and reduces the infarct 
size, even when treatment started four hours after ischemia onset.

Based on the preclinical evidence of leukocyte and endothelial interaction a number of ther-
apeutic agents have been designed to be applied in human studies. Enlimomab, a monoclonal 
murine anti-ICAM-1 antibody was administered to patients with acute stroke within six hours 
after the onset of clinical symptoms. Unfortunately, the outcome was more than disappointing, 
patients who received enlimomab had a worse clinical outcome and a 43% increase in mortality 
over the first 90 days. Moreover, a significantly higher rate of adverse events were documented in 
the enlimomab group. This failure is mainly explained by the fact that enlimomab is a murine 
antibody, which possibly affects the complement system (74).

The failure of enlimomab shifted the interest to using nonantibody molecule inhibitors of 
neutrophil adhesion. As mentioned earlier, preclinical success in using RNIF to extend the time 
window of t-PA lead to the initiation of a phase IIb trial—the Acute Stroke Therapy by Inhibition 
of Neutrophils (ASTIN) trial. RNIF was administered in different doses to stroke patients within 
six hours after the onset of clinical symptoms. This innovative trial, which used a Bayesian dose 
finding protocol, had to be terminated after an interim analysis of 966 patients who demon-
strated futility. Likewise, a phase III trial (HALT-Stroke), which investigated the influence of 
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Leukarrest™, a humanized, anti-MAC-1 (CD11b/18) antibody, failed in an interim analysis for 
improvement in functional outcomes (75 ).

Microglia and Monocytes: Residents and Travelers

A major part in inflammation is ascribed to the population of microglial cells. These cells are the 
primary immunoeffectors of the CNS and make up about 20% of the entire glial mass, which 
means that they are as numerous in the brain as neurons. Activation of microglia is a striking 
feature in the penumbra. The cells change their shape from a highly ramified cell to an amoe-
boid form, and they proliferate. They also express a number of characteristic surface molecules 
(for instance MHCI and MHCII), and are capable of antigen presentation (76–79). Similar to 
leukocytes, activated microglia is able to produce a variety of pro-inflammatory cytokines [also 
cytotoxic metabolites (especially oxygen free radicals such as peroxy-nitrite and superoxide) 
and enzymes (for instance cathepsins)]. In addition, microglia is phagocytically active. The 
inhibition of microglial activation turned out to be protective in experimental stroke models 
(80). On the other hand, activated microglia has also been shown to release anti-inflammatory 
cytokines (such as transforming growth factor-beta 1) and growth factors (81). Because of the 
Janus-faced nature of microglial products (destructive, e.g., free radicals, vs. protective, e.g., 
growth factors) the overall role of microglia in cerebral ischemia is not clear at present. It is very 
likely that microglia at different time points plays different roles, with protective or  regenerative 
activities occurring days or even weeks after the onset of ischemia.

Besides the activated resident microglia, monocytes from the blood also migrate into the 
affected brain tissue. This transmigration is mediated by a chemokine, monocyte attractant 
protein 1 (MCP-1), which is induced one or two days after ischemia (82). Moreover, within 14 
days poststroke about one third of these transmigrated cells differentiate into microglial cells, 
which are indistinguishable from resident microglia (83). A trans-differentiation into astrocytes 
has also been observed by some groups (84, 85), but was disputed by others (86). Nevertheless, 
an important role of astrocytes during inflammation has been recognized; they join the ranks of 
liberators of both pro-inflammatory as well as neuroprotective factors such as erythropoietin 
(EPO), TGF-β1, or metallothionein 2 (87–89).

Cytokines: Controller and Mediators of Inflammation

Activated leukocytes (granulocytes, monocyte/macrophages, lymphocytes) as well as neurons 
and glial cells (astrocytes, microglia) produce cytokines and chemokines (90,91). In particular, 
pro-inflammatory cytokines like TNFα, IL-1 and IL-6 play a major role as mediators of this 
inflammatory response. They link the early, excitotoxic phase with the phase of inflammation 
(52–54,92). The regulation of these cytokines depends on transcription factors like NFκB, which, 
in turn, are activated by oxygen free radicals (93, 94). Cytokine-mRNA and also the proteins of 
TNFα and IL-1 can be, previously, found a few hours after induction of experimental focal 
 cerebral ischemia (92). Expression of IL-6 follows after about 24 hours (95). These cytokines are 
mainly liberated from microglial cells and macrophages (90–91). In stroke patients it was 
 demonstrated that the intrathecal concentration of IL-1 and IL-6 correlated with infarct size 
(96). Cytokine receptor antagonists reduce the infarct volume in animal models. For example, 
blockade of TNFα by TNF-binding proteins reduces brain injury after focal cerebral ischemia 
(97). The role of TNFα is not entirely clear, however, since mice without TNFα-receptor (TNFR2) 
have larger infarcts (98). In part, these conflicting results may reflect different signal transduc-
tion cascades activated by the two TNFα−receptors TNFR1 and TNFR2 (99). Arguable is also 
the role of increased IL-6 induction, since IL-6 knockouts do not have smaller infarcts than their 
littermates (100). Further to the induction of adhesion molecules, the earlier-mentioned 
 cytokines also render the blood brain barrier (BBB) more permeable, and induce pro-thrombotic 
functions of the endothelium (101).

Besides the expression of pro-inflammatory cytokines, there is also an induction of anti-
inflammatory cytokines like TGF-1β or IL-10. These cytokines downregulate inflammation and 
thus exert a protective effect in the context of cerebral ischemia (102–105). The neuroprotective 
action of TGF-β1 is well known (87). Interestingly, this cytokine seems to be of particular 
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 importance for the phenomenon of immunological tolerance. Similar to ischemic tolerance (see 
later), it is possible to induce an immunologically tolerant state toward ischemia. This protection 
is induced by immunogenetic proteins (for instance myelin basic protein, MBP) and mediated by 
a certain lymphocyte population expressing TGF-β1 (106–108). In contrast to ischemic tolerance, 
immunological tolerance is longer lasting. Whereas in ischemic tolerance the protection does not 
last longer than seven days, protection extends over months in the case of immunological 
tolerance.

Next to the cytokines, two other proteins stand in the limelight of the inflammatory phase: 
inducible nitric oxide synthase (INOS) and cyclo-oxygenase 2 (COX2).

Nitric Oxide and Inducible Nitric Oxide Synthase

Nitric oxide, a gaseous, reactive, and diffusible radical, plays an important role in the regulation 
of a wide range of physiological processes, including cellular immunity, angiogenesis, and neu-
rotransmission. NO is synthesized from L-arginine by the action of nitric oxide synthases (NOS). 
NO can diffuse across the cell membrane and react with a variety of targets. Nitric oxide (NO) 
is involved in normal cellular function as well as pathologic processes. NOS is known to exist 
in at least three isoforms. Under physiological conditions NO is generated mainly by an endo-
thelial (eNOS) and a neuronal isoform (NNOS). Both isoforms are constitutively expressed. 
In contrast, the third isoform is inducible (iNOS) and mainly active in inflammatory processes 
(109). Whereas the constitutive isoforms are mainly regulated by a Ca2+-dependent binding of 
calmodulin to the enzyme, INOS is regulated by its rate of expression. Nitric oxide (NO) may 
react with superoxide to the highly cytotoxic peroxynitrite (110). NO can trigger apoptosis by 
several pathways, for example by damaging DNA and p53 induction (111). During inflamma-
tion, INOS can generate cytotoxic levels of NO. The induction of INOS has been demonstrated 
in experimental stroke models both on mRNA and on protein level (112). Maximal protein 
expression occurs after about 24 hours. INOS is induced in neutrophils infiltrating the ischemic 
area and in cerebral blood vessels in the ischemic territory (113). INOS has also been detected in 
human brains after ischemic stroke using immunohistochemistry. Moreover, intrathecal levels 
of nitrate were shown to be elevated in stroke patients as long as three months after stroke, 
 correlating with stroke size and severity of the neurological deficits. Inhibition of INOS by 
aminoguanidin and 1400W reduced the size of experimental infarcts by about 30%, even if the 
treatment is delayed 24 hours after onset ischemia (114–116). Furthermore, INOS knockout mice 
had smaller infarct volumes and less neurological deficits compared to wild type mice (117). 
These studies suggest that NO synthesized by INOS functions as an important factor in the 
delayed progression of ischemic damage.

Cyclo-oxygenase-2

COX is a rate-limiting enzyme in the synthesis of prostaglandins and thromboxans. Two 
 isoforms have been described: COX 1 and COX 2. COX1 is known to be expressed constitu-
tively in many cells, where it produces prostanoids for the normal cellular function. COX2 is 
expressed under normal conditions at low levels in some cells, such as neurons, and can be 
upregulated in response to mitogens, inflammatory mediators, and hormones (118).

In animal stroke models COX2 is mainly expressed in neurons, neutrophils, and vascular 
cells of the penumbra (119). Recently, COX2 has also been found in human brains after ischemic 
stroke. The enzyme has a destructive effect on the penumbral tissue mainly via the production 
of oxygen free radicals and toxic prostanoids (52,54), since both, genetic and pharmacological 
inhibition of COX2 have a protective effect (120,121). The expression kinetics of COX2 are 
 similar to that of INOS. In addition, cells producing COX2 are in close proximity to cells express-
ing INOS, suggesting that NO produced by INOS activates COX2. Therefore, some deleterious 
effects of INOS might be mediated through COX2 reaction products. This hypothesis is 
 supported by the observation that the COX2 inhibitor NS-398 attenuates ischemic brain damage 
in wild-type mice but not in INOS deficient mice (122).

COX2 as well as INOS are promising targets for the treatment of stroke patients because 
blocking them is still effective even 6 to 24 hours after ischemia (115,121).
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Vascular Integrity and Damage of the Blood–Brain Barrier

The function of the blood–brain barrier (BBB) depends on integrity of its cellular matrix 
consisting of endothelial cells, basal lamina, and astrocytes. Cerebral ischemia causes damage to 
this matrix and disturbs its intercellular signalling. Once the BBB is disrupted, inflammatory 
cells can move easily into damaged areas and can itself release inflammatory molecules, such as 
 bradykinin, histamine, cytokines, platelet-activating factors. Central to these damaging  processes 
are  proteases like cathepsins, plasminogen activators (PA), and the matrix metalloproteinases 
(MMP). The action of the MMPs, a group of more than 20 zinc-endopeptidases, has been exten-
sively studied. Proteolytic destruction of the basal membrane by MMPs permits the immigration 
of leukocytes and promotes vasogenic edema. MMP-2 and MMP-9 are expressed within one to 
three hours after cerebral ischemia (123). Microvascular endothelial cells, neutrophils, mono-
cytes/microglia and natural killer cells express large amounts of MMPs when activated (124). 
The degree of their expression correlates with the degree of BBB-breakdown; MMP-9 expression 
correlates with the opening of the BBB and the risk of hemorrhagic transformation (125). MMP-2 
expression correlates with the degree of neuronal injury (123,126,127). Pharmacological  inhibition 
of MMPs prevents this breakdown and reduces stroke volumes. Mice with targeted  disruption 
of MMP-9 are partly protected from cerebral ischemia (128,129).

In the brain, tPA is expressed mainly in neurons, astrocytes, and microglia. Several  studies 
have shown that tPA may be neurotoxic (130), but experiments with tPA-knockout mice have 
produced conflicting data (131,132). Since recombinant tPA is the sole licensed drug for thrombo-
lytic therapy, these findings may be highly relevant to current therapeutic practice. tPA has, 
 furthermore, been shown to induce MMP-9 and might, thus, be capable of—at least indirect—BBB 
damage (133). The same probably holds for recombinant tPA, which may explain the occurence of 
secondary hemorrhages after thrombolytic stroke therapy (129,134,135). Animal experiments 
have demonstrated that delayed rtPA treatment (as in patients) leads to a significantly higher 
degree of BBB damage as well as mortality. The pharmacological  inhibition of MMPs is capable of 
reversing this effect of rtPA (136). In addition, tPA enhances NMDA-mediated calcium signaling 
and subsequent excitotoxic neuronal injury (137). It is a matter of controversy whether this detri-
mental effect is due to a cleavage of the NR1 subunit of the NMDA receptor by tPA or not (138).

The example of rtPA demonstrates once again that a thorough understanding of the 
 complex pathophysiological mechanisms of ischemia is conditional to the further refinement of 
our therapeutic arsenal. The development of effective and low-risk thrombolytic therapies 
remains among the main targets of pharmacological research in the field of stroke treatment 
(134). One promising approach is the development of novel plasminogen activators, such as 
recombinant desmodus rotundus salivary plasminogen activator (DSPA-α1; desmoteplase). 
Experimental evidence indicates that desmoteplase has pharmacological and toxicological 
properties, which are superior to rtPA (139,140). Results from a recently published phase II trial 
are also  encouraging (141).

PROGRAMMED CELL DEATH AND APOPTOSIS

Ischemia induced apoptosis has a similar time frame as inflammation. A number of reviews 
have dealt extensively with the significance of apoptosis in the pathophysiology of ischemia 
(2,4,142–145). In focal cerebral ischemia, apoptosis of neurons occurs after short periods of 
 vascular occlusion (146), which are too short to induce pannecrosis (i.e., infarction), or in the 
regions bordering the infarct (i.e., the penumbra). Apoptosis after stroke was also described in 
regions remote from the infarct, for example the ipsilateral thalamus, a phenomenon ascribed 
to synaptic disconnection (147).

Apoptosis can be triggered in two ways, by intrinsic (i.e., basically mitochondrial) or by 
extrinsic activation. Ligation of the Fas-receptor, for example by TNF-α, triggers the extrinsic 
pathway. Intrinsic triggers of apoptosis in the context of ischemia are elevated concentrations of 
intracellular calcium, reactive oxygen species, or glutamate,  as well as increased DNA damage. 
By damaging the mitochondrial membranes, both pathways directly or indirectly lead to the 
activation of caspases.

Caspases are a hierarchical group of at least 14 cysteine dependent and aspartate specific 
proteases. They exist in every cell in the form of their inactive precursor proteins, which are 
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activated by cleavage. Apoptosis is essentially an active and energy dependent cellular decon-
struction process. In cerebral ischemia, caspases 1, 3, 8, and 9 are involved, of which caspases 8 
and 9 are the initiators of a signaling cascade that activates the so-called “execution” caspase 3. 
Caspase 1 is predominantly engaged in cytokine activation (142,144). Caspase 3 is of impor-
tance in the context of cerebral ischemia (143), and also, its genetic or pharmacological inhibi-
tion is neuroprotective in a number of neurodegenerative conditions (148,149). The substrates 
degraded by caspase 3 are DNA repair enzymes like poly-(ADP-ribose)-polymerase (PARP) 
and DNA dependent protein kinase (DNA-PK). The latter is important for the repair of DNA 
double strand breaks. PARP recognizes single strand disruptions and mediates self-repair of 
DNA through swift automodification with synthesis of highly negatively charged, long, and 
branched ADP-ribose molecules. This process utilizes ATP and thus drains the cellular energy 
pool. ATP consumption by PARP is widely believed to be cytotoxic, in itself. PARP is also capa-
ble of inducing caspase independent cellular suicide via the so-called apoptosis inducing factor 
(AIF) (see later) (150). This might explain the partial failure of caspase inhibitors to protect neu-
rons in some models of cerebral ischemia. In fact, caspase-independent signaling of apoptosis 
in the penumbra has been described in a rat model of cerebral ischemia (151). The genetic or 
pharmacological blockade of PARP is neuroprotective in experimental stroke (152–154). Of 
 significance is the cleavage by caspase 3 of the inhibitor of caspase-activated DNase (ICAD). 
ICAD is activated and causes the characteristic feature of DNA “laddering” that has been 
described in all stroke models (155). Complete apoptotic laddering leaves DNA-oligomers of 
about 140 to 180 base pairs in length, which no longer contain any useful genetic information. 
Besides destroying genetic information, caspases also degrade structural proteins of the nucleus 
and cytoplasm, like laminin, actin, and gelsolin (143).

Cytochrome C is not only an essential part of the mitochondrial electron transfer chain 
and, hence, critical for energy production of the cell, but also a central mediator in the caspase 
activation cascade (156,157). In the extrinsic pathway of apoptosis, ligation of the Fas-receptor 
leads to the formation of the “death-inducing signaling complex” (DISC). DISC activates 
 caspase 8, which, in turn, activates “Bid,” a pro-apoptotic protein of the Bcl-2 family (see later). 
Bid then liberates cytochrome C from the mitochondrial membrane. Other members of the pro-
apoptotic Bcl-2 family are Bad and Bax, which are important members of the intrinsic apoptotic 
pathway. Their activation leads to their translocation into the outer mitochondrial membrane 
and to the establishment of the mitochondrial permeability transition pore (MPT) leading to the 
release of cytochrome C. Cytochrome C can also be released from mitochondria through direct 
membrane damage by free radicals (155,157). Cytochrome C associates with the cytosolic 
 protein Apaf-1, the caspase precursor protein, and ATP, forming the so-called “apoptosome.” 
The apoptosome cleaves and thereby activates caspase 9 from its precursor (158). Whether 
 cytochrome C is eventually released depends on the balance of pro-apoptotic members of the 
Bcl-2 family like Bid, Bax, Bad, Bag, and their anti-apoptotic counterparts Bcl-2 and Bcl-xL (159). 
Transgenic expression of Bcl-2 and Bcl-xL results in smaller infarcts after focal cerebral ischemia 
(160–162). Treatment with a Bcl-xL fusion protein containing the TAT domain of the human 
immunodeficiency virus (HIV) for cell penetration protects neurons in models of cerebral ischemia 
(163,164). Bcl-2 and Bcl-xL seem to have a stabilizing effect on the mitochondrial membrane; 
they prevent the  formation of the MPT, the ensuing cytochrome C liberation, and the formation 
of AIF (157).

Members of the IAP-group (inhibitors of apoptosis proteins) also seem important in 
stroke pathophysiology. The overexpression of the X-chromosome-linked IAP (XIAP) has been 
 demonstrated to be protective in stroke models (165). IAPs act indirectly via the inhibition of 
the apoptosome, but also by direct interference with caspase 3 (157). Other proteins can 
 themselves block IAPs; such as DIABLO in mice (the human homologue is Smac), which is 
normally localized in mitochondria. After focal cerebral ischemia, DIABLO is released and 
binds to XIAP. However, the functional significance of this association in focal ischemia 
remains unclear (166).

DNA DAMAGE AND REPAIR

In the wake of ischemia and reperfusion, brain tissue is overwhelmed by oxygen free radicals, 
which cause abundant DNA damage. Particularly, the interaction of hydroxyl radicals with 
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DNA results in strand breaks and base alterations. Under physiological circumstances, DNA 
lesions are generated with a frequency of about 10,000 events each day (167). They are effi-
ciently recognized and repaired, provided the repair enzymes are intact and not overloaded. 
Alterations that are typically caused by free radicals (168) have been found in mouse models of 
transient focal cerebral ischemia, where a massive increase in DNA damage was observed 10 to 
20 minutes after reperfusion. Importantly, 8-hydroxy-deoxy guanosine becomes much more 
prevalent in both nuclear as well as mitochondrial DNA after ischemia (169–172). These altera-
tions are partially repaired within four to six hours, and this increase in repair activity is pro-
portional to the degree of DNA damage (170,173). Base excision repair (BER) seems to be of 
particular significance after cerebral ischemia. In BER, DNA glycosylases excise damaged or 
modified bases. Purine and pyrimidine free sites (AP-sites) are eliminated from the damaged 
DNA strand by AP-endonucleases (apurinic/apyrimidinic endonucleases) and replaced by 
DNA-polymerase β and DNA-ligase with a short strand of one to four nucleotides (169), based 
on the complementary blueprint of the remaining undamaged strand.

In the penumbra, deamination of cytosine to uracil is another mechanism of DNA 
damage, apart from the one caused by oxidative stress. Such alterations are corrected by 
 uracil-DNA-glycosylase (UDG). We found that mitochondrial UDG-dependent repair activity 
is massively induced immediately following focal cerebral ischemia. Knockout mice  deficient 
of UDG have larger infarcts than the wild-type controls, suggesting an essential role of UDG 
in DNA repair during focal cerebral ischemia (174).

DNA repair is neither inexhaustible nor infallible. Erroneous DNA repair may lead to 
persisting mutations. In models of transient focal cerebral ischemia, a dramatic increase in the 
frequency of mutations has been shown. The major role of DNA repair is to ensure transcrip-
tion of mRNA from intact genes. An obvious consequence of mutations is instability of genetic 
information that may lead to faulty proteins, resulting in either cellular malfunction, disinte-
gration, or the induction of tumors (169,172). The maintenance of swift and effective DNA 
repair is, therefore, essential in postmitotic cells, like neurons. In order to adapt to an increased 
demand, the cell may try to increase repair efficiency (173). Another way to avoid erroneous 
protein synthesis and possibly tumorigenesis is apoptosis (see earlier). Both approaches 
are encountered in focal cerebral ischemia, and it seems to be the quantity of damage that 
 determines which scenario prevails (169,171). The tumor suppressor protein p53 appears to be 
the molecular switch on the crossroads of attempted repair and apoptosis (175,176). The induc-
tion of p53 has been shown in most models of ischemia (177,178). The fact that p53 knockout 
mice have, significantly, lower infarct volumes accords with p53s pro-apoptotic function. 
Interestingly and paradoxically, heterozygous p53+/− mice have even smaller infarcts than 
homozygous p53−/− mice (179).

ENDOGENOUS NEUROPROTECTION AND CELL REPLACEMENT

In the last two decades, stroke researchers have mainly focused on studying mechanisms of 
ischemic brain damage to identify promising targets for clinical neuroprotection. More recently, 
it has become clear that stroke not only damages brain parenchyma, but also initiates complex 
endogenous protective signaling cascades, involving three supersystems of the organism—the 
vascular, the immune, and the nervous system.

These mechanisms are currently intensively studied. Central to this research are models 
of ischemic preconditioning. The principle of ischemic preconditioning is the induction of a 
protected state of a cell, tissue, or a whole organism by exposure to a noxious stimulus 
 (trigger), which is applied below, but close to the level where it induces damage. The stimulus 
induces a protective state against insults that normally would be lethal. Short intervals of 
ischemia (“ischemic tolerance”), hypoxia, reactive oxygen free radicals, inflammation, and so 
on can serve as tolerance inducing stimuli. After induction, ischemic tolerance occurs within 
two time windows. Early tolerance exists after about 5 to 120 minutes following stimulation 
 (classical preconditioning). Delayed preconditioning occurs after a latency of about 24 to 
72 hours. Seven days after induction, the protected state is no longer detectable (180,181). 
Studies in patients who had transient ischemic attacks (TIA) before having a persistent stroke 
 indicate that ischemic tolerance does also exist in humans. Subsequent to a TIA, brain infarcts 
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and neurological deficits were smaller if compared to patients without preceding TIA. As a 
TIA, by definition, does not lead to infarction, it may thus be considered as a stimulus that 
induces tolerance (182–184).

Unlike severe ischemia, which leads to stroke, the preconditioning stimulus exclusively 
induces protective signaling cascades. Conceptually, in delayed preconditioning we can 
 discriminate three stages of this protective signaling. In the induction phase, molecular sensors 
(mostly receptors, channels, and regulators) are activated by transcription factors. During the 
transduction phase certain protein kinases, transcription factors, and para- and autocrine 
 mediators, such as growth factors, amplify the signal and thereby prepare the effector phase. In 
this phase, proteins with a direct protective impact (anti-apoptotic, anti-inflammatory, anti-
 oxidative) are switched on. These mechanisms are the molecular basis for ischemic tolerance 
and have been reviewed in detail elsewhere (180–182). As an example for the complex signaling 
cascades resulting in endogenous neuroprotection we want to give only a brief outline for this 
concept: In astrocytes, a tolerance-inducing hypoxic stimulus induces the transcription factor 
hypoxia-inducible-factor-1 (HIF-1). HIF-1 is one of the central sensors of hypoxia and induces 
the expression of erythropoietin (EPO) (88,185,186). Erythropoietin is released by astrocytes 
and binds to the neuronal EPO-receptor. Via the activation of a protein kinase cascades, in 
 particular Janus kinase 2 (JAK2), phosphoinositol-3 kinase (PI3K) several transcription factors 
like NF-κB and STATs kinase are activated. These transciption factors coordinate the induction 
of anti-apoptotic as well as prosurvival genes like Bcl-XL (187). In addition, the PI3K/Akt pro-
tein kinase cascade can phosphorylate and thus inactivate the pro-apoptotic protein BAD (88). 
This neuroprotective signaling cascade mediates approximately 50% of the protection observed 
in this model (188). Besides this paracrine pathway, which is mediated by astrocytes and neu-
rons, a number of other mechanisms have been described. A host of anti-excitotoxic, anti-
 inflammatory and anti-apoptotic mechanisms, including programs for regeneration and repair, 
have been implicated in induced tolerance (180–182). Nevertheless, HIF-1 seems to be a central 
coordinator of  the adaptive response to survival during hypoxia and ischemia. HIF-1 not only 
induces EPO, but also activates the protein synthesis of genes involved in metabolism, vascular 
 processes, and cellular survival or proliferation, such as glucose transporters, glycolytic 
enzymes, heme oxygenase 1, p21, IGF-2, and VEGF (189).

Understanding these mechanisms may allow, in future, to induce or boost endogenous 
protection in patients, as a novel strategy to safeguard the brain against hypoxic/ischemic 
damage. For example, EPO is a promising drug in stroke therapy. There is a solid evidence that 
exogenously applied EPO is neuroprotective in the in vivo and in vitro models of cerebral 
 ischemia (88,190,191). Clinical phase I and phase II trials suggest that EPO is not only safe but 
may also be beneficial in the therapy of acute stroke (192). In addition, nonhematopietic vari-
ants of EPO become a promising tool. Such variants have been shown to be neuroprotective in 
models of stroke, spinal cord compression, diabetic neuropathy, and experimental autoimmune 
encephalomyelitis, and potentially allow long-term treatment (193). In addition, pharmacologi-
cal inducers of ischemic tolerance, for example desferrioxamine, an approved drug for the 
 treatment of hemosiderosis, are promising in treatment of chronic and acute neurodegenerative 
 diseases (188).

CONCLUSION

The concept of the ischemic penumbra as a highly dynamic tissue volume surrounding the 
ischemic core is now widely accepted. Core and penumbra are linked to different threshold 
levels of CBF. In the core, all cells have lost their membrane potential and are undergoing 
rapid, irreversible damage due to low perfusion. Only hyperacute reperfusion may salvage 
the core. The penumbra, in which intermediate perfusion prevails, is subjected to a temporo-
spatial evolution. Early, after onset of focal cerebral ischemia, neurons in the penumbra remain 
structurally intact but functionally silent. In contrast to the core, penumbral tissue is highly 
active. Complex pathways involving excitotoxicity, oxidative and nitrosative stress, peri-
infarct depolarizations, inflammation, and programmed cell death lead to the expansion of 
damage in the penumbral area—the core is increasing at the expense of the penumbra. Since 
penumbral tissue is viable for extended time periods, it has the realistic potential to be rescued 
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by therapeutic intervention: the penumbra is the target for acute stroke therapy. Besides 
thrombolysis, no therapeutic strategy to protect the brain after a stroke in humans has been 
 convincingly demonstrated so far. However, we believe that the recent advances in stroke 
pathophysiology, neuroimaging, and clinical trial design, justify cautious optimism, and 
that within the near future “neuroprotection” will become a reality in stroke therapy.
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INTRODUCTION

Accurate mapping of the penumbra in animal experiments is an absolute requirement for at 
least three important research objectives: (i) the identification of pathophysiological and patho-
biochemical alterations that contribute to the progression of ischemic injury into the peri-infarct 
surrounding; (ii) the evaluation of therapeutic interventions that interfere with this injury; and 
(iii) the validation of surrogate markers of the penumbra, notably of operationally defined 
 noninvasive methods.

As outlined in earlier chapters, the penumbra can be delineated on images of cerebral blood 
flow by marking the flow range between the beginning functional impairment and the onset of 
anoxic depolarization (1). However, during the evolution of brain infarction, the thresholds of 
brain injury steadily increase, and following recirculation the ischemic impact is not necessarily 
reversed.

A much more reliable approach for the mapping of the penumbra is, therefore, the 
 visualization of biochemical and biophysical alterations underlying the observed functional 
 disturbances (2) (Table 1). From a purely descriptive point of view, this approach requires the 
demarcation of the penumbra from the nonviable infarct core, on the one hand, and from 
the undamaged intact tissue, on the other. The most obvious indicator of tissue viability is the 
maintenance of energy metabolism, which can be readily imaged by pictorial measurements 
of tissue adenosine tri-phosphate (ATP) content. In fact, the flow threshold of anoxic depo-
larization closely  correlates with the breakdown of the tissue energy state, which, in turn, is 
associated with the cessation of all anabolic energy-dependent metabolic processes. The 
demarcation of the penumbra from the intact tissue is less well defined because at declining 
flow values an increasing number of metabolic processes is impaired. In fact, multimodal 
imaging methods have greatly contributed to the identification of differential biochemical 
thresholds and have led to the concept of multiple penumbras (3). In the following sections, 
the most important penumbra- relevant  imaging methods and their applications to animal 
models will be described.

PENUMBRA-RELEVANT IMAGING METHODS
Imaging of Tissue Sections

The extent and severity of focal ischemic lesions greatly vary, even under standardized experi-
mental conditions. As penumbral mapping requires multimodal imaging, such methods must 
be applicable to individual animals. This is, in fact, possible by using serial histological brain 
sections for the measurement of the various parameters of interest; for some variables, multi-
parametric imaging can even be carried out in the same section, for example, by using multi-
tracer autoradiographic techniques (4,5). As far as measurements of labile substrates such as 
ATP are concerned, in situ freezing of the brain is necessary to prevent catabolic changes (6). For 
this reason, multimodal mapping must be applicable to cryostat sections. The following meth-
ods have been established to meet these requirements.

Adenosine Triphosphate, Glucose, and Lactate-Induced Bioluminescence
Biochemical substrates that can be measured by enzymatic reactions coupled to a light emitting 
system are imaged in intact tissue sections by preparing slices of a frozen reaction mix that 
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contains all the enzymes, coenzymes, and substrates required for the execution of the enzy-
matic assay. If this slice is placed on the cryostat section and allowed to melt, the reaction mix 
diffuses into the tissue section and reacts with the substrate of interest. The light emitted by the 
reaction correlates quantitatively with the tissue concentration of the substrate and can be 
recorded either with a sensitive charge-coupled device (CCD) camera or by placing the tissue/
reaction mix sandwich on a photographic film.

Up to now, practical approaches have been described for the measurements of ATP (7), 
glucose (8), and lactate (9) (Fig. 1), but the same principle should also be applicable to other 

TABLE 1 Order of Flow-Dependent Pathophysiological Disturbances Associated with Acute Cerebrovascular 
Occlusion and Corresponding Imaging Methods

Note: The penumbra is the mismatch between disturbances that occur only in the infarct core and others, which affect both core and 
penumbra.
Abbreviations: ADC, apparent diffusion coefficient; CPS, cerebral protein synthesis; FDG, fluorodeoxyglucose; IAP, iodoantipyrine; 
MRI, magnetic resonance imaging; NADH, reduced nicotinamide adenine dinucleotide; PET, positron emission tomography; SPECT, 
single-photon emission computed tomography.

FIGURE 1 (See color insert.) Bioluminescence imaging of tissue content of adenosine tri-phosphate (ATP), glucose, 
and lactate in  cryostat sections prepared shortly after occlusion of the middle cerebral artery in rat. Tissue sections were 
placed on frozen  sections of a gelatinized reaction mix containing all the substrates, enzymes, and co-enzymes required 
to induce  substrate-specific bioluminescence. After starting the enzymatic reaction the emitted bioluminescence was 
recorded on photographic film. Loss of ATP is restricted to the infarct core, whereas the reduction of glucose (due to 
increased  glucose consumption) and the increase of lactate (due to stimulation of anaerobic glycolysis) extend into the 
penumbra.

Reduced blood flow  IAP autoradiography, perfusion-weighted MRI 
Increased oxygen extraction 15O 2 /H 2

15O PET, Near infrared spectroscopy 
Increased blood volume  Tc-99m HMPAO SPECT 
Upregulation stress proteins hsp70/hsp32 mRNA in situ hybridization 
Suppression protein synthesis CPS autoradiography, 11C-aminoacid PET 
Increased glycolysis Deoxyglucose autoradiography, 18FDG PET 
Reduced oxygen use 15O 2 PET 
Cellular swelling Diffusion-weighted MRI, ADC mapping 
Disturbed redox state NADH fluoroscopy 
Lactacidosis Lactate bioluminescene imaging, pH fluoroscopy 
Suppressed glucose use Deoxyglucose autoradiography, 18FDG PET 

ATP depletion ATP bioluminescence imaging 
Release of potassium Potassium histochemistry 
Calcium uptake  Calcium histochemistry 
Loss of ligand binding 18F-Flumazenil PET 
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substrates. Pictorial measurement of ATP is a straightforward way to identify the ischemic core. 
Due to the threshold relationship between blood flow and energy metabolism, ATP depleted 
areas are sharply demarcated against the still viable tissue. The penumbra is characterized by 
the local mismatch between ATP depletion and other metabolic disturbances, which evolve at 
higher flow thresholds, as described in more detail later.

Blood Flow, Glucose Utilization, and Protein Synthesis
For the pictorial measurement of these variables, quantitative autoradiographic methods have 
been established, all of which can be used with cryostat sections (10–12) (Fig. 2). These methods 
have been combined by double or even triple tracer approaches, which take advantage of the 
differences in the half-life and the radiation intensity of the radioisotopes and the sensitivity of 
photographic films, to allow measurements in the same tissue section (5,13). The measurements 
are quantitative and permit precise multipixel threshold analysis between blood flow, on one 
hand, and the metabolic rates of glucose and protein synthesis, on the other (14). In our hands 
the double tracer imaging of blood flow and protein synthesis in combination with the pictorial 
measurement of ATP or pH has become a particularly useful approach to determine the precise 
localization and the flow thresholds of core and penumbra (Fig. 3).

FIGURE 2 Double tracer autoradiographic measurements of blood flow and protein synthesis (top ) and of blood flow 
and glucose utilization (bottom ) after carotid artery occlusion in gerbil. Blood flow was measured with 131I-iodoantipyrine, 
protein synthesis with 14C-labelled leucine and glucose utilization with 14C-deoxyglucose. Inhibition of protein synthesis 
or stimulation of (anaerobic) glucose utilization demarcates the penumbra from the intact brain tissue. Simultaneous 
recording of blood flow permits precise determination of the corresponding flow thresholds.

FIGURE 3 (See color insert.) Mapping of the mismatch between energy metabolism and protein synthesis at one hour 
after middle  cerebral artery occlusion in rats. Superposition of the outlines of ATP loss and suppressed protein synthe-
sis permits precise anatomical demarcation of the biochemically defined penumbra. Source: From Ref. 68. Abbreviations: 
ATP,  adenosine tri-phosphate; CBF, cerebral blood flow. 
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As far as the range of flow values in the penumbra is concerned, different values have 
been reported, depending mainly on the animal species and the time after the onset of ischemia. 
In small rodents, the penumbra corresponds at two hours to a flow range of approximately 20% 
to 40% of control (15), whereas in humans at six hours ischemia the range is about 10% to 30% (16). 
Mapping of the penumbra on flow images, therefore, requires appropriate determination of 
flow thresholds and is valid only under experimental conditions in which these thresholds 
have been established.

pH Imaging
An important parameter for the mapping of the penumbra is tissue pH, which shifts to 
 acidosis with the stimulation of anaerobic glucose utilization. In cryostat sections pH is 
measured either by placing the section on filter paper soaked with the fluorescent pH indica-
tor umbelliferone (17), or by injecting neutral red into the circulating blood prior to sacrifice 
(18). For multiparametric mapping, the umbelliferone incubation method is the preferred 
approach because the systemic application of neutral red may interfere with other imaging 
modalities (Fig. 4).

NADH Imaging
As first described by Welsh et al., reduced nicotinamide adenine dinucleotide (NADH) imaging 
is a powerful tool for the pictorial evaluation of the redox state of the brain tissue (19). 
The method relies on the bright fluorescence of NADH at 450 nm, which can be observed by 
ultraviolet illumination using the appropriate filter combination. NADH images can be obtained 
not only ex vivo from frozen brain slices but also in vivo by illuminating the exposed cerebral 
cortex (20). An inherent problem for quantitative evaluation is the quenching of NADH by 
hemoglobin. However, under most conditions of experimental ischemia, the focal deterioration 
of the redox potential is so pronounced, that the increase of NADH can be sharply demarcated 
against the normoxic tissue, irrespective of blood volume changes (Fig. 4).

Calcium and Potassium Staining
Anoxic depolarization results in massive transmembrane ion fluxes leading to the loss of 
 intracellular potassium and the gain of calcium. Under conditions of complete circulatory 

FIGURE 4 (See color insert.) Mapping of tissue 
pH and ATP content (top) and of NADH and ATP 
content (bottom) after middle  cerebral artery 
occlusion in rat. Tissue pH was imaged using the 
fluorescent pH indicator umbelliferone and NADH 
by recording tissue autofluorescence. Tissue 
acidosis is observed in core and penumbra, 
whereas the increase in NADH and the loss of ATP 
are restricted to the core region.
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arrest, these ion shifts do not result in net changes of tissue electrolyte content but if blood flow 
is resumed or some residual circulation persists, the tissue content equilibrates with that of the 
blood. These changes can be imaged by histochemical stainings, using cobaltinitrite for the 
measurement of potassium (21) and fluo-3 solution for calcium content (22). Both methods 
have been adopted for the use with cryostat sections and, therefore, can be combined with the 
other imaging methods described here.

An indirect measure of the ischemia-induced disturbance of calcium homeostasis is the 
imaging of activated ion channels with nimodipine (23) or dizocilpine (24). It has not been 
established, however, to what extent increased binding colocalizes with the core, or the 
 penumbra, or both.

Mapping of Gene Expression 
With the increasing use of high throughput gene expression profiling, a steadily growing 
number of genes have been associated with the evolution of penumbral injury (25–27). Pictorial 
evaluation of gene expression can be carried out in cryostat sections both at the transcriptional 
and translational level, using cDNA in situ hybridization and immunohistochemistry, respec-
tively. So far, only the expression of the stress genes hsp70 (28,29) and HO-1(hsp32) (30) could be 
clearly colocalized with the penumbra, defined as the mismatch between energy metabolism 
and protein synthesis (Fig. 5). Genes indirectly linked to the evolution of ischemic injury are 
activated among others by peri-infarct spreading depression waves, notably the immediate 
early genes c-fos, c-jun, and junB (31). In accordance with the topical spread of the depolarization 
waves, these genes are upregulated not only in the penumbra but throughout the ipsilateral 
hemisphere (29) (Fig. 5). As the protein products of these genes are transcription factors, a great 
number of other genes are also induced in or outside the ischemic penumbra. Similarly, remote 
gene expressions associated with edema formation,  functional disturbances, and plasticity may 
affect ischemic and nonischemic tissue and,  therefore, are of limited usefulness for penumbral 
mapping.

Noninvasive Imaging
Positron Emission Tomography
The positron emission tomography (PET) parameters most widely used for imaging of focal 
ischemia in animal experiments are blood flow, oxygen and glucose consumption, the oxygen 
extraction fraction, and the binding of various ligands, notably flumazenil, to the  corresponding 

FIGURE 5 Regional allocation of gene expression to the penumbra during permanent MCA occlusion in the mouse. 
Gene regulation is imaged by in situ hybridization and compared with images of protein synthesis (CPS) and ATP 
 bioluminescence on adjacent cryostat sections. Superposition of the CPS/ATP mismatch on in situ hybridization auto-
radiograms reveals that only hsp70 mRNA precisely colocalizes with the biochemically defined penumbra. Upregulation 
of c-fos mRNA and of jun B mRNA in the intact tissue outside of the penumbra is due to ischemia-induced spreading 
depolarization. Abbreviation : MCA, middle cerebral artery. Source : From Ref. 29.
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viable receptors (32–34). These issues are covered in detail in Chapters 3 and 10. With declining 
flow values the blood oxygen extraction fraction rises to cover the oxygen requirements of 
 aerobic metabolism but at flow values of less than about 50% of control, the tissue becomes 
hypoxic, the oxygen consumption begins to decline and anaerobic glycolysis is stimulated. 
At even lower flow values, also anaerobic glycolysis begins to fail, energy metabolism ceases, 
the tissue necrotises and ligands no longer bind to their receptors.

According to this scenario, the penumbra is characterized by an increase in glucose 
 utilization  or the rise of the oxygen extraction fraction, whereas the ischemic core can be 
detected by the reduction of oxygen and glucose consumption or by the loss of ligand binding 
to devitalized receptors (Fig. 6). It should be noted, however, that the thresholds of these varia-
bles have been operationally defined by correlating isocontours of a range of values with the 
outline of ischemic infarcts that evolve after some time. Moreover, due to the low topical resolu-
tion of PET and the high scatter of tracer concentrations at low flow values, the demarcation 
between core and penumbra is much less precise than on biochemical maps obtained from his-
tological  sections. Under experimental conditions, PET mapping of the penumbra is, therefore, 
a  surrogate approach restricted to large brains.

Nuclear Magnetic Resonance 
This imaging modality is also covered in detail in Chapters 13 and 14, hence an  abbreviated 
comment is given in this chapter. A widely accepted although not rigorously validated mag-
netic resonance (MR) signature of the ischemic core is the increased signal intensity in  diffusion-
weighted MR images (DWI). The combination of such images with blood perfusion-weighted 
images (PWI) has led to the PWI/DWI mismatch concept, which states that the penumbra is 
the area of reduced blood flow in which DWI-visible alterations are absent (35,36). This 
assumption, however, is not undisputed (37,38). DWI signal intensity changes inversely to the 
apparent diffusion coefficient (ADC) of tissue water, which, in turn, reflects the fluid volume 
of the extracellular compartment. Quantitative ADC measurements revealed that during 
graded ischemia, ADC begins to decline before energy metabolism fails (39), indicating that 
the increase in DWI signal intensity is not restricted to the infarct core. Moreover, PWI-detect-
able flow decreases are pathophysiologically relevant only at flow values that interfere with 
adequate oxygen supply to the tissue. PWI/DWI mismatch, therefore, includes only the 
peripheral parts of the penumbra but extends into the surrounding normoxic intact tissue. The 
prognosis of the PWI/DWI mismatch area is, therefore, better than that of the actual penum-
bra, which must be considered for the interpretation of therapeutic interventions.

Several laboratories have tried to identify the penumbra by thresholding quantitative 
ADC maps (39– 41). Correlation of such maps with biochemical images revealed that during the 

FIGURE 6 Positron emission tomography (PET) mapping of cerebral blood flow (CBF), cerebral metabolic rate of 
oxygen (CMRO2), oxygen extraction fraction (OEF) and glucose utilization (CMRGl) after middle cerebral artery occlusion 
in cat. The ischemic territory is demarcated by the decline in CBF, the penumbra by the increase in OEF and the core by 
the suppression of CMRO2 and CMRGl. At 20 to 24 hours after vascular occlusion the histologically documented  infarct 
co-localises with the region in which OEF was increased at one hour, reflecting the progression of the penumbra to 
 infarction. Source: From Ref. 59.
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initial few hours of ischemia, the decline of ADC to 90% corresponds to the beginning tissue 
acidosis, and the further reduction to 77% to the breakdown of energy metabolism. The ADC 
range between these two thresholds demarcates a region, the volume of which comes close to 
the actual penumbra (39). However, as these thresholds are statistical values, which may vary with 
the particular experimental setup, an accurate demarcation of the penumbra is not possible.

Other MR parameters that are potentially useful for penumbral mapping are the measure-
ment of cerebral blood volume (to trace the autoregulatory adjustment of the cerebral vasculature 
at reduced blood supply) (42), the transverse relaxation time T2 (to visualize the beginning of 
edema formation) (43), Mn-enhanced MR imaging (to detect anoxic depolarization) (44), or 
proton spectroscopical imaging (for mapping the rise of lactate during anaerobic glycolysis) 
(45,46). However, none of these parameters exhibits a sharp threshold relationship to declining 
flow values and, therefore, does not provide a clear demarcation of the penumbra from either 
the core or the intact brain tissue.

Other Noninvasive Methods
In patients single-photon emission computed tomography (SPECT) (see Chapter 12) and near 
infrared spectroscopy (NIRS) have been used to trace penumbral tissue—SPECT by detecting 
an increase in blood volume (using Tc-99m HMPAO as a blood tracer) (47), and NIRS to docu-
ment the reduced oxygen saturation of penumbral blood (48). Both parameters reflect the 
disturbed hemodynamic situation but are unrelated to the actual biochemical abnormalities 
within the penumbra. In animal experiments, applications of these methods for penumbral 
mapping have not been reported.

Selection Guidelines for Penumbral Mapping

Important criteria for the selection of mapping techniques for the visualization of the penumbra 
are the choice between invasive or noninvasive methods, on the one hand, and between direct 
and mismatch measurements, on the other. The most widely used noninvasive approach for 
direct penumbral mapping is the visualization of increased oxygen extraction. This approach 
systematically overrates the actual penumbra, because at declining flow values oxygen extraction 
begins to rise before any pathological alterations evolve. Using the appropriate thresholds, the 
penumbra can also be visualized on quantitative maps of blood flow or ADC. The obvious short-
coming of these maps is the uncertainty about the individual thresholds in different experimental 
situations; applications are therefore restricted to statistical evaluations.

An invasive but much more precise approach for direct penumbral mapping is the in situ 
hybridization of hsp70 mRNA (Fig. 5). HSP-70 is a cytosolic stress protein, which responds to 
disturbances in protein synthesis but only as long as the energy state of the tissue is preserved. 
Obviously, the need to prepare histological sections restricts this method to single point measure-
ments. On the other hand, as the dissociation between protein synthesis and energy metabolism 
characterizes the penumbral tissue at risk both during permanent and after transient vascular 
occlusion, it can be applied to a wide range of experimental situations.

Other direct mapping approaches include the measurement of cerebral blood volume, the 
upregulation of HO-1 (hsp-32) and of the hypoxia-induced factor HIF-1, or the binding of the 
N-methyl–d-asperate (NMDA) antagonist MK-801 to activated ionotropic glutamate channels. 
However, none of these methods have been compared with independent methods and, there-
fore, require further validation.

The generation of mismatch maps is an extension of the threshold concept of ischemia, 
which states that penumbral disturbances occur at higher flow thresholds than the loss of 
viability in the infarct core. Accurate images of the infarct core can be obtained by biolumines-
cence mapping of ATP or—if some time has elapsed after the induction of ischemia—by 
triphenyl tetrazolium chloride (TTC) staining. Imageable disturbances that extend into the 
penumbra include the inhibition of protein synthesis, the accumulation of lactic acid, tissue 
acidosis, and the increase in NADH (Table 1). As the thresholds of these penumbral distur-
bances are not the same, the corresponding mismatch areas also differ. This is in line with the 
concept of multiple penumbras, and has to be considered when different penumbral outcome 
studies are compared.
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A widely used noninvasive mismatch approach for penumbral mapping is the PWI/DWI 
mismatch. Considering the dependence of neurological symptoms on the localization of flow 
disturbances, this approach has been recently extended to a “diffusion-clinical mismatch” situa-
tion (49). For the reasons given earlier, these mismatches deviate from the true penumbra and 
must be interpreted with caution. Biochemical mismatches such as the CPS/ATP mismatch, in 
contrast, are accurate estimates of the actual metabolic situation and can be used as gold stand-
ards for the validation of other more indirect approaches (Figs. 3 and 5).

APPLICATIONS TO ANIMAL MODELS OF FOCAL ISCHEMIA

Mappings of the ischemic penumbra have been carried out in various species and different 
models of focal ischemia. As regards to animal species, a major difference exists between the 
lissencephalic brains of gerbil and small rodents in which the ischemic territory is well demar-
cated, and the gyrencephalic brains of larger species such as cat, pig, or primates, where flow 
reduction is more heterogeneous. This difference is due to the anatomical configuration of 
Heubner’s leptomeningeal network of anastomoses, which is better developed in the gyren-
cephalic brain. Another major difference is the effect of permanent and transient vascular occlu-
sion. The hemodynamically defined “classical” penumbra of moderately reduced blood flow is 
a characteristic property of permanent ischemia but the associated biochemical alterations are 
replicated during reperfusion also in the severely ischemic core, provided reperfusion results in 
the recovery of energy metabolism and the restoration of cell membrane polarization. In the 
following, some of the most characteristic animal experimental findings will be reviewed.

Hemispheric Ischemia in Gerbil
In the gerbil unilateral carotid artery occlusion results in hemispheric ischemia, the severity of 
which varies depending on the anatomical configuration of the anterior communicating artery 
(Fig. 7). This model produces variable severities of hemispheric ischemia in different animals 
but not a focal gradient of flow values within the same hemisphere, as after intracerebral 
 vascular occlusion. Blood flow and the associated biochemical changes are, therefore, similar 
throughout the affected hemisphere. This facilitates tissue sampling for the correlation of blood 

FIGURE 7 (See color insert.) Multimodal mapping of the gerbil brain after unilateral carotid artery occlusion. Depending 
on the caliber of the anterior communicating artery, different severities of hemispheric ischemia are produced. Reduction 
of blood flow to the penumbra range is reflected by the stimulation of (anaerobic) glucose utilization (middle) and reduc-
tion to core values by the cessation of glucose utilization and the depletion of ATP and glucose content throughout the 
ischemic hemisphere (bottom). Source: From Ref. 69.
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FIGURE 8 Multimodal mapping of the mouse brain during permanent thread occlusion of the middle cerebral artery. 
The infarct core corresponds to the area of ATP depletion and the penumbra to the mismatch between disturbed protein 
synthesis and preserved energy metabolism (CPS/ATP mismatch). Note gradual disappearance of the penumbra due to 
the expansion of the infarct core. Mapping of gene expression on adjacent cryostat sections reveals different allocations 
to the penumbra and the intact tissue (for higher resolution see Fig. 5). Source: From Ref. 70.

flow with biochemical alterations but necessitates multiple experiments to cover the whole 
range of flow changes.

Rodent Models of Focal Ischemia
Focal ischemia in rodents is usually produced by mechanical or clot occlusion of the middle 
cerebral artery (MCA). In the mouse, imaging of ATP and cerebral protein synthesis (CPS) 
revealed that the ischemic core is located in the lateral caudate-putamen and the temporal cortex, 
whereas the penumbra extends to the medial caudate-putamen and the parietal and fronto-
temporal cortex (50). With ongoing ischemia time, the ischemic core gradually expands into the 
penumbra until, after 6 to 12 hours, most of the penumbra has disappeared (Fig. 8). Multimodal 
mappings revealed that the CPS-defined penumbra colocalizes precisely with upregulation of 
hsp70 mRNA expression (Fig. 5). Upregulation of immediate-early genes (IEG), in contrast, 
occurs also in the undamaged nonischemic tissue (29,31), in accordance with the spread of peri-
infarct depolarizations over the entire ipsilateral hemisphere.

After transient MCA occlusion, mostly induced by withdrawal of an intraluminal thread, 
protein synthesis recovers in the penumbra, and energy metabolism in the peripheral parts or 
even throughout the ischemic core (Fig. 9) (50). The resulting CPS/ATP mismatch in the ischemic 
core colocalizes with a strong postischemic upregulation of hsp70 mRNA, followed after an 
interval of a few hours by secondary suppression of energy metabolism and cell death. 
Postischemic CPS/ATP mismatch thus identifies a region at risk, which despite restoration of 
blood flow suffers delayed death in a similar way as the penumbra of permanent ischemia. 

MCA clot embolism does not differ from MCA thread occlusion but spontaneous or 
thrombolysis-induced recanalization produces a much less abrupt recirculation than the reversal 
of mechanical occlusion. As a result, restoration of energy metabolism is more delayed and the 
CPS/ATP mismatch smaller than after the same duration of mechanical occlusion (51). This 
difference is of importance for the prediction of outcome, and questions the relevance of transient 
mechanical occlusion models for the understanding of clinical stroke pathophysiology.

The localization and dynamics of core and penumbra after MCA occlusion in rat are similar 
to that in the mouse. During permanent MCA occlusion the core is located in the basal ganglia 
and parts of the temporal cortex, and the penumbra in the parietal and fronto-temporal cortex 
(Fig. 10). With ongoing ischemia the rat penumbra also disappears within a few hours due to 
the expansion of the infarct core (52). Penumbral mappings have been carried out mainly by 
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FIGURE 10 Multimodal imaging of the rat brain following middle cerebral artery occlusion. The core is identified by 
ATP depletion and the penumbra by CPS/ATP mismatch (top) or pH/ ATP mismatch (bottom).

FIGURE 9 Multimodal mapping of the mouse brain during and after one hour transient middle cerebral artery  occlusion. 
Shortly after the beginning of reperfusion ATP but not protein synthesis recovers, resulting in a large CPS/ATP  mismatch 
area which co-localizes with an upregulation of hsp70 mRNA. The central part of this area progresses to  infarction in 
analogy to the penumbra of permanent ischemia (see Fig. 8). Source: From Ref. 50.
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mismatch approaches, notably between ATP and CPS or pH (2), by PWI/DWI mismatch (40), 
or the mismatch between the flow tracer iodine-123 N- isopropyl-4-iodoamphetamine (IMP) 
and the neuronal vitality marker iodine-125 iomazenil (IMZ) (53). Direct visualizations of the 
penumbra were achieved by imaging the expression of hsp70 (29,54) or HO-1 mRNA (30), or by 
thresholding blood flow and ADC maps (39).

Reversal of transient rat MCA occlusion also replicates the results in mice. ATP, but not 
CPS recovers and hsp70 mRNA is strongly expressed in the CPS/ATP mismatch region of the 
reperfused ischemic core (55). With ongoing recirculation, secondary deterioration of energy 
metabolism and the associated ADC changes occur, in analogy to delayed neuronal death in the 
penumbra of permanent ischemia (Fig. 11) (56).

A particular type of penumbra is the center of a cortical photothrombotic ring lesion. This 
area exhibits a reduced blood flow and overt morphological alterations but different to the peri-
infarct penumbra, these disturbances tend to recover spontaneously (57).

Focal Ischemia in Cat and Pig 
In both species, MCA occlusion has been carried out by a transorbital approach, which, depend-
ing on the individual efficiency of collateral blood supply, leads to greatly varying infarct 
volumes. In medium sized infarcts, the core is located in the basal ganglia and the ectosylvian 
gyrus, and the penumbra in the suprasylvian gyrus, but with larger or smaller lesions, the 
penumbra shifts to either the more central or the more peripheral parts of the MCA supplying 
territory. Differentiation between core and penumbra has been carried out by MRI (58) and by 
PET (59), using PWI/DWI mismatch, increased oxygen extraction fraction, or increased glucose 

FIGURE 11 (See color insert.) Multimodal mapping of rat brains after one-hour middle cerebral artery occlusion 
without recirculation (top), one-hour recirculation (middle), and 10 hours recirculation (bottom), respectively. Sequential 
ADC and  perfusion-weighted MR imaging (PWI) was followed by terminal invasive imaging of glucose, ATP, and pH. 
Experiments demonstrate that post-ischemic recirculation promotes primary recovery of ADC and of biochemical varia-
bles, which, however, is followed by secondary deterioration of ADC and metabolic injury in the center of the MCA 
territory. Source: From Ref. 56.
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consumption as penumbral markers (Fig. 6). Di et al. (24) characterized the penumbra as an 
area of increased binding of the noncompetitive NMDA antagonist MK-801 but this association 
has not been validated with independent methods.

In an early application of multiparametric imaging to transorbital MCA occlusion of cat, 
the simultaneous measurement of a great number of hemodynamic and metabolic parameters 
revealed a multifocal heterogeneous pattern of areas with low and high blood flow and different 
kinds of metabolic-biochemical matches and mismatches (Fig. 12) (60). Vascular occlusion led 
only in one out of four cats to homogenous infarction with the typical distribution of a central 
core of ATP depletion, surrounded by a slightly larger area of acidosis and suppressed protein 
synthesis. The multifocal heterogeneous distribution in the other experiments apparently was 
due to foci of spontaneous reperfusion, which illustrates the difficulty to induce a reproducible 
pattern of focal ischemia in gyrencephalic brains.

Focal Ischemia in Primates 
The preferred model of focal ischemia in primates is the transorbital mechanical occlusion of 
the proximal segment of the MCA, introduced by Hudgins and Garcia (61). This model was, in 
fact, used for the early studies on the threshold relationship between blood flow and functional 
impairment which led to the concept of the ischemic penumbra (1). The infarct core is located 
in the striato-capsular area of the deep MCA territory, and the penumbra in the overlying cortex, 
notably the parasylvian gyrus. Similar to cats, homogeneity and volume of the ischemic infarct 
vary largely, depending on the efficacy of collateral blood supply. 

Most of the pictorial information on the ischemic penumbra of primates has been acquired 
by PET imaging (Fig. 13). Using sequential measurements of the metabolic rate of oxygen 
(CMRO2) and the oxygen extraction fraction (OEF), the penumbra could be associated with the 
region in which OEF was increased, and the core with the region in which CMRO2 declined to 
below 40% of control (62). During permanent MCA occlusion, part of the region of increased 
OEF progressed to infarction (62) in accordance with the concept of the time-limited viability of 
the penumbra. When the MCA was reperfused within six hours all of the tissue with increased 

FIGURE 12 Multimodal imaging of cat brain after transorbital middle  cerebral artery (MCA) occlusion. Images show 
the lower right quadrant of coronal cryostat section passing through the center of the MCA territory. Note marked 
 heterogeneity of hemodynamic and biochemical alterations with variable  associations and dissociations between flow and 
metabolism, reflecting focal areas of spontaneous reperfusion. Abbreviations: CBF, cerebral blood flow; CMRG, glucose 
utilization. Source: From Ref. 60.



Multimodal Mapping of the Ischemic Penumbra in Animal Models 89

OEF survived (63), and when recirculation was initiated after 20 hours, still more than 60% 
remained intact (64). This outcome is much better than the survival of the biochemically defined 
penumbra in rodents, which supports the view that the region of increased OEF includes intact 
tissue that is not at risk of infarction (see earlier).

Focal ischemia induced by intracarotid clot embolism led to an increase of the metabolic rate 
of glucose at flow values between 40% and 80% of control, characterizing the penumbra as an 
uncoupling between reduced flow and increased (anaerobic) glucose metabolism (65). 
Autoradiographic measurement of protein synthesis at two hours after clot embolism revealed a 
highly heterogeneous pattern of severely reduced amino acid incorporation, which was sharply 
demarcated from the surrounding intact tissue (66). Reduced protein synthesis is a reliable 
 biochemical marker of the penumbra but as this measurement was not supplemented by images 
of the ischemic core, a differentiation between core and penumbra was not possible. The same 
restriction applies to a study of Obrenovitch et al. (67) in which pictorial measurements of tissue 
pH provided an image of both core and penumbra but not a demarcation between the two.

CONCLUSIONS

High spatial resolution mapping of the penumbra on serial cryostat sections provides the 
opportunity to correlate a wide range of pathophysiological alterations with the evolution of 
penumbral injury. Similarly, therapeutic interventions can be differentiated into those, which 
interfere with the hemodynamic or molecular mechanisms pertaining to primary necrosis in 
the core, and others that may contribute to the amelioration of delayed injury in the penumbra. 
Finally, surrogate markers of core and penumbra, notably operationally defined noninvasive 
PET and MRI methods, can be validated to improve prediction of therapeutic outcome under 
clinical conditions.

According to the concept of multiple penumbras, the topical extension of the penumbra 
may vary depending on the parameter chosen for penumbral mapping. If the penumbra is 
defined as the region-at-risk that in the absence of therapeutic intervention progresses to infarc-
tion, the most reliable predictor of this outcome is CPS/ATP mismatch. In fact, ATP depletion 
delineates the region of established injury, and the area of preserved protein synthesis the unin-
jured intact brain tissue. Using this information, precise topical association of injury pathways 
can be made to differentiate between those processes that contribute to injury evolution and 
others that are irrelevant epiphenomena. Multimodal mapping of the penumbra is, therefore, a 
powerful approach not only for the analysis of disease-relevant injury pathways, but also for 
the identification of promising therapeutical targets.

FIGURE 13 Multimodal positron emission tomography (PET) imaging of monkey brain submitted to two hour middle 
cerebral artery occlusion, followed by 22 hours recirculation. Recording of cerebral blood flow (CBF), cerebral metabolic 
rate of oxygen (CMRO2), and the oxygen extraction fraction (OEF) before ischemia (B), during vascular occlusion 
(MCAO), after one hour (R1), two hours (R2) and four hours (R4) recirculation, and before termination of the experi-
ment (F). During middle cerebral artery occlusion the infarct core (IR) corresponds to the region of suppressed CMRO2, 
and the penumbra (PR) to the region of increased OEF. After recirculation the penumbra survives but the region of 
depressed CMRO2 progresses to infarction despite transient recovery of CMRO2. Abbreviation: MCAO, middle cerebral 
artery occlusion. Source :  From Ref. 71.
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INTRODUCTION
“Clinical” or Treatment Penumbra

Studies of the penumbra have used physiological, imaging, and biochemical methods to define 
and study the penumbra. These are summarized and critically reviewed in this book. Both 
positron emission tomography (PET) and magnetic resonance imaging (MRI) have been used 
to provide evidence of a penumbra in animal models and in humans. Diffusion MRI combined 
with perfusion MRI appears to provide a reasonable image of the clinical penumbra. The 
 “clinical” penumbra is variously defined, but for the purposes of this chapter represents an 
area of decreased blood flow, which, if blood flow is not restored, will go on to infarct. The 
 correlates of this definition are that the longer the reduction in flow, the larger the infarct and 
the smaller the penumbra; the perfect pharmacological treatments for acute stroke would be 
able to rescue 100% of the penumbra at a given time after the onset of ischemia. For the clini-
cian scientists who study stroke, therefore, the concept of a “penumbra” has been fairly clear 
but somewhat variously defined since the term was initially coined.

Most Changes of Gene Expression in Brain Unrelated to Penumbra

The role of the various molecular changes that occur following stroke, however, have generally 
been much less clear in regard to their relation to the “clinical penumbra.” There is often uncer-
tainty as to whether changes of gene expression are occurring within the area of infarction itself, 
are occurring outside the infarct and within an area that sustained decreased blood flow can be 
defined as the “clinical penumbra,” or whether the changes of gene expression are occurring in 
parts of brain at some distance from where any changes of blood flow occur during a stroke 
(1–5). An example of the latter is the immediate early gene c-fos, which has been shown to be 
induced in occipital cortex, thalamus, substantia nigra, and other brain stem regions, all of 
which are certainly outside the regions of middle cerebral artery ischemia in the rat models 
used (6). Though c-fos is induced in brain outside areas of infarction, the induction of c-fos 
immediate early gene in brain does not correlate with or indicate the “clinical penumbra.” Thus, 
it is important to emphasize that the vast majority of changes of gene expression described in 
most animal models represent ischemia-induced changes of gene expression that do not directly 
correlate spatially with the region of decreased cerebral blood flow. These ischemia-related 
changes of gene expression will be briefly reviewed in the last half of this chapter. The changes 
of gene expression that occur outside the clinical penumbra may relate to apoptosis, spreading 
depression, changes of synaptic transmission between injured brain and interconnected brain 
regions, changes of trophic support between injured brain and interconnected brain regions, 
and almost certainly to plastic biochemical and physiological changes that occur in brain regions 
surrounding an infarct and in brain regions remote from an infarct (7).

Gene Changes Only in the Penumbra

The first part of this chapter will, therefore, focus on molecular changes that occur in brain that are 
directly contiguous with an area of decreased cerebral blood flow, and for the most part only 
occur within the region of decreased blood flow. Hence, the changes of gene expression must 
occur within the middle cerebral artery (MCA) distribution if the ischemia occurs only in the 
MCA  distribution. As a corollary, the changes of gene expression may occur within the region of 
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the infarction, but they must not extend outside the area of decreased cerebral blood flow. Using 
this definition, then it turns out that only a few biochemical and molecular studies address the 
“clinical penumbra,” as discussed earlier. The biochemical changes to be briefly reviewed here are 
related to decreased protein synthesis in areas where there are preserved ATP levels (8,9). 
Concurrent with the decreased protein synthesis are other molecular changes that are associated 
with induction of Heat shock protein 70 (Hsp70), other heat shock proteins, and other chaperone 
proteins that occur in response to denatured proteins and unfolded proteins found in cells in the 
penumbra, during the period of ischemia (7,10,11). These chaperone proteins are induced when 
cells are still alive and are attempting to deal with the early periods of ischemia and abnormal 
protein metabolism and processing. If the cells succeed in the battle of protein denaturation 
and unfolding, they survive. If they fail, the cells either undergo apoptosis or succumb to necrosis 
or autophagy (7).

Molecular Penumbras and Outline of Chapter

Immediately surrounding an infarct is a narrow zone of selective neuronal cell death. This 
selective neuronal cell death can be detected using conventional staining, as well as with more 
recently described TUNEL staining of brain. Whether these cells die by apoptosis or not is still 
debated, but apoptosis-related genes are expressed in these cells. This zone of “selective neuro-
nal cell death” is shown schematically in Figures 1 and 12 and is outside the infarct but within 
the “clinical penumbra.”

The next well-defined region outside an infarct is the region of decreased protein synthe-
sis but preserved ATP (Figs. 1,–3, 5–8, and 12). Unfolded proteins are produced during early 
stages of ischemia and these stimulate the unfolded protein response (UPR) that is associated 
with activation of PERK (Figs. 2 and 3) and phosphorylation of eIF-2α that blocks translation 
and decreases protein synthesis (9,11,12). Within the region of decreased protein synthesis 
denatured proteins occur that stimulate the synthesis of Hsp70 mRNA and Hsp70 protein 
(Figs. 4–9). The region of decreased protein synthesis coincides with the region of Hsp70 induc-
tion (10,13,14), and both appear to correlate best with the “clinical penumbra” that is discussed 
in most of the chapters in this book.

A number of other molecular changes occur both within the infarct, adjacent to the infarct 
in the “penumbra,” and in regions remote from the infarct. Within the infarct, protein synthe-
sis goes to zero and ATP falls, and cells die via necrosis, apoptosis, and autophagy. There is an 
inflammatory response that is responsible for clearing dead cells and removal of cell processes 
even at distant sites connected to the region of infarction (Figs. 12–15). Hypoxia serves as a 
stimulus for many changes outside the infarction including angiogenesis (Figs. 12 and 13). The 
zone of HIF-1α induction probably extends well beyond the “clinical penumbra.” Finally, 
spreading depression, deafferentation related to an infarct, and other physiological and synap-
tic changes must occur in cortex and subcortical regions. These regions would include any 
region connected directly or indirectly to an infarct. A good example would be cerebellum, 
where changes of blood flow and metabolism occur following cortical and subcortical infarc-
tions. Changes of immediate-early genes and other transcription factors likely mediate the 
plastic changes that occur in brain, and are responsible for any degree of recovery that occurs 
following a stroke (Fig. 15).

FIGURE 1 Molecular penumbras to be discussed in 
the chapter are shown on the left and their markers are 
shown on the right. Abbreviation: P, penumbra.
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PENUMBRA
Penumbra: Decreased Protein Synthesis and Preserved Adenosine Triphosphate

Hossmann et al. described a decrease of cerebral protein synthesis following focal cerebral isch-
emia more than three decades ago (15,16). They and others have replicated the findings  multiple 
times. As flow is progressively lowered (17), the decrease of protein synthesis is one of the first 
biochemical or molecular changes that can be demonstrated (18–20). Protein synthesis declines 
when flow is reduced to approximately 50% to 30% of the baseline blood flow (17,21). Though 
protein synthesis declines in the core of an infarct as well, ATP declines in the core where tissue 

FIGURE 2 Outline of protein synthesis and role of PKR-like endoplasmic reticulum kinase on phosphorylation of 
eIF-2α and producing a translation block following ischemia.

FIGURE 3 The unfolded protein response (UPR) plays a central role in blocking translation following cerebral ischemia. 
It is also responsible for producing transcriptional changes aimed at either refolding the unfolded proteins or 
 programming the cell for apoptosis.
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death occurs. In contrast, in the “penumbra,” the protein synthesis rate is depressed, whereas 
ATP remains normal (16,21).

Protein synthesis decreases in all tissues and virtually all organisms during ischemia, 
and hence the response of the brain does not appear to be specific (11,22). Protein synthesis 
decreases can be transient or permanent, since if blood flow is restored, cells will survive and 
protein synthesis recovers (23). Protein synthesis never recovers in the core (14). Though it has 
been debated at various levels, the decrease in protein synthesis appears to be protective in a 
variety of injury models (12,24,25); however, this has not been directly tested in brain ischemia 
models to date.

Penumbra: Unfolded Protein Response in Endoplasmic Reticulum 
and Protein Synthesis

The mechanism that decreases protein synthesis appears to be a result of the (UPR) in the endo-
plasmic reticulum (ER). During translation initiation, the 40S and 60S ribosomal subunits must 

FIGURE 4 Hsp70 plays a role in protein refolding and targeting proteins for degradation depending upon the protein 
chaperones it associates with.

FIGURE 5 Focal ischemia produces denatured proteins that induce Hsp70 and produce unfolded proteins, which 
induces the UPR and blocks protein synthesis. The Hsp70 and UPR zones are co-incident and probably are the 
molecular correlates of the “clinical penumbra.”
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FIGURE 7 With short durations of middle cerebral artery ischemia, the entire middle cerebral artery distribution con-
stitutes the penumbra in which Hsp70 is induced and protein synthesis is suppressed. As ischemia duration increases, 
infarction occurs and becomes larger, and the penumbra becomes smaller and disappears.

FIGURE 6 With short durations of middle cerebral artery ischemia, the entire middle cerebral artery distribution con-
stitutes the penumbra in which Hsp70 is induced and protein synthesis is suppressed. As ischemia duration increases, 
infarction occurs and becomes larger, and the penumbra becomes smaller and disappears.

FIGURE 8 With short durations of middle cerebral artery ischemia, the entire middle cerebral artery distribution 
 constitutes the penumbra in which Hsp70 is induced and protein synthesis is suppressed. As ischemia duration 
increases, infarction occurs and becomes larger, and the penumbra becomes smaller and disappears.
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combine with Met-tRNA and the elongation initiation factor -2 (eIF-2α) (Fig. 2). If eIF-2α is 
 phosphorylated, then this complex does not form well and translation is slowed or blocked. Hu 
and Wieloch first reported dysfunction of the eIF-2α system following cerebral ischemia (26).

It is now known that eIF-2α is phosphorylated by four different kinases including PERK 
(PKR like endoplasmic reticulum kinase), PKR, GCN2, and HIR (11,12,22). Knockouts of PKR, 
HRI, and GCN2 did not show any ischemia-induced changes of phosphorylated eIF2α, and 
hence PERK is the kinase most implicated in ischemia-induced phosphorylation of eIF2α and 
ischemia-induced translation block in mammalian brain (11,22) (Fig. 2). It is worth pointing out 
that studies still need to be performed to determine if ischemia suppresses protein synthesis in 
these knockout mice or not.

The proximal stimulus for the UPR in cerebral ischemia is still unknown. Increased ER 
calcium has been implicated (27,28). Alternatively, impaired delivery of amino acids or glu-
cose, abnormal glycosylation of proteins, or other factors may account for the appearance of 
unfolded proteins during synthesis in the ER (12,25,29). Whatever the stimulus is, it must 
occur when cerebral blood flow is decreased approximately 50% of baseline, and results in 
severe translation block, when blood flow is decreased to 25% of baseline but when ATP is still 
preserved (21,30).

The UPR involves much more than suppression of translation (Fig. 3). When unfolded 
proteins appear in the ER, it is postulated that the glucose regulated protein (GRP78—also 
called Bip) binds the unfolded proteins. When GRP78 binds the unfolded proteins it releases 
the lumenal portions of ER membrane associated proteins ATF6, IRE1 and PERK (31). Both 

FIGURE 10 Schematic of pathways that produce apoptosis and sites where Hsp70 acts.

FIGURE 9 A variety of heat shock proteins are induced in response to ischemia and some prevent apoptosis 
(anti-apoptotic) and some promote apoptosis (pro-apoptotic), and some Hsps do both.
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IRE1 and PERK then dimerize and autophosphorylate, and are activated. ATF6 is activated and 
released from the ER (31). ATF6 transits to the Golgi where it is cleaved by S1P and S2P. The 
cleaved ATF6 then transits to the nucleus where it binds to the endoplasmic reticulum stress 
element (ERSE) in the promoter of UPR target genes including GRP78/Bip, GRP94, PDI, 
GADD34, SERCA2b, and others (12,29,31). These induced genes make proteins that then help 
to refold the unfolded ER proteins, or help in the disposal of the unfolded ER proteins.

ATF6 also targets XBP1. When IRE1 is activated, it splices full length XBP1 mRNA so that 
it can be translated. The XBP1 protein then goes to the nucleus to binding ERSE elements in 
target genes. At least one XBP1 target gene appears to be mannosidase that is involved in the 
degradation of misfolded glycoproteins (31). Activated IRE1 also appears to dissociate TRAF2 
from caspase 12, allowing caspase 12 to be cleaved by calpain. The activated caspase 12 can 

FIGURE 11 Hsp70 promotes apoptosis initiated by TNF by binding IKKgamma and blocking induction of NfkappaB 
target genes that promote cell survival.

FIGURE 12 (See color insert.) Diagram of the molecular penumbras discussed in the chapter. The “clinical penumbra” 
or penumbra that is closely related to regions of decreased blood flow are located outside the area of infarction and include 
the region of decreased protein synthesis in which Hsp70 protein is expressed in response to denatured proteins.
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cleave caspase 9 that can then activate caspase 3 and lead to cellular apoptosis. Similarly, IRE1 
can activate ASK1 and JNK1 (Fig. 3). All of these latter pathways appear to be related to either 
disposing of unfolded proteins and/or promoting apoptosis in the cell related to inability to 
cope with the unfolded proteins.

Finally, PERK not only phosphorylates eIF-2α, but it also helps in translating ATF4 message 
to ATF4 protein. ATF4 protein also binds to ERSE promoter elements to induce genes like CHOP, 
GADD34, and others involved in metabolism and redox (31) (Fig. 3). It is likely that basic control 
mechanisms will dictate whether transcription is targeted toward protein folding and whether it 

FIGURE 13 HIF is one of the major transcription factors induced by hypoxia that regulates a variety of genes induced 
in response to the hypoxia associated with ischemia.

FIGURE 14 Inflammation is a prominent response to cerebral ischemia, and a variety of molecules expressed in blood 
and in brain mediate this response. It is likely the inflammatory response is targeted to the ischemic core and not the 
penumbra, at least, initially.
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is targeted toward protein degradation and cell apoptosis. Most importantly, with modest 
decreases of cerebral blood flow for short durations, the UPR results in a translation block, and a 
UPR transcriptional response is aimed at protein folding in the ER and cell survival (31,11,12).

Penumbra: Heat-Shock Proteins 70 Binds Denatured Proteins and Refolds 
Proteins or Targets Proteins for Degradation

Heat-shock proteins (HSPs) are related to glucose-regulated proteins (GRPs) in that they both 
respond to changes of protein conformation. Whereas GRPs are located mainly in the ER and 
respond to unfolded proteins during their synthesis, in the case of HSPs, these proteins are clas-
sically induced in cells during periods of heat stress and similar stresses that produce dena-
tured proteins in cells. The HSPs are expressed in every living organism from plants, to yeast, 
bacteria, and mammals (32–36). HSC70, constitutively expressed at high levels in all cells, is 
induced modestly by stress, and chaperones proteins to targets within a cell (37,38).

A related HSP is Hsp70, which is the major inducible heat-shock protein found in all 
organisms. In mammals and humans, there are several closely related inducible Hsp70 genes 
and proteins. Hsp70 is expressed at low levels in normal cells, and with heat shock becomes the 
most abundant protein in the cell, since it binds denatured proteins directly and attempts to 
refold them (Fig. 4) (39,40).

The presence of denatured proteins in cells induces Hsp70 via activation of heat-shock 
factors (HSF) (Fig. 5). The HSF transcription factors bind to heat-shock elements in the Hsp 
genes and induce the HSP response (Fig. 5), including induction of Hsp70. Hsp70 binds to 
denatured, unfolded proteins (Figs. 4 and 5). At this point, the cell makes a decision. If Hsp70 
promotes refolding, it binds to cochaperones Hip and Hop, recruits Hsp90, and then promotes 
protein refolding (Fig. 4) (41). Alternatively, if Hsp70 promotes protein degradation, then it 
binds cochaperones Bag-1 and CHIP that targets the unfolded protein to the proteasome, where 
the protein is degraded (Fig. 4). 

Penumbra: Hsp70 Zone of Protein Denaturation Correlates with Unfolded Protein 
Response and Zone of Decreased Protein Synthesis

Following both temporary and permanent MCA occlusions hsp70 mRNA is expressed through-
out the MCA distribution, both within the areas of infarction and in regions adjacent to the 
infarction (6,42,43) (Fig. 5). Most importantly, studies by Hata et al. in the Hossmann laboratory 

FIGURE 15 Gene expression changes in many brain regions outside the penumbra. Some of these changes are 
 outlined here, and these changes likely regulate plasticity following stroke and guard against future ischemia.
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showed that Hsp70 mRNA is induced in the region where there is decreased protein synthesis 
associated with preserved ATP (10). Thus, the Hsp70 mRNA induction correlated with the 
 penumbra as defined by decreased protein synthesis, but with preserved ATP (10,13,14).

The hsp70 mRNA is induced by the presence of denatured proteins within cells. Injections 
of denatured proteins into cells induces Hsp70. Plant amino acids when incorporated into mam-
malian proteins cause abnormalities of tertiary structure that are tantamount to denaturation, 
and also induce Hsp70 in cells. Hence, the region of hsp70 mRNA induction can be viewed as the 
zone within and around an infarction where denatured proteins are found within cells.

A schematic diagram is shown of the possible mechanisms of Hsp70 induction following 
focal ischemia (Fig. 5). Hsp70 mRNA is induced in neurons in the core of the infarct as well as 
in the penumbra, where denatured proteins within these cells stimulates HSFs that then form a 
trimer and bind to the heat-shock element on the Hsp70 gene. This initiates transcription of 
hsp70 mRNA in these neurons.

In the infarct core, which will continue to infarct, the hsp70 mRNA cannot be translated 
into protein. The inability of the cells to make Hsp70 protein may contribute to their death. 
Outside areas of infarction cells that made hsp70 mRNA are able to translate this into Hsp70 
protein. Astrocytes and microglia at the periphery of infarcts express high levels of Hsp70 
 protein. Neurons also express Hsp70 protein outside the areas of infarction (43).

If the MCA occlusion is brief without producing infarction, Hsp70 protein can be expressed 
in neurons throughout the MCA distribution (Fig. 6). If the MCA occlusion is of an intermediate 
duration, then there is infarction in the core and Hsp70 expression and decreased protein syn-
thesis in the penumbra surrounding the infarct (Fig. 7). If the MCA occlusion time is prolonged 
or permanent, then there is an infarct involving most of the MCA distribution, with very little 
of the penumbra surviving (Fig. 8). Thus, with brief ischemia the penumbra volume is large and 
associated with widespread Hsp70 expression and suppression of protein synthesis throughout 
the vascular distribution of decreased blood flow (Fig. 6). As the ischemia duration or severity 
increases, infarction occurs (Fig. 7) and the volume of the infarction worsens, and the size of the 
penumbra decreases and eventually disappears (Fig. 8).

Hsp70 expression in the neurons outside areas of infarction is presumed to protect these 
cells from further protein denaturation. Moreover, the Hsp70 expression may promote protein 
renaturation and promote cell survival (44). Overexpression of Hsp70 protein in transgenic 
mice markedly protects the brain against focal ischemic infarction (45).

Role of Heat-Shock Proteins 70 in Apoptosis

Hsp70 has been shown to modulate apoptosis via several direct interactions. Hsp70 binds to 
Apaf1 and disrupts the formation of the apoptosome. This prevents activation of caspase 9, 
which in turn prevents activation of caspase 3 (46–48) (Fig. 10). Hsp70 also binds AIF, a mole-
cule released by the mitochondria that directly targets the nucleus and activation of a nuclear 
DNAase. Hence, Hsp70 decreases mitochondrial-dependent, caspase-independent apoptosis 
(49) (Fig. 10). Notably, mutant Hsp70 proteins can be engineered that contain DEVD sites within 
the protein and directly inhibit caspase-3 and improve overall cell survival (50). Though Hsp70 
appears to protect against necrosis and apoptosis in a variety of different paradigms (36,48,50,51), 
Hsp70 also appears to facilitate apoptosis in some circumstances (52). We have shown that 
coexpression of TNF and Hsp70 prevents NFkappaB survival signaling by binding IKK gamma, 
and this then promotes TNF mediated, caspase 8 dependent apoptosis (Figs. 10 and 11) (52). 
This may help explain why Hsp70 is not protective in some systems and could in fact worsen 
cell survival in some immune-mediated, TNF dependent disease conditions.

Role of Other Heat-Shock Proteins and Other Chaperones
Heat-Shock Proteins 27 (Astrocytes)
There are many known HSPs and other chaperones. For example, Hsp27 is expressed mainly 
in astrocytes in the injured brain and may be involved in stabilizing actin, GFAP, and cytos-
keletal proteins in these cells (53–55). Hsp27 overexpression has consistently been shown to 
 protect brain against ischemic injury (55–57), and can modulate apoptosis pathways including 
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binding to cytochrome C, as well (58,59). Hsp27 induction appears to occur both inside and 
outside of the penumbra, and hence probably responds to protein denaturation as well as 
other stimuli.

HemeOxygenase-1 (Microglia)
HemeOxygenase-1 (HO-1) is induced in brain following hemorrhage and ischemia (51,60–62). 
HO-1 is induced primarily in microglia in the injured brain, and likely deals with heme chaper-
oning and heme degradation following brain hemorrhage and cell death and release of heme 
(61). HO-1 is induced inside and outside of the penumbra, and hence is not a marker of the 
penumbra as outlined earlier.

Other Heat-Shock Proteins in Various Organelles
Hsp70, Hsp27, and HO-1 are cytoplasmic HSPs. Hsp60, Hsp10, mitochondrial Hsp70, and 
GRP75 are localized to mitochondria and participate in chaperoning proteins in the mitochon-
dria. Moreover, Hsp60 and Hsp10 have been shown to be both anti-apoptotic and pro-apoptotic 
in various systems (63–66). Hsp47 interacts with collagen (66).

GENE EXPRESSION UNRELATED TO THE CLINICAL PENUMBRA—MOLECULAR 
PENUMBRAS DEFINED ON THE BASIS OF GENE EXPRESSION
Selective Neuronal Cell Death–TUNEL/Apoptotic Cell Death–Apoptosis Genes

Selective neuronal cell death has been described following global ischemia, with the death of 
CA1 pyramidal neurons being particularly well studied (67,68). However, selective neuronal 
cell death also occurs following focal ischemia. Hematoxylin and eosin staining show eosin-
ophillic neurons within a few millimeters of focal infarction. More recently, TUNEL staining 
has demonstrated that isolated neurons at the edges of focal infarction can demonstrate DNA 
fragmentation (69). Figure 12 shows this zone of isolated cell death as being adjacent to the 
infarction but well within the “clinical penumbra.” Whether these cells are apoptotic are not 
still remains uncertain.

In any case, the TUNEL staining clearly demonstrates that there is selective neuronal cell 
death in a small rim surrounding a focal infarction. These TUNEL positive cells, generally, do 
not express Hsp70 protein. However, some of these cells and perhaps other cells outside the 
infarction express genes and proteins that are involved in apoptotic cascades including  caspases, 
other pro-apoptotic genes, anti-apoptotic genes, as well as genes involved in DNA repair 
(7,36,69–71).

Hypoxia and Hypoxia Inducible Factors—Hypoxia-Inducible Factor-1α and 
Hypoxia-Inducible Factor-2α

Hypoxia-inducible factor (HIF) plays a key role in regulating transcriptional responses to 
hypoxia. The role of HIF in hypoxia responses in brain (72) and other tissues (73,74) has recently 
been reviewed and will not be repeated here. HIF is clearly a major regulator of transcription 
and translation following stroke, however.

HIF-1β, also called ARNT, is expressed constitutively. With hypoxia, HIF-1α and HIF-2α 
are stabilized and bind HIF-1β. This dimer binds to HIF binding sites in target genes. HIF-1α is 
expressed by neurons and glia and HIF-2α appears to be expressed by vascular cells, and both 
have different target genes and likely different responses to hypoxia. Following focal ischemia 
in brain, HIF expression occurs inside as well as outside the area of focal ischemia and likely 
responds not only to hypoxia but to trophic factors like insulin-like growth factor (75–77). This 
explains why HIF expression not only occurs in regions that include the  penumbra but also well 
outside the penumbra. This also explains why HIF is induced for some time  following global 
ischemia when blood flow is restored and the brain is no longer hypoxic (77). Even though HIF 
expression does not correlate with the penumbra, or even the hypoxic penumbra (Fig. 12), HIF 
does play a role in inducing a variety of hypoxia-inducible genes that are responsible for 
 producing angiogenesis and protecting against subsequent ischemia (Fig. 13) (72,77,78).
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Genes Induced by Inflammation, Spreading Depression, Depolarization, and 
Trophic or Loss of Trophic Factors—c-Fos and Others

There is an enormous literature on the inflammatory response to stroke, and on the genes 
related to the inflammatory and immune changes (79–82,83). The central role of TNFs and NFkB 
is shown in Figure 14. The relation of the inflammatory response to the “clinical penumbra” is 
not entirely clear. For one, the ischemic core is, eventually, removed by microglia and macro-
phages so that inflammation is mainly a hallmark of the core rather than the penumbra. 
However, cells that die within the core have processes that often extend into the adjacent cortex 
or other brain regions, and these dying processes are also subject to scavenging by microglia 
and other cells (84). Indeed, microglial proliferation can occur for months following stroke in 
a variety of models, and at some distance even into spinal cord, where cortical pyramidal 
 neurons can project (85).

A consistent finding in all focal ischemia studies has been the induction of c-fos, NGFIA, 
and other selected transcription factors throughout an ischemic hemisphere (86–89,4). C-fos is 
induced in the entire MCA territory as well as in cingulated cortex, frontal cortex, and occipital 
cortex (86). Because of the widespread induction of the gene, it was assumed that it was due to 
spreading depression. In addition, application of potassium chloride to cortex and focal cortical 
injuries, similarly, induced c-fos throughout the hemisphere, further supporting spreading 
depression as the mechanism of c-fos induction (90). Lastly, prior administration of NMDA 
antagonists, like MK801, was shown to block ischemia-induced spreading depression, and they 
blocked the whole hemisphere induction of c-fos produced by focal ischemia (86).

Equally importantly, we and others showed that focal ischemia could also induce c-fos 
and other immediate early genes in hippocampus, thalamus, substantia nigra, contralateral 
cortex, and in the cerebellum (4,6,7).

This induction in multiple regions outside the areas of middle cerebral ischemia was 
postulated to be due to activation of pathways in and around the ischemic cortex, and that 
this activated structures anatomically connected to the ischemic region via NMDA receptors. 
This was again tested by the prior administration of NMDA antagonists. Prior administration 
of NMDA antagonists prevented the distant induction of c-fos in hippocampus, thalamus, 
and contralateral cortex (86). They did not block c-fos induction in substantia nigra. This data 
suggests that cortical outputs from ischemic and peri-ischemic cortex activated neurons in 
distant regions via NMDA receptors and induced c-fos in these regions. Such activation was 
blocked by NMDA receptor antagonists. The failure to block activation in substantia nigra 
suggests that alternative pathways like GABAergic pathways were involved, that is, loss of 
GABAergic inhibitory pathways that led to c-fos induction in nigra, cerebellum, and other 
brain regions.

This distant induction of transcription factors could form the basis for plasticity observed 
around focal ischemic regions in rodent, primate, and human cortex, and could form a molecu-
lar basis for altered patterns of blood flow activation in cortex and subcortical regions following 
stroke (Fig. 15). Spreading depression does occur in human cortex, though it is not likely that 
this progresses throughout a hemisphere because of the presence of cortical gyri. However, it is 
possible that spreading depression could progress down a gyrus, and that activation of corti-
cofugal pathways to adjacent gyri, the opposite cortex, and to subcortical structures could 
mediate long-term changes of gene expression in those structures and promote the plasticity 
noted following ischemic brain injury (Fig. 15). Though these changes of gene expression are 
clearly important in the brain response to injury, they are generally not indicative of the location 
of the penumbra or even the status of the penumbra.

Penumbra Concept and Biology—Why Is It Important?

Perhaps the most surprising conclusion of this chapter is that though there have been a very 
large number of studies of gene expression in the brain, relatively few of these have focused on 
changes of gene expression that occur just in the “clinical penumbra.” Though many of the 
changes of gene expression mentioned earlier occur inside and outside of the penumbra, gene 
expression studies that are specific for the “salvageable” or “clinical penumbra” might provide 
better means of salvaging the penumbra during focal ischemia.
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INTRODUCTION

“Selective neuronal necrosis” is a recurrent theme in studies of the neuropathological effects of 
cerebral ischemia. There is more than one basis for the term “selective,” where a lesion falls 
short of pan-necrosis, and all of these need to be considered. Selective necrosis may be in the 
anatomical, cytological, or neurochemical domains, and in the context of ischemic penumbra, 
each of these requires discussion. In addition, neurones may be lost not only through energy 
failure (necrosis) but also through execution of cell death pathways—apoptosis. Thus the focus 
of this chapter is on selective neuronal loss, by either mechanism, occurring in a selected group 
of contexts in which one or more cellular elements in the region affected are not destroyed by 
the lesion.

We shall first describe the microscopic appearances obtained from a group of histological 
methods, and then consider the underlying pathological mechanisms.

HISTOLOGICAL FEATURES OF SELECTIVE NEURONAL
NECROSIS IN THE ISCHEMIC PENUMBRA
Acute Changes—“Classical” Staining Methods

A convenient starting point is to review the conventional (hematoxylin and eosin or cresyl fast 
violet) histopathology of core and penumbral lesions as recorded after, for example, two hours 
of experimental, permanent occlusion of the middle cerebral artery (MCAO) in the gyren-
cephalic brain (cat) (Figs. 1 and 2). In cerebral cortex properly perfusion-fixed under these 
 conditions, Tomlinson (1) was able to distinguish clearly between the appearances of core 
ischemia and changes in the penumbra. In a core gyrus (identified as such by sustained, 
terminal  depolarization for 15–120 minutes, and exemplified by the ectosylvian gyrus) gross 
ischemic neuronal damage was present. Neuronal cell bodies were shrunken and usually 
 triangular in shape, and the density of nuclei and cytoplasm was increased; there was 
 cytoplasmic microvacuolation, corresponding to severe mitochondrial swelling, which was 
observed on electron microscopy. There was widespread and intense perineuronal vacuolation, 
with “scalloping” of neuronal outlines; the appearances suggested swelling of glial  processes 
adjacent to neurons. On the next peripheral gyrus in the MCA territory, there was patchy or 
scattered ischemic change. Appearances of individual neurones resembled those observed in 
the proximal core. The appearances in the outer penumbra gyrus were rarely normal. In most 
experiments,  scalloped neurones with perineuronal vacuolation were seen in two types of 
 distribution: either (i) isolated or in laminar distribution, or (ii) concentrated in foci measuring 
some 500μm in diameter (Fig. 3). This distribution corresponds closely with that seen in recent 
studies using ab38 immunocytochemistry (see next section).

Acute Changes: Immunocytochemistry

Patel et al. have had some success, admittedly variable, with the use of immunocytochemical 
staining with ab38, an antibody to a heptapeptide breakdown product of the subplasmalemmal 
cytoskeletal protein spectrin (Fig. 4) (2). Immunoreactivity is believed to indicate upregulation 
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of calpains (3). In cats undergoing permanent MCAO, appearances in core and penumbral gyri 
differed greatly. In the outer and intermediate penumbra, small clusters of pyramidal neurons 
of layer III were stained, each neuron quite uniformly, together with its axon and apical  dendrite. 
Neurons from other layers were spared, and staining was confined to the clusters, which were 
present in apparently random foci on the marginal gyrus (outer penumbra in this species). In 
the ab38-positive neurons, the plasmalemma appeared intact since the reaction was confined to 
neurons and their processes. In the core territory, all cells and processes were heavily stained, 
and cell bodies could no longer be distinguished from the extracellular space—implying 
 generalized cell membrane disruption. The interpretation of these appearances is best consid-
ered in conjunction with the electrophysiological and hemodynamic substrate for the  pathology 
(see section “Initial Pathophysiological Mechanisms Leading to Morphological Change”).

FIGURE 1 20-micron section of control hemisphere after two 
hours’ contralateral middle cerebral artery occlusion (hematoxylin 
and eosin). Note full staining of neuropil adjacent to essentially all 
neurons, confirming absence of any perineuronal vacuolation.

FIGURE 2 Section from core territory two hours after 
middle cerebral artery occlusion (hematoxylin and eosin). 
There is widespread intense perineuronal vacuolation, 
suggesting swelling of glial processes, with shrunken, 
hyperchromatic cell bodies, and interstitial edema in the 
neuropil.
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Immunostaining and in situ hybridization methods have shown that the 70-kDa  inducible 
heat-shock protein (Hsp70) is an excellent marker specifically of penumbral neurons in rodent 
models of middle cerebral artery occlusion (MCAO). It was first described that neurons with a 
healthy-looking morphology located at the margin of the ischemic core expressed Hsp70 (4,5). 
This is a protein to which have been attributed antiapoptotic and protective properties (6). Yet, 
we now know that expression of Hsp70 does not invariably protect neurons from death (7). 
Hsp70 mRNA is strongly induced when protein synthesis is inhibited (7,8). Protein synthesis is 
one of the parameters that is most sensitive to local blood flow (CBF) reductions (9). The process 
of assembly of amino acids in the ribosomes is rapidly inhibited in response to small CBF 
 reductions, through a complex mechanism regulated, amongst others, by phosphorylation–
dephosphorylation of translation initiation and elongation factors (10). This can be a reversible 
inhibition and can be regarded as a mechanism to prevent the formation of aberrant proteins, 
as well as a mechanism to save energy—as translation is a highly energy-consuming process. 
Local rates of cerebral protein synthesis (CPS) are inhibited in the penumbra, while ATP levels 
are still maintained; according to these findings, the zone of “mismatch” between CPS  inhibition 
and ATP reduction is associated with penumbra (11). It is precisely this “mismatch” zone where 
expression of Hsp70 mRNA is strongly induced, and thus Hsp70 can be taken as a marker of 
penumbra. At present Hsp70 expression can only be studied postmortem; therefore, it has to be 
studied in different groups of animals at different time points. This limitation precludes dynamic 
studies in single animals. In spite of this, the expression of Hsp70 at different time points in 
groups of animals shows that positive neurons die with time, and it shows different patterns of 
Hsp70 expression in different experimental models of ischemia (Fig. 5).

Definitive Infarct Distribution After the Acute Phase: The Penumbra as a 
Maturation Phenomenon in Permanent Middle Cerebral Artery Occlusion

In postmortem human autopsy material, Nedergaard, Vorstrup, and Astrup (12) assessed the 
pattern of neuronal loss at the edge of cerebral infarcts that involved cortex, and found little or 

FIGURE 3 Section from outer penumbra two hours after 
middle cerebral artery occlusion (hematoxylin and eosin), 
showing several neurons with early perineuronal vacuolation, 
but no interstitial edema in neuropil.

FIGURE 4 Section from outer penumbral cortex four 
hours after middle cerebral artery occlusion: immunocy-
tochemistry with ab38, for a heptapeptide breakdown 
product of the subplasmalemmal cytoskeletal protein 
spectrin (a substrate for calpains). Individual neurones at 
intermediate depth, and their processes, are clearly 
stained, whereas islands of healthy (unstained) tissue 
survive intact at this time point.
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no evidence of the graded pattern of neuronal loss seen in cats undergoing permanent MCAO 
for two hours. Rather, there was a sharp transition between core infarct and normal brain—very 
different from the pattern seen in the experimental penumbra. Several experimental studies 
have served to resolve this apparent contradiction. Saito et al. (13), studying the effects of 
pMCAO in cats anesthetized with chloralose, showed that the temporal pattern of recurrent 
spontaneous depolarizations—“peri-infarct depolarizations” (PIDs)—typical of the penumbra 
in experimental pMCAO was maintained in the outer penumbra for some 10 hours, but 
 culminated around that time in permanent, “terminal” depolarization. Perfusion of this tissue, 
while little reduced one hour after occlusion, had fallen to well below the viability perfusion 
threshold [~16 mL/100 g/min (14)] by 14 hours. This can be considered a form of maturation 
or progressive degradation, and it has become clear from several experimental studies 
(reviewed in more detail in section “Initial Pathophysiological Mechanisms Leading to 
Morphological Change”) that infarct size after pMCAO, typically at 24 hours, is a function of 

FIGURE 5 Expression of heat-shock proteins 70 at different reperfusion time points following one-hour middle cerebral 
artery occlusion (MCAO) in rats. Immunohistochemistry against Hsp70 using a mouse monoclonal antibody (Oncogene 
Research Products) at eight hours (J–L), 12 hours (A,D,G), 15 hours (B,E,H) and 24 hours (C,F,I) postischemia. (A–I) 
Intraluminal MCAO. (J–L) MCAO with craniectomy. (A–C) Macroscopic images of immunostained sections. 
Immunoreactivity progressively disappears in the ischemic core of the cortex (arrow). (D,E) Hsp70 immunoreactive neu-
rons with a healthy-looking morphology are seen at 12 hours. (E,H) Bunches of immunoreactive neurons are seen, while 
immunoreactivity is lost in some zones. (F,I) A well-defined core area showing immunopositive endothelium (arrowhead 
in F), glial cells (arrow in I) and isolated shrunken neurons (arrowhead in I), is surrounded by a peripheral zone with 
strongly immunoreactive neurons (arrow in F). (J–L) Neuronal Hsp70 immunoreactivity affects heterogeneous areas in 
the cortex (J,L), but it is limited to a peripheral rim in the striatum, while its core shows mainly isolated reactive microglia 
(arrow in K). Scale bar: A–C, J = 2 mm; L = 750 μm; E = 400 μm; F = 100 μm. D, H = 50 μm; G, I = 25 μm; K = 20 μm.
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number of PIDs, and that the PID number is the determining variable in this relationship. 
Conversely, neuroprotection with n-methyl–d-aspartate (NMDA) receptor antagonists in 
experimental pMCAO  succeeds (15), very possibly through its capacity to reduce frequency of 
PIDs (16,17). The  transition from laminar or patchy neuronal loss in the pMCAO penumbra to 
a discrete, stable infarct thus appears to represent a combined temporal and spatial progression, 
erratic rather than smooth, and not unlike the unsteady progress when the clues in a crossword 
puzzle are solved—some immediately, some much later, but eventually complete.

Penumbra as a Maturation Phenomenon: Delayed Necrosis
as Seen in Rodent Models of Transient Focal Ischemia
Histological and Immunohistochemical Features (Heat Shock Protein 70)
Neuronal Hsp70 expression is hardly detected or it is limited to a very narrow rim surrounding 
the ischemic cortex and striatum after permanent MCAO in the rat, suggesting that penumbra is 
restricted to a small zone adjacent to the infarcted core in this model of ischemia. However, richer 
patterns of Hsp70 expression are observed in models of transient MCAO in the rat,  particularly 
in the cortex. ATP levels recover once CBF is restored, but CPS remains inhibited in peripheral 
zones showing strong neuronal Hsp70 expression (18). Strictly speaking the area of mismatch 
between ATP and CPS at reperfusion is no longer the “penumbra,” as the concept of penumbra 
according to the original definition by Astrup et al. (19) specifies loss of electrical activity but 
preservation of cellular ionic gradients during CBF reduction (see Chapters 2–5). Yet, the area of 
Hsp70 expression at reperfusion rather conforms to the concept of “tissue at risk” that we will 
also address in this chapter. This implies that there may be “tissue at risk,” once perfusion has 
been restored, and that cells can progressively die during reperfusion, at least in the rodent 
model of MCAO. This is an interesting phenomenon that has only a few  histological and molec-
ular similarities to delayed neuronal death in the hippocampus after global ischemia. Hsp70 
mRNA is abundant in the striatum shortly after one-hour transient MCAO, but after four hours 
it is restricted to a thin rim of tissue surrounding the ischemic core and resembling the expres-
sion pattern seen after permanent MCAO (7). This indicates that while striatal neurons may 
remain viable when circulation is restored after one-hour ischemia, they die after a few hours of 
reperfusion. This observation is compatible with the  histopathology showing signs of neuronal 
death in the striatum already at four hours after one-hour MCAO (Fig. 6). A different situation is 
observed in the cortex, which shows a comparatively more delayed pattern of cell death after 
transient MCAO (20) (Fig. 6). Cortical Hsp70 expression in the rat brain varies, depending on the 
experimental model of MCAO. Direct occlusion of the MCA for one hour following craniotomy 
using the Tamura model (21) leads to a patchy pattern of Hsp70 protein expression in the cortex 
at 12 hours of reperfusion, while one-hour intraluminal MCAO (22) causes, at this time, a selec-
tive pattern of Hsp70 in different cortical layers (Fig. 5). Yet, in both situations by 24 hours Hsp70 
is restricted to neurons in the periphery of the ischemic core (Fig. 5). Therefore, potentially viable 
neurons within the cortex will show delayed cell death mainly ongoing during the first 24 hours 
of reperfusion. The morphological features of this kind of cell death do not show many differ-
ences to typical ischemic necrotic cell death, but it is more delayed. Incomplete reperfusion, 
influence of a distorted environment caused by signals derived from dying neurons, either in the 
neighbourhood within the cortex or in the damaged striatum, or intracellular molecular altera-
tions originated during ischemia and  progressing with a slower pace, might account for this 
kind of cell death in the postischemic cortex. Whether this cell death could be prevented by 
 therapeutic intervention remains to be seen. In favour of a possible rescue of these cortical 
 neurons “at risk” is the observation than many drugs administered after transient ischemia can 
protect the cortex better than the  striatum in rodents (23–29).

INITIAL PATHOPHYSIOLOGICAL MECHANISMS
LEADING TO MORPHOLOGICAL CHANGE

Very early in studies of the pathophysiology of the penumbra with ion-selective microelec-
trodes, it became clear that transient increases in extracellular potassium occur spontaneously 
in the ischemic penumbra in primates: the resemblance of these events with Leão’s cortical 
spreading depression (CSD) was noted (30). Findings in the cat were similar, and it seemed 
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 possible that a relationship of lesion severity with degree of loss in ion homeostasis might exist 
and that the ion transients observed in focal cortical ischemia “were not entirely benign” (1). At 
its simplest, it seemed that recurrent depolarizations necessitate “futile” utilization of ATP, just 
when it is needed to be preserved the most.

Although the membrane cation conductance changes sustaining both CSD and PIDs, and 
the associated initial change in local DC or field potential of the cortex are thought to be similar 
in CSD and PID, their mode of induction and the responses of the microcirculation to these two 
events differ critically. Thus in healthy cortex, CSD has to be induced—with increasing  difficulty 
in proportion to brain size—whereas PIDs are spontaneous events. Reflecting the energy 
demand for repolarization, cerebral metabolic glucose consumption rises after CSD by 77% 
(31), and oxygen consumption by 45% (32). In normally perfused cortex, a striking increase in 
blood flow—up to 200% to 250% (33)—is coupled to this higher energy utilization, to the extent 
that, for example, tissue oxygen tension increases (34). A number of gene expression cascades 
are initiated by CSD, principally immediate early genes such as c-jun, c-fos, and hsp70 (see 
 earlier), and also cytokines such as IL-1β and TNFα. MMP-9 is upregulated, leading to increased 
blood brain barrier permeability to Evans blue (35). This and IL-1β upregulation (36) suggest a 
potential adverse effect of CSD through promotion of vasogenic edema. Other work suggests, 
in contrast, that preconditioning the cerebral cortex of rats by induction of CSD confers 
 protection against later ischemic challenges (37–40).

Since 1983, a very extensive literature on the properties of PIDs has accumulated, and has 
been reviewed elegantly by Hossmann (41). A cardinal feature of PIDs is the absence or marked 
attenuation of the hyperemic response that characterizes CSD (17,34), and there are fluctuations 
in the redox state of the brain during the passage of SD (42) indicating that the oxygen  requirements 
might not be fulfilled, inducing anerobic glycolysis, and causing increased lactate and pH 
 reduction (43). The reduced flow response to depolarization in the penumbra has been  attributed 

FIGURE 6 Histopathological features at 12 hours after one-hour intraluminal middle cerebral artery occlusion in rats: 
lesion progresses faster in striatum than in cortex. Hematoxylin and eosin staining of cortex (A–F) and striatum (G–I). 
Control cortex is shown in (A,D) and control striatum in G. (B,C,E–F) The ipsilateral cortex shows morphologically 
normal neurons (arrows) in close vicinity of shrunken neurons (arrowheads). The formation of vacuoles around some, 
but not all, neurons is apparent. (G–I) In the ispilateral striatum most neurons (arrowheads) are extremely shrunken, 
scalloped, and pyknotic. Intense vacuolation is seen in the neuropil, and neurons are always surrounded by a large 
 vacuole. Scale bar :  A–B, G–H = 50 μm; C–F= 25 μm.
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to the limited capacity of the leptomeningeal collateral circulation to compensate for the effects 
of a major afferent vessel occlusion. Resolution of the DC potential change is delayed, increas-
ingly, so with time (17) and, under conditions of hypoxia and restricted glucose  availability, the 
intracellular calcium transient is prolonged (44). The path is thus opened for initiation of intra-
cellular cytotoxic cascades, and for mitochondrial damage to develop. That infarct size and PID 
number are related in linear fashion is well established (45). In an elegant subsequent study, 
Busch et al. induced depolarizations outside the penumbra, which propagated into the region 
and enlarged the infarct, thus demonstrating that PIDs are a cause rather than simply a marker 
of infarct expansion (46). Other work supports this concept (47,48). With the onset of anerobic 
glycolysis, ATP yield per mole glucose utilized falls to some 5% of the  aerobic oxidative yield, 
and glucose utilization in the penumbra increases (49). The same authors predicted marked 
depletion of the cortical extracellular glucose pool under penumbral conditions, and the 
 dependence of glucose flux into the brain on level of perfusion (50)  supports their argument.

What factors initiate PIDs in the penumbra and determine their frequency? Introduction 
of imaging methods with sufficient temporal resolution to track optically detectable markers of 
depolarization, such as a change in NADH fluorescence, suggests that most events originate 
from the edge of a territory or focus that is permanently depolarized, that is, the core (51). It is 
reasonable to envisage that the high extracellular K+ concentration in such an area, or perhaps 
high glutamate, initiates a PID in an adjacent, nondepolarized microfocus in which cation/glu-
tamate homœostasis is unstable on account of energy compromise. Given the dependence of 
the ATP pool in penumbral cortex on anerobic glycolysis and hence on glucose availability 
through residual perfusion, the inverse relationship of frequency of PIDs with plasma glucose 
(52,53) is to be expected, and needs to be borne in mind when clinical management of acute 
cerebral ischemia with insulin is being considered (54). For the same reason, a further reduction 
in perfusion must necessarily have a similar, adverse effect on tissue glucose availability as a 
fall in plasma glucose.

DELAYED NECROSIS MECHANISMS: CORRELATION WITH MRI ALTERATIONS

In rats subjected to transient MCAO, PIDs occur soon after occlusion, but also after reperfu-
sion (55). PIDs begin soon after the onset of ischemia and recur periodically during two-hour 
MCAO; this activity ceases at reperfusion and does not recur for the following six hours, but at 
eight hours there is a new wave of PID activity (the peak was at 12 hours and lasted up to 
18 hours). The pattern was similar with pMCAO in these studies. According to our experience 
(56), this is the time-frame when the secondary fall in cortical  apparent  diffusion coefficient for 
water (ADC, measured with MRI) takes place in transient MCAO,  concomitantly with the overt 
manifestation of cortical damage (triphenyl tetrazolium chloride, TTC, staining), and with the 
appearance of invariable histological signs of neuronal and  astroglial cell death. It is tempting to 
hypothesize that this delayed recurrence of cortical PID may  contribute to trigger the delayed 
cortical lesion.

During ischemia, cortical CBF drops and the ADC for water shows deep cortical hypoin-
tensity indicating a large area of “ischemic core.” Besides the concept of mismatch between 
 diffusion and perfusion as an indicator of tissue at risk during ischemia [taking into account 
its recognized limitations (57)], we learn from human (58) and rat (59) studies that early 
 reperfusion can completely normalise ADC. Nevertheless, the rat studies have also shown that, 
after this apparent normalization, ADC can drop again later, and tissue damage becomes 
 evident (60). Therefore, shortly after ischemia there might be “tissue at risk,” even within the 
core zone, showing an ADC drop during ischemia. This tissue might recover some of the MRI 
alterations with early reperfusion, but it might later show features of cell death, as it occurs in 
the rat after one-hour MCA occlusion (56). First, MRI disturbances appear in the  striatum and 
later in the cortex, in parallel with the manifestation of overt signs of neuronal and  astroglial 
cell death (56).

It seems that in both permanent and transient ischemia with reperfusion, processes 
evolve—over a matter of hours in rats—that lead to a second phase of loss of cation or neurotrans-
mitter homœostasis. It is tempting to suggest that this deterioration may be related to cytokine 
or other inflammatory mechanisms.
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INVERSE (VASOCONSTRICTOR) RESPONSES OF PERFUSION TO 
DEPOLARIZATION: A NEW PROPERTY OF PIDS

Very recently, data from two research groups have appeared, indicating that PIDs are associated 
with active reductions in perfusion as they propagate in the penumbra both in the gyrence-
phalic  (61) and lissencephalic (62) brains—the opposite of the normal, hyperemic response to 
CSD. This would indicate that PIDs are a considerably more important player in the evolution 
of focal cerebral cortical ischemic lesions than previously supposed. The findings resemble the 
well-documented descriptions of “ cortical spreading ischemia” by Dreier et al., studying in rats 
the effects on cortical perfusion of  superfusion with artificial CSF modified to simulate the 
likely cortical surface environment in patients developing delayed ischemic neurological deficit 
after aneurysmal subarachnoid  hemorrhage (63). There is clear evidence in these papers that 
the perfusion loss reflects active vasoconstriction in response to the spreading depolarization.

APOPTOSIS AFTER NON-NECROTIC (SUBLETHAL) PERMANENT 
OR TRANSIENT ISCHEMIA

Focal ischemia leads to the appearance of signs of programmed cell death with some features 
resembling apoptotic cell death. Permanent focal ischemia involves the delayed (one day) appear-
ance of cells that stain positive with the TUNEL technique, which labels fragmented DNA within 
the ischemic core (11). We now know that not all TUNEL+ cells comply with the criteria of apop-
tosis, as necrotic cells can also stain positive with this technique. Yet, the combination of this 
 staining with signs of nuclear fragmentation and condensation are also apparent after focal isch-
emia in rodents (64). There appears to be a small fraction of cells with some features of apoptosis 
accompanying necrosis (11,18,64–66). For this reason it is feasible that necrotic cell death can itself 
induce changes in the environment contributing to secondary damage affecting more resistant 
cells, which would then develop cell death with features of apoptosis. Garcia et al. (20) described 
the presence of delayed (4–7 days) and selective neuronal necrosis after short (<25 minutes) 
 episodes of transient MCAO, indicating that neuronal cell death is more discrete and progresses 
more slowly after mild ischemic insults, particularly in the cortex. The abundance of cells with 
signs of programmed cell death is inversely proportional to the duration of ischemia, that is, apop-
totic-like cell death is more predominant after short  periods of MCAO (10–30 minutes) than after 
longer occlusion times (67,68). Therefore, it appears that mild ischemic insults will predominantly 
cause programmed cell death, while more severe insults will predominantly cause necrosis, as can 
be seen with the differential rises of intracellular calcium (69). Also, in vitro observations under 
various circumstances suggest that the mode of cell death might depend on the energy supply and 
the intracellular ATP levels, as  glucose can induce a switch from necrosis to apoptosis (70), while 
ATP depletion can induce a switch from apoptosis to necrosis (71).

Blood flow reductions compatible with penumbra flow (20–35 mL/100 g−1/min−1) lead to 
the appearance of cells with morphological features of programmed cell death (68); and signs 
of this form of cell death are observed shortly after ischemia in perifocal areas associated with 
penumbra (66). One of the classical signs of apoptosis is release of cytochrome-c from mitochon-
dria to the cytoplasm, which leads to activation of caspase-9, followed by activation of the 
 executor caspase-3 causing DNA cleavage. We found activation of this caspase-dependent 
intrinsic form of cell death in perifocal zones of the cortex at four hours, after one-hour MCAO 
(66,72), in agreement with other reports (73 –77). The contribution of caspases to ischemic injury 
has been shown by administering caspase-inhibitors after transient ischemia (78), and in 
 deficient mice (79). Also, we found that caspase-independent modes of programmed cell death, 
such as activation of the apoptosis-inducing factor (AIF) after mitochondrial release and trans-
location to cytosol and nucleus, occur in the PIA at early reperfusion times (66,72), in agreement 
with other reports (80,81).

Important modulators of mitochondrial cell death are members of the Bcl-2 family of 
 proteins. Expression of Bcl-2 and Bcl-XL promotes cell survival and prevents apoptosis by 
 preserving the integrity of the mitochondrial membrane (82). Bcl-2 can block the translocation 
of AIF and subsequent apoptosis after focal ischemia in the rat (83), while mitochondrial 
 translocation of Bax and Bim promotes release of cytochrome-c and apoptosis (84 –86). Because 
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of the extreme complexity of signals being activated in the PIA, including death and survival 
molecules, we envisage that a struggle between cell death and survival signals takes place in 
this zone and the final cellular outcome will likely depend on the fine balance amongst all of 
them (66). According to these findings, the evidence that mitochondrial release of pro-apoptotic 
factors that plays a role in neuronal cell death after ischemia is now growing (87– 89), thus 
 suggesting that programmed cell death might be an effective therapeutic target in cerebral 
 ischemia. Yet, it is likely that the usefulness of this strategy in the acute phase might be limited 
to those situations where apoptosis plays a fundamental role, such as after mild episodes of 
transient ischemia. However, we now know that signs of programmed cell death, such as 
 caspase-3 activation, occur in peri-infarct zones even at seven days after severe focal ischemia 
in rats (AMP: personal unpublished observations), suggesting that targeting apoptosis might 
prevent the progression of the necrotic injury toward the surrounding tissue over time.

REGIONAL AND NEUROCHEMICAL SELECTIVE VULNERABILITY

The clearest example of regional selectivity is neuronal cell death after global ischemia. A short 
episode of transient global ischemia causes selective neuronal death, particularly, affecting 
 neurons in the CA1 and hilus of the hippocampus in the rat (90–92), in the Mongolian gerbil 
(93–96), and also in the cat (97). This particular kind of delayed cell death involves nuclear DNA 
fragmentation and shows some features of programmed cell death (98). Yet, the increase of extra-
cellular glutamate after ischemia is similar in vulnerable CA1 and resistant CA3 regions (99), and 
the distribution of NMDA receptors cannot account for selective vulnerability either (100). CA1 
neurons are selectively vulnerable to the damaging effect of superoxide (101), and have a low 
content of superoxide scavenging enzymes (102,103). Also, the CA1 sector has low activity of the 
mitochondrial respiratory enzyme succinate dehydrogenase (104), and a reduction of pyruvate-
supported oxidative metabolism develops in mitochondria from areas sensitive to ischemia 
(105). All these particular features of CA1 pyramidal neurons might account for its selective 
 vulnerability to ischemia. In addition, the activation of synaptic afferent pathways, particularly 
the septo-hippocampal pathway, is determinant for the ischemic CA1 lesion (106).

In animals, there is some further selectivity within CA1 neurons, as the most vulnerable 
cells are pyramidal projection neurons while GABAergic local-circuit neurons, which express 
the calcium-binding protein parvalbumin, are more resistant to ischemia in the gerbil (107–109), 
and some resistance has also been found in GABA interneurons of the rat hippocampus (110). 
Differential regional  distribution and cellular density of excitatory amino acid receptors might 
account for this variability (111,112). Also, CA1 neurons surviving the ischemic insult coexpress 
the neurotrophin brain-derived neurotrophic factor (BDNF) and its receptor tyrosine protein 
kinase B (TrkB), suggesting that the BDNF/TrkB autocrine regulatory loop may be involved in 
cell survival after ischemia (113).

We have seen in previous sections that neuronal cell death after transient MCAO affecting 
cortex and striatum does not cause the same mode of cell death in both regions, as cortical neu-
ronal death progresses more slowly than death of striatal neurons. This has been attributed to 
regional differences in vascular anatomy, allowing that collateral circulation results in a less 
dramatic perfusion deficit in the cortex than in the striatum during MCAO (114). However, the 
contribution of a particular intrinsic sensitivity of striatal tissue to ischemia cannot be excluded. 
Cortical GABAergic interneurons are resistant to ischemia induced by photothrombosis in rats 
(115). GABAergic and somatostatin-containing interneurons in the striatum are also more resis-
tant to ischemia after 30-minutes MCAO in mice (116), and the proposed explanations are also 
related to the presence of calcium binding proteins and low density of glutamate receptors. 
Neurons containing NADPH-diaphorase, neuropeptide-Y, or somatostatin in the striatum are 
spared from the ischemic lesion in the gerbil after global ischemia (117). Furthermore, vulnera-
ble (118) spiny neurons in the striatum show a pathological form of postischemic long-term 
synaptic potentiation (iLTP), which is triggered by energy deprivation. This is dependent on the 
activation of NMDA and AMPA receptors and the MAP kinase signaling pathway, and it might 
contribute to selective neuronal death as it does not occur in resistant (119) striatal cholinergic 
interneurons (120). These authors proposed that iLTP might be a synaptic mechanism causing 
a controlled long-term rise of intracellular calcium in spiny striatal neurons that might be 
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 compatible with the induction of apoptosis. Taken altogether, the present findings suggest that 
there is an intrinsic cellular sensitivity depending on particular metabolic and neurochemical 
features, and on the availability of protective resources against the ischemic insult. Besides 
intrinsic cellular characteristics, the specific synaptic connections can also influence the cellular 
responses and may be involved in the generation of damage.

ANALOGUES OF PENUMBRA IN ISCHEMIC AND
TRAUMATIC BRAIN INJURY IN HUMANS

Other chapters address the detection and characterization of the penumbra in patients with occlu-
sive stroke. Subarachnoid hemorrhage from ruptured intracranial aneurysm (aSAH) and trau-
matic brain injury (TBI), especially when contusion or focal intracerebral hematoma is  present, are 
additional clinical conditions in which it now seems that many of the lessons from experimental 
studies of the penumbra can be applied quite directly in clinical management of these conditions.

The basis for this statement is the recent emergence of clear evidence for the occurrence of 
SD in the injured brain. Strong et al. monitored the electrocorticogram (ECoG) for periods of up 
to five days, using subdural strips with a linear array of six electrodes placed on pericontu-
sional cortex, in 14 patients undergoing surgery for evacuation of an intracerebral hematoma 
(121). They recorded spreading or synchronous, but transient episodes of complete ECoG 
 suppression in 10 patients: the velocity of spread was close to that originally described by Leão 
(122). Subsequent development of the technology has allowed deconvolution of the ECoG 
signal to reveal underlying slow potential changes characteristic of a depolarization event—the 
cardinal feature of SD: in addition, features were identified, which serve to distinguish PID-like 
events from more normal SD (123). Most recently, the work has been extended to study patients 
requiring surgery for aSAH, with detection of SD or PID in the majority of patients (124) how-
ever, patients were selected partly on the basis of an urgent indication for surgery, and may not 
be entirely representative of good grade aSAH. The emerging data, if confirmed, amount to a 
 demonstration of penumbral conditions in the (very restricted) area monitored, and raise the 
possibility that such conditions may apply wherever there is a significant accumulation of 
products of hemolysis, especially when spasm of the major branches of the Circle of Willis is 
also present. On the other hand, in the case of contusional brain injury, traumatic SAH is less 
common, and despite evidence for ischemia in this type of TBI (125), more recent quantitative 
imaging, of perfusion (126), or of selective fall in ADC for water (without an increase in the 
T2-weighted signal) (127) in similar cases suggests that any ischemic penumbra surrounding a 
focus of contusion may be relatively narrow.

The group of investigators conducting these studies, (Co-Operative Study of Brain Injury 
Depolarizations, COSBID, www.cosbid.org), believe that results now emerging from the work 
will lead to adoption of monitoring and, perhaps, treatment routines in neurological critical 
care that target evolving pathophysiological processes with a new level of accuracy. The results 
increasingly confirm that many of the concepts that have been developed using in vivo experi-
mental models can be applied in specific patients, if the pathophysiology has been properly 
defined with the new monitoring methods.
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INTRODUCTION

Inflammation manifests in most tissues through the cardinal features of swelling, redness, 
pain, and raised local temperature. The brain differs somewhat in its inflammatory response 
to other tissues. For example, edema is limited by the cranium, and leukocyte invasion is 
often modest and delayed. Nevertheless, inflammatory responses within the central nervous 
system (CNS) are being recognized, and their contribution to brain disorders such as multiple 
sclerosis and infections (e.g., measles, malaria, and more recently HIV) has been long 
 recognized. Indeed, classical anti-inflammatory drugs have been the first approach to treat 
some CNS disorders. Realization that inflammation and specific inflammatory mediators 
contribute to ischemic injury has been more recent. Even in severe cerebral ischemia, leuko-
cyte invasion is often delayed until after the primary injury, suggesting that inflammation 
may play a minor role. However, an array of inflammatory mediators and pathways is 
 activated or expressed rapidly and there is growing evidence for their contribution to infarc-
tion and reperfusion injury.

The key mediators of inflammation are cytokines, complement, kinins, and cyclooxygenase 
(COX) products. These have provided targets for therapeutic intervention in peripheral inflam-
matory diseases, and more recently in CNS disorders, including stroke. Particular attention 
has focused on the pro-inflammatory cytokines of which interleukin-1 (IL-1), tumor necrosis 
factor α (TNFα), and IL-6 are most prominent. These proteins act locally to mediate inflammation 
and more generally to activate the best defense response. They are all induced in the CNS in 
response to distant, peripheral infection, injury, ischemia and immune activation, and rapidly 
after diverse forms of brain injury (1). Brain expression of cytokines in response to systemic 
disease is probably mediated by neural and humoral afferents, and contributes to key features 
of the host defense response to disease, including fever, loss of appetite, changes in metabolism, 
and alterations in neuroendocrine, cardiovascular, and immune function (2). Systemic influences 
on CNS inflammation may also be important in determining the incidence and outcome from 
cerebral ischemia. Infection is a risk factor for both the development of cerebral ischemia and 
poor outcome, but it is also now recognized that atherosclerosis—the underlying cause of 
stroke—is an inflammatory condition (3).

INFLAMMATION AS A CAUSE OF ISCHEMIC BRAIN DISEASE
Clinical Evidence

There is increasing evidence that inflammation is involved in the pathogenesis of cerebral 
 ischemia following ischemic and hemorrhagic stroke, brain injury, cardiac arrest, and subarach-
noid hemorrhage (4–7). Inflammation is also implicated in the pathogenesis of a number of 
other CNS diseases including Alzheimer’s disease, epilepsy, Parkinson’s disease, and multiple 
sclerosis. Inflammation is a central mechanism in atherosclerosis (3,8) which  mediates most 
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strokes. Even in the absence of atherosclerosis, for example, in pediatric stroke, inflammatory 
mechanisms are important (9,10). Preceding systemic infection is linked to stroke risk, as are 
other noninfective inflammatory conditions (11,12).

Plasma levels of inflammatory markers such as the important acute phase protein C-
reactive protein (CRP) (13) are predictors of ischemic heart disease and may be an additional 
risk factor in the development of ischemic stroke and transient ischemic attack (TIA). Plasma 
levels of CRP and IL-6 predict for clinical and radiological outcome after stroke (14). Clinical 
investigations in ischemic brain disease are usually limited to blood or cerebrospinal fluid 
sampling after the event, or postmortem histopathological studies, but novel imaging tech-
niques facilitate in vivo observations of the inflammatory process and their relationship with 
brain tissue damage and clinical outcome. Magnetic resonance (MR) and positron emission 
tomography (PET) measures of brain inflammation in vivo may provide more information on 
the time course of central inflammatory processes in the penumbra after ischemia and its mod-
ulation, by therapy. Techniques have been developed both in experimental models (15) and in 
patients with stroke (16), as they have in other neuroinflammatory disorders such as multiple 
sclerosis (17). Early endothelial activation can be imaged using a novel MR agent that binds to 
E- or P-selectin expressed on activated endothelial cells (18), whereas 11-C-PK1115 PET has 
been used to image activated microglia, following ischemic stroke (19) (Fig. 1). To date, most 
data on the role of inflammation in the ischemic penumbra come from experimental and 
 histopathological studies.

FIGURE 1 (See color insert.) Evolution of PK11195 signal at five days and 13 days after stroke. [11C](R)-PK11195 PET 
and MRI scans for patient two at different time points: Patient two was examined five (A) and 13 (B) days after the 
 infarct. T1-weighted MRI and the [11C](R)-PK11195 binding potential map coregistered to the MRI are shown on a 
 representative transverse plane. After five days, there is only minimal overlap between the hypointensity in the MRI and 
the area of increased [11C](R)-PK11195 binding, the latter being largely confined to the area surrounding the T1 lesion. 
Thirteen days after the infarct, both the area of increased [11C](R)-PK11195 binding and T1-weighted MRI hypointensity 
have extended in size now showing considerable overlap. The spatial relationship between the different imaging modali-
ties in the same transverse slice at the two time points is further illustrated in the second row (C–F) with (C) showing 
the area of T1-weighted MRI changes and (D) of increased [11C](R)-PK11195 binding at the two time points. (E) and (F) 
illustrate the relationship between the increasing size of the postischemic lesion delineated by T1-weighted MRI hypoin-
tensity and the changes in the distribution pattern of increased [11C](R)-PK11195 binding after five (E) and 13 (F) days, 
respectively. Source: From Ref. 19.
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Experimental Evidence

Much of the evidence implicating inflammation as a contributor to ischemic brain injury is 
derived from work in rodent models of focal ischemia. Although studies have often focused on 
individual cellular or molecular mediators of inflammation, it is important to stress that each 
does not act in isolation, but a complicated interplay is likely to occur between the many factors 
involved (Fig. 2). Cellular components can produce inflammatory mediators, and such mediators 
are also capable of activating and/or recruiting immune and other cells within the CNS. 
Precisely how each factor interacts with others and the sequence in which events occur remains 
unclear. However, evidence supporting the involvement of some of the major components of 
the inflammatory response will be summarized later.

Glia play a key role in determining the outcome of neuronal ischemic injury. Microglia 
respond rapidly to subtle and transient molecular signals of injury with morphological change, 
acquisition of macrophage differentiation markers, effector properties, and increased expression 
of many receptor molecules mediating antigen-recognition, cellular interaction, and migration 
(20,21). Activated microglia are the primary endogenous brain macrophages and also secrete 
various inflammatory molecules, including many cytokines. These properties define microglia 
as major resident immune cells within the brain (22,23).

Following ischemic injury, pathological signals for microglial activation may arise from the 
cytosol or plasma membranes of stressed cells, molecules coreleased with neurotransmitters, or 
inflammatory molecules secreted locally by both resident and infiltrating cells (24–26). Microglial 
activation is apparent within one hour after reperfusion in transient forebrain ischemia, thus pre-
ceding any detectable neuronal death, which increases in number to cover the entire ischemic 

FIGURE 2 A simplified schematic representation of the principal cells and cytokines involved in the neuroinflammatory 
response to acute cerebral ischemia. Dotted lines represent cytokine production and dashed lines represent immune cell 
extravazation. Abbreviations: BBB, blood–brain barrier; GFs, growth factors; IL, interleukin; TGFβ, transforming growth 
factor beta, TNFα, tumor necrosis factor alpha.
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lesion by 70 hours (27,28). Activity of microglial cytotoxins and pro-inflammatory cytokines such 
as IL-1 and TNFα become prominent in the neuronal injury that follows. Subsequently, over a 
period of several hours microglia phagocytose nonviable and dead neurons (29,30). Macrophage, 
neutrophil natural killer cell, and B and differential T lymphocyte recruitment into the ischemic 
brain may be directly or indirectly shaped by a changing microglial secretory profile. Microglial 
surface receptors may also serve as a major target for the effector molecules, including cytokines, 
of other resident or infiltrating immune cells. Consequently, microglia are ascribed a central role 
in the reciprocal interactions of peripheral and central immune processes (23,24,31). 

Astrocytes, like microglia, also transform into activated cells following ischemic injury 
with secretion of various mediators including reactive oxygen species, inflammatory molecules, 
neurotrophic factors, and neuromodulators (32,33). Astrocytic nitric oxide synthase (NOS) 
expression is increased within hours of experimental ischemia, reaching peak at two to three 
days (34,35). Various pro-, anti-, and immunomodulatory cytokines are produced by activated 
astrocytes including TNFα and β, IL-1, IL-6, IL-10, matrix metalloproteinases (MMP), and 
interferon. Several of these mediators have been implicated in either delayed neuronal death or 
supportive mechanisms following experimental ischemic injury. Furthermore, astrocyte-
 mediated effects at the blood–brain barrier may have particular importance for penumbral 
 neuronal survival, reperfusion injury, and the pathogenesis of vasogenic edema. For example, 
astrocyte MMP production contributes to physical disruption of blood–brain barrier matrix 
proteins (36–38). Astrocytic gap junction interactions are associated with the spread of hypoxic 
neuronal injury but also reduced penumbral apoptosis with anti-inflammatory effects in  various 
models of cerebral ischemia (33,39). 

The net neurotoxic, neuroprotective, or neurotrophic effects of both microglia and 
 astrocyte activities are likely to reflect the pathophysiology of injury, the profile of inflamma-
tory mechanisms deployed, and the prevailing cytokine milieu. The concept of facilitative 
neuro toxicity argues that the glial cytotoxic response is highly targeted rather than indiscrimi-
nate, with the overall aims of maintaining tissue integrity and promoting neuronal recovery. 
Neurones that are compromised beyond viability by the primary injury become the specific 
targets of locally activated glia. The production of cytotoxic and pro-inflammatory molecules, 
and subsequent phagocytosis by glia, particularly microglia, removes these nonviable 
 neurones. This process reflects an attempt to maintain tissue homeostasis by reorganization of 
synaptic  communication, restoration of tissue integrity, and protection of viable neurones from 
further injury (21,31,40).

However, this model assumes that activated glia accurately distinguish viable from 
nonviable neuronal tissue and deploy cytotoxic effector properties with specificity. If glial 
sensory and effector properties lack the required sensitivity and/or specificity, or if microglia 
undergo pathological transformation into dysfunctional auto-aggressor cells, bystander damage 
ensues with the spread of injury to viable neurons (21,31). The challenge lies in identifying the 
pathophysiological signals that determine these alternate outcomes, and whether therapeutic 
intervention can skew the glial response toward supportive effects (35).

Polymorphonuclear leucocytes have been detected in cerebral microvessels as early as 
30 minutes after the onset of ischemia and reach peak numbers in the parenchyma at approxi-
mately 24 hours (41). Although it has proved difficult to clearly differentiate resident microglia 
from monocytes/macrophages recruited from the circulation, the work comparing naïve and 
peripheral monocyte depleted rats has identified an infiltration of circulating monocytes from 
day six onward (42). Whether invading immune cells contribute to damage or are part of repar-
ative processes in response to damage has been a subject of debate (43,44). Inflammatory 
responses may help in clearing and healing damaged tissue during long-term recovery, but 
compelling evidence exists for a damaging role for leucocytes in the early stages of cerebral 
ischemia. For example, depletion of peripheral leucocytes leads to a 40% to 45% reduction in 
infarct size in various experimental models (4), and microglia are responsible for the production 
of inflammatory mediators which may, in turn, exacerbate ischemic damage. Adhesion mole-
cules [P-selectin, intracellular adhesion molecule-1 (ICAM-1), E-selectin] promote margination 
and recruitment of leucocytes into the area of damage, and although anti-ICAM-1 antibodies 
reduce infarct volumes by up to 40% in models of transient middle cerebral artery occlusion 
(MCAO), a large clinical trial has proved negative (45,46).
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Cytokines are important inflammatory mediators with multiple and overlapping actions 
(both neurotoxic and neuroprotective) and are central to the inflammatory response in the CNS. 
The classically pro-inflammatory cytokines IL-1 and TNFα have been shown to have central 
neurotoxic roles in acute ischemia. Exogenous IL-1 increases infarct volumes and cerebral 
edema following experimental ischemia when administered centrally or peripherally. More 
compelling evidence comes from blocking the actions of endogenous IL-1 with antibodies 
against IL-1, inhibition of caspase-1 (which activates the precursor of IL-1β), or with the natu-
rally occurring IL-1 receptor antagonist, which all reduce infarct volumes in rodent models of 
cerebral ischemia (47). This is further supported by a 70% reduction in damage observed 
 following deletion of the IL-1α and β genes in the mouse. The exact mechanisms of action of IL-1 
in ischemic injury are not known but are likely to include effects on glial and other cells, alteration 
of physiological parameters (temperature/blood flow/pH), and increase in seizure activity (48).

TNF-α is expressed in ischemic brain soon after the onset of ischemia, and as with IL-1, 
inhibition of endogenous TNF-α using soluble receptor or antibodies leads to a reduction on 
damage. However, unlike IL-1 deficient mice, TNF-α receptor knockout mice show enhanced 
ischemic damage suggesting a neuroprotective role under certain conditions (47).

Overall, experimental studies on IL-6 in rodents present a predominantly neuroprotective 
picture. An increase in the bioactivity of IL-6 within two hours of onset of permanent MCAO is 
seen in the ischemic hemisphere of the rat brain with a further increase over 24 hours. Central 
administration of exogenous IL-6 is neuroprotective, leading to a 65% reduction in ischemic 
damage at higher doses when compared to controls (49). Early studies in IL-6 deficient mice 
cast doubt on whether IL-6 is really neuroprotective as no difference in ischemic damage was 
seen when compared with wild-type mice (50). However, a more recent study shows that this 
lack of difference may be due to the role of IL-6 in fever and thermoregulation. Low body 
 temperature is well known to be neuroprotective and it has been shown that IL-6 deficient mice 
become  hypothermic during cerebral ischemia. When temperature was controlled carefully 
during MCAO, IL-6 deficient mice had reduced survival, worse neurological status, and larger 
infarcts than control animals, explaining the seemingly conflicting evidence obtained from 
 earlier studies (51).

Other downstream mediators of inflammation known to be central in the damage occur-
ring after cerebral ischemia include nitric oxide (NO), COX-2, bradykinin, and the comple-
ment cascade. NO production occurs from constitutive neuronal and endothelial NOS 
(nNOS/eNOS), requiring a rise in intracellular calcium to increase release of NO from 
l-arginine. Early production of NO by endothelial cell (Enos) may lead to neuroprotection by 
enhancing blood flow through vasodilatation (52). However, invading neutrophils express 
inducible (or immunological) NOS, which is not normally present in most cells but is expressed 
in inflammation. iNOS expression peaks at 12 to 48 hours and is found in inflammatory cells 
invading the injured brain and in cerebral microvessels (53). Unlike nNOS and eNOS, INOS is 
not dependent on intracellular calcium for activation, and produces NO continuously. Animal 
studies have demonstrated the deleterious effect of INOS in cerebral ischemia; selective INOS 
inhibition 12 to 24 hours after the onset of ischemia leads to a 30% to 40% reduction in infarct 
volume (54) and improvement in neurological outcome (55); and iNOS gene knockout mice 
show a similar reduction in ischemic damage (56). An NO modulator, S-nitrosoglutathione 
(GSNO), administered after the onset of ischemia reduces infarction and improves cerebral 
blood flow with reduction in the expression of TNF-α, IL-1β, and INOS, inhibition of the acti-
vation of microglia/macrophages, and reduction in the number of apoptotic cells (including 
neurons) and caspase-3 activity (57). COX-2 catalyzes the conversion of arachidonic acid into 
various prostanoids and is normally expressed in the dendritic spines of glutamatergic neu-
rones in the CNS, where it is thought to play a role in normal synaptic function. However, in 
cerebral ischemia COX-2 is upregulated in response to inflammatory mediators in neurones, 
glia, vascular cells, and invading inflammatory cells with a similar time profile to that seen for 
iNOS (peaking at 12–24 hours) (58). COX-2 leads to the production of toxic prostanoids and 
free radicals, and delayed COX-2 inhibition leads to a reduction in infarct volume (59) as does 
deletion of the COX-2 gene in mice (60).

Another important facet of the immune response to ischemia in the CNS is activation of 
the complement system. Complement activation via the classical, lectin or alternative pathways 
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leads to production of opsonins and the membrane attack complex, which are important in 
clearing microorganisms and damaged cells. Anaphylatoxin peptides (C3a and C5a) are also 
produced and are potent chemo-attractants and activators of granulocytes. The complement 
system is known to be rapidly activated in experimental focal ischemia (61,62), but inhibition of 
the pathway has provided mixed results, perhaps due to the use of different inhibitors in differ-
ent models of ischemia in the studies undertaken (61,63–65). However, a more recent study 
using a C1 inhibitor (C1-INH) in a murine model of ischemia–reperfusion shows a marked 
reduction in infarct volume and improvement in neurological outcomes in the treated group 
(66). The mechanism of action of C1-INH has been investigated in more detail using mice 
 subjected to two-hour ischemia and early or late reperfusion. C1-INH significantly dampened 
the mRNA expression of the adhesion molecules P-selectin and ICAM-1 induced by the  ischemic 
insult. It significantly decreased the pro-inflammatory cytokine (TNFα, IL-18) and increased the 
protective cytokine (IL-6, IL-10) gene expression. It prevented the decrease of NFH gene, a 
marker of cellular integrity and counteracted the increase of procaspase 3, an apoptosis index. 
Furthermore, C1-INH markedly inhibited the activation and/or recruitment of microglia/
macrophages, demonstrated by immunohistochemistry, suggesting both an anti-inflammatory 
and antiapoptotic action on ischemia–reperfusion injury (67).

Bradykinin is a nonapeptide inflammatory mediator that is important in both central and 
peripheral inflammation and has attracted interest as a potential mediator of brain injury 
 following stroke. The kallikrein/kinin system is fully expressed in the CNS and leads to vascu-
lar dilatation and increased permeability with subsequent edema formation (68). Bradykinin is 
thought to act via B2 receptors to activate COX-2, as well as acting as a potent stimulator of 
cytokines and as a leucocyte chemoattractant. Evidence for the damaging effects of bradykinin 
after experimental ischemia is provided by studies where B2 receptor antagonists have been 
shown to improve histological and neurological outcomes in rodents (69,70).

The importance of peripherally derived cells in the pathogenesis of cerebral ischemia 
has been demonstrated by the attenuation of ischemic injury to the selective inactivation of 
adenosine A2 receptors on bone marrow derived cells, suggesting that cerebral ischemia is 
dependent upon a complex balance between inflammatory cells not only in the brain and 
endothelium, but also in the periphery (71). It is noteworthy that IL-1β controls the production 
of both secreted and cytosolic A2 enzymes (72).

THERAPEUTIC OPPORTUNITIES

Previous trials of neuroprotective agents have focused on inhibiting components of the 
ischemic cascade that are expressed mainly in the first few hours after the onset of cerebral 
ischemia (4). Numerous such agents (including calcium channel blockers and glutamate antag-
onists) have been tested in large phase III trials with negative outcomes. Differences between 
studies at preclinical and clinical stages (such as dose and time of drug administration) are 
likely to have contributed to this. Indeed, it has been noted that clinical trials that have closely 
replicated conditions in successful preclinical studies [e.g., tissue plasminogen activator (73), 
ancrod (74), and intra-arterial prourokinase (75)] have led to successful outcomes (76). Based on 
experience from previous negative trials of neuroprotective agents, it has been recommended 
that preclinical studies should clearly identify the dose–response relationship and therapeutic 
window of novel agents. These should be further investigated in early phase I and II studies 
and adhered to in subsequent clinical trials. Preclinical experimental design should incorporate 
physiological monitoring and utilize histological infarct volume and functional outcome in 
both short and long-term studies (77,78). Future investigations targeting neuroinflammation 
should closely follow these recommendations to maximize the chances of detecting any poten-
tial new therapy for stroke.

Deleterious neuroinflammation occurring after stroke has a relatively delayed onset, and 
the extended therapeutic window resulting from this would allow a greater proportion of 
patients to benefit from anti-inflammatory treatments. Inflammation involves a wide array of 
cellular and molecular components with multiple and overlapping actions, and at present, it is 
not clear which component(s) should be targeted for intervention. Preventing hematogenous 
leucocyte infiltration represents an obvious target; however, a large trial investigating a murine 
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derived anti-ICAM antibody (enlimomab) within six hours of onset in a double-blind, placebo-
controlled trial actually worsened the outcome in the treatment group (79). The reasons for this 
were subsequently investigated in the rat, using a murine antibody to rat ICAM-1 (similar to 
enlimomab). It was found to activate the rat immune system, leading to host antibody produc-
tion against the murine antibody, activation of circulating neutrophils, complement activation 
and microvascular activation, providing a possible explanation for the poor outcome of patients 
treated with enlimomab (80). However, other approaches to preventing neutrophil adhesion/
infiltration may bear fruit after careful preclinical assessment.

Resident microglia are also of interest as cellular targets for anti-inflammatory intervention. 
Minocycline and doxycycline are second generation, semisynthetic tetracycline derivatives with 
significant brain and cerebrospinal fluid penetration. In addition to their wide clinical applica-
tion as antimicrobial agents, they demonstrate various anti-inflammatory biological properties. 
In rodent, global and focal cerebral ischemia, these agents are neuroprotective by inhibition of 
microglial (but not astrocytic) activitation and proliferation (81–84). These effects are associated 
with reduced microglial production of pro-inflammatory mediators such as TNFα, IL-1β, and 
NO, and may in part reflect inhibition of microglial signal transduction pathways. Furthermore, 
this neuroprotection is achieved at relatively low doses within clinically relevant therapeutic 
time windows.

Considerable interest also exists in targeting NO production and animal studies  suggesting 
that the therapeutic window for this may extend to 12 to 24 hours after symptom onset (85).
Although relatively selective inhibitors of iNOS are available, it will be important to minimize 
inhibition of eNOS, which may have a neuroprotective role, and of nNOS, which may play an 
important role in normal neuronal function.

Inhibition of COX-2 shows a considerable benefit in studies of experimental stroke. 
However, it is likely to be involved in excitatory synaptic transmission (86), and inhibition of 
the enzyme may have deleterious effects on functional recovery from stroke. Furthermore, it 
has recently become apparent that previously approved COX-2 inhibitors are associated with 
an increase in risk of thrombotic cardiovascular events compared with more established non-
steroidal anti-inflammatory drugs, and this has lead to the withdrawal of rofecoxib from the 
market (87). These factors will need to be closely addressed and current issues overcome before 
proceeding to studies in clinical stroke.

The central coordinating role of cytokines in inflammation makes them a promising target 
for developing novel treatments. Inhibition of IL-1 in animal models has been comprehensively 
shown to reduce damage from focal or global ischemia, traumatic injury, and excitotoxicity. 
IL-1ra (given centrally or peripherally) leads to both improved histological and neurological 
outcome in permanent and transient focal ischemia, even when given three hours after onset 
(47,88). Moreover, IL-1ra is a naturally occurring treatment that is fully licensed for rheumatoid 
arthritis and has been given to many thousands of patients with no significant adverse events. 
A recent small, double-blinded, randomized, controlled safety study of IL-1ra given to acute 
stroke patients within six hours of symptom onset by intravenous infusion provides prelimi-
nary data supporting the safety of IL-1ra in stroke patients. Evidence for biological activity was 
seen with a reduced peripheral CRP, IL-6, neutrophil, and white cell count in the circulation of 
patients receiving IL-1ra (89). Exploratory efficacy analysis suggested an improvement in 
 clinical outcome at three months in patients with cortical stroke receiving IL-1ra compared to 
placebo. Further investigations of efficacy using surrogate imaging markers of outcome and 
studies to determine the optimal dose in stroke will be required before proceeding to any 
 definitive phase III trial of IL-1ra. Other cytokines (IL-6, TNFα) do not have such a clearly 
defined neurotoxic role, and further basic research will be required to clarify their role before 
proceeding to further studies.

CONCLUSION

The ischemic penumbra is a key target for intervention after stroke. Extensive experimental 
evidence, together with an increasing accumulation of clinical data, suggests that inflammatory 
responses, both cellular and humoral, play a major role in the development of brain injury after 
ischemia and reperfusion. Strategies that target the modulation of the inflammatory response 



132 Parry-Jones et al.

provide a feasible and rational approach to therapeutic trials. There are a number of potential 
anti-inflammatory treatments in addition to IL-1ra, including molecules that target the production 
of biologically active IL-1 ligands or downstream signaling events. The peripheral inflamma-
tory response to cerebral ischemia is a potentially exciting area to study, as potential therapeutic 
agents would not necessarily have to penetrate the blood–brain barrier.
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INTRODUCTION

Inhibitory glutamate and γ-amino-butyric acid (GABA) ergic synapses are present in high con-
centrations on cortical neurons (1) and found in lesser density in basal ganglia and cerebellum, 
but lacking in white matter (2). There is ample evidence that cerebral ischemia impairs GABAergic 
neurotransmission (3): downregulation of GABA receptors in the hippocampus and cerebral 
cortex can be observed as early as 30 minutes after transient global ischemia (4), and inhibitory 
postsynaptic potentials disappear earlier than excitatory postsynaptic potentials in hippocampal 
cornu ammonis section 1 (CA1) pyramidal neurons of rats subjected to cerebral ischemia (5). 
These alterations of GABA transmission are accompanied or even may be the cause of various 
cellular events  including changes in the Cl− gradient, increase in intracellular Ca2+ concentration, 
reduction of ATP, and generation of reactive oxygen species, to name a few, which lead to synap-
tic  disruption that can be demonstrated at the microscopic or ultrastructural level before the 
neuronal somata are  disintegrated (6,7). The early disruption of GABAergic transmission formed 
the rationale for studies of neuroprotection by GABAergic drugs, which were successful in 
animal models providing additional evidence for the role of this transmitter system in the evolu-
tion of ischemic neuronal damage (3). However, a first clinical trial with the GABA modulator 
clomethiazole has not proven a convincing benefit of this neuroprotective strategy (8).

The central benzodiazepine receptor (BZR) is a subunit of the postsynaptic GABAergic 
complex (9,10) and can be detected by radioligands, for example, 11C-flumazenil (FMZ) and 
123I-iomazenil (IMZ) (11–13). The regional specific binding determined by dose-dependent 
 saturation with coinjection of the cold ligand was in good agreement with postmortem data of 
receptor density (14), and consequently, radiolabelled ligands of BZR were successfully applied 
to detect neuronal loss in various brain disorders affecting predominantly cortical cells, includ-
ing focal epilepsy (13,15–18) and Alzheimer’s disease (19), but also in degenerative disorders of 
basal ganglia and cerebellum (20,21). Compared to a peripheral-type BZR ligand, the binding 
of which was increased in the peri-infarcted area due to glial macrophage reaction, Sette et al. 
(22) observed a marked depression of FMZ specific binding in ischemically damaged tissue in 
the baboon, suggesting the suitability of this tracer for early assessment of ischemia-induced 
brain damage in humans. These findings were confirmed in auto-radiographic studies of BZR 
availability, which was reduced equal to (23) or less  pronounced than (24) regional blood flow 
in experimental focal ischemia. The single-photon emission computed tomography (SPECT) 
tracer IMZ was successfully used to delineate the extensions of cortical infarcts (25,26) and also 
to detect incomplete infarction of reperfused cortex appearing structurally intact on CT or MRI 
(27). These findings formed the basis to test the value of FMZ for early detection of irreversible 
 ischemic damage and for differentiation to potentially salvageable penumbra tissue.
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VALIDATION OF FLUMAZENIL IN ANIMAL MODELS

Based on the study of Sette et al. (22), who recommended FMZ as a tracer for early assessment 
of ischemic damage, we performed a multitracer positron emission tomography (PET)-study 
on binding of FMZ, regional cerebral blood flow (rCBF), regional cerebral metabolic rate of 
oxygen (CMRO2), regional oxygen extraction fraction (OEF), and regional cerebral metabolic 
rate of glucose (CMRGlu) in the cat middle cerebral artery occlusion (MCAO) model (28). The 
development of defects in energy metabolism were related to the defects in FMZ binding in the 
course after transient MCAO (30–120 minutes) and to the size of the infarcts determined 15 
hours after MCAO in 11 cats.

Irrespective of the level of reperfusion, deficits of FMZ binding two to three hours after 
MCAO were closely related to areas with severely depressed oxygen consumption (Fig. 1A) 
and predicted the size of the final infarcts (Fig. 2A), whereas preserved FMZ binding indicated 
intact cortex. In all animals, depression of glucose metabolism was larger than the defects in 
FMZ binding and the infarcts, indicating functional deactivation of brain areas beyond the 

FIGURE 1 (See color insert.) (A) Sequential coronal positron emission tomography (PET) images of cerebral blood 
flow (CBF), cerebral metabolic rate O2 (CMRO2), oxygen extraction fraction (OEF), and flumazenil (FMZ) binding before, 
during one-hour occlusion, and ~30 minutes respectively ~3 hours after reperfusion of the middle cerebral artery in an 
individual cat. CMR of glucose (CMRGlc) was measured ~9 hours after reperfusion. In this cat, CBF reduction was 
severe, and the FMZ binding defect was prominent. (B) Coregistered transaxial PET images of CBF, CMRO2, OEF, and 
FMZ binding (Bdg) at 12 to 13 hours and CMRGlc and MRI at 14 days after stroke onset in a 52-year old male patient. 
The large territorial defect is visible in all PET modalities with different extensions. The contour delineates the cortical 
infarct as determined on late MRI. FMZ binding precisely predicts the extension of the final infarct, whereas CBF deline-
ates a considerably larger volume of disturbed perfusion. Abbreviation: MCAO, middle cerebral artery occlusion.

FIGURE 2 (A) Linear regression between matched areas showing defects in flumazenil (FMZ) binding three hours after 
middle cerebral artery occlusion (MCAO) respectively infarct areas assessed in histological sections 15 hours after MCAO. 
Data derived from matched coronal planes obtained in six cats. (B) Linear regression between final infarct volume on 
MRI/CT and volume of decreased FMZ binding on initial PET in 10 patients. Broken lines indicate 95%  confidence limits.
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 permanent morphological damage. In addition, FMZ distribution within two minutes after 
injection was significantly correlated to flow and yielded reliable perfusion images.

These results demonstrate that the reduction of FMZ binding early after focal ischemia 
reflects irreversible neuronal damage that can otherwise only be detected by multitracer studies 
requiring arterial blood sampling. Independently of the binding of the tracer at steady state, 
imaging of perfusion is feasible by following the early distribution of FMZ (29). As confirmed 
in a succeeding autoradiographic study (30), the uptake of the BZR ligand is decreased in 
ischemic areas progressing to necrosis irrespective of reperfusion. A further support of the early 
irreversible impairment of the BZR receptor is yielded by Kaji et al. (31) who observed that neu-
ronal DNA is still intact and cellular integrity is maintained in ischemic regions with preserved 
IMZ accumulation, whereas the impairment of this accumulation precedes DNA fragmentation 
and denaturation of cellular integrity. The only contradictory results were reported by Abe 
et al. (32) who observed vulnerability of the D1 dopamine and the muscarinic acetylcholine 
receptors to ischemia and reperfusion, but did not find a correlation of the reduced BZR  binding 
with cell injury. In their model of transient MCAO in rats FMZ binding was not decreased in the 
striatum and cerebral cortex, suggesting that the BZR might be essentially stable to neuronal 
cell injury by transient ischemia. This discrepancy between this and the other autoradiographic 
and our in vivo imaging studies might be explained by differences in the experimental models 
where in the study by Abe et al. (32), the ischemic changes in the initial phase mainly affect the 
basal ganglia—where striatal interneurons might be remarkably resistant against mild ischemic 
brain injury (33) and later on spread to the cortex; however, rCBF was not measured to  document 
the propagation of ischemia. It is one of the main disadvantages of BZR ligands for the 
 demonstration of early neuronal injury that BZR are abundant in the cerebral cortex, but of low 
density in basal ganglia and brain stem, and practically missing in the white matter (2,34). Most 
data also stress the high sensitivity of functioning of GABA and 5HT receptors to ischemia 
(35,36) compared to the relative resistance of the glutamate receptors (37,38).

DETECTION OF IRREVERSIBLE DAMAGE IN ACUTE STROKE

With the aim to transfer the results obtained with FMZ in the experimental model of focal 
ischemia into clinical application, a similar multitracer PET study was performed in 10 patients 
with acute ischemic stroke. CBF, CRMO2, OEF, and FMZ binding were studied by PET 3.5 to 16 
hours after onset of symptoms, and the early changes in flow, oxygen metabolism, and BZR 
activity were compared with permanent disturbances in glucose metabolism and the size of the 
final infarcts determined on MRI or CT 12 to 22 days after the attack (39). In all patients except 
one rCBF was disturbed with marked decreases in eight and a hyperperfusion in one patient in 
areas corresponding to the location of neurological deficits. In these areas CMRO2 was also 
reduced but to a variable degree, inducing highly variable OEF. FMZ binding in the normal 
cortex is 5.5 times higher than in the white matter. A threshold was operationally defined as 2 
standard deviations below the mean value at four times the FMZ binding in white matter. Areas 
with FMZ binding decreased below this threshold corresponded to regions with markedly 
decreased CMRO2 (<60 mmol/100 g/min) (Fig. 1B). In all cases, the permanent lesions were 
predicted by defects in early FMZ binding, the extent of which correlated significantly to the 
size of the final infarcts (with a slight underestimation) (Fig. 2B). The extents of critical hypoper-
fusion and of altered OEF were poor predictions of the final infarction. In finally hypometabolic 
cortex FMZ binding was initially decreased or normal, with OEF covering a wide range; FMZ 
below threshold indicated neuronal loss, whereas FMZ values above threshold suggested 
 deactivation as the cause of metabolic disturbance in these areas (Fig. 1B). Additionally, a highly 
significant correlation was found between FMZ distribution within the first two minutes after 
injection and rCBF. These results demonstrate that permanently and irreversibly damaged 
cortex can be detected by reduced FMZ binding early after stroke. As an example of  translational 
research, this study replicated and confirmed the experimental findings in the clinical setting 
and proved that irreversible tissue damage can be detected early after stroke without the 
 necessity of multitracer injection and invasive (arterial) blood sampling.

In a further study, the probability threshold of final infarction was defined by comparing 
regional FMZ binding determined 2 to 12 hours after onset of symptoms to the final state of the 



140 Heiss et al.

tissue (infarcted or noninfarcted) three weeks later in 10 stroke patients (40). Using initial FMZ 
binding data from volumes of interest (3 mm radius) finally located within or outside the 
 cortical infarct, cumulative probability curves were computed to predict eventual infarction or 
noninfarction. Positive (at least 95% chance of infarct) and negative (at least 95% chance of 
 noninfarct) prediction limits for FMZ binding were determined at 3.4 and 5.5 times the mean of 
normal white matter (Fig. 3). Additionally, CBF probability curves for infarction were  computed 
and positive and negative prediction limits were defined at 4.8 and 14.1 mL/100 g/min. Using 
the lower FMZ binding threshold of 3.4 for irreversible tissue damage and the upper CBF value 
of 14.1 mL/100 g/min for the threshold of critical perfusion at or above which tissue will likely 
be preserved, various cortical subcompartments could be identified: of the final cortical infarct 
a major portion (median 55.1%) showed FMZ binding critically decreased, thus predicting 
necrosis. In 20.15% of the final infarct, on average, CBF was in the penumbral range 
(<14.1 mL/100 g/min) and FMZ binding was above the critical threshold of irreversible damage, 
at the time of the study, thereby indicating morphologically intact but critically perfused tissue, 
that is,  penumbra. Only 12.9% of the final infarct exhibited neuronal integrity and CBF values 
above the  penumbral range—this tissue turned into necrosis despite sufficient blood supply 
and could benefit from neuroprotective or other measures targeted at secondary mechanisms. 
The penumbra (in this study 20.15% of final infarction) could be salvaged by effective reper-
fusion, whereas the largest portion (55.1% of the final infarct) is not amenable to any therapeutic 
 strategy, since it is already irreversibly damaged at initial evaluation. The identification of the 
area of irreversible damage and its distinction from the penumbral zone, as it can be achieved 
by imaging of BZR binding and flow, therefore, not only may help to predict the clinical course 
after stroke, but also can estimate the potential efficacy of therapeutic strategies.

COMPARISON OF FLUMAZENIL-POSITRON EMISSION TOMOGRAPHY
TO DIFFUSION WEIGHTED MAGNETIC RESONANCE IMAGING

Diffusion-weighted magnetic resonance imaging (DWI) has been the method of choice to detect 
ischemic lesions early after onset of symptoms (41) and, in combination with perfusion-weighted 
imaging, is widely applied for the selection of patients amenable for acute therapy, if a  mismatch 
between these procedures suggests viable penumbral tissue. However, it has been shown 
repeatedly that an area with increased DWI signal does not necessarily turn into infarction but 
may finally normalize with spontaneous or treatment-induced recovery of neurological deficits 

FIGURE 3 Weighted mean curves across 10 patients’ volumes of interest and corresponding 95% probability limits, 
predicting cortical infarction (positive prediction curve) or negative infarction (negative prediction curve) from early 
 relative cerebral blood flow. Lower endpoints of curves denote proportion of non-infarcted and infarcted tissue, 
 respectively, as present in the analyzed sample. Abbreviation: CBF, cerebral blood flow.
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(42) limiting the prediction of infarcted and the definition of potentially viable penumbral 
tissue. These uncertainties and limitations of DWI may be better understood by comparing 
the results in individual patients with those from studies, applying a different approach for 
identification of tissue integrity. Therefore, DWI was compared to FMZ–PET with respect to the 
probability to predict infarction in 12 patients with early ischemic stroke (43). The patients were 
studied by DWI (median 6.5 hours after symptoms onset) and FMZ–PET (median interval 
85 minutes between DWI and PET) and the extension of the final infarcts was determined on T2 
weighted MRI 24 to 48 hours later. Probability curves predictive of eventual infarction were 
computed using respective FMZ, DWI, and apparent diffusion coefficient (ADC) values for 
voxels of interest, later classified as representing infarcted or noninfarcted tissue. Ninety-five 
percent limits predictive of cortical infarction were determined for relative FMZ binding ≤3.2 
times the mean in white matter, DWI signal intensity ≥1.18 the contralateral value, and ADC 
≤0.83 the contralateral value. Cortical regions with values beyond these 95% limits did not 
 necessarily overlap nor were fully congruous with final cortical infarct volumes (Fig. 4A). 
Overall, 83.5 % of the final infarct volume, on average, was predicted by decreased FMZ bind-
ing, 84.7% by increased DWI signal intensity, and 70.9% by decreased ADC value. The portions 
of the final infarct not predicted in the early investigation (false-negatives) were 16.5% (median) 
for FMZ, 15.3% for DWI, and 29.1% for ADC. False-positive areas not included in the final 
 infarct were negligible (median 0%) for FMZ, but relatively large for DWI (25.9%) and ADC 
(22.3%) (Fig. 4B). These results indicate that FMZ–PET and DWI are comparable in the pre-
diction of probability of ischemic cortical infarction. However, FMZ–PET carries a lower 
 probability of false-positive prediction. The final infarcts include tissue not identified by these 
imaging modalities; at the time of the study, these tissue compartments are viable and could 
benefit from treatment. Further insight can be obtained by extending the examinations to 
include perfusion-weighted magnetic resonance imaging (PWI) and CBF/CMRO2 determina-
tion, respectively. The DW–PWI mismatch, as it is detected in many cases and considered as a 
surrogate of the penumbra,  however, imprecisely depicts and overestimates the area of misery 
perfusion as it is obtained by PET (44) and, therefore, might not represent a fully reliable 
 correlate of the penumbra.

FIGURE 4 (See color insert.) (A) Coregistrated images in a patient seven hours after symptom onset showing decreased 
flumazenil (FMZ) binding, diffusion weighted imaging (DWI) hyperintensity, and decreased apparent diffusion coefficient 
(ADC) values in the left central region. Lesion volumes are transferred into T1-MRI-based cortical atlas (gray) for a voxel-
by-voxel analysis of subcompartments with respect to final infarct volume (red). (B) DWI hyperintensity and decreased 
ADC values in the left temporal cortex of another patient three hours after symptom onset. The FMZ-positron emission 
 tomography shows no decrease of tracer binding, and no final infarct is seen on the follow-up T2-MRI.
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THE VALUE OF FLUMAZENIL BINDING STUDIES FOR TREATMENT DECISIONS

Therapeutic strategies in acute ischemic stroke are targeted at rescuing from infarction ischemic 
but potentially viable tissue, the penumbra. As treatment can only be effective as long as tissue 
has not become necrotic, indicators of irreversible tissue damage or markers of neuronal 
 integrity would be helpful for the selection of patients who might benefit from reperfusion 
induced by thrombolysis or other therapeutic approaches with a potential to salvage penumbra 
tissue but also with the hazard to further threaten patients with large infarction. In order to 
prove the validity of this concept, CBF and FMZ binding were assessed by PET in 11 patients 
with acute hemispheric ischemic stroke at the beginning of thrombolytic therapy [0.9 mg/kg 
recombinant tissue plasminogen activator (rt PA) 10% as i.v. bolus, 90 % as i.v. infusion over 60 
minutes] initiated within three hours of onset of symptoms (45). The early PET findings were 
related to the change in neurological deficit (NIHSS) and to the extent of cortical damage on 
MRI or CT, three weeks after the stroke. Initial hypoperfusion was observed in all cases, and in 
eight patients the values were below critical thresholds estimated at 12 mL/100 g/min, 
 comprising 1 to 174 cm3 of cortical tissue. In four cases, distinct areas of decreased FMZ binding 
were detected within the severely hypoperfused regions, and corresponding infarcts have 
developed on final CT/MRI. In the other cases, the hypoperfusion could be reversed by throm-
bolysis to values above the upper threshold of the penumbra 24 hours after the stroke, and no 
cortical defects on morphological images were found (Fig. 5). Therefore, severe decreases in 
early FMZ binding, significantly (P < 0.005 by Fisher’s exact test) predicted irreversible cortical 
damage. It was of interest to note that deficits in FMZ were not related to the size of the critically 
hypoperfused area: in small ischemic areas of two patients, irreversible damage was indicated 
by early loss of FMZ binding. In contrast, fairly large hypoperfused regions could also benefit 
from reperfusion and did not become infarcted, as long as reperfusion began before decreased 
FMZ binding indicated irreversible damage (Fig. 5B). The largest and most severely hypoper-
fused cortical area (174 cm3), however, included a rather large region of decreased FMZ bind-
ing (112 cm3). This finding suggested widespread neuronal damage at this early stage with 

FIGURE 5 (See color insert.) Two patients with acute hemispheric stroke at the beginning of thrombolytic therapy 
demonstrate large ischemic areas on cerebral blood flow images. (A) Individual patient with an area of decreased fluma-
zenil (FMZ) binding early (three hours) after symptom onset shows a corresponding large infarction on late cranial CT 
(CCT). (B) This individual patient does not show a defect in early FMZ binding. Thrombolytic therapy was effective in this 
patient, and infarction was not seen on late cranial CT. Abbreviation: CBF, cerebral blood flow.
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subsequent infarct growth as indicated by late CT (Fig. 5A). This study proves the potential of 
BZR ligands to identify early after the attack irreversibly damaged cortical tissue which is not 
amenable for therapy and to differentiate the permanent lesion from the penumbra, which 
might benefit from reperfusion or neuroprotective treatment. Studies of the BZR are not limited 
to the complex logistics required by 11C tracer and PET, since similar results can be obtained 
with IMZ and SPECT (27,46,47), which might be of value for therapeutic decisions if  appropriate 
investigations are carried out in the first hours after onset of symptoms.

The early assessment of large irreversible tissue damage is also important for the  prediction 
of the further course and for the decision to interventional treatment to ameliorate the final 
 outcome. This might be relevant for malignant brain infarcts, which result from space- occupying 
brain edema after ischemic stroke in the MCA territory, and carry a risk of mortality of ~ 80% 
under conservative treatment (48). To improve outcome with acceptable neurological impair-
ment, invasive strategies such as decompressive hemicraniectomy or induced hypothermia 
might be justified, but patients who might benefit from these interventions must be selected 
and the time point must be determined when the intervention must be performed to prevent 
large lesions not compatible with a minimal quality of life. In 18 patients of a prospective study 
comprising 34 patients with acute infarcts, more than 50% of the MCA territory on CT  performed 
<12 hours after onset of symptoms (49) PET of FMZ distribution [as a marker of flow (29)] and 
FMZ binding (as a marker of neuronal integrity) were performed 3 to 24 hours (mean 17.2 hours) 
after the onset of clinical symptoms (Table 1, Fig. 6). Of these patients, eight had a malignant 
course with transtentorial herniation, leading to death or severe permanent neurological 
 deficits. In the other 10 cases, malignant brain swelling did not develop and these patients 
 survived with mild to moderate handicap. The early PET investigations revealed significant 
differences between these two groups: The volume of the ischemic core region (CBF values 
determined by FMZ distribution <50% of the mean of the unaffected hemisphere) was larger 
in the malignant (144.5 cm3) than in the benign group (62.2 cm3, P < 0.01), and CBF was decreased 
to 21.5% in the malignant versus to 34.7% in the benign group (P < 0.01). The volume of 
 irreversible neuronal damage assessed by FMZ binding (threshold 3.4 times the mean value 
of white matter) was significantly larger in the malignant (157.9 cm3) than in the benign group 
(47.0 cm3, P < 0.01). The penumbra zone, defined by flow reduction to 50% to 70% of the contral-
ateral mean and by preserved FMZ binding, was smaller in the malignant than in the benign 
group (42.6 vs. 58.0 cm3). The volume of irreversible neuronal damage, volume of ischemic 
core, and mean CBF within the core region correlated significantly with the clinical outcome of 
the patients, expressed by the modified Rankin Scale after three months. For the prediction of 
malignant infarction a cutoff value for irreversible neuronal damage that amounted to 95 cm3 
was determined; for the ischemic core region a cutoff value of 105.0 cm3 and for mean CBF 
within the hypoperfused tissue a value of 25.5% was assessed. In the patients who died as a 
result of brain edema PET scans were performed 54.2 hours (mean) before patients showed 
clinical signs of brain death. In all cases with malignant course, the deteriorations of neurological 
deficits and the changes in neuromonitoring (intracranial pressure, tissue oxygen tension, 
 con centration of glutamate, aspartate, GABA, glycerol, lactate, and pyruvate) occurred many 
hours after the PET studies, and peak values were reached 74.2 to 100.6 hours after stroke onset. 
Even transtentorial herniation was indicated later by abrupt deflections of the various 
 neuromoni toring parameters.

TABLE 1 Neuronal Damage in Flumazenil-Positron Emission Tomography and Cerebral Blood Flow in Patients 
Developing Malignant Respectively Benign Courses of Stroke

 Volume of irreversible 
damage (cm3)

Volume of ischemic 
core (cm3)

Mean CBF in ischemic core
(% unaffected hemisphere)

Volume of ischemic 
penumbra (cm3)

Malignant (n = 8) 157.9 (± 37.9) 144.5 (± 27.6) 21.5 (± 3.7) 42.6 (± 14.4)
Benign (n = 10) 47.0 (± 46.9) 62.2 (± 37.2) 34.7 (± 6.6) 58.0 (± 30.8)
 p < 0,01 p < 0,01 p < 0,01 NS

Note: Values are mean ± SD. Note that in malignant stroke, larger irreversible damage correlates with larger ischemic core and deeper 
cerebral blood flow reduction in the ischemic core, while the penumbra is smaller than in benign stroke.
Abbreviation: CBF, cerebral blood flow.
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The important conclusion from the comparison of early PET studies with continuous 
 neuromonitoring in large MCA infarction is the predictive value of the identified volume of 
critically hypoperfused tissue and of reduced uptake of a marker of neuronal integrity for the 
development of malignant infarction. In this context, PET results precede the clinical  impairment 
and changes observed by monitoring, and this observation again is supported by comparable 
results in the experimental model of MCAO in cats (50), where large critically ischemic volumes 
predicted a malignant course characterized by progressive deterioration, extension of hypoper-
fusion, increase of intracranial pressure, and increase of extra cellular biochemical markers of 
ischemic damage. Therefore, the assessment of critically hypoperfused areas and of reduced 
receptor binding is useful for the identification of patients at risk for formation of space-occupying 
edema and for selection of patients who might benefit from invasive interventional therapeutic 
strategies; the time point of significant changes in neuromonitoring is coincident with severe 
clinical deterioration, often caused by transtentorial herniation, and might be too late for 
successful prevention of massive tissue destruction.

ANNEX: FLUMAZENIL AS A TRACER FOR CENTRAL 
BENZODIAZEPINE RECEPTORS

Carbon 11-labelled FMZ, which is regarded as the radioligand of choice for the in vivo quantifi-
cation of central BZRs (12), was prepared by a modification of the method of Maziere et al. (51): 
[N-methyl-11C]FMZ is methylated by reaction of the precursor desmethyl FMZ (Ro 15-5528 from 
Hoffmann-La Roche, Basel, Switzerland) with [11C]methyl iodide, which in turn is produced 
from [11C]carbon dioxide and lithium aluminium hydride in THF and subsequent reaction 
with 1 mL 57% hydriodic acid.

[11C]methyl iodide is bubbled by a nitrogen flow into a solution of 0.5 to 1 mg desmethyl 
FMZ in 800 μL of dry acetonitrile activated by 15 μL of 5 M NaOH. After heating the 
closed reaction vial for 5 minutes in an oil bath of 70°C the reaction mixture is neutralized by 
150 μL of 0.5 M hydrogen chloride. It is injected into a semipreparative HPLC system (column: 
Phenomenex Luna, silica, 10 μm, 100A, 250 × 10 mm; eluent: dichloromethane with 1.5% of 
solution A, A = ethanol, 2% water, 0.03% ethyl amine; UV detection at 254 nm; flow 8 mL/min). 
The product fraction is collected from about six to seven minutes in a rotary evaporator and the 

FIGURE 6 (See color insert.) (A) In a patient with benign course, the volume of severe cerebral blood flow (CBF) 
 reduction is much larger than the volume of reduced flumazenil (FMZ) binding. (B) In another patient with malignant 
course, the volume of reduced FMZ binding is almost as large as the volume of severe CBF reduction. CBF and FMZ 
binding were determined early after stroke onset.
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solvent is removed under reduced pressure. The residue is dissolved in 8 mL of 0.9% saline 
and transferred into a sterile evacuated vial by suction through a sterile filter. Activity of the 
solution ready for injection: Up to about 7 GBq (conditions of irradiation of target gas for 
[11C]carbon dioxide production: 40 μA with 17 MeV protons during 40 minutes), radiochemical 
purity is ≥95%. Synthesis is completed in 35 minutes and specific activity at that time (EOS) is 
20 to 100 GBq/μmol.

After intravenous injection of 20 mCi (740 MBq), the distribution and accumulation of this 
tracer was followed for 60 minutes by serial scanning on the ECAT EXACT HR scanner (Siemens/
CTI) using three-dimensional data acquisition mode providing 47 contiguous 3 mm slices of 
5 mm full width at half maximum in-plane reconstructed resolution (52). The multiple brain 
activity frames after FMZ injection were corrected for decay, attenuation, and scatter and quanti-
fied to Bq/cm3. The initial tracer distribution reached within two minutes after injection served 
as an indicator of the perfusion pattern as it was calibrated to the flow values determined by 
H2

15O and arterial blood sampling (29). BZR density was estimated from the distribution of FMZ 
30 to 60 minutes after the bolus injection. In a few cases in which  arterial blood samples were 
available, a two-compartment, two-parameter model could be applied to estimate regional 
receptor distribution (53,54). The ratio of distribution volume between cortical and white matter 
regions compared well with corresponding values of activity distribution between 30 and 60 
minutes. Since the quantification of receptor density was not generally feasible—and arterial 
blood sampling was especially prohibited in cases amenable for thrombolysis—relative values 
of FMZ binding in comparison to averaged white matter activity were used for further analysis. 
This approach is also justified by the binding equilibrium achieved 20 minutes after injection 
and the lack of specific receptors in the white matter which can serve as the reference region (14). 
However, a quantification of the density and affinity of central BZRs in different brain regions 
cannot be obtained by this procedure; the determination of Bmax and Kd requires  multiple 
 injections of FMZ at different specific radioactivity and arterial blood sampling (54,55).
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INTRODUCTION

One of the disadvantages of many penumbral imaging methods used, both in humans and 
experimental animals, is that they rely on cerebral blood flow (CBF) at a single point in time to 
assess the degree of ischemia. This neglects the important considerations of tissue/cellular 
 metabolic rate and time in the assessment of penumbra. An appealing alternative approach is 
to use a marker of cellular hypoxia, thereby directly assessing the combination of oxygen 
 delivery and use. Several compounds and methods have been tested as hypoxic markers, 
of which fluoromisonidazole (FMISO) is the best established.

Fluorine-18 FMISO (18F-FMISO) positron emission tomography (PET) uses as a radioligand 
the nitroimidazole compound FMISO that is trapped within hypoxic cells (1). As FMISO is a marker 
of intracellular hypoxia rather than tissue perfusion, it may provide a more direct measure of 
threatened tissue than other available techniques. This may be particularly relevant for tissues with 
lower baseline metabolic rate and CBF such as cerebral white matter. FMISO has been used exten-
sively as a marker of hypoxic tissue within tumor cells (2). It has also been shown to localize to 
hypoxic myocardium, which retained glucose catabolic function but had lost contractile function 
(3). This chapter will briefly outline the mechanism of binding of hypoxic markers such as FMISO 
within hypoxic cells, what is known about the charac teristics of FMISO binding in animals and 
humans, and then summarize the available data regarding the use of FMISO in stroke.

HISTORY OF THE DEVELOPMENT OF HYPOXIC MARKERS

FMISO belongs to the class of compounds known as nitroimidazoles. These compounds were 
first used therapeutically as antibiotics (e.g., metronidazole “FlagylTM”). Nitroimidazoles have 
antiparasitic and antimicrobial actions against anaerobic organisms, due to their selective reduc-
tion and binding in hypoxic environments. The chemically reactive reduced forms, which are 
generated in the presence of hypoxia, lead to formation of cytotoxic products that inhibit DNA 
synthesis and cause degradation of existing DNA within microorganisms (4,5). During the 1970s 
interest focused on this class of compounds as potential therapeutic agents for use in radiation 
oncology, allowing targeting of hypoxic regions within tumors. The rate of killing of tumor cells 
by radiation is 2.5 to 3.0 times higher in the presence of oxygen (6). Since solid tumors often have 
zones of hypoxia, and these radioresistant regions are thought to be responsible for tumor recur-
rence, the electron affinity of nitroimidazoles appeared well suited to a radiosensitizing role for 
these compounds, and misonidazole (MISO) initially showed promise as a radiosensitizing 
agent. It was quickly discovered, however, that toxicity in the form of peripheral neuropathy 
became dose limiting before maximum radiosensitization. These doses (approximately 12 g/m2) 
are several orders of magnitude greater than those used in imaging studies.

Despite the impracticality of this compound as a radiosensitizer, it was the obvious 
 candidate to develop imaging of hypoxic regions within tumors. Safety had been demonstrated 
for doses much greater than the tracer amounts required for imaging. Moreover, the chemical 
structure was well suited for radiolabeling with positron and gamma-emitting radioisotopes 
(7–9). Once the ability to safely image hypoxic regions in vivo using PET or single-photon 
 emission computed tomography (SPECT) was realized, alternative applications in cardiac and 
cerebral ischemia quickly became apparent.
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CHARACTERISTICS OF NITROIMIDAZOLES AS HYPOXIC MARKERS

The commonly used nitroimidazole antibiotics such as metronidazole (“Flagyl”) have reduc-
tion potentials of approximately −415 mV, and so are efficiently reduced in anaerobic bacteria, 
with redox potentials of −430 to −460 mV (1). The most negative redox potentials in aerobic 
cells, however, are only about −320 mV (NAD/NADH and NADP/NADPH couples), so met-
ronidazole is not efficiently reduced in these cells. This selectivity is the basis for the efficient 
activity of these antibiotics against anaerobic organisms; however, a molecule with lower 
 reduction potential is necessary to obtain useful reduction in hypoxic aerobic cells. Changing 
the substitution pattern from the 5-nitro of metronidazole to the 2-nitro produces MISO, which 
has a more suitable reduction potential of −389 mV. Lipophilicity of the compounds is the major 
factor affecting their diffusion into cells; however increasing lipophilicity also prolongs the 
clearance time from blood. Blood clearance is important for imaging applications, because 
 adequate clearance (reduction of nonspecific background signal) must occur before a sufficient 
hypoxic—normoxic tissue ratio is achieved for imaging.

Suitability of nitroimidazoles for imaging of hypoxic tissue is dependent on four factors (1):

1. Delivery to hypoxic cells—dependent on dose and diffusibility.
2. The fraction becoming irreversibly reduced—dependent on the oxygen concentration at 

which trapping occurs.
3. Speed of clearance from normoxic tissues—adequate contrast between hypoxic and normoxic 

tissues is necessary for imaging.
4. Duration retained in hypoxic cells—sufficient to allow imaging.

Preliminary in vitro studies established that MISO, and its fluorinated congener FMISO, 
had suitable characteristics and these agents were the first chosen for further investigation as 
PET hypoxia imaging agents. The two compounds were retained similarly in hypoxic cells 
within in vitro tumor cell spheroids; however, FMISO uptake was greater than that of MISO 
under similar conditions when assessed in a mouse tumor model (10). As FMISO is labeled with 
a positron emitter suited to the process of imaging applications (18F), it was the primary 
 compound investigated for PET studies.

Nitroimidazoles diffuse freely across cell membranes (1), and are bound within hypoxic 
cells (Fig. 1) (11,12). Binding is in inverse proportion to pO

2
 in living cells (10,13). The proposed 

mechanism of binding in hypoxic tissue is through a series of reduction steps resulting in bind-
ing to intracellular molecules (12,14). The initial reduction to the nitro anion radical occurs in all 
metabolically active cells, however, in the presence of oxygen reoxidation is favored. The resul-
tant parent compound is freely diffusible, and will, therefore, equilibrate with plasma and be 
cleared from the tissues. In hypoxic tissues the reactive metabolite is bound to intracellular 
molecules. Nitroreductase activity in cells is not inhibited by a range of standard inhibitors, 
implying that these compounds are plentiful and therefore unlikely to limit hypoxic binding 
(15). The labelling partition for MISO between cytoplasm and nucleus is proportional to the 

FIGURE 1  Proposed mechanism of nitroimidazole binding within hypoxic cells. Source: From Ref. 78.
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 relative volume of each compartment (16), suggesting that binding occurs in a nonspecific fash-
ion to a range of intracellular molecules. This binding is only very slowly reversible, with a 
half-life of approximately 55 hours (13). Because the initial reduction reaction relies on active 
metabolism, no  trapping occurs in necrotic cells (10). In addition binding of tracer is relatively 
independent of blood flow, when assessed in models of cerebral or myocardial ischemia (3,17). 
In a dog  myocardial occlusion model, concentrations of tracer in the lowest flow areas (necrotic 
core) were equal to that in plasma, suggesting adequate delivery but no binding (12). Certain 
factors other than hypoxia have been shown to affect rate of binding during in vitro studies. 
This included cell growth state (tumor cell lines), glucose concentration, and nonprotein sulfhy-
dryl concentrations (11). Overexpression of the cytochrome P450 reductase system, by recombi-
nant plasmid transfection, was shown to influence the rate of binding to a greater extent than 
other reductase enzymes, suggesting that this is the most important enzyme in the reduction 
and binding of these compounds, and that intracellular enzyme concentration may influence 
hypoxic binding (18). The effect of any of these factors was small compared to that of varying 
oxygen concentrations, which produced a 12- to 28-fold increase in bound activity in four 
 different cell lines (11).

ANIMAL/HUMAN STUDIES OF FLUOROMISONIDAZOLE
Fluoromisonidazole for Imaging Hypoxic Regions Within Tumors

Initial characterization of FMISO as a hypoxia imaging agent was performed in tumor cell lines 
and in rodent tumor models using autoradiography (10,11,19,20). Dogs with spontaneous 
tumors were used for initial development of a PET imaging protocol, which could then be 
modified for clinical use (21). Autoradiographic and PET studies in rat intracerebral glioma 
models have demonstrated that uptake occurs in cerebral tumors (22,23). Rasey et al. manipu-
lated the inspired oxygen concentration to determine the effect on the radiobiologically hypoxic 
fraction as determined by modeling of FMISO uptake or by radiation response data. At low 
inspired oxygen concentrations there was a discrepancy between the techniques, which the 
authors felt was likely due to the failure of FMISO to label cells with an oxygen level at or above 
2 to 3 mmHg—these cells may nevertheless be substantially protected against the effects of 
radiation. This suggests that there is quite a tight threshold of oxygen concentration for FMISO 
binding in cells, which in a stroke context reduces the likelihood of significant binding in 
 nonthreatened oligemic tissue.

PET studies using FMISO were then used for imaging of hypoxia in human tumors (24,25), 
providing a less invasive method than previously used Eppendorf electrodes. Based on data 
from normal tissue distribution in animal models and on the first six patients with FMISO 
 binding areas within tumors, a tumor:plasma ratio ≥1.4, two hours after administration was 
defined as hypoxic (24). Interestingly, in this initial study the three patients who returned for a 
repeat PET scan after a course of fractionated radiotherapy no longer had hypoxic regions 
detectable. Hypoxic regions have been demonstrated in a wide range of tumor types using 
FMISO PET, with significant heterogeneity seen within tumor types and within patients (24,25). 
Eliciting the prognostic value of tumor hypoxia in predicting tumor recurrence has proved 
 difficult in human studies due to difficulties achieving follow-up in these patients, and the fact 
that many die from metastatic disease before experiencing failure of local control (25). FMISO 
has also been used to image hypoxia in human cerebral gliomas (26). Interestingly, all three 
patients studied showed increased tumor uptake compared to normal cerebral cortex, when 
imaged only five minutes after tracer injection. This likely represents an effect of increased 
tumor perfusion, and only two of the three patients showed increased uptake (representing 
tumor hypoxia) at two hours.

Fluoromisonidazole for the Investigation of Infection

There is a limited literature on the use of FMISO to study infection. In a rat peritonitis model of 
sepsis, FMISO uptake was not increased, suggesting that hypoxia was not a significant factor in 
the resultant organ injury (27). Interestingly, when the femoral artery was ligated, there was 
increased uptake of FMISO in the skeletal muscle of septic rats, with concomitant perfusion 
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studies showing a much more dramatic reduction of perfusion to the affected limb in septic 
than in control animals. A study of periodontal infection in patients with nasopharyngeal 
 carcinoma undergoing FMISO PET revealed this to be a very sensitive and specific technique 
for the detection of these infections (by predominantly anaerobic organisms) (28). All 14 of 
14 cases of dental caries with root canal infection, 15/15 cases of periodontal abscess, and 
45/51 cases of periodontitis were successfully detected, with no false positives in healthy teeth 
or control patients.

Fluoromisonidazole for the Investigation of Myocardial Ischemia

FMISO has also been utilized for the investigation of hypoxia in myocardial infarction. Studies in 
isolated myocytes demonstrated avid uptake under conditions of anoxia or hypoxia, and that this 
occurred in the absence of significant cellular injury as measured by creatine kinase release or 
morphological change (29). Initial studies in rabbits and dogs showed selective retention in condi-
tions of low flow ischemia or normal flow hypoxia, but not in hearts subject to 35 minutes of 
 ischemia followed by 20 minutes of reperfusion (30). In a circumflex coronary artery occlusion 
model, accumulation of tracer occurred in inverse proportion to blood flow, indicating increased 
binding in hypoxic tissue (12). Similar results were demonstrated in studies of isolated perfused 
hearts subject to either hypoxia or ischemia (30). Importantly, continuous monitoring of devel-
oped left ventricular pressure (30), or contractile function (31) demonstrated resumption of normal 
cardiac function in reperfusion groups, suggesting the potential for  functional recovery in tissue 
retaining tracer. In a permanent coronary occlusion model, the fractional extraction of 18F-FMISO 
was maximal with tracer administration early after coronary occlusion. When tracer was admin-
istered at 24 hours, fractional extraction was only marginally higher than that in nonischemic 
myocardium (32), providing in vivo evidence for the lack of binding in necrotic tissue.

The feasibility of 18F-FMISO PET in myocardial ischemia was also established using a dog 
coronary artery occlusion model (31,33). Scans showed specific uptake within the ischemic 
anterior wall, which was observed from two to four hours after tracer administration (31). 
Histochemical and histological studies suggested uptake occurring in areas without evidence 
for infarction, as well as in tissue with more clear-cut ischemic damage. A comparison of bind-
ing of tritiated FMISO and 18F-Fluorodeoxyglucose (18F-FDG) uptake (used in FDG/flow 
 mismatch studies) in the same model showed greater uptake of FMISO in regions of low flow. 
The authors suggest that FMISO is as sensitive as FDG for detecting ischemia, and could be 
used to detect viable myocardium (33).

The positron-emitting 18F-labeled FMISO is used for PET studies, while the beta particle-
emitting 3H-label is more suitable for animal and in vitro autoradiographic studies. Concurrent 
injection of 3H- and 18F-FMISO in a coronary occlusion model has confirmed excellent agree-
ment in the deposition of the two tracers with a slope of 1.01 and R2 = 0.98 (31), suggesting that 
 addition of tritium does not result in any significant change in binding characteristics.

FLUOROMISONIDAZOLE AND STROKE

Relatively early in the development of the nitroimidazole hypoxic markers, their potential for 
use in stroke was recognized. Intracellular binding occurs in proportion to the degree of cellular 
hypoxia (10,11), yet is dependent on active cellular metabolism and so does not occur in necrotic 
tissue (10). Therefore they appeared to be ideal candidates to image the ischemic penumbra. 
Because these agents are bound in proportion to intracellular hypoxia, which is probably the 
critical factor in cell death, they may also avoid some of the difficulties inherent in perfusion 
imaging methods due to different rates of metabolism (and therefore oxygen utilization) in 
some tissues. For example, cerebral white matter has lower metabolic activity and  perfusion 
than cortical grey matter, and may have a different blood flow threshold for infarction (34). 
FMISO uptake is proportional to degree of intracellular hypoxia (10,13), so may be more appli-
cable to the investigation of threatened white matter than perfusion-based penumbral imaging 
methods. Because the technique for FMISO PET studies is simpler to apply than that for the 
more standard oxygen–water PET, and FMISO autoradiography is easily applied to the study 
of small animal models, FMISO imaging seems ideal to further our understanding of stroke and 
the ischemic penumbra.
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Animal Studies

Much of our knowledge about the pathophysiology of ischemic brain comes from nonhuman 
studies using cell culture, tissue slice preparations and in vivo models of stroke. Being able to 
correlate the findings in human imaging studies with the pathophysiological events occurring 
in these models is an important goal to further our understanding of human stroke. The 
 previously discussed studies in the fields of oncology and cardiology have established that 
FMISO is wellsuited to studies in both small and large animals, as well as in vitro systems; 
however, the use of this marker in stroke models has been limited to date.

The nonfluorinated congener 3H-MISO was used in a small study using a gerbil carotid 
occlusion model (17). Increased uptake was seen in the ipsilateral hemisphere and this  correlated 
with stroke severity at six to nine hours postocclusion. Microscopic autoradiography showed 
widespread diffuse labeling within the ischemic hemisphere, some over areas of histological 
damage, and some over areas that appeared intact. MISO and FMISO have very similar in vivo 
characteristics. FMISO has a marginally slower rate of tissue uptake and blood clearance, 
 however brain uptake at two hours is higher than for MISO (8). FMISO is more commonly 
 utilized because of its suitability for PET imaging studies using 18F.

18F-FMISO autoradiography has been used in the commonly used temporary rat middle 
cerebral artery (MCA) thread-occlusion model (35). Binding was most intense and widespread 
soon after thread occlusion, in the entire ipsilateral MCA territory (Fig. 2). A smaller volume of 
bound tissue was seen at later time points (two to three hours) and surrounded the infarct 
core. Binding was negligible in the subacute phase (6 to 24 hours). The degree of binding 
decreased inversely with the evolution of ischemic change as assessed by the vital stain 

FIGURE 2  Representative 18F-fluoromi-
sonidazole (FMISO) autoradiographs at 
different time points post onset of two 
hour transient middle cerebral artery occlu-
sion. 18F-FMISO injection times: (A) 0.5 
hour; (B) three hour; and (C) 22 hour 
(autoradiography two hours later). Source: 
From Ref. 35.
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 triphenyltetrazolium chloride (TTC) (Fig. 3). The pattern of binding in the rat after temporary 
MCA occlusion  reproduced that seen in human PET studies, and established the suitability of 
18F-FMISO for autoradiographic studies in animal stroke models.

The tritiated congener 3H-FMISO is more suited to animal studies and is currently the 
preferred form in our laboratory for use in animal studies (Fig. 4). This allows vastly superior 
resolution for autoradiographic studies than is possible using 18F-FMISO; and due to the 
 prolonged half-life of tritium (3H t/2 = 11 years), autoradiography can be performed on fixed, 
slide-mounted sections rather than fresh tissue slices (36). This allows direct correlation of 

FIGURE 3 Total 18F-fluoromisonidazole uptake and 
triphenyltetrazolium chloride pallor at different times 
after onset of two hours middle cerebral artery 
 occlusion. Areas (mean ± SEM) = sum totals of all 
2 mm sections for each rat (0.5, 6, and 22 hour cohorts 
n = 4 each; two, three hour cohorts n = 5; one hour 
cohort n = 8). Source: From Ref. 35.

FIGURE 4 Comparison of binding patterns of (A) 18F-fluoromisonidazole (FMISO) and (B) 3H-FMISO, with corre-
sponding triphenyltetrazolium chloride (C), and hematoxylin and eosin (H&E) (D) tissue slices. Rats in both groups 
received injection of radiotracer half an hour following middle cerebral artery (MCA) occlusion, and the MCA was reper-
fused two hours after occlusion, with animals killed for tissue processing half an hour later. The short half-life of fluo-
rine-18  precludes the use of tissue fixation and H&E staining. The superior resolution obtained with 3H-FMISO can also 
be appreciated. Source: From Ref. 36.
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 histology with autoradiographs obtained from the same sections. Reperfusion experiments 
using the rat temporary MCA occlusion model with laser Doppler monitoring of CBF have 
demonstrated persistence of binding within the previously hypoxic region after reperfusion 
(36). This confirms in brain the prolonged nature of the hypoxic binding, previously demon-
strated in tumor cells and heart (13,30). Exploiting the prolonged nature of FMISO binding 
we have also demonstrated the feasibility of delaying animal sacrifice for 24 hours after tracer 
injection even after relatively short duration (45 minutes) hypoxic exposure. Due to the 
delayed nature of the evolution of histological change this allows correlation of tracer bind-
ing with the histological fate of the tissues. This is not possible using conventional techniques, 
where animals are sacrificed within a few hours of stroke induction (37,38). Because of the 
increased washout of tracer from contralateral normoxic tissues, the relative intensity and 
volume of FMISO binding are not significantly altered by the delay in tissue processing for 
autoradiography (36). Studies using this model suggest that the process of FMISO uptake is 
relatively prolonged, with at least 45 minutes of ischemia necessary to produce detectable 
autoradiographic signal and progressively increasing volumes of binding seen with length-
ening arterial occlusion duration out to at least 90 minutes (39). This binding is however, 
 specific to hypoxic tissue—no binding was seen in previously ischemic tissue when FMISO 
was administered one hour after arterial reperfusion, despite confirmed histological injury 
from the ischemia (36).

Human Studies

FMISO has been more extensively used in PET studies of the evolution of hypoxia in human 
stroke. Because of the “positive” image generated, it has been particularly useful for identifying 
the small volumes of hypoxic tissue (putative penumbra) that occur at the periphery of the 
infarct, relatively late after stroke onset, and for tracing the evolution and temporal extent of 
hypoxic tissue in evolving stroke.

In a preliminary study in human stroke, selective uptake of 18F-FMISO was shown in a 
peri-infarct distribution in three of six patients with acute stroke. There was no uptake seen in 
patients imaged at one month in the chronic state (40). Subsequent studies have demonstrated 
that there is binding surrounding the infarct core in the acute phase, that binding is not seen in 
the subacute phase (Fig. 5) (41), and that some of the hypoxic tissue progresses to infarction, 

FIGURE 5 (See color insert.) (A) Serial 18F-fluoromisonidazole (18F-FMISO) positron emission tomography studies 
from patient five  performed at 22 hours (top row) and 10 days (middle row) after acute ischemic stroke. The CT images 
(bottom row) show the final area of infarction. Extensive areas of increased 18F-FMISO activities are seen in the peripher-
ies of the infarct region on the early study, but these are no longer present at the time of the late study. (B) The same 
patient in (A), with PET image thresholded showing area of increased binding (activity >3 SDs above the mean value for 
the contralateral hemisphere) in yellow. The bottom panel shows this thresholded image superimposed on the late CT, 
with bound area which progressed to infarction shown in red, and those which survived shown in green. Source: From 
Ref. 42.
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while some does not (42). The distribution of FMISO binding at the periphery of the infarct and 
adjacent peri-infarct regions, as well as the decrease in binding with time suggested that this 
tissue was penumbra (Fig. 6). Interestingly, there was increased uptake in some patients up to 
42 hours after stroke onset, but no uptake seen in patients imaged 6 to 11 days poststroke. 
Additionally, areas of 18F-FMISO retention were not seen in all patients imaged <24 hour 
 postonset, consistent with the concept that some patients may not have penumbra even 
 relatively early poststroke, either due to reperfusion or completed infarction. For example, the 
striatocapsular region has poor collateral supply, and may progress to infarction more rapidly 
than other regions (43–46). Read et al. also found a correlation between neurological deteri-
oration in the week following stroke and the proportion of the initially hypoxic region labeled 
by FMISO that progressed to infarction—a finding that has been confirmed and elaborated on 
with subsequent studies (47).

Markus et al. studied patients within 0 to 48 hours of symptom onset with 18 F-FMISO PET 
to assess the volume of hypoxic tissue, and with CT or T2-MRI, initially; and again at 7 to 10 
days to assess initial and final infarct size (47). Patients were dichotomized by the time of 
 symptom onset, less than or greater than 12 hour before PET imaging. This and subsequent 
studies by the Austin group used a statistical parametric mapping technique rather than the 
conventional region-of-interest (ROI) analysis used in many PET studies. A system of auto-
mated image registration of PET and CT scans was developed. Using pooled variance from 
normal subjects and  contralateral hemisphere normalization, they were able to assess area of 
FMISO binding  objectively and also demonstrated significantly lower variability than using 
ROI analysis (48). As a further validation, the outcomes were compared with those obtained 
using nonparametric techniques—the correlation between the two techniques was very high 
(r = 0.99). Using these techniques associations were found between time of onset and presence 
of hypoxic tissue (84% of those <12 hour vs. 41% in those >12 hour postsymptom onset had 
hypoxic tissue) and  proportion of the total ischemic volume (hypoxic + infarct volumes), which 
was hypoxic (58% in the <12 hour group vs. 24% in the >12 hour group) (Fig. 7). In those 
patients with hypoxic tissue, there was no association between the time since stroke onset and 
proportion of initially hypoxic tissue that survived. There was a strong association between the 
proportion of initially hypoxic tissue that survived and functional outcome at 7 or 30 days, 
 irrespective of the clinical rating scale used (Table 1). There was no significant interaction of 
time since stroke onset with this association. The relatively small sample size inherent in this 
type of study may have limited the power to detect such an interaction; however, the fact that 
in some patients, clinically meaningful recovery appeared to be associated with spontaneous 
penumbral salvage occurring 12 to 48 hours after onset, is very exciting. It suggests that there is 
still potential for meaningful  therapeutic intervention after a much greater time interval than 
what the current thrombolysis guidelines would suggest.

FIGURE 6 (See color insert.) Representative 
images from three patients with large middle 
 cerebral artery infarcts imaged at different times 
after stroke onset. Areas of 18F-fluoromisonidazole 
trapping, defined as pixels with activity >3 SDs 
above the mean value for the contralateral 
(nonischemic) hemisphere (shown in yellow) are 
superimposed on the coregistered late CT image. 
The distribution of hypoxic tissue in the periphery 
of the infarct and adjacent noninfarcting tissue, 
and its declining volume with time are consistent 
with this tissue representing the ischemic penum-
bra. Source: From Ref. 42.
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18F-FMISO PET has also been used to map the spatial evolution of ischemic changes in 
human stroke (43) (Fig. 8). Infarct expansion occurred at the expense of hypoxic tissue 
 (pen umbra) from the center to the periphery of the infarct, analogous to the pattern of evolution 
in animal models (45,49–51). In addition, a greater proportion of the hypoxic tissue was located 
superior, medial, and posterior to the infarct core (44).

The differential effects of ischemia in the white and grey matter in human stroke have also 
been examined using FMISO PET (52). This is an important problem given the failure of many 
neuroprotectant trials and the hypothesis that this may in part be due to the much greater pro-
portion of white matter in human than in rodent brain (where most putative neuroprotectants 
have been tested). Twenty-seven patients had FMISO PET performed within 48 hour of stroke 
onset, with final infarct defined by CT at day 7 to 10. A greater proportion of the “at-risk” tissue 
(either FMISO-bound or infarcted) bound FMISO within white matter than grey (41% vs. 24%). 
Although a greater proportion of the final infarct was within the grey matter, much of this tissue 
did not bind FMISO—implying that it had already progressed to infarction at the time of PET 
scanning. Of the FMISO-bound tissue, a similar proportion progressed to infarction in both 
grey and white matter (47% and 55%, no significant difference). This is indirect evidence for the 
more rapid progression of grey matter to infarction, a plausible argument given its greater met-
abolic rate. The finding that a greater proportion of the ischemic tissue within white matter 
remained potentially salvageable at the time of PET scanning was used to argue that neuropro-
tectant strategies should focus more on white matter ischemia, which has often been neglected 
in the past. It has only been relatively recently, that techniques to examine white matter damage 

TABLE 1 The Correlations Between the Proportion of the Total Ischemic Volume that 
Survives Spontaneously (SHVR) and Early and Late Neurological Outcome in Patients 
Studied ≤12 and >12 Hours After Stroke Onset

 Correlation with SHVR

 ≤ ≤ 12 h >12 h

Measure r   a P value r  a P value

ΔNIHSS 0.85 <0.01 0.59 <0.01
Day 90 mRS −0.89 <0.01 −0.46 <0.05
Day 90 BI 0.86 <0.01 0.37 0.12
aSpearman’s rank correlation coefficient.
Abbreviations: BI, Barthel index; mRS, modified Rankin Score; NIHSS, National Institutes of Health 
Stroke Scale; SHVR, surviving hypoxic volume ratio.
Source: From Ref. 48.

FIGURE 7 Prevalence of hypoxic tissue 
related to time of study in patients studied 
with fluoromisonidazole positron emission 
tomography after presentation with acute 
hemispheric stroke. Source: From Ref. 48.
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in experimental models of stroke have been developed, and as yet they are not routinely applied 
(53–57). The neglect of this important aspect of ischemic injury has been hypothesized to be a 
possible mechanism for the failure to translate neuroprotection in animals to the clinical setting 
(58). Therefore, methods such as FMISO PET and autoradiography, which can provide insights 
into threatened tissue in patients and experimental stroke models, are an additional important 
tool to address the issue of white matter ischemia.

The FMISO PET studies described earlier have not examined the effect of therapeutic 
interventions. Nevertheless, the observations that infarct grows into hypoxic tissue in humans, 
that there is still significant volumes of hypoxic tissue >12 hours post stroke onset, and that 
spontaneous survival of hypoxic tissue is associated with meaningful neurological  improvement 
are exciting in their implications for care of stroke patients. In addition, FMISO was used to 
demonstrate that there is threatened, but potentially viable tissue within white matter in 
humans, with important implications for the design of neuroprotectant strategies. The volume 
of hypoxic tissue was greater in those studied within 12 hours of stroke onset, and this  subgroup 
presumably has the greatest potential to benefit from any interventions. However, it appears 
that in some patients there may be the potential for tissue salvage and improved  functional 
outcomes, well beyond this time threshold.

The role of hypoxia in hemorrhagic stroke has also been examined using FMISO PET (59). 
None of the six patients studied 24 to 43 hours after stroke had areas of FMISO binding, in 
 contrast to ischemic stroke studies in which approximately 58% of patients imaged 24 to 
48 hours after onset had areas of binding (42,47).

Radiation Dosimetry
Radiation doses have been calculated for patients undergoing imaging studies with 18F-FMISO 
at a standard radiopharmaceutical dose of 3.7 MBq/kg, and time dependent concentration 
of radioactivity determined from blood samples and PET images (60). The effective dose 
 equivalent was 0.013 mSv/MBq in men and 0.014 mSv/MBq in women. The critical organ 
receiving the highest dose was the urinary bladder (0.029 MGy/MBq using an assumed voiding 

FIGURE 8 (See color insert.) Representative image slices from each patient showing the region of hypoxic tissue 
identified by acute-stage 18F-fluoromisonidazole positron emission tomography (FMISO PET) superimposed on the final 
 infarct defined on late CT. Infarct boundary is outlined in yellow. Hypoxic tissue that was viable at the time of acute PET 
but subsequently infarcted is shown in red; areas that survived are shown in green. Tissue without 18F-FMISO uptake 
within the final infarct is presumed to have infarcted by the time of the acute PET study. Representative image slice for 
each patient was chosen to show the maximal extent of hypoxic tissue and therefore does not correspond to center of 
the final infarct. Source: From Ref. 44.
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interval of four hours). These values are comparable to other commonly performed nuclear 
medicine studies, suggesting that the radiation risks from studies using 18F-FMISO are within 
acceptable limits.

OTHER HYPOXIC MARKERS IN STROKE

MISO, a nitroimidazole closely related to FMISO, has been used in a small study using a gerbil 
stroke model (17). Uptake in the ischemic hemisphere correlated positively with the severity of 
the stroke, and emulsion-dipping autoradiography showed heavy labeling only in the ischemic 
hemisphere. Concurrent 14C-Iodoantipyrine blood flow studies indicated that flow was not a 
major determinant of MISO retention.

A technetium-99 m labeled 2-nitroimidazole-derivatized propylene amine oxime 
(BMS-181321) has been studied in rat and cat models of ischemic stroke, and also in a small 
SPECT study in human stroke. Using dual label autoradiography with a perfusion marker in a rat 
MCA occlusion model, it was selectively retained in ischemic brain, but not in infarct, and reten-
tion occurred before blood–brain barrier (BBB) breakdown (61). Combined autoradiographic/
SPECT experiments in cats showed early tracer distribution approximating CBF, but subsequent 
selective retention within the ischemic territory. The small clinical SPECT study demonstrated 
selective uptake in a stroke patient imaged 11 hour postonset of symptoms, in the same distribu-
tion as the CT hypo density, which developed by 36 hours after onset (62). Two patients imaged 
more than 22 hours after symptom onset did not show selective uptake.

A SPECT-suitable nitroimidazole, 125I-iodoazomycin arabinoside (125I-IAZA), was admin-
istered concurrently with a perfusion marker, 99mTc-hexamethylpropylene amine oxime (99mTc-
HMPAO), in a dual autoradiographic study in a rat MCAO model (63). Three distinct binding 
patterns were reported—mildly reduced CBF with no increased 125I-IAZA uptake, moderately 
reduced CBF with increased 125I-IAZA uptake, and severely reduced CBF with no 125I-IAZA 
uptake. These results suggest that 125I-IAZA is bound to penumbra, without increased binding in 
either core or the oligaemic zone. The same group also studied MRI imaging in  combination 
with dual autoradiography using the same paradigm (64). Coregistration of autoradiographs 
and MR images was not performed due to differences in spatial orientation,  however, analysis of 
lesion volumes by hemispheric lesion area indicated good correlation between reduced apparent 
 diffusion coefficient

av
 (ADC

av
), seven-hour T2, seven-hour histology, and increased IAZA uptake. 

One potential difficulty arising from these results is in the interpretation of the seven-hour histol-
ogy data. Previous studies of sequentially timed histology in permanent MCA occlusion in the 
rat suggest that the lesion area continues to grow out to 24 hours or beyond (49). If this is the case 
it would imply that ADC, T2, and IAZA are underesti mating the final area of infarction.

Technetium-99 m-labeled metronidazole SPECT was used in a study of subacute stroke 
patients (10 ± 2.5 days). Hypoxic tissue was defined as tissue showing an uptake of 99mTc-ethylene 
dicysteine-Metronidazole (99mTc-EC-MN) that was greater than 30% of that in the contralateral 
normal brain. Using this definition, hypoxic volumes were demonstrated in all eight patients (65). 
Used in combination with the perfusion tracer, 99mTc-ethyl cysteinate dimer, a  correlation with 
National Institutes of Health (NIH) stroke score was shown. The interpretation of these results is 
difficult, given that the improvement in NIH stroke score had already occurred at the time of imag-
ing in most patients. This late uptake (in contrast to the lack of late uptake seen with FMISO) sug-
gests that 99mTc-EC-MN may, in fact, be imaging processes involved in inflammation or repair. The 
difference between the two agents is not surprising, given the large differences in their  reduction 
potentials, as  discussed previously.

Fluorescence immunohistochemical methods have been used to label hypoxic regions 
within tumors (66), and a kit is available commercially (HypoxyprobeTM, Chemicon, U.S.A.). 
This method is suitable for use with biopsy specimens and in animal studies, not for human 
stroke studies. However, to date, there is no published data on its use in stroke models.

Within the nuclear medicine community, there has been a concerted effort to develop 
agents with imaging characteristics more suitable for rapid imaging (67). The focus of most of 
this work has been the imaging of tumor hypoxia; however, there are some recent preliminary 
studies on the development of new agents for use in stroke (68,69).
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ADVANTAGES/DISADVANTAGES OF FLUOROMISONIDAZOLE

Tissue outcome is dependent on four factors—time, hemodynamics, tissue, and intervention 
(70). Perfusion methods provide an image of only the hemodynamic factor. On the other hand, 
intracellular hypoxia, as imaged by hypoxic markers, is dependent on both blood flow 
 (hemodynamics) and cellular metabolism (tissue). In fact, because binding occurs over time and 
in proportion to degree of hypoxia, these agents provide an image representative of cellular 
hypoxia over a window of time, rather than a snapshot in time. The technique is much less cum-
bersome than other PET-based techniques, and a great advantage is the ability to perform animal 
autoradiographic studies, which have the potential for resolution down to the cellular level.

Obviously, the time lag before imaging is one of the major drawbacks of FMISO. This is 
particularly true for acute decision-making in stroke. Other hypoxic markers are in  development 
with the aim of reducing the time from injection to imaging. There is also the potential to 
develop agents that can be used with other imaging techniques, such as SPECT or MR, which 
are more widely available than PET. Unfortunately, the current situation is that agents with 
more rapid clearance suffer from contamination of the hypoxic imaging with blood flow effects 
(2,67,71–73). For this reason, FMISO still provides arguably the best reflection of regional oxygen 
concentration (71).

The advantages of 18F-FMISO PET are that it is less demanding than the current gold-
standard multitracer technique, and is therefore more feasible in acute stroke patients. The 
 radiotracer is also suitable for use in autoradiographic experiments, greatly facilitating animal 
studies. Using photographic emulsion-dipped histology sections very high resolution is achiev-
able, providing a powerful tool for understanding the varying susceptibilities of different cell 
types in an in vivo model. 

Recent Studies

Our team has been undertaking further work in order to try to demonstrate that the tissue 
bound by this tracer does indeed fulfil the criteria for the presence of penumbra, as proposed 
by Baron (74), and modified by Donnan and Davis (75) (Table 2). Most of these criteria have 
been fulfilled for FMISO. By its nature FMISO is bound only to tissues with altered biochemical 
characteristics. This is because in the presence of oxygen the initial reduction reaction is rapidly 
reversed, and there is no progression to further reduction and subsequent binding to intracellu-
lar molecules. It remains to be conclusively demonstrated that this bound tissue has reduced 
function, most commonly taken as reduced electrical activity. However, it has been shown that 
spontaneous salvage of FMISO-bound tissue is associated with neurological improvement (47). 
Topographic association with the infarct has been well demonstrated in both the human and 
animal studies, as discussed above (35,36,41–43,47,76). Human studies have demonstrated that 
some of the initially FMISO-bound tissue progresses to infarction as measured by late CT or 
MRI, while some does not (41–43,47). This remains to be demonstrated in the animal model, in 
which the need to prepare tissues promptly for autoradiography means that obtaining a suffi-
ciently late assessment of histology to demonstrate the final infarct has until recently been prob-
lematic. Demonstration of the potential for either survival or death in all FMISO-bound tissue 
is critical to demonstrate that it is indeed penumbral, and this is probably only feasible using 
animal models. An alternative terminology is that establishing this duality of possible outcomes 

TABLE 2 Criteria for the Presence of the Ischemic Penumbra

Area of abnormal brain tissue with physiological and/or 
biochemical characteristics consistent with cellular 
dysfunction but not death.

This area topographically associated with the infarct. 
Demonstration that this tissue either may survive or die.
Salvage of this tissue correlates with better clinical outcomes.

Source: From Ref. 63.
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will require the demonstration that none of the bound tissue is either oligaemic (i.e., under no 
threat of dying), or already irreversibly injured. 

Recent data from our laboratory casts some doubt over the utility of FMISO as a clinically 
useful marker of penumbra. In the rat stroke model, animals were administered FMISO six 
hours after the onset of permanent arterial occlusion. Intense binding was seen consistently 
within the striatum (lesion core). Even an optimistic reading of current animal neuroprotection 
literature would suggest that after six hours of vessel occlusion, the infarct core is irreversibly 
damaged in the rat MCA thread occlusion model. Therefore we conclude from this finding that 
significant uptake of FMISO can occur in tissue that is already irreversibly injured. We believe 
that this may occur because the intracellular reductase enzymes responsible for FMISO binding 
are both ubiquitous and robust, such that enzyme activity continues after the cell is irreversibly 
committed to a death pathway. It should be born in mind that these findings are from rats, not 
humans. Nevertheless we feel the results are sufficiently disquieting to prompt a review of the 
role of FMISO and other hypoxic imaging agents as penumbral imaging agents. In particular, 
the possibility that significant FMISO binding may occur in tissues that by all current criteria 
are irreversibly injured suggests that this marker may not be helpful for clinical decision 
making—where the aim is to identify patients with salvageable tissue who may benefit from 
therapies. In addition, a cautionary note must be sounded regarding the use of other hypoxic 
imaging agents as penumbral markers. If these agents are to be clinically useful, it must first be 
established that binding does not occur in irreversibly injured tissue.

SUMMARY

■ FMISO is a nitroimidazole hypoxic marker selectively bound in hypoxic but metabolically 
active tissue.

■ This class of compounds has also been used to image hypoxia in tumors, anaerobic infec-
tions, and myocardial ischemia.

■ Due to its dependence on cellular hypoxia it provides an image of penumbra less dependent 
on CBF than perfusion-based techniques.

■ This may be more reflective of the degree of threat to the tissue as this is dependent on a 
combination of blood flow, metabolism, and time.

■ Studies in a rat model of stroke have established that the pattern of binding mimics that seen 
in humans, providing a powerful tool for understanding some of the basic mechanisms of 
hypoxic tissue injury.

■ Studies in human stroke patients have established that the tracer surrounds the infarct core 
in the acute phase of stroke, and is not bound in the subacute phase.

■ On average, patients studied at times < 12hours from onset have greater volumes of hypoxic 
tissue—however some patients have persistence of hypoxic tissue as late as 48 hours.

■ A strong association has been shown in stroke patients between the proportions of FMISO 
bound tissue that spontaneously survives and functional outcome (NIH stroke score, modi-
fied Rankin Score or Barthel Index).

■ FMISO has been used to map the evolution of ischemic change in patients—demonstrating 
that infarct expands from the center at the expense of the hypoxic tissue.

■ A comparison of binding within white and grey matter suggests that infarct may progress 
more rapidly in grey matter, and therefore in many patients by the time they receive treat-
ment white matter may be the more important target for neuroprotectant strategies.

■ Studies in patients with hemorrhagic stroke show no areas of hypoxic binding, suggesting 
that hypoxia is not a major factor in tissue injury in hemorrhage.

■ Currently FMISO is a powerful research tool with applicability both in patients and animal 
models of stroke.

■ Recently performed and as yet unpublished studies from our laboratory using a rat model 
of stroke suggest that in the rat model significant degrees of FMISO binding appears to 
occur in tissue which is already irreversibly injured.

■ As the prototype hypoxic marker it may pave the way for the development of new 
compounds with the potential for broad clinical application.
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INTRODUCTION

Single-photon emission computed tomography (SPECT) is a readily available noninvasive 
imaging tool for the management of patients with acute or chronic ischemia. SPECT was intro-
duced in the late 1970s and has been proven as an established and cost-effective mean for the 
evaluation of regional cerebral blood flow (CBF) and cerebrovacular reserve. The study of CBF 
using SPECT has become more widespread and accessible with the commercial availability of 
tracers that cross the blood-brain barrier (BBB) and are retained by the cells of the central 
 nervous system.

One of the major reasons for the interest in using SPECT to manage ischemia is that it rep-
resents a less expensive functional neuroimaging. The technique is also safe and can easily be 
repeated for series measurements. Unlike positron emission tomography (PET), SPECT cannot 
routinely measure the absolute CBF value and cerebral metabolism. However, SPECT can be 
routinely used in clinical practice and can promptly provide functional information that is not 
available by conventional computed tomography (CT) or magnetic resonance imaging (MRI) 
and PET. Therefore, SPECT is useful for the diagnosis of acute or chronic ischemia, assessment 
of ischemic tissue viability, and reversibility in acute ischemia or cerebrovacular reserves in 
chronic ischemia and post-treatment evaluation.

Can the penumbra be imaged using SPECT? The consequence of cerebral artery occlusion 
can be imaged by SPECT from the very first minute. SPECT imaging can visualize the entire 
hypoperfused area, including the dense ischemic area that inevitably develops into tissue 
necrosis, and the surrounding less pronounced hypoperfused area representing the still living 
ischemic penumbra. The visualization of only the ischemic penumbra may be impossible by 
SPECT imaging. However, the ischemic CBF thresholds estimated using SPECT provide us 
important information that distinguish ischemic penumbra from ischemic core. 

RADIOPHARMACEUTICALS

SPECT imaging requires radiotracers such as xenon-133(133Xe), radioiodine-labeled amines 
N-isopropyl-[123I]iodoamphetamine (IMP), Technitium-99m(99mTc) hexamnethylpropylenea-
mineoxime (HMPAO), or 99mTc-ethyl cysteinate dimmer (ECD).

133Xe-SPECT can measure CBF quantitatively with inert gas clearance technique and 
 without arterial sampling. 133Xe-SPECT is well suitable for repeated studies within a short time 
in the same patients. The limitation of 133Xe-SPECT includes poor spatial resolution due to the 
low energy and its rapid clearance from brain (1). This technique needs relatively high cost and 
is difficult to apply as an emergency examination.

IMP crosses the BBB easily and is extracted almost completely during a single passage 
through cerebral circulation (2). It remains trapped in proportion to CBF in brain tissue and has 
a short brain retention time and follows higher CBF levels more accurately than either 99mTc-HM-
PAO or 99mTc-ECD. However, it is not constantly available and limiting for  emergency events.

99mTc- HMPAO is a lipid-solute, macrocyclic amine available for routine clinical use. HMPAO 
has a high first-pass extraction fraction and its brain uptake reaches its maximum within five 
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minutes after intravenous injection (3). The initial distribution of this tracer remains constant for 
several hours (4). In contrast to 133Xe-SPECT, it is not possible to quantify CBF with 99mTc- HMPAO. 
A nonlinear relationship has been noted between the retention of HMPAO and CBF measured by 
PET, owing to flow-dependent back diffusion. Therefore, a correction algorithm has been pro-
posed for HMPAO SPECT by Lassen et al. (5) to compensate for the nonlinearity.

ECD has rapid brain uptake and very slow clearance from the brain. ECD level stabilized 
7 to 20 minutes after intravenous injection. Blood clearance is rapid, resulting in higher brain-
to-background activity ratio than with HMPAO (6). Therefore, the imaging quality of ECD is 
slightly better than that of HMPAO. In addition, a “hypofixation” of ECD was described by 
Lassen and Sperling (7) in patients with subacute stroke, where reperfusion of the infarcted area 
was not detected. This is explained by a slow de-esterification of the compound and consequent 
low conversion to the trapped hydrophilic form. When flow and metabolism are uncoupled as 
in subacute stroke, ECD uptake reflects cell functional status rather than perfusion and espe-
cially so when perfusion is high relative to metabolism. Shishido et al. (8) reported that in 
patients with subacute stroke and “luxury perfusion” confirmed by PET, a focal decreased ECD 
uptake in the infarcted lesion, corresponding with a decreased cerebral metabolic rate of oxygen 
(CMRO2), increased CBF, and increased HMPAO uptake. However, similar discrepancies were 
not indicated in the acute and chronic phases of stroke. 

ACUTE ISCHEMIC STROKE AND SINGLE-PHOTON EMISSION 
COMPUTED TOMOGRAPHY

Numerous reports describe the usefulness of SPECT in the management of acute ischemic 
stroke. Perfusion status evaluated by SPECT is important for the differential diagnosis, early 
detection of ischemia, assessment of the viability, and reversibility of the ischemic tissue, and 
decisions making for early treatment in patients with acute ischemic stroke. Hypoperfusion on 
SPECT indicates cerebral ischemia and suggests hemodynamically significant arterial stenosis 
in chronic stroke or occlusion in acute stroke from the very first minutes (9). CT scan is positive 
during eight hours after the onset in approximately 20% of acute ischemic stroke patients, but 
nearly 90% of SPECT is positive (10,11). Two large, prospective, blind trials tested the ability of 
SPECT to localize acute ischemic stroke. Sensitivities of 61% to 74% (about 85% for nonlacunar 
strokes) and specificities of 88% to 98% were reported (12). Diffusion and perfusion MRI may 
be another potentially useful means to assess tissue viability and reversibility in acute ischemia. 
Karonen et al. (13,14) reported that a clinically relevant ischemic penumbra estimated by 
 diffusion–perfusion mismatch could be detected in most acute stroke patients by using the 
combination of SPECT and diffusion MRI.

Although a number of studies have reported the relation between SPECT findings and 
outcome in acute stroke patients, most reports were the natural history studies in the acute 
stroke setting. SPECT findings correlated with the severity of neurological deficit and clinical 
outcome. In stroke patients within six hours, early severe hypoperfusion on SPECT were highly 
predictive (92%) of poor neurologic outcome (15). Other studies have demonstrated a good 
 correlation, especially when the three-dimensional volume of the perfusion defects used. Laloux 
et al. (16) reported that there was a strong correlation between CBF measured by the degree and 
size of hypoperfusion and clinical outcome. Alexandrov et al. (17) indicated that SPECT was 
statistically better than the neurological deficit scores in predicting short-term outcome of 
 ischemic stroke if performed within the first 72 hours after stroke onset compared with SPECT 
studies performed later during the first week. Watanabe et al. (18) reported that there was a 
strong correlation between the infarct size predicted by SPECT and that measured by CT scan. 
Other recent reports also suggested that SPECT had a significant added predictive value even 
when compared to admission neurological scores and, although not as reliable as PET, was a 
strong predictor of neurological recovery (19). In the thrombolysis study, Grotta and Alexandrov 
(20) suggested that SPECT measurement of cerebral perfusion before and after intravenous 
recombinant tissue plasminogen activator (rt-PA) infusion correlated with outcome and 
response to therapy.

Earlier HMPAO-SPECT studies showed that severely reduced tracer uptake over a large 
area is associated with poor outcome, while normal or increased uptake is predictive of good 
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clinical outcome. Reviewing the literature, Baron (21) concluded that there were highly 
 significant relationships between hypoperfusion scores (which express both the volume and 
the severity of tracer hypofixation) and clinical outcome/recovery measures, such that the 
smaller the score, the better the clinical prognosis. Markedly reperfusion of previously hypo-
perfused ischemic tissue detected by SPECT after 24 to 36 hours was associated with better 
 outcome (22–24). Early hyperperfusion that indicates recanalization of the occluded artery (25) 
and is detected by PET has been observed in up to one-third of cases studied between 15 and 
18 hours after the onset (26). As HMPAO-SPECT is poorly sensitive to focal hyperperfusion 
(27), some cases may represent overlooked mild hyperperfusion. HMPAO measures may over-
estimate hyperemia especially in subacute state after stroke. A “hyperfixation” of HMPAO in 
patients with subacute stroke may not represent hyperperfusion, but abnormal penetration in 
parenchyma due to altered BBB in already necrotic tissue may be possible (28).

Diagnosis of stroke subtypes is important for therapeutic decision making and prediction 
of recovery. Small-vessel disease such as lacunar infarction should be separated from large-
vessel disease such as atherothromboembolic infarction. Brass et al. (29) reported that ECD-
SPECT demonstrated a specificity of 98% and a sensitivity of 86% for localization of strokes. 
A normal image or small deep perfusion defect was highly predictive of a lacunar infarction, 
and defects involving the cortical surface were strongly associated with nonlacunar infarction.

SINGLE-PHOTON EMISSION COMPUTED TOMOGRAPHY 
AND ISCHEMIC THRESHOLDS

The treatment of acute ischemic stroke has recently become a medical emergency with the advent 
of effective therapy such as endovascular recanalization treatment using mechanical disruption 
and/or thrombolysis. The goals for the acute treatment are two folds: salvaging the reversible 
ischemic tissue and avoiding reperfusion of dead (nonviable) tissue. The target of these therapies 
should be the ischemic tissue that can respond to treatment (30). Rapid diag nostic modalities 
that distinguish reversible ischemic tissue from irreversibly damaged or  nonviable tissue are 
needed, because of the risk for reperfusion injury such as hemorrhagic transformation with early 
intervention. Although the therapeutic time window in humans is generally thought to be the 
first few hours after the onset of symptoms, there could be variability among different individu-
als. The therapeutic window for potentially salvageable ischemic tissue is likely dependent on 
the degree of collateral flow and metabolic status. Each individual patient could have his or her 
own therapeutic time window for potentially effective inter ventional treatment. Fisher (31) 
 suggests that individual stroke patients have their own therapeutic time windows based on fac-
tors such as residual collateral CBF, temperature, blood pressure, and the systemic metabolic 
milieu. However, a rapid assessment of status of the collateral circulation and associated tissue 
reversibility before treatment has not been emphasized or considered in recent clinical trials of 
thrombolytic therapy. 

In animal studies, it is well known that the reversibility of ischemic tissue depends fun-
damentally on the severity and duration of ischemia. Ischemic tissue with a very low CBF 
(<10 mL/100 g/min), as the ischemic core, rapidly suffered irreversible damage. The concept 
of an ischemic penumbra surrounding the ischemic core was defined originally as a region of 
blood flow below that needed to sustain electric activity, but above that required to maintain 
cellular ionic gradient, which may in time lead to irreversible cellular damage (32–34). Recently, 
the ischemic penumbra has been reported to be indicative of potentially reversible ischemic 
tissues with early and appropriate therapeutic intervention (35). The classic CBF ranges for the 
penumbra are known to be around 10 to 20 mL/100 g/min in animal studies (36) (see Chapter 4 
for details on the penumbra threshold). The penumbra provides a realistic target for interven-
tion in the acute phases of ischemic stroke. If each patient’s penumbra could be detected by 
rapid pretreatment neuroimaging techniques, it would improve patient selection and increase 
the efficacy of therapy. However, the relation between CBF and tissue viability (or reversi-
bility) during acute ischemia is complicated. Accurate quantitative measurement of regional 
CBF may not be necessarily useful for predicting tissue viability in acute ischemic stroke.

There is a threshold relationship between CBF and irreversible ischemic tissue damage 
and infarction. This has been variously estimated using different modalities. SPECT has 
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 advantages in that it is readily available and can be performed quickly in emergency cases. The 
fixation of HMPAO, within two minutes after intravenous injection with minimal washout 
from the brain, permits the scanning up to four hours after injection. SPECT scanning with 
triple head cameras can be completed within 15 to 20 minutes. Several studies have reported 
SPECT to be potentially useful in the diagnosis of acute ischemic stroke patients. The perfusion 
abnormality of SPECT correlates with the extent, severity, and short-term outcome of acute 
stroke patients (37).  Laloux et al. (38) indicated that there was a strong correlation between CBF 
measured by the degree and size of hypoperfusion and clinical outcome. Nakano et al. (39) 
reported that the infarcted and symptomatic CBF threshold using IMP-SPECT were 39% to 48% 
and 65% to 72% of contralateral presumed normal CBF values, respectively. The infarcted and 
symptomatic CBF thresholds by 133Xe-SPECT were 19 to 23 and 33 to 36 mL/100 g/min, 
 respectively. Although SPECT cannot routinely measure an absolute value of regional CBF, 
semiquantitative analysis of CBF may provide important information that identifies threshold 
values for the severity of ischemic brain tissue. 

Shimosegawa et al. (40) reported that the lesion-to-contralateral radioactivity ratios (L/C 
ratio) on HMPAO-SPECT for the infarct and peri-infarct regions were respectively 0.48 ± 0.14 
and 0.75 ± 0.10 in acute stroke patients within six hours from the onset. They suggested that 
considering the lowest L/C ratio of the peri-infarct area, a decrease of approximately 40% in 
CBF compared to the contralateral normal brain appears to represent the borderzone between 
reversible and irreversible structural brain damage. Sasaki et al. (41) demonstrated that reperfu-
sion in only nine patients within 7.25 hours from onset significantly reduced the development 
of infarction in an ischemic regional activity to cerebellar activity ratio (R/CE ratio) between 
0.55 and 0.75 (35). Furthermore, Hatazawa et al. (42) reported that in patients with acute stroke 
within six hours after onset, relative cerebral blood volume (CBV) was significantly increased 
in the noninfarcted area in the territory of the occluded artery and was significantly reduced in 
the core of infarction. A relative CBV of less than 70% was indicative of evolving into infarction. 
Although the relative CBF estimated by HMPAO-SPECT is a better predictor of infarction than 
the relative CBV, the CBV measurement provided the new information that the probability of 
infarction in the hypervolemic regions is lower than that in the hypovolemic regions. They also 
speculated that the brain regions in the relative CBV range between 0.40 and 0.60, where 75% of 
regions were infarcted, while others were not, may correspond to an “ischemic penumbra.” The 
penumbra tissue may consist of both hypervolemic and hypovolemic regions associated with 
the delayed bolus transit.

There are a number of other reports which show ischemic CBF thresholds estimated by 
HMPAO-SPECT. Giubilei et al. (15) reported that patients who had an asymmetry index 
(affected vs. contralateral area) of less than 60% measured by HMPAO-SPECT within six hours 
from onset had a poor prognosis, whereas patients with an asymmetry index of more than 60% 
had a good outcome. Hirano et al. (43) showed that in a patient studied within six hours of 
stroke onset, under conditions of stable CBF reduction on HMPAO-SPECT, identifying tissue 
with CBF below a threshold value of 63.7% of the contralateral mean CBF value reliably  predicts 
the final infarct volume.

On the other hand, current clinical studies demonstrated various ischemic thresholds esti-
mated by ECD-SPECT. Berrouschot et al. (44) demonstrated that ECD-SPECT allows transient 
ischemia to be distinguished from cerebral infarction using relative activity thresholds within six 
hours after onset. All patients with transient ischemia had count rate densities more than 70% of 
the respective contralateral region-of-interest (ROI), whereas all patients with subsequent infarc-
tion had values less than 70%. Mahagne et al. (45) indicated that the degree of ECD cortical uptake 
reduction, measured on early brain SPECT, is a strong predictor of spontaneous neurological 
recovery and functional outcome. They found a strong correlation between the extent of irrevers-
ibly damaged cortex defined as ECD uptake below 40% of maximal uptake. The apparently better 
predictive value of ECD over HMPAO may reflect this tracer’s brain retention mechanisms which 
are weighted more toward cell function than toward perfusion. 

Liu et al. (46) reported that the relative (ischemic vs. contralateral control) CBF of ECD-
SPECT for the corresponding tissues were 45 ± 26% (mean CBF of the ischemic core and the area 
of infarct growth) and 87 ± 7% (the eventually viable ischemic tissue), respectively. These values 
were somewhat higher than those measured using HMPAO-SPECT, reported by Shimosegawa 
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et al. (40). The effect of metabolism on the uptake of ECD may play a role in this discrepancy.  
Iseda et al. (47) showed statistically analyzed discriminant lines between reversible and 
 irreversible ischemia. The discriminant line rapidly rose to 45.5% of contralateral presumed 
normal CBF on ECD-SPECT within the first three hours after stroke onset, which suggests 
urgency for treatment and less need for triage based on CBF measurements. Thereafter, it very 
gradually increases from 49.8% to 52.3% of contralateral presumed normal CBF between three 
and eight hours, which suggests the possibility of triage based on CBF measurement. 

Mahagne et al. (48) indicated that ECD uptake can reflect neuronal viability and that 
ECD-SPECT can be useful for the early detection of potentially salvageable tissue and irrevers-
ible damage. They showed that the majority of irreversibly damaged tissue voxels (average 
84%), defined by ECD uptake less than 40%, evolved toward infarction, and 51.8% to 100% of 
at-risk voxels (average 89%) escaped infarction. Normally perfused voxels (ECD uptake >80%) 
were consistently found in noninfarcted area, and the penumbral voxels (ECD uptake between 
40% and 80%) exhibited the expected variable fate. These results supported the validity of the 
40% threshold for ECD-SPECT in acute stroke management and of applying this threshold for 
a convenient visual analysis of the data.

Currently, Patlak plot graphical analysis was applied to the time activity curves of aortic 
arch and brain in this protocol without arterial blood sampling method (49). This quantitative 
approach has been reported to be useful for routine clinical studies, and ECD might have 
 several advantages over HMPAO. Matsuda et al. (50) suggested that a limitation of this method 
might have existed in radionuclide angiography of the anterior view, which could not ade-
quately reflect reduced perfusion in the posterior region. Watanabe et al. (51) reported that in 
patients who had acute stroke within six hours from onset, the CBF in the region of severe 
ischemia and the surrounding region was determined by Patlak plot method, and the affected/
nonaffected (A/NA) ratio was calculated. In severe ischemic regions the CBF ranged from 1.7 
to 20 mL/100 g/min (mean, 11 ± 5 mL/100 g/min), whereas the A/NA ratio ranged from 4% 
to 45% (mean 26 ± 11%). On the other hand, the CBF in the surrounding regions ranged from 
20 to 52 mL/100 g/min (mean, 34 ± 8 mL/100 g/min), whereas the A/NA ratio ranged from 
52% to 104% (mean 77 ± 11%). Umemura et al. (52) showed that the regions where residual CBF 
measured by the Patlak plot method using HMPAO-SPECT was preserved over 35 mL/100 g/
min had a low possibility of infarction without recanalization and regions where residual CBF 
was preserved over 25 mL/100 g/min could be recovered by early recanalization. However, 
regions where residual CBF was severely decreased (<20 mL/100 g/min) had a risk of 
 intracerebral hemorrhage and severe edema.

SINGLE-PHOTON EMISSION COMPUTED TOMOGRAPHY 
AND THROMBOLYTIC THERAPY

SPECT was also useful to evaluate ischemic tissue reversibility and the risk of hemorrhagic 
transformation in acute ischemic patients who had thrombolytic therapy (Figs. 1–4). Ueda et al. 
(53) suggested that patients who had residual CBF values of an ischemic R/CE ratio of less than 
0.35 had a significantly high risk of hemorrhagic transformation, after successful intra-arterial 
thrombolysis. This semiquantitative analysis of residual CBF in ischemic tissue is quite simple 
and prompt, and can be readily implemented by any institution without using a special com-
puter setting or protocol. After one axial section showing the ischemic region most clearly is 
selected, three regions such as (i) the ischemic region, (ii) the corresponding region on the 
 contralateral side, and (iii) the whole cerebellar hemisphere on the ischemic side are set and the 
mean count is determined in each region of interest. The residual CBF is assessed by calculating 
two parameters: (i) R/CE ratio = a/c, and (ii) asymmetry index = 1 + (b − a)/(a + b). In addition, 
Ueda et al. (54) showed also that outcomes of acute ischemia with early and successful recanali-
zation after intra-arterial thrombolysis were significantly different and are influenced markedly 
by pretreatment CBF assessed by HMPAO-SPECT. Thirty patients who had complete recanali-
zation by intra-arterial thrombolysis after pretreatment SPECT were analyzed retrospectively. 
Outcomes of acute cerebral ischemia with early and complete recanalization using intra-arterial 
thrombolytic therapy are significantly different and are influenced markedly by pretreatment 
CBF assessed by SPECT. Furthermore, CBF thresholds evaluated by SPECT  provide important 
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FIGURE 1 (See color insert.) Pretreatment single-photon emission computed tomography (SPECT) and posttreat-
ment computerized tomography (CT) in acute ischemic patients with intra-arterial thrombolytic therapy. (Upper left) 
Pretreatment SPECT in a patient who had complete recanalization of the left middle cerebral artery occlusion four hours 
after onset of symptoms, shows left frontotenporoparietal perfusion deficit. The ratio of ischemic region to cerebellar 
flow [regional activity to cerebellar activity ratio (R/CE ratio)] was 0.51. (Lower left) Posttreatment CT scan one month 
later shows no new apparent infarction.(Upper middle) Pretreatment SPECT in a patient, who had complete recanaliza-
tion of the left middle cerebral artery occlusion six hours after onset of symptoms, shows left frontotenporoparietal per-
fusion deficit. The R/CE ratio was 0.45. (Lower middle) Posttreatment CT scan one month later shows a large infarction 
in the territory of the left middle cerebral artery. (Upper right) Pretreatment SPECT in a patient who had near complete 
recanalization of the left middle cerebral artery occlusion 4 hours after onset of symptoms, shows left frontotenporopa-
rietal perfusion deficit. The R/CE ratio was 0.21. (Lower right) Posttreatment CT scan shows hemorrhagic transforma-
tion in the territory of the left middle cerebral artery.

FIGURE 2 A 46-year-old male with atherothrombotic infarction due to left middle cerebral artery (MCA) occlusion. 
(Upper left) Diffusion magnetic resonance imaging at six hours from the onset shows small high intensity area in left 
basal ganglia. (Upper middle) Pretreatment single-photon emission computed tomography (SPECT) demonstrates per-
fusion deficit in left MCA territory. (Upper right) Pretreatment cerebral angiography shows occlusion of M1 portion of 
the left MCA. (Lower left) Posttreatment SPECT 24 hours after recanalization demonstrates mild hyperperfusion in left 
MCA territory. (Lower middle) Follow-up SPECT one week later shows improvement of hyperperfusion and almost 
normal perfusion in left MCA territory. (Lower right) Posttreatment cerebral angiography shows complete recanalization 
of M1 portion of the left MCA due to intra-arterial administration of urokinase and balloon angioplasty.
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FIGURE 3 A 48-year-old male with cardioembolic infarction due to right middle cerebral artery (MCA) occlusion at four 
hours from the onset. (Upper left) computed tomography (CT) scan at four hours from the onset shows no abnormal 
lesions. (Upper middle) Diffusion magnetic resonance imaging (MRI) at 4.5 hours from the onset demonstrates abnor-
mal high intensity area in right MCA territory. (Upper right) The apparent diffusion coefficient map demonstrates mild 
abnormal intensity area in right MCA territory. (Lower left) Perfusion MRI demonstrates low perfusion area in left MCA 
territory. (Lower middle) Pretreatment single-photon emission CT demonstrates perfusion deficit in left MCA territory. 
The residual cerebral blood flow values (R/CE ratio) are 0.25 in anterior portion and 0.50 in posterior portion of left MCA 
territory, respectively. (Lower right) Flair image at one month after intra-arterial thrombolytic therapy which demon-
strated partial recanalization shows cerebral infarction in anterior portion of left MCA territory.

FIGURE 4 A 72-year-old female with cardioembolic infarction due to left middle cerebral artery (MCA) occlusion at two 
hours from the onset. (Upper left) Diffusion magnetic resonance imaging (MRI) at two hours from the onset shows no 
abnormal lesions. (Upper middle) Perfusion MRI demonstrates low perfusion area in whole left MCA territory. (Upper 
right) Pretreatment single-photon emission computed tomography (CT) demonstrates perfusion deficit in left MCA 
 territory, that is, same as perfusion MRI finding. (Lower left) Pretreatment cerebral angiography shows occlusion of M1 
portion of the left MCA. (Lower middle) Posttreatment cerebral angiography shows complete recanalization of M1 portion 
of the left MCA due to intra-arterial administration of urokinase. (Lower right) CT scan at one month after intra-arterial 
thrombolytic therapy shows small cerebral infarction in left basal ganglia.
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information that can be potentially useful in the management of acute stroke patients with 
intra-arterial thrombolysis: (i) ischemic tissue with a flow index greater than 0.55 may still be 
salvageable even if treatment is initiated six hours after onset of symptoms; (ii) ischemic tissue 
with a flow index greater than 0.35 may still be salvageable with early treatment (<5 hours); 
and (iii) ischemic tissue with a flow index below 0.35 may be at risk for hemorrhage even if 
treatment is started within the critical time window. (Fig. 5) Therefore, CBF thresholds evalu-
ated by SPECT provide important information that can be potentially useful in the manage-
ment of acute stroke patients who are being considered for intra-arterial thrombolysis. That 
means, the tissue was kept viable with collateral circulation distal to the occluding thrombo-
embolism so that it could be salvaged with recanalization, even if many hours had spent from 
stroke onset. This study gave validity to the concept that the determination of the state of tissue 
perfusion from collateral circulation is more important than the initial time from stroke onset. 
Such observation is further supported by Sasaki et al. (41) that significant reduction of infarc-
tion is observed for reperfusion of ischemic tissue having the R/CE ratio between 0.55 and 0.75 
within 7.25 hours.

Ogasawara et al. (55) demonstrated that CBF parameters obtained by pretreatment ECD-
SPECT could be used to differentiate patients with reversible ischemia from those with irrevers-
ible brain damage. However, pretreatment ECD-SPECT did not always predict the occurrence 
of hemorrhagic transformation, whereas dynamic ECD-SPECT performed immediately after 
thrombolysis allowed clear identification of patients at risk for hemorrhagic transformation. 
They speculated that possible sources of this inconsistency are a difference in the tracers used 
for SPECT, the methods of establishing ROIs, and the change or the regional CBF due to the 
efficacy of collateral supply and the influence of migration of emboli. They also suggested that 
the relative retention ratio of ECD obtained by dynamic SPECT is presumably influenced only 
by the activity of cytosolic esterase and the severity of BBB breakdown. The extremely decreased 
relative retention ratio of ECD in the reperfused area thus may indicate ongoing irreversible 
brain damage, which in turn leads to hemorrhagic transformation. Nakano et al. (56) indicated 
that in stroke patients who had intravenous rt-PA therapy, pretreatment residual CBF using 
ECD-SPECT for irreversible lesions ranged from 15% to 53.4% (37 ± 12%), whereas that for 
reversible lesions ranged from 45% to 83% (69 ± 8.6%). Therefore, the ischemic tissue with resid-
ual CBF of more than 53.4% was reversible and  thatless than 45% could not escape cerebral 
infarction with intravenous rt-PA therapy. 

CONCLUSIONS

The potential for application of SPECT study warrants further evaluation as it may help to 
improve the assessment of acute ischemic stroke and to choose the most appropriate therapeu-
tic strategy. Since the penumbra is a hypoperfused but viable tissue, it represents an ideal 
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 therapeutic target of acute ischemic stroke. The ischemic penumbra is able to regain its function 
if promptly reperfused. SPECT have the advantage of giving semiquantitative estimate of 
CBF as well as various ischemic thresholds. Although the hypoperfused area visualized by 
SPECT imaging shows not only the ischemic core (irreversible tissue) but also the penumbra 
area (reversible tissue), we are able to identify the different CBF thresholds such as penumbra, 
infarction, and hemorrhage. Therefore, SPECT can provide important information to allow the 
most appropriate candidate for the thrombolytic therapy and neurointerventional treatment 
to be selected. 
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QUANTITATIVE PERFUSION AND DIFFUSION IMAGING

Diffusion-weighted magnetic resonance imaging (MRI) has become an established method for 
noninvasive evaluation of cerebral ischemia in both humans and animal models. Although the 
biophysical mechanism(s) underlying apparent diffusion coefficient (ADC) reduction in 
 ischemic tissue remains poorly understood (1–4), diffusion-weighted imaging (DWI) (1) is 
widely recognized for its ability to noninvasively detect ischemic brain injury within minutes 
after its onset, whereas other conventional imaging techniques [such as T

1
-, T

2
-weighted MRI, 

Computed Tomography (CT)] fail to detect such injury for at least several hours (1). Brain 
 tissues with  perfusion deficits below a critical threshold level [e.g., a cerebral blood flow (CBF) 
value of ~20 mL/100 g/min in rat or gerbil brain] (5,6) experience metabolic energy failure, 
membrane depolarization, and subsequent cellular swelling (cytotoxic edema). These changes 
precipitate a reduction in the ADC of brain water that is manifested as a hyperintense region on 
a DWI (1). Perfusion-weighted imaging (PWI) evaluates blood flow in the microcirulation of 
the brain and can be performed with either a bolus contrast technique or an arterial spin label-
ing technique (7,8). The latter approach provides relatively higher sensitivity and allows 
repeated measures for increased spatial resolution, but is less widely used because it is rela-
tively more difficult to perform. During the first few hours after stroke onset (i.e., the acute 
phase), the anatomic region encompassed by the DWI abnormality is typically smaller than the 
volume of the perfusion deficit, but it usually expands and eventually coincides with the PWI 
volume (6,9). The difference in the regions of the PWI and DWI abnormality during the acute 
phase of stroke has been termed the “perfusion–diffusion” mismatch (PWI/DWI mismatch), 
and it was suggested that this region of mismatch approximates potentially salvageable  ischemic 
tissue or the ischemic penumbra (10).

In humans, a “perfusion–diffusion mismatch” has been widely observed and it persists for 
many hours after stroke onset (10). Although the precise imaging identification of the ischemic 
penumbra requires correlation with regions of disturbed energy metabolism [as rigorously 
investigated on animal models (11–13)], such correlation is generally not possible in humans. 
Therefore, identification of the ischemic penumbra and viability thresholds have been operation-
ally defined based on DWI, PWI, and other equivalent imaging modalities (14–16). The  transition 
from potentially reversible to irreversible ischemic injury is a complex process that is highly 
dependent on the duration and severity of ischemia, and as such different subsets of the ischemic 
penumbra could have variable outcomes. Re-establishing tissue perfusion and/or administering 
neuroprotective drugs in a timely fashion could be expected to salvage some portions of the 
ischemic penumbra (17,18). For example, clinical trials have demonstrated the benefits of throm-
bolytic therapy using recombinant tissue plasminogen activator (t-PA) within three hours after 
the onset of ischemia and the clinical benefit was associated with smaller late infarcts on CT (18). 
It is therefore plausible to presume that early intravenous t-PA use likely salvages a portion of 
the ischemic penumbra, and preliminary studies support this hypothesis. To potentially help to 



178 Duong and Fisher

expand the time window for thrombolytic therapy, it will be important to have the means to 
identify the “tissue signature” and “clock window” of ischemic tissues in order to achieve the 
maximum benefit and to avoid devastating, intraparenchymal hemorrhage (17). Using DWI/
PWI to identify potential candidates for i.v. or intra-arterial (i.a.) thrombolysis, especially beyond 
the currently approved three-hour time window should provide a mechanism to enhance patient 
selection that could lead to a greater chance for therapeutic benefit. Preliminary open-label stud-
ies support this hypothesis as patients treated with thrombolytic therapy beyond three hours, 
who have a PWI/DWI mismatch, appear to have a reasonably favorable outcome that may even 
exceed the benefits observed without penumbral imaging, during the three-hour window (19).

Similar observations of a PWI/DWI mismatch in animal stroke models have been limited 
and the temporal evolution of the mismatch on a pixel-by-pixel basis in animal models has yet 
to be systematically investigated. Animal models in which focal ischemia can be reproducibly 
studied under controlled conditions are important for identifying and predicting the severity of 
ischemic injury and for evaluating the efficacy of therapeutic interventions. Characterizing the 
natural history and predictive value of the PWI/DWI mismatch in animal stroke models is, 
particularly, important because the PWI/DWI mismatch is being used as an indicator of 
 “ischemic penumbra” in the clinical trial setting. In animal studies, the PWI/DWI mismatch 
approach could be used to determine the potential therapeutic window for interventions, and 
to assess the effects of interventions on different components of the ischemic region. It is highly 
likely that each type of animal stroke model has a different temporal profile for the evolution of 
the ischemic penumbra and, therefore, the potential for therapeutic intervention. It is even 
 possible that the same model may vary among different laboratories related to subtle differ-
ences in  technique. Therefore, investigating the PWI/DWI mismatch in different models and 
locations should prove highly valuable for better characterizing stroke models.

The application of DWI and PWI in stroke animal models has a long history and helped to 
guide their application in human stroke (20). DWI was used to characterize the temporal and 
spatial evolution of experimental ischemic injury. It was also used as an in vivo assessment tool 
for both reperfusion and neuroprotective therapy, providing invaluable information about the 
location and characteristics of ischemic tissue responses to a variety of therapeutic interventions 
(21). PWI has also been applied to the study of ischemic lesion development and its response to 
therapy, primarily reperfusion, in several different types of animal stroke models (22). It is 
 particularly useful for evaluating the effect of i.v. or i.a. thrombolysis on the brain’s microcircula-
tion. These animal DWI and PWI studies have helped to lead the way for the application of these 
MRI techniques in human stroke studies and trials. Little experimental work has been performed 
using the PWI/DWI mismatch in animal stroke models to approximate the ischemic penumbra 
and to characterize the effects of treatment on this tissue.

Over the past few years, we and others have developed and applied high-resolution quan-
titative perfusion and diffusion imaging protocols in rat stroke models. Figure 1A shows a repre-
sentative high-resolution quantitative perfusion and diffusion maps obtained at approximately 
30 minutes postischemic occlusion in Sprague-Dawley rats. The anatomic area defined by ADC 
reduction is initially smaller than the area of CBF reduction. The perfusion–diffusion mismatch 
is clearly delineated. The areas defined by ADC reduction expand over time and eventually 
coincides with the area defined by PWI abnormality, if left untreated. The temporal evolution of 
the permanent and transient (60 minutes) cerebral ischemia is shown in Figure 1B. The lesion 
volumes were defined based on ADC and CBF viability thresholds validated previously by our 
laboratory (23). As would be expected, in the permanent occlusion group, the perfusion-defined 
lesion volume remained relatively constant over time. The diffusion imaging-defined lesion 
volume was initially small and grew over time to match the perfusion-defined lesion volume. 
The ADC- and CBF-defined lesion volumes at 180 minutes after stroke onset were similar to the 
histologically defined triphenyltetrazolium chloride (TTC) infarct volume at 24 hours.

In an experiment using Sprague–Dawley rats, reperfusion at 60 minutes immediately 
reduced the CBF- and ADC-defined lesion volumes. However, the ADC-defined lesion volume 
grew slightly over time after reperfusion and the infarct volume at 24 hours was slightly larger 
than the DWI-defined lesion volume at 180 minutes, probably a result of delayed cell death or 
secondary injury in reperfused tissue. Both the ADC-defined lesion volume at 180 minutes and 
TTC infarct volume at 24 hours were significantly smaller than those observed with permanent 
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occlusion, supporting the concept that early reperfusion will salvage a portion of the ischemic 
region.

We had also investigated the dynamic evolution of ischemic injury in a different rat strain, 
Wistar rats, which are known to have better collateral blood flow (24). In the Wistar rats that 
underwent permanent occlusion, a significant mismatch of PWI to DWI volume was observed 
up to 90 minutes after middle cerebral artery occlusion (MCAO) (25). At this time point, in the 
Sprague–Dawley group, the mismatch volume was no longer statistically significant. The 
experiments were performed under identical conditions so that the only difference was the rat 
strain employed and appear to demonstrate that the strain of rats used in an experiment can 
influence the dynamics of penumbral evolution. These studies together demonstrate how DWI 
and PWI can be used to follow the evolution of ischemic injury, the PWI/DWI mismatch region, 
and the effects of mechanical reperfusion on in vivo tissue injury and how differences in experi-
mental conditions can be used to follow the evolution of the PWI/DWI mismatch.

AUTOMATED CLUSTER ANALYSIS

Most of the analysis of stroke data were carried out using a volumetric approach and involved 
the use of a region-of-interest (ROI) analysis. Although ROI analysis is helpful in simplifying a 
complex analysis problem, these contain tissues with different ADC and CBF characteristics, 
thereby inadvertently mixing the characteristics that one is trying to resolve and oversimplifying 
the complex task of assessing tissue viability. The complex temporal and spatial evolution of 
focal cerebral ischemia has recently prompted the use of various combinations of MR parameters 
and more sophisticated analysis methods (26–31) for performing multiparametric segmentation 
on a pixel-by-pixel basis to predict stroke outcome. These methods could significantly enhance 
the use of MRI for accurate diagnosis and prognosis of stroke. One of the most well-known 
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FIGURE 1 (A) Representative apparent diffusion coefficient (ADC) and cerebral blood flow (CBF) maps from one 
animal at 30 minutes postocclusion. The grayscale bar indicates ADC ranges from 0 to 0.001 mm2/sec and CBF ranges 
from 0 to 2 mL/g/min. (B) Temporal progression of ADC- and CBF-defined lesion volumes of permanent (n = 6) and 
transient (60 minutes, n = 6) occlusion determined by using the group-average viability thresholds 57% and 30% 
reduction for CBF and ADC thresholds, respectively. Histological triphenyltetrazolium chloride infarction volumes are 
also displayed. Source: From Ref. 17.
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 multiparametric segmentation approaches is the iterative self-organizing data analysis technique 
(ISODATA). Jacobs et al. (27) employed the ISODATA technique to analyze T

2
, T

1
, and DWI 

stroke data in both animals (26) and humans, during the subacute phase where T
1
 and T

2
 were 

informative. Wu et al. (30) used generalized linear model algorithms to analyze DWI and PWI 
data to predict tissue outcome in human stroke patients scanned within 12 hours of symptom 
onset. Essentially, all of the studies, mentioned earlier, focused on the subacute stage when the 
DWI-defined ischemic lesions had essentially stopped evolving. Furthermore, qualitative PWI 
and DWI were often used due to time constraint and/or technical limitations in the MRI data 
acquisition. Cluster analysis of quantitative perfusion and diffusion imaging could potentially 
yield a finer discrimination of tissue status based on their intrinsic diffusion and perfusion 
 characteristics during the acute phase.

Our lab recently implemented a modified ISODATA technique with some improved  figures 
(32). Figure 2 shows the results of the modified ISODATA analysis in a stroke rat. In contrast to 

FIGURE 2 (See color insert.) Iterative self-organizing data analysis technique (ISODATA) analysis of different ischemic 
tissue types. (A) cerebral blood flow (CBF) maps, and apparent diffusion coefficient (ADC) maps at 30 minutes and 180 
minutes. The greyscale bar: ADC ranges from 0 to 0.001 mm2/sec, CBF ranges from 0 to 2 mL/g/min. (B) CBF–ADC 
scatterplots of the normal left hemisphere at 30 minutes, ISODATA cluster analysis results of the right hemisphere at 30 
and 180  minutes. (C) Pixel clusters from the CBF–ADC scatterplots were overlaid on the image space at 30, 60, 90, 120, 
and 180 minutes. In the right hemisphere, blue, green, and red are assigned as “normal,” “perfusion–diffusion” 
 mismatch, and “ischemic core” clusters, respectively. Triphenyltetrazolium chloride slides at 24 hours are also shown.
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the normal left hemisphere that exhibited a single cluster, the right ischemic hemisphere showed 
three distinct clusters at 30 minutes, namely: the normal (blue), core (red), and mismatch cluster 
(green). At 180 minutes, the scatterplots showed that the mismatch had largely disappeared. 
Different pixel clusters resolved on the scatterplots were mapped onto the image spaces. 
Mismatch was located peripheral to the ischemic core. The ischemic “core” volumes grew and 
the “mismatch” volumes decreased as ischemia progressed. The ISODATA-derived lesion vol-
umes showed excellent slice-by-slice correspondence with the TTC infarct volumes. A correla-
tion analysis was performed between the ISODATA-derived lesion volumes and TTC infarct 
volumes for each animal, at each time point postocclusion. The correlation coefficients with 
respect to the unity line for 30, 60, 90, 120, and 180 minutes postischemia were 0.62, 0.74, 0.83, 
0.94, 0.99, respectively. These results demonstrated that the automated cluster analysis yielded 
objective classification of different ischemic tissue types.

PREDICTING ISCHEMIC TISSUE FATES

In addition to ischemic tissue characterization, MRI data obtained early after stroke onset also 
offers the unique opportunity to statistically predict ischemic tissue fate. Jacobs et al. (27) used 
a threshold-based analysis and demonstrated that the combination of T

2
 and ADC data 

 provided improved prediction of infarction relative to either parameter alone, in subacute 
stroke in humans. Wu et al. (30) reported the eloquent use of a generalized linear model to 
 predict stroke outcomes based on DWI, PWI, and T

2
 data in humans. Lesions were defined 

using a threshold-based method to generate the training set. However, this approach appears 
less intuitive as the contribution of various parameters is difficult to assess. We developed and 
validated a simple and intuitive statistical algorithm for predicting ischemic tissue fate after 
acute ischemic stroke in a well-characterized rat stroke (permanent suture occlusion) model 
(32). Quantitative high-resolution perfusion and diffusion imaging were obtained. A modified 
ISODATA cluster analysis (as opposed to a threshold-based analysis) was used to classify 
tissue types. Prediction of tissue infarct was made for overall tissue fate as well as for individ-
ual ISODATA-defined pixel clusters (such as normal tissue, ischemic “penumbra,” and 
 ischemic core) by comparing the in vivo MRI data to TTC-confirmed infarction at 24 hours. 
Probability profiles were derived. Prediction using ADC data alone, CBF data alone, and 
CBF + ADC data were compared and correlated with endpoint imaging and histology. The 
resultant prediction maps were not used to identify tissue infarction but to predict risk of 
future infarction. Performance measures of the prediction, such as sensitivity, specificity, and 
receiver operating characteristic, were also evaluated.

Two-dimensional probability of infarct (P
I
)
 
contour plots based on the combined ADC + CBF 

data at different time points postischemia were computed (Fig. 3A). Pixels with low ADC and low 
CBF showed high P

I
. The “mismatch” zone, in which the ADC was normal or near normal but the 

CBF was reduced, dynamically evolved and showed a nonzero P
I
 (>20%). The P

D
 contour plot 

showed two modes at 30 minutes postischemia and a single mode at subsequent time points. As 
ischemia progressed, the P

I
 contour plots became sharper with the highest probability density  

remained relatively time invariant (ADC ~ 0.42 × 10 −3 mm2/sec and CBF ~ 0 mL/g/min).
Probability maps of risk of subsequent infarction were computed on a separate group of 

animals. Figure 3B shows the probability maps of future infarction based on the 30-minute 
ADC, CBF, and ADC + CBF data from one animal. For comparison, ADC and CBF maps at 30 
and 180 minutes, ISODATA analysis of the 180-minute data, and 24-hour TTC histology are also 
displayed. Prediction made with ADC data alone underestimated infarct volume, whereas pre-
dictions made with CBF data alone overestimated infarct volume. With the combined ADC + CBF 
data, most of the mismatch pixels (circular ROI in the inset) were predicted correctly to go into 
infarct (i.e., correlated with histology and ISODATA results), whereas with ADC data alone, the 
mismatch was incorrectly predicted not to go into infarct. Furthermore, with the combined 
ADC + CBF information, most of the “normal” pixels in the right hemisphere (rectangular ROI 
in the inset) was predicted to remain normal with significantly higher certainty (P

I
 ~ 0), whereas 

with CBF data alone, most of the “normal” pixels were incorrectly predicted to have substantial 
nonzero probability of going into infarct. Predicted infarct volumes based on the ADC + CBF 
data showed the best correspondence with the ISODATA maps and the 24-hour TTC infarct 
volumes.
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Receiver-operating-characteristic (ROC) curves were used to evaluate the accuracy of the 
predictions made by using ADC alone, CBF alone, and ADC + CBF (Fig. 4A). Predictions made 
using ADC + CBF data showed slightly higher sensitivity and specificity than those using ADC 
alone or CBF alone. At the optimal operating points, combined ADC + CBF predicted tissue 
infarction with 86 ± 4% sensitivity and 89 ± 6% specificity.

Although performance measures of overall tissue fate prediction made with ADC+CBF, 
generally, showed improvement over those made with ADC or CBF alone, the improvement 
was surprisingly small. This is because the performance measures based on the prediction of 
overall tissue fate have a poor dynamic range (i.e., good performance is clustered at the very 
high percentage of sensitivity and specificity) and are dominated by the fate of the “core” pixels. 
A partial area index was helpful because it samples specific region of under the ROC curve 
region with a larger dynamic range. However, the choice of the ranges over which the area is 
integrated is subjective and such ranges could depend on diseases and/or disease stages. The 
combined automated tissue classification and statistical prediction proposed herein are impor-
tant because it allowed the performance measures of individual tissue types to be assessed, 
avoiding the aforementioned drawbacks. Indeed, performance analysis confirmed that the poor 
dynamic ranges of the ROC curves were dominated by the fate of the already infarcted pixels. 
Performance measures of individual tissue types should provide a more sensitive and 
 appropriate assessment of the prediction accuracy compared to those of the overall tissue fates. 
Figure 4B shows the prediction of individual tissue types. Modified ISODATA clustering was 
used to resolve “normal,” “mismatch,” and “core” pixels and probability of infarct were 

FIGURE 3 (See color insert.) Profiles of probability of infarct and probability density of infarct as a function of (A) 
apparent diffusion coefficient (ADC) + cerebral blood flow (CBF) at different time points postischemia (training Group A, 
n = 6). Blue–red color bar indicates the probability ranging from 0% to 100% in steps of 10%. Probability density 
 profiles were normalized from 0% to 100%. Probability maps of risk of future infarction (B) determined based on the 
30-minutes ADC data alone, CBF data alone, and ADC+CBF data from a representative animal (experimental Group B). 
Multislice images are displayed from left to right as posterior to anterior slices. Also shown are the 30-minute ADC and 
CBF maps, 180-minute ADC maps, iterative self-organizing data analysis technique analysis at 180 minutes, and 24-
hour triphenyltetrazolium chloride staining. Hypointensities in the ADC and CBF maps indicate regions of reduced ADC 
and CBF values, respectively. Red–yellow color bar indicates the probability of infarct ranging from 0% to 100% in steps 
of 10%. The inset shows prediction using ADC alone underestimated infarct volume whereas CBF alone overestimated 
infarct volume  [circular region-of-interest (ROI)]. Prediction using ADC+CBF showed “normal” tissues having a high 
degree of  certainty of not going into infarct (low probability, rectangular ROI) relative ADC or CBF alone.
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 evaluated for individual tissue types. Prediction of infarct for each tissue type was made and 
the results were as follows: (i) For the P

I
 of the right-hemisphere normal cluster, combined 

ADC + CBF data correctly showed low probability of infarct, whereas ADC data alone and CBF 
data alone showed substantial probability of infarct. (ii) For the mismatch cluster, combined 
ADC + CBF data correctly predicted the infarct probability, whereas ADC underestimated the 
infarct probability and CBF overestimated the infarct probability. The dynamic ranges of sensi-
tivity and specificity of the prediction algorithm made for individual tissue types were larger 
than those the prediction algorithm made for overall tissue fates. To the best of our knowledge, 
this is the first statistical prediction of tissue infarction for individual ischemic tissue types.

APPLICATIONS TO THERAPY

Based upon our observations for penumbral survival using the PWI/DWI mismatch temporal 
profile, we predicted that initiation of therapy at 60 minutes after MCAO in the permanent 
suture occlusion model could yield substantial tissue salvage with neuroprotection. Dimethyl 
sulfoxide (DMSO) was evaluated and compared to a saline control group (33). A 33% solution 
of DMSO or saline was initiated at 60 minutes and then infused for three hours for a total dose 
of 1.5 g/kg of DMSO. Serial DWI and PWI studies were performed and demonstrated a large 
initial region of PWI abnormality that persisted over time (Fig. 5). The DWI abnormal region 
initially increased but when the DMSO infusion was started no further growth occurred over 
the subsequent three hours and the TTC-confirmed infarct volume at 24 hours was reduced by 
more than 40% in the DMSO group compared to the control group (P = 0.002). The absolute 
ADC values in the PWI/DWI mismatch region were characterized in the DWSO-treated and 
control groups. The ADC values progressively declined in the mismatch region over time in the 
control group but declined only slightly in the DMSO group. This study demonstrates that 
DMSO, initiated 60 minutes after MCAO in this permanent occlusion model, was highly 
 protective and prevented the PWI/DWI mismatch region, probably representing the ischemic 

1.00.80.60.40.20.0
0.0

0.2

0.4

0.6

0.8

1.0

T
ur

e 
po

si
tiv

e 
ra

tio
 (

se
ns

iti
vi

ty
)

0.0

0.2

0.4

0.6

0.8

1.0

T
ur

e 
po

si
tiv

e 
ra

tio
 (

se
ns

iti
vi

ty
)

0.0

0.2

0.4

0.6

0.8

1.0

T
ur

e 
po

si
tiv

e 
ra

tio
 (

se
ns

iti
vi

ty
)

False positive ratio (1-specificity)

1.00.80.60.40.20.0 1.00.80.60.40.20.0
False positive ratio (1-specificity) False positive ratio (1-specificity)

FBC
FBC+CDA

CDA

CDA
FBC

FBC+CDA

Mismatch

CDA
FBC

FBC+CDA

Normal

(A)

(B)

FIGURE 4 Receiver-operating-characteristic curves of sensitivity versus (1-specificity) of the prediction of (A) overall 
tissue fates and (B) tissue fates of individual iterative self-organizing data analysis technique-derived (normal, mis-
match) clusters. Data were derived from incorporating the ADC data, CBF data, and ADC + CBF data (Group B, n = 6). All 
standard deviation error bars were <0.05 and are not displayed for clarity.
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penumbra from evolving into infarction. Follow-up benchtop studies with DMSO demon-
strated that three-day survival with the same treatment paradigm maintained the protective 
effect and that initiation of the therapy at two hours after MCAO did not demonstrate a 
 significant effect on infarct volume reduction. Interestingly, the infarct volume observed in the 
two-hour DMSO treatment group was almost identical to the DWI lesion volume observed at 
two hours in the control group of the MRI experiment.

In a second preliminary MRI experiment using normobaric hyperoxia as the therapeutic 
intervention, the initial results appear to be somewhat different. Prior studies with normobaric 
hyperoxia suggested that this therapy is effective in reducing infarct size in temporary MCAO 
models but not with permanent occlusion (34). Additionally, normobaric hyperoxia was shown 
to extend the time window for successful treatment with i.v. t-PA in a rat stroke model (35). We 
observed that normobaric hyperoxia, when initiated 30 minutes after initiation of permanent 
MCAO, dramatically reduced the expansion of the DWI-determined lesion volume during the 
three hours of treatment without any effect on the PWI-lesion volume. However, after stopping 
treatment, the DWI lesion volume began to grow again within 30 minutes of cessation and the 
TTC-determined infarct volume at 24 hours was almost the same as untreated animals. This 
preliminary MRI experiment appears to also show that normobaric hyperoxia is effective in the 
PWI/DWI mismatch region but the effect is lost when treatment stops—a different pattern than 
that observed with DMSO.

CONCLUSIONS

High-resolution quantitative perfusion and diffusion imaging offers a useful means to evaluate 
ischemic brain injury. An automated ISODATA analysis of the ADC and CBF tissue characteristics 
during the acute phase provides a powerful and unbiased means to characterize tissue fates in 
ischemic brain injury, and to monitor therapeutic intervention. Combined with the probabilistic 
prediction algorithm, risk of future infarction could be statistically estimated. These advances are 
expected to be useful for staging and monitoring the spatiotemporal dynamics of ischemic brain 
injury on a pixel-by-pixel basis as a function of therapeutic intervention in both animals and, even-
tually, humans. In treatment experiments, the mismatch-defined penumbra could be persistently 
salvaged with DMSO and transiently prevented from evolving with normobaric hyperoxia.
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HISTORICAL OVERVIEW AND BACKGROUND

The advent of novel magnetic resonance imaging techniques in the 1990s opened the door for 
magnetic resonance imaging (MRI) of the ischemic penumbra in the acute stroke clinical setting. 
The first diffusion-weighted MRI study in a human was reported in 1992 (1). In the mid-1990s as 
studies of perfusion-weighted imaging findings appeared in the literature (2), a new concept for 
defining the penumbra with MRI using the diffusion–perfusion mismatch model emerged (3). 
Reports of the natural history of diffusion and perfusion lesions were followed by studies 
describing the effect of therapies on these imaging findings. In the early 2000s, it became appar-
ent that the mismatch model faced a number of challenges in defining the penumbra, and a new 
era of research attempting to better define the penumbra was born. While there are a number of 
approaches to define the ischemic penumbra, for the purposes of this chapter, we will use the 
following definition, which is most practical and relevant to MRI of the penumbra—tissue that 
is at risk of infarction, but still salvageable (Fig. 1). This chapter will review the general principles 
of MRI of the penumbra, the results of natural history, and treatment studies and their impact on 
the MRI defined penumbra. The current role and future directions of MRI of the penumbra will 
then be discussed. 

MAGNETIC RESONANCE IMAGING AND THE ISCHEMIC 
PENUMBRA—GENERAL PRINCIPLES

Until the 1990s, MRI was not routinely employed for the evaluation of acute stroke patients. 
This was due mainly to the fact that within the first 6 to 12 hours from symptom onset, 
 conventional structural MRI techniques such as T1-weighted imaging (T1WI), T2-weighted 
imaging (T2WI), and fluid-attenuated inversion recovery (FLAIR) imaging sequences are 
 relatively insensitive to ischemic changes. However, the recent advent of diffusion and 
 perfusion-weighted MRI within the clinical setting revolutionized the role of MRI for the 
evaluation of acute  ischemic stroke. These techniques became feasible for routine clinical use 
with the development of echo-planar imaging techniques, which allow for short acquisition 
times, thus minimizing the effects of motion due either to head movement or physiological 
 pulsations of the brain.

Diffusion-weighted imaging (DWI) detects the self-diffusion of water, allowing visualiza-
tion of regions of ischemia within minutes of symptom onset (4,5). Decreased water diffusion 
associated with cytotoxic edema causes an increased (bright) signal on DWI sequences, which 
can be quantitatively measured on the apparent diffusion coefficient (ADC) maps, where darker 
areas represent decreased diffusion. The increase in signal on DWI may persist for several 
weeks or longer, partially due to a T2 effect. The average ADC, however, typically remains 
reduced for only four to seven days, then returns to normal or supranormal levels within 7 to 
10 days from ischemia onset (6). While the average ADC generally follows this pattern, studies 
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FIGURE 2 (See color insert.) Multimodal magnetic resonance imaging approach. Ischemic tissue injury is assessed 
with diffusion weighted imaging, hemodynamic compromise with perfusion-weighted magnetic resonance imaging, 
vessel status with MRA, and hemorrhage with GRE sequences. This information can be combined to confirm the 
 diagnosis and stroke mechanism, as well as to identify patients who have an ischemic penumbra and a target vessel 
occlusion and therefore may benefit from therapy. In this way, acute therapies may be optimized and the time window 
for treatment extended. Abbreviations: DWI, diffusion weighted imaging; MRA, magnetic resonance imaging pathology; 
PWI, perfusion-weighted magnetic resonance imaging. Source: Courtesy of UCLA.

have now clearly demonstrated that marked heterogeneity of the ADC value can occur within 
the ischemic lesion, even in the hyperacute time window (7). 

Perfusion-weighted imaging is most commonly performed using dynamic contrast-enhanced 
imaging (8). Following a bolus injection of intravenous gadolinium, a series of  susceptibility-
weighted gradient echo images is rapidly acquired. The intravascular passage of gadolinium in 
sufficiently high concentration distorts the local magnetic field due to magnetic susceptibility 
effects, causing signal loss. During ischemia with hemodynamic compromise, decreased and/or 
delayed passage of the contrast agent compared to normal regions is then detected. 

The amount of signal loss over time in a series of rapidly acquired images (area under 
the signal intensity–time curve) has been shown to be proportional to cerebral blood volume 
(CBV), in healthy brain tissue.  The time it takes for the change in signal intensity to reach a 
maximum (time to peak—TTP) is related to the mean transit time (MTT) of an idealized bolus 
of contrast. Since cerebral blood flow (CBF) equals the ratio CBV/MTT, information about CBF 
can potentially be inferred with this technique. In acute stroke patients, qualitative perfusion 

FIGURE 1 Diffusion–perfusion mismatch model of 
the ischemic penumbra. According to this model, 
the perfusion deficit appears in light gray, the 
 diffusion in dark gray with the penumbra equaling 
the mismatch between the two. Abbreviation: DWI, 
diffusion weighted imaging. Source: Courtesy of  
UCLA.
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maps of the relative MTT (rMTT), relative CBF, and relative CBV have been generated and 
have permitted visualization of perfusion changes in patients with cerebrovascular disease. 
Absolute quantification of CBF parameters with bolus tracking MRI perfusion may be  possible, 
but is not currently routinely applied in clinical practice, and questions persist about the 
 accuracy of the quantification algorithms (9–11). Many different approaches to absolute and 
relative estimates of these parameters are in the literature, with none clearly superior in accu-
racy or predictive validity.  Modeling of CBF with MRI is more straightforward using arterial 
spin labeling techniques (12–14), but at present the longer acquisition times and sensitivity to 
motion artifacts limit the clinical utility of this approach in acute stroke.

MRI is typically applied as a multimodal exam (Fig. 2) to evaluate the stroke patient for 
arterial pathology magnetic resonance angiography (MRA), hemodynamic changes [perfusion-
weighted magnetic resonance imaging (PWI)], hyperacute parenchymal injury (DWI), subacute 
and chronic infarct (FLAIR), and  evidence of acute or chronic hemorrhage gradient echo (GRE). 
Numerous studies have demonstrated the  sensitivity of these techniques in confirming the diag-
nosis of cerebrovascular disease (15–18) However, the potential of MRI to identify individual 
patient pathophsyiology, including the presence of ischemic penumbra, in the acute stroke set-
ting has sparked enormous interest in this technique. Perhaps the most promising application of 
current MRI methodology is as a patient selection tool for acute therapies and as a biomarker of 
therapeutic response in clinical trials.

NATURAL HISTORY OF DIFFUSION AND PERFUSION LESIONS

Information on the natural history of diffusion and perfusion imaging lesion evolution comes 
from a growing number of clinical trials and case series. Warach et al. (19) analyzed serial 
 imaging studies from patients enrolled in the placebo arm of a neuroprotective trial and dem-
onstrated that the natural history of untreated diffusion lesions is to grow over time during the 
acute and subacute period. Ischemic lesions follow a relatively consistent pattern of growth 
during the first three days, followed by subsequent decrease in size to day five to seven (3,20,21). 
The extent of growth depends on a number of factors including time from symptom onset, 

FIGURE 3 (See color insert.) Example of diffusion-perfusion mismatch with therapeutic salvage of mismatch region 
following intra- arterial thrombolysis. The top row shows the baseline diffusion weighted imaging (left panel ) and 
 perfusion-weighted magnetic resonance imaging images from a color-coded Tmax image (right panel, time to peak of 
the residue function with red indicating greater than eight seconds, yellow greater than six seconds, green greater than 
four seconds, and blue greater than two seconds). These images show small diffusion lesions in the right middle cerebral 
artery territory with a much larger perfusion deficit in the right internal carotid artery territory. Following vessel recanaliza-
tion, there is no substantial change in the diffusion lesions, however the perfusion deficit is largely resolved. Abbreviations: 
DWI,  diffusion weighted imaging; PWI, perfusion-weighted magnetic resonance imaging. Source: Courtesy of UCLA.
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 vascular territory involved, collateral blood supply, and as discussed later, the extent of the 
 perfusion deficit.

These and other studies have shown that both the initial diffusion and perfusion lesion 
volumes correlate well both with final infarct volume as well as neurological and functional 
outcomes in stroke patients, suggesting that diffusion MR can provide important early prog-
nostic information (22–24). While these correlations have been repeatedly demonstrated in 
anterior circulation ischemia, several small case series have suggested that acute DWI lesion 
volumes correlate poorly with clinical measures in the posterior circulation, since small strate-
gic brainstem infarcts can lead to devastating clinical syndromes, while large cerebellar infarcts 
may cause minimal symptomatology (25,26).

DEFINING THE PENUMBRA WITH MAGNETIC RESONANCE IMAGING

The diffusion–perfusion mismatch model (Fig. 1) developed from these natural history obser-
vations that diffusion lesions tend to grow over time into the region of perfusion deficit, if 
reperfusion is not established at an early time point. In approximately 70% of patients studied 
within 24 hours of symptom onset, there is a “perfusion–diffusion mismatch,” in which the area 

FIGURE 5 Example of natural history of diffusion lesion evolution and benign oligemia. The baseline diffusion weighted 
imaging (DWI) image (left panel) shows a moderate sized lesion in the right middle cerebral artery territory. The base-
line perfusion-weighted magnetic resonance imaging (PWI) image (middle panel) shows a much larger perfusion 
 deficit. The day seven T2-weighted image (right panel) shows a infarct intermediate in size between the baseline DWI 
and PWI lesions suggested that a portion of the initial PWI deficit was due to benign oligemia. Source : Figure belongs 
to NIH and cannot be copyrighted.

FIGURE 4 (See color insert.) Example of 
reversal of diffusion lesion. The top row 
shows the baseline diffusion weighted 
imaging (DWI) (left panel) and perfusion-
weighted magnetic resonance imaging 
(PWI) images from a color-coded Tmax 
image (right panel, time to peak of the 
 residue function with red indicating greater 
than eight seconds, yellow greater than six 
seconds, green greater than four seconds 
and blue greater than two seconds). These 
images show a diffusion lesion in the right 
middle cerebral artery territory with a larger 
perfusion deficit. Following vessel recanali-
zation, both the DWI and PWI lesions have 
resolved. Source: Courtesy of UCLA
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of DWI abnormality is surrounded by a larger area of hypoperfusion, most commonly mea-
sured by the rMTT perfusion map (27). It has been suggested that the ischemic penumbra is the 
region of tissue that is hypoperfused but has a normal DWI signal (i.e., blood flow is reduced, 
but tissue bioenergetic failure as evidenced by cytotoxic edema has not yet developed). Thus, 
according to this model, the diffusion lesion represents core irreversibly infarcted tissue. In 
other patients, the DWI lesion is larger than the perfusion lesion in approximately 10% (pre-
sumed partial or total reperfusion) and in 10% to 15% the DWI and perfusion lesions are of 
equivalent size (probably little viable tissue, operationally defined as a completed infarct). 
Serial MRI studies,  performed in patients with mismatch, have confirmed that infarct growth 
occurs primarily in patients with large regions of mismatch, suggesting gradual failure of the 
ischemic penumbra within the region of mismatch as it is incorporated into the infarct core. 

A second important concept arose from these early studies of diffusion and perfusion 
abnormalities in acute stroke. Darby et al. (27) demonstrated that while the presence and 
volume of mismatch progressively decreases over time, approximately 60% to 70% of patients 
up to 24 hours still have substantial regions of mismatch. This finding is supported by studies 
previously performed in stroke patients employing positron emission tomography (28,29) and 
suggests that the time window available for salvage of the penumbra in selected patients 
 identified by MRI may be longer than the traditional three to six hour window.

Several groups have reported that an altered evolution of infarction can be visualized on 
serial diffusion and perfusion imaging studies in patients undergoing intravenous thrombolytic 
therapy. Inhibition of lesion growth has been clearly demonstrated in patients experiencing 
reperfusion compared with patients with persistent perfusion deficits or vessel occlusions (30). 
Schellinger et al. (31) studied patients with mismatch and evidence of a vessel occlusion at 
 baseline and found that patients with subsequent early recanalization had substantially smaller 
final infarct lesions than those without recanalization and better clinical outcome (31). Other 
groups have found regions of higher ADC within the initial ischemic field on follow-up imaging 
in patients undergoing reperfusion within 36 hours of onset compared to nonreperfusers, 
 suggesting tissue salvage (32,33). Further compelling data come from Parsons et al. (34), who 
compared MRI signatures in patients treated with IV tissue plasminogen activator (tPA) within 
six hours of onset to a group of matched controls. They found a significant decrease in the amount 
of mismatch tissue proceeding to infarction as well as less infarct expansion in the thrombolysis 
treated group. These studies demonstrating therapeutic salvage of the mismatch region provide 
 compelling support for this model of the MRI defined penumbra (Fig. 3).

While the mismatch model was particularly appealing as a means to identify the  penumbra 
in the acute stroke clinical setting, growing experience with this technique revealed several limi-
tations to this definition of the penumbra. Prior animal studies and recent case series in humans 
undergoing thrombolytic therapy have now shown that diffusion abnormalities can be partially 
or even completely reversed with early reperfusion (35–38) (Fig. 4). Thus, the  diffusion lesion 
does not always represent the ischemic core of irreversibly injured tissue, as suggested by the 
mismatch model. In addition, studies have now also demonstrated that not all of the mismatch 
region is true penumbra—a portion of the perfusion deficit includes a region of benign oligemia 
where blood flow is reduced below the normal range but not to the critical level of ischemia 
(39–41) (Fig. 5).

To address these shortcomings, efforts have been underway to identify perfusion and 
ADC thresholds to predict tissue that will proceed to infarction versus salvageable, penumbral 
tissue. Several groups have found that relative ADC values could differentiate regions that 
would proceed to infarction compared to those that would not, within the initial hypoperfused 
region (42–44). These findings are in accord with those of Schlaug et al. (45) who found ADC 
values of 56.4% of normal in the core, and values of 91.3% in the penumbra. However, these 
findings apply generally to untreated patients or patients in whom early recanalization does 
not occur. In patients with early vessel recanalization, ADC decreases may not reliably indicate 
tissue infarction independent of the duration and severity of ischemia. ADC thresholds for 
infarct progression, malignant middle cerebral artery infarct, and risk of hemorrhagic transfor-
mation may be identified by quantitative diffusion MRI, but these thresholds are not absolute, 
and instead, are dependent on the technique of measurement and analysis, the time from onset, 
the therapeutic intervention, and interactions with other physiological and clinical variables.
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A number of researchers have developed multivariate models incorporating data from a 
number of sequences in an attempt to predict tissue fate over time. Several natural history studies 
provide predictive models of tissue outcome assuming that early recanalization does not occur. 
Schlaug et al. (45) used a logistic regression model to differentiate regions of ultimate infarction 
versus Noninfarction, based on the baseline perfusion measures to operationally define the 
 ischemic penumbra. Other groups have employed generalized linear model algorithms, multipa-
rametric iterative self-organizing data analysis technique (ISODATA) and other automated strate-
gies to predict final tissue status (46–48). Multivariate models predicting tissue fate assuming 
recanalization are also under development. All of these approaches have demonstrated relatively 
good overall accuracy but have not reached widespread adoption in the acute clinical setting.

OPERATIONAL DEFINITION AND ITS VALIDITY

Based on the data available to date, an operational definition of the MRI defined ischemic 
 penumbra has begun to emerge (49). According to this definition, the penumbra includes not 
only diffusion–perfusion mismatch but also portions of the initial diffusion abnormality itself 
(Fig. 6). In addition, it is recognized that portions of the perfusion deficit may represent benign 
oligemia and, thus, the outer rim of the perfusion deficit may overestimate the true extent of the 
penumbra. An important implication of this modified view is that even select patients without 
 diffusion–perfusion mismatch may still derive benefit from reperfusion therapies. It remains to 
be seen whether the simple mismatch model, the modified mismatch model, or more sophisti-
cated multivariate predictive models will ultimately best meet the clinical and/or research 
needs in the acute stroke setting. In the meantime, the simple mismatch model remains a simple 
and practical approach for identifying patients with penumbra, and provides a rough  estimation 
of the extent of the penumbra.

MAGNETIC RESONANCE IMAGING: THE PENUMBRA 
AND ACUTE STROKE CLINICAL TRIALS

The most exciting potential application of MRI in acute stroke is its use as a selection tool for 
acute stroke therapies. The National Institute of Neurological Disorders and Stroke (NINDS) 
intravenous tPA trials demonstrated that vessel recanalization improves stroke outcome, yet 
few patients receive IV tPA, mainly due to the narrow three hour time window available for 
initiation of this therapy (50). There is clearly a need to extend the time window for treatment. 
However, beyond three hours from symptom onset, clinical exam alone cannot identify patients 
with salvageable penumbral tissue. It is in this setting that MRI offers the potential to identify 
patients who may benefit most from late recanalization therapies. However, it is important to 

FIGURE 6 Operational definition of MRI defined 
ischemic penumbra where the penumbra equals 
not only regions of  diffusion–perfusion mismatch 
but also a portion of the diffusion abnormality 
itself. Of note, the outer rim of the perfusion  deficit 
may indicate benign oligemia and therefore is not 
included in the penumbra.
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recognize that the number of patients who will benefit from treatment (those with an existing 
penumbra) progressively decreases over time. 

Multimodal MRI may permit therapeutic decisions to be based on individual patient 
pathophysiological information, allowing the time window to be extended in appropriate 
patients. Results from the phase II desmoteplase in acute ischemic stroke trial support this 
approach (51) These studies demonstrated a positive dose response relationship for good clini-
cal outcome and reperfusion, employing MRI selection of patients with diffusion–perfusion 
mismatch for treatment with intravenous desmoteplase three to nine hours from onset. Other 
clinical trials to definitively prove the clinical utility of this approach are currently ongoing. 
These include, trials designed to confirm the clinical utility of the MRI mismatch hypothesis, 
trials designed to demonstrate the utility of selecting for acute therapies patients with a pen-
umbral pattern, and trials actually selecting only patients with penumbral patterns for late 
therapies to optimize both the efficacy and safety of these treatments. 

FUTURE GOALS

There are a number of important future directions for MRI of the penumbra. Further work is 
needed to validate quantitative perfusion imaging and demonstrate its ability to differentiate 
penumbra from benign oligemia. Of particular importance is the need for employment of 
 standardized methodologies for postprocessing and analysis to allow comparison of data across 
studies and institutions.  Further, refinement of the MRI defined model for the ischemic penum-
bra is needed. Rapidly advancing technology will allow validation and incorporation of new MR 
techniques, including MR spectroscopy, flow heterogeneity measures, and MRI oxygen extrac-
tion fraction techniques into acute stroke protocols. These techniques have the potential to 
 further augment existing multivariate models in delineating infarct core, penumbra, and benign 
oligemia. Ironically, rapid advances in MRI technology have the potential to impede progress as 
these advances make previous work performed on less advanced systems obsolete. 

CONCLUSIONS

Enormous advances in imaging of acute stroke have emerged with the advent of diffusion–
 perfusion MRI in the acute stroke setting. The diffusion–perfusion mismatch model provides a 
simple estimation of the extent of the ischemic penumbra. More refined models of the MRI 
defined penumbra are in development. Therapeutic salvage of the MRI penumbra has now 
been demonstrated in humans and ongoing clinical trials are exploring the utility of employing 
MRI to select patients for late reperfusion therapies. A multimodal MRI approach to acute stroke 
evaluation provides critical information on individual patient pathophysiology and may assist 
in individualizing and optimizing therapeutic decisions.
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THE NEED FOR RAPID AND RELIABLE PENUMBRA IMAGING

Stroke mechanisms, size, location, and relative proportion of penumbra and infarct are quite 
variable between patients. According to positron emission tomography (PET) and magnetic 
resonance imaging (MRI)-based studies, survival (1) of the penumbra is highly individual and 
may last from less than three hours to beyond 48 hours (2,3). By six hours, about 75% of patients 
still have a meaningful, but highly variable penumbra. These data suggest that there is a need 
for a reliable and rapid imaging technique for the assessment of individual penumbra in acute 
stroke patients. This imaging technique should identify patients who may benefit from late 
recanalization. It should also identify patients with no penumbra, for whom thrombolysis-
induced recanalization may not be associated with benefit, but who have a significant risk of 
intracranial hemorrhage, even in the early phase.

Whether infarction occurs depends mainly on the local blood flow lowering below critical 
thresholds and on the duration of ischemia (4,5), but multiple other factors, such as tempera-
ture, hypoxemia, glucose concentration, blood pressure, or genetic factors, are suspected (6) or 
have been shown (7) to influence penumbral survival. In the absence of effective measures to 
restore perfusion or to protect it, most of the penumbra eventually evolve towards infarction (8).

It is now well established that early recanalization by thrombolysis (9,10) and avoidance 
of additional tissue by control of physiological and metabolic parameters (11) improve neuro-
logical outcome. Only a few (MRI-based) studies, however, have attempted to show that this 
improvement is due to salvage of the penumbra (12,13).

The time-dependence of all these acute stroke treatments has been known for a long time in 
laboratory animals and has also clearly been shown for thrombolysis in humans (14). Given the 
fact that penumbra decreases progressively with time (2,15), it is probably the loss of  penumbra 
rather than the time itself that leads to a loss of effectiveness of acute stroke treatments. Consider-
ing the high interinvididual variability of penumbra, it therefore seems logical to replace the time 
clock by a penumbra clock, that is, to consider “penumbra is brain” (16). Appropriately designed 
studies might show in the future that the current time window for intravenous (IV) and intra-
 arterial thrombolysis is too long for patients with little penumbra and too short for patients with 
a persistent penumbra. Also, patients with unknown onset of stroke (aphasia, agnosia), waking 
up with a stroke, or having an epileptic seizure at stroke onset may become candidates for 
 treatment, based on the demonstration of a significant penumbra on perfusion imaging.



Therefore, the identification of ischemic but salvageable tissue should be one of the main 
goals of cerebral imaging in acute stroke.

PERFUSION COMPUTED TOMOGRAPHY DATA ACQUISITION

Perfusion computed tomography (PCT) with iodinated contrast may be used in two ways: (i) as a 
slow-infusion/whole-brain technique and (ii) as dynamic PCT with first-pass bolus-tracking 
methodology. The latter is preferable as it is quantitative and allows accurate identification of 
the ischemic penumbra (17,18).

Patients with suspected acute stroke are being taken to the helical computed tomogra-
phy (CT) scan within 10 to 20 minutes after being admitted to the emergency room. In patients 
without contraindications for iodinated contrast, a noncontrast baseline cerebral CT is imme-
diately followed by PCT. Finally, a computed tomography angiography (CTA) of the head and 
neck and a contrast-enhanced CT of the brain are performed. The entire procedure takes 
approximately 10 minutes and image processing and analysis another 5 to 10 minutes. Image 
acquisition and processing usually overlap.

The PCT examination consists of two 40-second series separated by five minutes, each 
series consisting of one image per second in cine mode during iv administration of iodinated 
contrast material. The acquisition parameters for both series are 80 kVp and 100 mA. For each 
series, CT scanning is initiated seven seconds after injection of 50 mL of iso-osmolar iodinated 
contrast material at a rate of 5 mL/s into an antecubital vein using a power injector. The delay 
before the arrival of the contrast material allows baseline images without contrast enhancement 
to be acquired. Multidetector-array technology currently allows the acquisition of data from 
two adjacent 10 mm sections for each series. The two successive PCT series thus allow the 
acquisition of data for four adjacent 10 mm cerebral CT sections.

PERFUSION COMPUTED TOMOGRAPHY DATA PROCESSING AND ANALYSIS

Analysis of the acquired data is performed according to the central volume principle, which is 
reported to give the most accurate results for low injection rates of iodinated contrast material 
(19). The PCT data are transferred to a workstation and analyzed using a dedicated perfusion 
analysis software to create parametric maps of regional cerebral blood volume (rCBV), mean 
transit time (MTT), and regional cerebral blood flow (rCBF). The rCBV map is calculated from 
a quantitative estimation of the partial size averaging effect, which is completely absent in a 
reference pixel at the center of the large superior sagittal venous sinus. The impulse function 
and the related MTT maps result from a deconvolution of the parenchymal time–concentration 
curves by a reference arterial curve. Finally, the rCBF values can be calculated from the rCBV 
and MTT values for each pixel using the following equation rCBF = rCBV/MTT. The maps 
can then be displayed graphically (Fig. 1A–C) and interpreted by comparing the different 
parameters according to Table 1.
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FIGURE 1 (See color insert.) A 77-year-old patient found on awakening with aphasia and right hemiparesis, National 
Institute of Health Stroke Scale = 20. Perfusion computed tomography maps depicting (A) regional cerebral blood flow, 
(B) regional cerebral blood volume, (C) mean transit time MTT, and (D) core-infarct maps according to a threshold 
model. In (D), grey indicates reversible ischemia (penumbra) and red low likelihood of survival (infarct). Abbreviations : 
CBF cerebral blood flow; CBV cerebral blood volume; MTT, mean transit time. Source: From Ref. 20.



Straightforward maps of the penumbra and infarct core are calculated according to the 
method developed by Wintermark et al. (20). According to their recently refined thresholds 
(21), the total ischemic area (penumbra and infarct) is defined as including cerebral pixels 
with greater than 145% prolongation of rMTT compared with the corresponding region in the 
contralateral cerebral hemisphere, defined as healthy on the basis of clinical symptomatology. 
Within this selected area, 2.0 mL/100 g represents the rCBV threshold: pixels belong to the 
 infarct core if the RCBV value is inferior to the threshold and to the penumbra id if the rCBV 
value is superior to the threshold. Salvageable penumbra is displayed in green, and tissue with 
low likelihood of survival (infarct core) is displayed in red (Figs. 1D and 2C). Lesion surface 
on the final PCT maps is measured automatically on each of the four slices, and the volume 
of the penumbra and infarct (core) can then be calculated by multiplication with the slice 
 thickness (10 mm).

INTERPRETATION OF PERFUSION COMPUTED TOMOGRAPHY IMAGES

The extent of regional abnormalities is usually largest with rMTT, followed by rCBF and rCBV 
(22). MTT is the most sensitive for decreased blood flow, but may also be prolonged without 
significant ischemia, such as in transient ischemic attacks. rCBF is more specific in identifying 

TABLE 1 Alterations of Regional Mean Transit Time, Regional Cerebral Blood 
Volume, and Regional Cerebral Blood Flow in Case of Ischemia (Comparison 
with Contralateral Homologous Region)

 MTT rCBF rCBV

Healthy parenchyma = = =
Transient ischemic attack ↑ = ↑
Penumbra ↑↑ ↓ ↑
Infarct ↑↑↑ ↓↓ ↓

Abbreviations: MTT, mean transit time; rCBF, regional cerebral blood flow; rCBV, regional 
 cerebral blood volume.
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FIGURE 2 (See color insert.) Same patient as in Figure 1. (Upper row): Imaging at 12 hours after going to bed: (A) 
plain computed  tomography (CT), (B) CT angiography with occlusion of the middle cerebral artery (white arrow), and 
(C) perfusion-CT with threshold maps. Then given intravenous thrombolysis with rt-PA at 13 hours after going to bed 
and 2.5 hours after waking (approved study protocol, informed consent from family). (Lower row ): (D) plain CT at 24 
hours with a small left basal ganglion bleed (dotted arrow). (E) CT angiography with repermeabilization and (F)  diffusion-
weighted magnetic resonance imaging at five days, showing a small, partially hemorrhagic lesion.



salvageable tissue, and rCBV is the most specific parameter for irreversibly damaged tissue 
(22–26). Thus, it may be best to evaluate the CBF and MTT maps for abnormalities and then 
to use the CBV maps to try to estimate the severity of the infarct core compared with the 
penumbra (17,27).

Using the threshold maps developed by Wintermark et al. (20,28), distinguishing reversi-
ble from irreversible ischemia becomes quite easy and has high interobserver agreement (29).

PERFORMANCE OF PERFUSION COMPUTED TOMOGRAPHY

In a recently presented analysis by Reichhart et al. (30) of 81 consecutive patients with middle 
cerebral artery (MCA)-stroke undergoing PCT and CTA before IV thrombolysis in the three-
hour window, good quality images were obtained in 93% (movement artifacts in 5%, contrast 
injection failure in 2%) (30). Median acquisition time was 10 minutes, and in no patient, the 
three-hour threshold was trespassed because of the additional imaging represented by PCT and 
CTA. No case of renal failure or significant contrast allergy was seen.

Although noncontrast CT scanning has a poor sensitivity for detecting acute ischemia, 
PCT has an overall sensitivity above 75% for ischemic stroke, above 90% for territorial infarcts 
in the supratentorial regions, and a high specificity for ischemia (23,25,28,31–33). It should be 
noted that PCT abnormalities are present even in the earliest phase of stroke.

PCT shows brain perfusion alterations in about 25% patients with transient ischemic 
attacks, sometimes still being present after the resolution of patients’ symptoms (34). Focal 
hypo- and hyperperfusion in relation to epileptic seizures and correlating with foci on EEG 
have been described (35). In patients with aura-accompanied migraines, occasional nonterrito-
rial hyoperfusion contralateral to the aura symptoms are found (36). In the absence of an abnor-
mality on PCT in a patient with stroke symptoms, one might suspect a posterior fossa stroke, a 
lacunar stroke, or a stroke-imitating condition (migraine, Todd’s paralysis, venous thrombosis, 
encephalitis, conversion syndrome). Acute stroke treatments might be inappropriate. In  contrast, 
focal hypoperfusion may rarely be present in a patient with a focal status epilepticus or migraine. 
Acute stroke treatment would also be inappropriate in such settings (Fig. 3).

Besides the study of acute ischemic stroke and acute aphasia (37), PCT has also been used 
to estimate cerebrovascular reserve, tolerance of temporary balloon occlusions (27), ischemia 
after subarachnoid haemorrhage (38,39), diffuse anoxic brain injury, head trauma (40), and 
brain tumors (27).

COMPUTED TOMOGRAPHY ANGIOGRAPHY DATA ACQUISITION 
AND PROCESSING

The cerebral and cervical CTA is performed using the following parameters: 120 kVp, 240 mA, 
slice thickness 2 to 2.5 mm, slice acquisition interval 1 to 2 mm, pitch 1.5:1, IV administration of 
50 mL of iodinated contrast material at a rate of 3 mL/s, and an acquisition delay of 15 seconds. 

NO

YES

NOYES
Penumbra

LV-occlusion
Large vessel Rx 

 Microcirculation Rx

Microcirculation Rx if lacune : 
Microcirculation Rx 

------

Neuroprotection

FIGURE 3 Acute ischemic stroke treat-
ment strategies based on noninvasive 
assessment of penumbra and vessels. 
Independent of imaging results, all patients 
should be treated with general measures 
(control of O2, temperature, blood pres-
sure, glucose, etc.). Abbreviations: LV, 
large vessel; Rx, treatment.
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Data acquisition is performed from the origin of the aortic arch branch vessels to the circle of 
Willis. Maximum-intensity projections in axial, sagittal, and coronal planes (Fig. 2E) and 
three-dimensional reconstructions (Fig. 2B) are typically obtained.

PERFORMANCE OF COMPUTED TOMOGRAPHY ANGIOGRAPHY 

The pathogenesis, location, degree, and recanalization of arterial occlusion in ischemic stroke is 
highly variable, even within one vascular territory (41–43). Multiple interventions and 
 techniques have been (44–46) or are currently being studied (47) in order to obtain recanaliza-
tion of the cerebral macro- and microcirculation.

CTA is a readily available and promising method that can be added to the admission CT 
survey of acute stroke patients, unless there are contraindications to iodinated contrast. CTA 
has been shown to identify the site of arterial occlusion in acute ischemic stroke patients, with 
 similar accuracy compared with DSA and MRA (41,48). In this situation, CTA has been used 
alone (26) or in conjunction with perfusion imaging (22,23,25,49). Only a few pilot studies have 
considered its predictive value (20,50). These studies demonstrated CTA to be a moderate pre-
dictor for  clinical outcome by itself but a very useful predictor when used together with PCT. 
Although it was suggested that patients with occlusion of the internal carotid artery bifurca-
tion and poor leptomeningeal collaterals on CTA may have little potential for benefit from 
thrombolytic  therapy (51), its value for predicting the response to treatment is insufficiently 
known (52).

COMPARISON OF MAGNETIC RESONANCE AND COMPUTED 
TOMOGRAPHY-BASED ACUTE STROKE IMAGING

For clinical use, CT and MR-based perfusion imaging are clearly superior to other imaging 
techniques of penumbra. Both are quite fast, feasible in the emergency setting, and can be per-
formed using facilities that are readily available. Both methods afford functional imaging of 
brain hemodynamics as well as anatomical correlations (53).

In regard to information about brain perfusion, PCT appears at least equivalent to MRI 
(26,54,55). Significant correlation have been demonstrated between PCT-CBV and diffusion-
weighted imaging (DWI), between PCT-MTT and perfusion-weighted imaging (PWI)-TTP and 
between CTA source images with DWI (26,55). If threshold models are used, PCT core  correlates 
well with DWI and PCT total ischemia with PWI-MTT (20).

The linear relationship between contrast concentration and signal intensity is an impor-
tant advantage of CT perfusion imaging over gadolinium-based MR perfusion imaging, 
allowing a more quantitative estimation of CBF (17,56).

Both CTA and MRA detect significant stenosis and vascular malformations quite  reliably 
(41,48,57,58), but comparative studies have not been reported. Whereas CTA may better iden-
tify arterial calcifications, MRA is probably more specific in diagnosing cervical artery 
 dissections (59).

Valid criticisms of MRI include its cost, limited availability, more difficult patient 
 monitoring, pace-maker incompatibility, and the longer time required for scanning (60). Some 
drawbacks of PCT and CTA, such as the impossibility of serial examinations (amount of  contrast, 
radiation) or failure to show lacunar or posterior fossa lesions, are counterbalanced by the avail-
ability of CTs in most emergency rooms, its easy accessibility, and the easy monitoring of 
patients. As most hospitals have spiral CTs, PCT and CTA imaging in the emergency room does 
not require installation of any new equipment, but only of new software. Further validation of 
this method would therefore allow penumbra imaging to be performed in smaller hospitals 
with limited MRI access where most stroke patients arrive.

Are Perfusion Computed Tomography and Computed Tomography Angiography 
Independent Predictors of Prognosis After Stroke?

Acute penumbral and arterial imaging should provide prognostic information beyond the 
known predictors of clinical outcome and should do so within the first hours following stroke 
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onset (16). Known predictors of death after ischemic stroke are higher age, higher initial National 
Institute of Health Stroke Scale (NIHSS) score, decreased consciousness on presentation, early 
ischemic changes on noncontrast CT (61,62), large infarct size on acute MRI (63), large 
 hemispheral stroke syndrome (64), ischemic stroke subtype, fever, hypertension, atrial 
 fibrillation, congestive heart failure, hyperglycemia, and elevated C-reactive protein (65).

Dynamic PCT using thresholds reliably identifies penumbra and core tissue and closely 
predicts final stroke volume (20,24,25,31,66). Similarly, arterial pathology on CTA has partially 
been shown to predict outcome (20,67). When compared with standard imaging (61,68,69), 
acute advanced functional imaging also performs better in predicting the clinical status and 
outcome. Thijs et al. (70) found a Spearman’s correlation coefficient of 0.68 between lesion 
volume on DWI and Barthel index at one month, and Nabavi et al. (50) a coefficient of 0.7 
between a combination of PCT and CTA and three months’ outcome. Using PCT thresholds, 
Wintermark et al. (20) report a good correlation between the amount of penumbra and early 
NIHSS improvement if the vessel is recanalized; also, there is low clinical improvement to 
expect if the penumbra accounts for less than 30% of the ischemic volume. Low CBF values in 
lenticulostriate lacunar strokes predict poorer radiological and clinical outcome (71).

In the 75 patients of a recent series of PCT with good quality images before IV thrombolysis 
by Reichhart et al. (30), multivariate stepwise logistic regression showed that the best predictors 
for dependency (mRS >2) at three months were patient age and the total ischemia volume on 
PCT (core plus penumbra). At 24 hours, best multivariate predictors were the 24-hour NIHSS, 
non-recanalization at 24 hours on CTA, and the initial penumbra volume on PCT. Differential 
analysis of the value of ischemia volumes in recanalizers and nonrecanalizers has not yet been 
performed in this group.

With further validation and greater availability of acute penumbral and arterial imaging, 
it will likely become a major determinant in the selection of potentially dangerous and costly 
stroke treatments.

Do Perfusion Computed Tomography and Computed Tomography Angiography 
Predict Treatment Response?

Acute stroke imaging should predict the response to treatment and the associated risks. It 
should indicate in advance in which patients a particular treatment is likely to improve, worsen, 
or leave unchanged the natural history of the disease. Concerning thrombolysis, the following 
factors are known to predict higher efficacy: shorter time to treatment, lower NIHSS score, and 
early recanalization (6). Lower age is another, although less well established, favorable predic-
tor. On the contrary, early ischemic changes on plain CT (62) and stroke subtype (72) have no 
predictive value. It is also known that there is a higher risk of thrombolysis-related hemorrhage 
with increasing age, higher stroke severity, higher rt-PA dose, hyperglycemia, diabetes, acute 
use of aspirine, and a history of cardiac disease.

The risk is not increased by longer time to lysis, hyperdense MCA sign, or previous 
aspirine use (73).

In the 75 patients of a recent series of PCT with good quality images before IV thrombo-
lysis (30), there was no control group without thrombolysis; therefore, predictors of treatment 
response could not be established. Interestingly, the presence or absence of a large vessel 
occlusion before thrombolysis was not a significant predictor of outcome in this group, con-
trary to what was observed in a series of nonthrombolyzed patients (50,74). This suggests that 
IV thrombolysis may be particularly effective if an initial large vessel occlusion is present. In 
the same population, however, large volume of ischemia (large penumbra plus core volumes) 
was an independent predictor of intracranial haemorrhage after IV thrombolysis (75).

How Can Perfusion Computed Tomography and Computed Tomography 
Angiography Influence Acute Stroke Management?

Given the limited amount of information available, it is premature to know whether and in 
what situation patient outcome can and will be influenced by acute perfusion and vascular 
imaging. However, it is easily conceivable that this will be the case. Examples for such  perfusion 
and vascular imaging based treatment decisions could be
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1. replacement of the time criterion by the demonstration of the absence or presence of a 
 significant amount of salvageable tissue (13),

2. elimination of traditional exclusion criteria for thrombolysis and recanalization (epileptic 
seizure (35) and wake-up and unknown onset stroke (76) (Figs. 1 and 2),

3. better patient selection for intra-arterial versus IV recanalization (presence or absence of 
accessible large artery pathology on CTA), and

4. identification of patients with significant penumbra for neuroprotective treatments.

Combining these hypotheses, PCT and CTA (or perfusion–diffusion MRI and MRA) could help 
select patients for appropriate treatment or for specific study protocols.

Areas of Uncertainty

Comparison of PCT with PET in healthy controls show that quantitative measures of blood 
flow are accurate (77). This comparison should also be done in acute stroke patients. Accuracy 
of infarct prediction by PCT should also be validated in patients with and without severe cervi-
cal artery (carotid) disease and at different ages of ischemia (3, 6, and 12 hours). Although PCT 
thresholds have been established for irreversible ischemia (20), it has to be kept in mind that 
duration of ischemia is a similarly important factor as are flow thresholds (4,5). Furthermore, 
PCT does not directly assess oxygen extraction nor biochemical and electrical features of 
ischemic tissue. These variables might also be useful in evaluating the potential of tissue to 
 survive despite acute ischemia (78,79).

The placement and size of regions-of-interest (ROIs) may influence results of PCT signifi-
cantly (80,81). Semi-automated or other standardized methods to do this need to be developed. 
Similarly, the choice of the input artery is important. The availability of clinical information 
(indicating the side of stroke) and concurrent interpretation of CTA results may be helpful to do 
so correctly. The reproducibility of the creation and interpretation of PCT maps has not been 
well investigated, even if the use of threshold maps with semi-automated selection of ROIs (20) 
should overcome this problem.

Other limitations of PCT are its current limited spatial coverage. However, this limitation 
will be overcome with the introduction of the 64-slice CT scanners. In our experience, thalamic, 
mesencephalic, and cerebellar lesions can be visualized if the positioning of the slices is guided 
by clinical information. Exposure to radiation prohibits repeated use of PCT and CTA. Iodinated 
contrast can occasionally be associated with allergy, hyperthyroidism, or renal failure, although 
this seems to occur rarely (30).

CONCLUSIONS

Dynamic PCT shows significant diagnostic and pronostic value in acute ischemic stroke patients 
and allows us to differentiate reversible from irreversible ischemia. This technique is rapid and 
available on most currently used spiral CT scanners. Together with CT-angiography, it adds 
valuable information that may potentially influence management. It can also be used to assess 
a wide range of patients with various cerebrovascular conditions. Its limitations are the insuffi-
cient assessment of brainstem and small lesions. Whether and how it may improve patient out-
come still needs to be evaluated in large prospective studies.
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INTRODUCTION

A major approach to acute ischemic stroke therapy consists of reversing the process through 
which threatened brain tissue supplied by the occluded vessel ultimately undergoes  infarction. 
The two main treatment modalities aiming to achieve this goal are vessel recanalization and 
neuroprotection. Significant advances made in recent years in the area of intravenous and 
intra-arterial recanalization strategies have translated into improved clinical outcomes. 
Nevertheless, it is hoped that, mainly through improved patient selection, acute stroke 
 therapy will lead to even better outcomes, less side effects, and expansion of the therapeutic 
window resulting in significantly larger numbers of patients who will benefit from this treat-
ment (1–3). Several neuroprotectant compounds have shown efficacy in animal models of 
stroke but no such drug has shown clinical efficacy in humans (4). It is widely believed, 
 however, that demonstrating clinical benefit from neuroprotectants in humans is only a 
matter of time. It is likely that benefit will be shown in the future, especially if neuropro-
tection is applied to acute stroke patients selected based on physiology rather than on time 
and when combined with recanalization strategies.

Since the publication of the The National Institute of Neurological Disorders and Stroke 
(NINDS) trial (5) showing benefit of intravenous tissue plasminogen activator (t-PA) adminis-
tered within three hours of symptoms onset, several clinical trials have unsuccessfully attempted 
to show benefit from intravenous thrombolysis beyond this time window (6–10). Similar to 
 current clinical practice, these trials based selection of patients for thrombolytic therapy on time 
from symptom onset and a noncontrasted head computed tomography (CT) showing the 
absence of hemorrhage. This approach may not be ideal, as a wide spectrum of clinical  outcomes 
is observed when thrombolytics are administered according to chronological criteria (11), 
 suggesting that the amount of salvageable brain tissue within the same time window varies 
from individual to individual. A fixed therapeutic time window in acute stroke has been ques-
tioned by several authors (2,12), and increasingly, selection of patients undergoing acute stroke 
therapy based on physiological criteria and on knowledge of the vascular occlusion site has 
been deemed more appropriate (2,13). Neuroimaging is the main tool available for assessing 
both cerebral pathophysiology and the site of vascular occlusion. The main aim of assessing 
cerebral pathophysiology is to distinguish the reversible areas of injury from irreversible 
damage, which constitutes the fundamental principle in selecting patients for acute stroke 
interventions.
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The information obtained by imaging must be sufficiently valuable to offset the possibil-
ity of increasing the area of irreversible damage during the time needed to perform the study. 
CT and magnetic resonance imaging (MRI) technologies used individually or in combination 
are the imaging modalities that are currently best suited for these purposes.

Recently published clinical trials have shown that utilization of MR-based imaging 
modalities such as mismatch between perfusion-weighted (PW) and diffusion-weighted (DW) 
MRI can help select patients for acute stroke therapies (14,15). Since the diffusion abnormality 
is presumed to represent an approximation of the irreversible ischemic lesion, the area of mis-
match between DWI and PWI is considered the territory still viable but at risk of undergoing 
infarction and corresponds theoretically to the concept of ischemic penumbra. The major short-
coming of this concept derives from the lack of quantitative data provided by MRI. It has been 
shown that the DWI lesion is not precise in distinguishing between irreversible and reversible 
ischemia (16,17). It incorporates both types of ischemia and therefore cannot be considered 
equivalent to the ischemic core. Additionally, the PWI lesion has been shown to incorporate 
both imminently threatened brain and brain that will not undergo infarction as a consequence 
of persistent vessel occlusion (18,19). Since, by definition, penumbra represents the tissue that 
will undergo infarction with continuous vessel occlusion, assessment of penumbral extent 
based on perfusion MR is not precise.

MRI is feasible in acute stroke, but in addition to the shortcomings outlined earlier, it may 
be limited by longer times needed to obtain the scan (20) and by motion artifact. MRI also 
requires a sophisticated infrastructure for its performance, which greatly limits the number of 
centers with the capability of providing around the clock services.

CT-based perfusion studies and CT angiography are believed to be at least equivalent in 
providing the type of physiological data needed to select patients for acute stroke therapy (21). 
Given that CT is more widespread and easier to obtain at most hospitals, finding parameters to 
select acute stroke patients with CT-based technology may lead to an increase in the number of 
patients eligible for acute stroke therapy.

Stable xenon gas can be used in conjunction with CT imaging to define the pathophysio-
logical constellation favorable for acute stroke intervention. Its major advantage over other 
imaging modalities is that, by virtue of the quantitative cerebral blood flow (CBF) data  provided 
by this technology, it allows an accurate assessment of brain tissue at risk (penumbra) in 
 relationship to infarcted tissue (core) in a relatively fast and cost-efficient manner. In this review, 
we will discuss the potential of the xenon-CT-CBF technology to assess ischemic penumbra and 
ischemic core in acute stroke and its value as a pathophysiology-based selection tool for acute 
stroke therapy.

ACUTE STROKE PATHOPHYSIOLOGY: THE ISCHEMIC PENUMBRA

As reviewed elsewhere in this book, of critical importance for appropriate physiology-based 
patient selection for acute stroke therapies is the accurate assessment of the relationship between 
core, penumbra, and oligemia distal to the occluded large vessel (22).

The difference in tissue outcome following arterial occlusion is based on the concept of 
CBF thresholds below which neuronal integrity and function is differentially affected (23,24), in 
a time dependent process. Several investigators (25,26) have studied the relationship between 
electroencephalography (EEG) changes and regional CBF during carotid  clamping in patients 
undergoing carotid endarterectomy. It was found that EEG would slow down if mean CBF fell 
below 23 mL/100 g/min, whereas at values below 15 mL/100 g/min, the EEG would become 
flat. In baboons, Symon et al. (27) demonstrated that brain tissue perfused between certain CBF 
values (22–28 mL/100 g/min), even with prolonged hypoperfusion, stops functioning but 
maintains its structural integrity and, most importantly, can be salvaged with reperfusion. The 
time dependence of ischemic thresholds was subsequently demonstrated (28) in primate stud-
ies, documenting that the CBF values below which brain tissue becomes infarcted are depen-
dent upon the duration of vessel occlusion. However, it is believed that gray matter is more 
susceptible to infarction than white matter and within the gray matter the basal ganglia have a 
lower ischemic tolerance than the cortex (29).



PENUMBRA AND CORE

Astrup et al. (30) proposed that the ischemic core represents the tissue that is irreversibly 
 damaged. Positron emission tomography (PET) studies in humans suggest that beyond a  certain 
time limit (probably no longer than an hour) it corresponds to CBF values of less than 
7 mL/100 mg/min (31–33) to 12 mL/100 mg/min (34,35). The ischemic penumbra represents 
the tissue that is functionally impaired but structurally intact and corresponds to a high CBF 
limit of 17 to 22 mL/100 mg/min and a low CBF limit of 7 to12 mL/100 mg/min. Evidence in 
the literature suggests that there is temporal evolution of the core, which grows at the expense 
of penumbra (35–37) (Fig. 1). However, the speed with which this process is completed varies 
from individual to individual. This may explain the great variability in outcomes observed with 
recanalization therapy for the same vascular occlusion site. Christou et al. (38) reported that in 
middle cerebral artery (MCA) occlusion treated with intravenous t-PA, even when recanaliza-
tion occurs within two hours post symptoms onset, only 50% of patients achieve excellent 
 outcomes (38). In contrast, excellent outcomes have been achieved in selected patients with 
acute stroke due to MCA occlusion revascularized with extracranial-intracranial (EC-IC) bypass 
as far out as 48 hours post symptoms onset (39). One of the proposed mechanisms for growth 
of the ischemic core is  progressive recruitment of penumbral areas into the core (36). It is known 
that the ischemic penumbra represents a dynamic phenomenon. If vessel occlusion persists, the 
penumbra may shrink due to progressive recruitment into the core. Alternatively, it may return 
to a normal state following vessel recanalization or possibly neuroprotectant interventions. 
It, thus, appears that the ischemic penumbra represents a buffer between core and oligemia, 
a transitional state between evolution into permanent ischemia as one possibility, and transfor-
mation into normal tissue as the other possibility. On the basis of a rat model of middle cerebral 
artery occlusion studied in a multimodal fashion assessing CBF, metabolism, and gene expres-
sion, Ginsberg et al. (37) concluded that the penumbra lies within a narrow range of perfusion 
and thus is  precariously dependent on small perfusion pressure changes. The penumbra, being 
the site of severe metabolism/flow dissociation, is electrophysiologically dynamic, undergoes 
recurrent  depolarizations, and is metabolically unstable.

Contrary to long-held belief, recent evidence suggests that penumbral brain tissue of 
significant extent is present beyond six hours of stroke onset in a large proportion of patients 
(31). PET studies using the tissue hypoxia marker 18F-fluoroimidosonidazole included patients 
studied within 6 to, as late as, 51 hours after stroke onset and reported the existence of penum-
bra comprising 30% to 45% of the total ischemic tissue at risk (40).

OLIGEMIA

Another compartment, termed “oligemia,” represents the mildly hypoperfused tissue from the 
normal range down to around 20 to 22 mL/100 g/min (27). It is believed that under normal cir-
cumstances this tissue is not at risk of infarction in humans (22). Although this compartment is 
known to survive in the hyperacute stage of arterial occlusion (first 6–12 hours), little is known 
about its fate if vessel occlusion persists. It is likely that this compartment is further compartmen-
talized into a more benign range (from normal CBF to 30 mL/100 g/min), which is unlikely to 
undergo infarction even with continuous vessel occlusion. This contention is supported by the 
work showing that in patients with a mean ipsilateral hemispheric CBF of 30 mL/100 g/min or 
above during balloon test occlusion (BTO) of the internal carotid artery (ICA), subsequent vessel 
sacrifice carried a very small risk of subsequent stroke (41,42). In contrast, the 20 to 30 mL/100 g/
min range may not portend a good prognosis. Marshall et al. (43) showed that the only variable 
that accurately predicted the risk of stroke after ICA sacrifice was the presence of hemispheric 
CBF under 30 mL/100 g/min on prior BTO (43). Although this compartment may not be immi-
nently threatened to undergo infarction (27), it is conceivable that ongoing vessel occlusion possi-
bly in conjunction with aggravating factors, such as fever, hyperglycemia, hypotension, acidosis, 
hypercarbia, may lead to a slow progression toward infarction. Analyzing different CBF thresh-
olds as predictors of infarction, Jovin et al. (44) found that regions of interest (ROIs) with CBF 
values of 20 mL/100 g/min on xenon-CT-CBF scans in patients with acute MCA occlusion were 
70% sensitive and 70% specific for predicting final infarction, whereas the sensitivity/specificity 
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FIGURE 1 (See color insert.) Progressive growth of core at the expense of penumbra in a primate model of acute 
middle cerebral artery (MCA) occlusion (A) Serial xenon-computed tomography (CT)-cerebral blood flow (CBF)  studies 
at four levels in the brain of a rhesus monkey. Studies were performed at baseline and at one hour interval for five 
 consecutive hours following acute MCA occlusion. Cerebral blood flow values expressed in mL/100 g brain/min are 
displayed on a color scale, with darkest colors representing the lowest CBF values and lightest colors representing the 
highest CBF values. There is a progressive decline of regional CBF in the left hemisphere. (B) Voxels corresponding to 
CBF values of 0 to 8 mL/100 g brain/min (ischemic core purple) and voxels corresponding to CBF values of 8 to 
20 mL/100 g brain/min (ischemic penumbra, blue) were separated out of the CBF map at one level in the brain and 
superimposed on the native CT scan. There is a progressive growth of core  paralleled by a progressive penumbral 
shrinkage. Abbreviations: MCA, middle  cerebral artery; CBF, cerebral blood flow.



of CBF values of 30 mL/100 g/min changed to 95% and 35%, respectively (Fig. 2). This data set 
included both patients who recanalized early and those who did not. Therefore, it is clear that 
some brain with perfusion in this CBF range will eventually undergo infarction. Establishing the 
natural history of this flow compartment in the presence of continuous vessel occlusion is an 
important task for the future that will clarify the indication and timing of revascularization ther-
apy in patients with large vessel occlusive disease who present with hemispheric CBF values in 
this range.

POTENTIAL LIMITATIONS OF PERFUSION-BASED TECHNIQUES IN ESTIMATING 
ISCHEMIC CORE AND PENUMBRA

A word of caution must be exercised when assessing core, penumbra, and oligemia with perfu-
sion-based technologies. As mentioned earlier, the fate of the hypoperfused brain distal to an 
occluded artery is dependent on two main parameters: extent of CBF impairment and duration 
of occlusion. Depending on their quantitative versus qualitative nature, various brain perfusion 
assessment technologies represent a snapshot in time that measure tissue perfusion with differ-
ent degrees of accuracy. In determining brain viability, however, the assumption is made that 
vessel occlusion is continuous, starting from the onset of patient’s symptoms and continuing up 
to the point of the perfusion study. Although this assumption may be correct in the majority of 
acute stroke patients, the dynamic phenomenon of vessel recanalization and re-occlusion has 
been described and can occur in the absence of detectable clinical change. In those (probably 
rare) circumstances, of only intermittent vessel occlusion, tissue viability based on only one 
measurement in time will be inaccurate. Figure 3 demonstrates an example of a patient at our 
institution who presented with severe clinical deficit with minor clinical fluctuations and had 
severe hemispheric hypoperfusion in the ischemic core range by xenon-CT-CBF at five hours 
postsymptoms onset. A cerebral angiogram performed immediately after the xenon-CT scan 
showed near occlusive thrombus in ipsilateral MCA. The patient was not treated with 
 recanalization therapy. A follow-up brain MRI demonstrated that large areas  perfused in the 
core range on the xenon-CT scan had actually escaped infarction. We postulate that, in this 
patient, the thrombus was only intermittently occlusive and that the CBF study was performed 
when the vessel was occluded. However, the patient recanalized spontaneously, and the hypo-
perfusion in the core range had not been of sufficient duration to result in infarction.

XENON-COMPUTED TOMOGRAPHY-CEREBRAL BLOOD FLOW TECHNIQUE

Xenon-133 has been utilized since the 1960s to calculate CBF. The initial administration was via 
intracarotid injection (45) that has since been replaced with noninvasive methods through either 
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intravenous administration (46) or stable gas inhalation (47). The latter method of administra-
tion can be used in conjunction with CT imaging, which greatly increases the resolution of this 
technique. This method requires simple calculations to account for the distribution of the inert 
gas within the brain. Several variables must be accounted for in order to obtain reliable CBF 
values. These variables are related mathematically and can be expressed via the Kety–Schmidt 
equation:

C
xebr

 
(T) = λκ ∫Cxeart

(t)e−κ(T – t)dt (1)

C
Xebr

(T) is the concentration of xenon in the brain, λ is the blood–brain partition coeffi-
cient, k is the flow rate constant, and C

Xeart
(t) is the arterial concentration of xenon and can be 

expressed by the following equation (37): 

C
Xeart

(t) = C
Xemax 

(l – e−bt). (2)

C
Xemax

 is the maximum arterial xenon concentration in mg/mL and b is the arterial uptake 
rate constant. C

Xemax 
is related to the solubility of xenon gas (S

Xe
) in blood and the percent uptake 

of the gas C(%)
max

 as follows:

C
Xemax

= C(%)
max

 (5.15) (S
Xe

)(0.01). (3)

The solubility of xenon is related to the hematocrit (Hct) as follows:

S
Xe

= 0.1 + 0.0011 (% Hct). (4)

Once these equations are solved, the Hounsfield enhancement (HE) on CT can be obtained 
in relation to the mass attenuation coefficients of water (U

p
w) and xenon (U

p
Xe).

HE = C
Xebr/(U

p
w/U

p
Xe). (5)

Two unenhanced CT images of the brain are obtained prior to administration of xenon. 
The gas is then inhaled and six xenon-enhanced images are obtained at predetermined levels. 
The unenhanced images are averaged and then subtracted from the enhanced images yielding 
a C

Xebr
 for several thousand voxels at each level studied.

This quantification method has been validated previously and has been shown to be an 
accurate technique for obtaining CBF values (48). Normal values for CBF are 80 ± 20 mL/100 g/
min in the cortical gray matter and 20 ± 2 mL/100 g/min for white matter (49). These values 
decline with advancing age, especially in patients with cerebrovascular disease (50).

FIGURE 3 An example of area with core range cerebral blood flow values that escape infarction due to intermittently 
occlusive thrombus. A 70-year-old man with left hemiparesis and neglect at four hours after onset of symptoms; 
NIHSS 12; cerebral angiogram: R middle cerebral artery thrombus. Abbreviations: MRI, magnetic resonance imaging; 
Xe-CT-CBF, xenon-computed tomography-cerebral blood flow.



Administration of xenon has few side effects and was found to be safe in a large cohort of 
patients studied at The University of Pittsburgh. The most common side effects noted were 
headaches (0.4%), nausea/vomiting (0.2%), and seizures (0.2%) based on a cohort of 1830 
patients (51).

XENON-COMPUTED TOMOGRAPHY FOR ACUTE ISCHEMIC STROKE

Due to its ability to quantify ischemia, xenon-CT-CBF has several clinical applications in acute 
ischemic stroke making it a powerful tool for guiding acute stroke treatment. Although a plain, 
noncontrasted head CT when interpreted by highly trained physicians is capable of delineating 
the extent of critical ischemia with high specificity, it lacks sensitivity. Studies have shown that 
the extent of early CT changes noted on initial CT images in the hyperacute stage correlates to 
poor outcome and increased likelihood of hemorrhage after administration of thrombolytics 
(52–54). Although plain CT imaging is rapid and timely for acute stroke, it does not accurately 
delineate the severity of tissue irreversibly compromised in relationship to the tissue at risk. This 
information is vital to deciding on patients who may benefit from acute stroke interventions. The 
average time to obtain a CT, CT angiogram (CTA), and xenon-CT in the emergency room in one 
study was 44 minutes (55). This study was conducted prior to the advent of ultrafast helical CT 
scanners. In our experience with ultrafast helical CT technology, images can be obtained and 
processed in under 30 minutes. Adding a xenon-CT-CBF study to a standard head CT protocol 
requires roughly 15 minutes (4.5 minutes for inhalation of xenon and 10 minutes for computer 
calculations) (56). Though this appears to be lengthy, it is likely shorter than MRI sequences that 
include transportation out of the ER, clearance of patients for metal objects, acquisition and 
interpretation of images, and transportation back to the ER for therapeutic intervention.

XENON-COMPUTED TOMOGRAPHY-CEREBRAL BLOOD FLOW–BASED 
ASSESSMENT OF CORE, PENUMBRA, AND OLIGEMIA AND SELECTION OF 
PATIENTS FOR ACUTE STROKE THERAPY

Clinical trials studying thrombolytic therapy for ischemic stroke have focused on chronology-
based therapy usually in heterogeneous groups of stroke patients with respect to vascular 
occlusion site (5,6,57). More recently, it has been noted that a significant proportion of patients 
with unknown time of onset (wake up strokes) do not have pathophysiological characteristics 
much different from those who present within a six-hour time window (58). When patients are 
selected for acute stroke therapy based on these pathophysiological characteristics (MRI-based 
PWI–DWI mismatch), benefit from thrombolysis has been shown within a greatly extended 
therapeutic window (14). Time-based selection of patients has been proven to be beneficial very 
early after onset of symptoms, when the majority of patients have a favorable pathophysiologi-
cal constellation and more sophisticated imaging tests may not be justified. The next step is to 
identify patients beyond this ultra-early window that may benefit from revascularization or 
neuroprotective therapies.

In a retrospective case series from our institution, Iacob et al. reported that out of 184 
consecutive patients with acute ischemic stroke, 45 patients (24%) had evidence of persistent 
large vessel occlusion (ICA, MCA, or tandem lesions). Of these 45 patients, 14 (31%) experi-
enced  significant clinical progression evidenced by an increase in their National Institutes of 
Health Stroke Scale (NIHSS) by four points, in a delayed fashion beyond 24 hours from 
 symptoms onset. The other 31 patients had a more rapid course of neurological deterioration 
without clinical fluctuation. On presentation, all patients with a delayed deterioration had 
evidence of large areas of hypoperfusion on perfusion imaging studies, far exceeding the areas 
of infarction. Clinical deterioration was paralleled by imaging evidence of stroke progression 
(347.2% increase in infarct volume at 48–96 hours compared with infarct volume 24 hours 
postadmission). This study indicates that a significant proportion of patients with large vessel 
occlusion have large penumbral areas upon presentation. Moreover, as high as one-third of 
these patients experience growth of core slowly over days rather than rapidly over hours (59). 
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These patients may be the prime targets for revascularization therapy within time frames that 
greatly exceed currently used time windows.

The value of xenon-CT-CBF in identifying these patients was demonstrated by Kilpatrick 
et al. (55) who studied 51 patients with acute ischemic stroke who underwent a CT/CTA and 
xenon-CT-CBF study on admission. This study showed that patients with occluded vessels and 
CBFs in the penumbral range were highly likely to have a new infarct on a subsequent CT scan. 
Conversely, if a patient had a patent vessel and/or normal CBF values, the likelihood of a new 
infarct on subsequent head CTs was low.

Jovin et al. (13) performed assessment of core and penumbra within time frames cur-
rently used for thrombolytic therapy in a retrospective case series of 36 patients with proven 
MCA occlusion who were studied with xenon-CT-CBF within six hours of symptoms onset. 
Twenty-three of these patients underwent intra-arterial thrombolysis, making possible an 
accurate determination of recanalization status at two hours. The cortical core and penumbra 
were assessed based on previously established perfusion thresholds using a voxel-based 
method. The methodology used for assessment of core and penumbra was as follows: CT 
images of 1 cm slice thickness were obtained along the orbito-meatal line at four levels with 
5 mm separation, the lowest level being at the level of the basal ganglia. The CBF data obtained 
were analyzed with the commercially provided software (Diversified Diagnostic Products 
Inc., Houston, Texas, U.S.A.). The analysis included all four levels and was limited to the corti-
cal MCA territory ipsilateral to the occlusion site. Contralateral cortical MCA territories were 
used as controls. Anatomical templates that are part of the xenon-CT computer software deter-
mined the outer 2 cm of the cortical MCA territory consisting of an average mix of 1:1 gray and 
white matter. The mean cortical MCA territory flow for each level was calculated and  displayed 
by the standard computer software. The overall mean MCA CBF (ipsilateral and contralateral) 
was calculated by averaging the MCA CBF from all four levels. The xenon-CT computer 
 software divided the outer 2 cm of the entire cortex on each of the four brain slices into 20 ROIs 
and computed the average CBF values for each of these ROIs. Six adjacent ROIs comprise the 
cortical MCA territory on one side and on one brain slice, such that the entire MCA territory 
on one side is composed of 24 ROIs.

Voxels of size 1 × 1 × 10 mm corresponding to a CBF range of 0 to 8 mL/100 g/min were 
separated out of each level and counted by the computer software in both the ipsilateral and the 
contralateral MCA territory. Areas of lack of flow due to prominent cortical sulci were not 
excluded from analysis. For each side, the voxels corresponding to this flow range in all four 
levels were summated to yield a value representing the total number of voxels in the 0 to 
8 mL/100 g/min range. This number was then divided by the sum of voxels corresponding to 
the entire (i.e., not separated by flow thresholds) MCA territory in the same four levels and 
expressed as percentage of ischemic core to the MCA territory. In a similar fashion, the number 
of voxels in the MCA territory corresponding to a CBF range of 8 to 20 mL/100 g/min were 
summated and divided by the total number of voxels for the MCA territory, to yield percentage 
penumbra. Voxels corresponding to CBF range greater than 20 mL/100 g/min were expressed 
as noncore/nonpenumbra (NC/NP).

To validate the voxel-based approach, percentage core, penumbra, and NC/NP for  ipsilateral 
and contralateral MCA territory were obtained by dividing the number of ROIs with a mean CBF 
of <8 mL/100 g/min, 8 to 20 mL/100 g/min, and >20 mL/100 g/min, respectively, by 24 (the 
total number of ROI corresponding to the MCA territory on each side). These values were corre-
lated to the percentages of core, penumbra, and NC/NP obtained through voxel-based analysis, 
and an excellent correlation was found, which validated the voxel-based analysis.

This study found that penumbra was present in all patients studied and was relatively 
constant in size, comprising approximately 30% of the cortical MCA territory. In contrast, the 
core was highly variable ranging from 7% to 70 % cortical MCA territory. Despite similar 
 penumbral volumes, patients with small core were more likely to have a favorable outcome 
than patients with large core. Interestingly, this applied both to patients who recanalized at two 
hours and to those who did not recanalize. It, thus, appears that whereas significant penumbral 
volumes are present in the majority of patients presenting with MCA occlusion within six hours 
from symptoms onset, patients who are unlikely to benefit from revascularization therapy are 
those with large core volumes. In those patients, the theoretical benefit derived from preventing 



penumbral volumes from undergoing infarction through revascularization is offset by the det-
rimental effect of reperfusing large areas of “dead” brain. Based on their findings, the authors 
of this study concluded that in patients with proven proximal MCA occlusion and seen within 
six hours of onset, the extent of core and not that of penumbra should primarily guide revascu-
larization therapy in patients with acute stroke. These findings are validated by several other 
studies. Hill et al. (60) reported that the ASPECT score on plain CT is correlated to response to 
intra-arterial thrombolysis in the PROACT II trial. The ASPECT score quantifies the degree of 
early ischemic changes on head CT, based on a 10-point scale (54). Since early ischemic changes 
were found to be highly correlated with regional CBF and thus the extent of core (13), the find-
ings of Hill et al. provide indirect support to the concept that the extent of ischemic core drives 
outcomes in acute stroke. Similarly, Lev et al. (61) found that in patients with acute stroke, the 
extent of diminished cerebral blood volume on perfusion studies (thought to represent 
 irreversible ischemia) determines outcome in stroke.

In agreement with studies using different imaging methods to assess contralateral CBF 
(62–64), the findings of Jovin et al. suggest that in acute MCA occlusion, CBF is frequently 
diminished in the contralateral MCA territory with significant contralateral cortical areas per-
fused at penumbra thresholds (mean MCA CBF ipsilateral vs. contralateral 17.3 mg/100 mL/
min vs. 37.4 mg/100 mL/min, P < 0.00001 and mean ipsilateral vs. contralateral % penumbra l 
flow range: 32.1% vs. 21.3%, P = 0.0002; areas with dilated cortical sulci not excluded). The rea-
sons for the observed depression in contralateral CBF (diaschisis) are poorly understood. They 
may be related to depressed metabolic demands in the contralateral hemisphere resulting in 
secondarily reduced blood flow values. Nevertheless, the implications for these findings are 
that the assessment of regional perfusion in the ipsilateral hemisphere based on the false 
assumption that contralateral CBF is normal, as is the case with most qualitative cerebral perfu-
sion assessment techniques, may be subject to inherent methodological bias and may lead to 
inaccurate assessment of cerebral perfusion.

Patients undergoing stroke intervention with large areas of ischemic core tissue are at a 
higher risk of hemorrhage and cerebral edema. Patients with mean CBFs in the ipsilateral MCA 
territory in the 9 to 13 mL/100 g/min range are at a significantly higher risk of developing 
symptomatic hemorrhage and malignant edema (65,66). In a small series of 23 patients with 
MCA occlusion who were studied with xenon-CT-CBF prior to undergoing intra-arterial throm-
bolysis, hemorrhage was significantly more common in those with a higher percentage of the 
core, whereas the extent of penumbra was not associated with the risk of intracerebral hemor-
rhage or malignant edema (13). In this series, among the 13 patients who recanalized, those 
with hemorrhage had twice the volume of ischemic core in comparison to patients without 
hemorrhage (40 ± 20% vs. 20 ± 11%, P = 0.0023). Determining the extent of core beyond which 
reperfusion becomes detrimental or futile has not been accomplished and constitutes a major 
challenge for the future of acute stroke therapy.

Appropriate selection of patients for reperfusion therapy not only implies excluding 
from treatment patients who will not benefit from recanalization due to large areas of irrevers-
ible ischemia. The other important feature is exclusion from aggressive and potentially high-
risk therapies of those patients who will have a favorable clinical outcome without interventions. 
Defining the CBF values that will have a benign natural history aids in this endeavor. Firlik et 
al. (67) showed that xenon-CT may help to predict a subgroup of patients who will show 
 neurological improvement when studied within eight hours of stroke onset. Of the 53 patients 
studied, eight (15%) improved to normal within 24 hours. The mean CBFs of these eight 
patients was 35 mL/100 g/min versus 17 mL/100 g/min in patients who continued to decline. 
Thus, patients with CBFs greater than 30 mL/100 g/min may not require interventions. 
This has been corroborated with BTO studies performed prior to sacrifice of the ICA as 
 discussed earlier.

On the basis of these data, one may hypothesize that patients with large vessel occlusion 
in the anterior circulation (MCA/ICA) should be revascularized regardless of the time from 
symptoms onset if no or little hypodensity is present on CT (ASPECTS >7) and if CBF values are 
higher than 15 mL/100 g/min (to minimize the risk of hemorrhage and edema) and lower than 
30 mL/100 g/min (CBF values higher than this portend an excellent prognosis without any 
aggressive therapies).
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CONCLUSIONS

Acute stroke therapy is rapidly evolving with emphasis placed on optimal patient selection 
based on pathophysiology rather than on time, resulting in extended time windows that allow 
treatment of an increasing number of acute stroke patients. As physiology-based imaging 
modalities are more commonly utilized for patient selection, it has become evident that rigid 
time windows are not applicable to individual patients. Xenon-CT has an important role in 
acute stroke therapeutic interventions, as it is quantitative, reproducible, and can safely be 
obtained within a relevant time window. Given its ability to accurately assess penumbra, core, 
and oligemia in patients with acute stroke due to large vessel occlusion, it can provide valuable 
physiological data that can optimize patient selection and aid in acute stroke management.
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INTRODUCTION

Misery perfusion is a pathological condition that exists in ischemic brain with reduced  cerebral 
blood flow (CBF) but a relatively preserved cerebral metabolic rate of oxygen (CMRO

2
) (1). It 

is found in patients with chronic steno-occlusive carotid or cerebral arteries (1) and in patients 
with acute ischemic stroke (2) and has been defined as an elevated cerebral oxygen extraction 
fraction (OEF) observed by positron emission tomography (PET). Ischemic penumbra was 
originally defined as an area of ischemic brain that was functionally inactive but viable (3) and 
that overlapped an area of misery perfusion. An increased OEF leads to an increased blood 
deoxyhemoglobin concentration in cerebral capillaries and veins. Deoxyhemoglobin is a 
 paramagnetic substance that can be detected by T2* signal changes during gradient echo 
 magnetic resonance (MR) imaging (4).

MAGNETIC RESONANCE IMAGING WITH GRADIENT ECHO PULSE SEQUENCES

In classic spin-echo pulse sequences (5), a 90° radiofrequency (RF) pulse is first given to  produce 
transverse magnetization and then a 180° pulse is given to reverses the direction of all transverse 
magnetization and form a signal echo. Although the directions of the magnetic dipoles have 
changed, the directions of the local magnetic inhomogeneities have not. Therefore, the trans-
verse relaxation measured in spin-echo sequences is due entirely to true T2 relaxation effects.

Gradient-echo (or field-echo) MR imaging was introduced by Frahm and coworkers in 
1985 (6). This imaging technique utilizes a reversal of the frequency-encoding gradient to 
rephase the relaxation of the transverse magnetization. The formation of a signal echo by 
 gradient reversal does not eliminate the dephasing effects of magnetic field inhomogeneities. 
Therefore, the signal decay in gradient-echo MR imaging depends on true T2 relaxation plus 
the relaxation caused by the magnetic field inhomogeneities. The transverse magnetization 
decay is represented by T2*, which is defined as follows:

1/T2* = 1/T2 + γπΔB
0
,

where γ is the gyromagnetic ratio and ΔB
0
 is the magnetic field inhomogeneity across a voxel. 

Gradient-echo MR produces larger signal changes than spin-echo MR because this technique is 
highly sensitive to both intravascular and extravascular susceptibility effects. However, changes in 
T2* are difficult to quantify because of the complexity of the ΔB

0
 component (7,8).

T2* AND DEOXYHEMOGLOBIN

Because deoxyhemoglobin is paramagnetic and oxyhemoglobin is diamagnetic, changes in 
hemoglobin oxygenation levels affect local magnetic field homogeneity. This is called the blood 



oxygenation level-dependent (BOLD) phenomenon (3). In ischemic brain tissues, the deoxyhe-
moglobin concentration is increased because of the large OEF of the arterial blood supply. The 
T2 and T2* relaxation times decrease as the deoxyhemoglobin concentration increases because 
of the increased presence of magnetic field inhomogeneities. Spin-echo MR is most sensitive to 
objects with a size of 5 to 10 μm. This scale is on the order of capillary and red blood cells. The 
spin-echo-based BOLD effect is related to the fraction of deoxyhemoglobin inside erythrocytes, 
resulting in a quantitative relationship between blood oxygenation and T2. However, the T2 
signal changes are small. In contrast, gradient-echo MR is sensitive to structures larger than 
20 μm, such as venules and veins. By comparing T2 and T2*, we can characterize the source of 
the vascular response: when T2* < T2, the signal originates predominantly from the veins; but 
when T2* = T2, the signal originates from the capillary level (8).

T2* SIGNAL REDUCTION IN AN EXPERIMENTAL MODEL FOR BRAIN ISCHEMIA 

In several experimental studies, T2*-sensitive MR imaging showed a rapid reduction in signal 
intensity in ischemic brain. De Crespigny et al. (9) used a 2 T MR scanner and demonstrated a 
rapid loss of the T2* signal from ischemic brain after inflating a balloon to occlude the middle 
cerebral artery in cats. On reperfusion after 2.5 minutes of occlusion, an immediate T2* signal 
intensity overshoot was observed, possibly representing an increase in the delivery of oxygen-
ated blood. These observations indicate that gradient-echo MR can detect luxury perfusion after 
reperfusion in ischemic brain tissues. Roussel et al. (10) studied the T2* signal intensity in  relation 
to water diffusion abnormalities in ischemic rat brains using a 2.35 T scanner. Upon occlusion, 
the intensity of the T2* signal decreased beyond that of the diffusion abnormality. In the core area 
of the abnormal diffusion, the intensity of the T2* signal returned toward its baseline level after 
one to two hours of occlusion; however, it remained depressed in the surrounding area. 
Dijkhuizen et al. (11) performed gradient-echo MR using a 4.5 T scanner in rats subjected to a 
60-second period of anoxia. Anoxia reduced the intensity of the T2* signal because of the inflow 
of deoxygenated blood. Their study demonstrated that the balance between deoxyhemoglobin 
and oxyhemoglobin can be sensitively detected using gradient-echo MR.

T2* SIGNAL REDUCTION IN ISCHEMIC STROKE PATIENTS

Experimental studies using gradient-echo MR at a magnetic field strength of 2 T or more have 
indicated that the T2* signal change is a potential alternative marker for detecting misery perfu-
sion. Although PET techniques using 15O

2
, H

2
15O, or C15O have been used to detect misery per-

fusion in ischemic stroke patients, these methods are not feasible in clinical settings. The 
detection of misery perfusion using gradient-echo MR combined with perfusion and diffusion 
MR is very promising for the diagnosis and treatment of stroke patients.

Tamura et al. (12) studied T2* signal changes during gradient-echo echo-planar MR in 
patients with acute ischemic stroke. They performed dynamic susceptibility contrast-
enhanced MR (DSC-MR) within four hours of onset in six patients with unilateral cerebral 
artery  occlusions. T2*-weighted images taken before the arrival of the contrast medium 
showed hypointense areas in the territory of the occluded cerebral arteries. Brain lesions 
with these hypointense T2* signals became infarcted in five of the six patients. One patient 
showed a hypointense T2* signal in the territory of an occluded region of the left middle 
 cerebral artery at 1.7 hours of onset. An MR examination performed on day 3 of hospitaliza-
tion showed the recanalization of the occluded artery and a normal T2* signal. No signs of 
infarction were found in this patient. Therefore, T2* hypointensities may be reversible if per-
fusion is restored within a certain time period. DSC-MR signals observed before the arrival 
of the contrast medium in the brain may be valuable for identifying areas of misery  perfusion 
that could be previously detected using only PET. Figure 1A shows a precontrast DSC-MR 
image taken in a patient with an acute embolic occlusion of the left middle cerebral artery 
(1.7 hours after onset). Compared with the right hemisphere, the reduction in the intensity 
of the T2* signal is evident (indicated by the arrow). This lesion progressed to a complete 
 infarction (Fig. 1B).

220 Hatazawa and Shimosegawa



Hypointensities appearing on gradient-echo MR images should be further analyzed with 
regard to the mismatch between perfusion and diffusion in combined MR studies. The 
 magnitude of the T2* signal change is relative and is not yet usable as a quantifiable index of 
oxygen extraction. The relevance of T2* signal changes should be further examined and 
 compared with the results of PET studies.
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FIGURE 1 T2*MR image (A) 1.5 hours after onset and follow-up T2 weighted image (B) 3 days after onset in patient 
with an acute embolic occlusion of the left middle cerebral artery.
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INTRODUCTION

Extensive efforts have been devoted to develop means to better identify those stroke patients 
with a salvageable “ischemic penumbra” beyond the three-hour window that may benefit 
from tissue plasminogen activator (tPA) therapy. This chapter focuses on advances in mag-
netic resonance imaging (MRI) that may assist in delineating the penumbra that is amenable 
to therapeutic interventions including thrombolytic therapy with tPA, particularly some of 
the recently  proposed MR approaches for delineating tissue viability based on measurement 
of cerebral blood flow (CBF), oxygen extraction fraction (OEF), and cerebral metabolic rate of 
oxygen utilization (CMRO

2
).

BACKGROUND

One of the major advantages associated with positron emission tomography (PET) is its ability 
to obtain quantitative measures of physiological parameters that are highly relevant to isch-
emia-induced alterations of cerebral hemodynamics. Therefore, PET could potentially be one of 
the most powerful means to determine tissue viability; it is capable of measuring CBF, OEF, and 
more importantly cerebral metabolic rate of oxygen utilization (CMRO

2
). For instance, in 

sequential PET measurements performed during middle cerebral artery occlusion (MCAO) 
(two hours) and 12 to 24 hours of reperfusion in a primate model, Frykholm et al. (1) reported 
an elevation in OEF accompanied by a reduction in CBF during the acute phase, followed by a 
return of OEF to baseline values if blood flow was not restored. In contrast, CMRO

2 
exhibited a 

more stable  pattern and demonstrated a time-course consistent with a shrinking penumbra. 
Similar results were also observed by Giffard et al. (2) who demonstrated that a prolonged 
MCA occlusion (20 hours) in primates resulted in the previously shown biphasic reponse of OEF. 
Giffard et al. (2) further demonstrated that CMRO

2
 remained stable in regions that did not prog-

ress to  infarction, whereas a reduction in CMRO
2
 was observed in regions evolving to infarc-

tion. Their findings underscore the potential utility of CMRO
2
 as a biomarker for delineating 

infarct from viable  tissues (i.e., penumbra).
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Given the evidence mentioned earlier demonstrating that a severe decline in CMRO
2
 may 

be indicative of irreversible injury, several groups have since attempted to determine a CMRO
2
 

threshold that accurately delineates infarction from viable tissues (1,3–7). With the exception of 
our study (7), all of the studies to date have employed PET to determine CMRO

2
 threshold for 

irreversible ischemic injury. Frykholm et al. (1) reported that ischemic penumbra exhibited 
OEF > 125% and CMRO

2
 > 45%, whereas ischemic core demonstrated CMRO

2
 < 45% of that in 

the contralateral hemisphere. Similarly, using a model of transient MCA occlusion in anesthe-
tized baboons, Touzani et al. (4) concluded that when CMRO

2
 fell below 40% of that of the 

 contralateral hemisphere in the acute setting, the tissue eventually became infarcted. In a human 
study, Powers et al. (3) employed PET for regional measurements of CBF and CMRO

2 
in 50 

patients with varying degrees of cerebral ischemia and established a minimum CMRO
2
 of 

1.3 mL/100 g/min for maintaining brain viability, corresponding to 37% to 39% of the normal 
values (3.29–3.45 mL/100 g/min) (8).

Although PET is perhaps one of the most appropriate imaging approaches for delineating 
tissue viability under ischemic conditions, three major shortcomings associated with PET have 
substantially reduced its potential clinical utility, particularly in the acute setting. First, it is 
invasive—the required arterial line to obtain quantitative measures may make it difficult for 
patients who are candidates for tPA treatment. Second, the required onsite cyclotron further 
imposes limitations on the availability of PET to only a few major medical centers. Finally, an 
extensive effort will be needed to ensure the continued operation of a cyclotron 24 hours a day 
and seven days a week. Therefore, imaging approaches capable of providing physiological 
measures similar to PET, particularly CMRO

2
, are greatly needed. We will specifically address 

the potential possibility of using a novel MRI approach for obtaining measures of CMRO
2 

in 
vivo in the following section.

MAGNETIC RESONANCE-MEASURED CEREBRAL BLOOD FLOW, 
OXYGEN EXTRACTION FRACTION, AND CEREBRAL METABOLIC 
RATE OF OXYGEN UTILIZATION

In light of the limitations associated with PET and the potential confounds associated with MR 
diffusion-weighted imaging (DWI)/perfusion-weighted imaging (PWI) mismatch in delineat-
ing irreversibly injured from viable tissue (see elsewhere in this volume), alternative approaches 
are highly needed. Towards this end, we have recently developed an MRI approach capable of 
deriving a parameter that can potentially reveal similar physiological information as that of 
PET CMRO

2
. We will refer to this MR measured physiological parameter as MR cerebral oxygen 

metabolism index (MR–COMI) hereafter (9–13). The MRI approach to obtain in vivo measures 
of MR–COMI, the validation studies of this newly developed method, and its potential clinical 
applications are detailed in the next section.

Magnetic Resonance–Measured Cerebral Blood Flow

In order to obtain measures of MR–COMI, two physiological parameters are needed, namely 
CBF and MR-derived cerebral OEF (MR–OEF). We will first discuss how CBF can be obtained, 
followed by the estimates of MR–OEF.

Several methods are readily available for measuring CBF using MR perfusion techniques 
(14–17), including the dynamic susceptibility contrast (DSC)(14) and arterial spin labeling (ASL) 
(15–17) methods. The former requires the injection of a contrast agent, whereas the latter is 
 noninvasive. Since errors in the measures of CBF will propagate to the final calculation of 
MR–COMI, it is imperative to ensure that the estimates of CBF are as accurate as possible. In 
our studies, we have used the DSC approach since this method is more widely used clinically, 
for studies of acute stroke patients.

In order to minimize the effects of recirculation, fitting the concentration time curves to a 
gamma-variate function (18) has been widely employed. Although this approach has been 
shown to be effective, it, however, has major limitations, namely the success of this approach 
hinges largely on the extent to which MR signal is altered in the presence of a contrast agent and 
on a temporal separation between the first and subsequent passages of the contrast agent. 
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When normal and young volunteers are studied, these two requirements are easily fulfilled, 
making it straightforward to separate the first passage from the recirculation. In contrast, sub-
stantially broadened concentration curves with a reduced signal change may be present in 
patients with cardiovascular and/or cerebrovascular diseases. Under such condition, it can be 
challenging to effectively minimize recirculation. The temporal separation between the first 
passage and the recirculation is no longer valid where hypoperfusion occurs. We have devel-
oped an approach based on the independent component analysis (ICA) to minimize the effects 
of recirculation (19). ICA has been widely used to determine the underlying independent signal 
sources from observed data with minimal knowledge of the sources (20–25). A comparison of 
CBF obtained using the gamma-variate fitting (Fig. 1A) and the ICA approach (Fig. 1B) in an 
acute stroke patient is show in Figure 1. While similar CBF is obtained in the putative normal 
hemisphere between the two approaches, CBF is higher using ICA when compared with that 
obtained using gamma-variate fitting, underscoring the importance of minimizing the effects of 
recirculation in the calculation of CBF.

Measurement of Cerebral Oxygen Extraction Fraction Using 
Magnetic Resonance Imaging

With the advent of fast imaging techniques and the improved understanding of the biophysi-
cal basis of blood-oxygen level dependent (BOLD) contrast mechanisms (26–29), MRI now has 
the potential for use in studying the pathophysiology of disordered brain-oxygen metabolism. 
Specifically, it has been demonstrated that when the concentration of deoxyhemoglobin is 
increased, a decrease in T2 and T2* is anticipated, resulting in a decrease in MR signal intensity 
in both T2- and T2*-weighted images, and vice versa. With animal models, many investigators 
demonstrated that BOLD effects can be utilized to monitor the changes of oxygen saturation 
in vivo under pathophysiological conditions such as hypoxia (14,30–35), hyper- and hypocap-
nia (31,36,37), hemodilution (38), and ischemia (39,40). Figure 2 demonstrates how MR signal 
behaves under both experimental hypercapnia and hypoxia, respectively. The images shown 
in Figure 2 were acquired from a rat using a T2*-weighted sequence, which is highly sensitive 
to changes in deoxyhemoglobin concentration. Figure 2A shows the T2*-weighted image 
acquired under the baseline condition. With hypercapnia (Fig. 2B), an increase in CBF with 
concurrent vasodilation is anticipated, resulting in a reduction in OEF, which in turn leads to 
a decrease in deoxyhemoglobin concentration and an increase in MR signal (Fig. 2B). Note that 
the visibility of the venous vessels is markedly diminished. In contrast, under the hypoxic 
condition, the increased OEF leads to an increase in deoxyhemoglobin concentration. As a 
result, a reduction in MR signal is observed (Fig. 2C). Together, these results demonstrate that 
the MR BOLD contrast approach could be used to provide insights into alterations of blood 
oxygenation in vivo.

FIGURE 1 A comparison of cerebral blood flow maps obtained using the gamma-variate fitting (A) and the indepen-
dent component analysis (B) approaches for minimizing the effects of recirculation is shown.
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However, all of these studies only focused on relative measurements of cerebral blood 
oxygen saturation and little attention was given to quantitative aspects of BOLD effects. 
Recently, extensive efforts have been devoted to developing approaches for obtaining quantita-
tive measures of BOLD effects, including experimental (41–43) and theoretical (44–48) methods. 
Among these approaches, the signal model proposed by Yablonskiy and Haacke (46) focused 
on deoxyhemoglobin-induced signal loss outside of the intravascular space, which could poten-
tially be detected with a gradient-echo imaging approach. In this chapter, we will focus our 
 discussion on the signal model proposed by Yablonskiy and Haacke (46).

Assuming blood vessels form an interconnecting network of long cylinders with random 
orientations, Yablonskiy and Haacke (46) indicated that a relation between R2′ and cerebral 
blood oxygenation can be derived as

R cHct Ya Yv B2
4

3
0 0’ ( )= ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ − ⋅λ γ π χΔ

where λ is the fractional blood volume containing deoxyhemoglobin or venous cerebral blood 
volume (vCBV) in our case. Therefore, λ and vCBV are interchangeable hereafter. γ is the 
 gyromagnetic ratio, cHct is the fractional cerebral hematocrit, B

0
 is the main magnetic field 

strength, Y
a
 and Y

v
 are the arterial and venous oxygen saturation, respectively, and Δχ

0
 is the 

susceptibility difference between the fully oxygenated and the fully deoxygenated blood which 
has been measured to be 0.18 ppm/Hct in cgs units (47). If one can experimentally determine 
R2′ and vCBV, a measure of MR-based cerebral oxygen extraction (MR–OEF) defined as 
MR–OEF = Y

a
−Y

v
 (or 1−Y

v
 when the arterial blood is fully oxygenated) can be obtained.

Magnetic Resonance-Based Venous Cerebral Blood Volume and Magnetic 
Resonance-Based Cerebral Oxygen Extraction

With the understanding of the putative underlying biophysical mechanisms associated with 
BOLD effects, we have developed imaging methods to acquire images that can be subsequently 
processed using the theoretical model proposed by Yablonskiy and Haacke (46) for obtaining 
MR-based vCBV and MR–OEF. More detailed descriptions of the imaging approaches can be 
found in Refs. (10–13), and here we will provide results on our ability of obtaining in vivo 
 measures of vCBV and MR–OEF, respectively.

Measures of Venous Cerebral Blood Volume
In order to determine whether or not the experimentally measured vCBV using the newly 
developed approach behaves in accordance with known physiological responses, hypercapnia 
was induced in rats. Since the effects of hypercapnia on vCBV are largely unknown due to the 
lack of approaches for obtaining measures of vCBV, we have modified the experimental proto-
col by acquiring images after injecting an iron-based contrast agent, AMI227. In so doing, the 
susceptibility caused by the presence of AMI227 will be much larger than that induced by 
deoxyhemoglobin and will uniformly affect both arterial and venous blood pools. In other 
words, the measured blood volume will no longer be vCBV but the conventional CBV, allowing 
for a direct comparison of the results obtained using the newly developed approach to that 
obtained using established approaches such as the steady state and DSC. In this study, the 
steady-state approach was employed to serve this purpose.

FIGURE 2 Magnetic resonance signal behaviors under baseline condition (A), hypercapnia (B), and hypoxia (C).
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Each rat was placed under three different PaCO
2
 levels, including normal condition 

(PaCO
2
 = 36.4 ± 4.96 mmHg), mild (45.6 ± 6.32 mmHg), and moderate hypercapnia (54.0 ± 

4.88 mmHg). CO
2
-induced increase in CBV was observed in all rats using both the proposed 

and the steady-state approaches. A highly linear relation (r = 0.87) was observed between CBV 
and PaCO

2
 (Fig. 3A) using the steady-state approach, consistent with our previous findings. In 

addition, a linear relation (r = 0.83) is also observed between the CBV obtained using the newly 
developed approach and that from the steady state (Fig. 3B). Together, these findings suggest 
that the  proposed method is capable of providing measures of CBV that are consistent with the 
anticipated physiological alteration during hypercapnia, in agreement with the well-established 
steady-state approach.

Similar studies were also conducted in normal subjects with the exception that no contrast 
agent was given. Under these circumstances, vCBV in normal subjects under experimental hyper-
capnia can be determined. Human subjects underwent experimental hypercapnia and images 
were acquired during normo- (room air) and hypercapnia (97% O

2
 and 3% CO

2
). A representative 

result from a human subject is shown in Figure 4 during normocapnia (Fig. 4A) and hypercapnia 
(Fig. 4B), demonstrating an increase in vCBV during hypercapnia. Quantitative measures of vCBV 
in gray and white matter revealed that the mean vCBV in white matter increased from 3.34 ± 0.46% 
to 3.82 ± 0.83%, whereas in gray matter, it increased from 4.16 ± 0.47% to 4.80 ± 0.56% during tran-
sition from normocapnia to hypercapnia. These results suggest two important findings. First, 
cerebral veins also dilate in response to hypercapnia, similar to the total CBV. Second, the newly 
developed approach is capable of obtaining vCBV in human  subjects, which may offer a new tool 
to assess alteration of vCBV in patients with cerebrovascular diseases.
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FIGURE 3 A linear relationship between magnetic resonance-measured cerebral blood volume (CBV) and PaCO2 is 
shown (A) consistent with the expected physiological behavior. In addition, a highly linear relationship is also obtained 
between the new approach of obtaining CBV and a commonly used steady-state approach (B). Abbreviations: CBV, 
 cerebral blood volume; SS, steady state.

FIGURE 4 Venous cerebral blood volume (vCBV) maps obtained from a normal volunteer under normo- (A) and hyper-
capnic (B) conditions are shown, demonstrating an increased vCBV during hypercapnia when compared with that during 
normocapnia.
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Finally, with the ability of measuring vCBV in vivo, we have further investigated the ratio 
of vCBV to total CBV (tCBV) in human subjects (49). This was done by acquiring two sets of 
CBV images using the newly developed approach. The two sets of images were identical with 
the exception that one was acquired prior to and the other was acquired after the injection of an 
MR contrast agent. Therefore, the images acquired prior to the injection of a contrast agent pro-
vide estimates of vCBV, whereas the images obtained after the injection of contrast allow 
 estimates of tCBV. Representative vCBV and tCBV maps from a normal volunteer is shown in 
Figure 5A and B, respectively. The quantitative analysis revealed vCBV and tCBV to be 
2.46 ± 0.28% and 3.20 ± 0.41%, respectively, which in turn provided a vCBV/tCBV ratio of 
0.77 ± 0.04, in excellent agreement with results reported in the literature.

Measures of Magnetic Resonance–Based Cerebral Oxygen Extraction
Representative cerebral venous blood oxygenation (Y

v
) maps (MR–OEF = Y

a
−Y

v 
, where Y

a
 is 

the arterial blood oxygenation) from one rat undergoing control, mild hypoxia and control, 
severe hypoxia and another rat undergoing hypercapnia are shown in Figure 6, demonstrating 
the high-quality MR Y

v
 maps as well as its ability to discern changes of Y

v
 in response to experi-

mental conditions. Consistent with the anticipated cerebral hemodynamic responses to hypoxia 
and hypercapnia, a mild reduction and severe reduction in Y

v
 were observed under the two 

hypoxic conditions, respectively, whereas an increase in Y
v
 was observed during hypercapnia. 

In addition, the Y
v
 is similar between the two control states, demonstrating the stability of the 

proposed approaches.
Similar studies were also carried out on normal volunteers. MR images were acquired 

during both normocapnia (medical air) and hypercapnia (97% O
2
 and 3% CO

2
). A representative 

example from a subject is shown in Figure 7 during normocapnia (Fig. 7A) and hypercapnia 
(Fig. 7B), respectively. The image acquired during hypercapnia showed a substantial reduction 
in OEF, consistent with the expected physiological response. Quantitative measures of OEF for 
both gray matter and white matter during normocapnia and hypercapnia are shown in Figure 
7C, demonstrating a consistent and significant reduction (P < 0.01) in OEF during hypercapnia 
for both gray and white matter. These results again demonstrate that the newly developed 
approach is capable of providing measures of OEF under experimental conditions and the results 
are consistent with that reported in the literature using other modalities.

Finally, the effects of magnetic field strengths are also investigated. This is of critical 
importance since the sensitivity to susceptibility effects depends on the field strength with a 

FIGURE 5 Magnetic resonance 
measured venous cerebral blood 
volume (vCBV) (A) and total CBV 
(B) from a normal volunteer.

FIGURE 6 Magnetic resonance venous cerebral blood oxygenation under different experimental conditions, including 
hypoxia and hypercapnia. The grayscale bar represents the blood oxygenation.
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higher magnetic field having a greater sensitivity to susceptibility effects. We have imaged sub-
jects at 1.5 T (n = 12) and 3 T (n = 5), respectively. Both OEF and vCBV were obtained from all 
subjects and a region-of-interest (ROI) analysis was employed to obtain measures of OEF and 
vCBV. Both the OEF and vCBV are essentially identical between the two field strengths. Two 
conclusions can be drawn based on these findings. First, although the sensitivity to susceptibil-
ity effects depends on the static magnetic field, similar results for OEF and vCBV are obtained 
across the two field strengths (1.5 and 3 T). Second and most importantly, a normal OEF on the 
order of 45% is obtained using the newly developed approach, in excellent agreement with that 
reported by many investigators using PET. These results suggest that the newly developed 
approach can provide an accurate measure of OEF in vivo.

Magnetic Resonance Measured Cerebral Oxygen Metabolism

With the ability of obtaining CBF and MR-OEF using MRI, it is now possible to obtain in vivo 
MR-COMI, which is defined as the product of CBF and MR-OEF. Although we have defined 
MR-COMI based on the notion of PET CMRO

2
, it must be noted that there are several funda-

mental differences between the derivation of MR-COMI and PET CMRO
2
. First, the implications 

of the values between the two may be different. MR-COMI gives a value, which is the theoretical 
volume of blood from which 100% of oxygen can be extracted (i.e., oxygen clearance), whereas 
PET CMRO

2
 gives an absolute value of oxygen extracted from a given volume of blood. 

Therefore, the values between the two may be related but could be different. Second, the defini-
tion of MR-COMI is slightly different from that of PET CMRO

2
. The PET CMRO

2
 is defined as 

the product of CBF, OEF, and arterial oxygen content (CaO
2
), whereas CaO

2
 is not included for 

MR-COMI. Nevertheless, this is a minor difference and can be easily incorporated into 
MR-COMI, although we anticipate that CaO

2
 should remain rather stable. Finally, PET CMRO

2
 

is typically obtained using a brief inhalation of 15O (50), whereas MR-COMI, as mentioned 
 previously, is the product of CBF and the extent of cerebral blood desaturation on each pass 
through the brain. Despite these differences, the physiological information derived from the 
two modalities should be similar.

MR-COMI was measured from five healthy volunteers. Both quantitative estimates of 
OEF and CBF were obtained, allowing for the calculation of MR-COMI. A representative 

FIGURE 7 Oxygen extraction fraction (OEF) 
maps during normo- (A) and hypercapnia 
(B) are shown. Quantitative measures of 
OEF in gray and white matter under  
normo- and hypercapnia are shown in (C). 
Abbreviations: OEF, oxygen extraction frac-
tion; GM, gray matter; WM, white matter.
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 example for CBF, OEF, and MR-COMI maps is shown in Figure 8A to C, respectively. As anti-
cipated, a clear demarcation between gray and white matter MR-COMI is seen, in good 
 agreement with the results reported in the literature. More importantly, an MR-COMI of 28.94 ± 
3.26 mL/min/100 g and 12.57 ± 3.11 mL/min/100 g was obtained for both the gray and white 
matter, respectively, suggesting that the gray matter utilizes more oxygen than white matter 
under normal physiological conditions. These results yield a gray matter to white matter 
MR-COMI ratioof 2.37 ± 0.37, which is comparable to the reported values in the literature.

Applications of Magnetic Resonance Measured Cerebral Metabolic Oxygen Index

In this section, we will provide preliminary evidence on how MR-COMI can potentially be used 
to depict temporal alteration of cerebral oxygen metabolism during cerebral ischemia in both 
rats and acute stroke patients.

Rats underwent 90 minutes MCAO. MR-OEF and DWI were obtained every 15 minutes 
throughout the entire MCAO episode. CBF was obtained at 90 minutes post-MCAO using the 
DSC approach. Since an intraluminal suture MCAO was used in this study, CBF should remain 
stable for the entire 90 minutes imaging session. Immediately after the imaging session, the 
suture was withdrawn from the MCA to restore CBF for reperfusion. A T2-weighted sequence 
was used to acquire images 24 hours after MCAO. Representative examples from three rats 
[rows (A)–(C)]with different degrees of ischemic injuries are shown in Figure 9. Temporal evo-
lution of MR-COMI, CBF at 90 minute, and T2-weighted images at 24 hours are shown for each 
rat. Using the size of the T2 lesion as an index for ischemic severity, the severity progressively 
decreases from rows (A) to (C). In row (A), MR-COMI is markedly reduced immediately after 
MCAO and throughout the entire ischemic duration, suggesting that the brain tissue is severely 

FIGURE 8 Magnetic resonance-measured cerebral blood flow, oxygen extraction fraction, and cerebral oxygen 
 metabolism index from a normal volunteer are shown. Abbreviations: CBF, cerebral blood flow; COMI, cerebral oxygen 
metabolism index; OEF, oxygen extraction fraction.

FIGURE 9 (See color insert.) Temporal and spatial evolution of cerebral metabolic ratio of oxygen maps from three 
rats (rows A–C) with different degrees of ischemic injury are shown. In addition, the cerebral blood flow and 
T2-weighted images obtained at 90 minutes and 24 hours after middle cerebral artery occlusion are also provided, 
respectively. Abbreviations: CBF, cerebral blood flow; CMRO2, cerebral metabolic ratio of oxygen.
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injured immediately after MCAO onset. The region with a substantial reduction of MR-COMI 
observed at 75 minutes after MCAO is similar to the final T2 lesion (24 hours). In contrast, 
although a large region of mild MR-COMI reduction is observed in row (B), only a small region 
with a severe reduction of MR-COMI is observed immediately after MCAO (arrow) and this 
region continues to evolve as a function time (arrow). The temporal characteristics of MR-COMI 
in row (C) are similar to that in row (B); the region with severely diminished MR-COMI is 
 initially small and continues to evolve as a function of time. Nevertheless, the final T2 lesion is 
much smaller when compared with that in rows (A) and (B), demonstrating the spatial sensi-
tivity of the proposed method.

FIGURE 10 Magnetic resonance cere-
bral oxygen metabolism index, apparent 
diffusion coefficient, mean transit time, 
and final T2 are shown for seven acute 
stroke patients. Abbreviations: ADC, 
apparent diffusion coefficient; MR-COMI, 
magnetic resonance cerebral oxygen 
metabolism index; MTT, mean transit 
time.
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The potential clinical utility of MR-COMI was also evaluated in seven stroke patients at 
4.5 ± 0.9 hours (tp1), three to five days (tp2), and one to three months (tp3) after symptom onset 
(7). DWI, CBF, OEF, and CMRO

2
 were obtained from each patient at both tp1 and tp2, whereas 

only T2-weighted images were obtained at tp3. Figure 10 shows the CMRO
2
, apparent diffusion 

coefficient (ADC), and mean transit time (MTT) maps of all seven patients, obtained at tp1 
(within six hours of stroke onset). Also shown is the coregistered T2-weighted image obtained 
at the final tp3 (patient 7 expired prior to tp2). Superimposed on the tp1 MR-CMRO

2
 map are 

the tp3 T2 lesion area (white, outlining the final infarct) and the tp1 MTT-defined lesion area 
(red, outlining the “area at risk”). Five of the seven patients exhibited substantial DWI/PWI 
mismatched defects at tp1, whereas the remaining two patients (patients 5 and 7) had matched 
DWI/PWI regions (mismatch within 5 cc). Brain regions with very low CMRO

2
 (indicated by 

the dark contours) fell within the areas of final infarct, suggesting that a threshold for irrevers-
ible injury may be measurable and predictive of final infarct using this technique. An example 
of the temporal evolution of the CMRO

2
 map obtained from one patient (patient 5) is shown in 

Figure 11. The ADC and MTT-defined lesion volumes for this patient were 11.35 and 14.76 cc, 
respectively, and represented matched defects suggesting the absence of viable brain tissue in 
the ischemic region. However, the CMRO

2
 image (Fig. 11A) revealed a much smaller region 

with substantial reduction in CMRO
2
 and a larger surrounding area of progressively increasing 

CMRO
2
. The low CMRO

2
 at the frontal region in Figure 11A (arrow) is caused by the susceptibil-

ity effects in the CBF maps derived from dynamic contrast studies. Matched DWI/PWI lesions 
persisted at tp2, whereas the lesion volume defined by MR-CMRO

2
 (Fig. 11B) was substantially 

larger than that seen at tp1. Finally, the MR-CMRO
2
-defined lesion volume at tp2 matched the 

final lesion volume defined by the T2-weighted image (Fig. 11C) obtained at week 4.
An aggregate analysis of all patients at tp1 revealed that CMRO

2
 measured in final infarct 

regions (defined by tp3 T2 lesions) was 0.40 ± 0.24 of the contralateral region. The brain region 
“at risk for infarction,” defined by the mismatched tp1 MTT-defined lesion subtracting the final 
infarct area revealed an MR-CMRO

2
 value 0.55 ± 0.11 of the respective regions in the contralat-

eral hemisphere. The progressive increase in CMRO
2
 values from infarct core to salvaged brain 

tissue suggests that a threshold value may distinguish reversibly injured tissue from tissue in 
an advanced state of injury destined to evolve to infarction if reperfusion does not occur. The 
value of 40% of CMRO

2 
defining acutely irreversibly damaged tissue is in good agreement with 

the results reported in previous PET studies (1,3,4).

CONCLUSION

Noninvasive approaches to provide direct insights into tissue viability have been extensively 
pursued by a number of investigators using different imaging modalities. Although new 
approaches are emerging, definitive solutions remain to be established. In this chapter, we 
 demonstrated the potential to detect tissue viability based on an MR-derived physiological 
parameters that provide physiological parameters that are comparable to those obtained using 
PET CMRO

2
. While results are encouraging, systematic validation in animals and stroke patients 

with adequate sample sizes are needed to establish the validity of the MRI approaches.

FIGURE 11 Magnetic resonance cerebral oxygen metabolic index maps obtained at six hours (A) and three days 
(B) and final lesion (C) from patient 5 shown in Figure 10 are shown.
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INTRODUCTION

Although ischemic penumbra can be operationally defined in many ways, the earliest defini-
tions considered thresholds in the reduction of cerebral blood flow (CBF) in the ischemic core 
and surrounding regions (1). While the ischemic penumbra can now be defined by cellular and 
molecular events, hypoperfusion remains the proximate cause of cerebral ischemia and a 
critical physiological parameter in its mechanism. The concept of ischemic thresholds is also 
universally recognized to have a temporal component—shorter the durations of reversibility 
occurring in regions, greater the reductions in CBF (2). Accordingly, serial measurements of 
CBF are ideally required to fully characterize the relationships between CBF and ischemic 
 outcomes, both clinically and in experimental models.

Arterial spin-labeled (ASL) perfusion MRI provides a completely noninvasive method 
for quantification of CBF, using magnetically labeled arterial blood water as an endogenous 
and nominally diffusible flow tracer (3). It is conceptually analogous to the CBF measure-
ments made with 15O-H

2
O and positron emission tomography (PET) scanning, except that no 

exogenous or radioactive tracer is required. Instead, radiofrequency (RF) excitation is used to 
alter the magnetization of arterial blood water proximal to the tissue of interest; for CBF, 
 arterial blood water is typically labeled at the base of the brain or in the neck. Another major 
difference is that 15O decays with a half-life of two minutes, whereas ASL blood water decays 
with T1, which is on the order of one to two seconds, depending on the field strength and 
tissue type. ASL perfusion MRI measurements can, therefore, be made quickly, and rapid 
changes in CBF can be followed. Although ASL only produces an approximately 1% change 
in magnetization of the brain, this effect can be reliably measured using modern imaging 
equipment. 

Because ASL is completely noninvasive and the ASL “tracer” is extremely short-lived, it 
can also be repeated indefinitely. This is a unique difference from other methods for CBF 
imaging, where repeatability is limited by either radiation dose limits in radionuclide  methods 
or accumulation of the tracer for vascular contrast methods such as dynamic susceptibility 
contrast (DSC) based perfusion MRI. ASL perfusion MRI is also directly quantifiable in clas-
sical units of tissue perfusion (mL/g/min) with measurements, knowledge, or assumptions 
about the labeling efficiency, arterial transit time from the labeling location to the tissue of 
interest, and T1 relaxation rates in blood and tissue. Modifications of ASL imaging sequences 
also allow an arterial transit time to be calculated (4). This measure may have physiological 
significance independent of CBF, potentially indicating the recruitment of collateral flow 
pathways.

The earliest models for quantifying CBF, based on ASL data, used a modification of the 
Block equations for longitudinal magnetization with added terms for the delivery of labeled 
spins by CBF and their removal by venous outflow (3). A well-mixed compartment was also 
assumed, allowing the venous concentration of label to be replaced with the brain concentra-
tion adjusted by the blood:brain partition coefficient for water following the Kety–Schmitt 
model. Subsequent models for quantifying CBF have also considered an arterial blood water 
compartment (5) and finite permeability of water (6).



ARTERIAL SPIN LABELING METHODOLOGY

Several approaches exist for carrying out ASL. They fall into two main categories: pulsed ASL 
(PASL), which uses a spatially localized RF excitation to saturate or invert the arterial magneti-
zation with respect to the tissue magnetization (7–9,10), and continuous ASL (CASL) (11), which 
uses a velocity-driven adiabatic excitation (12) to invert spins flowing through a designated 
labeling plane (Fig. 1). In the theoretical limit, CASL methods provide over two-fold greater 
labeling than PASL methods, though in practice the relative improvement tends to be some-
what less (9,10). Several methods for selective labeling of individual arteries have also been 
developed. Some are based on the use of separate small RF coils (13,14), whereas others rely on 
gradient-based localization (15–17). The ability to selectively label individual arteries is unique 
to ASL among noninvasive CBF imaging techniques.

ASL was initially reported in the early 1990s for single slices, and CBF measurements 
were validated against other approaches including flowmeter (18), microspheres (19), hydro-
gen clearance (20), autoradiographic methods (21), and 15O-PET CBF (22,23,24). However, 
 several key methodological advances have greatly improved the utility of ASL perfusion MRI. 
The introduction of a postlabeling delay (5) to allow labeled blood–water to move from the 
 arterial circulation into the microcirculation and tissue greatly reduced the dependency of 
 calculated CBF on variations in arterial transit time and produced CBF images that were far less 
contaminated by artifacts due to residual label in large arteries that were present in early 
studies (25). Improved spatial localization for PASL and strategies to control for the spatially 
dependent off-resonance effects of CASL (26) have permitted multislice ASL, which is neces-
sary for clinical applications and beneficial for research applications. The increased signal 
strength and prolongation of T1 relaxation rates with increased magnetic field strength act in 
tandem to greatly improve the sensitivity of high-field ASL (27). The use of surface coils and 
parallel imaging also increased the sensitivity of ASL methods (28). Finally, under certain 
 circumstances, it is possible to suppress the magnetization from static brain–water, which 
amplifies the ASL effect from approximately 1% to up to 100% of the measured signal (22,23). 
Taken together, these methodological advances have resulted in a 10-fold improvement in the 
sensitivity of ASL over the past decade. An example of a current ASL perfusion MRI study from 
human brain is shown in Figure 2. Continued methodological development is focusing on 
improving labeling efficiency and optimizing strategies for measuring the ASL effect in brain 
and other organs.

ARTERIAL SPIN LABELING IN ISCHEMIA

Over the past decade, several studies in animal models and human patients have also estab-
lished the utility of ASL perfusion MRI for measuring CBF in cerebrovascular disease and 
stroke. ASL has been used for serial imaging of CBF in animal models (29–31). Brain tissue with 
perfusion deficits below a critical threshold (2) experiences metabolic energy failure, membrane 
depolarization, and subsequent cytotoxic edema. These changes precipitate a reduction in the 

FIGURE 1 A schematic diagram illustrating con-
tinuous arterial spin labeling. Velocity-driven adia-
batic fast passage inverts arterial blood water 
flowing towards the brain as it passes through the 
labeling plane. The resulting arterial blood water 
has opposite magnetization to the static brain 
water and produces a small decrease in magnetic 
resonance imaging signal that is measured by 
comparison with a control condition without arte-
rial spin labeling. The regional magnitude of these 
signal changes is dependent on cerebral blood 
flow, which delivers labeled spins to the region, 
and T1 relaxation, which causes the label to decay. 
Abbreviation: ASL, arterial spin labeling. Source: 
From Refs. 11 and 12.
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FIGURE 2 (See color insert.) Multislice 
continuous arterial spin labeling perfusion 
magnetic resonance imaging obtained at 3 T 
from a normal  volunteer in approximately 10 
minutes with spin echo echoplanar imaging. 
Abbreviation: CBF, cerebral blood flow.
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apparent diffusion coefficient (ADC) of brain–water (32), which has been well characterized in 
animal models of stroke. During the acute phase, the area of ADC abnormality is typically 
smaller relative to the area of perfusion deficit. As ischemia evolves, most of this ADC abnor-
mality expands and, eventually, coincides with the area of perfusion deficit. The difference in 
the abnormal region defined by the abnormal perfusion and diffusion contrast in acute stroke 
is referred to as the “perfusion–diffusion” mismatch, and represents potentially salvageable 
tissue corresponding to the “ischemic penumbra.” An example of the application of ASL 
 perfusion MRI in a rat stroke model is shown in Figure 3.

Critical CBF and ADC thresholds below which infarctions are destined to develop can be 
defined by correlation with endpoint histology (31). Although there are limitations of this 
approach, it provides a simple and practical means to define the ischemic penumbra and 
infarcted tissues at different time points after stroke. This approach has also been used to study 
the effects of reperfusion (33,34) and other therapeutic interventions (35). For example, the 
data shown in Figure 3 suggest that about half of the penumbral tissue was salvaged when 
reperfusion was performed 60 minutes after occlusion, compared with no reperfusion. One 
limitation of extending this approach to the clinic is that CBF and ADC critical thresholds are 
defined at one single time point after stroke onset, while it is well known that the duration 
of CBF reduction should also be taken into account (2). Objective classification of ischemic 
 penumbra, normal, and infarcted tissues (such as using automated clustering algorithm based 
on multispectral CBF, ADC, and other MRI data) is clearly important and has been demon-
strated in stroke models (33,34) and to some extent in humans (36).

In human patients with acute stroke and chronic cerebrovascular disease, ASL perfusion 
MRI has been used to demonstrate the presence of chronic asymptomatic and symptomatic 
hypoperfusion (37–39). Although these studies have demonstrated the feasibility of using ASL 
to characterize the ischemic penumbra, accurate measurement of low CBF values has remained 
challenging because signal changes are particularly small and arterial transit times can be sig-
nificantly longer than T1 of arterial blood water. However, most of the existing data on ASL in 
experimental and clinical stroke were acquired at 1.5 T using early methodology, with several-
fold lower sensitivity than that is now available. Figure 4 shows multislice ASL data along 
with diffusion weighted imaging (DWI) acquired at 1.5 Tesla in a patient at six hours after 
symptom onset. A region of hypoperfusion in clearly evident, and is considerably larger than 



FIGURE 3 (Top) Cerebral blood flow (CBF) 
maps at 30 minutes, apparent diffusion coef-
ficient maps at 30 and 180 minutes after 
permanent middle cerebral artery occlusion. 
CBF was measured using continuous arte-
rial spin labeling (ASL) with a separate neck 
coil for ASL. Gray scale indicates CBF rang-
ing from 0 to 1 mL/g/min and apparent dif-
fusion coefficient (ADC) ranging from 0 to 
1 x 10 −3 mm2/sec. (Bottom) Evolution of 
ADC- and CBF-defined lesion volumes for 
permanent (n = 6) and 60-minute (n = 6) 
stroke. CBF-defined lesion volume of the 
permanent stroke was constant, whereas 
ADC-defined lesion volume of the permanent 
stroke grew bigger with time. Reperfusion 
salvaged substantial tissues, and some of 
these tissues showed delayed cell death, as 
indicated by gradual increase in ADC lesion 
volume over time after reperfusion. Final inf-
arct volumes were obtained by triphenyl 
tetrazolium chloride histology at 24 hours 
after ischemia. Abbreviations: ADC, appar-
ent diffusion coefficient; CBF, cerebral blood 
flow; TTC, triphenyl tetrazolium chloride.

FIGURE 4 Continuous arterial spin-labeled (ASL) perfusion magnetic resonance imaging (MRI) and diffusion-
weighted MRI (DWI) obtained at 1.5 T from a 56-year-old man with hemiparesis due to carotid dissection six hours 
after symptom onset. DWI shows cytotoxic injury primarily around insular cortex, whereas perfusion MRI shows 
hypoperfusion in affecting most of the middle cerebral artery distribution, suggesting a large penumbral zone. However, 
owing to the weak ASL effect in the hypoperfused region, cerebral blood flow (CBF) values are difficult to distinguish 
from zero. High-field ASL should dramatically increase ASL sensitivity for low CBF values. Abbreviations: ASL, arterial 
spin labeling; CBF, cerebral blood flow; MRI, magnetic resonance imaging.

Arterial Spin Labeling 237

the ischemic 3core2 as demonstrated by DWI hyperintensity. However, gradations in ischemia 
are not well demonstrated. The recent improvements in ASL methodology described earlier 
should facilitate the transition of ASL perfusion MRI from feasibility to practical utility in basic 
and clinical research on the ischemic penumbra.
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INTRODUCTION

Thrombolytic therapy in acute stroke patients is presently limited to the three-hour time 
window developed in clinical trials (1). If the time window is to be extended, and treatment 
 targeted towards those most likely to benefit, more refined selection strategies are required. The 
ischemic penumbra is a variable region of critically hypoperfused but potentially salvageable 
tissue (2). The volume of penumbral tissue typically decreases with time as the infarct expands, 
but the duration of the potential therapeutic window is variable (3). Rapid, accurate detection 
of the presence and extent of penumbral tissue may permit thrombolysis to be delivered on the 
basis of each patient’s unique stroke pathophysiology.

Diffusion-weighted imaging (DWI) identifies bioenergetically compromised tissue, and 
perfusion-weighted imaging (PWI) allows visualization of hypoperfused tissue (4,5). Mismatch 
between a larger PWI lesion and a smaller DWI lesion has been proposed to approximate the 
ischemic penumbra (6). It is now appreciated that the diffusion lesion may include potentially 
salvageable tissue, and the perfusion lesion may include regions of benign oligemia, but 
 magnetic resonance imaging (MRI) is noninvasive and widely available (7,8). 

Widespread use of the PWI–DWI mismatch paradigm to identify tissue-at-risk has been 
complicated by the technical complexities surrounding magnetic resonance perfusion imaging. 
As yet, there is neither consensus regarding the perfusion parameter and threshold that most 
accurately represents hypoperfused at-risk but salvageable tissue, nor is there an agreement on 
how “mismatch” itself is defined. In addition, many centers do not have rapid access to the tech-
nology required to generate and interpret perfusion maps. These difficulties have prompted 
consideration of potential alternative techniques to identify patients with substantial penumbral 
tissue without the use of MR perfusion imaging. 

SEVERE STROKE, SMALL DIFFUSION-WEIGHTED IMAGE LESION: 
THE “CLINICAL-DIFFUSION MISMATCH”

It has been recognized that patients with clinically severe strokes may have very small DWI 
lesions on acute MRI, especially if imaging is performed early. The term “clinical-diffusion mis-
match” (CDM) has been coined by Davalos et al. (9) to describe this paradox. The clinical deficit 
in these patients is presumably caused by widespread dysfunction of neural networks second-
ary to hypoperfusion (and/or diaschisis), which is insufficient to impair cellular homeostasis 
and water diffusion except in the ischemic “core.” This assumption has been borne out by a 
number of studies that have found greater correlation between acute PWI lesion volumes and 
clinical stroke severity scores than between acute DWI lesion volumes and clinical scores 
(10–12). Davalos proposed that the National Institutes of Health Stroke Scale (NIHSS) might be 
useful as a surrogate measure of the volume of hypoperfused tissue, potentially bypassing 
some of the difficulties associated with MR perfusion imaging.
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The original CDM paper was designed to test this new mismatch paradigm: that the pres-
ence of CDM would predict early stroke outcome and final infarct volume, regardless of the pres-
ence or absence of PWI–DWI mismatch (13). For the purposes of the analysis, CDM was defined 
arbitrarily as an NIHSS ≥8 and a DWI volume ≤25 mL. An NIHSS ≥8 has been associated with a 
high rate of neurological deterioration, a low frequency of spontaneous recovery, and  cortical 
perfusion deficits in previous reports, and an exploratory post hoc analysis of the data demon-
strated that almost all patients in this cohort with an NIHSS <8 had DWI volumes of <25 mL. 

One hundred and sixty-six patients with hemispheric ischemic stroke were imaged with 
DWI within 12 hours of symptom onset and in survivors at 72 ± 12 hours and 30 ± 7 days. NIHSS 
score was evaluated just prior to the first MRI and at 24 and 72 hours. Emergent stroke thera-
pies, including thrombolysis with recombinant tissue plasminogen activator (rtPA), were 
administered according to published guidelines. The MRIs were analyzed by neuroradiologists 
blinded to the clinical data using a manual segmentation method that took approximately 
30 minutes of workstation time per sequence per patient. 

CDM was found in 87 patients (52%, Group A). Patients without CDM were divided into 
those with large “matched” deficits (Group B, NIHSS ≥8, DWI ≥25mL) and those with small 
“matched” deficits (Group C, NIHSS < 8, DWI ≤ 25mL).

Clinical and neuroimaging outcomes were different in patients with and without CDM. 
DWI lesion growth at day 3 was significantly greater in patients with CDM, as was the final 
infarct volume measured on fluid-attenuated inversion recovery sequence at day 30, after 
 adjustment for baseline imbalances in known prognostic variables. This effect was seen in all 
patients but was more pronounced in those who did not receive reperfusion therapies. Among 
patients who did not receive reperfusion therapies, those with CDM were more likely to suffer 
early  neurological deterioration (an increase in NIHSS >4 points) than those with small 
“matched” deficits [adjusted OR 22 (2.6, 183) P = 0.004] and large “matched” deficits [adjusted 
OR 2.9(1.1, 7.3) P = 0.028]. 

These findings are consistent with the assumption that the NIHSS score crudely reflects 
the total volume of ischemic brain and that CDM defines a group of patients with, on average, 
large volumes of tissue-at-risk as indicated by a greater likelihood of neurological deterioration 
and infarct expansion. 

DOES CLINICAL-DIFFUSION MISMATCH CORRESPOND TO 
PERFUSION–DIFFUSION MISMATCH?

The critical issue for clinical practice is the reliability of CDM in predicting the presence of 
tissue-at-risk in individual patients. In the absence of a readily available gold standard for 
detection of penumbral tissue, our group evaluated the test performance characteristics of CDM 
against PWI–DWI mismatch as a surrogate for the “true” penumbra (14).

Patients presenting with sudden onset of a neurological deficit consistent with a cortical 
ischemic stroke who underwent emergent DWI and PWI imaging within 24 hours of stroke 
onset were eligible. Patients with cerebral hemorrhage or clinical syndromes consistent with 
lacunar and brainstem stroke were excluded. 

Stroke onset was defined as the last time the patient was known to be without a neuro-
logical deficit. Clinical assessment including NIHSS was performed immediately prior to MRI. 
Subacute MRI was performed in surviving patients three to five days after symptom onset. 
Patients treated with rtPA or enrolled in a thrombolysis trial, those with evidence of hemor-
rhagic transformation causing mass effect, and those without a subacute scan were excluded 
from outcome analyses (n = 30).

CDM was initially defined as NIHSS ≥8, DWI ≤25 mL, in accordance with Davalos’ paper 
(13). Acute PWI–DWI mismatch was examined as a continuous variable defined as: mismatch 
volume = PWI

vol 
− DWI

vol
. PWI–DWI mismatch was also assessed as a categorical variable 

defined as: mismatch = PWI
vol 

− DWI
vol

/DWI
vol 

× 100 > 20% (15,16). Subacute DWI expansion
 

was calculated as DWI
subacute vol 

/DWI
acute vol

.
MRI scans were obtained with a 1.5 T echo-planar imaging (EPI)-equipped whole-body 

scanner. Postprocessing of raw DWI and PWI data was performed using the commercial 
 software package Stroketool (Digital Imaging Systems, Dusseldorf, Germany). Isotropic DWI 
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images were obtained by averaging the signal from all orthogonal directions with the highest 
diffusion weighting (b = 1000). Perfusion maps using T

max
 were calculated using the single-

value decomposition method. The arterial input function was selected from a branch of the 
middle cerebral artery contralateral to the infarct. A semi-automated thresholding technique 
was used to calculate the volume of tissue with T

max
 > 4 seconds relative to a comparable region 

in the unaffected hemisphere.
DWI lesion volumes were measured manually using planimetric techniques. A standard 

window level was applied to the isotropic images. Volume measurements were determined by 
investigators blinded to NIHSS scores. Inter- and intra-observer variability of DWI volume 
measurements in our group has been previously published and is less than 5% (10). 

A total of 79 patients were included in the study. Mean patient age was 72 ± 10 years. 
Median time to MRI scan from stroke onset was 5.3 hours (range 1.5–23); 54 patients (64%) were 
imaged within six hours. Median NIHSS and mean DWI and PWI lesion volumes were all 
larger in the zero to six hours group (Table 1).

Prevalence of Clinical-Diffusion Mismatch Relative to Perfusion-Weighted 
Imaging–Diffusion-Weighted Imaging Mismatch

A total of 34/79 (43%) patients fulfilled the proposed definition of CDM, and 51 (65%) had 
PWI–DWI mismatch. In the 54 patients imaged within six hours, CDM was present in 22 (41%) 
and PWI–DWI mismatch in 40 (75%). In the patients studied between 6 and 24 hours, CDM was 
present in 12/25 (48%) and PWI–DWI mismatch in 11 (44%, Table 1).

Correlation of Acute Stroke Volumes and NIHSS

Acute DWI volume and NIHSS score were not significantly correlated in patients imaged within 
six hours (r = 0.21, P = 0.13). Between 6 and 24 hours, there was a highly significant positive 
correlation between DWI volume and NIHSS score (r = 0.82, P < 0.001). Acute PWI volume was 
positively correlated with NIHSS score both in the sub-six-hour cohort (r = 0.49, P < 0.001) and 
in the 6-to-24-hour cohort (r = 0.59, P = 0.002). For any given NIHSS score, patients with 
left-sided lesions had similar PWI volumes compared with those with right-sided lesions 
 [coefficient − 0.81 (− 1.64, 0.02) (cube root of PWI volume), P = 0.055].

In the sub-six-hour cohort, the NIHSS was trichotomized as mild (0–7), moderate (8–14), 
and severe (15–23) to ascertain if quantitative information about stroke volume could be inferred 
from clinical stroke severity as measured by the NIHSS (Fig. 1). In the mild category, DWI and 
PWI volumes were not significantly different (P = 0.5). However, in the moderate and severe 
categories, the PWI volume was significantly larger than the DWI volume (P < 0.001 in both 
cases). The median DWI and PWI lesion volumes tended to increase with increasing stroke 
severity, though this was much more prominently seen in the PWI volumes. 

Sensitivity and Specificity Analysis 

The sensitivity of CDM (NIHSS ≥8, DWI ≤25 mL) in predicting PWI–DWI mismatch was 55% 
(95% CI 40–69%) and the specificity was 79% (95% CI 59–92%) (Table 2). In sub-six-hour patients, 

TABLE 1 Baseline Clinical and Imaging Data

Time window (hr) 0–6 >6–24

n 54 25
Left hemisphere 32/54 (59%) 14/25 (56%)
Male 31/54 (57%) 13/25 (52%)
Median acute NIHSS (range) 14 (3–23) 9 (4–28)
Mean acute DWI volume (mL) (SEM) 38.6 (6.44) 33.4 (11.0)
Mean acute PWI volume (mL) (SEM) 110.2 (13.3) 52.4 (11.69)
PWI–DWI mismatch 40/54 (71%) 11/25 (44%)
Clinical–diffusion mismatch 22/54 (41%) 12/25 (48%)

Abbreviations: DWI, diffusion-weighted imaging; NIHSS, National Institutes of Health 
Stroke Scale; PWI, perfusion–weighted imaging; SEM, Standard error of the mean.
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the sensitivity of CDM in detecting PWI–DWI mismatch was 53%, (95% CI 36–68%), with a 
specificity of 93% (95% CI 64–100%) and a correct classification rate of 59% (Fig. 2). Altering the 
definition of CDM changed its test performance characteristics (Fig. 3). Decreasing the DWI 
cutpoint or increasing the NIHSS threshold resulted in greater specificity at the price of reduced 
sensitivity. Below a DWI volume of 25 mL, no increase in specificity was achieved with either 
NIHSS threshold or DWI volume. No combination of a single DWI volume cutpoint and a 
single NIHSS threshold was both highly sensitive and highly specific. The kappa statistic for 
agreement between CDM and PWI–DWI mismatch was 0.29 (0.11–0.48) for all patients and 0.32 
(0.13–0.51) for the zero to six-hour time window, indicating modest but statistically significant 
agreement beyond that which would be expected by chance alone.

Predicting Subacute Tissue Fate

Subacute MRI scans were used to assess the ability of CDM to predict DWI expansion. The 
median DWI expansion ratio in CDM-positive patients (2.3, inter-quartile range 1.5–5.4) was 
significantly greater than in CDM-negative patients (1.4, inter-quartile range 1.1–2.4, P = 0.012). 
A similar degree of DWI expansion was seen in patients with PWI–DWI mismatch (median 
expansion ratio 2.3, inter-quartile range 1.4–5.6; Fig. 4). Significant DWI expansion (>20%) was 
observed in 22/22 patients with CDM and 27/28 with PWI–DWI mismatch. Univariate 
linear regression indicated that CDM was a better predictor of DWI expansion in patients 
imaged within six hours (r2 = 0.29, P = 0.013) relative to those imaged 6 to 24 hours (r2 = 0.10, 
P = 0.031).

TABLE 2 Sensitivity and Specificity Analysis for Clinical–Diffusion 
Mismatch as a Test for Perfusion-Weighted Imaging–Diffusion-Weighted 
Imaging Mismatch

Time window All patients (n = 79) 0–6 h (n = 54)

Sensitivity (95% CI) 55% (40–69%) 53% (36–68%)
Specificity (95% CI) 79% (59–92%) 93% (66–100%)
PPV (95% CI) 82% (65–93%) 95% (77–100%)
NPV (95% CI) 49% (34–64%) 41% (24–59%)
Correctly classified 63% 63%
Area under ROC curve (95% CI) 0.67 (0.56–0.77) 0.73 (0.62–0.83)

Abbreviations: NPV, negative predictive value; PPV, positive predictive value; ROC, 
receiver- operating characteristic.
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FIGURE 1 Box plot describing perfusion-
weighted imaging (PWI) (Tmax + 4 seconds) 
and diffusion-weighted imaging (DWI) 
 volumes for strokes of increasing severity 
as categorized by the NIHSS, in patients 
imaged within six hours of symptom onset. 
For moderate and severe strokes (NIHSS 
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FIGURE 2 Scatter plot of diffusion-weighted imag-
ing (DWI) lesion volumes versus NIHSS scores for 
patients imaged within six hours of symptom onset. 
In this cohort, the proposed  definition of clinical-
 diffusion mismatch (CDM) has a high positive pre-
dictive value for perfusion– diffusion mismatch 
(PDM) (all but one CDM patient also have PDM). 
Abbreviation: PWI,  perfusion-weighted imaging.NIHSS score
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Predicting Change in NIHSS

There was no statistically significant difference in the proportion of patients suffering early 
neurological deterioration (defined as an increase of ≥4 points on NIHSS at 72 hours) between 
CDM-positive and negative patients (2/22 vs. 5/27, P = 0.44) and between those with and 
 without PWI–DWI mismatch (2/28 vs. 5/17, P = 0.09). 

CLINICAL-DIFFUSION MISMATCH IS LESS COMMON THAN 
PERFUSION-WEIGHTED IMAGING–DIFFUSION-WEIGHTED 
IMAGING MISMATCH

We found that CDM was present in 41% of our cohort imaged within six hours of symptom 
onset. This is similar to that reported by Davalos, who found that 74% had CDM sub-three 
hours and 48% from three to six hours (13) This was significantly lower than the corresponding 
proportion with perfusion–diffusion mismatch (76%) studied within the same time interval.

CLINICAL SCORES AS SURROGATES FOR ACUTE LESION VOLUMES

The concept of CDM is based on the assumption that the acute NIHSS score is a useful surro-
gate marker of the total volume of functionally impaired brain tissue, which could potentially 
replace PWI in the assessment of acute stroke patients. If this assumption is correct, the NIHSS 
should be more strongly correlated with the acute PWI volume than the DWI volume in patients 
with PWI–DWI mismatch. Indeed, PWI deficits have been previously reported to be more 
strongly correlated than DWI lesion volume with acute clinical scores (10–12). The present 
study adds to the existing evidence that within six hours, where a high proportion of patients 
have PWI–DWI mismatch, acute NIHSS scores are correlated more strongly with PWI than 
DWI lesion volumes. Thus, the rationale for using acute NIHSS as a surrogate for PWI is sup-
ported by the available data. There are, however, some important caveats—the quantitative 
relationship between NIHSS score and actual perfusion lesion volume is loose, even in this 
selected patient group. The NIHSS may systematically overestimate the hypoperfused volume 
because of diaschisis, or underestimate it if some hypoperfused at-risk tissue retains function. 
In addition, we excluded patients with brainstem and lacunar syndromes as correlation of 
NIHSS score with stroke volume is likely to be poor in the posterior circulation and in lacunar 
stroke (17). The NIHSS may also be biased against right hemisphere strokes (systematically 
underestimating stroke volumes relative to left hemisphere lesions with the same NIHSS score, 
especially at low NIHSS scores), though we did not observe this in our patient cohort, where 
there were relatively few subjects with NIHSS <8 (18,19).

Bearing in mind limitations of the NIHSS, Reineck et al. (20) have proposed using a battery 
of language tests in left hemisphere stroke patients as a surrogate for the acute PWI volume. The 
same group has previously demonstrated superior correlations between PWI volumes and tests 
of hemispatial neglect than with NIHSS (21).They found reasonable correlations between test 
scores and stroke volumes. Intriguingly, they demonstrated that CDM defined in this way 
 predicted potential for short-term language improvement, rather than deterioration, and hypoth-
esized that this was due to spontaneous reperfusion. Whether this mismatch paradigm is superior 
(or adds incremental value) to the NIHSS-based CDM was not addressed in the study. 

CLINICAL-DIFFUSION MISMATCH AS A DIAGNOSTIC TOOL

Specificity (93%) and positive predictive value (95%) within the six-hour time window appear 
to be the major strengths of CDM using the proposed criteria. The sensitivity of CDM is at best 
only modest. It is apparent that no single combination of NIHSS threshold and DWI volume cut 
point could be both sensitive and specific (Fig. 2). Reducing the DWI cutpoint to less than 25 mL 
or increasing the NIHSS threshold above eight does not lead to a useful increase in specificity. 
It is possible that reducing the NIHSS threshold below eight may lead to improved sensitivity 
without sacrificing specificity but there were too few subjects in our cohort with NIHSS scores 
below eight to attempt a meaningful analysis. 
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Davalos’ group (22) has subsequently presented data comparing PWI–DWI mismatch 
with CDM. They studied 79 patients under 12 hours and found PDM in 75% and CDM in 47%. 
They found that the two definitions agreed in 31 patients, with no agreement in 34, and a kappa 
statistic of 0.16. Based on their data, the calculated sensitivity of CDM as a test for PWI–DWI 
mismatch is 53%, with 70% specificity (in patients studied within 12 hours of stroke onset). Data 
on sub-six-hour patients were not presented separately.

A further small study of 39 patients examining exactly the same question generated a 
kappa of 0.04, indicating no correspondence between the groups other than that would be 
expected by chance alone (23). This result is surprising, given the known positive correlations 
between the NIHSS and stroke volumes, especially PWI.

An alternative strategy to a threshold method for defining a clinical-imaging mismatch is 
suggested in a recent paper by Kent et al. (24), exploring the utility of clinical-CT mismatch. 
They first attempted to define a matched deficit by analyzing a group of patients in whom an 
NIHSS score and CT brain were performed at 24 hours after stroke onset. They used a linear 
regression of NIHSS on ASPECTS score [a validated measure of early infarct extent on CT (25)] 
to define a matched deficit, presuming no mismatch at 24 hours. They then used this regression 
in a larger group of patients to generate an “expected” acute ASPECTS score based on the acute 
NIHSS and quantified mismatch as the difference between the observed and expected ASPECTS 
score. This concept could potentially be applied to CDM to generate a continuous scale of DWI 
volumes and corresponding NIHSS scores to enable those patients with potential penumbral 
tissue but an NIHSS <8 or a DWI >25 mL to be evaluated.

The accuracy of CDM as a diagnostic test to predict the presence of perfusion–diffusion 
mismatch is critically dependent on the definition of PWI–DWI mismatch. Presently, there is no 
gold standard MRI definition of PWI–DWI mismatch. We selected a definition based on the 
perfusion parameter T

max
, which is the time to peak MR signal intensity change after deconvo-

lution. It has been shown previously that T
max

 + 2 and T
max

 + 4 seconds correlate best with acute 
NIHSS (12). In a recent systematic comparison of PWI–DWI mismatch definitions, we have 
found that one based on T

max
 + 4 seconds is a very conservative estimate of the volume of actual 

tissue-at-risk (26). Given the remaining uncertainty of the significance of moderate oligemia 
(T

max
 < 4 seconds), we did not include this tissue in our PWI–DWI definition. In fact, doing so 

would have only resulted in a decrease in the specificity of CDM with no effect on the 
sensitivity.

It is also apparent that the time of assessment affects CDM performance. In our study, the 
proportion of patients with CDM is higher in the 6-to-24-hour window than in the zero to 
six-hour window. This is not biologically plausible, as CDM should become less frequent with 
increasing duration of symptoms, in concordance with PWI–DWI mismatch (3) The poor perfor-
mance of CDM in predicting PWI–DWI mismatch beyond a six-hour time window may partially 
reflect the patient sample. In our study, patients assessed beyond six hours had smaller DWI 
lesion volumes and NIHSS scores compared to those assessed more acutely (though many still 
fulfilled criteria for CDM). This is consistent with the previously reported observation that 
milder strokes tend to present later (27). As the time from onset increases, these smaller lesions 
are increasingly likely to represent completed strokes rather than small DWI lesions within a 
larger perfusion abnormality. It may be that a more specific definition may be required if CDM 
is to be usefully applied beyond a six-hour time window. 

CONCLUSION

Our study and others confirm that although CDM appears to have a relatively low sensitivity 
for detecting PWI–DWI mismatch, the presence of CDM is highly predictive of subsequent 
expansion of the acute DWI lesion three to five days after symptom onset. This supports the 
hypothesis that patients with CDM have tissue that is at risk for infarction, but also potentially 
amenable to salvage, though we note that the subacute MRI scans may overestimate the final 
infarct volume because of the presence of edema. Overall, our results appear supportive of the 
original definition of CDM, and are consistent with its rationale, as an NIHSS score ≥8 was 
originally chosen due to its association with higher rates of early neurological deterioration and 
lower frequency of spontaneous recovery (13,28,29).
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CDM may be a useful approach for selection of patients for acute stroke therapy as CDM 
has now been shown to predict infarct expansion. In addition, our data demonstrates statisti-
cally significant agreement between CDM and PWI–DWI mismatch, with very high specificity 
and positive predictive value in patients studied within six hours of onset. However, CDM 
is not particularly sensitive for PWI–DWI mismatch, and a recent abstract with a similar 
study design demonstrated poor agreement between CDM and PWI–DWI mismatch (no better 
than could be expected by chance) (23). We suggest that CDM should be independently, 
 prospectively tested as a predictor of response to thrombolysis. Although the PWI–DWI mis-
match hypothesis remains unproven at this point, selection for thrombolysis based on CDM 
(as opposed to PWI–DWI mismatch) would avoid the extra scan time and problems of inter-
pretation  associated with PWI. 

The studies that form the basis of this analysis were performed in a highly selected patient 
population from tertiary referral hospitals. The results cannot be generalized to all acute stroke 
patients. Nonetheless, the concept of CDM warrants testing in a multicenter randomized 
 controlled trial of thrombolysis in acute stroke.
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INTRODUCTION

Focal cerebral ischemia initiates a complex series of pathophysiological changes in the vascular 
territory of the occluded artery. Hypoperfused, hypoxic but initially viable tissue (the ischemic 
penumbra) is progressively transformed to infarction as a result of a time dependent cascade of 
functional and metabolic changes induced by ischemia (1). The ischemic penumbra is,  therefore, 
a dynamic region that undergoes change in both time and space. 

Acute stroke therapy is aimed at salvaging the ischemic penumbra on the assumption 
that limiting infarct size will result in improved neurological outcome (2). The time and space 
components of the ischemic penumbra have important therapeutic implications. The time com-
ponent or duration of survival of the ischemic penumbra is tightly linked to the time window 
in which therapeutic interventions are likely to be beneficial (3). The functional benefit resulting 
from successful therapeutic intervention is linked to the volume and location or the space compo-
nent of the ischemic penumbra that is saved from undergoing infarction. 

The dynamic nature of the ischemic penumbra mandates that study of its topography 
must be correlated with the duration of ischemia. In experimental stroke in animal models, it is 
possible to analyze the dynamic changes that occur in location of the ischemic penumbra by 
performing serial imaging studies. In contrast, in humans, we are limited to usually one or at 
most two to three imaging studies that give a single “snapshot” in time of the penumbra. In this 
chapter, we review the data regarding penumbral topography from experimental stroke models 
and then discuss the methodology, validation, and results of a model that enables quantitative 
analysis of penumbral topography in humans with ischemic stroke.

TOPOGRAPHY OF PENUMBRA IN EXPERIMENTAL ANIMAL MODELS

Repeated multitracer positron emission tomography (PET) studies have been used to  document 
serial pathophysiological changes in the brain following experimental ischemia induced by 
middle cerebral artery (MCA) occlusion in baboons (4–6), cats (7), and dogs (8). 

PET Studies in Primates

Following permanent MCA occlusion in monkeys, raised oxygen extraction fraction (OEF) was 
observed by Tenjin et al. (9) in regions with cerebral blood flow (CBF) reduction between 18 and 
31 mL/100 g/min. OEF was significantly raised in the core of ischemia where the CBF was 
most severely reduced (<18 mL/100 g/min) when the study was performed one hour after 
occlusion. Nine hours after occlusion, the OEF values were lower compared with those one and 
three hours after occlusion. 

Pappata et al. (4) observed a similar increase in OEF in the area of hypoperfusion one hour 
after permanent MCA occlusion in baboons. Impaired oxidative metabolism indicated by 
reduced cerebral metabolic rate of oxygen (CMRO2) and declining OEF was observed in the 
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deep MCA region when the study was repeated three to four hours after MCA occlusion. 
Prolonged tissue viability in the cortical MCA territory was suggested by the observation of 
relatively preserved CMRO2 and increased OEF at three to four hours. 

Kuge et al. (10) determined serial CBF and cerebral metabolic rate of glucose (CMRglc) 
using PET in a thromboembolic stroke model in the baboon. In the ischemic core that underwent 
infarction, CBF was severely reduced at one hour, and decreased further with time. In contrast, 
the cortical region that survived without infarction was less severely hypoperfused at one hour, 
showing uncoupling of the CBF and CMRglc, which resolved with gradual recovery of the CBF.

These observations that earlier and more severe metabolic changes occurred in the deep 
MCA territory than in the cortical MCA territory after focal ischemia were replicated in 
experiments conducted by Touzani et al. (11). These investigators performed sequential 
multitracer PET studies before, and 1, 4, 7, and 24 hours and 14 to 29 days after permanent 
MCA occlusion in baboons. They observed that the volume of severely hypometabolic tissue, 
as defined by decreased CMRO2, increased and evolved from the deep MCA territory to the 
cortical territory over 24 hours until it was maximal in the chronic stage study. Infarcts were 
confirmed by histology 19 to 41 days after occlusion, and the pattern of evolution of the 
hypometabolic tissue was taken to indicate transition of penumbral tissue to infarction, which 
in this model occurred over days. 

The effect of reperfusion on the spatial and temporal evolution of infarction was 
subsequently examined by performing temporary MCA occlusion in the same baboon model 
(5,6,12). Reperfusion at six hours after MCA occlusion was associated with an approximately 85% 
decrease in volume of the final infarct, defined histologically at four weeks, in comparison with 
that following permanent MCA occlusion (12). Reperfusion at six hours was associated with 
reversal and limitation of the temporal and spatial evolution of the hypometabolic volume 
on serial PET studies suggesting salvage of penumbral tissue (5,6). 

PET Studies in Cats

In cats, studied sequentially with multitracer PET following permanent MCA occlusion, Heiss 
et al. (7) reported an immediate decrease of CBF to <30% of control levels on arterial occlusion. 
Initially, there was relative preservation of CMRO2 and increase in OEF in this region. With 
time, there was spread of the ischemic penumbra from the center to the borders of the MCA 
territory. This sequence of metabolic changes, indicating transition of the penumbra to necrosis 
evolved until infarction was complete, 18 to 24 hours after MCA occlusion (Fig. 1). 

FIGURE 1 Sequential qualitative positron emission tomography images of a coronal section of a cat at three time 
points after permanent MCAO. Control image was obtained 30 minutes prior to occlusion MCAO. MCAO 1, 2, and 3 
 correspond to 1, 2 to 3, and 18 to 24 hours after occlusion. The progressive deterioration of oxygen consumption in the 
MCA territory corresponds to the spreading of the area with increased oxygen extraction fraction. Abbreviations: CBF, 
cerebral blood flow; CMRGI, cerebral metabolic rate of glucose; CMRO2, cerebral metabolic rate of oxygen; MCAO, middle 
cerebral artery occlusion; OEF, oxygen extraction fraction. Source: From Ref. 7.
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The effect of the duration of ischemia on these sequential metabolic changes observed 
with multitracer PET was studied in a reversible MCA occlusion model in cats (13). Transient 
MCA occlusion in this model for 30, 60, and 120 minutes was followed by reperfusion for 
24 hours (Fig. 2).

An immediate decrease of CBF to <30% of control levels with preserved CMRO2 and 
increased OEF was observed in the MCA territory in all cats on arterial occlusion—an observation 
similar to that following permanent MCA occlusion. Reperfusion within 30 minutes of MCA 
occlusion was associated with rapid normalization of CBF and CMRO2, and all cats survived 
without infarction. The initial OEF elevation persisted throughout the ischemic period in cats 
that survived 24 hours of reperfusion following MCA occlusion for 60 and 120 minutes, and 
their infarcts were restricted to the center of the MCA territory. In contrast, in animals that died, 
the initial OEF increase was short-lived, indicating that irreversible damage of brain tissue had 
occurred during the period of ischemia (Fig. 3).

FIGURE 2 Sequential positron emission tomography images from a cat that survived transient MCAO. Images show 
cerebral blood flow, CMRO2, OEF, and cerebral metabolic rate of glucose before (C), immediately (I1), and 30 minutes 
after the start of 60 minutes of MCAO (I2), as well as immediately (R1) and 4.5 hours after reperfusion (R5). In this 
animal, during the ischemic period, CMRO2 did not deteriorate further and the OEF increase persisted. Hyperperfusion 
was not pronounced in this animal. Abbreviations: CBF, cerebral blood flow; CMRO2, cerebral metabolic rate of oxygen; 
CMRGl, cerebral metabolic rate of glucose; MCAO, middle cerebral artery occlusion OEF, oxygen extraction fraction. 
Source: From Ref. 13.

FIGURE 3 OEF and functional outcome 
in cats following transient middle cerebral 
artery occlusion. Two examples of variable 
development of OEF during ischemia (I1, I2) 
and reperfusion (R1, R5). Reconstructed 
surface views of OEF show dynamic deteri-
oration in OEF in the cat that finally died, as 
compared to an almost complete recovery in 
the surviving cat. Abbreviation: OEF, oxygen 
extraction fraction. Source: From Ref. 13.
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The applicability of the central benzodiazepine ligand, 11C-Flumazenil (11C-FMZ), that 
binds to glutamate and γ-amino-butyric acid (GABA) receptors on neurons (14) was tested 
for its ability to detect irreversibly injured cortical regions after transient MCA occlusion in 
cats (15). The defect in FMZ binding two to three hours after MCA occlusion was related to the 
region with severely depressed oxygen consumption and the size of the infarct.

Experimental Studies in Rats

Ginsberg et al. (16) developed a technique of spatial alignment of autoradiographic and 
 histological datasets from rats subjected to MCA occlusion into a common spatial template. 
This method permitted three-dimensional analysis of the topography of the ischemic penum-
bra and pixel-by-pixel correlation with histological changes. In rats subjected to MCA occlusion 
local cerebral blood flow (LCBF) or glucose utilization (LCMRglc) were measured autoradio-
graphically at 1.5 hours postocclusion. The ischemic penumbra (defined as LCBF 20–40% of 
control) surrounded the ischemic core (defined as LCBF 0 –20% of control), particularly, at the 
anterior and posterior poles of the core zone. The averaged LCMRglc/LCBF ratio dataset 
revealed marked metabolism-flow uncoupling in penumbral pixels, averaging nearly five-fold 
above control ratio values. Histopathological infarction after a three-day survival was highly 
correlated with the severity of LCBF reduction at two hours post-MCA occlusion with 70% 
of infarcted pixels having LCBF values in the core range (17).

In rats studied by magnetic resonance imaging (MRI), restricted diffusion was observed 
one hour after MCA occlusion only at the center of the perfusion deficit, but at 24 hours encom-
passed the entire region, which at one week showed changes of infarction on histology (18). 
These qualitative descriptions are compatible with the concept of dynamic infarct expansion 
occurring at the expense of the ischemic penumbra (19). 

In summary, these findings from sequential studies in several different experimental 
animal stroke models show that the transition of viable penumbral tissue to irreversible 
infarction is a dynamic process that evolves spatially and temporally, and have given important 
insights into the duration and factors influencing its survival (20). These studies have also 
shown that the progress of penumbra to infarction can be stopped by timely reperfusion limiting 
the infarct to the ischemic core. This indicates that the topographical relationship between 
penumbra and infarct core has crucial implications for the likely functional benefit from 
reperfusion. 

TOPOGRAPHY OF PENUMBRA IN HUMAN ISCHEMIC STROKE

The spatial and temporal evolution of the ischemic penumbra has been assumed to be similar 
in humans and animals, although this assumption has not been previously tested (19). In 
humans using multitracer PET, investigators have identified hypoperfused tissue with  preserved 
energy metabolism, compatible with penumbra in the acute stages after stroke (21,22). This 
tissue was observed predominantly over the cortical mantle and was present on early, but not 
follow-up, PET scans. Late CT showed a corresponding area of infarction. Survival of this tissue 
was associated with a better neurological outcome (23). Investigators using MRI have described 
several different patterns of mismatch between perfusion and diffusion abnormalities reflecting 
the heterogeneous topography of human stroke (24). However, this technique has yet to be used 
to obtain a quantitative evaluation of the temporal evolution of the penumbra. 

A method of mapping the distribution of the penumbra in humans, applicable to different 
imaging modalities, including both PET and MRI, would be useful to characterize factors that 
influence its spatial extent. A reliable method of identifying the spatial location of the penumbra 
is of importance because the location as well as the volume of penumbra may have a bearing on 
the potential outcome of interventions aimed at tissue salvage. Although persistence of 
 penumbral tissue has been demonstrated in many patients studied within 24 hours of stroke 
onset (19), to be beneficial, thrombolysis must be instituted within three to six hours (25,26). 
A variety of neuroprotective strategies administered within 24 hours have not shown benefit in 
humans despite their effectiveness in animal models (27). Although there are many other 
 potential explanations that may account for these findings, it has been suggested that within the 
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ischemic zone there are regions, where different pathophysiological mechanisms account for 
conversion of penumbral tissue to infarction (28). These subcompartments will have different 
times of survival and, therefore, different time windows of therapeutic opportunity, and may 
have differing impacts on clinical outcome. Further exploration of these intriguing findings 
requires a method of systematically characterizing the spatial extent of the penumbra. 

Quantitative Analysis of Penumbral Topography in Humans

In humans following ischemic stroke, repeated studies to evaluate the topography of the 
 penumbra is often not practical, given the short time duration of its existence. The hetero geneity 
of infarct topography in human stroke precludes simple anatomical comparison of the spatial 
location of the ischemic penumbra between patients. To be useful, the method used to map the 
spatial extent of the ischemic penumbra in patients must take into account variations in infarct 
topography, and allow tissues presumed to be in a similar pathophysiological state to be 
grouped together. Such a grouping would also allow characterization of the temporal evolution 
of the penumbra identified by repeated study in the same patient and useful quantitative 
 statistical comparisons between groups of patients.

A method of mapping the distribution of the penumbra in humans, applicable to different 
imaging modalities including both PET and MRI, would be useful to characterize factors that 
influence its spatial extent. The authors have described and validated a method of  characterizing 
the three-dimensional spatial extent of the penumbra relative to the patient’s final infarct in an 
easily comprehended map, which we have termed the “Penumbragram” (29).

Penumbragram: Description of Method
This method requires datasets of the penumbra volume (PV) and final infarct volume (IV) for 
individual patients. These are coregistered into the same coordinate space to yield three-
 dimensional datasets with each voxel representing corresponding anatomical locations in 
the brain of each patient. The three-dimensional distribution of the penumbra is then mapped 
relative to a fixed, objectively chosen reference point within the corresponding final IV of 
the patient. 

The center of the final infarct was chosen as the reference point based on the observation 
of infarct expansion from the center to the periphery of the ischemic regions in animal stroke 
models. The coordinates of the center of gravity (COG) of the IV in each of the p dimensions 
(x, y, and z) are given by:

COGp
p pi

pi

C nC

nC
i= ∑

∑
where Cpi refers to the ith coordinate of dimension p and nCpi refers to the number of voxels 
within the infarct with that coordinate. The Euclidean distance between each voxel in the IV 
and the COG is then calculated. Voxels forming the central and peripheral zones of the infarct 
were operationally defined as those with distances less than and greater than the median 
 distance, respectively. Figure 4 shows a schematic diagram of the steps involved in the construc-
tion of the map of penumbral distribution, termed the “Penumbragram.” Figure 5 shows the 
three-dimensional topography of the ischemic penumbra in an individual patient. 

Penumbragram: Validation of the Model
The model was validated in patients with ischemic stroke, who had significant volumes of 
hypoxic penumbral tissue identified by 18F-fluoromisonidazole (FMISO) PET scanning within 
48 hours of stroke onset. 

In this group of patients, as expected physiologically with time from stroke onset, there 
was a significant negative correlation of penumbra distribution in the central zone of the infarct 
and a positive correlation in the external zone (Fig. 6). 

Principal components analysis was used to assess the validity of infarct segmentation by 
treating each region independently without a priori assumptions made about the regions 
 comprising the central, peripheral, or external zones of the infarct. Groups of regions showing 
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similar patterns of change in penumbral volume over time were identified by factor analysis. 
There was good correspondence between regions with decline in PV with time and the predefined 
central zone of the infarct, and between regions with increase in PV and the external zone 
defined by the model (Fig. 7).

The reliability of the method was assessed by the internal consistency statistic, Cronbach’s 
alpha. For the regions that correlated negatively with time from stroke onset, Cronbach’s alpha 
was 0.84, suggesting that these regions are a reliable measure of the infarct core that is penum-
bral early after stroke onset. Cronbach’s alpha for the four regions which  correlated positively 
with time was 0.9, suggesting that these regions reliably measure peri-infarct tissue.

Penumbragram: Quantifying Three-Dimensional Temporal 
Evolution of the Penumbra 
As discussed earlier, spatial evolution of the ischemic penumbra in humans is limited by 
the inability to perform serial imaging studies at defined time points after stroke onset. The 
Penumbragram model that enables collation of penumbral images from different patients 
scanned at different intervals after stroke onset was used to provide insight into spatial and 
temporal evolution of the ischemic penumbra in humans. 

The Penumbragram model was applied to analyze the evolution of the ischemic 
penumbra identified by 18F-FMISO PET in patients with acute MCA territory stroke (n = 19;
<6 hours, 4; 6–16 hours, 4; 16–24 hours, 5; 24–48 hours, 6) (30). A composite Penumbragram was 
generated for each time epoch (<6, 6–16, 16–24, and >24 hours). This reflected the average 
distribution of the penumbra in each of the 24 regions for the group of patients studied within 
each time interval (Fig. 8). The temporal evolution of the ischemic penumbra within the central, 
peripheral, and regions external to the final infarct was examined by multivariate analysis of 

FIGURE 4 A schematic representation of the construction of a penumbragram. (A) Voxels comprising the central and 
peripheral zones of the infarct volume (IV) are shown in white and dark gray, respectively, and those external to the IV 
in the ipsilateral hemisphere are light gray. The horizontal plane divides the IV into superior and inferior halves, which 
are represented in the lower panel. Anterior/posterior and mesial/lateral planes passing through the center of gravity 
further subdivide each half. These subdivisions yield 4 regions in each central, peripheral, and external zone of the 
superior and inferior halves of the IV. (B) The penumbragram summarizes and anatomically represents the three-
 dimensional IV data set, with the central, peripheral, and external zones of the IV corresponding to the inner, middle, and 
external circles for the superior and inferior halves. The regions are numbered 1 to 24 with regions 1 to 4 and 9 to 12 
comprising the central zone, 5 to 8 and 13 to 16 comprising the peripheral zone and 17 to 24 the external zones. The 
penumbragram displays the percentage of penumbral voxels that anatomically correspond to each of these 24 regions. 
It is thus a map of the three-dimensional distribution of the penumbra relative to a fixed, objectively chosen and physio-
logically meaningful reference point within the final infarct. Abbreviation: COG, center of gravity. Source: From Ref. 29.
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FIGURE 5 The three-dimensional spa-
tial topography of the ischemic penumbra 
identified by 18F-fluoromisonidazole posi-
tron emission tomography six hours after 
stroke onset mapped in a penumbragram. 
Abbreviations: FMISO, fluoromisonida-
zole; PET, positron emission tomography. 
Source: From Ref. 29.
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FIGURE 6 The percentage of penumbra observed in the central (A), peripheral (B), and external zones (C) of the infarct 
plotted against the logarithmic transformation of time. Source: From Ref. 29.
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covariance (ANCOVA) using regional volume as the dependent variable, region and time 
 interval as   main effects, and the penumbral volume for each patient as a covariate. 

Significantly, higher volumes of penumbral tissue was observed in the region correspond-
ing to the center of the infarct in patients studied within six hours of stroke onset, whereas 
in those studied at later times the penumbra was mostly present in the periphery or external to 
the infarct (Fig. 8). The interaction between the interval from stroke onset to PET scanning and 
distribution of the ischemic penumbra within the central, peripheral, and regions external to 

FIGURE 7 Correspondence of the regions identified by factor analysis as having significant negative (A) and positive 
(B) correlations of penumbral volume with time from stroke onset with those defined a priori in the penumbragram. 
Source: From Ref. 30.

FIGURE 8 (See color insert.) Temporal evolution of the ischemic penumbra. Penumbragrams characterizing the tem-
poral evolution of the ischemic penumbra identified by 18F-fluoromisonidazole positron emission tomography scanning 
in patients following acute middle cerebral artery territory ischemic stroke. The composite penumbragrams with the 
proportion of penumbral volume in each infarct and peri-infarct region for each time epoch (<6, 6–16, 16–24, and 24–48 
hours) after stroke onset are shown. The number in each region refers to the percentage of total hypoxic volume. 
A higher volume of penumbral tissue is observed in the central region in patients studied within six hours of onset 
(P < 0.05; ANCOVA) compared with those studied at later time points, where it occurs mainly in the periphery or external 
to the infarct. A superior, mesial and posterior predominance of penumbral tissue distribution is seen at all time points. 
Source: From Ref. 30.
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the final infarct was significant (ANCOVA; P < 0.05). The temporal change of the location of the 
ischemic penumbra is consistent with infarct expansion at the expense of the penumbra begin-
ning at the center of the ischemic region and extending to its periphery.

Penumbragram: Quantifying Three-Dimensional Spatial 
Topography of the Penumbra 
A composite Penumbragram summarizing the distribution of the ischemic penumbra identi-
fied by 18F-FMISO PET in the group of 19 patients with acute MCA territory stroke was used to 
map the topography of the penumbra. The spatial topography of the ischemic penumbra in the 
superior/inferior, mesial/lateral, and anterior/posterior regions relative to the center of the 
infarct was analyzed by ANCOVA, with Bonferroni correction applied to correct for repeated 
measurements. The volume of penumbra in region was used as the dependent variable with 
region as the main effect and penumbral volume for each patient as a covariate. A Bonferroni 
correction was applied to correct repeated measurements. 

In patients with MCA territory strokes the penumbra was distributed mainly superiorly, 
medially, and posterior in the cortex (ANCOVA; P < 0.05), as shown in Figure 9. This distribu-
tion is presumed to reflect the source of collateral flow from leptomeningeal, anterior cerebral, 
and posterior cerebral tributaries. 

Penumbragram: Limitations of the Method
Although this model would be accurate in most cases of MCA infarcts, it may be erroneous in 
some instances. The geographic center would best correspond to the true center in infarcts with 
convex surfaces—a situation that predominates in reality in most MCA territory infarcts. For 
infarcts with concave surfaces or irregular shape as in striatocapsular infarcts, algorithms based 
on skeletonizing may give a better approximation of the true center of the infarct. The algorithm 
can be applied to each infarcted region in patients with multiple infarcts. 

CONCLUSION

In human ischemic stroke, the evolution of the penumbra occurs from central to peripheral 
regions of the infarct as observed in animal models. In MCA territory strokes, the penumbra is 
located mainly in the superior, medial, and posterior regions, most likely reflecting the pattern 
of collateral circulation.

The spatial and temporal evolution of the ischemic penumbra has important clinical and 
pathophysiological implications. A number of neurobiological factors are likely to explain the 
spatial and temporal evolution of the penumbra. Susceptibility to ischemia may differ in  different 

FIGURE 9 Three-dimensional topography of the ischemic penumbra in patients with MCA territory stroke. Composite 
penumbragram displaying the spatial distribution of the ischemic penumbra identified by 18F-fluoromisonidazole 
 positron emission tomography scanning in patients (n = 19) with MCA territory ischemic stroke. The percentage of 
penumbral voxels in each region is color-coded according to the spectral color bar shown on the right. A superior, 
medial and posterior predominance (P < 0.05; ANCOVA) of hypoxic tissue is seen, perhaps reflecting the pattern of 
 collateral circulation. Abbreviation: MCA, middle cerebral artery. Source: From Ref. 30.



parts of the vascular territory according to predominant cell type, vascular architecture, and 
 collateral circulation. In addition, different survival time profiles within compartments in the 
penumbra may reflect disparate pathophysiological mechanisms leading to infarction as 
 postulated by Heiss et al. (28). For example, critically hypoperfused tissue within the central 
ischemic region may have a more rapid evolution to irreversible damage and a shorter  therapeutic 
time window for tissue salvage than tissue bordering this zone, in which additional secondary 
and delayed cellular mechanisms may underlie progression to cell death. 

This model of penumbral evolution supports early reperfusion but indicates that the 
 location of the penumbra and its distribution in gray and white matter compartments, may 
influence the choice of adjunct therapeutic strategies such as neuroprotection and the time 
window for their effectiveness. 
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INTRODUCTION

Primary intracerebral hemorrhage (ICH) refers to spontaneous, nontraumatic bleeding from 
intraparenchymal blood vessels, resulting from pathological alteration of vessels by the effects 
of long-standing hypertension or cerebral amyloid angiopathy (1). ICH accounts for 10% to 20% 
of all strokes worldwide (2). Of these, approximately 30% to 50% will die within 30 days of 
onset and the majority of survivors will be left with significant long-term disability (3,4). Despite 
the huge burden ICH represents, no acute intervention has been proven to be effective in 
improving mortality or functional outcome after this type of stroke. Current evidence indicates 
that surgical hematoma resection does not significantly alter outcome (5). Similarly, a number 
of medical treatments have been shown to be unhelpful or even harmful in the management of 
acute ICH. These include steroids, osmotic diuretics, and hemodilution (6–9). More recently, 
acute hemostatic therapy has been shown in a single randomized controlled trial to attenuate 
hematoma expansion and improve clinical outcome (10).

The question of the existence of penumbral tissue in primary ICH is best addressed in two 
parts. The first is the more specific question of an ischemic penumbra, as defined in previous 
 chapters. The second is to consider the penumbra in a more general sense; cerebral tissue that 
is not immediately injured by the effects of the acute event, but also at risk for secondary pro-
gressive damage subacutely or over even longer periods. We shall make the case that there is 
little to support the existence of an ischemic penumbra, but substantial evidence for the more 
general definition. 

The existence and nature of the penumbra in ICH is arguably the most pressing  outstanding 
information required by clinicians to make rational management decisions in ICH patients. The 
recognition that hematoma volume is not static in a significant proportion of patients, has 
 revolutionized the approach to ICH management (11). In addition to the promising treatment 
effects of hemostatic therapy, there is increasing evidence that clot expansion is correlated with 
acute systolic blood pressure (12,13). Furthermore, there is some limited evidence from 
 retrospective studies, that higher systolic blood pressure is associated with poor clinical  outcome 
(14,15). The hypothesis that blood pressure reduction may attenuate hematoma expansion is 
therefore an intriguing possibility. It has also been postulated, however, that compression of the 
microvasculature surrounding the hematoma may result in decreased cerebral blood flow (CBF) 
(16). Therefore, some clinicians remain concerned that acute blood pressure reduction may 
aggravate, or even precipitate, cerebral ischemia within the perihematomal region and/or 
more globally. These two theories therefore lend themselves to opposing blood pressure 
 management strategies, and the clinical dilemma will only be resolved with randomized 
 controlled trials, which are currently underway (17,18). Of course, proponents of the ischemic 
hypothesis consider such a trial potentially dangerous. Fortunately, a number of experimental 
and clinical studies of CBF in ICH have already been performed, which support the safety of 
such a trial. 
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PART I: BLOOD FLOW CHANGES IN INTRACEREBRAL HEMORRHAGE
Experimental Evidence 

Several animal models of ICH have been developed to assess for any changes in CBF, metabolic 
rate, and/or ischemia following ICH (Table 1). Studies have been done mainly in rats, but also 
cats, dogs, and monkeys. Changes in CBF have been documented using a variety of techniques, 
including 14C-iodoantipyrine autoradiography, hydrogen clearance, radiolabelled microspheres, 
and carbon-black dilution (19–28). The effect of a rapidly developing mass on local blood flow 
has been examined using an inflatable balloon placed within the parenchyma of rat brains 
(24,26,29). In most cases, this resulted in acute CBF reductions and even ischemic changes, 
which appear to be proportional to the duration of balloon inflation. Similarly, measurement of 
regional CBF following autologous blood injection into rat brains has revealed perihematomal 
oligemia acutely (22,30,31). Unlike the pattern seen with balloon inflation, however, this reduc-
tion in blood flow was transient, normalizing in most cases within hours, and most severe 
during the first minutes following injection. 

Qureshi et al. (32) used arterial pressure to inject autologous blood into the deep white 
matter of dogs, in an effort to more accurately simulate acute ICH. Measurement of CBF using 
radiolabeled microspheres did not reveal any hypoperfusion in the periclot white matter. The 
authors concluded that the slower injection time of 15 to 20 minutes under arterial pressure, 
rather than a more rapid introduction of blood in the previous rodent experiments, accounted 

TABLE 1 Summary of Studies of Cerebral Blood Flow and/or Ischemic Changes Following Experimental 
Intracerebral Hemorrhage

Investigator/study Animal Hematoma model Primary findings

Kingman et al. (81) Rat 50 μL balloon inflated over 25 sec, 
for 2.5 min – 2.5 h, ± deflation 

CBF reduced in ipsilateral basal ganglia and cortex, 
which was proportional to the duration of 
inflation; deflation did not restore CBF

Sinar et al. (24) Rat 50 μL balloon inflated over 20 sec, 
for 10 min then deflated

CBF reduced in frontal cortex with inflation, 
reduced in ipsilateral caudate at 4 h, ischemic 
histopathology in caudate at 4 h

Nehls et al. (25) Rat 50 μL balloon inflation over 20 sec,
 for 5 min or 4 h

CBF reduced in ipsilateral caudate, more prominent 
after 4 h inflation

Nehls et al. (26) Rat 50 μL balloon inflation over 20 sec, 
for 10 min or 24 h

CBF reduced in ipsilateral caudate and cortex after 
24 h, but not at 10 min inflation, ischemic 
histopathology in all animals

Ropper et al. (82) Rat Autologous blood injection; 0.24–
0.28 mL over 1 sec into caudate

Coma and global decrease in CBF 30% below 
baseline associated with hematoma induction

Mendelow et al. (21) Rat Autologous blood injection; arterial 
pressure ± IVH

CBF reduced in ipsilateral hemisphere with 
contained hemorrhage and bilaterally in cases of 
uncontained hemorrhage 

Nath et al. (22) Rat Autologous blood injection; 
25/50/100 μL blood over 2.5 min 
at 100 mmHg

CBF reduction around hematoma and ipsilateral 
hemisphere proportional to volume; no change in 
cerebral perfusion pressure

Nath et al. (30) Rat Autologous blood injection; 25 μL 
over 10 sec at 100 mm Hg

CBF reduced in caudate and overlying cortex at 
1 min, but not at 10 min or 3 h; structural 
cortical damage, but not in the caudate, 
consistent with ischemia see on histopathology

Patel et al. (83) Rat Autologous blood injection; 
100/200 μL at a rate of 10 μL/min 
into caudate

Perihematomal ischemic histopathology, which was 
proportional to clot volume 

Yang et al. (28) Rat Autologous blood injection; 100 μL 
over 5 min

CBF reduced globally at 1 h, normalized at 4 h, 
reduced at 24–48 h; edema related to increased 
blood–brain barrier permeability

Bullock et al. (27) Monkey Autologous blood injection; arterial 
pressure

CBF reduced in all regions at 15 and 50 min; most 
prominent ipsilateral caudate and white matter

Kobari et al. (84) Cat Autologous blood injection; arterial 
pressure

Hemispheric CBF reduced bilaterally, CBV reduced 
<2% bilaterally

Qureshi et al. (19) Dog Autologous blood injection; 7.5 mL 
over 20–30 min

No change in global measures of oxygen extraction 
or metabolism

Abbreviations: CBF, cerebral blood flow; CBV, cerebral blood volume.
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for the observed lack of CBF reduction. As CBF measurements did not begin until 45 minutes 
after injection, it remains possible, however, that transient oligemia may simply have been 
missed. Thus, the general pattern of blood flow changes in animal models is one of hyperacute 
reduction, followed by spontaneous resolution. These changes are moderate in both severity 
and volume of tissue affected. Although histopathological studies done as part of a number of 
these studies did reveal changes consistent with ischemia, it is also possible that cellular injury 
occurred secondary to alternative mechanisms (see Part II) (24,26,30,33).

Nuclear Medicine Investigations 

Studies of acute and subacute ICH using nuclear medicine scans have produced conflicting 
results, with respect to the etiology of perihematomal edema. Several single photon emission 
computerized tomography (SPECT) studies of ICH have demonstrated acute but transient 
focally decreased blood flow in the region of the hematoma (Table 2). Sills et al. (34) used 

99mTc-hexamethylpropylenamine oxime (Tc-HMPAO) SPECT to demonstrate circumferential 
hypoperfusion in the perihematomal region of seven patients, imaged at an average of 51 hours 
after symptom onset. Mayer et al. (35) used the same technique and reported perihematomal 
hypoperfusion more acutely (mean 18 hours) (36). In addition, repeat imaging at a mean of 
72 hours after symptom onset indicated that CBF normalized in all patients. The hypoperfused 
region corresponded topographically to the visibly enlarged edema seen on CT scans and, in 
one case, to areas of hematoma expansion (36). The hypoperfused volumes were also positively 
correlated to the volume of edema expansion. Siddique et al. (36) showed a similar pattern of 

TABLE 2 Single-Photon Emission Computerized Tomography Investigations of Blood Flow in 
Intracerebral Hemorrhage

Investigator /study 
(ligand)

Number of 
patients Location of ICH

Time of study/studies 
from symptom onset Primary findings

Tanizaki (85) (inhaled 
133Xe)

13 (all treated 
surgically)

Putamen Scan 1: preoperative

Scan 2: within seven 
days of surgery 
performed 13–82 
days after onset

Scan 1: Ipsilateral hemispheric 
hypoperfusion in all 13 patients

Scan 2: Postoperative CBF improved in 
two thirds of the patients

Rousseaux et al. (86) 
(Tc-HMPAO)

20 Thalamus (7)
Lenticulostriate (5)
Subcortical (8)

1–95 d Remote hypoperfusion in ipsilateral 
frontal cortex in 19 patients and 
contralateral cerebellum in 16 cases

Sills et al. (87)
(Tc-HMPAO)

7 Lobar (3)
Putamen (3)
Thalamic (1)

28–63 h Decreased perihematomal rCBF in all 
patients

Mayer et al. (35)
(Tc-HMPAO)

23 Putamen (12)
Thalamic (6)
Gangliothalamic (2)

Scan 1: <36 h
Scan 2: 24–120 h later

Scan 1: Perihematomal decreased rCBF
Scan 2: Flow deficit volume (region of 

decreased rCBF) decreased by 55% 
from scan 1; cortical hyperemia (not 
perihematomal) in four patients

Siddique et al. (88)
(Tc-HMPAO)

13 (4 treated 
surgically)

Scan 1: < 48 h
Scan 2: 4–7 d later

Scan 1: Perfusion of the ipsilateral 
hemisphere improved between scan 1 
and scan 2 (mean 3.9% increase in 
flow), in all surgically treated 
patients; perfusion decreased (6), did 
not change (1) or improved (2) in 
conservatively managed patients 
(mean 3.6 % decrease in flow) 

Siddique et al. (36) 
(Tc-HMPAO)

11 Basal ganglia(3)
Lobar (8)

Scan 1: Within “days” 
(number not 
specified)

Scan 2: 6–9 months 
later

Perfusion measures for scan 1 were 
not given, but perfusion improved 
by at least 15% on scan 2 in the 
perihematomal region (7.2–71.3 mL) 
in all patients

Abbreviations: HMPAO, hexamethylpropylenamine oxime; ICH, intracerebral hemorrhage; rCBF, regional cerebral blood flow.
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acute hypoperfusion, which was no longer present when patients were reimaged six to nine 
months postictus (36). These reports, therefore, appeared to support the hypothesis that there is 
the potential for secondary ischemic changes in the acute stages of ICH. Nonetheless, the SPECT 
studies indicated the presence only of reduced CBF, as measurements of oxygen extraction 
 fraction (OEF) or cerebral metabolic rate are not possible with this technique, and, therefore, the 
changes cannot be concluded to represent ischemia.

Focal hyperperfusion has been identified with SPECT studies as well. Mayer did 
observe cortical hyperemia distal to the ICH in four patients (35). This was seen more 
commonly in patients with lobar hemorrhages, on their second (subacute scan). In addition, 
a number of investigators have reported increases in CBF observed with N-isopropyl-p-
[123I]iodoamphetamine (123I-IMP) SPECT. These reports are found, largely in abstract form, in 
the Japanese language literature and have been summarized by Miyazawa et al. (37).

Several investigators have used positron emission tomography (PET) tracers that 
measure tissue metabolism as well as blood flow, in an effort to more definitively address the 
question of ischemia in the perihematomal zone (Table 3). The first published report included 
patients studied over a wide time period; one week to more than a month after symptom onset. 
They reported that CBF was most often decreased diffusely in the hemisphere ipsilateral to the 
 hemorrhage, but also in a restricted perihematomal region (38). They also found two cases of 
distinct increases in CBF, consistent with luxury perfusion around the hematoma. Finally, they 
observed four cases of perihematomal hypoperfusion and increased OEF suggestive of  ischemia 
in their series of 21 patients. This occurred only in patients with very large hematomas (>4.5 cm 
diameter).

Another group reported perihematomal reductions in CBF in two patients, after  correcting 
for partial volume effects caused by the hematoma itself (39). The same investigators later 
reported that cerebral oxygen metabolism (cerebral metabolic rate of oxygen; CMRO2) and OEF 

TABLE 3  Positron Emission Tomography Investigations of Blood Flow in Intracerebral Hemorrhage

Investigator/study 
(ligand)

Number of 
patients Location of ICH

Time of study/studies 
from symptom onset Primary findings

Uemura et al. (38) 
(15O)

21 Thalamus (14)
Putamen (3)
Subcortical (4)

<10 d (n = 13 scans)
11–30 d (n = 12 scans)
>30 d (n = 8 scans)

CBF, OEF, and CMRO2 decreased in the 
perihematomal region and diffusely 
in the ipsilateral hemisphere

Perihematomal CBF increased (luxury 
perfusion) in two patients

OEF moderately increased (misery 
perfusion) diffusely over both 
hemispheres only in four patients 
with large hematomas (diameter 
>4.5 cm) 

Videen et al. (39) (15O) 2 Putamen (2) 9 and 22 h Perihematomal CBF decreased; 
preserved cortical CBF

Zazulia et al. (40) (15O) 19 Basal ganglia (7)
Thalamus (5)
Lobar (3)

5–22 h rCBF and CMRO2 reduced in the 
perihematomal region, but no 
increase in OEF

Powers et al. (41) 
(15O)

14 Putamen (6)
Thalamus (6)
Lobar (2)

Scan 1: 6–22 h
Scan 2: 10 min after 

pharmacological 
reduction of MAP by 
15 mmHg

Perihematomal rCBF decreased in most 
patients on scan 1, but no significant 
change in either global CBF or 
perihematomal rCBF after BP reduction

Hirano et al. (42) 
(FMISO)

6 Putamen (2)
Thalamus (2)
Lobar (2)

24–43 h No evidence of hypoxia in any patient

Markus et al. (44) 
(FMISO)

9 Putamen (5)
Thalamus (2)
Lobar (1)

<48 h Small volume of hypoxic voxels 
identified in two patients with large 
hematoma volumes (>60 mL)

Abbreviations: CMR02, cerebral metabolic rate of oxygen; ICH, intracerebral hemorrhage; rCBF, regional cerebral blood flow; OEF, 
oxygen extraction fraction.
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values were both decreased in a 1-cm wide hypoperfused region surrounding the hematoma, 
relative to the contralateral side, in 19 patients studied with multitracer H2

15O/15O PET 5 to 
22 hours after onset of ICH (40). The decreased OEF indicated that metabolic demand was 
reduced to a greater extent than CBF in this perihematomal region. These changes are the 
opposite of what is observed in penumbral tissue following ischemic stroke when CBF is 
reduced to a greater extent than CMRO2 with elevation of OEF. Only a single patient had 
scattered areas of high OEF, consistent with misery perfusion, in the perihematomal region. 
This patient had a hematoma volume of 41 mL, which was greater than the mean of 26 mL, 
although four patients with larger clots had low OEF. The authors, therefore, concluded that in 
the majority of patients, CBF changes were secondary to decreased metabolic demands and not 
ischemia. Finally, this group also evaluated the safety of acute blood pressure reduction in ICH. 
These investigators performed PET scans before and after blood pressure reduction (41). 
Fourteen patients with moderate sized supratentorial ICH were randomized to treatment with 
either intravenous nicardipine or labetalol between 6 and 22 hours after symptom onset. CBF 
was moderately reduced in the perihematomal regions of most patients prior to treatment. 
Mean arterial pressures were reduced by an average of 16.7 ± 5.4% (119 mmHg, range 90–
133 mmHg). No significant changes in CBF in the perihematomal region or elsewhere were 
detected following treatment with either drug.

Studies with the PET ligand 18F-fluoromisonidazole (FMISO) in patients with ICH have 
revealed findings that are concordant with that of multitracer PET studies (42). This tracer, which 
binds to severely hypoxic tissue and has been used to identify penumbral tissue in  ischemic 
stroke, can therefore be used to differentiate tissue with decreased blood flow secondary to lower 
metabolic demands from that which is truly deprived of oxygen (43). Additional FMISO investi-
gations by one of the authors revealed small volumes (0.6 mL and 1.4 mL) of hypoxic tissue 
using voxel based statistical parametric mapping in the perihematomal region in two of nine 
patients imaged within 48 hours of ICH onset (Fig. 1) (44). These patients both had large hema-
toma volumes of 52.3 and 83.8 mL, respectively. These small regions of hypoxic tissue, relative to 
the total perihematomal volume, were considered unlikely to be clinically significant.

Thus, nuclear medicine studies indicate that ischemia is unlikely to be a major cause of 
 neuronal injury in the perihematomal region in most patients. Although CBF does decrease 
hyperacutely, this is not associated with the features of either hypoxia or ischemia in the 
majority of patients. The decreases in CBF appear more likely to be secondary to decreased 
metabolic demands in the tissue surrounding the hematoma and this appears to be a transient 
phenomenon.

FIGURE 1 Coregistered 18F-fluoromisonidazole positron emission tomography and computerized tomography images 
from patients imaged 31 (A) and 24 hours (B) after onset of lobar and thalamic intracerebral hemorrhage (ICH), respec-
tively. Hypoxic tissue was identified by voxel-based statistical parametric mapping within the hematoma and surround-
ing 2 cm margin. Patient in (A) had an ICH volume of 52 mL with a hypoxic volume of 1 mL. Patient in (B) had an ICH 
volume of 84 mL and a hypoxic volume of 1.5 mL. 
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Magnetic Resonance Imaging Investigations 

Stroke clinicians have been somewhat reluctant to consider magnetic resonance imaging (MRI) 
a reliable tool for the clinical assessment of intracranial hemorrhage. This is based on the ease 
of identification of blood on CT scans and the perceived difficulty associated with visualization 
of acute hemorrhage on MRI. In fact, blood is readily identifiable on MRI and the use of  multiple 
sequences provides additional information regarding the age of blood products. Two recent 
trials have confirmed that acute ICH can be reliably identified and differentiated from ischemic 
stroke, using MRI alone (45,46). This does require a basic understanding of the basic patterns 
and mechanisms of MRI changes in ICH.

Blood products become apparent on MRI due to disruptions in local magnetic fields, 
sometimes called the susceptibility effect. Substances that have this effect are referred to as 
paramagnetic. Blood products that are paramagnetic include deoxyhemoglobin, methemo-
globin, and hemosiderin. In contrast, oxyhemoglobin is not paramagnetic and, therefore, not 
visible with MRI. In addition to oxyhemoglobin and deoxyhemoglobin, acute blood also con-
tains  significant amounts of water, which is heavily T2-weighted. Thus, acute blood has a mixed 
signal on traditional T2-weighted images (47,48). Studies of hyperacute ICH indicate that the 
susceptibility effects are first observed where deoxyhemoglobin initially forms, at the  periphery 
of the hematoma (49). This is useful in delineating the boundary of the hematoma, from the rim 
of perihematomal edema, as the latter is always hyperintense on T2-weighted images (Fig. 2). 
The hypointensity associated with increasing amounts of deoxyhemoglobin progressively 
spreads into the hematoma core over time. In addition, sequences including gradient echo and 
T2∗, which are more susceptible to the paramagnetic effects of deoxyhemoglobin, make acute 
blood even more obvious on MRI (33,50). 

Perfusion-Weighted Imaging
The most commonly used MRI perfusion imaging technique is the dynamic susceptibility 
 contrast method. This perfusion-weighed MRI (PWI) sequence allows the visualization of areas 
of decreased CBF via bolus tracking of intravascular gadolinium contrast media as it transits 
through the cerebral circulation (see Chapter 15). PWI sequences have been utilized in an effort 
to assess for blood flow changes in ICH. A total of 59 acute ICH patients in three separate 
 studies have been studied with PWI (Table 4). The first study of six patients with acute ICH 

FIGURE 2 T2-weighted magnetic resonance imaging (T2WI, left) demonstrating a large acute putamenal hematoma 
imaged six hours after onset and perihematomal edema, which expands over 72 hours. Acute hematoma volume was 
51 mL, as measured on CT. Blood appears black due to the paramagnetic effects of the deoxyhemoglobin, and edema 
bright on the T2-weighted images. The apparent diffusion coefficient (ADC; right) maps indicate elevated rates of water 
movement in the perihematomal region (units are 10−6 mm2/sec), which are strongly correlated to edema volume both 
acutely and subacutely. This is most consistent with edema of plasma origin and not ischemia.
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demonstrated no evidence of focally decreased blood flow in the perihematomal region (51). 
More  consistently, these authors observed a relative hypoperfusion of the cerebral hemisphere 
ipsilateral to the hematoma. The two largest PWI studies in ICH reported mild hypoperfusion 
in the perihematomal region and/or more diffusely throughout the ipsilateral hemisphere in 
approximately half (29/53) of the patients studied (Fig. 3) (52,53). The severity of these changes 
appears to be inversely correlated to the time of imaging (52). One of the authors has also 
observed that both perihematomal and diffuse hemispheric perfusion changes occur only in 
larger hematomas, generally larger than 15 mL. Furthermore, repeat imaging demonstrated 
that hypoperfusion is transient, resolving completely within three to five days (53). Finally, this 
study also included an analysis of relative CBF and CBV (rCBF and rCBV) in the perihemato-
mal region. Although, rCBF was decreased moderately, commensurate with a prolongation of 
MTT, no changes in rCBV were observed (Fig. 3). This is inconsistent with the traditional 
hypothesis that perihematomal oligemia results from compression of the local microvascula-
ture by the hematoma mass effect. Furthermore, maintenance of rCBV is incompatible with 
cerebral ischemia.

The inability to demonstrate significant hypoperfusion in patients with small hematomas 
may be a limitation of studying blood flow with MRI. The paramagnetic effects of deoxyhembo-
globin extend beyond the hematoma itself, making determination of blood flow immediately 
adjacent to the clot impossible. It is, therefore, possible that smaller hematomas are asso ciated 
with a more restricted zone of perihematomal hypoperfusion—below the resolution of PWI. 
This problem may be overcome by studying blood flow with CT (discussed subsequently).

Diffusion-Weighted Imaging
MRI also provides another tool useful in identification of ischemic tissue. Diffusion-weighted 
imaging (DWI) is based on the principle of detection of spontaneous water molecule movement 

TABLE 4 Magnetic Resonance Imaging Investigations of Blood Flow/Perihematomal Edema Etiology 
in Intracerebral Hemorrhage

Investigator/study
Number of 
patients Location of ICH

Time of study/studies 
from symptom onset Primary findings

Carhuapoma et al. (54) 
(DWI and MRS)

9 Basal ganglia (5)
Thalamus (1)
Lobar (3)

1 – 9 d Increased perihemtomal ADC in 8/9
Voxels with decreased ADC in 1/9 

(80 mL hematoma)
MRS: Lactate in 2/5 patients, but not 

associated with ADC decrease
Kidwell et al. (51)
(PWI and DWI)

12 (DWI)
6 (PWI)

Putamen (5)
Thalamus (4)
Lobar (3)

<5 h Perihematomal Tmax delay 
(hypoperfusion) in 2/6 patients

Rim of perihematomal decreased ADC 
values in three patients with large 
hematoma volumes and mass effect 

Schellinger et al. (52) 
(PWI and DWI)

32 Subcortical (27)
Lobar (5)

1.3 – 5.75 h Perihematomal (4/32) and diffuse 
ipsilateral hemispheric (14/32) 
MTT delay (hypoperfusion)

MTT was inversely correlated with time 
to imaging

Perihematomal ADC was decreased 
(7/32), increased or normal (25/32) 
and unrelated to perfusion or outcome 

Butcher et al. (53)
(PWI and DWI)

21 acute
12 subacute

Putamen (14)
Thalamus (3)
Caudate (1)
Lobar (2)

Scan 1: 4.5 – 110 h 
(50% <21 h)

Scan 2: 3 – 5 d 
(median 4.5 d)

Transient perihematomal (11/21) and 
diffuse ipsilateral hemispheric (9/21) 
MTT delay (hypoperfusion) in patients 
with larger hematoma volumes, all of 
which resolved by scan 2

Elevated ADC values positively correlated 
with perihematomal edema volumes 
acutely and subacutely

Abbreviations: ADC, apparent diffusion coefficient; DWI, diffusion-weighted imaging; ICH, intracerebral hemorrhage; MRS, magnetic 
resonance spectroscopy; MTT, mean transit time; PWI, perfusion-weighted imaging; Tmax, time to peak of the impulse residue.
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within the brain (see Chapter 15). Areas of diffusion restriction are thought to represent cyto-
toxic edema. The degree of bioenergetic compromise can be quantified by the apparent  diffusion 
coefficient (ADC), which is decreased in regions where sodium–potassium ATPase function 
has failed. Four DWI studies in a total of 71 acute ICH patients have been reported (Table 4) 
(51–53,54). Perihematomal diffusion restriction was reported in 11 patients from two studies 
(51,52). The degree and volume of the diffusion restriction and volume of the affected regions 
were moderate in all cases. Most patients have been observed to have elevated ADC values in 
the perihematomal region and this has been interpreted as evidence that edema is plasma 
derived or vasogenic (5). In a larger subsequent serial study of diffusion changes in ICH, one of 
the authors reported that rADC is consistently elevated in the perihematomal region (53). 
Furthermore, the ADC was directly correlated to the volume of edema, independent of hema-
toma size, at both the acute and subacute time points. In essence, higher rates of water move-
ment in the periclot region were associated with larger edema volumes. This was highly 
consistent with edema of plasma origin and not ischemia (Fig. 2) (53).

In the three studies of concurrent DWI and PWI in acute ICH, none have reported 
ischemic signatures, that is, a reduction of ADC, in association with perfusion changes. In one 
study, a limited number of voxels with ADC decreases were observed in a single patient, but 
this was not associated with any focal change in CBF in the same region (51). This suggests that 
any periclot diffusion restriction changes resulted from failure of energy metabolism that is not 
related to ischemia. Similarly, prolongation of contrast transit time, consistent with relative 
hypoperfusion, is not associated with any reduction in ADC (Fig. 2) (52). Consistent with 
nuclear medicine investigations, the results of MRI studies therefore indicate that ischemia is 
not a major factor in secondary injury, following ICH.

Magnetic Resonance Spectroscopy
Magnetic resonance spectroscopy (MRS) has also been used to study the mechanisms of 
 secondary injury in ICH. Hydrogen MRS has been shown to be highly sensitive for the 
detection of acute ischemic metabolites, specifically lactate (55). MRS is also capable of demon-
strating decreases in N-acetylaspartate (NAA) levels that occur following neuronal loss. One 
serial MRS study in 20 ICH patients has been published (56). This study examined the frontal 

FIGURE 3 (See color insert.) Example of perihematomal blood flow changes in a patient with a putamenal intracere-
bral hemorrhage (six hours after onset; same patient as Fig. 2). Blood again appears black due to the paramagnetic effects 
of deoxyhemoglobin. Time to peak of the impulse response curve (Tmax) is delayed >2 seconds (colored voxels) in 
regions of decreased blood flow (units are 1/10 sec). This patient had perihematomal (white arrows) and diffuse ipsilat-
eral hemispheric Tmax delay (red arrows). Relative cerebral blood volume (rCBV; arbitrary units) in the perihematomal 
region and ipsilateral hemisphere is maintained, however, which is inconsistent with ischemia.
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cortical regions, following ICH located in the basal ganglia. The authors reported sequentially 
 decreasing NAA levels when patients were studied within 48 hours of symptom onset and then 
again at two and four weeks, but no elevations in lactate. This was consistent with neuronal loss 
in the absence of ischemia. Although the study did not address the perihematomal region, 
it confirms that much of the secondary injury that occurs in ICH is not due to ischemia. One 
other study of five ICH patients studied subacutely has been reported (54). Small amounts of 
perihematomal lactate were found in two patients, one of whom had had a surgical resection 
performed. The investigators found no ischemic signatures using DWI in either of these patients, 
however, and concluded that the lactate resulted from nonischemic mechanism(s), which has 
been reported previously (57,58). One of the authors (KB) has performed single voxel hydrogen 
MRS in a small number of acute ICH patients. The technique is somewhat unreliable as the 
magnetic field required for MRS is disrupted by the paramagnetic effects of the hematoma. 
Nonetheless, spectra can be obtained within the edematous region, as seen on T2-weighted 
images. We have been able to demonstrate the absence of lactate, suggesting once again that 
ischemia is not a major factor in edema formation (Fig. 4).

Computerized Tomography (Xenon and Perfusion) Investigations

Absolute CBF can be determined using CT combined with the inhalation of the inert gas xenon. 
Several xenon CT studies in acute ICH patients have been reported (Table 5). Unfortunately, 
many of these studies are inconsistent with each other, with no obvious explanation in terms 
of methodology, timing of imaging, or hematoma volume. A number of studies report focally 
increased rCBF, which has been interpreted as luxury perfusion, around the hematoma of some 
patients. The largest of these studies reported elevated rCBF in 23 of 102 patients studied 
between one and six days after symptom onset (mean 2.7 days). Serial studies indicate that this 
is a transient phenomenon, resolving one to two weeks after symptom onset. It does appear that 
hyperperfusion has been reported only in patients imaged more than 12 hours after symptom 
onset. The reason(s) for this increase in perihematomal blood flow are not entirely clear, but may 
 represent a recovery of neuronal function after the initial insult of the expanding hematoma. 

Gebel et al. (59) studied the effect of acute blood pressure reduction on CBF by imaging 
five ICH patients within 24 hours of symptom onset immediately prior to and after administra-
tion of intravenous hypotensive agents. None of the patients had evidence of hypoperfusion 
when imaged initially. Reduction of systolic blood pressure to 130 to 140 mmHg resulted in 
an increase in regional cortical CBF in three of the five patients. In two patients, significant 

FIGURE 4 Example of hydrogen magnetic resonance spectroscopy in a patient with a putamenal intracerebral 
 hemorrhage (ICH), imaged 16 hours after symptom onset. The spectra on the left correspond to the perihematomal 
region of interest (white square) and that on the right corresponds to the region in the contralateral hemisphere. At this 
stage, neuronal integrity and energy metabolism is intact, indicated by the normal N-acetylaspartate (NAA), choline and 
creatine levels. There is no lactate present, which would appear as a peak to the right of the NAA, under ischemic condi-
tions. The hemosiderin deposit and gliotic cavity in the contralateral putamen is evidence of a previous ICH, which was 
asymptomatic.
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decreases in perihematomal rCBF and/or global CBF were observed, but this was not associ-
ated with any neurological deterioration. 

More recently, CT has been used to measure CBF changes, by tracking intravascular 
 iodinated (nonionic) contrast media (60). Although currently limited to imaging only a portion 
of the brain, this technique is not susceptible to the artifacts caused by blood constituents in the 
way that MRI is. CT perfusion imaging also has other practical advantages in ICH. It can be 
performed immediately after noncontrast CT, which is performed on all acute ICH patients. 
The examination time is very short (<1 minute) and it actually has higher spatial resolution than 
both PET and MRI. Finally, no special equipment, apart from a power injector, is required, 
making the technology readily available in most hospitals treating acute ICH patients. 

One CT perfusion study in ICH patients has been published (61). This study included five 
patients imaged between 9 and 23 hours after symptom onset. The authors reported a gradient 
of decreased rCBF, extending from the perimeter of the hematoma. The reductions in rCBF were 
only borderline significant, relative to the contralateral hemisphere, within 2 mm of the hema-
toma itself. The authors also found some evidence, that reduced rCBF was reduced to a greater 
extent in patients imaged earliest after symptom onset and in those with larger hematoma 
 volumes. One of the authors (KB) has completed pilot CT perfusion studies in acute ICH 
patients that demonstrate very restricted regions of decreased rCBF in the perihematomal 
region (Fig. 5). Regional reduction in CBF tends to occur in a non-uniform distribution,  identical 
to that observed with the MRI studies.

Summary of Evidence for Blood Flow Changes in Intracerebral Hemorrhage

Assessed together, the experimental and clinical studies indicate that acute ICH is associated 
with a transient zone of hypoperfusion in most cases. Perihematomal hypoperfusion is 
seen most commonly in the hyperacute stages and in association with larger clot volumes. 

TABLE 5 Computerized Tomography Investigations of Blood Flow in Intracerebral Hemorrhage

Investigator/study
Number of 
patients Location of ICH

Time of study/studies 
from symptom onset Primary findings

Suzuki et al. (89) 
(Xenon CT)

7 Putamen (7) Scan 1: <4 d
Scan 2: 4–14 d
Scan 3: 14–25 d

Decreased ipsilateral hemispheric rCBF, 
but increased perihematomal rCBF 
(luxury perfusion) on scan 1, that 
decreased on scan 2 and scan 3 

Kitahara et al. (90) 
(Xenon CT)

11 Putamen (11); all 
treated with 
aspiration through 
burr hole 
craniotomy

Preoperative: 4
Immediately 

postoperative: 4
1 wk: 5 
2–3 wk: 4 
>4 wk: 11

Reduced rCBF in ipsilateral hemisphere 
relative to control patients (no 
comparison to contralateral hemi-
sphere); CBF increased transiently 
after surgical evacuation 
of hematoma and then decreased to 
below preoperative levels

Miyazawa et al. (37) 
(Xenon CT)

165 Putamen (87)
Thalamus (37)
Subcortical (27)
Cerebellum (9)
Brain stem (4)

1–6 day (mean 2.7): 102
1 wk-1 month: 19
>1 month: 44
NB: not a longitudinal study

Increased perihematomal rCBF (luxury 
perfusion) in 24/102 (23.5%) patients 
acutely, but in 0 patients imaged >1 wk 
after symptom onset.

Gebel et al. (59)
(Xenon CT)

5 Scan 1: <24 h
Scan 2: Post BP reduction 

to 160–170 mmHg 
systolic

Scan 3: Post BP reduction 
to 130–140 mmHg 
systolic

No rCBF changes on scan 1
Scan 2/3: cortical rCBF increased (3/5); 

no change (2/5). Significant decreases 
in perihematomal rCBF and/or global 
CBF occurred post BP reduction (2/5).

Rosand et al. (61) 
(CT Perfusion)

5 Putamen (1)
Thalamus (2)
Lobar (2)

3–23 h Perihematomal rCBF decreased in all 
patients, immediately adjacent 
(<2 mm) to the hematoma

Abbreviations: ICH, intracerebral hemorrhage; rCBF, regional cerebral blood flow.
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All investigations reveal a pattern of spontaneous resolution of the blood flow deficits 
subacutely. In addition, there is some evidence that a period of hyperperfusion can follow the 
acute reduction in CBF at least in some patients. This seems to have been recognized most 
frequently on xenon CT and to a lesser extent on SPECT and PET studies. This likely reflects 
timing of the imaging studies relative to symptom onset. Hyperperfusion has not been detected 
with MRI, but this may reflect the use of time domain perfusion measures (mean transit time; 
MTT and time–to-peak of the impulse residue; Tmax), which are likely to be less sensitive to 
increases in CBF (51–53). Although one of the authors’ own MRI investigation did include 
rCBF measurements acutely, subacute assessments were limited to MTT (53). 

Although hypoperfusion occurs in the same physical space as perihematomal edema, the 
two do not appear to be causally related. Instead, it seems more likely that hypoperfusion 
results from a decrease in metabolic rate. The edema itself is most certainly plasma derived, 
rather than cytotoxic. There is little evidence for cellular ischemia in most patients, the exceptions 
occurring in those with extremely large hematomas.

PART II: SECONDARY INJURY IN INTRACEREBRAL HEMORRHAGE
Experimental Evidence

As described in Part I, experimental ICH has been used to study transient CBF changes. Animal 
models have also been used to study the etiology and natural history of perihematomal edema 
as well as nonischemic mechanisms of secondary injury. A representative, but by no means 
exhaustive list of some of these studies is provided in Table 6.

Wagner et al. (62) developed an autologous blood model of ICH in the pig in order to 
study perihematomal edema formation. These authors used intravenous Evans blue dye to 
demonstrate that the blood–brain barrier remains intact in this model of ICH. Despite this, 
 perihematomal edema developed in a similar manner to that seen in patients with ICH. It 
was concluded that edema resulted from the oncotic pressure exerted by the plasma proteins 
within the injected blood clot. Clotting proteins have been implicated in other aspects of 
 perihematomal injury as well. Thrombin, plasmin, and plasminogen, which are all involved in 
clot formation and retraction, injected directly into the brains of rats has been shown to result 
in an active inflammatory response and cell death (63). Furthermore, it has also been shown 
that  neutrophils, cytotoxic (CD8) lymphocytes, and microglia appear in the edematous tissue 
surrounding experimental hematomas within four hours, and become maximal at two to three 
days (7). Inflammatory cells have also been associated with increased matrix metalloproteinase 
activity (67). Inflammatory activity has been associated with ongoing neuronal death, which 
persists for at least four weeks—a time period that is certainly consistent with the concept of 
extended  penumbral tissue (65).

FIGURE 5 Computerized tomography perfusion (CTP) study in a patient with a moderate sized putamenal hematoma 
5.5 hours after symptom onset. Perihematomal delay of CT contrast media is indicated by dark voxels (Tmax delay >2 
seconds, relative to the contralateral hemisphere; units = 1/10 sec). The CTP study demonstrates perihematomal 
hypoperfusion immediately adjacent to the clot, which is not visible with PWI magnetic resonance imaging scans 
(compare with Fig. 3)
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Glutamate release and excitotoxicity in the perihematomal region have also been impli-
cated in secondary injury (68). Dying neurons are the most likely source of the excess excitatory 
amino acids, which in turn are toxic to nearby cells. Other clinical and experimental evidence 
suggests that a significant number of perihematomal region cells undergo programmed cell 
death. Histochemical analysis in ICH animal models have revealed DNA fragmentation 
consistent with apoptosis (69,70). 

Assessed together, animal models of ICH indicate that perihematomal edema initially 
results from the oncotic forces of proteins involved in the coagulation cascade. These proteins 
in turn appear to elicit an inflammatory response, involving neutrophils, macrophages, and 
matrix metalloproteinase activation. This immune response likely also initiates apoptosis in 
some cells. Neuronal injury results in the release of glutamate and other excitatory amino acids, 
beginning the excitotoxic cascade. Ultimately, all of these events result in necrosis. 

Hematoma Expansion

The perihematomal region may also be considered penumbral, in the sense that it is at risk of 
further injury, as it is now recognized that hematoma expansion occurs for several hours in 
many patients. Although bleeding in ICH was long thought to be brief and selflimited due to 
the tamponade effect of a mass within the intracranial compartment, a number of CT-based 
studies have shown this to be false. Two retrospective studies have shown that hematomas do, 
in fact continue to expand for several hours after symptom onset in a significant proportion of 
patients (71,72). Kazui et al. found a 40% or greater expansion in volume in 20% of patients 
imaged within 48 hours. In patients imaged within three hours, however, expansion was seen 
in 36%, suggesting that the majority of hematoma growth occurs early (72). Similarly, Fujii et al. 
(71) found 26% of patients imaged within two hours of symptom onset experienced expansion 
of at least 50% of baseline volume. In the only prospective study, baseline CT scan within three 
hours of symptom onset was followed by repeat imaging one hour later (11). The authors 
observed significant hematoma expansion (>33% volume) in 26% of patients. Repeat imaging 
at 20 hours after the baseline scan revealed expansion in an additional 12% of patients (11).

TABLE 6 Summary of Studies of Secondary Injury Following Experimental Intracerebral Hemorrhage

Investigator/study Animal Hematoma model Primary findings

Xue et al. (64) Rat Autologous blood injection Apoptosis and inflammatory cells
Gong et al. (69) Rat Autologous blood injection Apoptotic cells in the perihematomal region
Wagner (62) Pig Autologous blood injection Edematous perihematomal injection in presence of intact 

blood brain barrier
Wagner and 

coworkers (91)
Pig Autologous blood injection No perihematomal edema when heparin injected with 

blood
Qureshi et al. (92) Rabbit Autologous blood injection; 

arterial pressure
Apoptotic cells and necrosis within the hematoma; 

swollen, edematous, but intact cells in the 
perihematomal region

Qureshi et al. (93) Rabbit Autologous blood injection; 
arterial pressure

Microdialysis demonstrated transient elevations in 
glutamate and other excitatory amino acids in the 
hemisphere ipsilateral to the ICH at 30 min

Xue (63) Rat Thrombin, plasmin, 
plasminogen injections

Apoptosis and inflammatory cells in the perihematomal 
region at 48 hr after injection of thrombin and plasmin

Ardizzone et al. (94) Rat Autologous blood (lysed) 
injection

Glucose hypermetabolism in the perihematomal region, 
which was blocked by glutamate antagonists

Del Bigio et al. (65) Rat Bacterial collagenase injection Neutrophil and macrophage invasion of the perihemato-
mal region from surrounding tissue was associated 
with neuronal loss

Power et al. (67) Rat Bacterial collagenase injection Macrophage and matrix metalloproteinase activation

Nagatsuna et al. (66) Rat Bacterial collagenase injection Neutrophil and macrophage infiltration of the 
perihematomal region, which was suppressed 
by the thrombin inhibitor argatroban

Abbreviation: ICH, intracerebral hemorrhage.
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Hematoma expansion appears to be clinically significant, as it has been shown to be asso-
ciated with neurological deterioration and impaired functional recovery (11,12,72,73). Growth 
of the hematoma has been associated with elevated systolic blood pressure, poorly controlled 
diabetes mellitus, low fibrinogen levels, and heavy alcohol consumption (12,73). These may 
allow the development of potential therapeutic strategies, aimed at prevention of hematoma 
expansion. As with ischemic stroke, however, treatment of this type of “penumbra” will most 
likely be successful only in the hyperacute stages. Acute hemostatic therapy, with recombinant 
Factor VIIa, has been shown in a randomized controlled trial to attenuate  hematoma expansion 
and improve clinical outcome, if administered within four hours of symptom onset (10). A con-
firmatory phase III trial is currently underway. The other intriguing possibility is that rapid 
blood pressure reduction may also decrease the frequency of hematoma expansion. In one center, 
where aggressive blood pressure reduction to 140 to 160 mmHg systolic is part of routine care, 
expansion was seen in only 17% of patients admitted within two hours of  symptom onset (13). 
This is considerably lower than the expansion rate observed in the observational studies. 
Similarly, another center reported that targeting maximum systolic blood pressure to ≤150 mmHg 
was associated with expansion in 9% of cases (74). This was significantly lower than the expan-
sion rate of 30%, seen in those where maximum systolic blood pressure targets were 160 mmHg 
or higher. Although no cases of cerebral ischemia were reported, the safety and efficacy of this 
intervention can only be confirmed through ongoing randomized controlled trials (17,18).

Perihematomal Edema

Visible perihematomal edema on CT has been shown to be present in most patients imaged 
within three hours of symptom onset (75). Edema volumes increase by approximately 75% over 
the subsequent 20 hours (75). Paradoxically, lower relative edema, an index of absolute hema-
toma relative to hematoma volume, at 24 hours is associated with worse clinical outcomes (76). 
This has led to the hypothesis that early perihematomal edema may represent successful blood 
clotting. Excess clotting proteins, in particular, thrombin may contribute to larger edema vol-
umes through an oncotic effect. This is supported by the observation that patients in whom 
clotting is inhibited through the use of antithrombotic therapies, as occurs secondary to throm-
bolysis for acute coronary syndromes, very little perihematomal edema forms (77).

As described in Part I, one of the authors’ examination of perihematomal changes 
indicated that edema volume is highly correlated to the velocity of water movement, calculated 
as the ADC (53). Furthermore, this link between water mobility and edema volume was seen at 
the acute and subacute (3–5 days) time points. Thus, edema volumes tend to increase as a 
 function of increased water diffusion, which extends peripherally from the hematoma. The 
total duration of edema expansion is not known. Retrospective serial CT study analysis is made 
 difficult by the fact that both the proximal and distal borders of the edema volume become less 
distinct with time, and as the hematoma contracts. One group assessed the significance of 
 continued edema growth by assessing only its mass effects, as revealed by the development 
and/or progression of midline shift (78). Edema, was associated with midline shift in 
7/76 patients and in all cases, this occurred relatively late (9–21 days) after symptom onset. In 
contrast, earlier increases in mass effect, seen in 10/76 patients 4.8 to 41 hours after onset, were 
all associated with hematoma enlargement.

Etiology of Secondary Injury in Intracerebral Hemorrhage Patients

What evidence is there that the perihematomal edematous region of ICH patients is subjected to 
the same processes seen in animal models and can therefore be considered penumbral? The 
studies are limited in number, but most of the pathophysiological mechanisms observed in 
experimental studies do appear to be relevant clinically. The most direct evidence comes from 
histopathological examination of tissue from ICH patients. Qureshi et al. (79) studied tissue from 
12 patients who underwent hematoma evacuation one to five days after symptom onset (79). 
It was found that apoptotic cells represented an average of 38% of the sample. Necrotic cells 
accounted for 25% of the sample, although this was much higher in the single patient who had 
surgical evacuation performed relatively late, on day five. Presumably, these pathological sam-
ples represented the hematoma core itself to a greater extent than the perihematomal region.
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There is some indirect evidence that inflammation and excitotoxicity are both involved in 
secondary neuronal injury in humans as well. Castillo et al. (80) measured serum inflammatory 
and excitatory amino acid levels in patients with acute ICH. Tumor necrosis factor-α and 
 interleukin-6 levels were increased and these correlated with the volume of perihematomal 
hypodensity seen on subacute CT scans. These findings are not definitive, but consistent with 
an active inflammatory response in the perihematomal region. The same study revealed 
 systemic evidence of excess glutmatgeric activity, which was also found to be predictive of poor 
clinical outcome (80). Furthermore, the glutamate levels were significantly correlated to the 
volume of the residual cavity left by the hematoma at three months. 

SUMMARY AND CONCLUSIONS

Although the pathophysiological responses to ICH are complex and incompletely understood, 
experimental and clinical evidence is coalescing to form a coherent sequence. There certainly is 
an acute but transient decrease in CBF in some patients, particularly those with large hema-
tomas, but this does not appear to be related etiologically to edema formation or secondary 
cerebral injury. Instead, proteins involved in clot formation have direct oncotic and indirect 
toxic effects on the surrounding tissue. The subsequent inflammatory, excitotoxic, and apoptotic 
cascade ultimately results in the necrotic cavity that is found in survivors of ICH.

The perihematomal region may be considered penumbral from the point of view that it is 
at risk for catastrophic injury secondary to hematoma expansion in the first hours after symp-
tom onset. Furthermore, the natural history of this tissue is to become edematous and subject to 
inflammatory responses, which ultimately lead to necrosis. This secondary injury occurs over 
several weeks, thus there is potential for many therapeutic interventions over a wide time 
period. Hyperacute therapy should be aimed at prevention of hematoma extension. Longer-
term strategies may be aimed at inhibiting thrombin itself, ameliorating the inflammatory 
response, or the apoptotic signaling mechanisms.

We have made the case that there is little to support the more specific hypothesis of an 
 ischemic penumbra in ICH. Nonetheless, we must concede that it remains unknown whether 
or not cerebral ischemia could result from hemodynamic alterations, such as a rapid decline in 
arterial pressure, in the acute period. It remains possible that the acutely elevated arterial 
 pressures seen in the first hours after ICH are in fact a homeostatic response, which ensures that 
the cerebral perfusion pressure is maintained despite the mass effect of an intracerebral hema-
toma. The clinician’s dilemma is that it seems if acute blood pressure reduction is to be effective 
from the point of view of preventing hematoma growth, it will have to be accomplished within 
the first few hours after symptom onset. While this seems like a rational therapeutic decision, 
the possibility of cerebral ischemia resulting from blood pressure reduction cannot be ruled out, 
particularly in those patients with very large hematomas and associated increases in  intracranial 
pressure. Clearly, clinical equipoise exists and a rational approach will only be developed after 
the completion of randomized controlled trials (17,18). In addition, the evidence that inflamma-
tory, excitotoxic, and apoptotic mechanisms are important in secondary injury is strong enough 
that potential penumbral treatments aimed at these targets should be developed.
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INTRODUCTION

Acute stroke interventions for all forms of stroke that have been proven to be of benefit based 
on level 1 evidence include the management of patients in stroke units (ischemic and hemor-
rhagic stroke), use of oral aspirin within 48 hours (ischemic stroke only), and intravenous (IV) 
tissue-type plasminogen activator (tPA) within three hours of stroke onset (ischemic stroke 
only) (1–4). The number needed to treat (NNT) to benefit one person for stroke unit manage-
ment is 18 (morbidity and mortality), for tPA is 10 (morbidity) and for aspirin is 83 (mortality). 
For aspirin, there is a strong possibility that the benefit is an early secondary preventive effect, 
so will not be discussed further. 

The most biologically effective treatment for acute ischemic stroke is IV tPA administered 
within three hours of symptom onset (1,5). However, despite the strong evidence supporting its 
effectiveness, only 2% to 4% of all stroke patients currently receive tPA (6). The main reasons for 
this seem to be the narrow window of opportunity for treatment (three hours) and the increased 
risk of hemorrhage. Hence, extending this brief therapeutic time window for thrombolysis 
as well as other forms of therapy is an important means by which patients’ outcomes may be 
improved. In this chapter, we will address the various ways in which this may be achieved. 

IS EXTENDING THE TIME WINDOW FOR THERAPY POSSIBLE?

The possibility of extending the therapeutic time window is entirely dependent on the dura-
tion and extent of the surviving ischemic penumbra. As shown in earlier chapters, the evidence 
for duration of the ischemic penumbra seems to vary between species. In humans, the existing 
data has shown that the duration of the ischemic penumbra is up to 48 hours (Table 1) (7–9). 

Using magnetic resonance (MR) parameters, Darby et al. (10) showed that perfusion 
weighted image (PWI)/diffusion weighted image (DWI) mismatch as an index of the penum-
bra existed for at least 24 hours poststroke. As shown in Figure 1, even though the PWI > DWI 
pattern is more common at an earlier stage, 44% of the patients had penumbra tissue at 24 hour 
after stroke. An even longer duration of the penumbra has been demonstrated by other investi-
gators. Heiss et al. (9) showed that the maximum amount of tissue that could be salvaged decre-
ments steadily to about 48 hours when at least some penumbral tissue remained. Similarly, 
using 18F-fluoromisonidazole (FMISO) as a positron emission tomography (PET) marker 
of hypoxic tissue to identify the penumbra, Read et al. (8) were able to document the presence 
of significant areas of potentially viable tissue up to 42 hours postischemic stroke. This was 
confirmed by Markus et al. (7) using the same technique. They also showed that spontaneous 
survival of penumbra tissue leads to a favorable neurological outcome even 12 to 48 hours after 
stroke onset. Figure 2 shows the relationship between the prevalence of hypoxic tissue as a pen-
umbral marker (measured by FMISO PET) and time after stroke onset. 

Based on our current understanding of the extent and duration of the ischemic penumbra 
in humans and the observed therapeutic time window for thrombolysis of three hours and per-
haps indirect evidence of some benefit up to about 4.5 hours based on a recent meta-analysis, a 
theoretical model of the potential to expand this therapeutic window can be constructed (11). 
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fluoromisonidazole positron emission tomography. Source: 
Adapted from Ref. 7.

FIGURE 3 Model estimating odds ratio for 
favorable outcome at three months in recom-
binant tissue plasminogen activator treated 
patients compared with controls by onset to 
treatment. Abbreviations: OR, odds ratio; OTT, 
onset to treatment. Source: Adapted from 
Ref. 11.

TABLE 1 Maximum Duration of the Ischemic Penumbra in Humans

Author Technique Penumbral measure Maximum duration

Heiss et al. (9) PET OEF 48 h

Read et al. (8) PET 18 FMISO 42 h

Darby et al. (10) MR PWI/DWI mismatch 24 h

Abbreviations: DWI, diffusion weighted imaging; FMISO, fluoromisonidazole; MR, magnetic resonance; OEF, oxygen 
extraction fraction; PET, positron emission tomography; PWI, perfusion weighted imaging.
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Although the actual tissue salvaged can be increased by using thrombolytic therapy, as can be 
seen in Figure 3, there is obvious potential for additional tissue salvage at longer time windows 
based on our understanding of the presence of at least some penumbra up to 48 hours (Fig. 2 ). 
Hence, a “tissue salvage gap” or “stroke recovery gap” exists between current practice and the-
oretical limits of tissue salvage and therefore clinical recovery (Fig. 4). In other words, narrow-
ing the gap will improve the amount of tissue that can be salvaged as well as extending the time 
window for treatment. Clearly this will expand the treatment to larger numbers of patients in 
clinical practice.

POTENTIAL METHODS OF EXTENDING THE THERAPEUTIC WINDOW

There are a number of possible approaches to extending the therapeutic window and hence 
reducing the stroke recovery gap. These include the use of neuroprotection, enhancing the 
spontaneous recanalization rate, and improving patient selection for therapy based on imaging 
techniques or vascular territory involved in the ischemic stroke process. 

Prolonging Penumbral Duration with Neuroprotectants 
As discussed earlier and shown in Figures 1 and 2, there is a progressive disappearance of the 
ischemic penumbra with time. A logical approach to extending the time window while waiting 
for the spontaneous recanalization and tissue salvage would be to arrest the transition of the 
ischemic penumbra to infarction. This could be done by using neuroprotectants: in other words, 
“freezing” the penumbra by this means would increase the amount of salvageable tissue while 
waiting for the spontaneous reperfusion to occur. 

In animal models of focal cerebral ischemia, various neuroprotective strategies have been 
under investigation (12). In spite of the obvious benefit achieved in terms of reduction of infarct 
volumes and improved neurological outcome in these models, translation into the human 
paradigm has been difficult (13). Numerous trials of neuoprotection in humans have been 
unsuccessful or prematurely stopped because of safety concerns or lack of efficacy. One reason 
why neuroprotectants have not been successful in clinical trials in humans may be the relatively 
small sample sizes or lack of appropriate use of surrogate outcome measures in phase II trials 
(14). A useful surrogate may be the ability of the given neuroprotectant to freeze penumbra, as 
outlined earlier. A recent experimental study using normobaric oxygen (NBO) supports this 
concept. The use of this neuroprotectant was shown to widen reperfusion time window in rats 
by as much as two hours (15). The general concept of arresting the progression (or “freezing”) 
of the penumbra to infarction is shown in Figure 5. As can be seen, the rate of infarct expansion 
is slower because the neuroprotective agents and the penumbra persist for longer, although the 
final infarct size may not necessarily be smaller.

Interestingly, this concept has also been expanded to the human sphere. In a pilot study 
by Singhal et al. (16) MR imaging (MRI)-measured infarct volume at different time points 
was used as a surrogate outcome. The DWI lesion volume at four hours was significantly 
reduced in NBO-treated patients with ischemic stroke compared with the placebo group (room 
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air). In addition, a significantly improved NIHSS was found at 24 hours in the NBO-treated 
group. Clearly, the same principle could be applied to other neuroprotective agents using a 
similar experimental paradigm.

Freezing the Penumbra and Enhancing Spontaneous 
Recanalization: Combination Therapy 
A logical extension of the concepts raised in the previous section is to combine the penumbral 
freezing approach with an enhancement of the spontaneous recanalization rate with thrombo-
lytic agents. In the Prolyse in Acute Cerebral Thromboembolism (PROACT) trial in which 
thrombolysis was achieved intra arterially using prourokinase (pro-UK), the rate of  spontaneous 
partial/complete recanalization in heparin-treated patients was 18% within the six-hour 
 therapeutic window. This rate was enhanced up to 66% in the pro-UK arm. To increase the 
 proportion of salvageable tissue available by freezing the penumbra by using a neuroprotective 
agent during this time frame is an attractive proposition. Indeed, the use of a combination 
of neuroprotection and thrombolysis has been addressed on numerous occasions in animal 
models showing at least an additive effect (17–25). These are summarized in Table 2. Important 
points to note are that the experimental models have all involved elements of reperfusion, 
including the rat thromboembolic model, which is perhaps closest to the human paradigm. 
However, because of the variable extent of infarction in this model, somewhat larger sample 
sizes are required. This may, in part, be an explanation for the negative findings of Overgaard 
and coworkers (18), who used a combination of 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]- 
quinoxaline-2-3-dione (NBQX) with tPA and showed that although both drugs individually 
reduced infarct size, there was no significant additive effect combined. This issue needs to be 
explored further in larger animal models, using differing time windows to therapy to get a 
better understanding of the conditions under which additive effects may occur. 

However, in humans there is less data available (Table 3) (26,27,28). In most of the studies, 
the sample sizes are too small to assess clinical outcomes but, importantly, combination thera-
pies have raised no safety issues. In the ASTIN trial, approximately 27% of patients with acute 
ischemic stroke treated with neutrophil inhibitory factor (NIF) within six hours of ischemic 
stroke onset received tPA (28). There was no improvement in stroke recovery, but the safety of 
NIF was established.

Although neither magnesium sulfate infusion nor induced hypothermia have been 
 studied in a trial designed for testing the combination with thrombolytic agents, their proven 
safety and feasibility were established. Using a three-hour therapeutic time window, con-
comitant IV tPA and magnesium sulfate is being studied in the ongoing trial, FAST-MAG, 
phase III. The trial aims to evaluate the efficacy of hyperacute, paramedic-initiated magnesium 
sulfate administration in improving the longterm functional outcome of patients with acute 
stroke, as measured by the modified Rankin scale (MRS). Twenty percent of patients (from 
total n of 1298) will receive reperfusion therapy [tPA or Mechanical Embolus Removal in 
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FIGURE 5 A schematic diagram illustrating “freezing” of the ischemic penumbra using neuroprotectants. The evolution 
of the penumbra to infraction in controls occurs as per curve A with approximate therapeutic window T1. After neuro-
protection, evolution of the penumbra is slower or “frozen” as in curve B and with a longer therapeutic time window for 
reperfusion or other intervention at T2. However, the ultimate volume of infraction at T2 and T3 may be the same unless 
reperfusion occurs. Abbreviation: CBF, cerebral blood flow.
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TABLE 2 Experimental Studies Using Animal Models of Interaction Between Thrombolytic and
Neuroprotective Agents 

Author Neuroprotectant Action
Thrombolytic 

agent Experimental model Outcome

Lekieffre et al.
(17)

Elipiodil NMDA antag (poly?) 
VSCC

tPA Rat thromboembolic Additive

Sereghy et al.
(18)

Dizocilpine Excitatory antag tPA Rat thromboembolic Additive

Overgaard and 
coworkers
(18)

NBQX tPA Rat thromboembolic No additive effect

Yang et al.
(19)

Topiramate Enhances GABA inibits 
Glu release

UK Rat Additive

Andersen et al.
(20)

Citicholine Membrane repair, 
reduces FFa release

tPA Rat thromboembolic Additive

Shuaib and 
coworkers
(19)

Citicholine Membrane repair, 
reduces FFa release

UK Rat thromboembolic Additive

Bowes et al.
(21)

Monoclonal Abs 
against leukocyte 
adhesion molecules

Anti-inflammatory tPA Rabbit Additive

Zhang et al.
(22)

Monoclonal Abs 
against leukocyte 
adhesion molecules

Anti-inflammatory tPA Rat Additive

Zhang et al.
(23)

Proteasome inhibitor 
PS-519

Anti-inflammatory tPA Rat thromboembolic Additive

Sanchez et al.
(23)

U-74389-G Free radical scavenger tPA Rat thromboembolic No additive effect

Orozco et al.
(25)

21 amino steroid 
U7+006F

Free radical scavenger tPA Rabbit No additive effect

Abbreviations: GABA, γ-aminobutyric acid; NBQX, 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2-3-dione; NMDA, 
N-methyl-D-aspartate; tPA, tissue plasminogen activator; UK, urokinase; VSCC, voltage-sensitive calcium channels.

TABLE 3 Human Studies of Patients with Acute Ischemic Stroke Using Combination Therapy

Author Neuroprotectant Action
Thrombolytic 

agent
Study 
design

Sample 
size OTT Outcome

Grotta (26) IV lubelazole 5 d IV tPA 0.9 mg/kg RCT 90 ≤3 h No safety issues

Lyden et al. (27) IV clomethiazole 
68 mg/kg

IV tPA
0.9 mg/kg, max 

90 mg

RCT 101 ≤3 h No safety issues

ASTIN (28) IV/NIF Neutrophil 
inhibition

tPA 0.9 mg/kg Adaptive
RCT

966 <6 h No difference in clinical 
improvement safe; 
not increased 
incidence of infection

Abbreviations: ASTIN, acute stroke therapy by inhibition of neutrophils; IV, intravenous; NIF, neutrophil inhibitory factor; OTT, onset time 
to treatment; RCT, randomized controlled trial; tPA, tissue plasminogen activator.

Cerebral Ischemia (MERCI) Retriever] with either IV magnesium sulfate or placebo. The study 
does not aim to test the hypothesis of extending the time window, but nevertheless the hope of 
extending the therapeutic time window will be implied if IV magnesium sulfate potentiates the 
benefit of tPA.
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Mild hypothermia is a powerful neuroprotective strategy in preclinical models. Pilot 
studies in stroke and the recent positive trials after cardiac arrest have generated significant 
interest in this strategy (29–32). In the cooling for acute ischemic brain damage (COOL-AID) 
study, a phase-2 study with a 12-hour window and using an endovascular cooling device to 
33°C, the feasibility and safety of moderate hypothermia in acute ischemic stroke is being tested 
(33). The 22 patients who received thrombolytic therapy were also included (10 in the treatment 
group and 12 in controls). There was no statistical improvement in neurological outcome at 
30 days in the hypothermia group, but there was a trend toward lower growth of infarct volume 
based on day 3 to 5 MRI examination in the hypothermia group (90.0% vs. 108.4%, P = NS). 
Larger trials are needed to determine whether hypothermia can freeze the penumbra and 
extend the time window for treatment with thrombolytic agents.

Further Enhancing Recanalization and Reperfusion 
Within the Life of the Penumbra 
Intravenous Thrombolytic Agents
The time window established for efficacy using IV tPA for acute ischemic stroke is three hours 
based on the NINDS trial (1,34). However, in a further analysis of the NINDS trial, the risk-to-
benefit ratio of IV tPA becomes rapidly unfavorable as time elapses, because less brain tissue 
can be saved and the risk of cerebral hemorrhage might outweigh the benefit (35).

Many studies have explored the value of IV tPA given beyond the three-hour window, 
with the general aim to improve the short time window of benefit. This hypothesis has been 
tested in European Cooperative Acute Stroke Study I (ECASS I) and European-Australian 
Cooperative Acute Stroke Study II (ECASSII) with a three to six-hour time window for patient 
enrollment (5,36). Despite the nonsignificant results, it revealed a trend toward efficacy for 
 therapy between three and six hours and the hemorrhagic complication rate was comparable to 
the NINDS trial.

For the three to five hours window after stroke symptom onset, investigators for the Acute 
Noninterventional Therapy in Ischemic Stroke (ATLANTIS) trial demonstrated that therapy 
was unlikely to be beneficial. Further, it showed that the patients who received IV thrombolytic 
treatment (alteplase 0.9 mg/kg) had a significantly increased 10-day hemorrhage rate and 
showed a trend toward higher 90-day mortality rate versus controls (37).

There are many possible explanations for these inconclusive findings. These include the 
time to treatment (i.e., 80% of patients in ATLANTIS were enrolled four to five hours after 
symptom onset) and insufficient study numbers to detect a difference beyond three hours. 

Recently, to improve the statistical power, a pooled analysis of ATLANTIS, ECASS, and 
NINDS recombinant tPA (rtPA) stroke trials was conducted (11). As mentioned earlier, a potential 
benefit beyond three hours was suggested, perhaps up to about 4.5 hours, since this is the 
point at which the lower 95% confidence limit (CI) for the adjusted odds ratio for a favorable 
outcome crossed unity. The asymptotic effect of time on a steadily reducing benefit can be seen 
in Figure 6. In addition, in the subgroup analysis, the odds ratio for favorable outcome was 1.40 
(1.05–1.85) for those treated within 181 to 270 minutes. These findings support the possibility 
that some patients may benefit from treatment beyond the current three-hour window. 

There are a number of ongoing studies to test the hypothesis that there may be a benefit 
of thrombolysis beyond the three-hour time window. In the ongoing double-blind, placebo-
controlled ECASS III study, the investigators are assessing the potential benefit of thrombolysis 
in the three to four-hour time window after acute stroke onset. Meanwhile the large (n = 6000) 
International Stroke Trial III (IST-III) will provide important data for tPA administration within 
six hours of ischemic stroke.

Intra-arterial Thrombolytic Agents
The concept of this approach is that intra-arterial (IA) administration of thrombolytic agents 
may offer higher concentrations of the drug at the site of vessel occlusion with lower systemic 
concentrations. This may result in higher recanalization rates and the mechanical disruption of 
the clot may also contribute to clot dissolution. 

The studies in which the IA approach was tested most vigorously were the PROACT 
trials I and II. These were large scale, multicenter randomized controlled trials in which IA 
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thrombolysis (IAT) alone was administered in patients who otherwise received heparin within 
the time window up to six hours after stroke onset (38,39). The outcome as defined by good-to-
excellent score on the MRS (MRS ≤2) was achieved by 40% of pro-UK patient as opposed to 25% 
in the control group (P = 0.043). However, when compared with pre-existing reports in the IV 
tPA study (NINDS, ECASSII, ATLANTIS), a higher rate of symptomatic intracerebral hemor-
rhage was reported in the pro-UK group (10%). While this single trial was not thought to be 
sufficient evidence to obtain FDA approval, nevertheless, the data have led to the adoption of 
protocols for the administration of IA tPA at some centers. 

Similarly, an increased risk of symptomatic intracerebral hemorrhage (ICH) was found in 
a meta-analysis of IAT therapy (40). Twenty-seven studies were reviewed with 852 patients 
who received IAT and 100 control subjects, and it was shown that the IAT group had an odds 
ratio of 2.4 (95% CI: 1.45–3.85) for favorable outcome and a lower mortality rate compared to 
controls (IAT, 27.2%; control group, 40%, P = 0.004). 

Despite level-1 evidence strongly supporting the superiority of IAT over heparinization, 
a head-to-head comparison of IA versus IV thrombolysis has never been done. Given that there 
are inevitable delays in many centers to initiate IAT compared to the simpler IV approach, 
this delay is of some concern. The inexorable progression of ischemic penumbra to infarction 
as well as impairment of vascular integrity and blood–brain barrier over time might worsen the 
benefit/risk ratio (36).

Combined Routes of Administration for Thrombolytics
Details of published studies in which there is a combination of IA and IV thrombolytic (IA/IVT) 
treatment a re summarized in Table 4. This approach has emerged based on the concept that the 
strategy could allow early treatment of stroke (with IV medication), while the resources to 
deliver IA therapy are being organized. In other words, this combines the rapid (IV) and 
 definitive endovascular (IA) approaches. Increasing the efficacy of thrombolytic treatment via 
combination routes of treatment should narrow the stroke recovery gap and, therefore, extend 
the currently limited time window.

This approach was first used by Freitag et al. who used combined IV tPA and IA plasmin 
(41). Later on, the Emergency Management of Stroke (EMS) bridging trial compared recanaliza-
tion rates between combined IA/IVT with IAT alone, with a three-hour time window after 
stroke onset to treatment (42). A higher recanalization rate as well as the feasibility of coadmin-
stration of IA/IVT was found without increasing the risk of sICH. Even though the 90-day 
mortality rate seemed to be higher in IV/IAT group, the small number of subjects in IA/IVT 

Comparison: tPA vs. Placebo

Outcome:      Death or dependency 

3 hours

ECASS I 28 / 47 28 / 37 0.47 (0.18,    1.23)
ECASS II 47 / 81 48 / 77 0.84 (0.44,    1.58)
NINDS 179 / 312 229 / 312 0.49 (0.35,    0.68)
ATLANTIS 8 / 23 16 / 38 0.73 (0.25,    2.14)
Total 262 / 463 321 / 464 0.55 (0.42,    0.73)

>3 to 6 hours
ECASS I 173 / 266 189 / 270 0.80 (0.55,   1.15)
ECASS II 197 / 328 200 / 314 0.86 (0.62,   1.18)
ATLANTIS 99 / 336 105 / 336 0.92 (0.66,   1.28)
Total 469 / 930 494 / 920 0.86 (0.71,   1.04)

tPA Placebo OR OR
n/N n/N (95% CI Fixed) (95% CI Fixed)

tPA better Placebo better 
.1 .2 1 105

FIGURE 6 Meta-analysis of trials of intravenous tissue plasminogen activator in acute ischemic stroke stratified for 
time windows to therapy zero to three hours and more than three to six hours. Abbreviations: OR, odds ratio; tPA, tissue 
 plasminogen activator. Source: Adapted from Ref. 103.
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group (n = 17) confounds the interpretation. Observational studies also confirm the feasibility 
of combination IA/IVT (43,44).

In two studies, the combined IA/IV approach was used, together with a selection of 
patients based on MR PWI/DWI criteria (44,45). Recanalization rates were also greater (80% or 
more) in the combined group than the IV therapy alone. Moreover, a reverse approach with IA 
therapy preceding the IV contribution has also been studied with an open design, the rational 
being that the early IA approach would maximize the probability of recanalization, while 
 continuous IV infusion would increase the efficacy of therapy (46). Again, the hemorrhagic 
complication rate was not significantly increased. 

The single arm, pilot study, NIH Interventional Management of Stroke (IMS) trial, 
 comparing combined IA/IV and IVT with historical controls of standard dose tPA in NINDS, 
confirms the high rate of recanalization in IA/IVT group and the comparable safety profile 
(odds ratio of mortality = 1.35; CI: 0.78–2.37) of this technique (47). Although not significant, 
a trend of better outcome at three months than conventional IV tPA (from NINDS data) was 
found.

Although the focus of these combination therapy trials has been on the efficacy and safety 
profiles, most of the studies have set the onset-to-treatment window at less than three hours 
and have, therefore, not extended the time window for therapy usefully. There are, however, a 
few observational studies in which a time window up to six hours has been used (47,48). Further, 
in comparing combined IA/IVT with IVT, historical controls only were used, so there is a need 
to test this comparison within a formal randomized controlled trial. 

Newer Thrombolytic Agents
Novel fibrinolytic agents have been developed in response to the failure of tPA to achieve rapid 
reperfusion and, in addition, hoping to minimize hemorrhagic complications with greater fibrin 
specificity (49,50). Increasing of recanalization rate as well as reducing the hemorrhagic trans-
formation is an attractive way to extend the time window of reperfusion therapy. A summary 
of studies of these agents in humans using various therapeutic time windows after stroke onset 
is seen in Table 5. Agents have their own unique properties, which are outlined as follows:

1. Tenecteplase (TNK). This agent is genetically modified from tPA. It has 14-fold greater fibrin 
specificity than alteplase, and therefore allows TNK to be active at the site of high fibrin 
concentrations such as within recent clot rather than systemically (51). The longer half-life 
of TNK and slower plasma clearance also makes it possible to be given in bolus form. In 
addition, TNK has an 80-fold greater resistance to PAI-1 (52).

Unlike tPA, TNK administration is associated with a lesser procoagulant effect. 
Indeed, both systemic plasminogen activation and plasmin generation are commonly 
seen after tPA therapy. In a pilot dose escalation safety study of TNK in acute ischemic 
stroke, patients were treated less than three hours after symptom onset with IV TNK (53). 
No symptomatic ICH within 36 hours of treatment was observed among any of the patients 
within a dose of 0.4 mg/kg. The neurological improvement was comparable but not 
superior to historical rtPA-treated of NINDS trial (to provide comparable time epochs, the 
NINDS subgroup of onset to treatment time 91 to 180 minutes was used). A phase 2b study 
of TNK in treatment of acute ischemic stroke is being conducted to test the hypothesis that 
TNK might have a higher efficacy and safety profile than tPA. Hence, TNK may provide 
a welcome treatment option, should this hypothesis be substantiated, and increase the 
 possibility that thrombolytic treatment may be later introduced beyond a fixed three-hour 
window.

2. Desmetoplase. Similarly, desmetoplase is being used as a more effective and safer thrombo-
lytic agent than tPA to extend the time window for therapy. In the Desmoteplase in acute 
ischemic stroke trial (DIAS), this hypothesis was also tested (54). Desmetoplase is an effec-
tive plasminogen activator derived from vampire bat (Desmodus rotendus) saliva [D rotun-
dus salivary plasminogen activator (DSPA)]. In contrast to tPA, it acts by direct activation 
of plasminogen to plasmin and is selective for fibrin-bound  plasminogen. Further, 
 desmetoplase does not appear to have the neurotoxic effects seen with tPA caused by 
n-methyl–d-aspartate-induced neurodegeneration (55). In DIAS, acute ischemic stroke 
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patients with PWI/DWI mismatch within the window of three to nine hours after onset 
were enrolled. Substantially improved early reperfusion rates and clinical efficacy were 
found in the treatment group, and the rate of symptomatic ICH was low. Moreover, a sub-
group analysis demonstrated clinical benefit for the six- to nine-hour time window. The 
DIAS Phase III trial is ongoing in an endevor to confirm this finding. 

3. Reteplase. Reteplase is a third generation tPA, a nonglycosylated deletion mutant of 
wild-type tPA. This agent is also expected to increase the efficacy of thrombolysis by improv-
ing the rate of recanalization. A small prospective human clinical trial  evaluated the safety 
and efficacy of IA reteplase in 16 patients with ischemic stroke who were poor candidates 
for IV alteplase therapy. Thirteen of the 16 patients (80%) received thrombolytic drug 
beyond three hours from stroke onset and five (30%) received therapy beyond six hours. 
Near complete or complete recanalization was observed after treatment in 88% of the 
patients (56). Again, this result suggests that the time window may be extended beyond 
three hours using newer thrombolytic agents. However, larger numbers of patients in a 
randomized controlled trial are obviously required to confirm this preliminary finding. 
A study of reteplase combined with  abxicimab intravenously in the ROSIE trial will be 
 discussed later.

4. Pro-UK. This is a glycosolated 411 aminoacid single chain proenzyme precursor of UK. At 
the thrombus surface, single chain r-pro-UK is activated to two chain urolinase by fibrin-
associated plasmin (57). As mentioned earlier, there are several published randomized 
studies of IA pro-UK in acute cerebral thromboembolism (PROACT I and II) (39). Despite 
an increased frequency of early symptomatic intracranial hemorrhage, there was no differ-
ence in overall mortality, and treatment with r-pro UK within six hours after the onset of 
acute middle cerebral artery (MCA) occlusive stroke significantly improves modified 
Rankin score at 90 days.

5. Plasmin and microplasmin. These are new emerging fibrinolytic agents. Both plasmin and 
microplasmin act directly on fibrin. However, plasmin is inactivated by circulation antiplas-
min. Therefore, it should be applied locally or intra-arterially. Unlike plasmin,  microplasmin 
is resistant to circulating antiplasmin and can be used intravenously. In an animal model of 
embolic stroke, IV microplasmin demonstrated a significant reduction in PWI lesion growth 
compared with controls at 24 hours after MCA occlusion (58). Moreover, there is data to 
suggest that microplasmin has an additional lytic-independent neuroprotective effect (59). 

6. Ancrod. Ancrod is a purified fraction of venom from the Malaysian pit viper (Calloselasma 
rhodostoma). It produces rapid defibrinogenation by splitting fibrinopeptide A from fibrin-
ogen (60,61). Hence, this causes anticoagulation by depleting the substrate needed for 
thrombus formation. Although it is not a fibrinolytic agent per se, it will be discussed here 
for convenience. This fibrinogen-depleting agent reduces fibrinogen in blood plasma, 
reduces blood viscosity, and therefore increases cerebral blood flow. A randomized trial of 
ancrod suggested that it was both safe and beneficial in stroke patients treated up to six 
hours (62). The stroke treatment with ANCROD trial (STAT) was conducted with 500 
patients who were randomized within three hours of ischemic stroke onset and a significant 
outcome benefit was seen for ancrod (42.2% favorable outcome of Barthel index ≥95 vs. 
34.4% in placebo group, P = 0.04). Symptomatic bleeding occurred in 5.2% of cases. Better 
outcome was achieved with lower fibrinogen levels, and symptomatic intracerebral hemor-
rhage was more likely to occur under these circumstances (63). A parallel European trial 
with ANCROD using a six-hour time window was also commenced, but the study was pre-
maturely terminated because of a failed futility assessment at a preplanned interim  analysis. 
Further, the 90-day mortality was higher in the ANCROD group compared to placebo (64). 
Recently, there was a Cochrane review in which three trials were included (including one 
ongoing trial) of acute stroke treated with ancrod within five days of stroke onset. The 
review demonstrated that fibrinogen-depleting agents moderately reduced the  proportion 
of patients who were dead or disabled at the end of follow-up (RR 0.90; 95% CI: 0.82–0.98). 
However, there was no statistically significant difference in deaths from all causes during 
the scheduled treatment period. Although the fibrinogen-depleting agents seemed to 
 provide benefit in extending the treatment window, there is still insufficient  evidence to be 
certain that they are safe and efficacious. 
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Newer Antiplatelet Agents
The discovery that the final common step in platelet aggregation is through the binding of 
fibrinogen to the activated platelet integrin, glycoprotein (GP) IIb/IIIa, has opened the door for 
the development of novel and potentially more effective antithrombotic therapies (64). Since 
then, the use of GPIIb/IIIa antagonists in stroke has been the subject of a wide range of investi-
gations. GPIIb/IIIa receptor antagonists include:

1. Abciximab, the first GPIIb/IIa inhibitor available, which is made from the Fab fragments of 
an immunoglobulin that targets the GPIIb/IIIa receptor on the platelet membrane. Its 
mechanism of action is inhibition of GP IIb/IIIa at its receptor on the platelets; it may occupy 
some receptors for weeks.

2. Tirofiban, which is a nonpeptide inhibitor of GP IIb/IIIa receptors.
3. Eptifibatide, which is a nonpeptide tyrosine derivative.

GPIIb/IIIa receptor antagonists promote or enhance thrombolysis by downregulating 
platelet aggregation and thrombin generation (impeding rethrombosis) (65). It also attenuates 
the inflammation, improves microcirculation and collateral circulation, hence preventing further 
lesion expansion. By the properties mentioned earlier, the GPIIb/IIIa receptor antagonists 
might slow the progression of penumbral tissue to infarction. 

Abciximab is a platelet aggregation inhibitor mainly used during and after coronary 
artery procedures such as angioplasty to prevent platelets from aggregating and causing 
 thrombus formation within the coronary artery. Abciximab has been studied alone in acute 
ischemic stroke. Its safety has been proved with the same dose as used in the treatment of coro-
nary artery disease (0.25 mg/kg followed by 12 hours infusion at the rate of 0.125 μg/kg/min), 
when administered up to 24 hours after stroke onset (66). The AbESTT phase II trial also 
 confirmed its reasonable safety profile (67). The trial enrolled 400 patients within six hours of 
onset of ischemic stroke, and a trend of favorably functional outcome (MRS <2) at three months 
was observed (68). In addition, early neurological improvement and attenuation of ischemic 
lesion growth in DWI were found in an exploratory, MRI-guided open-label trial of IV abxici-
mab administration 3 to 24 hours after acute ischemic stroke (69). The ongoing randomized, 
double-blind placebo-controlled trial of AbESTT phase III, which planned to enroll as many as 
1800 patients, has been recently temporary suspended because of safety concerns, while the 
entire benefit–risk profile of abxicimab is assessed for acute ischemic stroke before coming to a 
final recommendation of whether or not enrollment in the trial should resume. 

The combination of tPA and GPIIb/IIIa antagonists in acute ischemic stroke has also been 
explored. The powerful antiplatelet properties of GPIIb/IIIa inhibitors make them potentially 
useful adjuvant agents combined with thrombolysis and may extend the time window for 
 therapy. In an animal model of MCA occlusion, the combination of IV Abxicimab with tPA 
 significantly reduced infarct volume and maintained vascular integrity (70). Even more impor-
tantly, it was safe without increasing incidence of hemorrhagic transformation and supported 
the potential to increase the time window for thrombolytic therapy. However, in a primate 
model of stroke, efficacy was not proven, probably due to small subject numbers (71). In humans, 
one small prospective study showed combined half dose systemic IV tPA (0.45 mg/kg) and that 
abciximab is safe and effective. It appeared to achieve higher recanalization rates than IV tPA 
alone with time windows up to 12 hours (72). Clearly, there is a need to determine the safety 
and efficacy of combination reteplase and abciximab in randomized controlled trials. The reopro 
retavase reperfusion of stroke safety study-imaging evaluation trial (ROSIE) was commenced 
in 2002 and it is ongoing. The study extends the time window of reteplase infusion from 
three hours up to 24 hours with coadministration of IV abciximab. An outcome measure is 
MRI-reperfusion at 24 hours posttreatment. The ROSIE-CT trial is identical to ROSIE, 
but image evaluation is done with CT for patients who are not eligible for MRI. The combina-
tion of abciximab, IAT together with mechanical devices to remove clot will be discussed later 
in this chapter. Table 6 demonstrates the study of abciximab in various time windows after 
stroke onset.

Tirofiban is a highly effective antiplatelet agent with proven efficacy in the treatment of 
acute coronary syndromes and experimental cerebral ischemia. In a small study of patients 
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with acute ischemic stroke with time for administration ranging from 2 to 51 (median 5) hours, 
the safety and feasibility of tirofiban alone was examined (73). Patients with progressively dete-
riorating acute ischemic stroke were treated with body-weight adjusted IV tirofiban for a mean 
period of 46 hours and compared with a matched group of acute, but stable ischemic stroke 
patients. There was no significant increase in the cerebral bleeding rate. Later, the efficacy of 
tirofiban was found in an open pilot study (74). Administration of weight-adjusted tirofiban 
beginning within nine hours after symptom onset of stroke resulted in smaller infarct volume 
by T2 weighted-MRI at one week compared with controls receiving IV unfractionated heparin 
only (P = 0.029). Again, no patient in this pilot developed sICH. The safety of tirofiban in acute 
ischemic stroke (SaTIS), a larger phase II study (n = 240), will assess the safety of tirofiban in an 
extended time window from 6 to 22 hours after stroke onset.

Tirofiban may be suitable as a single therapeutic or as an adjunct therapeutic to thrombol-
ysis with alteplase for the treatment of stroke. It may enhance the efficacy of thrombolytics and 
reduce potentially fatal adverse effects, such as ICH, by lowering tPA dosage as required. 
Results from a small case series indicated that tirofiban, administered within three hours after 
stroke onset followed by 48-hour infusion, combined with low dose tPA was associated with 
improvement in MCA recanalization without symptomatic hemorrhage (75). It should be noted 
that a body weight-adjusted dose of tirofiban with infusion period of 24 hours was also used in 
this study. It appears that combination therapy (lowdose tPA plus body weight adjusted 
 tirofiban) improves neurological deficits and reduces infarct growth on DWI/T2 MR74. 
The maximum time window used in the study was 4.5 hours after stroke onset. Table 7 demon-
strates the study of tirofiban in various time windows after stroke onset.

Eptifibatide (Integritin), like other antagonists of platelet receptor GPIIb/IIIa, functions 
by blocking the binding of the adhesive proteins fibrinogen and von Willebrand factor to 
GPIIb/IIIa on the surface of activated platelets. It is a potent antithrombotic, because the  binding 

TABLE 6 Study of Abciximab in Various Time Windows

Study Study design Sample size OTT Dose Outcome

Abciximab in acute 
ischemic stroke 
(66)

RCT 74 ≤24 h 0.25 mg/kg infusion in 
30 min follow by 
0.125 μg/kg/min 
infusion over 12 h

No difference in clinical 
outcome

No sICH

Mitsias et al.
(69)

NR open 29 3–24 h Same as above No difference in MRI 
growth at 24 h

NIHSS 4 points decreased 
at 48 to 72 h (P <0.001)

AbESTT phase II 
(67)

RCT 400 ≤6 h (92% of 
patients were 
treated in 3–6 h)

Same as above No difference in clinical 
outcome

No sICH

AbESTT phase III 
(106)

RCT Aiming for 
1800

≤5 h (n = 1200)
5–6 h or ≤2.5 h 

after awake
(n = 600)

Same as above Temporary suspended 
because of safety 
concern

Gahn et al.
(72)

NR open 27 Median = 5 h tpa IV 0.45 mg/kg, 
Abciximab dose is 
same as above

Higher recanalization

ROSIE, ROSIE CT
(107)

RT open 72 3–24 h Reteplase in 5 
escalating doses (0, 
2.5, 5, 7.5, 10 U), 
Abciximab dose is 
same as above

Ongoing 

Abbreviations: AbESTT, Abciximab Emergent Stroke Treatment Trial; IA, intra-arterial; IV, intravenous; MRI, magnetic resonance imaging; 
NR, nonrandomized; OTT, onset time to treatment; RCN, recanalization; RCT, randomized controlled trial; ROSIE, Reopro Retavase 
Reperfusion of Stroke Safety Study; sICH, symptomatic intracerebral hemorrhage; tPA, tissue plasminogen activator.
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of these proteins to GP IIb/IIIa is the event that precipitates platelet aggregation and subse-
quent arterial thrombus formation. Eptifibatide has been tested previously combined with IA 
tPA and showed a trend to achieving better recanalization with good clinical outcome at three 
months (76). Currently, the randomized multicenter trial (CLEAR) is evaluating the safety of 
eptifibatide in combination with IV tPA within three hours after ischemic stroke onset. In the 
ROSIE-2 trial, the acceptable dose of eptifibatide is now being determined. This is a randomized 
open-label trial designed to enroll 150 patients within three hours after stroke. All patients will 
receive IV alteplase plus aspirin (81 mg) and tinzaprin (low molecular weight-heparin), then 
assigned to one of the five dosing groups of eptifibatide. In this latter trial, the reperfusion by 
MRI at both 2 and 24 hours as well as clinical recovery at 24 hours will be evaluated. If safety 
and efficacy can be established using this combination approach, a longer time window may be 
explored. Table 8 demonstrates the study of eptifibatide in stroke.

Use of Devices to Enhance Revascularization
Revascularization or recanalization of major vessels is the key to reperfusion at a microvascular 
level. Given the earlier discussion in which it was established that the ischemic penumbra may 
exists up to 48 hours in some individuals postvessel occlusion, revascularization during this 
time window would seem to be feasible. Obviously, the initial forays into this area need to be 
focused on shorter time windows to establish efficacy and safety. The majority of techniques 
discussed here will, therefore, be conducted within this relatively short time windows. The 
exception is the endovascular photo acoustic recanalization (EPAR) laser system that is being 
tested in patients up to 24 hours with posterior circulation ischemia, which may be more 
 forgiving in terms of therapeutic time window. There are many parallels with advances made 
in the management of acute coronary syndromes, where we have seen a movement from throm-
bolysis as the main mode of revascularization to angioplasty alone. 

As in percutaneous transluminal coronary angioplasty, the percutaneous intracranial 
angioplasty intervention was also classified into four categories: (i) immediate angioplasty, 
to be performed as soon as possible after thrombolysis; (ii) delayed angioplasty, to be performed 
within several hours or a few days after thrombolysis; (iii) rescue angioplasty, to be performed 
after failed thrombolysis; and (iv) primary (direct) angioplasty, to be performed instead of 
thrombolysis. In interest of brevity, we will restrict our discussion to direct angioplasty.

TABLE 7 Study of Tirofiban in Various Time Windows

Study Study design Sample size OTT Dose Outcome

Junghans et al. 
(73)

NR open 35 2–51 h
(median 5 h)

Tirofiban 0.4 μg/kg infusion 
in 30 min follow by 0.1 
μg//kg/min in 
24 hours

No difference in clinical 
outcome No sICH

Junghans
(73)

Case series 20 Median 9 h Same as above Significant improvement in 
1 wk-T2weighted MRI 
infarct volume

Siebler (SaTIS) RCT 240 6–22 h Same as above Measure safety (ongoing)

Stefan
(75)

Case series 19 ≤3 h Tirofiban dose is same as 
above and intravenous — 
tPA 20 mg bolus in 
15 cases, 10 mg bolus 
plus 40 mg infusion in 
the other 4 cases.

68% recanalisation 
(TIMI 2,3) significant 
smaller in DWI lesion 
growth no sICH

Sietz et al. 
(75)

NR open 47 Mean 2 h
(max 4.5 h)

Tirofiban dose is same as 
above but infusion in
24 hr.-tPA 20 mg bolus

Significant improvement in 
1 wk-T2weighted MRI 
infarct volume No sICH

Abbreviations: DWI, diffusion weighted imaging; NR, nonrandomized; OTT, onset time to treatment; PWI, perfusion weighted imaging; 
sICH, symptomatic intracerebral hemorrhage; TIMI, thrombolysis in myocardial infarction.
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Primary or Direct Percutaneous Transluminal Angioplasty
The general principle of this approach is similar to that in the coronary circulation where 
immediate angiography was performed postischemic stroke onset and a site of vessel occlusion 
identified. Balloon angioplasty is then performed by advancing the catheter into the site 
of occlusion (clot, atheroma, or both) and then the balloon inflated to achieve recanalization. 
There have been two small published case series to date using this approach with maximum 
time for reperfusion of five and six hours (77,78). It can be concluded that the technique is 
feasible and safe, but larger studies are required to prove its efficacy in improving clinical 
 outcomes (Table 9).

Endovascular Devices
Investigators have been constantly searching for more rapid ways to disrupt clots and enhance 
revascularization. The obvious advantage of this is to prolong the time window for stroke 
treatment. 

The endovascular devices are best classified as (i) mechanical clot disruption/removal 
devices (ii) suction thrombectomy devices and (iii) laser- or Doppler-assisted thrombolysis 
devices.

1. Mechanical clot disruption or removal devices: These clot retriever devices rely on the 
delivery of a device distal to the thrombus while the device remains constrained in a 
microcatheter. The unconstrained component of the device is then expanded to capture 
the thrombus or atheromatous emboli as the device is withdrawn.
 Three examples are microsnare, Neuronet Endovascular Snare, and clot-retrieval 
devices. Microsnares have long been used to retrieve foreign bodies from cerebral vessels. 
Recently, case reports have described successful retrieval of IA clots lodged in intracranial 
arteries via gooseneck microsnare in the setting of acute ischemic stroke (79–81). The sub-
stantial improvement occurred without hemorrhagic complications, and the maximal time 
window to treatment was 12 hours.

TABLE 8 Study of Combined Thrombolytic Agents and Eptifibatide in Various Time Windows

Study Study design Sample size OTT Dose Outcome

Mcdonald et al. 
(76)

NR open 37 Mean 4 h 
21 min

Eptifibatide 90 microgram bolus 
follow by 0.5–2.0 μg/kg/min 
infusion 

tPA dose is unknown

Recanalization (TIMI 2,3) 
58%

No difference in clinical 
outcome 

No sICH

CLEAR (108) RCT, dose 
escalation

100 ≤3 h Eptifibatide 75 microgram bolus 
follow by 0.75 μg/kg/min 
infusion 

tPA 0.3 mg/kg intravenous 
administration

Safety  (ongoing)

ROSIE2 (109) RT, open label, 
dose 
escalation

150 ≤3 h Five escalating dosing groups for 
eptifibatide: 0, 45, or 90 μg/kg 
bolus only, 90 μg/kg bolus plus 
0.25 μg/kg/min infusion for 
24 h, or 90 μg/kg bolus plus 
0.5 μg/kg/min infusion for 24 h 
eptifibatide in 5 doses

Standard IV tPA, plus aspirin 
81 mg orally (or 120 mg rectally) 
and tinzaparin 80 anti-Xa IU/kg 
subcutaneously

Aim to fine the acceptable 
dose of eptifibatide 
(ongoing)

Abbreviations: CLEAR, Combined Approach to Lysis Utilizing Eptifibatide and rt-PA in Acute Ischemic Stroke; IV, intravenous; NR, 
 nonrandomized; OTT, onset time to treatment; ROSIE 2, Reperfusion of stroke Safety study Imaging Evaluation—2; RT, retrospective; 
TIMI, thrombolysis in myocardial infarction; tPA, tissue plasminogen activator.
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 Neuronet endovascular snare (self-expanding nitinol basket; Guidant) is a new-generation 
snare device with a basket shape also devised specifically for acute stroke treatment. 
Preliminary experience has been reported as part of the ongoing large, multicentered, Neuronet 
Evaluation in Embolic stroke Disease trial in Europe. The device was shown to be practical and 
safe in recanalizing the basilar artery with a maximal time window of 10 hours (82). 
 The MERCI retrieval device has attracted considerable public attention and is the only 
FDA approved clot retriever. The name is derived from the MERCI trial and is a corkscrew-
like apparatus, which resides in the catheter tip until it is ready to be burrowed into the clot 
(83). Results of phase I/II trials of a mechanical thrombectomy device suggest that mechani-
cal retrieval of clots is a safe and effective treatment for ischemic stroke, which may prolong 
the treatment time window up to eight hours. In their intention to treat analysis, 69 of 151 
(46%) patients achieved recanalization as measured by thrombolysis in myocardial infarc-
tion grade II or III. Importantly, the rate of symptomatic intracerebral hemorrhage was not 
higher than the pre-existing data of IV thrombolysis (tPA group of NINDS) or stroke inter-
vention trials (PROACT I/II), in spite of higher recanalization rates. In the ongoing MR 
RESCUE trial, neurological outcome is being measured to determine if patients will benefit 
substantially from a mechanical embolectomy with the concentric clot retriever device, 
when eligible patients are identified based on MR diffusion–perfusion criteria.
 In another approach, the combination of mechanical clot disruption in concert with 
IAT has shown promising results (84). This may be another viable treatment option for 
acute  ischemic stroke patients who are not eligible for IVT because of severe neurologic def-
icits and/or presentation more than three hours after stroke onset. In a trial in which 19 
patients were enrolled, adjunctive treatment of reteplase IAT (maximum dose of 4 U) 
administered through seperselective catheterization was followed by snare manipulation for 
distal occlusions and angioplasty for proximal occlusions of the MCA (n = 9), cervical ICA 
(n = 7), and other sites (n = 3). Overall, a high recanalization rate (78%) was observed with-
out vascular complications with the maximal time window of nine hours.

2. Suction thrombectomy device: After initial reports of simple catheter-based suction 
thrombectomy, more sophisticated devices have been developed (85). For example, the 
AngioJet takes advantage of the venturi principle and uses saline jets that are directed back 
into the catheter to create a low-pressure zone around the catheter tip, inducing aspiration 
of the surrounding thrombus. The device has been approved by the FDA for use in arterio-
venous dialysis grafts and fistulae and for treatment of coronary arteries, saphenous vein 
grafts, and peripheral vessels. In spite of difficulties, because of the lack of catheter flexibil-
ity, a report of three cases with a six-hour time window showed the potential for rapid clot 
removal (86). Later, the smaller NeuroJet was developed, but the initial feasibility and safety 
study was stopped after arterial dissections proved to be a problem. A redesigned device is 
now being investigated in the phase 1 Thrombectomy In Middle cerebral artery Embolism 
(TIME) trial in patients presenting within six hours of stroke onset.

3. Laser- or doppler-assisted thrombolysis: Laser-assisted thrombolysis offers the potential for 
rapid clot disruption resulting in clot  emulsification. The laser power source is delivered by 
fiber optics to the tip of the 1 mm catheter at the treatment site where it is converted into 
acoustic energy, which then causes the clot to emulsify inside the catheter tip.
 The safety and feasibility of laser-assisted thrombolysis device in acute stroke patients 
has been reported in the phase II multicenter trial assessing the EPAR laser system (87). 
Patients in this study received IA laser thrombolytic treatment within six hours of stroke 
onset for anterior circulation and within 24 hours for posterior circulation occlusion. The 
recanalization rate was approximately 41%, and a comparable rate of sICH in NINDS tPA 
group was found. Of note, 13 patients in this study had additional treatment with IA rtPA. 
This new technique appears to be safe and obviously may provide a means of extending the 
window for treatment of acute ischemic stroke. 
 A longer time window of treatment by a laser-assisted device was also reported when 
using the LaTIS laser device, which has the same principle of action as EPAR laser system. 
The window was extended up to eight hours in anterior circulation and 24 hours in posterior 
circulation stroke. Both devices have the potential to extend the time window for therapy.
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The combination of ultrasound with thrombolytic therapy is the other recently developed 
mechanically assisted thrombolytic intervention. In humans, both internally and externally 
applied, low frequency, pulse-wave ultrasonography with IV tPA have been used (88–90). The 
most practical is the externally applied technique where acceleration of arterial recanalization 
was found using a diagnostic 2 MHz transcranial ultrasound device (88). In the first RCT 
reported, a time window of three hours was used and higher recanalization rates and acceptable 
sICH were demonstrated. Although, there was no significant clinical improvement at three 
months compared with IV tPA alone, the results were encouraging enough to generate the 
hypothesis that shortening of recanalization times could contribute to optimizing the effect of 
acute thrombolytic stroke therapy, and perhaps extend the time window for treatment. In another 
study in which the ultrasound device used had a wider beam and lower frequency of 300 kHz 
and a time window of six hours, an unexpected increased in sICH occurred that resulted in a 
premature cessation of the trial (90). However, neither morbidity nor treatment-related mortality 
or recanalization rates differed between the combined treatment group and tPA alone.

PATIENT SELECTION FOR THROMBOLYTIC TREATMENT BASED ON VASCULAR 
TERRITORY OF ISCHEMIA

Although, definitive evidence is lacking, there is a general belief that the more extensive 
 collateral circulation in the posterior arterial territory allows longer time windows of therapy. 
To date, there have been no comparative studies of the duration of the ischemic penumbra 
between anterior and posterior circulations, although this is clearly needed. The other main 
driver for long time window therapies in the posterior circulation is the high morbidity and 
mortality of basilar artery occlusion (91–93). Hence, investigators have used an almost random 
empirical approach for IAT for acute vertebrobasilar occlusion with the time windows up to 
72 hours after acute stroke onset (Table 10).

The strongest evidence for efficacy is from a nonrandomized cohort study using historical 
controls, in which 65 consecutive patients with clinical signs of severe brainstem ischemia and 
angio-demonstrated vertebro-basilar occlusion were retrospectively analyzed (93). Forty-three 
patients received local IAT therapy (UK or streptokinase), two-thirds within 24 hours after 
stroke onset (six of them within six hours). Higher recanalization rates were demonstrated 
angiographically among treated patients, and the patients who displayed recanalization had a 
significantly higher survival rate and a favorable clinical outcome. Later, many small nonran-
domized open-label trials and case series as well as a meta-analysis including 164 patients with 
posterior circulation stroke showed a similar trend toward favorable outcomes (although there 
were no controls), and roughly half of the patients survived (94–99). The maximal time window 
of any of these open studies was 82 hours. 

Evidence supporting efficacy of IVT treatment in posterior circulation stroke in the time 
beyond 3 hours after onset symptoms has also been reported (100–102). Recently, Lindsberg 
et al. (101) enrolled 50 consecutive patients with angiographically proven basilar artery occlu-
sion in whom IV alteplase (0.9 mg/kg) was given. The time window for therapy was 12 hours 
if the onset of symptoms was sudden and 48 hours if the symptoms were gradually progress-
ing. The study showed that the rate of recanalization, survival, and independent functional 
outcome are comparable with those reported with endovascular approaches and recom-
mended the conduct of a larger randomized controlled trial. Hence, it can be seen that there is 
an accumulating amount of nonrandomized data to suggest that it is safe and feasible to extend 
the time window in the posterior circulation, perhaps up to 24 hours or more. There is a clear 
need for a large,  randomized, controlled trial to provide evidence to guide clinical practice 
more precisely. 

SELECTION OF PATIENTS BASED ON IMAGING TECHNIQUES

Because acute ischemic stroke is a highly heterogeneous disease, not every patient’s time 
window for treatment is the same. Experimental studies in different animal models have found 
wide variations in the potential time window for treatment efficacy, ranging from just a few 
minutes to as long as 48 hours. In humans, imaging and biochemical studies in acute stroke 
patients similarly suggest that the window for potential efficacy may be prolonged in selected 
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individuals (7–9). The most promising imaging tools to identify these patients are multimodal 
MRI and CT. They both can delineate the extent of ischemic core, still salvageable penumbra, 
presence of large-vessel occlusion, and unthreatened regions of benign oligemia. By identifying 
individuals in whom substantial salvageable tissue still persists beyond 3 hours, this 
may  obviate the classical limitations of the stroke therapeutic time window (103). As shown in 
previous chapters and the next, many investigators are now validating these new imaging 
techniques.
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INTRODUCTION

The definition of tissue at risk of infarction is an important goal in the selection of acute stroke 
patients likely to benefit from thrombolytic therapy and to extend the therapeutic time window. 
The concept of the ischemic penumbra, defined as an area of severely hypoperfused but 
 potentially restorable tissue around the irreversibly infarcted core, was introduced by Astrup 
et al. (1). Over two decades ago, they predicted that cerebral imaging could potentially be used 
to rapidly diagnose this partially ischemic region, that might be amenable to therapy (2).

Over 25 years later a range of imaging modalities are available to measure an approxima-
tion of the penumbra. Of these technologies, MRI has become the optimal imaging technique 
for acute stroke patients. Diffusion-weighted MRI (DWI) identifies acute ischemic tissue with 
cytotoxic edema, perfusion-weighted MRI (PWI) delineates hypoperfused brain areas, and MR 
angiography (MRA) depicts the intracranial vasculature. A mismatch between a larger PWI 
lesion and smaller DWI lesion is considered to represent the ischemic penumbra (3).

The majority of acute stroke patients have this MRI-penumbral signature within six hours 
of stroke onset (4,5). The penumbra is commonly, but not invariably, associated with proximal 
arterial occlusion and is time dependent. It widely held that the presence of a significant amount 
of penumbral tissue, beyond the clinically confirmed three-hour time window, would identify 
responders to thrombolytic therapy. Preliminary studies have shown benefit from thrombolytic 
therapy beyond the established three-hour window. In the past, there was concern about 
the reliability of MRI in the diagnosis of intracerebral hemorrhage (ICH). However, MR 
sequences such as T2*-weighted gradient-echo MRI are highly sensitive in the detection of 
blood products and shown to be even more sensitive than computed tomography (CT) in the 
detection of ICH (6,7).

Despite the advantages of MRI, a number of specific problems have to be considered 
when stroke MRI is applied to define penumbral tissue. Different methods of definition of 
 penumbral tissue are extensively discussed in this book. This chapter will focus on the progress 
made using MRI techniques in providing a “tissue clock” in acute brain ischemia and their 
application in selection of therapy in acute stroke.

PENUMBRAL IMAGING USING MAGNETIC RESONANCE IMAGING

Using echoplanar MRI, the combination of DWI, PWI, and MRA provides a rapid assessment 
of the ischemic infarct core (DWI), the underlying arterial pathology (MRA), and the tissue-
at-risk (PWI>DWI mismatch). The concept that mismatch, defined by perfusion exceeding 
 diffusion lesion volumes, was postulated as an operational definition of the penumbra by 
Warach and coworkers in the late 1990s (8–10). It was shown that the high-intensity signal on 
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DWI identified tissue that was usually destined to infarct. The typically larger, hypoperfused 
region included both the severely ischemic core and the at-risk tissue in the mismatch region. 
In Melbourne, we demonstrated that PWI>DWI mismatch in the middle cerebral artery 
(MCA) territory usually correlated with occlusion of the trunk or major branches of the MCA 
on MRA, but a minority of patients had mismatch with normal MRA (11) (Fig. 1).

Kidwell et al. (12) suggested two important modifications to the MRI-based (PWI>DWI 
mismatch) penumbral concept. It was shown that hyperintense DWI lesions do not invariably 
progress to frank infarction and that the variable degrees of DWI lesion reversibility could be 
demonstrated with intra-arterial thrombolysis (13). In a small patient group, reversal of DWI 
lesions was seen in some subjects, although late secondary injury and completed infarction 
sometimes followed. The pretreatment tissue apparent diffusion coefficient (ADC) values were 
lowest in the patients not showing reversal, intermediate in those with reversal and secondary 
decline, and highest in those with sustained reversal (13). The Hamburg MRI group showed, 
that areas of ADC normalization can be found in as many as 20% of acute stroke patients  studied 
by MRI within the first six hours of stroke onset (14).

ADC normalization in human stroke correlated with earlier studies in animal models that 
had demonstrated DWI reversibility (15). Furthermore, even more severe ADC decreases could 
normalize in case of rapid reperfusion. Thus, ADC normalization depends more on the dura-
tion and severity of ischemia, rather than the absolute value (16,17).

The second modification to the PWI>DWI mismatch concept was that the hypoperfused 
area on PWI in acute ischemia includes regions of only mildly reduced perfusion, which 
 typically survive, in contrast with more severely ischemic regions, which were true penumbral 
tissue with a variable fate. These less severely hypoperfused regions are considered to represent 
benign oligemia. Perfusion thresholds have been applied to the various PWI parameters, to test 
these hypotheses: regions of very severe hypoperfusion, with mean contrast transit times (MTT) 
≥6 seconds compared with the normal hemisphere, nearly always went on to infarct, whereas 
those with lesser degrees of hypoperfusion (MTT delay of 4–6 seconds) had a variable likelihood 
of progression to infarction (18). Conversely, regions with MTT delays of two to three seconds 

FIGURE 1 (A) MRI study one and five hours after symptom onset with aphasia and hemiparesis (NIHSS 14). Magnetic 
resonance angiography (MRA) depicts middle cerebral artery (MCA) occlusion with large diffusion-weighted MRI /
perfusion-weighted MRI mismatch in the MCA territory. Thrombolysis results in recanalization and tissue salvage. Only 
a small striatocapsular infarction is present at follow-up MRI the next day. MRA and PWI are completely normal (data not 
shown). (B) In contrast, stroke magnetic resonance imaging in a patient with a severe deficit (NIHSS 21) two hours after 
symptom onset shows a large diffusion lesion in more than two-thirds of the MCA territory due to ICA and MCA occlusion. 
There is only a small area of DWI / PWI mismatch in the posterior part of the MCA territory. The patients were not treated 
with regional tissue plasminogen activator because of the large DWI lesion. Follow-up MRI after seven hours shows 
recruitment of penumbra into the infarction. The patient developed malignant MCA infarction and was treated by 
hemicraniectomy. Abbreviations: AD, apparent diffusion; DW, diffusion-weighted; MR, magnetic resonance; TT, transit time. 
Source: From Ref. 58.



Magnetic Resonance in the Selection of Stroke Therapies 309

typically survived, and therefore these were likely to represent regions of benign oligemia. 
Other groups similarly found that using Tmax, rather than MTT, a value of six to eight seconds 
optimally predicted core infarcted tissue at seven days (19,20).

These observations led to a modified definition of the penumbra. It is now thought to be 
more accurately represented by the PWI>DWI mismatch area, minus the oligemic rim, but 
including some of the DWI core with less severely decreased ADC values (as seen in Fig. 6, 
Chapter 14, Kidwell et al.). The precise definition is still evolving, with further research into the 
optimal measures of perfusion and tissue viability thresholds. Ischemic stroke is a dynamic 
 process and one would anticipate that perfusion thresholds should be time dependent and 
would be altered by reperfusion, spontaneous, or induced. In Melbourne, we found in support 
of this hypothesis, that the MTT delay was compatible with tissue salvage and was inversely cor-
related with the duration of ischemic symptoms, in patients in whom blood flow was restored 
(21). Thrombolysis altered the thresholds, so that more severely ischemic tissue can be rescued. 
Thus, perfusion thresholds for recovery or infarction were dependent on the time of reperfusion.

Considerable debate surrounds the choice of which PWI parameter should be used in 
defining a mismatch. Most centers have used time-domain parameters, including MTT (esti-
mated either with a deconvolution operation or first moment of the signal intensity curve), 
Time to Peak (TTP) or Tmax (TTP after deconvolution) (19–22). In Hamburg, we have suggested 
that regional cerebral blood flow (rCBF) may be the best PWI measure to demonstrate truly oli-
gemic regions (23). Currently, there is no gold standard, because PWI does not provide absolute 
values of CBF. In addition, different strategies are used for standardizing the semi-quantitative 
values. These include normalization to the contralateral hemisphere, the arterial input function, 
or published positron emission tomography rCBF values for normal tissue (24). 

Use of differing perfusion parameters and thresholds considerably alter the identification 
and frequency of the penumbra. For example, Tmax and MTT volumes on PWI are significantly 
lower than those calculated with TTP and FMT (first moment transit time). Thresholds are used to 
exclude tissue with benign oligemia, but different groups have decided not to use thresholds, or 
chosen thresholds of +2 or +4 seconds, relative to the contralateral hemisphere. Most groups use 
≥20% to define mismatch. We suggested that use of Tmax +2 seconds was an attractive  perfusion 
marker and that this identified a penumbral frequency of 73% in the pilot Echoplanar Imaging 
Thrombolytic Evaluation Trial (EPITHET) study (25). Regardless of the precise MRI definition, the 
penumbra is regarded as the target of potentially salvageable tissue in acute ischemic stroke.

The presence of the penumbra is strictly time linked. We and others showed that the 
 penumbra as defined by PWI–DWI mismatch, was present in around 80% of patients in the first 
six hours after symptom onset (4,26). Intriguingly, however, the penumbra is still present in up 
to 40% of patients at 24 hours using MRI. The finding of potentially salvageable tissue many 
hours after stroke onset correlates with evidence obtained from 15O and 18FMISO PET imaging 
and raises the possibility that some tissue might be rescued at much later time intervals than are 
currently considered (27,28).

Evolution of Brain Ischemia and Expansion of the Ischemic Core

Serial MR imaging show that ischemia-related brain damage is a dynamic process. The DWI 
core typically expands to a variable extent into the PWI boundary due to a number of influ-
ences, including perfusion failure, neurotoxic cascade, physiological parameters (including 
temperature, hyperglycemia, and oxygenation), and apoptosis, defined as programed cell death 
(9,29). Besides the duration of the ischemia, the dynamics of the growth of the infarct core 
depends on the site of the vessel occlusion: proximal vascular occlusions lead to large  infarctions 
and have a high potential for infarct growth (30).

In 49 patients with MCA infarcts who underwent imaging within six hours of stroke 
onset, we demonstrated serial evolution of PWI and DWI changes over time (31). These patients 
had not received thrombolytic therapy. When imaged in the subacute period three to five days 
after stroke onset, patients with acute PWI>DWI mismatch showed substantial reperfusion, 
and expansion of the DWI core. PWI lesions contracted by a median of 85% between acute and 
subacute time points, consistent with reperfusion, and DWI lesions grew by 136%. Patients 
with major reperfusion were more likely to be functionally independent, while those with 
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infarct growth were more likely to be dependent at outcome (31). We had previously shown 
that patients without mismatch typically did not show DWI growth and predicted that they 
were less likely to respond to thrombolysis (29).

However, given that ADC normalization occurs in some patients treated with acute 
 reperfusion strategies, those patients without mismatch may also be potential responders in 
some cases (32). Hence, testing the mismatch hypothesis in treatment trials requires that 
 nonmismatch patients are also studied.

Pilot Magnetic Resonance Imaging Studies Evaluating Thrombolytic 
Therapy in Ischemic Stroke

These observations led to studies to select potential treatment responders for thrombolysis, 
based on their cerebral pathophysiology, rather than solely by trial-based time windows and 
clinical factors. In the pilot EPITHET study, we studied 19 sub six-hour stroke patients with 
DWI, PWI, and MRA before intravenous thrombolysis, repeated at three to five days at the 
 subacute stage after treatment and then at the 90-day outcome stage (33) (Fig. 2). Ischemic 
lesion evolution and clinical outcomes of this cohort were compared with those of 21 matched, 
historical controls. In patients with PWI>DWI mismatch on MRI, recanalization, reperfusion 
and penumbral salvage, attenuation of infarct expansion, and reduction of outcome infarct 
volume were all significantly smaller in the tissue plasminogen activator (tPA) group compared 
with the controls. Furthermore, these MRI surrogate outcomes correlated with measures of 
clinical improvement, such as an improvement of ≥7 points on the NIHSS, or functional inde-
pendence on the modified Rankin scale. We showed that more severely hypoperfused tissue, 
which is usually destined for infarction, could be rescued by successful reperfusion within this 
time window (21).

Schellinger et al. (34) also showed that recanalization, using open label tPA, attenuated 
lesion growth, correlating with better outcomes. Within the German Stroke Competence 
Network, we found a good correlation between tPA therapy and recanalization with higher 

FIGURE 2 Echoplanar Imaging Thrombolytic Evaluation trial design. 
Flow diagram of the EPITHET protocol. Abbreviations: tPA, tissue 
 plasminogen activator; MRA, magnetic resonance angiography; NINDS, 
The National Institute of Neurological Disorders and Stroke; MRI, 
 magnetic resonance imaging.
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recanalization rates in the early time window (<3 hours) as compared to three to six hours (4). 
The largest series of MRI-selected acute stroke patients (<6 hours) treated by tPA compared the 
German data bank with the pooled data of the large stroke tPA trials (35) in an open, nonran-
domized study (36). From 174 MRI-selected tPA patients, 62% (n = 108) were treated in ≤3 hours 
and 38% (n = 66) after three to six hours. Favorable outcome was more frequent in MRI-selected 
tPA patients compared with pooled tPA patients, and symptomatic intracerebral hemorrhage 
rates were lower. This study supports that it is safe and effective to expand the time window for 
intravenous (IV)-tPA up to six hours in patients with tissue-at-risk as defined by MRI. The case 
for MRI-based selection beyond three hours is further supported by the finding that there was 
no significant difference in the degree and volume of PWI and DWI impairment in the sub-
three and three-to-six-hour groups (37).

As noted previously, the finding of DWI reversal in a proportion of cases treated by 
thrombolysis raises the question as to whether the MRI mismatch signature is necessary to 
indicate a likely response to therapy and whether nonmismatch patients might also benefit. 
Chalela et al. (38) showed shrinkage of DWI lesion volume in a proportion of cases after throm-
bolytic treatment; however, functional improvements were associated with reperfusion on MRI, 
rather than DWI reversal. Reperfusion of more than 30% in MTT volume, two hours after tPA 
administration, was a useful predictor of clinical outcome.

More recently, we showed that DWI reversal to some degree occurred in 67% tPA treated 
patients and in only 36% of those managed conservatively, although not achieving statistical 
significance (39). DWI expansion was attenuated by tPA in a time-dependent manner, however, 
tissue fate in regions of depressed ADC is variable and cannot be predicted solely by ADC 
values (39).

This has been supported by recent work from Fiehler et al. (14), indicating that ADC 
 normalization (defined as normalization of ADC values in >5 mL tissue with acutely reduced 
ADC values) occurred in 20% of patients after thrombolysis and was associated with earlier 
time-to-treatment, and reperfusion in those with more distal vessel occlusions, particularly 
involving white matter and the basal ganglia. This question will only be resolved with the 
results of the current prospective randomized MRI-based thrombolytic trials.

Acute Stroke Trials Utilizing Magnetic Resonance Imaging 
to Evaluate Thrombolysis

A number of prospective acute stroke trials currently evaluate the application of stroke MRI to 
predict the response to thrombolysis (Table 1). The promising results of the EPITHET pilot 
study (33) led us to the design of a prospective, randomized, placebo-controlled trial in 

TABLE 1 Current Trials Evaluating Thrombolysis Based on Penumbral Selection

Trial
Thrombolytic 

modality
Time 

window (hr) Study design Initial findings

EPITHET tPA 3–6 Randomized controlled trial 100 
patients. Patients treated without 
reference to MRI findings

Various definitions of mismatch 
predict DWI expansion. 
Reperfusion limits expansion

DEFUSE tPA 3–6 Open-label study 80 patients. All 
patients receive tPA regardless 
of MRI results

Intermediate PWI lesions, 
mismatch and reperfusion 
predict good outcome 

DIAS Desmoteplase 3–9 Dose escalating trial. Initial study 
102 patients completed. Only 
patients with mismatch treated

Identification of a safe, effective 
dose that enhances reperfusion 
and improves outcomes

MR RESCUE Mechanical 
embolectomy

0–8 Prospective randomized controlled 
trial. Treatment stratified for 
mismatch

Pilot results indicate benefits in 
those with a penumbra and 
reperfusion

ROSIE Abciximab + 
reteplase

3–24 Open label, dose escalation, safety, 
and proof-of-principle study

Proceeding

Abbreviations: DEFUSE, DWI Evolution for Understanding Stke Etiology; DIAS, desmoteplase in acute ischemic; DWI, diffusion-weighted 
MRI; EPITECH, Echoplanar Imaging Thrombolytic Evaluation trial; PWI, perfusion-weighted MRI; ROSIE, Reperfusion of Stroke Safety 
Study-Imaging Evaluation.
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100 patients, randomizing patients to either tPA or placebo, between three to six hours after 
stroke onset. Patients are studied with PWI and DWI before and after thrombolysis, but MRI 
criteria are not utilized in patient selection. A pretreatment CT scan is used to exclude patients 
with hemorrhage or major early ischemic change. The EPITHET trial is being conducted to test 
the hypothesis that stroke patients with PWI>DWI mismatch will benefit from tPA beyond the 
clinically defined three-hour time window. The primary endpoint is growth of the DWI-defined 
ischemic core. We hypothesize that this will be attenuated by tPA therapy in patients with 
 mismatch (21,33). We also hypothesize that reperfusion will be enhanced by tPA in those with 
an ischemic penumbra. The trial is being conducted in 13 centers in Australia, New Zealand, 
and an additional site in Belgium. The study is close to completion. In the first 40 patients 
enrolled, a significant mismatch volume (defined as PWI > DWI mismatch of more than 20%) 
was found in 50% to 83% of patients, depending on the PWI definition used (40). All definitions of 
mismatch predicted DWI expansion, but imperfectly. These relative perfusion measures often 
tend to either under- or overestimate the true volume of tissue-at-risk. The definition that best 
predicts the response to thrombolysis will not be known until the data are unblinded. Irrespective 
of mismatch, however, reperfusion appears to limit DWI expansion in the three to six hour time 
window.

Other studies use stroke MRI as a surrogate marker for tissue response to thrombolysis. 
The DEFUSE study (DWI Evolution for Understanding Stroke Etiology) was an open-label trial 
of 80 patients in the United States, aimed at delineation of PWI and DWI measures that predict 
response to tPA in the three to six hour time window. The DEFUSE trial showed that favorable 
clinical outcome with tPA is predicted by mismatch and early reperfusion. However, a small 
subset of patients with ‘malignant reperfusion,’ with very large (>100 mL) baseline DWI and/
or PWI lesions did not benefit and had a substantial risk of hemorrhage (41). However, in 
 contrast to EPITHET, the DEFUSE trial is not randomized. The Desmotyplase in Acute Stroke 
Trial (DIAS) evaluated the safety and efficacy of different intravenous doses of the thrombolytic 
agent desmoteplase, using MRI surrogate markers such as reperfusion to select the optimal 
dose for pivotal trials (42). The initial trial involved 102 patients, enrolled three to nine hours 
after stroke onset, selected on the criterion of at least 20% PWI>DWI mismatch. Reperfusion 
was assessed four to eight hours after stroke onset and clinical outcome at 90 days. This trial 
showed that a specific dose was associated with a low rate of ICH, with significantly enhanced 
reperfusion and improved  functional outcome (42). A larger trial is underway. 

The MR RESCUE trial is evaluating mechanical thrombolysis up to eight hours in patients 
with mismatch. A pilot study showed that significant clinical benefits were confined to those 
with a penumbra and successful recanalization (43). The ROSIE trial (Reopro Retavase 
Reperfusion of Stroke Safety Study-Imaging Evaluation) is evaluating the safety and efficacy of 
abciximab and reteplase in acute ischemic stroke with MR evidence of a perfusion deficit, 3 to 
24 hours after onset, by measurement of reperfusion (44).

Trials in Neuroprotection

The inclusion of acute stroke patients with heterogeneous etiologies is considered one reason 
for the failure of acute stroke trials, especially with neuroprotective drugs (45). Recent phase II 
trials in acute stroke patients have utilized stroke MRI to “enrich” the population being studied 
by selecting more homogeneous patients with a vessel occlusion on MRA, a DWI/PWI 
 mismatch, or at least a cortical PWI lesion. These MRI criteria help to exclude lacunar stroke 
and patients without mismatch in a time window later than three hours (in the range up to 
24 hours). These techniques may potentially improve the results of neuroprotective trials and 
thrombolytic trials in an extended time window. 

Identification of Patients with Increased Risk for Hemorrhage

In the National Institute of Neurological Disorders and Stroke (NINDS) trial, symptomatic 
hemorrhagic transformation (SICH) occurred in 6.4% of patients treated with thrombolysis, 
on CT (46). We showed, that secondary hemorrhagic transformation of ischemic infarction is 
predominantly associated with local reperfusion in the region with the most severe hypoper-
fusion (47) but is not necessarily associated with clinical worsening or a poor prognosis (48). 
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Markers of severe perfusion impairment, such as the extent of hypoattenuation in CT, are a risk 
factor for SICH (49).

Whereas in the past, MRI was thought to be less reliable than CT to rule out ICH, recent 
studies have shown that MRI detects hemorrhage with high accuracy (7). Indeed, MRI is even 
more accurate than CT for the detection of chronic ICH (6). 

Because of the high sensitivity of MRI for the detection of ICH and its advantages in 
 evaluation of acute ischemia, MRI is being used as a primary imaging tool in an increasing 
number of stroke centers. In acute stroke, MRI reveals hypointense lesions in T2*-weighted 
images (HLE or cerebral microbleeds) occurring in approximately 12% to 20% of ischemic stroke 
patients (50,51). The main concern has been whether they might be a marker of increased risk 
of sICH after thrombolytic therapy or not (52,53). HLE are thought most likely to represent old 
microbleeds (54) and may explain why 20% of all SICH occur outside the arterial territory of the 
presenting stroke (46). Furthermore, these HLE may also indicate an increased risk both of 
 primary and secondary brain hemorrhages (55). A large worldwide database with more 
than 800 tPA-treated patients was recently collected by Fiehler et al. (56) and observed HLE in 
20% and SICH in 4.2% of the patients. There was no difference in the rate of SICH between 
the patients with or without HLE and the data from this large study does not support the 
hypo thesis that patients with HLE are at higher risk for SICH after thrombolysis therapy. 
However, an increased risk for rare patients with multiple CMBs (>5) cannot completely be 
ruled out. 

CONCLUSIONS

Imaging plays a major role in the selection of stroke patients for thrombolytic therapy. Whether 
this role remains limited to CT scanning (for exclusion of hemorrhage and major early ischemic 
signs), or whether more advanced tools such as MRI, CT angiography, and CT perfusion will 
become the procedures of choice is still being defined. The MRI penumbral index provides a 
noninvasive measure of threatened brain tissue and has enabled a better understanding of the 
pathophysiology of acute stroke evolution. Rapid detection of the penumbra provides a poten-
tial substrate for patient selection for treatment. There is increasing support from various  studies 
for this hypothesis, and indeed, some debate as to whether there is sufficient evidence to safely 
select patients for thrombolysis, or other reperfusion approaches, beyond the clinical  three-hour 
time window. 

A number of issues remain to be resolved. These include the optimal perfusion parame-
ter using MRI and whether thresholding should be applied. This, together with further infor-
mation about the response to thrombolysis of ischemic tissue with varying degrees of 
bioenergetic compromise, will allow a more precise measure of the penumbral region in acute 
ischemic stroke. Other information required from current trials will include the risk of hemor-
rhagic transformation after thrombolysis in relation to baseline perfusion and diffusion 
 deficits, and the relationship between recanalization on MRA and reperfusion on PWI. We 
consider that  evidence from randomized, prospective trials is required to more precisely 
define algorithms for therapy beyond three hours, but that there are good prospects for 
 individualized selection of thrombolysis, based on neuroimaging of the ischemic penumbra. 
Furthermore, such  evidence is likely to be translated to other imaging modalities for penum-
bral diagnosis, such as CT perfusion techniques (57). Application of penumbral imaging 
modalities beyond three hours should allow a substantially greater number of patients to be 
treated.
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