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Foreword

All over the world, acute brain and spinal cord injury represents one of the most

important public health problems that society faces. This is true in both the most

progressive and sophisticated areas of the world and in developing areas where

advanced medical care is often lacking. This welcome volume addresses the issues

of the diagnosis and management of head and spinal cord injury in an up-to-date

and comprehensive fashion. Appropriately, it includes some areas of controversy

in concepts and in practical management. In doing so the stage is set for better

outcomes and future investigative work in this important field of endeavor.

Understanding of the pathophysiology of brain and spinal cord injuries has led

to important interventions such as decompressive craniectomy, cerebral protection,

hypothermia, and reversal of vasospasm. New methods of monitoring patients have

led to early recognition of potentially reversible injuries, alterations in homeostasis,

and a better understanding of the epiphenomena of brain and spinal cord trauma.

The different sections of the book each focus on a part of the spectrum of

brain and spinal cord injury. Brain and spinal cord trauma; vascular insults to the

brain and spinal cord from stroke, ischemia, and subarachnoid hemorrhage;

intracranial and spinal hemorrhagic lesions; and metabolic derangements are all

covered in an expert and comprehensive fashion.

The systematic review presented in this book provides a basis for new

paradigms in the effective management of CNS trauma. The result is an inspiration

for clinical and basic neuroscientists to continue to make further advances in this

clinical, investigative, and neuroscientifically essential field critical to global public

health.

Edward R. Laws, MD, FACS

Professor of Neurosurgery

Stanford University Medical Center

Stanford, California, U.S.A.
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Preface

The clinical management of patients with acute brain and spinal cord injury has

evolved significantly with the advent of new diagnostic and therapeutic modalities.

Our understanding of the pathophysiology of brain injury of diverse etiologies,

from ischemic stroke and intracerebral and subarachnoid hemorrhage to traumatic

brain and spinal cord injury, continues to grow from laboratory-based exper-

imental work and clinical trials. The care of such patients by a trained team of

neurointensivists, neurosurgeons, anesthesiologists, and nurses, coupled with

the advent of newer monitoring techniques in a dedicated neuro-ICU, has

evolved in patients with acute brain and spinal cord injury. It is believed that

these advances have contributed to improved outcomes. However, considerable

uncertainty persists regarding key areas of clinical management in this subset

of patients. While numerous textbooks are available on each of the injury

paradigms, none has focused on selected controversies and the evolving

paradigms in clinical management of each of these disorders.

This textbook is divided into five sections, which cover the state-of-the-art

management that exists in the clinical management of patients with traumatic

brain injury, ischemic stroke, intracerebral hemorrhage, subarachnoid hemor-

rhage, and spinal cord injury. Our intent is to present a comprehensive review on

the subject from published data and to provide clinicians, neuroscientists, and

clinician scientists with a guide for bedside management, as well as foster

clinical and translational research in these important areas. We anticipate that the

rigorous evaluation and implementation of such data will provide a basis for

improvement in short- and long-term outcomes in these injury paradigms. We

hope that this book will achieve this goal.

We, the editors, are indebted to the authors for their valuable contributions.

Special thanks are due to Tzipora Sofare for her editorial assistance. Her never-

ending quest for accuracy and consistency has greatly enhanced the quality of

this volume. We also recognize and thank Debbie Bird for her efforts in
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coordinating the development of this book. We would also like to particularly

express our thanks to a number of funding sources, such as the American Heart

Association, the National Stroke Association, and the National Institutes of

Health extramural programs, which have supported our investigative work in

neurosciences critical care.

Anish Bhardwaj, MD, FAHA, FCCM

Dilantha B. Ellegala, MD

Jeffrey R. Kirsch, MD
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Decompressive Hemicraniectomy

in the Management of Severe

Traumatic Brain Injury
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Harvard Medical School, Boston, Massachusetts, U.S.A.
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Department of Neurosurgery, Oregon Health & Science University,
Portland, Oregon, U.S.A.

We have presented our appraisal of the case material, not so much as proof

of its superiority over other methods, but rather as provocation for further

critical appraisal of its use.

Kjellberg and Prieto, on decompressive craniectomy (1)

INTRODUCTION

Kjellberg’s and Prieto’s words are no less prophetic today as during the writing

of their highly influential paper in 1971, which not only resurrected decom-

pressive craniectomy (DC) but also challenged the field to validate or refute its

utility in the management of cerebral edema. We are stuck on their refrain nearly
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40 years later, as attempts at synthesizing reported outcomes in the intervening

years have been confounded by variable surgical technique, dramatic improve-

ments in perioperative care of patients with severe traumatic brain injury (TBI),

and a near-total absence of class I data on DC in TBI. As we reach a dis-

comforting therapeutic plateau in the postoperative medical management of the

sequelae of severe TBI, the use of DC in these patients has renewed interest.

Discussed in this chapter are the rationale for DC in severe TBI; technical

considerations in its implementation; the extant evidence regarding its efficacy;

and two randomized, controlled trials that are underway, the results of which are

eagerly anticipated. Other indications for DC, including malignant cerebral

infarction, are discussed in other chapters in this text.

TERMINOLOGY

Two classes of DC are performed by neurosurgeons. Primary DC is performed at

the time of evacuation of an extra- or intra-axial hematoma to facilitate post-

operative management of intracranial pressure (ICP); it is routinely practiced

during surgery for evacuation of a unilateral hematoma and involves closing the

scalp without replacing the bone flap, or in neurosurgical parlance, leaving the

bone flap ‘‘off.’’ Little controversy exists surrounding this practice as it is

performed in the primary phase of TBI.

Delayed or secondary DC is performed specifically for ICP control in the

hours or days after primary injury and is targeted to the management of sec-

ondary brain injury. The employment of secondary DC involves considerable

variation. Early or ultra-early secondary DC is performed within the first few

hours after injury and when initial medical management fails to bring ICP

under control. Many neurosurgeons (the authors included) advocate early DC,

within six to eight hours of injury, if acute medical management fails to control

ICP. Very little data exist to either support or refute this practice, and the

theory is extrapolated from animal spinal cord compression and decompression

experiments (2,3). More recent work has shown that earlier decompression in

an animal cranial model of compression results in less permanent neuronal

damage (4). Delayed secondary DC is performed many hours or even days after

the initial injury and when all medical management efforts have been

exhausted. The single prospective randomized controlled trial to investigate the

efficacy of secondary DC after TBI was conducted in pediatric patients, with a

moderate reduction in death and disability recorded in patients undergoing

decompressive procedures (5). Data in adult patients consist of retrospective

series, small case studies, or prospective nonrandomized trials. Unfortunately,

no rigorous evaluations of the precise timing of ultra-early versus delayed

secondary DC have been performed. Except where indicated, subsequent dis-

cussion focuses on the implementation of secondary DC in the management of

patients with TBI.
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DECOMPRESSIVE CRANIECTOMY AFTER TBI:
PATHOPHYSIOLOGIC RATIONALE

A significant body of literature discusses both purported and objective indica-

tions for DC in cases of severe TBI. Primary brain injury and the myriad

intracellular and extracellular events that constitute secondary brain injury result

in a pathologic triad of brain herniation, cerebral ischemia, and elevated ICP.

Following is a review of the data in humans that support the benefit of DC in

addressing these three sequelae in severe TBI.

Brain Herniation

An unquestionable benefit of DC is the decompression of vital brain stem

structures by permitting outward—rather than centrifugal—movement of swol-

len brain parenchyma. The basis of this simplistic physical rationale for DC was

codified by the Monro–Kellie doctrine. The total volume available for intra-

cranial contents [i.e., cerebral blood volume (CBV), cerebrospinal fluid (CSF),

and brain] is constant, and an augmentation in one compartment must be

accompanied by a diminution in the other. An uncompensated increase in one or

more compartments results in ICP above the normal range of 5 to 15 mmHg. In

the absence of a mass lesion, increased ICP in severe TBI results from alterations

in CSF flow, CBV, and the development of vasogenic and cytotoxic edema.

Resistance to absorption of CSF in traumatic subarachnoid hemorrhage may lead

to an increase in overall CSF. A rise in CBV results from the loss of autor-

egulation in severe TBI, and vasogenic and cytotoxic edema result from a

compromised blood-brain barrier and osmotic dysregulation in ischemic cells.

Physiologic volume-buffering mechanisms exist and involve alterations of blood

and CSF volume and include arteriolar vasoconstriction, increasing cerebral

venous outflow and downward CSF displacement through the foramen magnum

or into expanded root sleeves. Once these mechanisms are exhausted, ICP rises

in an exponential fashion (Fig. 1). In such states, small volumetric changes can

lead to rapid and devastating neurologic deterioration. Sustained ICP readings of

greater than 20 mmHg are abnormal; ICP readings between 20 and 40 mmHg

represent severe intracranial hypertension; and ICP readings greater than 40 mmHg

typically presage neurologic death.

The physical consequence of excessive volume is brain herniation. The

displacement or herniation of brain through openings in the dura and skull occurs

in several patterns: subfalcine herniation, uncal herniation, central downward

herniation, tonsillar herniation, and external herniation of brain through an open

skull fracture. Of particular importance are uncal herniation and downward

herniation. Uncal herniation is produced by medial displacement of the temporal

lobe by lateral middle fossa or temporal lobe lesions in which the ipsilateral

oculomotor nerve, cerebral peduncle, reticular activating system, and possibly

contralateral cerebral peduncle (i.e., Kernohan phenomenon) are compromised.
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The resulting clinical syndrome involves coma, ipsilateral fixed and dilated

pupil, and contralateral hemiparesis. Should the contralateral peduncle be

compressed against the contralateral tentorial edge, ipsilateral motor function

may also be compromised. Central or downward herniation may result from

globally increased ICP and is defined by progressive caudal displacement of the

brain stem through the foramen magnum. Basilar artery perforators are stretched

and may cause hemorrhage (i.e., Duret hemorrhages). The clinical syndrome

may include the Cushing triad (i.e., arterial hypertension, bradycardia, and

respiratory irregularity), resulting in coma.

Cerebral Ischemia

Cerebral Blood Flow and Brain Tissue Oxygenation

A growing literature has explored the effect of DC on physiologic parameters

such as cerebral blood flow (CBF) and brain tissue oxygenation. The prepon-

derance of evidence supports an improvement in these indices of cerebral per-

fusion after DC in TBI. Early work using single-positron emission CT with
99mtechnetium-hexamethyl-propyleneamine oxime (99mTc-HMPAO) demonstrated

an increase in perfusion after DC, which increased further in the week following

Figure 1 Ultrasound images immediately after high-power destructive pulses in 1 dog

(brain). Central nonfilling region is the right and left ventricle, with the third ventricle near

the foramen of Monroe. (A) A region of interest is shown in the first frame, from which

acoustic intensity (AI) was automatically measured in all frames. (B) Corresponding time

versus acoustic intensity plot fitted to the exponential function: y ¼ A(1 – e�bt), where y is

the acoustic intensity at time t, A is the plateau acoustic intensity reflecting CBvol, and the

rate constant b represents the rate of microbubble (or red blood cell) replenishment (CBvel).

The product A�b reflects rCBF. Abbreviation: AI, acoustic intensity.
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surgery but attenuated by one month after surgery (6). More recently, CT perfusion

has shown perfusion restriction before—and its restoration after—DC (7); while

the indication for DC in this study was middle cerebral artery infarction, we look

forward to the application of improving CT perfusion technology to the study

of vascular sufficiency before and after DC in TBI patients.

Transcranial Doppler studies on patients requiring bifrontal or unilateral

DC for elevated ICP demonstrated a general increase in CBF after cranial

decompression (8,9); in cases of unilateral decompression, CBF was elevated in

both hemispheres. More recent work has not only supported the notion that CBF

is enhanced by DC in TBI but has also demonstrated how such monitoring

techniques may be practically implemented in a critical care setting.

The utility of contrast-enhanced ultrasonography (CEU), a noninvasive

perfusion imaging technique that has been used to evaluate microvascular perfusion

in the heart (10), skeletal muscle (11), and kidneys (12,13) has been described. This

technique relies on ultrasonic detection of intravenously injected, gas-filled,

encapsulated, microbubble contrast agents that possess microvascular rheologic

characteristics similar to those of RBCs. To assess perfusion, microbubbles are

infused intravenously and reach a steady state within the microcirculation. The

microbubbles are then destroyed by a high-power ultrasonographic pulse, and

the subsequent rate and extent of microbubble replenishment are used to determine

microvascular blood velocity and volume, respectively (Fig. 1). The pilot study,

which employed CEU in TBI, involved six patients in whom early secondary DC

was performed for refractory ICP. Among a number of provocative results was the

finding that over the three-day study period, DC resulted in a nearly fivefold

increase in microvascular perfusion as assessed by CEU (14). Moreover, contrast-

enhanced ultrasound was able to quantify changes in blood flow produced by DC

(Fig. 2), to assess CBF alterations related to patient position and ICP, and to

evaluate spatial heterogeneity of flow produced by parenchymal hematoma.

Although it is difficult to draw conclusions from a nonrandomized study with few

patients, the results from this pilot study support the claim that decompression of

the traumatic brain in certain circumstances may result in an increase in CBF (14).

Moreover, the ability to quickly assess microvascular perfusion at the bedside may

enhance the capacity to limit cerebral ischemia through improved recognition of

inadequate blood flow. We await the results of larger studies that investigate this

technique’s performance and impact on outcomes.

Brain tissue oxygenation (PtiO2) has been used as a surrogate for the direct

measure of real-time CBF, with both jugular venous oxygen saturation (SjvO2)

and parenchymal oxygen saturation (PbO2). Several studies suggest a significant

association between cerebral hypoxia, as measured by brain tissue oxygenation, and

poor outcome after TBI (15–20), prompting interest in the effect of DC on

measurable indices of oxygenation. Small studies investigating the effect of DC

on PtiO2 report substantial improvement in parenchymal oxygenation after late

DC (21,22) in patients with TBI, with only minor changes in SjvO2. Pre-DC

PtiO2 was at ischemic levels or was lower than post-DC PtiO2 in patients with

Decompressive Hemicraniectomy 5



severe TBI. While provocative, these reports remain correlative, as the specific

significance of PtiO2 monitoring in TBI—let alone the import of the recovery or

elevation of PtiO2 after DC in these patients—is not definitive. Interestingly, the

most dramatic increases in PtiO2 after DC appear to be after duraplasty, not

craniectomy, supporting expansion of the dural vault as a critical portion of the

surgical procedure (22).

Elevated Intracranial Pressure

Nearly 50% of head-injured patients with intracranial mass lesions and 33% of

patients with diffuse axonal injury have persistently elevated ICP. Increased ICP

also compromises cerebral perfusion. Aside from the fact that increased ICP can

decrease cerebral perfusion pressure (CPP), it is also true that drops in CPP can

increase ICP. As CPP decreases, pial arterioles vasodilate and accommodate

larger CBV, diagrammed in Rosner’s vasodilatory cascade (23). This increased

Figure 2 Contrast-enhanced ultrasonographic images obtained in the parasagittal plane

after a high-power destructive pulse sequence (upper) and graph showing corresponding

time versus video-intensity curves in a patient before decompressive craniectomy,

immediately after craniectomy, and on postoperative day 1 (lower). Perfusion is markedly

improved immediately after craniectomy and further improved by day 1, largely because

of an increase in microvascular blood volume (plateau VI).
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CBV can increase ICP. When CPP is restored, pial arterioles can constrict, and

ICP will often decrease.

Medically refractory ICP is the clearest indication for DC today despite the

absence of class I data. Yoo et al. were the first to quantify ICP by ventricular

catheterization before and after DC and reported on their clinical results in

20 patients, 6 of whom presented with severe TBI. The indications for DC were

the appearance of massive unilateral or bilateral brain swelling on CT scans, with

clinical deterioration, worsening of Glasgow Coma Scale score and/or dilation of

pupils unresponsive to light, midline shift of more than 6 mm, and/or obliteration

of perimesencephalic cistern on CT scans (24). Initial ICP readings in patients

who underwent DC ranged from 16 to 66 mmHg. Bilateral DC reduced ICP

values by approximately 50%, with duraplasty affording even further reductions.

Interestingly, rebound ICP to levels of greater than 35 mmHg was associated

with 100% mortality (24).

An observational study reported on clinical and physiologic parameters of

DC in 26 patients treated as part of a standardized protocol (25). Bifrontal DC was

associated with significant 50% reduction in mean ICP from 37 to 18 mmHg, also

reducing ICP wave amplitude. While almost 70% of patients were deemed to

have had a favorable outcome, it is difficult to assess the effect of ICP reduction by

DC on this parameter (25).

Although it is well accepted that DC reduces ICP, whether or not this result

improves clinical outcomes remains the subject of debate. Additionally, we

anticipate that emerging technologies that can assess the effect of elevated ICP

on white matter tracts, such as diffusion tensor imaging, may be able to establish

the effect of DC on tractography. While it may not be feasible to perform

diffusion tensor imaging routinely in these patients, experimental work that

incorporates this technology in outcome studies may enhance our understanding

of the effect of DC on cranial anatomy and physiology.

THE LUND CONCEPT: A CAVEAT?

DC is easily rationalized by the Monro–Kellie doctrine and by pressure-centric

(CPP, ICP) management protocols that dominate current algorithms for handling

TBI patients (26). While most centers have adopted a CPP- and ICP-based

paradigm for the perioperative care of TBI patients, the Lund, or volume-centric,

concept of management offers a complementary approach that has as its theo-

retical core the notion that a disrupted blood-brain barrier and a hyperemic brain

will accelerate the development of life-threatening cerebral edema in TBI

patients (27,28). As such, the four main tenets are (i) reduction of capillary

hydrostatic pressure, (ii) reduction in CBV, (iii) maintenance of colloid osmotic

pressure and control of fluid balance, and (iv) reduction of stress response and

cerebral energy metabolism (27,28). As some experimental work suggests that

an increase in hyperemia and cerebral edema occurs after DC (29,30), propo-

nents of the Lund concept would favor the implementation of DC, with the
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caveat that concomitant attention be paid to meticulous nonsurgical control of

brain water content (31).

TECHNICAL CONSIDERATIONS

Craniectomy

While a detailed review of surgical techniques is beyond the scope of this chapter,

we briefly review the classes of craniectomy and discuss bone flap replacement

and complications, as these issues will be encountered by neurosurgeons and

neurocritical care specialists alike. Three types of secondary cranial decompres-

sion are generally discussed: unilateral, bilateral, and temporal decompression. No

experimentally validated criteria exist to guide neurosurgeons in their choice of

procedure, but some empirically derived conclusions may be drawn. In patients

with medically refractory ICP with a largely unilateral TBI, a large one-sided

frontotemporoparietal decompression is often considered; an absolutely critical

element of this procedure is adequate temporal release, confirmed by reaching the

floor of the middle fossa at surgery and confirming adequate anterior temporal

bony decompression (Fig. 3). The lower margin of the craniectomy determines the

extent of mesencephalic cisternal decompression (32).

Bilateral injury or diffuse cerebral edema, as in cases of diffuse axonal

injury, is managed with bilateral decompression in varying forms. In his seminal

work, Kjellberg described the procedure that now bears his name, the most

Figure 3 A unilateral hemicraniectomy is shown, with anterior temporal decompression

indicated by the dotted line. The cranial cuts are made 1.5 cm lateral to the edge of the

sagittal sinus and 1.5 cm above the transverse and sigmoid sinuses.
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important feature of which is bifrontal decompression with adequate temporal

extension. Considerations include the extent of temporal decompression and

whether or not the sagittal sinus is left protected by a thin strip of bone. Some

surgeons ligate and transect the anterior sagittal sinus and the falx in an attempt

to avoid falcine injury to the outwardly herniating brain and to allow for full

expansion of the edematous brain. However, some contend that sinus sacrifice

simply eliminates a conduit for fluid egress, increasing venous pressure and

exacerbating cerebral edema (33). Bitemporal craniectomies have been descri-

bed but are not widely practiced, owing to the small degree of cranial decom-

pression offered. The limiting factors in the size of the DC are the dural venous

sinuses (i.e., sagittal, transverse, sigmoid). Trepidation of injuring these struc-

tures often results in a relatively small DC with subsequent constriction at the

bony margins of the expanding brain, which can lead to further brain injury.

Therefore, it is imperative to perform an adequately large craniectomy.

An essential element to any chosen decompressive procedure is the

expansion of the dural vault. Most neurosurgeons would empirically agree with

the conclusions drawn by groups such as Yoo et al. who quantified the additional

ICP reduction gained by performing an expansion of the dural vault combined

with craniectomy. In their study of TBI and stroke patients in which ICP was

measured by ventricular catheter and cranial decompression accomplished by a

modified bifrontal approach, dural expansion achieved an additional 35%

reduction in ICP to add to a 50% reduction in ICP achieved by craniectomy (24).

This conclusion cannot be understated: dural expansion, or duraplasty—by dural

substitute or otherwise—is a core element of the DC.

Cranioplasty

How a bone flap is handled once it is removed and replaced varies among

institutions. Unless concern exists for contamination, surgeons may either store a

removed bone flap in a designated freezer or create a subcutaneous abdominal

pocket in the patient for temporary storage. The benefits of interring the bone

flap in a patient are weighed against the risk of an additional incision and risk of

infection. Usually, bone flaps are replaced no earlier than eight weeks after

initial decompression to allow sufficient time for cerebral edema to resolve.

Also meriting consideration is a poorly understood ‘‘postcraniectomy

syndrome’’ or ‘‘syndrome of the trephined,’’ with symptoms including fatigue,

headache, and progressive neurologic deficits (34,35). Ascribed to fluid dis-

equilibrium, or potentially to microvascular cerebral perfusion changes, these

symptoms may prompt earlier cranioplasty.

Complications/Sequelae

Neurocritical care specialists should be aware of the range of complications that

may develop after DC, aside from bleeding and infection. Epidural collections
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from leaking CSF are not uncommon, with one report declaring a 20% rate of

epidural hygroma (33). Such a collection may simply indicate an imperfect dural

closure or may ominously herald the presence of hydrocephalus, with a reported

incidence of between 5% and 30% (33,36,37).

EVIDENCE OF EFFICACY

Adult Patients

No class I data exist to support the use of DC in adult patients with TBI for ICP

control or improved outcome, a finding that is supported by an independent

Cochrane review published recently (38). However, the results of several non-

randomized studies were provocative enough to have merited two large,

randomized, controlled trials to investigate the effect of DC on the control of

refractory ICP after TBI compared to optimal medical management. The design

of the RESCUEicp (Randomized Evaluation of Surgery with Craniectomy for

Uncontrollable Elevation of intracranial pressure) and DECRA (DEcompressive

CRAniectomy) trials is discussed in later sections.

The group at the University of Virginia published a series of 35 patients in

whom bifrontal DC was performed in medically refractory ICP, comparing these

results with historical controls from the Traumatic Coma Databank (36). The

important results were moderately improved outcome in patients with DC

compared to control, improved outcome in pediatric patients when compared to

adult patients, and worse outcome if ICP reached levels of 40 mmHg or if

surgery was performed after 48 hours. The Wurzburg group published an early

retrospective analysis that detailed the outcome by Glasgow Outcome Scale

(GOS) score in 28 patients with severe TBI in whom DC was performed an

average of 68 hours after trauma. ICP levels uniformly diminished (< 25 mmHg),

while a good outcome (GOS, 4, 5) was reported in 56% of patients at one year

(39). A similar rate of favorable outcomes (58%) was reported in 57 patients who

underwent either unilateral or bilateral DC (33). More recently, the Shock

Trauma group in Baltimore reported a 40% favorable outcome (GOS, 4, 5)

among 50 patients who had undergone unilateral or bilateral DC. Other groups

evaluating the use of DC report favorable outcome rates of 38% (40,41), 66%

(42), and 68% (43).

While these and other studies report reasonable rates of favorable out-

comes, most early studies (before 1980) and some more recent investigations

report less sanguine results. One study reported no clear improvement in out-

come in 49 patients who underwent DC (32), another group reported good

outcomes in only 29% of 62 patients who underwent DC in their retrospective

study (44), and a third reported only a 16% favorable outcome rate (45).

Analysis of all these findings highlights the astounding absence of clarity.

The lack of consensus in the utility of DC in improving outcome in adult patients

with severe TBI in whom alternative nonsurgical treatment options are exhausted

is likely because of several variables, not the least of which are profound
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differences in study designs. From timing of injury to DC, to indications for DC,

to level of prehospital and in-hospital neurocritical care, and to the manner in

which patients are decompressed, the confounding variables are significant

enough to preclude clear recommendations for DC.

It is worth mentioning the attempts of the Addenbrooke group to address

these issues by inclusion of DC as part of a rigid treatment algorithm (46). With

DC part of a protocol-driven approach to the care of patients with TBI, 61% had

a favorable outcome. These encouraging data are strengthened by their pro-

spective recording.

Pediatric Patients

In contrast to the adult literature, data from pediatric patients more consistently

support the use of DC in the management of patients who are younger than

18 years with refractory intracranial hypertension after TBI (5). In what con-

stitutes the only prospective randomized controlled trial in the adult and pediatric

DC literature, researchers at the Royal Children’s Hospital in Melbourne

randomized 27 patients over a seven-year period; 14 patients were randomized to

medical care alone, and 13 received medical management and DC. The salient

conclusions were significant ICP reduction, fewer dangerous ICP spikes, and

favorable outcomes in 54% of patients in the DC arm compared with 14% of

patients in the nonsurgical arm, though this did not reach significance (5).

Though this study represents the only class I data that support the use of DC,

it, too, bears features that have hampered consensus in the field. For instance,

decompression was performed in a bitemporal fashion, with relatively conserva-

tive 3–4-cm sections of bone removed and the dura sometimes left intact. Looking

ahead, it would dramatically simplify cross-study comparisons if similar approaches

were used and if duraplasty was included in all the procedures.

ONGOING TRIALS

Taken together, current data support the use of DC in patients who are younger

than 18 years with medically refractory intracranial hypertension. Even these

conclusions, however, are not without caveats. Differences such as timing of

surgery, type of decompression, and approach to medical management have led

to wide variance in clinical outcomes and preclude a solid foundation on which

to base clinical decision making. Another concern harbored by neurosurgeons

and neurointensivists alike is the concept that DC may simply be shifting

patients from impending death to severe permanent vegetative state (47).

To generate class I data with which to answer these questions and others,

two multicentered trials are underway that seek to compare optimal medical

management to delayed DC in the management of refractory ICP following brain

trauma. These trials should help to resolve the ambiguity surrounding the use of

delayed DC in head injury management and establish the range of complications

expected during the routine use of DC. At the core of these trials is one question:
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Does DC improve outcome in patients with medically refractory intracranial

hypertension? We review the designs of these two trials in turn.

RESCUE ICP

The RESCUE ICP trial is a large, multicentered trial run collaboratively between

the University of Cambridge and the European Brain Injury Consortium. Fifty

patients were randomized in the pilot phase to assess the feasibility of ran-

domization. For the primary study, 600 patients will be randomized to optimal

medical management or DC. Importantly, patients may have had surgery for

evacuation of a mass lesion. More specifically, the inclusion criteria will be

patients who are aged 10 to 65 years with head injury and an abnormal CT scan

who require ICP monitoring with raised ICP (>25 mmHg for >1–12 hours)

refractory to initial medical treatment measures (48). Criteria meriting exclusion

from the study are patients with bilateral fixed and dilated pupils, bleeding

diathesis, and devastating injury who are not expected to survive for 24 hours.

Interestingly, the architects of the study are also excluding patients treated by the

Lund protocol, as the Lund and Brain Trauma Foundation/AANS guidelines are

in some cases orthogonal.

The primary study end points are GOS at discharge and at six months, with

secondary end points including outcome by SF-36 questionnaire, efficacy of ICP

control, and duration of stay in the ICU. These are tractable questions whose

answers derived in this fashion will have a profound impact on the future of DC.

DECRA

Fewer details of this study are currently available. The DECRA study is also a

multicentered, randomized trial that involves centers in New Zealand and Australia

and is based at the Alfred Hospital in Melbourne (42). This study aims to enroll

fewer patients—200—but has similar primary end points as the RESCUEicp trial.

The secondary end points, including ICP control, are similar but also include

measurement of brain metabolites in patients treated at the Alfred Hospital.

CONCLUSION AND FUTURE DIRECTIONS

We have reviewed the rationale, technique, and evidence regarding the use of

DC in patients with TBI, the future of which rests with the results of ongoing

clinical trials. While the RESCUEicp and DECRA trials are ongoing, we also

hope that further work such as that recently published by Heppner et al. (14) will

continue to provide definitive answers as to what physiologic alterations occur as

a result of DC.

The results of these much-needed trials are eagerly awaited in the neuro-

critical care community and may clarify decades of speculation on the effec-

tiveness, or lack thereof, of delayed DC in the management of patients with
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severe TBI. As many neurosurgeons would claim, DC seems to ‘‘make sense;’’

in expanding the physical space to be occupied by edematous brain corralled by

the skull’s resistive forces, we imagine DC to be a logical maneuver when less

invasive means to control brain pressure fail. We long ago passed the era in

medicine when procedural indications constituted compilations of case studies

and empirical hunches. The field has published these data, and our knowledge of

when and why to decompress in delayed fashion has, without doubt, reached an

impasse. We hope that DC will be validated as a life-saving and outcome-

improving measure so that the current therapeutic plateau may be breached.
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Traumatic brain injury (TBI) is responsible for nearly 2 million emergency room

admissions in the United States and affects 2% of the population per year.

Approximately 250,000 of these patients require hospitalization; nearly 50% of

those admitted will undergo surgical evacuation of a hematoma (1). Mortality is

20%, and another 35% have significant long-term neurologic deficits (2,3).

Given these demographics, efforts have been organized with the International

Data Bank and the Traumatic Coma Data Bank (TCDB) to standardize assess-

ment and care of the head-injured patient. This standardization has required a

significant effort to define the assessment of coma and identify the critical

variables that affect outcome (4,5). Attempts to systematize the care of patients

with severe TBI have culminated in evidence-based guidelines issued by a joint

task force of the Brain Trauma Foundation and the American Association of

Neurological Surgeons (AANS) (6,7). The result of such collaborative efforts is

increased focus on managing both the primary injury, which occurs as a direct

result of the initial traumatic insult, and secondary injuries, which represent

pathophysiologic events that occur minutes, hours, and days after the primary

insult. In this chapter, the important considerations in the nonsurgical management
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of patients with severe TBI are reviewed. The classifications and assessment of

severe TBI, appropriate management strategies to avoid intracranial hyperten-

sion and cerebral ischemia, and overall medical optimization and possibilities

for novel neuroprotective strategies are discussed.

INITIAL NEUROLOGIC ASSESSMENT

Glasgow Coma Scale Score

The examination begins with a careful assessment for external head trauma.

The neurologic examination is characterized by the Glasgow Coma Scale

(GCS) score (Table 1). Developed in 1974 by Jennett and Teasdale, the GCS is

the most widely used method of determining the severity of TBI. Included in

the assessment are eye opening, verbal response, and motor response, which

provide a general gauge of the level of consciousness (8). A well-documented

prehospital GCS score is helpful, but situations that arise outside a health care

setting can complicate the GCS calculation. Examples include pharmacologic

paralysis required for intubation as well as significant facial trauma that pre-

cludes accurate eye-opening assessment. Any physiologic derangements at the

time of assessment must also be considered. Conditions such as hypotension and

hypoxia significantly impair neural response to stimulation, leading to a GCS

Table 1 Glasgow Coma Scale

Eye Opening (E) Score

Spontaneous 4

To speech 3

To pain 2

Not open 1

Verbal Response (V)

Conversant 5

Confused 4

Nonsense 3

Sounds 2

Silence 1

Intubated 1T

Motor Response (M)

To command 6

To pain:

Localizing 5

Withdrawal 4

Arm flexion 3

Arm extension 2

No response 1

GCS ¼ E þ V þ M (range 3 or 3T–15)

Source: From Ref. 8.
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score that may not reflect the true extent of injury. When a patient has an

endotracheal or tracheostomy tube in place and cannot give a verbal response, a

GCS score of ‘‘1’’ is given for that section, followed by a ‘‘T’’ to indicate the

intubated status.

GCS scores from 3 to 8 indicate severe TBI and correlate significantly with

outcome; the motor score is the most reproducible and carries the most prog-

nostic information (9). Nearly 80% of patients with an initial hospital GCS score

3 to 5 have an eventual outcome of death, severe disability, or vegetative state;

patients with an initial GCS score 3 have a 65% mortality rate (9–11). Addi-

tionally, patients with a GCS score decline by 2 points or more between the field

and the emergency room are more likely to require surgical intervention (12). A

recent study found that outcomes were better predicted when the GCS was

combined with anatomic measures of injury severity as gauged by the head

abbreviated injury score and injury severity score, especially for patients

younger than 48 years (13).

Pupillary Examination

The pupillary examination is critical; a dilated pupil that fails to respond to light

is evidence of ipsilateral uncal herniation until proven otherwise. Bilaterally

dilated pupils may result from hypoxia, hypotension, bilateral nerve dysfunction,

or severe irreversible brain stem injury. A change in the pupillary examination is

the most reliable indicator in determining the side of a mass lesion and carries an

80% positive predictive value. Recommended standard parameters in the pap-

illary examination include documenting duration of papillary dilation, indicating

a pupil size of more than 4 mm as dilated, defining a fixed pupil as nonresponsive

to bright light, distinguishing between right and left in cases of asymmetry, and

correcting for hypotension and hypoxia prior to examining the pupils (14).

Motor Examination

Hemiparesis is also useful but can be confusing due to the Kernohan’s notch

phenomenon—a mass lesion may manifest with ipsilateral hemiparesis from

compromise of the contralateral cerebral peduncle that is pushed against the

contralateral tentorial edge.

PRIMARY AND SECONDARY TBI

Primary Brain Injury

Significant morbidity and mortality results not only from the original injury

sustained with TBI, but also from ensuing pathophysiologic processes that

evolve over a period of hours to days (15,16), prompting the differentiation

between what has been termed ‘‘primary’’ and ‘‘secondary’’ brain injury. Primary
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brain injury, referring to the clinical sequelae that result directly from the initial

injury, can be broadly divided into focal and diffuse injuries (Table 2). Focal

injuries include traumatic intracranial hematomas and contusions. Diffuse injuries

comprise the clinical spectrum from concussion to posttraumatic coma or diffuse

axonal injury. The particular injury depends on the nature of the force during

injury (contact or inertial loading), the type of injury (rotational, translational, or

angular acceleration), and the magnitude and duration of impact. While diffuse

injuries are more common and account for nearly 60% of severe TBI in the TCDB,

mortality rates are higher in focal injuries when compared with diffuse injuries

(39% vs. 24%) (17). Because emergent surgical intervention may be required, the

first critical step in the management of primary brain injury is determining the

presence of a mass lesion by CT scan (see Chap. 1). Furthermore, patients

determined by CT imaging to have (by TCDB classification) diffuse injury

I–II have better outcomes at 12 months than those with diffuse injury IV or focal

injury (18).

Secondary Brain Injury

While primary brain injury refers to a particular traumatic insult, secondary brain

injury refers to cellular processes that unfold hours to days after the initial brain

injury, ultimately compounding the effects of the initial injury. Secondary

brain injury results not only from the delayed effects of primary brain injury, but

also from aggravating factors such as hypotension, hypoxia, inadequate cerebral

perfusion pressure (CPP), and intracranial hypertension (19). Untreated, they

ultimately result in cerebral ischemia, which significantly exacerbates the effects

of the initial injury. Knowledge of the pathophysiologic basis, indications for

monitoring, and available treatments for cerebral ischemia and intracranial

hypertension are of paramount importance to the neurosurgeon caring for patients

with severe TBI.

Table 2 Types of Structural Primary Brain Injury

Focal

Hematoma

Epidural

Subdural

Intracerebral

Contusion

Concussion

Lacerations

Diffuse

Concussion

Multifocal contusion

Diffuse axonal injury
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CEREBRAL ISCHEMIA

Pathophysiology

Nearly 80% of patients who die after severe TBI have ischemic damage on gross

autopsy (20). Cerebral ischemia is defined as cerebral blood flow (CBF) that

is inadequate to meet metabolic demands of the brain. While the brain con-

stitutes only 2% to 3% of the body’s weight, it consumes 25% of its oxygen and

receives approximately 20% of its cardiac output. The brain is almost totally

reliant on adequate blood flow; nearly 95% of the brain’s metabolism is oxi-

dative, and the brain has limited glucose and glycogen reserves and no signifi-

cant oxygen storage capacity. As such, a discrete metabolic autoregulatory

mechanism exists that couples CBF (in units of mL/100 g/min) with the cerebral

metabolic rate of oxygen (CMRO2, measured in mL/100 g/min), so that adequate

perfusion exists to support local metabolic needs. This relationship is codified by

the Fick equation:

CMRO2 ¼ CBF � AVDO2

where AVDO2 (mL/dL) is the arteriovenous difference in oxygen and is mea-

sured by subtracting the jugular venous oxygen content (SjvO2) from the sys-

temic arterial oxygen content. CMRO2 in comatose patients is typically reduced

from a normal value of 3.3 to 2.1 mL/100 g/min (21). Under physiologic con-

ditions, changes in CMRO2 are paralleled by changes in CBF, maintaining a

constant AVDO2. However, in cases of decreased CBF, as with systemic

hypotension or deranged cerebral pressure autoregulation, AVDO2 increases as

the brain increases extraction of oxygen to avoid ischemia, and this change can

be tracked by the SjvO2 measurement. Normal oxidative cerebral metabolism is

altered in patients with SjvO2 less than 50%, and neurologic deterioration and

irreversible ischemic injury are correlated with values less than 20% to 30%. A

single episode of SjvO2 reduced below 50% has been tied to a twofold increase

in poor outcome; two or more episodes carried a 14-fold increase in poor out-

come in the same study (22). Conversely, a high SjvO2 (>75%) can be indicative

of a decrease in CMRO2, which lends itself to higher probabilities for death or

vegetative state (23).

Cerebral Blood Flow and CPP

A central tenet of cerebrovascular physiology is that a constant supply of met-

abolic substrates is maintained by a constant CBF over a range of CPPs, a

concept known as pressure autoregulation, which is distinct from metabolic

autoregulation. CPP is defined as the difference between mean arterial pressure

(MAP) and the intracranial pressure (ICP). Normally, CBF is relatively constant

in a range of CPPs between 40 and 150 mmHg. A dynamic system of arterial

vasoconstriction and dilation exists to preserve CBF and oxygen delivery. At low

perfusion pressures within this range, the arteriolar bed dilates to reduce cerebral

Cerebroprotective Strategies 21



vascular resistance and increase blood flow to normal levels. Conversely, at

higher perfusion pressures, arteriolar constriction occurs to protect the vascular

bed from overperfusion. At perfusion pressures below the autoregulatory

threshold, arterioles passively collapse and CBF falls. At pressures above the

autoregulatory limits, vessels are maximally dilated and CBF increases.

An important distinction in cerebrovascular physiology exists between

CBF and cerebral blood volume (CBV). CBF is the physiologic parameter that

governs cerebral perfusion and adequate oxygenation. CBV is the total intra-

cranial blood content and is a major determinant of ICP by the Monro–Kellie

doctrine. An important consequence of this principle is that CBV can be reduced

while an adequate degree of CBF is maintained to control ICP.

Pressure autoregulation is lost in many patients following TBI (24), which

may be assessed by perfusion CT (25). In a series of 117 patients, it was reported

that autoregulation was lost in 49% of patients with TBI (26). Even when

pressure autoregulation was intact, the parameters at which autoregulation

occurred were often shifted, imparting significant therapeutic implications. The

lower limit of autoregulation may increase from the 40–50 mmHg range to the

70–90 mmHg range (26–28). The consequence of this increase in the lower limit

is that perfusion pressures that are normally adequate may cause ischemia in

these patients with deranged autoregulation.

Given these findings, the clinician must assume that in patients with

severe TBI, CBF has a linear relationship with CPP. Many local processes can

affect CBF, including physical compression of vessels by mass lesions or local

edema, reduced cerebral metabolism of oxygen, and posttraumatic vasospasm

(29,30). Nearly 33% of patients with severe TBI have CBF values near the

ischemic threshold (<18 mL/dL), manifesting most often in patients who

present with diffuse cerebral edema and acute subdural hematoma (31–33)

within the first 24 hours after primary injury (34,35). Many investigators have

demonstrated a significantly higher mortality rate and worse outcomes among

survivors when CBF was inadequate at any point during the first seven days

after injury (24,36–39).

To prevent cerebral ischemia and maximize chances for a positive out-

come, CPP must be closely monitored and maintained. Some authors report that

a CPP greater than 60 mmHg maintains adequate PO2 levels in brain tissue of

patients with head injury, while others believe that a CPP of 70 mmHg is

required to prevent reduction in SjvO2 (40,41). Prospective studies have dem-

onstrated a mean mortality rate of 21% in patients with severe TBI when CPP is

maintained above 70 mmHg, as compared with a 40% mortality rate in the

TCDB series (28). Others have shown in retrospective analyses that mortality

increased by 20% for each 10 mmHg decrement in CPP below 80 mmHg (42).

A recent case control study reported that patients with a MAP greater than

80 mmHg within the first four hours of TBI had a significantly higher survival rate

than those with a MAP less than 65 mmHg (43). While targets may differ among

various authors, there is consensus that CPP less than 60 mmHg is harmful (6,7).
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Systemic Contributors to Ischemia: Hypotension and Hypoxia

Adequate cerebral oxygenation is threatened by systemic hypotension and

hypoxia, as underscored by several outcome studies. A 150% increased risk of

mortality was shown in patients with severe TBI who had at least one episode of

hypotension as defined by systolic blood pressure less than 90 mmHg when

compared with patients without hypotension (44,45). Another study noted that

mortality doubled in TBI patients who had a single hypotensive episode (systolic

blood pressure <90 mmHg) (15). Analysis of the International Mission on

Prognosis and Analysis of Clinical Trials in TBI (IMPACT) database found that

patients with a systolic blood pressure of 135 mmHg and MAP of 90 mmHg had

the best outcomes at six months as measured by the Glasgow Outcome Scale

(GOS) (46).

Similarly, it was shown that patients with severe TBI who presented with

hypoxic episodes prior to intubation had a 77% mortality rate, and 100% of

survivors were severely disabled. In contrast, a 14.3% mortality rate and 4.8%

severe disability rate were noted among survivors of severe head injury who had

no documented hypoxic episodes (47). More alarmingly, poor outcomes have

been correlated with the occurrence of just a single hypoxic episode (9,47). Early

intubation in patients with GCS score less than 9 was shown to improve out-

comes among 1092 patients with severe head injury (48).

Monitoring

CPP calculation is the most routinely used parameter in treatments aimed at

avoiding cerebral ischemia. Systemic arterial oxygen saturation and blood

hematocrit are monitored as standard practice in all trauma patients. Other tech-

niques available include direct brain tissue PO2 (monitoring by fiberoptic catheter)

and venous oxygenation sampling (by an internal jugular vein catheter directed

toward the jugular bulb). Imaging modalities aimed at directly assessing CBF

include noninvasive techniques such as transcranial Doppler, xenon CT, and N2O

uptake, as well as several techniques performed intraoperatively with brain

exposed, such as laser Doppler flowmetry and laser flow flowmetry (49,50).

Management Principles

The avoidance of cerebral ischemia is a pillar in the modern management of severe

head injury. Management principles center on maintaining an adequate CPP and

avoiding systemic hypotension, hypoxia, and anemia, so as to ensure adequate

CBF and brain tissue oxygenation. The Brain Trauma Foundation currently sup-

ports maintaining CPP above 60 mmHg, while other centers advocate a CPP above

70 mmHg (7). For patients with inadequate CPP, systemic causes of hypotension,

such as cardiac or spinal cord injury, tension pneumothorax, and bleeding, must be

ruled out. Intravascular volume must also be assessed. Vasopressors are often

necessary to maintain adequate CPP. The profiles of commonly used pressors are
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listed in Table 3. All listed agents are sympathomimetics; phenylephrine is

probably the most commonly used (51–54). Treatment with these agents, while

clearly necessary, may be associated with complications such as pulmonary edema

and/or expansion of preexisting hematomas or contusions (55). Accordingly,

vasopressors must be used with caution (see discussion below).

Because anemia may also decrease tissue oxygenation, the hematocrit

deserves particular attention in treating a patient with TBI. While an optimal

value has not been established, reports suggest that brain tissue oxygen delivery

begins to decrease at hematocrit values below 33% (56). Most centers transfuse

packed red blood cells in patients with hematocrits below 30%. As with all

trauma patients, a hematocrit refractory to blood transfusion should prompt a

search for extracranial bleeding sources.

INTRACRANIAL HYPERTENSION

Pathophysiology

Along with avoidance of cerebral ischemia, the other pillar of modern manage-

ment is attention to intracranial hypertension, a common complication of severe

head injury. Nearly 50% of head-injured patients with intracranial mass lesions

and 33% of patients with diffuse axonal injury have persistently elevated ICP

(57,58). Many studies have confirmed high mortality rates (*70%) for patients

with ICP values greater than 25 mmHg (59). ICP is determined by the contents of

the intracranial vault, which is codified by the Monro–Kellie doctrine. The total

volume available for intracranial contents (CBV, CSF, and brain) is constant, and

an augmentation in one compartment must be accompanied by a diminution in the

other. An uncompensated increase in one or more compartments results in ICP

above the normal range of 5 to 15 mmHg (60,61). In the absence of a mass lesion,

elevated ICP in severe TBI results from altered CSF flow or CBV and the

development of vasogenic and cytotoxic edema (62,63). The etiology of increased

CSF volume stems from elevated resistance for CSF absorption, which results

Table 3 Pressors and Cerebral Hemodynamics

Agent MAP CBF ICP

Dopamine <2 mcg/kg/min $ $ $/#
Dopamine 2–6 mcg/kg/min " $/" "
Dopamine 7–20 mcg/kg/min " $/" #/"
Phenylephrine " $ $
Norepinephrine " $ $
Epinephrine " $ $
Dobutamine $/" " $/"

The symbol " indicates increase, # decrease, and $ no effect.
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from traumatic subarachnoid hemorrhage. Increased CBV results from the loss of

autoregulation in severe TBI. Vasogenic and cytotoxic edema result from a

compromised blood-brain barrier and osmotic dysregulation in ischemic cells.

Physiologic volume-buffering mechanisms to adjust blood and CSF volume

include arteriolar vasoconstriction, increasing cerebral venous outflow and dis-

placing CSF downward through the foramen magnum or into expanded root

sleeves. Once these mechanisms are exhausted, ICP rises exponentially (Fig. 1). In

such states, small volume changes can lead to rapid and devastating neurologic

deterioration. Another way of conceptualizing ICP and its relationship with

volume is Marmarou’s linear pressure-volume index in which the ICP and volume

are plotted on a semilogarithmic curve, the slope of which is the pressure-volume

index, or brain compliance, representing the amount of volume needed to

change ICP 10-fold (64,65). Sustained ICP readings of greater than 20 mmHg are

abnormal, ICP readings between 20 and 40 mmHg represent moderate intracranial

hypertension, and ICP readings of greater than 40 mmHg represent severe pre-

terminal intracranial hypertension (66).

The two principal consequences of elevated ICP are brain herniation and

impaired cerebral perfusion (as noted by the formula CPP ¼ MAP – ICP). The

displacement or herniation of brain through openings in the dura and skull can

occur in various anatomic patterns: subfalcine herniation; uncal herniation; central

downward herniation; tonsillar herniation; and external herniation through an open

skull fracture. Of particular importance are uncal herniation and downward

Figure 1 (A) Classic pressure-volume curve depicts the exponential rise in ICP once

compensatory mechanisms of handling additional intracranial volume are exhausted. In

the severely head-injured patient, additional volume may take the form of increased

cerebrospinal fluid from poor absorption; increased cerebral blood volume; vasogenic

edema from a compromised blood-brain barrier; and cytotoxic edema. (B) Change

in volume plotted against ICP before (ICPo) and after (ICPi) volume change in a loga-

rithmic fashion. Abbreviations: ICP, intracranial pressure; PVI, Pressure-volume index.

Source: Adapted from Ref. 63.
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herniation. Uncal herniation is produced by medial displacement of the temporal

lobe by lateral middle fossa or temporal lobe lesions. As a result, the ipsilateral

oculomotor nerve, cerebral peduncle, reticular activating system, and possibly,

contralateral cerebral peduncle (Kernohan phenomenon) are compromised. The

resulting clinical syndrome involves coma, ipsilateral fixed and dilated pupil,

and contralateral hemiparesis. Should the contralateral peduncle be compressed

against the contralateral tentorial edge (as noted with Kernohan notch phe-

nomenon), ipsilateral motor function may also be compromised. Central or

downward herniation may result from globally increased ICP and is defined by

progressive caudal displacement of the brain stem through the foramen magnum.

Consequently, basilar artery perforators are stretched and can hemorrhage (Duret

hemorrhages), which result in coma and possibly Cushing triad (arterial hyper-

tension, bradycardia, and respiratory irregularity).

Increased ICP also compromises cerebral perfusion. Aside from the fact

that increased ICP can decrease CPP, it is also true that a drop in CPP can

increase ICP. As CPP decreases, pial arterioles vasodilate and accommodate

larger blood volumes (CBV) as diagrammed in Rosner’s vasodilatory cascade

(Fig. 2). This increased intravascular blood volume can increase ICP. When CPP

is restored, pial arterioles can constrict and ICP will often decrease (67).

Monitoring

Consensus has emerged regarding indications for placing an ICP monitor in

patients with TBI; this is based on the identification of groups at risk for devel-

oping intracranial hypertension. At highest risk are patients with GCS scores

below 8 and abnormal CT scans; up to 60% of these patients develop elevated ICP

readings (68). While patients with GCS scores below 8 with normal-appearing CT

scans on admission have a 10% to 15% chance of developing elevated ICPs, a

subgroup with a 60% chance of intracranial hypertension does exist: those who

Figure 2 Cerebral perfusion pressure–intracranial pressure relationship in preserved

autoregulation. Abbreviations: CPP, cerebral perfusion pressure; ICP, intracranial pressure;

CBV, cerebral blood volume. Source: Adapted from Ref. 28.

26 Shankar et al.



present with age over 40 years, systolic blood pressure less than 90 mmHg, and

unilateral or bilateral motor posturing (44,68,69). We place ICP-monitoring

devices in all patients with GCS scores below 8, unless a coexisting coagulopathy

is present. We also consider placement of these devices in some patients with GCS

scores above 8 who are undergoing extensive anesthesia for extracranial surgery.

Ventriculostomy: Indications and Technique

Ventriculostomy, permitting CSF drainage and ICP monitoring, is especially

indicated in patients with hydrocephalus and intraventricular hemorrhage, or

whenever intracranial hypertension is expected to be a significant problem. The

risks of placement include a 5% hemorrhage rate (70) and a 5% to 10% infection

rate, which can be minimized by appropriate placement and sterile technique.

Infection may be further reduced by the use of antibiotic-impregnated catheters

(71). Current data do not support prophylactic catheter exchange to reduce

infection rates (72).

We favor a right-sided ventriculostomy, avoiding the dominant hemi-

sphere, unless this ventricle is collapsed. With the patient supine, the head is

shaved widely and prepared in sterile fashion. Midline is always marked, and

careful attention is paid to the position of the ipsilateral midpupillary line, tragus,

and medial canthus. A small linear incision is carried down through skin to bone

at the spot 10 cm back from the nasion and 3 cm lateral to the midline; this

position may also be marked as the spot 1 to 2 cm in front of the coronal suture in

the midpupillary line (Fig. 3). A twist drill is used to open the cranium. After the

Figure 3 Ventriculostomy anatomy.
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bony fragments are removed, the dura and pia are opened by abrading them

gently with a to-and-fro twisting action of the drill. The hole must be drilled in

the trajectory desired: if the skull is thick, it will influence the subsequent

passage of the catheter. The catheter is directed toward the ipsilateral medial

canthus in the medial-lateral plane and the ipsilateral tragus in the anterior-

posterior plane. An alternative is to pass the catheter perfectly perpendicular to

the skull surface. The catheter is then tunneled out through the skin through a

separate stab incision to reduce the likelihood of infection. Even in the presence

of a mass lesion or shift, the same landmarks and trajectory are used.

The catheter is never passed to a depth of more than 6 cm from the inner

table. If the ventricle is not cannulated on the third attempt, the catheter is left in

place and a CT scan is obtained to check the position. An overly lateral place-

ment risks internal capsule injury, and an overly deep catheter placement risks

injury to critical brain stem structures.

Other Monitoring Devices: Indications and Technique

When we are uncertain whether intracranial hypertension will be a problem, or

when the ventricles are slit-like, an intraparenchymal monitor is placed. The scalp

incision is made in the same location as for ventriculostomy, but a smaller drill bit

is used. The dura is opened with a small stylet, and a fixation bolt is screwed in to

hold the parenchymal fiberoptic catheter in place; the catheter itself is passed

approximately 1 to 2 cm into the parenchyma. The hemorrhage and infection risks

are lower than for ventriculostomy, but the disadvantages include drift of ICP

readings over time and the inability to drain CSF therapeutically.

Licox

While measurement of CPP and ICP will provide broad insight into the level of

cerebral perfusion and oxygenation, specific local information on brain tissue

oxygenation (PbtO2) can be gathered with Licox microcatheters, which will also

provide brain temperature and ICP (73). PbtO2 has been correlated with mortality

outcomes, with prolonged values below 15 mmHg in the first 24 hours conferring

greater than 50% risk of mortality and values above 35 mmHg being associated

with good recovery (74,75). Importantly, Licox monitoring of PbtO2 may provide

predictive information for impending ischemic events (76). Licox catheters are

traditionally placed in the nondominant right hemisphere or in the penumbra of

the ischemic damage. PbtO2 response to an oxygen challenge test will reveal

whether the Licox is accurately measuring oxygenation in viable tissue.

Microdialysis

Cerebral microdialysis is another tool that allows for monitoring fluctuations in

markers of brain injury. Molecules in the extracellular fluid of the brain

passively diffuse across a semipermeable dialysis membrane at the tip of a
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double-lumen probe, providing a sampling of local neurochemical changes

surrounding the probe. The commonly used parameters for the instrument are

10-mm catheter length, 20- or 100-kDa molecular weight cutoff, and a 0.3-mL/min

flow rate (77). Among the most commonly used readouts, microdialysis provides

information on the levels of glucose and glutamate. Microdialysate glucose

concentrations of less than 0.2 mM are correlated with poor outcomes, despite

the lack of this association with ischemia as measured by CPP or SjvO2 (78).

Increased glutamate, a proposed mediator of calcium-induced neuronal excito-

toxicity, is also associated with cerebral ischemia and poor outcomes.

Near-Infrared Spectroscopy

Near-infrared spectroscopy relies on the differential absorption of light by

deoxygenated and oxygenated hemoglobin to provide information on tissue

oxygenation. However, this technique is not yet well supported, as studies have

raised concerns as to whether it can provide consistent sensitive information

when compared with the more invasive methods described above (79,80).

Management of Raised Intracranial Pressure

The goals in management of intracranial hypertension are the maintenance of

satisfactory CPP and the avoidance of intracranial herniation. The clinical jus-

tification for ICP reduction is that elevated ICP is an independent predictor of

poor neurologic outcome in patients with severe head injury (37,44,59,68).

While this management principle is well supported, the particular threshold at

which treatment is initiated varies. Incrementally worse outcomes were docu-

mented with increasing duration of ICP readings above 20 mmHg. In addition,

worse outcomes were reported in patients with sustained ICP readings of greater

than 25 mmHg (81). More recently, another group found that initial or sustained

ICP readings of greater than 20 mmHg were effective predictors of poor

neurologic outcome among patients with severe head injury (59,81). The Brain

Trauma Foundation supports initiating treatment at ICP readings of between

20 and 25 mmHg while preserving adequate CBF (7). A caveat in the rigid

adherence to these oft-quoted values is that herniation may occur at ICP readings

below 20 mmHg, particularly with temporal lesions. On the other hand, a

therapeutic CPP target may be reached with ICP readings as high as 25 mmHg.

At our institution, we initiate treatment when ICP is greater than 25 mmHg,

unless CPP is compromised at lower levels. We employ a stepwise approach,

which begins with techniques to optimize venous outflow from the brain (head

elevation) and is followed by pharmacotherapy and CSF drainage (Fig. 4).

Physical Positioning

We advocate elevating the head of the bed to 308 and maintaining a neutral head

position to maximize venous return from the brain and thereby reduce CBV.
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CBV is to be differentiated from CBF. CBV represents the total amount of blood

in the intracranial space and affects ICP, while CBF is the physiologic parameter

that governs adequate brain tissue oxygenation. A reduction in CBV does not a

priori suggest a reduction in CBF; it is possible to maintain adequate CBF and

CPP while reducing CBV. While some advocate keeping the head of the bed flat

to maximize CPP (82), other data have shown that CPP and CBF may be pre-

served and ICP reduced by elevating the head of the bed to 308 (83–85). In

addition, raising the head of the bed over 308 significantly decreases the rate of

pneumonia.

Avoidance of Hypoventilation: CO2 Reactivity

CBF varies with CPP in pressure autoregulation and with CMRO2 in metabolic

autoregulation. Changes in arterial CO2 also affect CBF and vascular caliber. For

every millimeter-of-mercury change in PaCO2, the CBF changes by 2% to 3%.

These vascular effects are passively mediated through changes in pH in the

perivascular space—not directly by PaCO2 (86). Hypoventilation leads to an

increase in PaCO2, resulting in vasodilatation and an increase in CBF and ICP.

Conversely, hyperventilation leads to a decrease in PaCO2, arteriolar vaso-

constriction, and a reduction in CBF and ICP.

Although pressure autoregulation may be deranged in severe head injury,

CO2 reactivity is preserved (24,87). The routine measurement of PaCO2 in

Figure 4 Stepwise protocol for management of intracranial pressure. Abbreviation:

pCO2, partial pressure of carbon dioxide.
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head-injured patients is strongly recommended. Hypoventilation raises PaCO2

and ICP, while PaCO2 levels below 35 mmHg may lower ICP but compromise

CBF. The ideal PaCO2 level in head-injured patients is normocapnia to avoid

elevations in ICP from hypoventilation and decreased CBF and ischemia from

hyperventilation.

Adequate Sedation, Analgesia, and Neuromuscular Paralysis

Sedation and analgesia may blunt the sympathetic stimulation provided by pain

or agitation from traumatic injury, endotracheal irritation, or routine nursing

care, all of which if untreated may increase ICP. An additional benefit of ben-

zodiazepine sedation is the reduction of CMRO2. The effects on MAP, CBF, and

ICP of commonly used sedative and analgesic agents are shown in Table 4

(88–90). Narcotics (fentanyl, morphine) alone or in combination with short-

acting benzodiazepines (i.e., midazolam) are commonly administered. The short-

acting sedative-anesthetic propofol is being used with increasing frequency

because its short half-life permits frequent neurologic examinations and because

it appears to have superior effects on ICP reduction compared with narcotic-

based regimens (91). Propofol is a potent vasodilator, and careful attention must

be paid to MAP and CPP during its administration.

When intracranial hypertension becomes severe, patients may require

pharmacologic paralysis by neuromuscular blockade for maximum muscle

relaxation. Agents with short durations of effect (atracurium lasts for 30–45

minutes, and vecuronium lasts for 45–60 minutes) are preferred so that neurologic

examinations may be conducted at frequent intervals (92,93). Their effects on

cerebrovascular hemodynamics and ICP in normal conditions are shown in

Table 4. Neuromuscular paralysis is reserved for use at the point at which all

standard treatments have been exhausted (Fig. 4).

Occasionally observed in patients with severe head injury is the paradoxic

‘‘sympathetic storm,’’ characterized by episodic hyperhidrosis, hypertension,

hyperthermia, tachypnea, tachycardia, and posturing; this constellation is only

Table 4 Cerebrovascular Profiles of Commonly Used Sedatives and Analgesics

Agent MAP CBF ICP

Morphine (1–5 mg/hr) # $ "
Fentanyl (25–100 mcg/hr) # $ "
Midazolam (0.05–5 mcg/kg/min) # # $/#
Propofol (0–100 mcg/kg/min) # # #
Atracurium (20–50 mg/hr) $/# $ $
Vecuronium (4–10 mg/hr) $ $ $
" ¼ Increase; # ¼ decrease; $ ¼ No effect. Abbreviations: MAP, mean arterial pressure; CBF,

cerebral blood flow; ICP, intracranial pressure.

Source: Refs. 88–90.
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suggested after mass lesions, seizure, toxic/metabolic derangements, and infec-

tion have been excluded. The prevailing view is that these symptoms represent

disruption of autonomic function in the diencephalon and brain stem. A com-

bination of small doses of morphine for sedation and appropriate a 1- and

b-receptor blockade with labetalol is particularly effective in addressing the

clinical manifestations of these occasional sympathetic outbursts (94).

Drainage of Cerebrospinal Fluid by Ventriculostomy

CSF drainage via an external ventricular drain, or ventriculostomy, is a highly

effective and physiologic method to reduce ICP in head-injured patients. The

utility of the ventriculostomy catheter, however, may be compromised in the

presence of considerable brain edema and subsequent ventricular collapse. When

a ventriculostomy is in place, some of it drains CSF to its maximal capacity for

increased ICP control before starting osmotherapy. However, when an intra-

parenchymal monitor is in place, osmotherapy may be instituted first. If large

amounts of mannitol or hypertonic saline are required to control ICP, we replace

the intraparenchymal device with a ventriculostomy, if possible.

Osmotherapy

The osmotic diuretic mannitol is a mainstay in the control of elevated ICP. We

prefer to administer this drug in 0.25- to 1-g/kg boluses and expect maximal

reduction of ICP within 15 minutes of administration, with effects lasting up to

4 hours. An osmotic diuretic, mannitol was commonly thought to reduce ICP

by reducing intracranial water (95), but it is now recognized to also expand

plasma volume and decrease viscosity. CBF increases and ICP is decreased by

autoregulatory vasoconstriction (96–100). Furosemide (0.7 mg/kg), which can

inhibit the production of CSF, may potentiate the effects of mannitol.

When they are given together, a greater and more sustained decrease in ICP has

been observed (101).

When using mannitol, intravascular volume status, serum osmolarity,

sodium, and blood urea nitrogen and creatinine must be monitored for possible

adverse effects. When the serum osmolarity is raised above 320 mOsm, mannitol

(particularly in large doses) may precipitate acute tubular necrosis (102). With

prolonged use, mannitol can also disrupt the blood-brain barrier and pass into the

brain parenchyma, causing a rebound effect with subsequent increases in ICP

(102–104).

Two studies have demonstrated effectiveness of mannitol in controlling ICP.

A randomized controlled trial that compared mannitol with barbiturates in the

management of high ICP in head-injured patients demonstrated superior ICP

reduction, CPP preservation, and overall outcome in patients treated with mannitol

(105). A smaller study showed the superior effects of mannitol in ICP reduction,

CPP preservation, and SjvO2 levels when compared with ventriculostomy drainage

alone or hyperventilation (106).
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Hypertonic Saline Solutions

Hypertonic saline solutions may be used as an adjunct or alternative to mannitol.

One advantage of these agents compared with mannitol is a lower risk of

rebound intracranial hypertension and renal failure. In hyperosmolar concen-

trations, sodium ions (which are less permeable to cross an intact blood-brain

barrier than is mannitol) create a gradient that drives water from its interstitial

and intracellular compartments into the intravascular space (107), reducing brain

water and ICP. Hypertonic saline may also augment CBF and cardiac output,

reducing secondary ischemia.

Data on the effectiveness of hypertonic saline solutions in the management

of raised ICP in head-injured patients have been gathered only in small case

series and controlled groups. One group has reported that 23.4% saline in doses

of 30 to 60 mL over 20 minutes can markedly reduce ICP when standard

treatments fail (108). In smaller studies, 7.5% hypertonic saline was particularly

effective in ICP reduction and CPP elevation in patients with severe TBI whose

intracranial pressures were refractory to standard therapy (109,110). Recently, a

small prospective randomized study found that patients with TBI who were

treated with 7.5% hypertonic saline boluses had fewer refractory ICP episodes

than did patients who were treated with 20% mannitol boluses; however, the

outcomes were the same (111).

Hypernatremia is commonly observed but usually resolves as renal free

water clearance is reduced (112). Potential adverse consequences include central

pontine myelinolysis and seizures, as well as hypernatremia, congestive heart

failure from fluid shifts, and coagulopathy (108). At present, hypertonic saline

use for the management of high ICP is primarily limited to patients in whom

standard osmotherapy is ineffective. It is recognized, though, that more specific

guidelines for the use of mannitol versus hypertonic saline for osmotherapy

await findings from larger prospective studies (113).

Intracranial Hypertension Refractory to Standard Treatment:
Other Measures to Consider

The measures described above are routinely used to manage intracranial

hypertension. When ICP begins to increase despite maximal treatment, other

measures are considered, such as hyperventilation, decompressive craniectomy,

or barbiturate-induced burst suppression. Prolonged hyperventilation can be

harmful, and neither barbiturate-induced burst suppression nor decompressive

hemicraniectomy have been proven to be beneficial. Therefore, these measures

should be used in select situations only, after careful consideration and discus-

sion with family members regarding the advantages and disadvantages of each.

The practical consequences of these treatments must also be considered,

including increased costs that result from prolonged ICU stays. (When a patient

is placed into a barbiturate coma, withdrawal of ventilatory support cannot occur

until the barbiturate level becomes low, which can take several days.)
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Barbiturates

Barbiturates potentiate the effects of gamma-aminobutyric acid (GABA) at GABA

receptors and thus reduce CMRO2 by globally inhibiting neuronal transmission.

With an intact metabolic autoregulatory mechanism, a reduction in CMRO2 may

be accompanied by a corresponding decrease in CBF and CBV and a concom-

itant reduction in ICP. Barbiturates may also decrease ICP by limiting free

radical–mediated lipid peroxidation and limiting resultant cerebral edema

(114,115).

The routine use of barbiturates as the prophylactic treatment of ICP is not

indicated because two studies have shown no improvement in outcome (105,116).

In one study, over half of the treated group developed clinically significant hypo-

tension during pentobarbital administration. Conversely, barbiturates decreased ICP

in two early studies (105,117). In a prospective randomized trial, it was shown

that pentobarbital coma in patients with refractory intracranial hypertension had

a 2:1 benefit in the control of ICP (118). In this trial, the recommended loading

dose was 10 mg/kg over 30 minutes, followed by 5 mg/kg each hour for three

doses and a maintenance dose of 1 mg/kg/hr. Because plasma and CSF pento-

barbital levels correlate weakly with physiologic effects, pentobarbital dosing

and effects are best monitored by electroencephalogram, with dose titration to

achieve burst suppression (119). A recent Cochrane review of the literature

found that barbiturate use did not result in a significant improvement in the

outcome of patients with TBI (120).

The most frequently cited and clinically important side effects of barbi-

turate administration are hypotension and global oligemic hypoxia, followed by

hypokalemia, respiratory depression, hepatic dysfunction, and renal dysfunction

(121,122). For these reasons, this treatment should only be used in conjunction

with a Swan–Ganz catheter.

Hyperventilation

In addition to pressure and metabolic autoregulation, CO2 reactivity is a potent

vasoactive agent. Vascular caliber and CBF are highly responsive to changes in

arterial CO2; CBF changes 2% to 3% for each millimeter of mercury of PaCO2.

Hypercarbia from hypoventilation leads to vasodilatation and increased CBF,

whereas hypocarbia (hypoventilation) results in vasoconstriction, lower CBF,

and lower ICP. Although pressure and metabolic autoregulation is sometimes

impaired in patients with severe head injury, observers have noted a trend toward

preservation of CO2 reactivity (24,87). As such, hyperventilation was at one time

routinely used as a prophylactic means of reducing intracranial hypertension.

However, ICP reduction by hyperventilatory vasoconstriction poses the signif-

icant risk of inducing cerebral ischemia through inadequate CBF, particularly in

the first 24 hours after injury, when CBF is already severely compromised. These

physiologic effects have been tied to outcome, with one group reporting an

improved outcome at three and six months, when prophylactic hyperventilation
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was avoided for five days after injury (123). While the routine use of hyper-

ventilation should generally be avoided, it remains a rapid method of

reducing ICP in emergency situations with acute neurologic deterioration and

impending herniation. In such situations, hyperventilation should be maintained

only as long as necessary to initiate other treatments.

Decompressive Hemicraniectomy

Delayed decompressive hemicraniectomy, where the bone is removed and the

dura is opened to increase the size of the intracranial compartment, can lower

ICP. The first large series of such intervention was the bifrontal decompressive

craniotomy reported in 1971; outcomes, however, were generally poor (124).

Prospective results on the use of bifrontal or hemicraniectomy were reported

from a study that had more stringent inclusion criteria; patients over 40 years of

age and those with GCS scores less than 5 were excluded. A 14% mortality rate

and a 38% rate of ‘‘full restitution’’ were reported (125). Another group reported

favorable outcomes in 60% of patients who present with GCS score between

3 and 8, intractable hypertension, ICP less than 40 mmHg, and underwent a

modified Kjellberg procedure within 48 hours of injury (126). Other studies,

without directly comparing patients who did not have the procedure, have noted

favorable outcomes (127–131). A recent study assessed the outcome of patients

who received decompressive craniectomy after the ICP was noted to be

refractory to conventional management. The ICP decreased to below 20 mmHg

as a result of the craniectomy, and the patients performed better (as gauged by

the GOS) within the first three months when compared to published control

cohorts (132). One small randomized controlled trial that involved pediatric

patients found that early craniectomy (within 19.2 hours of the injury, on

average) was associated with improved morbidity and mortality outcomes (133).

The particular timing and indications for intervention are yet to be codified and

await results of RESCUEicp (Randomised Evaluation of Surgery with Craniectomy

for Uncontrollable Elevation of Intra-Cranial Pressure, Europe) and DECRAN

(Australia), ongoing randomized controlled trials.

Steroid Use

Class I data do not support the use of steroids—dexamethasone, methyl-

prednisolone, or tirilazad—to reduce ICP in head-injured patients. Side effects

include gastrointestinal bleeding and hyperglycemia, with no benefit in ICP or

outcome observed (134–137).

MANAGEMENT PARADIGMS

The principal goal of severe TBI management centers on limiting the extent of

secondary brain injury from cerebral ischemia. Avoiding intracranial hypertension

is essential to preventing both brain herniation and CPP reduction. This concept

has led to what has been termed an ICP-based approach to patients with severe
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TBI, wherein therapy focuses on maintaining a normal ICP, with the stepwise

measures shown in Figure 4.

Others have stressed the importance of CPP-based management, in which

maintaining a particular CPP is central rather than focusing on the ICP. This

paradigm recognizes that a decrease in CPP—whether by an increase in ICP or a

decrease in MAP—leads to compensatory vasodilatation and results in increased

CBV, which further increases ICP and even further compromises CPP (Fig. 2).

Initial favorable outcomes (28) have led to widespread adoption of CPP preser-

vation in the management algorithms of severe TBI. While Rosner’s original paper

suggests maintaining a CPP greater than 70 mmHg, other reports have failed to

document added benefit to maintaining a CPP greater than 60 mmHg. Studies have

noted an increase in acute respiratory distress syndrome in their trial arm in which

patients were maintained with CPPs greater than 70 mmHg (138,139).

Given these considerations, the three cornerstones of an integrated man-

agement paradigm that monitors and controls both ICP and CPP include (i) rapid

identification and potential management of intra- or extra-axial mass lesions,

(ii) ICP monitoring and treatment of intracranial hypertension, and (iii) CPP

preservation and avoidance of cerebral ischemia (Fig. 5).

SYSTEMIC MEDICAL MANAGEMENT

Nutritional Support and Gastrointestinal Prophylaxis

The systemic response to multitrauma and severe TBI includes hyper-

metabolism, catabolism, and altered gastric voiding. Patients with severe head

injury may need 140% of their normal caloric expenditures, while those in

Figure 5 Cornerstones of management for severe TBI. Abbreviations: CPP, cerebral

perfusion pressure; ICP, intracranial pressure; CSF, Cerebrospinal fluid.
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barbiturate coma may require between 100% and 120% of normal resting levels

(140). Enteral alimentation should be established as soon as possible, with a goal

of full caloric replacement by the end of the first week after injury. Full caloric

replacement through seven days after injury, with at least 15% of calories rep-

resenting protein, is correlated with improved outcome (141,142). Orogastric

tubes are preferred to the nasogastric route in the presence of skull base fractures

or sinus disease. Long-term feeding may require placement of a percutaneous

endoscopic gastrostomy tube or jejunal tube if gastric emptying is compromised.

While the enteral route diminishes the risk of bacterial translocation and sepsis,

parenteral nutrition may serve as a temporary route for nutritional support until

gastroparesis resolves.

An appropriate nutritional regimen also includes gastric ulcer prophylaxis.

Ulcers are common complications in patients in the ICU, and the potential

morbidity from hemorrhagic diathesis demands appropriate prophylaxis.

Reduction of acid production by H2 antagonists or proton pump inhibitors is

commonly performed, but neutralizing gastric acid pH carries the theoretical risk

of increasing nosocomial pneumonias. Sucralfate, which strengthens gastric

mucosa, may avoid this risk.

Sodium Derangements

Hypernatremia and hyponatremia are common disorders, and nearly 60% of

patients experience electrolyte abnormalities following head injury (143).

Careful distinction between the syndrome of inappropriate antidiuretic hormone

secretion (SIADH) and cerebral salt wasting should be made in the head-injured

patient; the former is euvolemic or hypervolemic, while the latter is likely to be

hypovolemic. Fluid restriction in SIADH may be complemented by demeclo-

cycline use. Cerebral salt wasting may require judicious use of hypertonic saline,

should normal saline prove ineffective.

Diabetes insipidus from stalk dysfunction should also be considered in a

hypernatremic patient. Great care should be taken when administering large, free

water boluses, which may worsen cerebral edema. Desmopressin may be used to

complement hypotonic therapy in such cases.

Intravenous Fluid Use

Isotonic saline (0.9% NaCl) remains the standard maintenance fluid in head-

injured patients after initial resuscitation, with dextrose excluded from the

solution if hyperglycemia becomes difficult to manage. Hypotonic fluids should

be strictly avoided, as they may exacerbate cerebral edema. The presence of

SIADH, salt wasting, or diabetes insipidus may prompt more specific alterations

in fluid administration.
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Hyperglycemia

Elevated glucose levels are common in all patients in the ICU, irrespective of the

presence of diabetes. In head trauma patients this abnormality is thought to be

related to a systemic surge in the sympathoadrenal axis. In fact, hyperglycemia

has been correlated with the severity of injury and with poor outcome in patients

with severe TBI (144,145). We aggressively correct serum glucose greater than

150 mg/dL with either sliding scale insulin or insulin infusions on the basis of

recent data that demonstrate improved mortality and reduced infection rates in

ICU patients with tight glucose control (146).

Seizure Prophylaxis

Between 4% and 53% of patients with TBI suffer at least one seizure (147), with

onset described as either early or late, occurring either before or after the first

seven days of injury, respectively. Risk factors for long-term seizures include the

presence of cortical contusions; depressed skull fracture; subdural, epidural, or

intracranial hematoma; penetrating injury; or seizure within 24 hours of injury

(148,149). As seizures may dramatically increase CMRO2 and ICP, a large

number of prevention studies in patients with head trauma have been conducted.

The current literature supports the use of phenytoin or carbamazepine for pre-

venting seizures only within the first seven days after injury (150,151). Otherwise,

seizures are managed as any first-time seizure in another patient population.

Hyperpyrexia

Fever increases cerebral metabolism. In cases in which metabolic autoregulation is

uncoupled and CBF does not match CMRO2, significant secondary ischemia may

result. Fever is a negative predictor of outcome in head-injured patients (152) and

must be aggressively controlled with antipyretics and cooling blankets. Infectious

sources should be aggressively investigated as in any other type of patient.

Prophylaxis for Deep Venous Thrombosis

Patients with severe head injury are at high risk for deep venous thrombosis

(DVT) and pulmonary embolism. Prophylaxis by low-dose heparin or venous

compression devices was shown to decrease the incidence of DVT in trauma

patients (153). More recent data demonstrate the safety of using subcutaneous

heparin for DVT prophylaxis in patients with severe head injury (154). Because

of the high frequency of this complication in severe TBI, we have recently begun

to routinely place temporary inferior vena cava filters in these patients. These

devices have demonstrated efficacy and safety (155) and, when combined with

compression devices and low-dose heparin, may significantly prevent morbidity

and mortality associated with pulmonary emboli in this high-risk patient popu-

lation. No definitive class I data support any particular preventative measure.
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CONCLUSIONS AND FUTURE DIRECTIONS

Current clinical management of severe TBI has been appropriately guided by

evidence-based algorithms to preserve normal physiology in the face of nervous

system derangement. Future directions in brain injury management include the

formulation of strategies to ‘‘protect’’ the head-injured brain from further sec-

ondary injury and to repair injured neural tissue. An early attempt at neuro-

protection was cooling, or hypothermia, which produces proportionate reductions

in energy production and use, CMRO2, and CBF. Although early pilot studies

demonstrated favorable outcomes in head-injured patients (156,157), a multi-

centered, prospective randomized controlled trial failed to show improvement in

outcome (158). However, a follow-up study in a subgroup of patients who may

have benefited is currently in progress.

Therapeutic strategies have also been developed to antagonize the gluta-

mate excitotoxic pathway by inhibiting calcium entry through N-methyl-D-

aspartate (NMDA) receptors into neurons, but no convincing effect on outcome

has been demonstrated to date (159,160). However, current studies are under

way to examine the efficacy of antagonists that target specific subclasses of

NMDA receptors (such as those containing NR2B subunits) (161). Tirilazad, a

21-aminosteroid that inhibits lipid peroxidation, and the free radical scavenger

PEGSOD were both studied in large clinical trials, with no benefit on outcome

reported (137,162). Large clinical trials of compounds that inhibit calpains—

calcium-activated proteolytic enzymes—and pro-apoptotic enzymes of the cas-

pase family may be conducted in the future (163,164). Animal models suggest

that the therapeutic window for calpain inhibitors is within three to six hours of

the initial insult (165).

Another exciting possibility is the stimulation of endogenous neurogenesis

or engraftment of exogenous neural stem cells to repair damaged brain by cell

replacement or growth factor release (166–168). In the coming years, current

TBI management paradigms will surely be complemented by highly selective

neuroprotective and neurorestorative strategies to enhance the likelihood of

meaningful functional recovery.
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DIFFUSE AXONAL INJURY

Background

Significant progress has been made over the last few decades toward our

understanding the pathobiological mechanisms that underlie traumatic brain

injury (TBI). The progress into our understanding of diffuse axonal injury (DAI)

parallels that of TBI, given that significant experimental advances have been

made in various animal and in vitro models. However, the application of these

findings into the clinical arena has proven challenging.

The initial clinical definition of DAI was posttraumatic loss of con-

sciousness lasting longer than six hours. DAI was presumed in cases in which no

mass lesion was present to explain the comatose state of the patient. In the

computed tomography (CT) era, DAI was at times detected as scattered petechial

hemorrhages, most commonly at the cortical gray-white junction, the corpus
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callosum, and in the brain stem. At present, DAI may be detected with high

sensitivity by magnetic resonance imaging (MRI) or by neurophysiological

testing such as somatosensory-evoked potentials or brain stem auditory-evoked

responses (1).

Perhaps the most important recent discovery in the field of axonal injury

that challenges longstanding dogma has been that axonal disconnection is pri-

marily a delayed phenomenon and does not occur primarily at the time of initial

injury. The identification of this delayed injury has permitted researchers to

identify several different experimental therapies that can reduce axonal injury if

given within the therapeutic window. Clinical exploration of these therapies is

still relatively immature, and, to date, no clinical evidence of efficacy exists for

any studied therapies.

The first histopathological description of DAI was provided in 1956 by

Strich, who identified five severely disabled individuals surviving for between

five and 15 months after TBI (2). Postmortem gross examination revealed only

minor pathological changes that were inconsistent with the level of neurological

disability. Using various histological techniques, Strich was able to microscop-

ically identify ‘‘diffuse degeneration’’ of axons within various white matter

tracts of these brain-injured patients. In a follow-up study five years later, Strich

identified 15 additional patients with the same pathological findings at both the

microscopic and macroscopic levels (3). She posited that the pathology, in which

large spheroidal and torpedo shaped-axonal varicosities were observed in various

white matter tracts, including the corpus callosum, the internal capsule, and the

pyramidal and medial lemniscal tracts of the brain stem, occurred as a result of

immediate axonal tearing at the moment of injury, with extrusion of the axo-

plasm into the cytoplasmic space. With little evidence on which to base her

suppositions, she correctly posited that the axonal damage was a consequence of

shear forces generated by angular acceleration of the brain as a result of rapid

head rotation (2,3).

Significant further progress into the understanding of DAI did not occur

until the early 1980s when Gennarelli et al. created a model of primate brain injury

involving rapid rotation of the head in the sagittal, coronal, and oblique planes (4).

It was found that rapid rotation in the sagittal plane caused the least degree of

injury, while coronal injury caused the worst degree of neurological impairment,

DAI, and duration of coma, with oblique movements resulting in an intermediate

degree of impairment. It was also described in the study that the length of post-

traumatic coma was directly associated with neurological disability and burden of

DAI. It was in this publication as well as another human neuropathological study

identifying axonal injury in fatal nonpenetrating TBI appearing in the same journal

(5) that the term ‘‘diffuse axonal injury’’ was coined.

Since that time, other in vivo models of (TBI) have been developed, all of

which are based on rapid, dynamic deformation of the brain and its associated

structures. Some of these models, such as optic nerve stretch (6), have been

developed with the intent of creating pure axonal injury. Others, such as fluid
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percussion injury (7–10), cortical contusion (11,12), and impact acceleration

(13,14) have been created to mimic more generalized forms of TBI, with DAI

noted to occur in concert with other forms of traumatic intracranial pathology.

The development of these numerous models has permitted further understanding

into the pathobiology that underlies the development of DAI and permits testing

of various neuroprotective strategies.

Epidemiology, Finanacial and Societal Impact

Approximately 1.5 to 2 million individuals are estimated to sustain TBI yearly.

Of these, 70,000 to 90,000 suffer significant long-term loss of function and

300,000 require admission for mild and moderate TBI, and there are 52,000

deaths (15). The proportion of individuals sustaining DAI after severe TBI is

between 12.9% and 42.5% based on pathological examination (16–22). Non-

invasive radiographic examination of individuals with less severe forms of TBI

also reveals white matter changes consistent with DAI in some patients (23,24).

To date, no study has evaluated the financial impact of (DAI) as it relates

to the overall costs of TBI to the United States. We do know, however, that TBI

affects approximately 1.5 to 2 million individuals yearly. A significant subset of

these individuals sustains severe TBI. DAI is most prevalent in this population

(18,19,25–28). The population most at risk for sustaining severe TBI is more

likely to be young and of the male gender (29). DAI most commonly occurs

secondary to high-velocity events, such as motor vehicle accidents, although it

has also been reported in the presence of other inciting factors.

Given, then, that DAI is more likely to impact young individuals and that it

is more commonly associated with severe disability and persistent vegetative

state, DAI is an underlying pathophysiology in TBI survivors with severe life-

long disabilities and limited functional independence.

Pathobiology

Previous thought held that the forces associated with diffuse injury caused

immediate renting and disruption of the axonal membrane, resulting in ‘‘primary

axotomy,’’ which is analogous to the focal axonal injury caused by direct

mechanical axonal transection, as would be seen in penetrating brain injury. The

current concept, referred to as ‘‘secondary axotomy,’’ involves the initial gen-

eration of diffuse shear and tensile forces within the brain as a result of angular

acceleration caused by the traumatic insult. These shear and tensile forces result

in focal perturbation but not overt disruption of axonal membranes. Membrane

disruption then initiates multiple pathological processes that result in cessation of

axonal transport, degradation of the axonal cytoskeleton, and ultimate axonal

disconnection in the hours and days after injury. While it is certainly possible

that immediate disconnection can occur with extraordinary shear forces, the

majority of axons are now thought to remain physically intact after the initial

trauma (30–32).
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The initiating step in the process of axonal injury and disconnection involves

traumatic perturbation of the axonal membrane (33). As a result of axolemmal

perturbation, the electrochemical homeostasis generated by various axonal trans-

port systems is disrupted because of uncontrolled passage of multiple ionic

species down their respective concentration gradients (30,33–37). The most

important of these ions in the generation of axonal injury is calcium. In the

uninjured axon, intracellular calcium levels are tightly controlled by multiple

axolemmal and organelle-based transporters, all of which operate in a coordi-

nated fashion to keep axoplasmic calcium low with respect to the extracellular

environment (38). The uncontrolled inward flux of calcium that occurs because

of axolemmal perturbation is thought to overwhelm the capacity of these

endogenous buffering systems, resulting in a rapid rise in cytosolic calcium

levels (35,36,39,40).

Increased cytoplasmic levels of calcium can initiate multiple pathological

processes via activation of several different pathways. Calpains are a group of

calcium-dependent proteases that are activated by elevated levels of intracellular

calcium. These proteases have numerous intracellular targets and can result in

degradation of both the neuronal and axonal cytoskeleton. Detailed studies of

animal models of DAI have demonstrated the activity of calpains in regions of

focal axonal swellings. In the setting of human TBI, calpain activity has been

identified in the spinal fluid of traumatically brain-injured individuals.

Mitochondria are also essential to the maintenance of intracellular calcium

levels, in addition to their primary role in intracellular energy metabolism and

oxidative phosphorylation. In the presence of an overwhelming cytosolic load of

calcium, rapid and overwhelming mitochondrial uptake of calcium results in

mitochondrial swelling and loss of electrochemical potential across the mito-

chondrial membrane. This results in loss of oxidative phosphorylation and ces-

sation of adenosine triphosphate production. Another important consequence of

mitochondrial swelling is opening of the mitochondrial permeability transition

pore. It has been shown that opening of this pore results in release of cytochrome c

from the mitochondrial intermembrane space into the cytosol.

Caspases, a family of cysteine proteases activated by various intra- and

extracellular signals, are essential to the process of apoptotic cell death. In the

setting of trauma, the orderly activation of these effectors, which can be initiated

by cytochrome c in concert with other proteins, is disrupted, causing degradation

of numerous intracellular proteins (41). Caspase-3, one of the major terminal

effectors of the caspase pathway, is responsible for degradation of the sub-

axolemmal cytoskeleton in the setting of axonal injury (42). Putative therapeutic

agents targeting each of these pathophysiological mechanisms of traumatic axonal

injury (calpain activation, caspase activation, mitochondrial damage) are at various

stages of preclinical testing.

Although neuronal and axonal membranes are perturbed by traumatic

injury, resulting in loss of ionic homeostasis, they typically do not remain dis-

rupted. Like most other cell types in the body, neurons and axons are capable of
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resealing after membrane disruption (43–50). The difference between axons and

other cell types is that whereas cellular resealing typically occurs within seconds

(51), axonal resealing in the central nervous system can require a significantly

longer period of time (44). The implications of this observation as it relates to

DAI are unclear at this time, but it appears reasonable to assume that a persistent

loss of membrane integrity is not desirable.

Research into the pathological cascades responsible for the evolution of

DAI has done little to shed light on the response of the linked neuronal cell body.

In contrast to the long-held idea that traumatic axonal injury results in the

ultimate death of the associated neuronal cell body, current experimental data

indicate that neurons may sustain proximal axonal injury and disconnection

without evidence of cell death (52). Although these neuronal somata show initial

morphological signs of injury, they also demonstrate evidence of attempted

regeneration of synaptic contacts. The implications of this finding as it relates to

outcome after severe TBI with DAI are unknown at this time. It is hoped that the

survival of neurons sustaining axonal injury would allow them to be recruited by

future therapies as a component of neuronrehabilitation.

Diagnosis

Prior to the introduction of CT, the diagnosis of DAI could be made only via

microscopic examination at the time of autopsy. Following the development of

CT technology, it was recognized that DAI was associated with scattered

petechial hemorrhages in the centrum semiovale, corpus callosum, basal gan-

glia, and/or brain stem (53). The most sensitive modality to date for the

detection of DAI has been MRI, which has only become more effective as

newer sequences have been developed to identify specific characteristics of

DAI.

The initial experience with MRI found that while it is equally effective in

detecting hemorrhagic areas of injury when compared with CT scanning, it is

much more effective than CT in detecting areas of nonhemorrhagic injury and

brain stem injury (54,55). The identification of T2 hyperintensity in the splenium

of the corpus callosum and the dorsolateral brain stem in severe DAI represents

the best example of this improved detection of nonhemorrhagic injury (Fig. 1).

With the development of T2*-weighted gradient-echo sequencing, micro-

hemorrhages not evident with CT scanning were resolved (56) (Fig. 2). Even

newer imaging modalities based on fractional anisotropy, which detect limits on

the movement of intracerebral water, have further increased the sensitivity of

MRI with respect to the detection of DAI.

Anisotropy-based techniques rely on the detection of either restricted

diffusion of water [increased anisotropy, diffusion-weighted imaging (DWI)], or

decreased restrictions on water movement [decreased anisotropy, diffusion ten-

sor imaging (DTI)]. DWI has been demonstrated to identify lesions associated

with DAI that are not detected by any other MRI sequences (57,58). DTI has
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been found to be especially sensitive to disruptions in the normal orderly

arrangement of parallel axonal fibers in the white matter pathways (59–61).

Other techniques such as magnetization transfer imaging may also prove useful

in the future detection of axonal injury (62).

Figure 1 T2 hyperintensity in the splenium after severe traumatic brain injury. Axial T2

FLAIR MRI of a 21-year-old female sustaining severe traumatic brain injury. Note the

hyperintense T2 signal in the splenium of the corpus callosum (arrow), consistent with

diffuse axonal injury. The patient also has a resolving left subdural hematoma. Abbreviation:

MRI, magnetic resonance imaging.

Figure 2 MRI is superior to CT in the detection of intracerebral microhemorrhage. Axial

T2*-weighted gradient-echo MRI (A) and noncontrasted CT (B) images at the level of the

midbrain from an individual sustaining severe traumatic brain injury with diffuse axonal

injury show the presence of a left mesencephalic microhemorrhage (arrow). The lesion,

which is apparent on MRI, is not detected via CT imaging. Abbreviations: MRI, magnetic

resonance imaging; CT, computed tomography.
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Treatment

As of writing this chapter, there have been no effective treatments reported for

DAI. Current clinical efforts are primarily focused on limiting secondary injury,

which is known to worsen outcome after TBI (63). In the broader context of

severe TBI, a recently completed phase II clinical trial of the immunophilin

ligand cyclosporin A (CsA) has shown preliminary evidence of improvement of

brain metabolic parameters (64). CsA is a medication primarily known for its

role in the prevention of transplant rejection. However, under experimental

conditions it has been shown to mitigate a variety of posttraumatic neuronal and

axonal pathologies, including DAI (65–70). The targets through which CsA is

thought to mediate its neuroprotective activity are (1) prevention of mitochon-

drial permeability transition in response to elevated intra-axonal calcium and (2)

inhibition of calcineurin, a protein phosphatase that has been shown to reduce

DAI independent of mitochondrial effects (71–73). It is hoped that a phase III

clinical trial will be initiated shortly to ascertain the potential for CsA to ameliorate

both DAI as well as other sequelae of TBI.

DYSAUTONOMIA

Background

Although DAI occurs exclusively in patients sustaining TBI, dysautonomia

can occur in the setting of both traumatic and, to a lesser extent, nontraumatic

brain injury. The constellation of symptoms associated with dysautonomia has

been reported for some time (2). It was not recognized until recent times that

these symptoms, taken together, constituted a single syndrome that was based on

autonomic dysfunction. Part of the reason for the delay in the widespread rec-

ognition of dysautonomia may have been the lack of a common terminology to

describe the syndrome. The multiple descriptors coined by various clinicians

(Table 1) likely prevented other practitioners in the fields of neural injury and

rehabilitation from recognizing that they were dealing with a common entity. In

addition, there are several other neurological conditions, including malignant

hyperthermia, neuroleptic malignant syndrome, autonomic dysreflexia, and

narcotic withdrawal, which mimic many of the symptoms associated with dys-

autonomia (74,75). Some debate among practitioners still exists with respect to

an appropriate single name for this syndrome, but for the purpose of this review,

dysautonomia will be used.

Epidemiology

To date, the collective literature on dysautonomia is restricted mainly to small

case-control series, observational studies, and case series/reports. As such, the

incidence of dysautonomia after TBI is not firmly established. The limited data

available at this time suggest that dysautonomia occurs in an estimated 10% to

30% of cases of severe TBI (76–78). Dysautonomia is reported to occur more
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commonly after severe TBI, and is associated with DAI, brain stem injury,

younger age, and preadmission hypoxia (74–76,79). The reported association

between dysautonomia and severe TBI is most likely a reflection of the fact that

DAI, brain stem injury, and hypoxia are most common with severe injuries.

Pathophysiology

The pathological basis for dysautonomia has not yet been defined. A significant

reason for this lack of scientific exploration lies in the fact that no model of

injury exists that reproducibly generates posttraumatic autonomic dysfunction.

Thus, the search for a pathological basis for dysautonomia is limited primarily to

autopsy specimens from individuals clinically diagnosed with the condition.

While dysautonomia occurs primarily as a consequence of TBI, some of

the earliest descriptions of the syndrome were in the setting of brain tumors.

Specifically, tumors involving the diencephalon and hypothalamus were noted to

be associated with paroxysmal autonomic dysregulation (80,81). Over the years,

dysautonomia has also been noted in association with hydrocephalus, hypoxic-

ischemic injury, and subarachnoid/intracerebral hemorrhages (74,75).

While many theories have been advanced as to pathological mechanism

underlying the development of dysautonomia, the current evidence supports two

potentially interrelated mechanisms. First, given the association between hypo-

thalamic injury and autonomic dysregulation (82), it is reasonable to posit that

TBI can result in direct injury to the hypothalamus, resulting in the development

of dysautonomia. Second, dysautonomia may also manifest as a result of a

functional disconnection of the hypothalamus and diencephalon from the rest of

Table 1 Dysautonomia Syndrome Synonyms

Sympathetic storming

Paroxysmal sympathetic storming

Neurostorming

Paroxysmal autonomic instability with dystonia (PAID)

Autonomic dysfunction syndrome (ADS)

Acute midbrain syndrome

Midbrain dysregulatory syndrome

Brain stem attack

Hypothalamic-midbrain dysregulation syndrome

Acute hypothalmic instability

Diencephalic seizures

Central dysregulation

Tonic decerebrate spasms

Sympathoadrenal response

Tonic cerebellar fits

Hyperpyrexia associated with muscle contraction

Fever of central origin

56 Singleton et al.



the central nervous system, possibly because of axonal injury of the afferent and

efferent pathways. This would also stand to reason, given the reported associ-

ation between DAI and dysautonomia.

Diagnosis

The diagnosis of dysautonomia is based on patient history in combination with

specific physical examination findings. The seven main findings associated with

the dysautonomia syndrome are presented in Table 2. It has been suggested that

the diagnosis of dysautonomic syndrome is the presence of at least five of the

seven findings. It should also be noted that pupillary dilation is also common in

patients with dysautonomia (75,83,84), although this is not one of the criteria.

Many of the signs noted above are relatively nonspecific when taken

individually, and even when occurring in combination may represent a problem

other than dysautonomia. Infection is a common problem in intensive care unit

(ICU) patients that typically results in fever, tachycardia, tachypnea, and dia-

phoresis. Fever in patients with neurological injuries is known to worsen the

mental status examination, which may result in posturing. As such, it is

imperative that patients with suspected dysautonomia undergo adequate fever

work up, including blood, urine, cerebrospinal fluid (CSF), and sputum cultures.

Dysautonomia may be diagnosed only after infection has been treated adequately

or ruled out via negative cultures.

Dysautonomia typically presents with delayed onset. The signs of dysau-

tonomia are usually not detected until patients have been weaned from sedation

and paralytics in the ICU (74). The symptoms may be relatively minor at first, but

can become florid if left untreated. Not uncommonly, the initial signs of dysau-

tonomia are mistaken for agitation and result in increased sedation, prolonging an

individual’s ICU stay and time of intubation/ventilation. It is not until the syn-

drome is appropriately recognized and treated that progress can be made toward

successfully discontinuing sedation and transferring the patient out of the ICU.

It has been suggested that the natural history of dysautonomia be divided

into three phases. Phase I is the time in which the patient remains intubated and

sedated with or without chemical paralysis. During this time dysautonomia is

usually unrecognized. Phase II occurs after the stoppage of sedation and is the time

when the above-mentioned symptoms of dysautonomia present. Phase III begins

with the stoppage of diaphoresis, at which point the paroxysmal episodes of

autonomic dysfunction subside. Transition to phase III is proposed to represent

‘‘burnt out’’ dysautonomia, leaving behind an individual with variable dystonia

and/or spasticity (74). The average duration of phase I is reported to be approx-

imately one week, while phase II averages 74 days, but can be quite variable (74).

Treatment

The treatment of dysautonomia seldom starts with diagnosis. More typically,

individuals who have sustained severe TBI begin to develop fever, tachycardia,
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hypertension, and agitation as their initial sedation is weaned. This prompts a fever

work up as well as increased sedation to control the episodes of ‘‘agitation.’’ Only

after multiple days of additional sedation, prolonged treatment with empiric anti-

biotics, and multiple blood, urine, CSF, and sputum cultures remain negative is the

diagnosis of dysautonomia made. Early recognition and treatment of dysautonomia

can mitigate the need for additional testing and an extended stay in the ICU.

The goals of dysautonomia treatment are to prevent secondary injury

caused by the paroxysmal autonomic episodes. There are three main mechanisms

by which dysautonomia can worsen secondary brain injury after TBI. First,

hyperthermia in brain-injured patients is associated with worsened outcomes

(85–87). Given that dysautonomic episodes can be associated with high fever,

this represents an especially important component of the syndrome to control.

Second, the rigidity and posturing associated with dysautonomia result in

markedly increased energy expenditures, up to 150% to 200% over baseline at

one week and 200% to 250% at two weeks (88,89). The increased expenditure

may not be accounted for in the individual’s feeding regimen and may result in

an insufficient number of calories being delivered. This relative malnutrition has

been demonstrated to worsen outcomes for all types of traumatic injury (88–91).

Finally, the paroxysms associated with dysautonomia are associated with ele-

vations in circulating catecholamine levels, which are independent predictors of

poor outcome after TBI (88). However, no studies have been conducted to show

that treatment of dysautonomia improves functional outcome.

Numerous pharmacological interventions have been employed in attempts

to treat dysautonomia (Table 3). Narcotics and benzodiazepines, when used either

alone or in combination, successfully reduce the number and frequency of

autonomic paroxysms (76). This reduction likely occurs via a generalized sup-

pression of brain activity (i.e., sedation). While sedation is a viable treatment for

dysautonomia in the acute setting, it is not desirable as a long-term solution, given

that sedation treats the symptoms of dysautonomia rather than the underlying

pathophysiology. Many other medications have been used to attempt to control

autonomic paroxysms without success. These medications include antiepileptics

[phenytoin, phenobarbital, and carbamazepine (79,84,92–94), dopamine antago-

nists (haloperidol and chlorpromazine (93,95), antipyretics (acetaminophen) (96),

and gamma-aminobutyric acid agonists (oral baclofen) (96)].

Table 2 Findings in Dysautonomia Syndrome

Tachycardia

Tachypnea

Hypertension

Fever

Diaphoresis

Rigidity

Posturing

Other medications have shown evidence of successful control of various

components of the autonomic paroxysms associated with dysautonomia.
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Clonidine, an a2-adrenergic agonist, causes decreased central sympathetic out-

flow, resulting in decreased blood pressure and reduced levels of circulating

catecholamines (74,79,96,97). Dantrolene is a medication used primarily for the

treatment of malignant hyperthermia via inhibition of intracellular release of

calcium, causing decreased muscle contraction. It has shown limited success in

Table 3 Medical Therapy for Dysautonomia

Medication Dose

Symptoms

treated

Typical adverse

effects

Clonidine Adults: 0.1 mg PO BID to

start, max 1.2 mg PO BID

Peds: 5–10 mcg/kg/day in

divided doses, max 25

mcg/kg/day

Hypertension

Tachycardia

Agitation

Hypotension

Sedation

Rebound

hypertension

Hydralazine Adults: 10 mg Q10 min PRN

Peds: 0.1–0.5 mg/kg IM/IV

Q4-6hr

Hypertension : ICP

Hypotension

Tachycardia

Labetalol Adults: 10 mg Q10 min PRN

Peds: 0.4–1 mg/kg/hr IV

infusion max: 3 mg/kg/hr

Hypertension

Tachycardia

Bradycardia

Hypotension

Bronchospasm

Bromocriptine 1.25 mg PO BID to start,

max 40 mg/day

Rigidity

Posturing

Diaphoresis

Hypotension

Hallucinations

IT Baclofen Adults: start 50–400 mcg/day

to start, titrate final dose

based on symptoms/side

effects (77,100)

Peds: start 10–200 mcg/day to

start, titrate final dose based

on symptoms/side effects

Hypertension

Tachycardia

Rigidity

Diaphoresis

Hyperthermia

Propranolol Adults: 20–40 mg PO BID

initially, max 640mg/day

Peds: 0.5–1 mg/kg/day PO

div BID, max: 8 mg/kg/day

Hypertension

Tachycardia

: Energy

expenditure

Hyperthermia

Rigidity

Bradycardia

Hypotension

Bronchospasm

Dantrolene Adult: 25 mg PO QD to

start, titrated up to goal

dose of 100 mg PO BID-

TID. 400 mg/day max

Peds: 0.5 mg/kg/day PO to

start, titrated up to goal dose

of 2 mg/kg BID-TID.

12 mg/kg/day max

Rigidity

Posturing

Somnolence

Hepatotoxicity

Fatigue

References are shown in parenthesis.
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reducing rigidity and posturing in dysautonomia (84). The hypertensive and

tachycardic component of dysautonomia can be effectively controlled via the use

of b blockers like labetalol (98).

Yet other groups of medications potentially show the most promise with

respect to the control of dysautonomia. These medications include bromoc-

riptine, a dopamine D2 agonist that has been shown to be effective in the control

of the fever and diaphoresis that occurs with autonomic dysfunction

(79,83,84,99). Although oral baclofen has not proven successful in the treatment

of dysautonomia, intrathecal baclofen appears to be quite effective at controlling

autonomic dysfunction in the limited number of patients in whom it has been

tried (77,100). Finally, the nonselective b blocker propranolol also appears quite

useful at controlling multiple components of autonomic dysfunction. Namely, it

has been shown to reduce blood pressure, heart rate, temperature, muscle tone,

circulating catecholamines, cardiac work, and resting energy expenditure

(92,96,97,101–103).

CONCLUSION

In the setting of severe TBI, both DAI and dysautonomia can exert a profound

negative influence on the ultimate outcome of affected individuals. Although the

staggering monetary and psychosocial impact of TBI has been previously described,

the contribution of DAI and dysautonomia to this overall cost has not been defined.

Given that the incidence of both these sequelae increases with worsening injury, it

stands to reason that the most severely injured individuals are disproportionately

impacted by these pathologies from both a medical and a financial perspective.
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Although the incidence of traumatic brain injury (TBI) has steadily decreased

over the past decade, each year an estimated 1.5 million people in the United

States sustain a TBI. Approximately 5% of the population (5.3 million Americans)

lives with a disability as a result of TBI, and one in four adults with TBI are unable

to return to work one year after injury (1).

Prevention is the only way to reduce the incidence of TBI. Once the primary

insult has occurred, the main goal of the neurointensivist is to prevent additional

brain damage through prompt detection and individualized treatment of secondary

insults such as intracranial hypertension and cerebral ischemia. To achieve this

goal, multimodality neuromonitoring is employed. Neuromonitoring constitutes

any technique that can provide information about a patient’s neurologic status, from

the simple and inexpensive serial neurologic assessments to the most complex and

invasive forms of neuromonitoring. Invasive neuromonitoring technologies fall into

three general categories: pressure, flow, and metabolism (Table 1).

CLINICAL ASSESSMENTS

A thorough and systematic neurologic examination must include evaluation of

mental status, cranial and pupillary reflexes, and motor responses. The Glasgow
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Coma Scale (GCS), measured at the field or site of accident and in the emergency

center as first-line assessment and for triage purposes (2) or as a routine assess-

ment at the neonatal intensive care unit provides the physician with valuable data

on the patient’s neurologic status. A GCS score of 13 to 15 is considered a mild

head injury, scores between 9 and 12 are considered moderate, whereas a patient

with a GCS score less than or equal to 8 is considered to have a severe TBI (3).

Although widely used, the GCS has well-known limitations. GCS meas-

urements vary, depending on the skills and expertise of the examiner (4). It is

unrealistic for a neurointensivist to assess GCS at the bedside on an hourly basis,

and as more than one physician and nurse usually perform the assessment, even

the most standardized examination presents significant variations between

examiners. How the examination is conducted, the level of stimulus applied to

the patient, and the perception of pupillary reactivity performed with different

light intensities can result in variable results. Drug and/or alcohol intoxication

can confound early neurologic assessment. Sedation and neuromuscular-blocking

agents used to intubate and to control ventilation can also obscure the neurologic

examination (5). The infrared pupillometer is a new technology that may allow

more objective assessment of pupillary reactivity (6). Several pupil characteristics,

including maximum and minimum apertures, constriction and dilation velocities,

and latency period, can be measured accurately (7). Subtle changes in the velocity

of the pupils correlate with changes in intracranial pressure (ICP) (8).

MEASURES OF PRESSURE

ICP

Intracranial hypertension cannot be accurately predicted from clinical signs and

symptoms after trauma. Classic presentation of headache, nausea, projectile

vomiting, and papilledema are not consistent, and intracranial hypertension can

Table 1 Neuromonitoring Techniques

Monitors of Pressure

Intracranial pressure

Cerebral perfusion pressure

Monitors of Flow

Direct

Stable xenon CT imaging

Perfusion CT imaging

Transcranial Doppler

Indirect

Jugular venous oxygen saturation

Brain tissue pO2

Monitors of Metabolism

Electroencephalogram

Microdialysis
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occur in the absence of these signs and symptoms. Furthermore, symptoms

cannot be evaluated in an obtunded, sedated, or comatose patient. CT signs of

brain swelling, such as midline shift and compressed basal cisterns, are pre-

dictive of raised ICP, but intracranial hypertension can occur without these

observations (9). As no clinical assessment accurately quantifies ICP, it must

actually be measured when the information is critical.

Since 1960, a ventricular catheter has been the gold standard for measuring

ICP (10). Ventriculostomy placement can be performed at the bedside under

local anesthesia and is a quick and effective method to reduce raised ICP by

draining cerebrospinal fluid (CSF) (11). Through a burr hole, the ventricular

catheter is positioned in the frontal horn of the lateral ventricle and coupled by a

fluid-filled pressurized tubing to an external strain gauge transducer that can be

easily zeroed and recalibrated.

Although measurement of ICP has traditionally been performed through a

ventriculostomy catheter, new technologic advances that allow the pressure trans-

ducer to be incorporated into the tip of the catheter offer alternative approaches

(Fig. 1). Although several noninvasive technologies for estimating ICP, including

tympanic membrane displacement (12), venous ophthalmodynamometry (13),

tissue resonance analysis (14), ultrasound measurement of cranial diameter pul-

sations (15), and latency of visual evoked potentials (16), have been developed,

none are sufficiently reliable at present to monitor ICP in the critically ill patient.

While invasive ICP monitoring lacks randomized trial data, it remains the gold

standard for monitoring ICP and the physiologic measure that distinguishes the

neurointensivist.

According to the Monro (1783)–Kellie (1824) doctrine, ICP is determined

by the volume of brain, CSF, and intravascular blood contained within the rigid

skull vault. An increase in any of these three components or the development of

an intracranial mass lesion must be met by a corresponding decrease in the

volume of another component, or ICP increases, providing a small amount of

compensation as intracranial volume expands. Once this compensation is

exhausted, ICP rapidly increases with further expansion of intracranial volume

Figure 1 Common technologies for monitoring ICP include the ventriculostomy (top)

and parenchymal catheters that incorporate a miniature pressure transducer at the tip of

the catheter (bottom). Abbreviation: ICP, intracranial pressure.
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(Fig. 2). Raised ICP is an important secondary insult in patients who are brain

injured and a predictor of poor outcome after TBI.

ICP of a healthy individual in a supine position is maintained between

3 and 10 mmHg, with an upper limit of 15 mmHg. ICP can sometimes reach

levels of 25 mmHg in morbidly obese individuals. Valsalva maneuver, straining,

sneezing, or coughing can result in transient pressure elevations up to 60 mmHg.

For a patient with a brain injury, ICP values of 20 to 30 mmHg represent

intracranial hypertension that is mild but requires treatment. ICP values of 30 to

40 mmHg represent moderately severe intracranial hypertension, and ICP values

greater than 40 mmHg represent severe, potentially life-threatening intracranial

hypertension.

The most common reason for not monitoring ICP is the risk of serious

complication, including ventriculitis and hemorrhage. The risk of infection is

directly related to the duration of catheterization. A number of practices include

periodic replacement of catheters (17–20), daily monitoring of CSF cell counts

and chemistries (21), and the use of prophylactic antibiotics (17,19,20,22). The

use of prophylactic antibiotics has not shown a reduction in the incidence of

ventriculitis associated with ventriculostomy catheters. However, recent use of a

ventricular catheter impregnated with minocycline and rifampin was shown to

significantly decrease the infection rate from 9.4% to 1.3% (23).

The risk of hemorrhage following placement of a ventriculostomy catheter

is increased when a coagulopathy is present, and severe coagulopathy is a rel-

ative contraindication to placement of an ICP monitor. When the international

normalized ratio is less than or equal to 1.6, the risk of hemorrhage is not

significantly increased and correction of the coagulopathy is not necessary prior

to insertion of an ICP monitor (24).

ICP monitors are usually placed by neurosurgeons. However, when

properly trained and supervised, midlevel practitioners or nonneurosurgeon

physicians can safely place ICP monitors (25,26).

Figure 2 (Right) Exponential relationship between volume of intracranial contents and

ICP. (Left) The change in ICP over time in a patient with an expanding mass lesion.

Initially, the rise in ICP is very gradual, but when compensatory mechanisms are

exhausted, ICP increases rapidly. Abbreviation: ICP, intracranial pressure.
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Cerebral Perfusion Pressure

ICP is also used to calculate cerebral perfusion pressure (CPP) (27), the dif-

ference between mean arterial pressure (MAP) and ICP (CPP ¼ MAP – ICP).

CPP describes the pressure gradient across the cerebral vascular bed and con-

stitutes the driving pressure for blood flow to the brain. Under normal conditions,

the brain is capable of maintaining a constant blood flow over a wide range of

CPP values (50–150 mmHg) through the process of pressure autoregulation.

Following TBI, however, pressure autoregulation can be impaired or absent, and

blood flow may be more dependent on an adequate CPP. Current TBI guidelines

recommend maintaining CPP at at least 60 mmHg (28,29).

DIRECT MEASUREMENT OF CEREBRAL BLOOD FLOW

Perfusion CT and Stable Xenon CT

Cerebral blood flow (CBF) can be measured directly using a diffusible or a

nondiffusible indicator. Global CBF and cerebral metabolic rate of oxygen

(CMRO2) were first quantified by Kety and Schmidt, who used a diffusible

indicator method based on the Fick principle. CBF was quantified by having the

subject inhale nitrous oxide, while arterial and internal jugular blood was

simultaneously sampled during the saturation phase. Another method by which

to quantify CBF is the injection of contrast agents such as 133 Xenon (133Xe)

into the carotid artery and intravenously. The major disadvantages of this method

are the invasive nature and the radioactivity of the indicator. Stable xenon has

also been used to quantify CBF, with the enhancement of the CT scan image

induced by xenon diffusion into the brain being used as the measurement of the

tissue concentration of xenon in the Kety–Schmidt equation.

A perfusion CT study is performed by acquiring sequential images of

stationary brain CT slices during intravenous administration of an iodinated

contrast bolus. Analysis of the resulting contrast enhancement curves, using the

central volume principle, allows calculation of three cerebral hemodynamic

parameters in each pixel of the CT slice: the regional cerebral blood volume, the

blood mean transit time through cerebral capillaries, and the regional CBF.

For the patient with TBI in whom CT is routinely used for anatomic

imaging, stable xenon CT and CT perfusion are convenient methods for imaging

regional CBF. Stable xenon CT is the more accurate quantitative measure of

regional CBF, but perfusion CT is faster and easier. Incorporation of either of

these methodologies with a mobile CT scanner transforms regional CBF imaging

into a technology that can be used at the bedside of a critically ill patient.

A characteristic pattern of changes in CBF following TBI has been

described. In the first few hours after injury, CBF is usually low (30). During this

time, the CBF level correlates with outcome, with every 10 mL/100 g/min

increase in global CBF being associated with a threefold increase in the prob-

ability of survival (31). CBF gradually increases following this initial period of
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hypoperfusion, peaking on day 2 or 3 after injury (32). CBF can also be low in

and surrounding areas of contusion (33). In one recent study, the response of

CBF in contused brain to treatment with induced hypertension was quite vari-

able, with some increasing and others decreasing with treatment (34). Such a

variable response has not been observed by others (35), but it illustrates the

potential usefulness of measurement of regional CBF in assessing the effec-

tiveness of treatment in individuals.

Transcranial Doppler

In 1959, Satomura and Kaneko were interested in measuring CBF; however, they

were unable to bypass the bony barrier of the skull. Therefore, they concentrated

their efforts on the extracranial carotid arteries. In 1982, Aaslid and colleagues,

with the use of an optimized Doppler ultrasound with a lower frequency (2 MHz)

and pulsed Doppler range technology, reported the first successful recordings of

cerebral blood vessels (36). This technology employs ultrasound and Doppler

principles and can be used to distinguish the presence or absence of flow, flow

velocity (FV), and the direction of the flow. The transcranial Doppler (TCD)

study is performed using a 2-MHz ultrasonic sound wave produced from one

crystal of the continuous wave transducer, which is then reflected from the

erythrocytes flowing in the intravascular space and received by a second crystal

that generated a graphic waveform. The display indicates the depth, angle of

insonation, mean FV, and pulsatility index. Flow volume is directly proportional

to the FV and may be obtained by multiplying the velocity by the cross-sectional

area of the vessel insonated.

Several studies have assessed the relationship between peak FV and

changes in CBF, suggesting that changes in middle cerebral artery FV (mcaFV)

may be used as an indicator of relative changes in blood flow. A study inves-

tigated the relationship between mcaFV and CBF as assessed by stable xenon–

CT during balloon test occlusion of the carotid artery in 31 patients and found a

significant correlation in the alteration of flow detected by the two methods (37).

More recently, correlation has been shown between changes in mcaFV and

changes in stable xenon–CT CBF in patients with various intracranial patholo-

gies, including eight with closed-head injury, (38).

With vasospasm, FV increases through the narrowed segment proportional

to the reduction in the vessel’s diameter. Severe vasospasm, with a greater than

50% reduction in vessel diameter, is associated with FV greater than 200 cm/sec

(39). An increase in FV may also indicate hyperemia, especially in the post-

trauma setting. To differentiate between the two hemodynamic phenomena in the

absence of direct CBF measurements, FV ratio of the middle cerebral artery to

the extracranial internal carotid artery, also known as the Lindegaard or hemi-

spheric index, has been used. With hyperemia, raised FV in both extracranial and

intracranial vessels does not alter the ratio; however, with vasospasm, FV is high

only in the intracranial vessels, resulting in a high hemispheric index. The mean
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hemispheric index in normal individuals is 1.76 � 0.1, and pathologic values

suggestive of vasospasm are generally above 3 (40).

Doppler devices capable of accurately measuring the diameter of the vessel

that is being insonated may provide a better method by which to differentiate

between these two hemodynamic causes of increased FV by calculating flow

volume. Flow volume of the internal carotid artery has a close correlation to

hemispheric CBF measured by the 133Xe clearance technique (41) and may be

useful as a bedside estimation of hemispheric CBF.

Doppler techniques may also be useful in assessing dynamic pressure

autoregulation. Sudden deflation of blood pressure cuffs that have been inflated

around both thighs results in a small, transient drop in blood pressure. FV in the

middle cerebral artery measured immediately following the cuff deflation pro-

vides an assessment of the ability of the cerebral vasculature to compensate for

this blood pressure drop. FV normally recovers more rapidly than blood pressure.

If pressure autoregulation is impaired, FV recovery will parallel blood pressure

recovery. Using this methodology, pressure autoregulation has been assessed

serially after severe TBI. At the nadir of the impairment of pressure autor-

egulation at 36 to 48 hours postinjury, 87% of the patients had impaired

autoregulation (42).

INDIRECT MEASURES OF CBF

Jugular Venous Oxygen Saturation

One tool for continuously monitoring global CBF adequacy is jugular venous

oxygen saturation (SjvO2). A fiberoptic oxygen saturation catheter is placed in

the internal jugular vein so that the oxygen-sensing tip of the catheter is posi-

tioned in the jugular bulb. If cerebral oxygen delivery decreases or cerebral

oxygen consumption increases, a greater amount of the total arterial oxygen

content will be extracted during the transport of blood through the brain, and the

outflow venous oxygen saturation will be lower. A low SjvO2 value is not an

indicator of a specific problem but should initiate a search for causes of reduced

oxygen delivery (hypotension, intracranial hypertension, hypoxia, hypocapnia,

or anemia) and/or causes of increased oxygen consumption (seizures, fever).

Two important limitations of SjvO2 monitoring are that jugular venous

blood may not be completely mixed with cerebral venous blood (43) and that

extracerebral tissues can contribute to the blood in the jugular bulb, falsely

elevating the oxygen saturation. Extracerebral contamination can be minimized

but not completely eliminated by proper positioning of the catheter and slow

drawing of blood through the catheter (44). Studies that compare bilateral

measurements of SjvO2 or that compare SjvO2 with oxygen saturation in the

confluence of the cerebral sinuses clearly indicate that when focal lesions are

present after TBI, significant differences may be seen in the oxygen saturation

between the left and right jugular bulbs (45,46). If the monitoring strategy is to
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use SjvO2 as a monitor of global oxygenation, then cannulating the dominant

jugular vein is the best choice because it will be the most representative of the

whole brain. If the monitoring strategy is to identify the most abnormal oxygen

saturation, then the recommendations of Metz et al. should be followed (46).

Even if jugular venous blood were perfectly mixed and saturation values in the

left and right jugular bulbs were always identical, it would still be unreasonable

to expect that a global measure such as SjvO2 could reliably detect an area of

regional ischemia. Therefore, the former monitoring strategy is probably the

most logical.

Normal values for SjvO2 have been assessed in several studies. In a study

of 50 normal young males, it was observed that their SjvO2 ranged from 55% to

71% (mean of 61.8%) (47). More recent studies in which catheter placement was

confirmed radiographically suggest that SjvO2 in normal subjects may be even

lower (52–62%; mean value 57%, with 95% confidence intervals). In patients

with head injury, the average SjvO2 is higher than normal and the range for

SjvO2 is wider than in normal subjects. In a series of 116 patients with con-

tinuous measurement of SjvO2 for the first 5 to 10 days after a severe head injury

(48), SjvO2 averaged 68.1 � 9.7% (range 32–96%) in 1329 measurements.

Jugular venous oxygen partial pressure (PjvO2) averaged 37 � 7 mmHg (range

22–85 mmHg).

Experimental studies have extensively examined the ischemic thresholds

for blood flow. In contrast, only a few studies have examined the SjvO2

threshold associated with the depletion of energy stores, alterations in brain

metabolism, and suppression of brain function (49–51). From the available

studies, it appears that normal brain metabolism and function can be altered at

SjvO2 values less than 45% to 50%, but values less than 20% are required for

irreversible ischemic injury to occur.

Carotid puncture is reported as the most common complication of jugular

bulb catheterization, usually without any sequelae (52–54). Other adjacent

structures that are susceptible to puncture are stellate ganglion, the cervical

sympathetic trunk, phrenic nerve, and pleural dome. As with any intravascular

catheter, the risk of bacterial colonization is directly related to catheterization

duration. Thrombosis of the internal jugular vein occurs commonly with can-

nulation of the jugular bulb, but is usually not symptomatic (55).

Brain Tissue Oxygen Tension

Another method by which to continuously monitor CBF adequacy is placement

of a partial pressure oxygen (PO2) catheter directly into brain tissue. Unlike the

global information obtained from a jugular bulb catheter, a PO2 probe gives

information about oxygenation in the brain immediately surrounding the probe.

For this reason, the precise position of the PO2 probe determines the nature of the

data, and knowledge of the probe position is critical to accurate interpretation of

the PO2.
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The major limitation of SjvO2 as a monitor of CBF adequacy is that

regional ischemia will not be identified. In circumstances such as brain trauma, in

which regional differences in CBF commonly occur, the local nature of the values

obtained from a PO2 catheter implanted in the brain may provide an important

advantage (56,57). When a PO2 catheter is placed in a relatively normal area of the

brain, the information obtained generally correlates with global oxygenation.

However, when a PO2 catheter is strategically placed in an area of interest, the

values provide unique information about the surrounding tissue. The changes in

brain tissue oxygen tension (PbtO2) in a focal area of evolving contusions are

illustrated in Figure 3. Global CBF was normal and SjvO2 remained well pre-

served despite marked hypoperfusion in contused areas of the brain.

Because the PO2 probe is an invasive monitor, limited data are available

regarding brain PO2 values in normal awake subjects. In anesthetized subjects,

brain tissue PO2 values of 20 to 40 mmHg have been recorded. Several sources sug-

gest that PbtO2 values less than 8 to 10 mmHg are abnormally low. PbtO2 in patients

with ischemia was found by single photoemission CT to average 10 � 5 mmHg

compared with 37 � 12 mmHg in normal brain (58). Another group found

that the likelihood of death following a severe head injury increased with

increasing duration of time with PbtO2 less than 15 mmHg and with any

occurrence of a PbtO2 less than 6 mmHg (59). Others correlated serial meas-

urements of both SjvO2 and PbtO2 and found that an SjvO2 of 50% in general

correlates with a PbtO2 of 8.5 mmHg (60).

Figure 3 SjvO2 (closed circles) and PbtO2 (open circles) tracings from a patient who

developed evolving contusions following evacuation of subdural hematoma (surgery

indicated by the black arrow). Initially normal, PbtO2 rapidly decreases postoperatively,

but SjvO2 remains normal. A stable xenon-CT image shows normal average cortical CBF

but large areas of hypoperfusion in the right hemisphere. Abbreviations: SjvO2, jugular

venous oxygen saturation; PbtO2, brain tissue oxygen tension; CBF, cerebral blood flow.
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MEASURES OF BRAIN METABOLISM

Electroencephalogram

Electroencephalogram (EEG) represents the spontaneous electrical activity of

the cerebral cortex, generated by summation of excitatory and inhibitory post-

synaptic potentials of cortical neurons. The electrical signal is amplified, filtered,

and then displayed as either 8 or 16 channels to give a visual representation of

electrical activity throughout the cortex. EEG activity is usually interpreted in

terms of frequency, amplitude, and location.

To facilitate continuous EEG monitoring, several automated EEG proc-

essing systems have been developed. Power spectral analysis allows fast Fourier

transformation of intervals of EEG, providing a graphical representation of the

relative power content of the various frequency bands in each EEG segment.

These spectral diagrams can then be stacked to show changes in the frequency

content of the EEG over time as a compressed spectral array. A spectral analysis

can also give a summary number, such as the mean frequency or the frequency

below which 95% of the signal lies, which can be plotted over time.

Continuous EEG monitoring in patients with TBI during the first week

postinjury identified the occurrence of seizure activity in more than 20% of those

monitored (61). These seizures occurred despite prophylactic administration of

phenytoin at therapeutic levels and were often subclinical, so that the EEG

findings would have been the only clinical sign. Electrocorticography with the

electrodes placed on contused brain has revealed the occurrence of waves of

spreading depression in 50% of patients monitored (62). Studies are currently

underway to better understand the clinical importance of these observations, but it

is likely that they contribute to the secondary injury of the brain following trauma.

Microdialysis

Microdialysis is a technique widely used in animal physiology and pharmacol-

ogy research. In the human brain, microdialysis monitoring has been progres-

sively adopted as a neuromonitoring technique that can provide insight into

neurophysiologic and neuropathologic events. However, as recently reviewed,

application of microdialysis in the ICU remains primarily a research tool (63).

The technique consists of placing a small catheter, simulating a capillary in

the brain parenchyma via a burr hole or at the time of craniectomy. The tip of the

catheter is constructed of a dialysis membrane. When artificial CSF solution is

slowly pumped through the catheter at a rate of 0.3 ml/min, small molecules

present in the brain tissue can pass through the dialysis membrane and equilibrate

with dialysate fluid in the catheter. The fluid that exits the catheter is collected

and analyzed at the bedside for substrates (glucose, pyruvate), metabolites (lac-

tate), neurotransmitters (glutamate), or other substances of interest. The use of

microdialysis has enabled a better understanding of the neurochemical changes

that follow TBI, such as those that occur during secondary ischemic insults.
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The concentration of substances in the dialysate depends on the flow rate

and chemical composition of the perfusate, the length of the dialysis membrane,

the type of dialysis membrane, and the diffusion coefficient or ‘‘tortuosity’’ of

the tissue. The recovery of a particular substance is defined as the concentration

in the dialysate divided by the concentration in the interstitial fluid. If the

membrane is long enough and the flow is slow enough, the concentration in the

perfusate will be the same as in the interstitial fluid, i.e., the recovery rate is

100%. The parameters that are commonly used in clinical studies (10-mm

membrane, perfusion with Ringer solution, and flow rate of 0.3 mL/min) provide

an in vivo recovery rate (extrapolation to zero-flow method) of approximately

70% (64).

SUMMARY

Several brain-specific monitoring techniques are readily available for assessing

the injured brain’s physiology. Some of these techniques, such as ICP, have

established roles in the management of critically ill patients with TBI. For others,

such as microdialysis, it is not clear what the eventual role, if any, will be.

Imaging of CBF in the ICU has just recently become possible, but it is likely to

become an important tool for assessing regional CBF. The use of these neuro-

logic monitoring techniques should be based on an understanding of the nature of

the patient’s brain injury, knowledge of the type of secondary injury processes

that are likely to complicate the patient’s course, and the characteristics of the

monitoring technique.
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Traumatic brain injury (TBI) is a leading cause of trauma morbidity and mor-

tality with an estimated 10 million people experiencing head injuries worldwide

each year (1). In the United States, TBI accounts for approximately 1% of all

injuries and annual visits to the emergency department, with an estimated

1.9 million cases per year. Of this number,

l approximately 800,000 receive only outpatient care
l approximately 270,000 require hospital admission
l mortality is greater than 60,000
l approximately 80,000 adults and children are permanently disabled each year

Most patients with TBI are young, healthy males; therefore, TBI con-

stitutes the leading cause of morbidity and mortality in this patient population. In

addition, TBIs account for as much as 50% of all deaths from acute injuries. In

the United States direct costs are estimated at $4 billion annually, with indirect
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costs approximately 10 times that amount (2). Preventative measures have

reduced the overall death rate from TBI; however, no equivalent effective

therapy has been shown to reduce mortality and improve neurologic outcome

once the injury has occurred. Current treatment modals include hyperventilation,

osmotherapy (mannitol and/or hypertonic saline), drainage of cerebrospinal

fluid, pharmacologic coma, decompressive craniectomy, and therapeutic hypo-

thermia (3). The roles of hypothermia and pharmacologic coma in the treatment

of TBI will be evaluated in this chapter.

HYPOTHERMIA FOR TREATMENT OF TBI

The therapeutic potential of hypothermia to treat TBI was first noted by Hip-

pocrates (460–377 BCE), who advocated that wounded patients be packed in snow

and ice to prevent hemorrhage. He stated that ‘‘a man will survive longer in

winter than in summer, whatever be the part of the head in which the wound is

situated’’ (3). Napoleon’s surgeon general, Baron Dominique Larrey, during the

retreat from Russia in the winter of 1812, used refrigeration by ice and snow to

alleviate wounded soldiers’ pain during amputations. He also observed that

injured patients who were hypothermic and put close to a fire died more rapidly

than those who remained hypothermic. The first clinical application was reported

in 1938 by Fay, who cooled metastatic cancer patients to 278C and noted tumor

shrinkage and pain relief (4). This report was followed in the 1940s by the

research of Wilfred Bigelow, who initiated cardiac surgery and hypothermia

(predating the bypass machine). Induced hypothermia (IH) was first used in

clinical practice as an adjunct to TBI therapy by Fay over 50 years ago (5,6).

Between 1950 and 1960, several (uncontrolled) series were reported in which IH

was included in the management of patients with TBI (6–9). Ultimately, this

research led to the widespread use of hypothermia in cardiothoracic and neu-

rosurgical patients for neuroprotection. Unfortunately, patients were cooled to

158C to 228C (deep hypothermia), which led to systemic complications.

Although IH is still commonly used for neurologic protection during cardiac

surgery (9), deep hypothermia for neuroprotection during neurosurgical proce-

dures was abandoned in the 1960s because of perceived problems of sepsis,

cardiac dysrhythmias, and coagulopathy. While deep hypothermia with total

circulatory arrest is still occasionally used for select giant intracranial aneurysm

cases, mild-to-moderate hypothermia is more frequently utilized in patients who

undergo cerebrovascular surgery rather than in those with severe TBI.

BENEFITS OF HYPOTHERMIA

Animal studies and early single-centered randomized trials showed encouraging

results; however, hypothermia as a treatment for TBI remains controversial (3).

A recent, large, multicentered randomized trial and meta-analysis of the multiple

hypothermia trials have not supported earlier smaller trials or animal data (10).
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Nevertheless, a recent survey of the Neuroanaesthesia Society of Great Britain

and Ireland showed that 41% of respondents induced mild or moderate hypo-

thermia in patients with head injury (11).

MECHANISM

The mechanism(s) of hypothermic protection is debatable and likely multi-

factorial. Primarily, it had been thought to be a result of reduced cerebral met-

abolic rate: for each 18C decrease in temperature, the cerebral metabolic rate

decreases by 6% to 7% (12). A decrease in metabolic rate leads to decreased

oxygen and glucose demand and decreased hypoxemia and ischemia. However,

TBI animal model data suggest other possible mechanisms, including reduced

blood-brain barrier dysfunction with decreased extravasation of hemoglobin

following TBI (13), reduction in cerebral edema (14), reduction in levels of

excitatory neurotransmitters and free radical production (15), reduced inflam-

matory response (16), and decreased intracranial pressure (ICP) (3).

INDICATIONS AND TECHNIQUE

Precisely, how hypothermia should be used to treat TBI is an issue of debate.

In randomized trials, patients with severe TBI defined as a Glasgow Coma

Scale (GCS) score of less than or equal to 8 were chosen (1,2). Trials to date

have excluded those younger than 16 years or those older than 65 years. Patients

with severe cardiac instability of other severe multisystem trauma are also

excluded. All patients had ICP monitoring, and ICP was kept less than or equal

to 25 mmHg in most trials. Cerebral perfusion was greater than 70 mmHg, and

appropriate paralytics and pain medications were administered. The trials had

heterogeneity regarding the temperature to which patients were cooled, the onset

of cooling, the duration of cooling, and the speed at which they were rewarmed.

Some studies cooled patients to 328C–338C, while other studies cooled patients

to 338C–348C (1,2). In some studies, patients were cooled as early as six hours

postinjury and reached a target temperature at approximately eight hours post-

injury, but the ranges of these data varied widely between studies and even

between centers within the same study. While some studies cooled patients for

24 hours, others cooled patients for 48 hours, and some cooled patients for

48 hours and kept them cool until the ICP normalized (1,2).

COMPLICATIONS

Risks of hypothermia include hypotension, sepsis, pneumonia, renal failure,

potassium fluxes, coagulation abnormalities, and possible myocardial infarction

and atrial fibrillation (2,3). However, experimental data show less chance of

complications with temperatures greater than or equal to 328C (17); therefore,

most of the recent clinical trials have cooled patients to no lower than 328C (1,2).
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Controversies Regarding Efficacy

After animal studies and early observations from several small randomized

clinical trials demonstrated improved survival and neurologic outcome results

with mild-to-moderate hypothermia (18–21), a large, multicentered randomized

controlled trial was undertaken [National Acute Brain Injury Study: Hypo-

thermia (NABIS:H)] (10). However, the NABIS:H study was terminated after

enrollment of 392 of the planned 500 patients, when the study showed no dif-

ference in neurologic outcomes after six months. Patients were treated with

either moderate hypothermia (338C) within eight hours of injury or kept at

normal temperature (378C). Thirty-eight percent of the patients were randomized

with waiver of consent. Although ICP was lower in patients who were treated

with hypothermia, these patients stayed in the hospital longer because of com-

plications such as pneumonia. No difference in overall mortality or neurologic

outcome was noted. Since the NABIS:H study, three meta-analysis studies have

evaluated the role of hypothermia in TBI. One meta-analysis study suggests an

overall beneficial effect from moderate hypothermia in the treatment of severe

TBI (22), while two other meta-analyses (2,23) and a Cochrane database review

(1) concluded that no benefit results.

In 2002, Polderman suggested that variability in the management of com-

plications such as hypotension, fluids, electrolytes, and medications among the

11 centers involved in the NABIS:H trial may have contributed to poor results.

Polderman, in his own randomized prospective clinical trial of 136 patients who

suffered severe head injuries, was able to conclude that ‘‘artificial cooling can

significantly improve survival and neurologic outcome in patients with severe

head injury when used in a protocol with great attention to the prevention of side

effects’’ (24).

In some experimental brain injury models, hypothermia must be initiated

within 90 minutes of injury to have any effect (14). The most likely explanation

for the negative effect of hypothermia in the NABIS:H study was that the

intervention was initiated too late following the initial injury, with hypothermia

achieved after the window of therapeutic effectiveness. Post hoc analysis

revealed a sensitive subgroup of patients who benefited from hypothermia: those

who were aged 16 to 45, had an admission GCS of three to eight and were

hypothermic on admission with temperatures less than or equal to_358C. In this

subgroup, those subjects randomized to hypothermia showed a 24% decrease in

the absolute percentage of poor outcome (n ¼ 81; normothermia, 76% poor

outcome; hypothermia, 52%; p ¼ 0.02). The outcome measure was based on the

dichotomized Glasgow Outcome Scale. Improvement was due to a shift of

patients from a severe disability category (poor outcome) to a moderate dis-

ability category (good outcome), with no change in the percentages of vegetative

or dead categories. Based on these findings, NABIS:H II was approved and

funded by the National Institutes of Neurologic Disorders and Stroke in 2001.

Enrollment in NABIS:H II was suspended, and a feasibility trial of early cooling

84 Li et al.



was initiated at the Houston and Calgary study centers in October 2004 and

January 2005, respectively, and successfully completed by August 2005 (personal

communication).

NABIS:H IIR was developed as a result of the data obtained in 2005. It is a

National Institutes of Health randomized clinical trial of 240 patients with severe

TBI (GCS, 3–8), aged 16 to 45. In the summer of 2006, patients who were

accessed within two hours of injury were randomized to hypothermia or nor-

mothermia. The objective of the protocol was to test the effect of very early mild

hypothermia followed by more prolonged moderate hypothermia on patients

with severe brain injury (personal communication).

DISCUSSION

Despite numerous studies much debate remains over the role of hypothermia in

treating TBI (1–3,22,23). Significant heterogeneity between the studies and

institutions performing the trials may explain the contradictions. For instance,

larger institutions/hospitals more adept at handling hypothermia had better

outcomes. Some hospitals were better at randomizing patients with timely pro-

tocols. Moreover, specific subsets of patients fared better than others. For

example, certain studies revealed that patients who arrived cool (<358C) did

better than those who did not. Patients initially presenting with GCS of three to

four did not improve with hypothermia, while patients with an initial GCS of five

to seven experienced improved neurologic outcome (10). Different studies

cooled patients to different temperatures. For example, the Clifton study in 2001

cooled patients down to 338C, while the Shiozaki study cooled patients to

between 348C and 358C (2). Animal studies revealed that the cooler the tem-

perature, the more protective the treatment. For example, sheep studies have

shown that cooling down to 348C is more protective than 368C (normothermia

for sheep is 398C) (25). However, the possibility of greater protection must be

balanced with the higher chance of complications as the patient is cooled to a

lower temperature. The time at which the target temperature was reached also

varied. Animal studies in gerbils, sheep, and rats showed that adverse outcome

was prevented by hypothermia only if cooling was achieved within two to

six hours of the injury (26–28). Cooling (normothermia of 39–348C) of sheep for

72 hours was protective if achieved within 90 minutes, partially effective if

achieved within 5.5 hours, and ineffective if achieved within 8.5 hours. The large

multicentered trial did not reach the target temperature until an average of

8.4 hours postinjury (10). Achieving early hypothermia in brain-injured patients

has been problematic in the past because of the risk of early hypothermia

induction causing increased bleeding complications in patients with unrecog-

nized multisystem trauma. Another problem has been the requirement to delay

randomization while attempts were made to obtain family consent for research.

One other variable not well controlled was the duration of cooling. As mentioned

earlier, some trials cooled for 24 hours, some for 48 hours, and others for a
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minimum of 48 hours without rewarming until the ICP was normalized. As part

of the protective effect of hypothermia for TBI may be secondary to decreased

ICP, cooling until the ICP normalizes seems rational.

Currently, hypothermia is not recommended for treatment of TBI, as the

large, multicentered randomized trial and meta-analyses data do not support it. In

fact, hypothermia is shown to increase hospitalization length and increase chance

of pneumonia, hypotension, and other complications. However, hypothermia for

TBI is still controversial, as many early studies and experimental trials were very

encouraging, and further trials are needed to determine if different cooling param-

eters or different TBI subgroups will respond better to hypothermia. Outcomes in

some of these studies were influenced by depth and duration of hypothermia and

rate of rewarming (�24 hours) after discontinuation of hypothermia.

Future trials should target larger centers that are more adept at reaching

cooler temperatures more quickly. Results from various population subsets,

including initial GCS of patient, age, and initial temperature should be evaluated.

Patients should also be cooled for 48 hours, and then rewarmed only when the

ICP normalizes. Further improvements in outcome may be possible if IH could

be used for longer periods, but the effects of prolonged IH have not been well

described in the literature. Significant improvement in survival and neurologic

outcome for patients with severe head injury may also derive from a protocol

with a strict focus on the prevention of side effects (24).

PHARMACOLOGIC COMA FOR TREATMENT
OF TRAUMATIC BRAIN INJURY

Approximately 10% to 15% of all patients with TBIs will develop intractable

intracranial hypertension i.e., elevated ICP resistant to standard forms of treatment

(sedation, paralysis, hyperventilation, hypothermia, cerebrospinal fluid drainage,

osmotic diuretics, and surgery). The use of pharmacologic coma to treat refractory

elevations in ICP began in the 1970s with Shapiro and colleagues examining the

use of pentobarbital and hypothermia to control high ICP (29). This early work

laid the foundation for a number of subsequent randomized research studies. In

general, no differences in outcome or mortality between barbiturate coma and

control groups were noted, although hypotension occurred more frequently in the

pentobarbital-treated group (30–32). The use of barbiturate-induced coma for the

management of intractable intracranial hypertension remains controversial. The

assessment of the therapeutic value of barbiturates in patients with intractable

intracranial hypertension is difficult. Many of the trials in the literature are non-

blinded and nonrandomized, and it is difficult to make comparisons between these

trials because of differences in conventional treatments used, measurements of

outcomes, and types and doses of barbiturates.

The Guidelines for the Management of Severe Head Injury (33) suggest that

the use of high-dose barbiturate therapy should be considered in the hemody-

namically stable patient with elevated ICP that is refractory to all other medical
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and surgical treatment. A randomized study in 1988 examined the use of pento-

barbital in patients with refractory ICP who had exhausted all first-tier treatment,

including hyperventilation, mannitol, decompressive hemicraniectomies, and

cerebrospinal fluid diversion (34). The pentobarbital treatment group was com-

pared to a control group that received standard therapies. Refractory ICP was

defined as (i) an ICP greater than 25 mmHg for 30 minutes, greater than 30 mmHg

for 15 minutes, or greater than 40 mmHg for 1 minute in closed skulls, and (ii) an

ICP greater than 15 mmHg for 15 minutes, greater than 20 mmHg for 10 minutes,

or greater than 30 mmHg for 1 minute in decompressed skulls. The dosing for the

study included a vigorous regimen: 10 mg/kg IV over 30 minutes, 5 mg/kg IV over

60 minutes � 3, then 1 mg/kg/hr. Of the 925 patients eligible for the study, only

12% met the ICP inclusion thresholds. Results of the study showed that patients

who were treated with barbiturates had a twofold increase in successful control of

ICP when compared to the standard treatment group. Cardiac complications

(e.g., presence of hypotension or hypertension prerandomization) negatively impacted

outcomes in the groups. In the absence of cardiac complications, the pento-

barbital group showed a fourfold increase in successful control compared with

the group of patients with cardiac complications.

Another study retrospectively examined 21 head-injured patients who had

failed conventional ICP management and required barbiturate coma; 67% of the

patients regained control of ICP (35). Patients with ICP control in a barbiturate

coma had a 71% survival rate compared with 14% survival in the group of

patients who did not maintain ICP control. A number of studies have demon-

strated the ability of barbiturate coma to lower refractory ICP, and therefore

resulted in this therapy becoming an adjunctive therapy in the overall treatment

of the TBI patient. However, in a prospective-controlled study, investigators

concluded that no improvement in survivability was achieved with the use of

barbiturate-induced coma (32). To effectively use this modal, a good under-

standing of mechanisms of action, dosing protocol, potential adverse effects, and

monitoring strategies is needed.

Mechanism

Since the 1930s it has been known that high-dose barbiturates are effective in

reducing ICP. The two most commonly used barbiturates for the production of

barbiturate-induced coma are thiopental and pentobarbital. Barbiturates reduce

ICP by decreasing cerebral blood flow (CBF), cerebral metabolic usage of

oxygen (CMRO2), and cerebral glucose by up to 50%, and by acting as a free

oxygen radical scavenger (29,35,36). As the barbiturate load increases, the

conductance of GABA-regulating chloride channels is increased, and the wave

and frequency distribution in the electroencephalogram (EEG) is altered,

effectively decreasing neuronal activity. The decrease in EEG activity produces

burst suppression, where the EEG has bursts of activity followed by periods of

isoelectric activity. The goal in barbiturate-induced coma is to achieve periods of
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absent EEG activity from 6 to 10 seconds, with three to five bursts of EEG

activity per minute. Barbiturates can also alter cerebrovascular tone and inhibit

free radical-mediated lipid peroxidation. However, high-dose barbiturate therapy

is associated with a number of potential adverse effects, including hypotension,

myocardial depression, direct vasodilatation, decrease in immune response, and

reduction in jugular venous oxygen saturation. The most common adverse side

effect is hypotension, with approximately 25% of patients under barbiturate-

induced coma becoming markedly hypotensive.

Pentobarbital is one of the more frequently used drugs to induce barbiturate

coma. Pentobarbital has a rapid onset of action, prolonged effect on CBF, meta-

bolic rate, and ICP, and is seen by some to be safer than thiopental because of a

more gradual impact on the cardiovascular system. Injection of pentobarbital

produces an effect in the central nervous system within 10 to 60 seconds, with a

half-life of 20 hours (37). Monitoring the effects of the barbiturate-induced coma

includes regularly assessing physiologic parameters and following serum drug

levels. Pentobarbital doses are to be adjusted to maintain serum levels of 3 mg/dL.

Through induction of the hepatic microsomal cytochrome P450 system,

pentobarbital increases the metabolism of multiple compounds. Among these are

other anticonvulsant medications such as warfarin, steroids, metoprolol, and

vitamin K. Concurrent administration of other central nervous system depres-

sants will potentiate the sedative, respiratory, and hemodynamic effects of

pentobarbital (38,39).

Indications, Techniques, and Complications

A number of regimens are used for dosing pentobarbital to produce barbiturate-

induced coma. One commonly used regimen includes the following: a loading

dose of 10 mg/kg IV over 30 minutes, followed by 5 mg/kg IV over 60 min �
3 doses, a maintenance dose of 1 to 3 mg/kg/hr adjusted for optimal ICP control,

a titration dose to maintain EEG-burst suppression at 3 to 5 bursts/min, and

measurement of serum pentobarbital level in the 3%–4 mg% range (40).

Patients require continuous ICP monitoring because of the loss of neuro-

logic examination as a result of the barbiturate effect and EEG monitoring.

Barbiturate infusion is titrated to maintain a burst-suppression pattern on EEG.

Patients often require invasive cardiovascular monitoring, including central

venous and pulmonary artery catheters to monitor intravascular volume and

cardiac function because of myocardial suppression. Although brain tissue

oxygen requirements are lowered with barbiturate coma, a brain oxygenation

monitor (LICOX) should also be placed to ensure adequate oxygenation. The

escalation of critical care and complications associated with the use of barbi-

turates can mean costly therapy. For every four patients treated, one may become

hypotensive, requiring aggressive cardiovascular support (38).
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DISCUSSION

Barbiturate therapy is utilized as a treatment for those patients in whom ICP

remains refractory to other treatments. Many of the randomized trials that exam-

ined barbiturate therapy were conducted in the 1980s and 1990s when standard

intensive care management differed significantly from today’s practice (39).

Variations in dosing regimens and outcome measurements also contributed to the

wide variability in results. At that time, for example, the profound adverse effect

of even a single episode of systemic hypotension on neurologic outcome was

not well recognized, and this may have contributed to increased mortality in

barbiturate-treated patients. The contemporary relevance of these studies is

therefore unclear (39). In summary, no evidence supports prophylactic high-dose

barbiturate therapy. Barbiturates are often used to control refractory intracranial

hypertension, but side effects are significant, and there is no definitive evidence to

support improved neurologic outcomes.

CONCLUSION AND FUTURE DIRECTIONS

While experimental studies and early single-centered randomized trials have

demonstrated encouraging results hypothermia as a treatment for TBI remains

controversial at this juncture. At present, hypothermia is not recommended for

treatment of TBI, as the large, multicentered randomized trial and meta-analyses

data do not demonstrate efficacy. Future trials should take into account important

variables such as methods to reach cooler temperatures more rapidly and optimal

duration of IH. Barbiturate therapy continues to be utilized as a therapeutic

modality in patients with refractory intracranial hypertension.
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INTRODUCTION

Traumatic brain injury (TBI) represents one of the leading causes of injury,

hospitalization, and death among pediatric patients. The U.S. Centers for Disease

Control and Prevention estimates 475,000 children (younger than 14 years)

sustain TBI each year, resulting in 37,000 hospital admissions and over 2600

deaths (1). Young male children (younger than 4 years) have the highest com-

bined prevalence of TBI (1353/100,000) that results in emergency department

visits, hospitalization, or death of any subgroup in the U.S. population. However,

within the pediatric population, adolescents have the highest incidence of death

(24.3/100,000) because of TBI (1).

The average length of stay for a TBI admission is 4.5 days, with an average

cost of approximately $20,000 (2). In a single year, pediatric hospitalizations for

TBI consumed over 1 billion health care dollars. However, the true cost of

childhood TBI is largely unknown. When factoring in long-term effects on

learning, cognition, and behavior, which consume further health care, rehabili-

tation, and education resources, the true economic burden of pediatric TBI is

estimated at $20 billion/yr (3). Despite the economic and social burden of

pediatric TBI, public funding for research is extremely limited, representing less

than 1% of the economic burden of the disease (4,5).
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In 2003, after multidisciplinary review of the existing literature, the

evidence-based ‘‘Guidelines for the acute medical management of severe traumatic

brain injury in infants, children, and adolescents’’ (The Guidelines) were published

(6). Despite inclusion of over 350 class I–III studies and reviews and exclusion of

thousands more, only six treatment guidelines (Class II) and no treatment standards

(Class I) were formulated, suggesting that pediatric neurotrauma research remains

an emerging field. In this chapter, recent research into TBI treatment paradigms will

be reviewed, particularly that which has changed our understanding of traumatic

injury to the developing brain.

PLASTICITY AND RESPONSE TO INJURY

It is a common but inaccurate belief that children with TBI have a better chance

for recovery than do adults with the same injury. In contrast to the correlation

between young age and positive outcome from TBI in the adult population, a

discontinuity exists between age and outcome in children. Subgroups within the

pediatric population have varying mechanisms for injury, response to injury, and

potential for recovery. A review of the Trauma Coma Databank demonstrates a

nonlinear relationship between age and outcome in children: infants and toddlers

(aged 0–4 years) have the worst outcomes for a given injury, while children

(aged 5–10 years) have the best outcomes (5,7).

Some of this discontinuity may be attributed to the unique mechanism of

and response to nonaccidental trauma seen in patients younger than 4 years. For

example, children exposed to nonaccidental TBI may suffer from sudden, sec-

ondary, and often catastrophic edema of one or both hemispheres (‘‘black brain’’

syndrome) (8) (Fig. 1). Anecdotally, this event may occur in the presence of acute

subdural blood over the cerebral hemispheric surface, even in the case of very thin

subdural collections with relatively limited mass effect (9). However, the efficacy

of subdural hematoma evacuation and other surgical or medical interventions to

prevent black brain syndrome are unknown.

Most existing models of TBI and cognitive measures of recovery inad-

equately represent the dynamic state of brain development in children. It is not

enough to target treatment and recovery to preinjury baseline in a child, as ‘‘the

baseline function of normal peers has already moved on’’ (10). Injury to func-

tional brain areas that are not yet developed may falsely mask the severity of

injury until months to years later, when the child shows impairment in executive

function, higher-level cognitive function, and school performance compared

with his or her peers. Thus, unlike in adult patients, the full effects of a pediatric

TBI may not be fully apparent at the time of injury (5,10).

The Central Role of the N-Methyl-D-Aspartic Acid Receptor

Only recently has a potential mechanistic explanation emerged for this paradoxic

response to injury in children. A role for glutamate in posttraumatic neuro-

toxicity has been identified in adults. Mechanical disruption of cell membranes,
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with secondary alteration in energy-dependent cell transport (due either to

hypoxia or hypotension or to both) may release toxic doses of glutamate into the

extracellular space, damaging surrounding neurons (11,12). Discovery of glu-

tamate excitotoxicity in TBI also provided a therapeutic target, leading to

multiple subsequent clinical trials of N-methyl-D-aspartic acid (NMDA) receptor

and glutamate antagonists (13–17). Despite promising data using such compounds

in animal models of TBI, they have largely failed in clinical trials.

Moreover, NMDA blockade appears to worsen outcomes after TBI in

children (10,18,19). This deleterious effect may result from interference by these

drugs with normal developmental events that occur in the immature brain. The

temporal control of excitatory pathways during the development of hippocampus

and motor, sensory, and visual cortices appears to depend on differential

expression of subunits of the NMDA receptor. Two major subunits, NR2A and

NR2B, exhibit differential affinity for glutamate and ion channel opening. Little

expression of NR2A occurs during the early neonatal period, but its relative

concentrations compared to NR2B increase dramatically during cortical devel-

opment, peaking during somatosensory cortex organization and ocular domi-

nance column formation (18). Although neuroprotective in adults, blockade of the

NMDA receptor in developing cortex results in significant neuronal apoptosis

(18,20–23). NR2A-receptor activation may inhibit pruning, while administration

Figure 1 Noncontrast CT of a six-month-old female showing diffuse global hypodensity

of the cerebral hemispheres (solid arrows). Imaging was performed less than two hours

after initial evaluation for nonaccidental injury. By contrast, the cerebellum is relatively

spared (open arrows). This radiographic pattern of so-called ‘‘black brain’’ syndrome is

known as the ‘‘cerebellar-reversal’’ sign. Abbreviation: CT, computer tomography.
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of pharmacologic NMDA antagonists may lead to ‘‘overpruning.’’ Injury-induced

reductions in the expression of NR2A receptors in injured developing cortex may

also result in overpruning (18). Overpruning of developing cortex due to lack of

glutamate signaling in NR2A pathways may outweigh the potentially beneficial

effect of blocking direct glutamate excitotoxicity in children and result in poor

recovery of function.

In theory, selective blockade of the NR2B subunit by the later generation

glutamate antagonist traxoprodil (CP-101606) could block glutamatergic neuro-

toxicity without deleterious effects on developing cortex. However, because of

regulatory difficulties associated with performing clinical trials in children (24),

pediatric patients were excluded from current trials of traxoprodil (17). Pharma-

cologic targeting of the apoptotic cascade, especially the caspases and mito-

chondrial cytochrome c, has shown promise in the treatment of TBI (5,25–27).

However, because apoptosis, like glutamatergic neurotransmission, is crucial to

the normal development of cortical pathways, nonselective inhibition of apoptosis

could also be more harmful than helpful in children (5).

DEVELOPMENT AND MANAGEMENT OF CEREBRAL
EDEMA AND ITS SEQUELAE

Diffuse cerebral swelling early after injury in pediatric patients is a significant

clinical problem and a source of secondary injury because of resultant brain

ischemia and herniation. Clinical management targeted at reducing brain edema

led to the first robust improvements in morbidity and mortality for pediatric

trauma patients (5,28–30). Research into the mechanism of severe cerebral

edema in children incited the establishment of pediatric TBI as a unique area of

experimentation and expertise. Although diffuse cerebral edema is up to five

times more common in infants and children than in adults, it is unclear why this

difference exists and how best to treat it (5,31,32).

Reaction of the Developing Brain

Four major types of reactive edema occur in the brain: vasogenic, cytotoxic,

osmotic, and interstitial. The latter two are specific to particular disorders, such

as a syndrome of inappropriate antidiuretic hormone and hydrocephalus, while

the former two are most relevant to discussion of TBI. Furthermore, edema

(leakage of protein-rich exudate into the extravascular space and/or accumula-

tion of excess intracellular water) should be distinguished from brain swelling

due to vascular engorgement (i.e., hyperemia, the dilation of resistance

arterioles, resulting in an absolute increase in the blood volume component of

the intracranial compartment) (33). While hyperemia may play a significant

clinical role in a minority of pediatric patients with TBI (see below), edema is

responsible for the majority of traumatic brain swelling in most patients. For

example, clinical MR imaging has recently demonstrated that vascular

engorgement is responsible for only 1% to 20% of increasing brain volume
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after TBI, whereas edema (vasogenic þ cytotoxic) is responsible for 80% to

99% of traumatic brain swelling (34).

Vasogenic Edema

Breakdown of the blood-brain barrier (BBB) may been seen after trauma because

of direct mechanical disruption of the endothelial tight junctions or, more

commonly, because of release of vasoactive/inflammatory cytokines that result

in increased permeability of the capillary membrane. True vasogenic edema is

characterized by increased albumin and other high-molecular weight plasma

proteins in the extracellular compartment, where they typically do not occur

(33,35). While BBB opening has been documented in experimental models of

TBI as early as three hours postinjury, it is usually seen only when ischemia/

hypoxia is added to the mechanical injury (33,36). Furthermore, clinical imaging

has failed to show alteration of the BBB permeability during the first 24 hours

after injury, even in the presence of focal and diffuse edema (37,38). Thus,

recent clinical studies suggest that vasogenic edema is not responsible for the

majority of diffuse edema seen in TBI.

Cytotoxic Edema

Cytotoxic edema, which occurs regardless of the status of the BBB, is due to a

pathologic accumulation and sequestration of water in the intracellular space. It

is characterized by a breakdown of ion gradients across the cell membrane, with

rapid influx of Naþ, Cl–, Ca2þ, and Hþ and influx of water down its osmotic

gradients. This cellular swelling can be initiated by glutamate excitotoxicity,

which affects both neurons and astrocytes, and may occur as early as four hours

after injury (33). As Kimelberg and Unterberg pointed out, ‘‘(since) neurons are

outnumbered 20:1 by astrocytes in humans, and (astrocytes) can swell to five

times their normal size, it is obvious that glial swelling is the main mediator of

brain edema’’ (33,39).

Restoration of ion and water gradients is dependent on active transport.

Once initiated, cytotoxic edema is augmented and sustained by the energy failure

that often accompanies TBI. Characteristically, this failure may be initiated by

ischemia and/or hypoxia and is sustained by mitochondrial dysfunction due to

inflammation and/or Ca2þ-mediated activation of cell-death pathways (33,40).

This dysfunction can persist for up to 14 days after injury and is responsible for a

significantly larger proportion (100:1) of cell death than excitotoxicity (23,41).

Role of Mitochondria in Pediatric Response to Injury

In addition to the production of adenosine triphosphate to maintain cellular

activity, mitochondria also play a critical role in Ca2þ sequestration from the

cytosol (limiting activation of apoptotic cascades) and in the activation of pro-

grammed cell death via release of cytochrome c. Animal models of TBI are
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characterized by reduced cellular respiration and impaired ability to sequester

calcium as early as one hour postinjury, even in areas far removed from a focal

impact (41). Immature brains harbor three times the number of mitochondria per

cell than do adults, and these mitochondria have a reduced ability to sequester

Ca2þ. More importantly, mitochondria in immature brains release cytochrome c

more vigorously in response to injury than do mature brains (27). Thus, differences

in mitochondrial number and function might contribute to the exaggerated diffuse

edema response in childhood injury compared with adults. In support of this

hypothesis, cerebrospinal fluid (CSF) levels of bcl-2, Hsp-60, and cytochrome c

(all markers of mitochondria dysfunction) have been shown to correlate with

severity of injury and outcome in pediatric patients (27,42–44). Promising results

were shown in preclinical trials that therapeutically targeted mitochondrial func-

tion or adopted a so-called ‘‘mitoprotective’’ strategies, including calcium-channel

blockade, administration of antioxidant free radical scavengers, and administration of

cyclosporine A, which blocks the mitochondrial inner membrane transport pore (27).

Although calcium-channel blockade has not been similarly effective in patients,

other agents have not yet been tested in clinical trials.

Role of Inflammation in Pediatric Response to Injury

Inflammatory responses to injury may also play a unique role in the diffuse

cerebral edema characteristic of the immature brain. Neutrophil influx in

response to injury and excitotoxicity (as modeled by glutamate injection) is more

pronounced in immature than in mature rat brain (45,46). Similarly, clinical

studies demonstrate increased levels of interleukin-6 (IL-6), IL-8, and IL-10 in

CSF from children with TBI, in whom increased CSF levels of IL-8 and IL-10

are directly correlated with mortality (45,47,48). These cytokines increase BBB

permeability, which results in vasogenic edema, and act as chemotaxins for

neutrophils, which elaborate free radicals, alter membrane permeability, impair

cellular equilibrium, and result in cytotoxic edema (45).

The inflammatory response to brain injury can be pharmacologically

blunted, resulting in a reduction in late edema formation. Postinjury delivery of

FK-506 (tacrolimus) to rodents reduces inflammatory markers in CSF but only

inhibits edema formation in the nonimpacted hemisphere (49). Inhibition of

calcineurin, a protein phosphatase activated by inflammation, may mediate the

effect of FK-506 (50). Indirect benefits of FK-506 administration include inhi-

bition of glial-derived proinflammatory cytokines (IL-1, IL-6, tumor necrosis

factor a), inhibition of astrocyte proliferation and hypertrophy (glial scarring),

and release of brain-derived growth factor.

Nevertheless, preclinical studies show worse long-term outcome in injured

animals treated with immunosuppressants (51). Immunosuppressants may impair

neuronal plasticity and regeneration in a manner similar to nonspecific blockade

of glutamate. Thus, nonspecific inhibition of inflammation may be more harmful

than beneficial in recovery from pediatric TBI (45,51).
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ACUTE MANAGEMENT OF ELEVATED INTRACRANIAL
PRESSURE IN THE PEDIATRIC PATIENT

Modern management of severe TBI aims to prevent the occurrence of secondary

injury due to hypoxia, ischemia, and brain herniation. Central to this pursuit is

accurate measurement of intracranial pressure (ICP) and avoidance of intracranial

hypertension. The acute management of intracranial hypertension, in turn,

revolves around manipulation of the individual ‘‘incompressible structures’’

within a fixed intracranial vault (blood, CSF, and brain parenchyma), according to

the doctrine introduced by Monroe and Kelly nearly 200 years ago (52). A second

set of strategies seeks to reduce the impact of relative ischemia (due to intracranial

hypertension) by temporarily lowering cerebral metabolic demand.

For example, sedation and analgesia may serve both (i) to modify cerebral

blood flow (CBF) (either directly or indirectly) and thus the cerebral blood

volume and (ii) to reduce the cerebral metabolic demand component. Hyper-

ventilation also reduces CBF but relies on an intact cerebral autoregulation

pathway. Ventriculostomy and lumbar drainage directly reduce the volume of

CSF, whereas hyperosmolar therapy serves to reduce parenchymal water volume

and improve CBF rheology. Each intervention is thus designed to reduce the

volume of the intracranial contents (reducing pressure) or at least to ameliorate

the effects of intracranial hypertension by reducing cerebral metabolic demand.

By contrast, decompressive craniectomy aims to control intracranial

hypertension by increasing the size of the intracranial compartment itself. Cra-

niectomy, when used, is generally reserved for patients in whom medical therapy

for cerebral swelling has failed.

While The Guidelines propose a critical pathway for the management of

severe TBI, all of its elements represent treatment options with Class III evi-

dence (6). Early outcome studies from implementation of the adult guidelines

describe improvements in all secondary indicators of outcome (such as outcome

scores, length of stay, and cost of care). However, the impact of implementing

The Guidelines has not been formally studied (53).

Monitoring the Pediatric Patient

A randomized controlled trial has not been conducted to evaluate the impact of

invasive ICP monitoring on the management and outcome of TBI (6). ICP

monitoring by ventriculostomy or fiberoptic strain gauge remains the single most

common monitoring technology used in pediatric TBI, even though the editors

of The Guidelines found evidence for its use only at the level of a treatment

option (6). Ventriculostomy allows for the simultaneous measurement of ICP

and treatment of intracranial hypertension by ventricular CSF drainage (6). The risk

of procedural complication of ventriculostomy in children is approximately four

times greater than that for placement of a fiberoptic monitor. Nearly 18% of

external ventricular drain placements are associated with radiographic hemorrhagic

complications compared with 6.5% for fiberoptic monitors (54).
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ICP monitoring is recommended in all children with severe TBI: Glasgow

Coma Scale (GCS) score of less than or equal to 8 and an abnormal CT (edem-

atous brain, presence of a mass lesion, etc.) (Fig. 2). ICP monitoring also serves as

the primary guide to implementation of nonsurgical therapies. Unfortunately, only

one-third of children younger than two years who meet criteria for ICP monitoring

receive a monitor (55). The Guidelines indicate that ‘‘the presence of an open

fontanel and/or open sutures . . . does not preclude the development of intracranial

hypertension or negate the utility of ICP monitoring’’ (6,56).

Even when utilized, ICP monitoring poses a number of technical chal-

lenges. Bolt-style ICP monitors drift approximately 0.95 mmHg/day in 87.4% of

cases (57). Bolt monitors do not work well in children whose calvarial plates are

less than 5-mm thick and/or are still largely cartilaginous. In adults, dislocation

of the bolt occurs in 1.5% of cases, with dislocation of the probe in less than

1.5% (57). This complication rate is anecdotally higher in infants and young

children. Alternatively, parenchymal monitors that can be introduced by tunneling

without a bolt may be more resilient in infants and young children.

CBF and Cerebral Perfusion Pressure

CBF, which determines the actual delivery of oxygen and vital nutrients to the

parenchyma, remains an elusive parameter to measure and treat in pediatric (and

Figure 2 Abnormal CT imaging in a four-year-old male with a GCS score of 4 shows

diffuse edema with bilateral cisternal effacement. This patient underwent bifrontal

decompressive craniectomy in addition to intracranial pressure monitoring. Abbreviations:

CT, computer tomography; GCS, Glasgow Coma Scale.
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adult) TBI. Cerebral perfusion pressure (CPP), which provides the driving force for

blood flow, has been used as a validated surrogate for CBF and is easily calculated

by subtracting ICP from mean arterial pressure. To a degree, the focus of pediatric

TBI management has shifted from the avoidance of intracranial hypertension per se

to the maximization of CBF, according to its surrogate measure, CPP.

The Guidelines recommend a minimum CPP of greater than 40 mmHg (6).

Cytotoxic edema develops when CBF drops below 10 mL/100 g/min, which

corresponds to energy failure and breakdown of ion exchange (33). This finding

is borne out in clinical studies that demonstrate poor outcomes in association

with CBF below 20 mL/100 g/min (45,58). Similarly negative outcomes are

observed in children with TBI when mean CPP falls below 40 to 45 mmHg

(59,60). Since publication of The Guidelines, additional data on the age

dependence of CBF and CPP have emerged. Maintenance of CPP at greater than

53 mmHg for children aged 2 to 6 years, greater than 63 mmHg for ages 7 to

10 years, and greater than 66 mmHg for ages 11 to 16 years may more accurately

predict improved outcome; these levels also reflect known age-related differ-

ences in baseline CBF during development (32,61) (Table 1).

Although commonly used in clinical practice, CPP is only an indirect mea-

surement of overall organ perfusion and does not accurately reflect either global

or regional variations in CBF seen after TBI. For example, focal contusions are

characterized by a rim of relative hypoperfusion, with a larger area of surrounding

hyperemia (33). Furthermore, CPP–targeted therapy is based on the inaccurate

assumption that cerebrovascular autoregulation is intact. In fact, autoregulation is

impaired in 40% to 45% of children with initial GCS score of less than 12 (62).

A more fundamental problem with ‘‘CPP management’’ may result from

its lack of a clear operational definition (63). In essence, CPP management

incorporates three distinct therapies:

l Hypotension avoidance (which is a standard and widely accepted component

of trauma management).
l Permissive intracranial hypertension (i.e., allowing the ICP to rise above

the traditionally accepted level of 20 mmHg without treatment, as long as

CPP is within the recommended range).

Table 1 Age-Related Norms for Cerebral Blood Flow and Cerebral

Perfusion Pressure

Age

CBF

(mL/100 g/min) Age

CPP

(mmHg) goal

0–6 mo 40

3–4 yr 108 2–6 yr >53

9 yr 71 7–10 yr >63

>18 yr 40–50 11–16 yr >66

Abbreviations: CBF, cerebral blood flow; CPP, cerebral perfusion pressure.
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l Induced systemic hypertension (i.e., treatment of inadequate CPP with

pharmacologically induced systemic hypertension instead of traditional

ICP-lowering therapies such as osmotic diuretics).

Because most early reports of CPP–directed therapy in children incorpo-

rate an unspecified conglomeration of the latter two techniques, it is difficult to

establish the safety and efficacy of either (63).

Whether management of severe TBI is directed toward ICP control or

optimization of CPP, avoidance of severe intracranial hypertension is necessary

to prevent cerebral herniation. When it occurs, herniation generally leads to

widespread secondary injury or death. Therefore, avoidance of severe intracranial

hypertension (>30–35 mmHg) remains a cardinal principle in all strategies of

TBI management.

Hyperosmolar Therapy

Mannitol has remained a cornerstone of the management of intracranial hyper-

tension since its introduction to clinical use in 1961 (64). Mannitol lowers ICP by

two distinct mechanisms. It causes a rapid onset (single circulatory cycle) and

transient (<75 minutes) improvement in the rheostatic properties of blood. In the

setting of an intact cerebral autoregulation, decreased blood viscosity is matched

by a reflex vasoconstriction, which decreases the cerebral blood volume while

maintaining flow and substrate delivery. There is also a slow onset (15–30 minutes)

and durable (6 hours) decrease in the water volume of the cerebral parenchyma.

This effect requires an intact BBB and relies on osmotic flow of water from the

parenchyma to the intravascular space. In areas with an impaired BBB, a reverse-

osmotic shift may occur, paradoxically increasing ICP. This shift is more often seen

when mannitol is administered continuously, and when it is administered during the

secondary phase of cerebral edema. Therefore, mannitol administration is currently

recommended as a bolus (0.25–1.0 mg/kg), limited by maximum serum osmolarity

of 320 mOsm/L (6). More recent studies in adult patients suggest that high-dose

mannitol (1.4 mg/kg/bolus) is more effective at reducing both ICP and mortality.

The effect of these doses has not been tested in children (65).

In 1919, hypertonic saline was first reported as a treatment for cerebral

edema (66). Hypertonic saline shares the same rheostatic properties and effect

on total brain water as mannitol and similarly relies on an intact BBB. Higher

serum osmolarity (>350 mOsm/L) is tolerated, especially in children. Hypertonic

saline also has beneficial effects on cardiac output and resuscitation from shock,

thereby reducing secondary insults in the form of ischemia/hypoxia (45). The

Guidelines recommend an infusion of 0.1 to 1.0 mL/kg/hr of 3% hypertonic

saline for children, titrated to the minimum rate necessary to keep ICP at less

than 20 mmHg. Both retrospective and prospective studies have shown

reduced morbidity and mortality when elevated ICP is treated with hypertonic

saline (6). Of potential interest is the role of higher concentrations of saline
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(e.g., 7.5% or 23.4%), which have yet to be systematically evaluated in

pediatric patients.

Care should be taken during hyperosmolar therapy to maintain homeostatic

intravascular volume by using adequate normal or hypertonic fluid replacement.

Dehydration, decreased intravascular volume, and hypotension may catastrophi-

cally complicate management of severe TBI (6).

Sedation and Analgesia

Adequate sedation and analgesia are routinely employed in the management of

critically ill patients, especially children. These agents play important roles in

analgesia, ventilator management, and the avoidance of intracranial hypertension

due to agitation. Their effect on ICP and outcome after pediatric TBI is unlikely to

be tested in a randomized trial. However, the relative risks and benefits of par-

ticular agents continue to be examined, mostly in the form of retrospective studies.

A number of considerations particular to pediatric patients deserve men-

tion. Propofol infusion, commonly utilized in adult patients, is absolutely con-

traindicated in children because of the risk of irreversible lactic acidosis,

rhabdomyolysis with acute renal failure, and cardiovascular collapse (67).

Benzodiazepines, which are preferred in children, have been shown to reduce

cerebral metabolic rate of oxygen consumption (CMRO2) by up to 25% without

inducing hypotension (unlike barbiturate therapy, see below) (6). Short-acting

opiates (fentanyl, remifentanil) are often used in children despite the lack of a

systematic examination of their effects. Increases in ICP of up to 15 mmHg have

been reported with the use of sufentanil; its use in children with head injury is

contraindicated (68). Remifentanil is the only short-acting opiate to consistently

reduce ICP (69).

Barbiturate Therapy

Barbiturate therapy for intracranial hypertension has been used in children who

are refractory to first-line therapy with diuretics, sedation, and analgesia. A

randomized trial of barbiturate therapy for intracranial hypertension in children

has never been conducted. Small series suggest that induction of barbiturate

coma in children refractory to other measuresmay reduce ICP to less than 20mmHg

in over 50% of patients (70). Nevertheless, recent meta-analysis by the Cochrane

group for all age groups found no evidence to support the use of barbiturates in

head-injured patients. No significant difference was observed in pooled risk of

death (relative risk, RR, 1.09; 95% confidence interval, CI, 0.81–1.47), only a trend

toward lower ICP (RR, 0.81; 95% CI, 0.62–1.06) and a significant incidence of

hypotension, which required pressor therapy (RR, 1.8; 95% CI, 1.19–2.70) (71).

The Guidelines consider barbiturate therapy an option among second-tier

therapies (6).

Barbiturates lower ICP by two distinct but interrelated mechanisms: sup-

pression of metabolic activity and decreased vascular tone. This class of agents
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has been shown to reduce CMRO2 by 50% at doses that resulted in electro-

encephalographic burst suppression (72). When cerebrovascular autoregulation

is intact (often not the case), a coupled reduction in CBF and volume occurs

because of the reduced metabolic need for oxygen. Barbiturates also confer a

theoretical advantage by acting as free radical scavengers, inhibiting lipid

peroxidation and blunting the inflammatory and excitotoxic responses (6).

Thiopental and pentothal, both short-acting barbiturates, are the preferred

agents for inducing a barbiturate coma. In children, thiopental is administered as

a loading dose of 10 to 20 mg/kg, and a maintenance infusion of 3 to 5 mg/kg/hr.

Pentobarbital is administered as a loading dose of 10 mg/kg over 30 minutes,

boluses of 5 mg/kg every hour for an additional three hours, and then mainte-

nance of 1 mg/kg/hr (70,71,73). While serum levels may correlate with incidence

of side effects (most importantly hypotension, seen in up to 90% of children),

they do not correlate well with suppression of cerebral metabolic activity (73).

Barbiturates are generally utilized only when adequate cerebrovascular and

neurologic monitoring is available (such as Swan-Ganz or PiCCO catheters and

continuous electroencephalographic monitoring). Barbiturate infusions are typ-

ically titrated to produce burst suppression (4–5 bursts/min) on electroenceph-

alogram (74). One newer option, titration of barbiturates to a bispectral index of

0 to 10 and suppression ratios of greater than 85%, has been demonstrated in

small numbers of pediatric patients to be safe and effective and to correlate well

with electroencephalogram burst suppression (75,76).

Hyperventilation

Hyperventilation, which results in hypocapnia and constriction of resistance

arterioles, was one of the earliest cornerstones in modern management of

intracranial hypertension. On the basis of the assumption that diffuse cerebral

edema in children with TBI was because of hyperemia, hyperventilation offered

a potentially beneficial reduction in the cerebral blood volume. Nevertheless,

both the adult and pediatric guidelines caution against prophylactic hyper-

ventilation to PaCO2 of less than 35 mmHg. Temporary hyperventilation may be

considered a second-tier treatment option for refractory elevation of ICP, generally

while other therapeutic measures are instituted (6). The detrimental effects of

long-term hyperventilation include iatrogenic ischemia (both by reduction

of CBF and left shift of the oxyhemoglobin dissociation curve) and depletion of

cerebral interstitial bicarbonate (with resultant hyperreactivity of the resistance

arterioles to subsequent changes in PaCO2) (77). Iatrogenic hyperventilation in

children has been shown to significantly increase the incidence of regional

ischemia (CBF < 20 mL/100g/min) (78).

Although untested, a minority of children who suffer from severe TBI may

have an idiosyncratic dysfunction of cerebral vascular regulation, which results

in clinically significant hyperemia (62). It remains to be determined how to

identify such children clinically and how to most effectively guide and monitor
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hyperventilation therapy for them to avoid secondary complications. Without

accurate CBF monitoring, hyperventilation should be avoided.

Therapeutic Hypothermia

Few, if any, novel interventions for TBI carry more theoretical promise than

hypothermia. It may be the most ‘‘consistently positive therapy in experimental

models’’ (5). Induction of hypothermia has improved outcomes after experi-

mental TBI, hypoxic-ischemic injury, stroke, and cardiac arrest. Hypothermia may

intervene on a number of pathophysiologic levels: reduction of CBF, reduction

of CMRO2, blunting of excitotoxicity, blunting of the inflammatory response,

inhibition of necrosis from primary injury, and prevention of apoptosis from

secondary injury.

Nevertheless, experimental data that support the safety and efficacy of

induced hypothermia are limited in adults and nearly nonexistent in children. A

recent Cochrane review for all ages concluded that no evidence supports the use

of hypothermia in TBI, noting trends toward reduced death and disability (odds

ratio, OR, 0.75; 95% CI, 0.56–1.00) but significantly increased risk of pneu-

monia (OR, 1.95; 95% CI, 1.18–3.23) (79). When the Guidelines were for-

mulated, the conclusion drawn from the two extant studies of hypothermia in

children (the most recent from 1973) was the need for further study. Indeed, a

multicentered trial of induced hypothermia for severe TBI in children has

recently been approved and funded (Adelson, PD personal communication).

Induced hypothermia may be complicated by a high incidence of morbidity

due to shivering, coagulopathy, increased blood viscosity, arrhythmia, sepsis,

and pneumonia. Analysis of both laboratory and clinical data suggests that

benefit-to-risk ratios may be idealized utilizing core temperature targets from

348C to 358C (80). Most clinical studies, including the two randomized safety

trials that have emerged since publication of The Guidelines, now target cooling

to approximately 328C (6,79,81). Animal studies suggest that peak cerebral

protection and reduced neurologic morbidity occur with cooling to 308C to 328C
within 60 minutes of injury. Delayed cooling (i.e., reaching target temperature

within 6 hours of injury) confers benefit only when continued for at least

48 hours, with the optimal duration unknown (80).

In children, no benefit of induced hypothermia for TBI has been proven.

Two recent trials demonstrate favorable, although modest, reduction in ICP from

cooling for 48 hours, beginning within 6 hours of injury (82,83). Both trials also

describe rebound intracranial hypertension during rewarming and recommend

passive rewarming of 18C over 4 hours, with a goal of reaching a core tem-

perature of greater than 36.58C. Rebound intracranial hypertension may be due

to changes in cerebral blood volume and increased inflammation, as optimal

biologic temperature is achieved. Inhibition of the inflammatory response with

FK-506 also confers axonal protection during rewarming in animal models of

hypothermia (84). Given the variable responses of different age groups to injury,
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it is likely that the therapeutic targets for core temperature and the duration of

cooling and rewarming are age dependent.

A corollary to therapeutic hypothermia is the avoidance of hyperthermia in

brain-injured patients. The deleterious effects of fever in children with severe

TBI are well described (6). Fever should be aggressively treated as appropriate

with acetaminophen and/or active cooling.

Nutrition

Little evidence exists regarding the specific nutritional needs of mechanically

ventilated children with severe TBI (6). Children may suffer from a specific

vulnerability to hyperglycemia, which has been shown in experimental models to

worsen secondary brain injury in immature animals (85). In the absence of

additional clinical evidence, it may be prudent to monitor for and avoid hyper-

glycemia in children with severe TBI who are receiving supplemental nutrition.

Antiepileptic Drugs

The Guidelines recommend, as a standard of care, the avoidance of antiepileptic

drugs as prophylaxis for late posttraumatic seizures. However, the role of anti-

epileptic drugs in preventing early posttraumatic seizures is more controversial

(6,86). Undetected generalized seizures in a sedated or pharmacologically paralyzed

patient may directly injure the brain and/or lead to acutely exacerbated intracranial

hypertension, brain herniation, and death. Prophylaxis with anticonvulsants may be

considered for such patients during the days after injury when cerebral edema is

worst and ICP management most critical, particularly in those who harbor con-

tusions of epileptogenic cortex in the basal frontal and temporal lobes.

Decompressive Craniectomy

Decompressive craniectomy has been used since the early 20th century to control

intractable intracranial hypertension. Craniectomy represents the definitive sur-

gical intervention for patients who fail medical management. The first decom-

pression was reportedly performed in 1874 (for an adult patient with tumor) (87).

Decompression for trauma came into practice in the 1960s (88). The Guidelines

recommend decompressive craniectomy as a treatment option for children who

have failed first-line medical management of intracranial hypertension. A single

randomized controlled trial (representing Class III data due to issues with study

design and power) demonstrated reduced ICP and trends toward reduced

mortality (RR, 0.54; 95% CI, 0.17–1.72) and disability (RR, 0.54; 95% CI,

0.29–1.01) after decompressive craniectomy (89).

Analysis of larger adult trials and smaller pediatric case series suggests that

children reap the greatest benefit from decompressive craniectomy. Decompression

may benefit children who suffer from TBI due to nonaccidental trauma (5,45). The

optimal timing for decompression is still unknown. Nevertheless, decompression is

generally reserved for patients who present with a GCS score of greater than 3 and
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who experience secondary deterioration in the first 48 hours after injury despite best

medical management (6). Decompression at the time of hematoma evacuation

is left to the discretion and experience of individual surgeons. No studies have

been conducted to prove the benefit of one technique over another, and review

of specific surgical options is beyond the scope of this chapter. However, case

reports and series indicate that wide decompressions that include the temporal

fossae may be more effective in preventing uncal-transtentorial herniation and in

avoiding incarceration of potentially salvageable brain at the craniectomy edges.

CONCLUSION AND FUTURE DIRECTIONS

The responses of the developing and mature nervous systems to traumatic injury

differ significantly. Similar differences characterize the responses of children

and adults to therapeutic intervention in TBI. Injury and treatment also vary

dramatically by age subgroup within the pediatric population and according to

mechanism (e.g., nonaccidental trauma).

Some themes emerge from the evolution of management of severe TBI in

children. First, because of the relatively high cerebral-to-intracranial volume

ratio in children and the apparent propensity of the developing brain for edema

formation in response to trauma, children appear to be at greater risk than adults

for sudden, massive, and catastrophic secondary injury. Second, a number of

historically ‘‘standard’’ but nonhomeostatic treatments for severe TBI in chil-

dren, such as iatrogenic dehydration, sustained hyperventilation, and prolonged

prophylactic anticonvulsant medication administration, may in many cases have

been potentially harmful to neurologic recovery.

Much current therapy (both evidence-based and non–evidence-based) is

directed toward maintenance of homeostasis in blood pressure, ventilation, core

body temperature, nutrition, etc., in an attempt to avoid secondary injury during

the time of maximum vulnerability due to cerebral edema. An important additional

component of therapy is the avoidance of brain herniation, which catastrophically

worsens survival and neurologic outcome when it occurs. Many programs utilize

predominantly surgical means to achieve the latter goal (i.e., CSF drainage and/or

decompressive craniectomy), while continuing to direct medical therapy toward

prohomeostatic goals. The benefits of this strategy are also untested. Nevertheless,

new nonhomeostatic interventions (such as induced systemic hypertension as part

of ‘‘CPP management’’ or iatrogenic hypothermia) should not be routinely

adopted until their efficacy is evaluated using prospective randomized trials that

measure both survival and neurologic outcome.

The consistent application of a systems-based management protocol and

goal-directed therapy and inclusion of age-based parameters are essential for

management of TBI in children. The evolution of clinical science in this area and

the application of growing subspecialty and pediatric trauma center expertise

will advance these goals and ultimately improve outcomes for children who

suffer from this devastating disease.
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For decades, the treatment of large space-occupying cerebral infarctions has

been one of the major unsolved problems in neurointensive care medicine. As

more and more young patients suffer from brain infarction, finding an optimal

treatment solution has made this a most urgent topic in stroke medicine.

Subtotal or complete infarctions of the middle cerebral artery (MCA)

territory, including the basal ganglia, occasionally with additional infarction of

the anterior cerebral artery (ACA), the posterior cerebral artery (PCA), or both,

are found in 1% to 10% of patients with supratentorial infarcts and are com-

monly associated with serious brain swelling, which usually manifests itself

between the second and fifth days after stroke onset (1–9). These massive

cerebral infarctions are life-threatening events with poor prognosis. Mass effect

with raised intracranial pressure (ICP) leads to the destruction of formerly healthy

brain tissue and, in severe cases, to extensive brain tissue shifts, resulting in

transtentorial or uncal herniation and brain death (4,5,10). These complications are
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responsible for the rapid neurologic deterioration seen in these patients and

account for more than two-thirds of deaths during the first week (1). In intensive

care-based prospective series, the case-fatality rate of these patients was approx-

imately 80% despite maximal medical therapy (5,11,12). Therefore, for these

catastrophic cerebral infarcts the term malignant MCA infarction was introduced

by Hacke et al. in 1965.

Only a few years ago these massive cerebral infarctions were regarded as

an untreatable disease with fatal outcome. The introduction of decompressive

surgery (hemicraniectomy) has completely changed this point of view. Extensive

literature is available regarding hemicraniectomy in malignant ischemic brain

infarction. However, until recently most of the reports were retrospective with

low number of patients. Only a few prospective trials compared decompressive

surgery with conservative treatment. However, the control groups in these studies

consisted of patients with higher ages, more comorbidity, and more frequent

lesions in the dominant hemisphere than those in the surgical groups. In particular,

in most studies, information on long-term outcome is insufficient. Because of

the lack of conclusive evidence of efficacy from clinical trials, controversy

over the benefit of hemicraniectomy continued among neurologists and neu-

rosurgeons, leading to large regional differences in the application of these

procedures. Finally, data from randomized trials were reported in 2006. This

chapter includes an integrated view on the current status of hemicraniectomy in

malignant ischemic brain infarction on the basis of available data of clinical trials,

also including the latest results from randomized trials. Alternative treatment

options and major unsolved problems in this field of ischemic brain injury are

also discussed.

DIAGNOSIS OF MALIGNANT BRAIN INFARCTION

Although the term ‘‘malignant brain infarction’’ was introduced in 1996, 10 years

later, the field still did not have a generally accepted definition of this condition.

As much consistency as possible in defining this term should be used to make

studies from different institutions comparable. The following criteria are based

on the inclusion criteria of the randomized trials on malignant stroke and may

be given for clinical routine use (3,5,13–15).

The diagnosis of a malignant brain infarction is based on (i) the clinical

syndrome with typical neurologic findings and a typical clinical course and (ii)

typical neuroimaging findings (Figs. 1 and 2):

1. Clinically, patients with malignant infarctions of the MCA present with

dense hemiplegia, head and eye deviation, multimodal hemineglect,

and global aphasia when the dominant hemisphere is involved. It should

be noted that the National Institute of Health Stroke Scale (NIHSS) score

underestimates the severity of nondominant infarction (16). Therefore,

the NIHSS score is typically greater than 20 when the dominant hemisphere
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is involved and greater than 15 when the nondominant hemisphere is

involved. Furthermore, patients show an impaired level of consciousness

(LOC), with a score of greater than or equal to 1 in item 1a. (LOC) of

the NIHSS (5,16) and a progressive deterioration of consciousness over

the first 24 to 48 hours, frequently including a reduced ventilatory

drive (5).

2. Neuroimaging shows definite infarction of at least two-thirds of the

MCA territory, including the basal ganglia, with or without additional

infarction of the ipsilateral ACA or the PCA territories when CT is used

(14,17). Measurement of infarct volume in stroke using MRI with diffusion-

weighted imaging (DWI) has shown that an infarct volume of greater than

145 cm3 has a highly predictive value for the development of malignant brain

infarction and may be used for very early diagnosis in these patients instead

of CT findings (18). This finding was recently evaluated and confirmed in a

randomized trial that used infarct volume on DWI as inclusion criterion (13).

Figure 1 From left to right: Malignant MCA infarction (A) two days, (B) three days,

(C) four days, and (D) five days after symptom onset, resulting in transtentorial hernia-

tion. Abbreviation: MCA, middle cerebral artery.

Figure 2 From left to right: (A) Malignant MCA infarction, (B) CT three hours after

symptom onset, (C) MRI (diffusion-weighted and perfusion imaging) three hours after

symptom onset, and (D) CT 30 hours later. Abbreviations: MCA, middle cerebral artery;

CT, computer tomography; MRI, magnetic resonance imaging.
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DECOMPRESSIVE SURGERY

Decompressive Surgery (Hemicraniectomy)—Surgical Techniques

Decompressive surgery is based on mechanical thinking: The rationale is to

remove a part of the neurocranium, thereby creating space to accommodate the

swollen brain, normalize ICP, avoid ventricular compression, and revert brain

tissue shifts. Another concept to support decompressive surgery is that by decreasing

ICP cerebral blood flow will be restored, which may allow for better perfusion and

brain tissue oxygenation of remaining healthy brain tissue, reducing the infarct

volume (19,20) and preventing secondary mechanical and ischemic tissue damage

(10,21). Decompressive surgery in large ischemic stroke is not new. In fact, it dates

back to 1935 (22). Two techniques are used: external (removal of the cranial vault

and duraplasty) and internal (removal of nonviable, i.e., infarcted tissue) decom-

pression. Both techniques can be combined (23,24).

The extent of surgical decompression and the need for tissue removal (i.e., in

the case of malignant MCA infarction, temporal lobectomy) have been controversial

over the past years. In theory, resection of the temporal lobe may reduce the risk of

uncal herniation; however, this has never consistently been proven by clinical studies,

which show similar results as series using external decompression (25,26). Currently,

at most institutions, external decompressive surgery is performed because this

technique is relatively simple and can be performed in every neurosurgical center.

Resection of infarcted tissue is not only more complicated, it is also dif-

ficult to distinguish between already infarcted and potentially salvageable tissue.

Other surgical approaches such as ventriculostomy have not shown beneficial

effects. Although ventriculostomy may help to decrease ICP by allowing drainage

of cerebrospinal fluid, at the same time, it may promote brain tissue shifts and

may therefore be detrimental.

A broad consensus exists among neurosurgeons regarding the recom-

mended procedure. In short, external decompressive surgery consists of a large

hemicraniectomy and a duraplasty. A large (reversed) question mark-shaped skin

incision based at the ear is made. A bone flap with a diameter of at least 12 cm

(including the frontal, parietal, temporal, and parts of the occipital squama) is

removed (Fig. 3). Additional temporal bone is removed so that the floor of the

middle cerebral fossa can be explored. The dura is then opened, and an aug-

mented dural patch that consists of homologous periost and/or temporal fascia is

inserted (the size may vary; usually a patch of 15–20 cm in length and 2.5–3.5 cm

in width is used). The dura is fixed at the margin of the craniotomy to prevent

epidural bleeding. The temporal muscle and the skin flap are then reapproximated

and secured. Infarcted brain tissue usually is not resected. During this proce-

dure, a sensor for registration of ICP can easily be inserted. In surviving patients,

cranioplasty is performed after at least six weeks (usually 6–12 weeks), using

the stored bone flap or an artificial bone flap. Only few complications after

hemicraniectomy for massive cerebral infarction have been reported. Postoperative

epidural and subdural hemorrhage and hygromas occurred in a few cases (23,27).
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Other complications may include wound and bone flap infections. All of these can

easily be recognized and handled and usually do not contribute to perioperative

mortality. A far more important and more common complication is insufficient

hemicraniectomy, which may lead to herniation through the craniectomy defect

(28). The proportion of brain tissue to be allowed to shift outside the skull is closely

related to the diameter of the bone flap, which is removed. The additional volume

can be estimated using the following formula:

Volume ¼ �� h22
3

� �� h21
3

� ð3� r1 � h1Þ

Decompressive Surgery (Hemicraniectomy) in Malignant Hemispheric Brain
Infarction: Results from Experimental and Observational Clinical Studies

In animal studies, decompressive surgery significantly reduces mortality and

infarct size and improves regional blood flow and histologic and functional

Figure 3 Relation between the diameter of craniotomy and the volume gain.
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outcome (19,29–31). Experimental findings are supported by data from clinical

reports. Between 1935 and 2006, more than 80 case reports and series of patients

with malignant brain infarctions had been published that included almost 1600

patients. However, most of the reports were retrospective and included only few

patients (Table 1). Larger case series were not published until 1995 (27). Only a

few prospective trials compared decompressive surgery with conservative treat-

ment. Some used historic control groups, and most control groups consisted of

patients with higher ages, more comorbidity, and mostly lesions in the dominant

hemisphere (25,32–35). Data from randomized trials were lacking until 2006.

Mortality Data

All available data are summarized in Table 2. Comparative data from non-

randomized clinical studies suggest that hemicraniectomy reduces mortality in

hospital from 60% to 100% in controls to 0% to 29% in surgically treated

patients and reduces long-term mortality from 83% to 100% to 33%, respectively

(32,36). In a review that analyzed all available individual patient data from 138

patients, overall mortality rate after hemicraniectomy after a period of 7 to 21

months was 24% (37). Some of these studies aimed to identify risk factors for an

increased risk of mortality after hemicraniectomy. In another study, Glasgow

Coma scale (GCS) on admission and coronary artery disease were identified as

risk factors for case fatality, whereas age, NIHSS score on admission, CT

findings, and other underlying diseases such as diabetes, atrial fibrillation, and

hypertension were not associated with early mortality (35). Another group found

that increased age (>50 years) and additional infarction of the ACA or PCA

territory represent independent risk factors for increased mortality after decom-

pressive surgery. As compared with an overall six-month (1 year) mortality of

Table 1 Summary of Baseline Data of All Available Nonrandomized Studies and

Reports on Malignant Hemispheric Infarction

All patients

(n ¼ 1597)

Conservative

treatment (n ¼ 512)

Hemicraniectomy

(n ¼ 1085)

Age (mean; yr) 57.0 (1465) 64.6 (449) 53.7 (1016)

Dominant vs.

nondominant

hemisphere (%)

35.5 vs. 64.5 (1196) 54.4 vs. 45.6 (241) 30.8 vs. 69.2 (955)

Additional

infarction of the

ACA/PCA (%)

28.4 (1200) 25.3 (356) 29.7 (844)

Mean time to

surgery (hr)

na na 51.6 (926)

Publications were included in this analysis when at least an abstract written in English, German, or

French, or in translation was available. Abbreviations: ACA, anterior cerebral artery; PCA, posterior

cerebral artery.
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38% (44%), mortality rate in patients without these risk factors was 20% (22%),

whereas the presence of one risk factor or both risk factors increased mortality to

41% (55%) and 60% (67%), respectively (38).

Functional Outcome

Various trials suggest that decompressive surgery reduces poor outcomes and

increases favorable or independent functional outcomes (23,25,33,36,39). On the

other hand, several studies doubt these results, especially in patients with

increased age and with additional infarction of the ACA or PCA territory

(34,35,38,40,41). Other predictors that have been proposed to predict unfavor-

able outcome are preoperative midline shift, low preoperative GCS, presence of

anisocoria, early clinical deterioration, and internal carotid artery occlusion

(42,43). In a meta-analysis in the review cited above, age was the only prog-

nostic factor for poor outcome, whereas time to surgery, the presence of brain

stem signs prior to surgery, or additional infarction of the ACA or PCA territory

was not associated with the outcome (37). Available data are summarized in

Table 3. According to the review, functional outcome was classified as (i)

independent outcome (modified Rankin Scale, mRS, 0–1 or Glasgow Outcome

Score, GOS, 5; Barthel Index, �90), (ii) mild-to-moderate disability (mRS, 2–3

Table 2 Summary of Mortality Data of All Available Nonrandomized Studies and

Reports on Malignant Hemispheric Infarction

Mortality

in hospital

(%) (n)

Mortality

up to 3 mo

(%) (n)

Mortality

up to 6 mo

(%) (n)

Mortality

up to 12 mo

(%) (n)

All patients 37.6 (1175) 34.2 (584) 33.1 (528) 32.7 (452)

Conservative

treatment

66.5 (471) 72.7 (165) 55.8 (138) 66.7 (84)

Decompressive

surgery

18.3 (704) 19.1 (419) 25.1 (390) 25.0 (368)

Table 3 Summary of Functional Outcome Data of All Available Nonrandomized

Studies and Reports on Malignant Hemispheric Infarction

Mean time to

follow-up,

mo (n)

Independent

outcome, %

Mild-to-moderate

disability, %

Severe

disability, % Death, %

All Patients 12.2 (616) 4.7 22.7 43.8 28.7

Conservative

treatment

5 (98) 1.0 11.2 37.8 50.0

Decompressive

surgery

13.7 (518) 5.4 24.9 45.0 24.7
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or GOS, 4; Barthel Index, 60–85), (iii) severe disability (mRS, 4 or 5 or GOS,

2–3; Barthel Index, <60), and (iv) death (37). In cases in which more than one

outcome scale was given, outcomes were classified according to the following

priority: mRS, GOS, Barthel Index. Studies that reported mean values of the

Barthel Index, GOS, or mRS were not considered for this analysis.

Quality of Life

Data are scarce regarding the quality of life of patients after hemicraniectomy for

malignant cerebral infarction. Data from five smaller trials show that most of the

survivors had an average quality of life comparedwith other stroke patients (44–48).

Some of the surgically treated patients were even able to return to work (44,45).

One trial revealed a more profound reduction in the quality of life (49). Depression

is a common finding in patients who survive malignant hemispheric infarction after

hemicraniectomy: more than 50% suffer from severe depression, which is rarely

treated in these patients (47). Interpretation of these findings is limited by the fact

that no data are available regarding the quality of life of patients who survived a

malignant hemispheric infarction and were treated conservatively.

Decompressive Surgery (Hemicraniectomy) in Malignant Hemispheric
Brain Infarction: Results from Randomized Clinical Trials

With the promising results of nonrandomized studies, decompressive surgery for

large space-occupying infarction has increasingly been incorporated in routine

clinical practice. However, because of a lack of conclusive evidence of efficacy

from randomized controlled clinical trials, experts continue to debate its benefit.

This dilemma could only be answered by randomized trials. Great efforts have

been taken in the past to develop appropriate study protocols that were accepted

by both neurosurgeons and neurologists. Since 2000, five randomized trials

have been conducted, with largely similar eligibility criteria and outcome mea-

sures: the American Hemicraniecomy And Durotomy upon Deterioration From

Infarction Related Swelling Trial (HeADDFIRST) was completed in 2003, but had

not been published at the time of this writing. The German DEcompressive Sur-

gery for the Treatment of malignant INfarction of the middle cerebral arterY

(DESTINY) trial and the French DEcompressive Craniectomy In MALignant

middle cerebral artery infarcts (DECIMAL) trial were completed in 2006, and

their results were reported at international stroke conferences in 2006. Two other

trials are ongoing: the Dutch Hemicraniectomy After Middle cerebral artery

infarction with Life-threatening Edema Trial (HAMLET) and the Philippinian

Hemicraniectomy For Malignant Middle cerebral artery Infarcts (HeMMI) trial.

In addition, a prospectively planned pooled analysis of the three European trials

was recently published (13–15,50,51).

DESTINY was an open, controlled, prospective, multicentered randomized

trial. Patients were randomized either to surgical and conservative treatment or to
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conservative treatment alone. The maximum time from symptom onset to

treatment start was 36 hours. All patients were treated in an intensive care unit

(ICU) and were intubated and ventilated. DESTINY was based on a sequential

design, with mortality after 30 days as the first end point; randomization was

planned to go on until statistical significance for this end point was reached.

Thereafter, patient enrollment would be interrupted until the six-month func-

tional outcome end point (primary end point), mRS, dichotomized at a score of

0–3 versus 4–6, had been collected. Depending on the observed difference in

functional outcome, the final sample size would be recalculated for a second

explorative trial stage. Secondary end point included analysis of the mRS 0–4

versus 5 and 6 and the distribution of scores of the mRS at six months and at one

year. After inclusion of 32 patients between February 2004 and October 2005,

patient recruitment was stopped because of statistically significant results of

mortality. In the Intention-to-Treat analysis, 2 of 17 (11.8%) patients treated by

hemicraniectomy had died, and 7 of 15 (50.3%) patients who received maximum

conservative treatment on the ICU alone had died after 30 days (p ¼ 0.02).

Functional outcome data after 12 months are summarized in Figure 4. Further,

47.1% of the patients in the surgical arm versus 26.7% of the patients in the

conservative arm reached an mRS of 0–3 (p ¼ 0.23); 76.5% in the surgical arm

versus 33.3% in the conservative arm reached an mRS of 0–4 (p ¼ 0.01).

Analysis of the distribution of the mRS scores showed positive results in favor of

surgery (p ¼ 0.04). After a sample-size projection for the primary end point sug-

gested that 94 patients should be included in each arm, the trial was stopped (14).

DECIMAL was another open, controlled, prospective, multicentered

randomized trial that randomly assigned patients either to surgical and conser-

vative treatment or to conservative treatment alone. Inclusion criteria included an

infarct volume on DWI of at least 145 cm3. Hemicraniectomy had to have been

performed within 30 hours after symptom onset and within six hours after ran-

domization. The primary end point in DECIMAL was functional outcome based

on the mRS score, dichotomized 0–3 versus 4–6. A sequential design for this end

point was chosen on the basis of interim analyses after every four patients.

Secondary end points included survival and the mRS score at 6 and 12 months.

Between December 2000 and November 2005, 38 patients were enrolled. Sur-

vival was statistically significantly different among groups, with mortality rates

of 5 of 20 patients (25%) in the surgical treatment group and 14 of 18 patients

(77.8%) in the conservative treatment group (p < 0.0001). The functional out-

come data after 12 months are summarized in Figure 4. Forty percent of the

patients in the surgical arm versus 22.2% of the patients in the conservative arm

reached an mRS of 0–3 (p ¼ 0.08) (13).

DECIMAL was prematurely stopped after the 10th interim analysis both

because of ethical considerations of continuing recruitment and because of

expectations of a planned pooled analysis of the three European trials: DECI-

MAL, DESTINY, and HAMLET. This pooled analysis of the three European

randomized trials on hemiacraniectomy for malignant MCA infarction is the first
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instance in the field of stroke in which analyses of patient data from three

different randomized trials were pooled while the trials were ongoing. For the

pooled analysis, a maximum time window from stroke onset to randomization of

45 hours and 48 hours to treatment start was adopted. Outcome measures in the

pooled analysis were mRS score at one year, dichotomized between 0–4 and 5–6,

as well as between 0–3 and 4–6, and the case fatality at one year. All patients

randomized in DECIMAL and DESTINY and 23 patients from HAMLET were

eligible for the pooled analysis. Thus, 93 patients were included, of whom 51 were

randomized to decompressive surgery and 42 to conservative treatment. Results

demonstrated that after decompressive surgery more patients had an mRS of less

than or equal to 4 (75% vs. 24%, p < 0.0001), with a pooled absolute risk

reduction (ARR) of 51% (95% CI, 34–69). In addition, more patients had an mRS

of less than or equal to 3 (43% vs. 21%, p ¼ 0.014), with a pooled ARR of 23%

(95% CI, 5–41). Case-fatality rate in the surgical group was 78% versus 29% in

the conservative-treatment group ( p < 0.0001), indicating a pooled ARR of 50%

(95% CI, 33–67) (see Figure 4). The resulting numbers of patients needed to treat

are 2 for survival with an mRS of less than or equal to 4, 4 for survival with an

mRS of less than or equal to 3, and 2 for survival irrespective of outcome (51).

CONCLUSION AND FUTURE DIRECTIONS

For many years, experts did not have a consensus regarding which treatment is

beneficial in patients with malignant MCA infarctions. Despite the lack of

randomized, controlled trials, many specialists agreed that decompressive sur-

gery in malignant MCA stroke is life saving. Intercessors always pointed out the

benefit of survival as well as comparatively better outcome in a high proportion

of surgically treated patients, substantial recovery extending at least into the

second half-year and thereafter, no differences in the quality of life of patients

with dominant or nondominant hemispheric infarction, and the retrospective

agreement in the decision to undergo surgery in a high percentage of patients and

their relatives (44,45,52,53). On the other hand, critics doubted the use of

decompressive surgery, especially concerning the long-term survival and func-

tional outcome. Their concern has always been that decompressive surgery may

serve as a life-saving procedure but that the improved case-fatality rate would

lead to an increased number of severely disabled patients exposed to a life

of dependency, pain, and hopelessness. Consequently, neurologists and neuro-

surgeons had a great deal of uncertainty regarding the procedure. Some con-

sidered hemicraniectomy with duraplasty a standard procedure in large,

hemispheric, ischemic infarcts and regarded withholding surgical treatment as

unethical, whereas others believed that a possibly life-saving procedure is not

advisable in patients with a very severe and largely irreversible neurologic

deficit. Because of these issues, in some centers, hemicraniectomy has indeed

become a standard procedure in space-occupying hemispheric infarct. In some

patients, only conservative treatment is applied. In some cases, hemicraniectomy is
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only considered in young patients with lesions of the nondominant hemisphere, and

in others, these patients are not treated at all.

Until recently, all of the available data came from observational studies.

In 2007, for the first time, we have evidence from randomized, controlled

trials that hemicraniectomy in large, hemispheric infarctions not only reduces

mortality but also significantly increases the chance to survive with a moderate

functional impairment and without increasing the number of completely dependent

survivors.

ARE THERE ALTERNATIVES TO HEMICRANIECTOMY?

Conservative (Medical) Treatment Options

Currently, no proven conservative treatment options exist. Several conservative

treatment strategies, such as artificial coma, hyperventilation, steroids, and

osmotic therapy, have been proposed to reduce ICP and to limit brain tissue

shifts after space-occupying ischemic stroke. Thus far, none of these therapeutic

strategies to control cerebral edema formation and raised ICP is supported by

adequate evidence of efficacy from experimental studies or randomized clinical

trials (54–56). Several reports suggest that they are ineffective or even detri-

mental (5,11,57–67). To understand why medical treatment alone often fails to

prevent clinical deterioration, it must be remembered that early clinical deteri-

oration is usually not due to increases in global ICP, but is rather due to massive

local swelling and shifts in brain tissue. Increases in ICP often occur secondarily.

As a result, the role of therapies that focus on lowering global ICP is limited.

Hofmeijer et al. (56) has published an excellent and comprehensive overview of

conservative treatment strategies for increased ICP.

Mild-to-Moderate Hypothermia

Induced hypothermia is defined as physical or pharmacologic lowering of the

physiologic body core temperature to 338C to 368C (mild hypothermia), 288C
to 328C (moderate hypothermia), or 108C to 288C (deep hypothermia) (68).

Hypothermia has been used in critical care medicine to achieve neuroprotection

in several conditions, such as traumatic brain injury, anoxic brain injury after

cardiac arrest, hepatic encephalopathy, and massive stroke. It is also well known

that body temperature on admission and during the first 24 hours is associated

with the extent of ischemic damage and is an independent predictor of mortality

and outcome in ischemic stroke (69,70). Spontaneous hypothermia seems to

reduce mortality and predict a better outcome in acute stroke (71), although these

findings are still controversial (72). Presumed mechanisms of hypothermia to

reduce ischemic damage include induction of ischemic tolerance by reduced

brain metabolism (73,74), reduced excitatory neurotransmitter release (75,76),

reduced expression of immediate early genes such as c-fos (77), inhibition of
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apoptosis (78), inhibition of metalloproteinase expression (79), reduced inflam-

matory response (80,81), and inhibition of blood-brain barrier disruption, which

leads to reduced brain edema (82). Although the neuroprotective effect of hypo-

thermia has been known since the 1950s, earliest experimental findings in ischemic

stroke were reported in the late 1980s (83,84). Only a few animal experiments

have been conducted using moderate hypothermia in large ischemic stroke. In

these studies, the effect on neuroprotection was pronounced when hypothermia

was started early and continued for more than 24 hours (78,85–90). Moderate

hypothermia is an invasive procedure that requires treatment in an experienced

ICU, including ventilation, relaxation, and measurement of ICP. The clinical

data on induced hypothermia has shown promising results that suggest that

moderate cooling may reduce mortality in malignant ischemic brain infarction

to 17% to 50% (91–94) (Table 4). Only one study compared hypothermia and

hemicraniectomy and showed less than promising results for hypothermia, with

mortality rates of 47% versus 12% (95).

Hypothermia in these studies was associated with a high rate of com-

plications, the most frequent being pneumonia, severe bradycardia, and heart

insuffiency, with severe hypotonia, thrombocytopenia, and coagulopathy.

Especially in the rewarming phase, a high percentage of patients developed

severe increases in ICP. Compared with hemicraniectomy, hypothermia seems

to be far less effective in reducing mortality. Therefore, because of possible

severe side effects and the lack of conclusive data from randomized trials, this

procedure cannot be readily incorporated in neurointensive care routine use as

a standard treatment and is restricted to selected patients treated in experienced

centers. A promising approach may be the combination of hemicraniectomy

with mild hypothermia (96).

Table 4 Summary of Available Studies on Hypothermia in Malignant Hemispheric

Infarction

Author(s), (yr) n Target temperature

Time to induction

of hypothermia

Duration of

hypothermia

Schwab et al.,

(91) (1998)

25 338C (external cooling) (4–24) mean

14 � 7 hr

48–72 hr

Schwab et al.,

(92) (2001)

50 32–338C (external

cooling)

(4–75) mean

22 � 9 hr

24–72 hr

Georgiadis et al.,

(93) (2001)

6 338C (endovascular

cooling)

(12–58) mean

28 � 17 hr

48–78 hr

Georgiadis et al.,

(95) (2002)

19 338C (n ¼ 8 endovascular

cooling; n ¼ 11 external

cooling)

(18–24) mean

24 hr

24–116 hr

Milhaud et al.,

(94) (2005)

12 32–338C (external

cooling)

(4–24) mean

11 � 7 hr

120–504 hr
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128 Jüttler et al.



57. Miuzelaar JP, Marmarou A, Ward JD, et al. Adverse effects of prolonged hyper-

ventilation in patients with severe head injury: a randomized clinical trial. J Neu-

rosurg 1991; 75:731–739.

58. Kaufmann AM, Cardoso ER. Aggravation of vasogenic cerebral edema by multiple-

dose mannitol. J Neurosurg 1992; 77:584–589.

59. Adams HP, Brott TG, Crowell RM, et al. Guidelines for the management of patients with

acute ischemic stroke: a statement for healthcare professionals from a special writing

group of the Stroke Council, American Heart Association. Stroke 1994; 25:

1901–1914.

60. Schwab S, Spranger M, Schwarz S, et al. Barbiturate coma in severe hemispheric

stroke: Useful or obsolete? Neurology 1997; 48:1608–1613.

61. Schwarz S, Schwab S, Bertram M, et al. Effects of hypertonic saline hydroxyethyl

starch solution and mannitol in patients with increased intracranial pressure after

stroke. Stroke 1998; 29:1550–1555.

62. Schwarz S, Bertram M, Aschoff A, et al. Indomethacin for brain edema following

stroke. Cerebrovasc Dis 1999; 9:248–250.

63. Schwarz S, Georgiadis D, Aschoff A, et al. Effects of body position on intracranial

pressure and cerebral perfusion in patients with large hemispheric stroke. Stroke

2002; 33:497–501.

64. Schwarz S, Georgiadis D, Aschoff A, et al. Effects of induced hypertension on

intracranial pressure flow velocities of the middle cerebral arteries in patients with

large hemispheric stroke. Stroke 2002; 33:998–1004.

65. Schwarz S, Georgiadis D, Aschoff A, et al. Effects of hypertonic (10%) saline in

patients with raised intracranial pressure after stroke. Stroke 2002; 33:136–140.

66. Van der Worp HB, Kappelle LJ. Complications of acute ischaemic stroke. Cere-

brovasc Dis 1998; 8:124–132.

67. Wijdicks EFM. Management of massive hemispheric cerebral infarct: Is there a ray

of hope? Mayo Clin Proc 2000; 75, 945–952.

68. Bernard SA, Buist M. Induced hypothermia in critical care medicine: a review. Crit

Care Med 2003; 31:2041–2051.

69. Castillo J, Davalos A, Marrugat J, et al. Timing for fever-related brain damage in

acute ischemic stroke. Stroke 1998; 29:2455–2460.

70. Wang Y, Lim LL, Levi C, et al. Influence of admission body temperature on stroke

mortality. Stroke 2000; 31:404–409.

71. Reith J, Jorgensen HS, Pedersen PM, et al. Body temperature in acute stroke: relation

to stroke severity, infarct size, mortality, and outcome. Lancet 1996; 347:422–425.

72. Boysen G, Christensen H. Stroke severity determines body temperature in acute

stroke. Stroke 2001; 32:413–417.

73. Berntman L, Welsh FA, Harp JR. Cerebral protective effect of low-grade hypo-

thermia. Anesthesiology 1981; 55:495–498.

74. Yager JY, Asselin J. Effect of mild hypothermia on cerebral energy metabolism

during the evolution of hypoxic-ischemic brain damage in the immature rat. Stroke

1996; 27:919–925.

75. Nakashima K, Todd MM. Effects of hypothermia on the rate of excitatory amino

acid release after ischemic depolarization. Stroke 1996; 27:913–918.

76. Huang FP, Zhou LF, Yang GY. Effects of mild hypothermia on the release of

regional glutamate and glicine during extended transient focl cerebral ischemia in

rats. Neurochem Res 1998; 23:991–996.

Decompressive Hemicraniectomy for Large Hemispheric Infarctions 129



77. Mancuso A, Derugin N, Hara K, et al. Mild hypothermia decreases the incidence of

transient ADC reduction detected with diffusion MRI and expression of c-fos and

hsp70 mRNA during acute focal ischemia in rats. Brain Res 2000; 887:34–45.

78. Maier CM, Ahern K, Cheng ML, et al. Optimal depth and duration of mild hypo-

thermia in a focal model of transient cerebral ischemia: Effects on neurologic out-

come, infarct size, apoptosis, and inflammation. Stroke 1998; 29:2171–2180.

79. Wagner S, Nagel S, Kluge B, et al. Topographically graded postischemic presence of

metalloproteinases is inhibited by hypothermia. Brain Res 2003; 984:63–75.

80. Toyoda T, Suzuki S, Kassell NF, et al. Intraischemic hypothermia attenuates neu-

trophil infiltration in the rat neocortex after focal ischemia-reperfusion injury.

Neurosurgery 1996; 39:1200–1205.

81. Deng H, Han HS, Cheng D, et al. Mild hypothermia inhibits inflammation after

experimental stroke and brain inflammation. Stroke 2003; 34:2495–2501.

82. Karibe H, Zarow GJ, Graham SH, et al. Mild intraischemic hypothermia reduces

postischemic hyperperfusion, delayed postischemic hypoperfusion, blood-brain

barrier disruption, brain edema, and neuronal damage volume after temporary focal

cerebral ischemia in rats. J Cereb Blood Flow Metab 1994; 14:620–627.

83. Busto R, Dietrich D, Globus MYT, et al. The importance of brain temperature in

cerebral ischemic injury. Stroke 1989; 20:1113–1114.

84. Busto R, Dietrich WD, Globus MY, et al. Small differences in intraischemic brain

temperature critically determine the extent of ischemic neuronal injury. J Cereb

Blood Flow Metab 1987; 7:729–738.

85. Corbett D, Thornhill J. Temperature modulation (hypothermic and hyperthermic

conditions) and its influence on histological and behavioural outcomes following

cerebral ischemia. Brain Pathol 2000; 10:145–152.

86. Rajek A, Greif R, Sessler DI, et al. Core cooling by central venous infusion of ice-

cold (4 degrees and 20 degrees C) fluid: isolation of core and peripheral thermal

compartments. Anestesiology 2000; 93:629–637.
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INTRODUCTION

Anticoagulation has been used as a treatment for acute ischemic stroke for

decades. A case series published in 1958 described 58 patients treated with anti-

coagulation (either heparin or coumadin), some in the acute setting and some in

the long-term, and 37 nonrandomly selected ‘‘similar’’ patients who were not

anticoagulated (1). On anticoagulation, 28 of 29 patients who had previously been

experiencing frequent transient ischemic attacks (TIAs) had cessation of attacks;

similarly, 11 of 14 patients who were having stepwise decline in function had

cessation of the decline and some improvement. In contrast, no improvement was

seen in patients who had fully developed stroke at the time of anticoagulation. The

patients who were not treated with anticoagulation had either persistence of TIAs

or progression to stroke during the period of observation.

In the following years, heparin became more widely used in the acute stroke

setting. Use of anticoagulation in the acute stroke setting has been thought to

decrease or reverse initial deficits, prevent the progression of strokes in evolution,

or prevent acute recurrent strokes. However, use of anticoagulation brings with it

133



the risk of increased rate of serious bleeding, both systemic bleeding and intra-

cranial hemorrhage, that can be catastrophic. Data from a series of trials conducted

in the last decade that examined this issue showed that, for the majority of stroke

patients, anticoagulation in the acute setting is not beneficial; consequently, the

use of anticoagulation has declined (2–4). A review of the charts of 763 consec-

utive stroke patients with atrial fibrillation seen between 1996 and 2002 found that

anticoagulation as the first-prescribed antithrombotic agent declined from 70% to

22% and that antiplatelet prescription increased from 27% to 78% (5). The American

Heart Association/American Stroke Association Guidelines (2005 update) for

the early management of the general population of patients with ischemic stroke

states, ‘‘Current data do not provide evidence in support of the efficacy of early

anticoagulation in improving outcomes after acute ischemic stroke’’ (6). This

chapter will provide a review of the literature that guides current anticoagulation

treatment decisions and identify areas in which further study may be warranted.

TRIALS OF UNFRACTIONATED HEPARIN FOR ACUTE
ISCHEMIC STROKE

The largest of the trials of anticoagulation in acute ischemic stroke was the

International Stroke Trial (IST) (7) in which 19,435 patients were randomized

within 48 hours of symptom onset to either (i) subcutaneous heparin in two doses

(medium dose, 12,500 units b.i.d. and low dose, 5000 units b.i.d.) or (ii) no

heparin, with treatment continued for 14 days or until discharge. The medium

dose was used to achieve anticoagulation of the patient, whereas the low dose

was used primarily to prevent deep venous thrombosis. These groups were

further divided to receive aspirin, 300 mg daily, or no aspirin. The analysis of

events at 14 days showed that heparin decreased the rate of recurrent ischemic

stroke by approximately 1%, but at the expense of increasing the rate of intra-

cerebral hemorrhage (ICH) also by approximately 1%, so that the total rates of

second stroke (ischemic or hemorrhagic) within 14 days were not different

(Table 1). In addition, no significant difference was seen in the rate of death at

14 days (9.0% with heparin vs. 9.3% without heparin). However, when the two

doses of heparin were further subdivided, the medium-dose (12,500 units b.i.d.)

Table 1 International Stroke Trial Results: Events Within 14 Days

Alla

Heparin

Allb

Avoid heparin

Afibb

Heparin

Afibb

Avoid heparin

Recurrent ischemic stroke 2.9% 3.8% 2.3% 4.9%

Hemorrhagic stroke 1.2% 0.4% 2.8% 0.4%

Total 4.1% 4.2% 5.1% 5.3%

Alla, All patients.

Afibb, Atrial fibrillation.

Source: From Ref. 7.
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heparin group had more deaths and nonfatal strokes at 14 days compared with

the low-dose (5000 units b.i.d.) heparin group (medium dose, 12.6%; low dose,

10.8%; p ¼ 0.007). The medium-dose heparin group also had a trend for more

ICHs (medium dose, 1.8%; low dose, 0.7%) and for a higher rate of transfused or

fatal extracranial hemorrhage (medium dose, 2.0%; low dose, 0.6%). The rates

of recurrent ischemic stroke were not significantly different between the two

doses (medium dose, 3.2%; low dose, 2.6%), although low-dose heparin trended

toward being more effective at preventing recurrent ischemic stroke.

Aspirin, on the other hand, had a small but statistically significant effect of

decreasing the rate of recurrent ischemic stroke (3.9–2.8%, p < 0.001) and had no

change in the very low rate of ICH (0.8–0.9%). The conclusion from the study was

that aspirin, but not heparin, was beneficial in the acute stroke setting and that if

heparin is used, it should be limited to low-dose administration for prevention of

deep venous thrombosis. An advantage of this study was that the simple protocol

allowed enrollment of a large number of patients, leading to the ability to detect

small differences in groups. Criticisms of this study include the fact that no coag-

ulation tests were performed in the heparin group so that data are nonexistent on

whether the patients were therapeutically anticoagulated (or overanticoagulated).

LOW-MOLECULAR-WEIGHT HEPARINS IN ACUTE ISCHEMIC STROKE

In addition to unfractionated heparin, low-molecular-weight heparins (LMWHs)

have also been studied as a treatment for acute ischemic stroke. Unfractionated

heparin primarily acts by activating antithrombin III, which subsequently inhibits

thrombin and, to a lesser extent, activated factor X. LMWHs are derived from

unfractionated heparin and differ in their mode of action, preferentially inhibiting

factor Xa rather than thrombin. Trials of LMWH versus unfractionated heparin for

the treatment of venous thromboembolism (8) and for acute coronary syndrome (9)

suggest that LMWH is more efficacious without increasing the risk of bleeding.

The hope was that LMWH might have the same beneficial effect in ischemic

stroke, thus shifting the risk-benefit analysis toward treatment with anticoagulation.

In a trial of LMWH, 312 patients were randomized to subcutaneous high-

dose nadroparin (4100 IU b.i.d.), low-dose nadroparin (4100 IU q.d.), or placebo

(10). Treatment was started within 48 hours of stroke onset and continued for

10 days. In the high-dose nadroparin group, a decreased rate of death or

dependency was seen at six months, but curiously, no benefit was seen at the

three-month assessment in this group. This result has not been repeated in any

other trial. Other studies with LMWH in acute ischemic stroke include the

Heparin in Acute Embolic Stroke Trial (HAEST) with dalteparin (11), the

Therapy of Patients with Acute Stroke (TOPAS) trial with certoparin (12), and

the Tinzaparin in Acute Ischemic Stroke Trial (TAIST) with tinzaparin (13).

None of these other studies of LMWH found a benefit to treatment.

The largest of the stroke trials with LMWH was Trial of ORG 10172 in

Acute Stroke Treatment (TOAST), which enrolled 1281 patients (14). Patients
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were treated for seven days with IV ORG 10172 or placebo given as a bolus

within 24 hours of symptom onset, and the infusion rate was adjusted on the

basis of anti-factor Xa activity. Of note, during the course of the study, patients

with large strokes (National Institutes of Health Stroke Scale, NIHSS > 15) were

excluded following an increased rate of ICH seen early in the study. Within 10 days

of treatment, patients treated with ORG 10172 had more serious intracranial

hemorrhages than placebo-treated patients (14 vs. 4 patients, p < 0.05), sug-

gesting that, unlike the positive safety results in the cardiac literature, in stroke

patients, LMWH is still associated with an increased rate of systemic and

intracranial hemorrhage. At seven days, patients who received LMWH had a

higher rate of ‘‘very favorable’’ outcome (defined as a Glasgow Outcome Scale

score of 1 and Barthel Index score of 19 or 20) (33.9% vs. 27.8%, p ¼ 0.01), but

this was not a prespecified end point. In contrast, no difference was observed

between the groups in ‘‘favorable outcome’’ at seven days, and no difference was

observed in any outcome measure at three months. Therefore, the conclusion was

that treatment with ORG 10172 in acute ischemic stroke had no benefit.

EARLY ANTICOAGULATION FOR CARDIOEMBOLIC STROKE

Subgroups of patients who may benefit from early anticoagulation are those with

cardioembolic strokes as it may be possible to prevent early recurrent embolic

strokes. Evidence certainly suggests that anticoagulation is beneficial in the sec-

ondary prevention of stroke in patients with a variety of cardiac sources of

embolism, such as atrial fibrillation or prosthetic heart valves. The continuing

question is how soon to start anticoagulation in a patient with a high-risk cardiac

source of embolism who has just had an acute ischemic stroke. One of the first

attempts to answer this question comes from the Cerebral Embolism Study Group

(CESG) trial published in 1983 (15). In this study, 45 patients with presumed

cardioembolic stroke were randomized within 48 hours of stroke onset to IV

heparin for 14 days or to no immediate anticoagulation. Two patients had recurrent

embolism and two patients had asymptomatic hemorrhagic infarcts, all in the

nonanticoagulated group. The trial was stopped early because of these findings,

which suggested a benefit of early anticoagulation. This approach was also sup-

ported by other prospective and retrospective case series at the time (16–18).

For example, in one study of 54 consecutive patients with embolic strokes,

7 of 29 patients who were not immediately anticoagulated had recurrent brain

emboli in the first seven days, while none of the 25 patients who were immediately

anticoagulated had recurrence during that time, and only one patient (in the

anticoagulated group) had asymptomatic cerebral hemorrhage (16). This study

included no random assignment of treatment, and the use of heparin was left up to

the patient’s personal physician. A retrospective chart review (published in the

same issue as the prior study) of 44 patients with embolic strokes found that

11 patients not treated with anticoagulation had recurrent embolic strokes (4 within

the first 14 days), while 16 patients were anticoagulated in the first 48 hours with
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no adverse events (18). These studies and their own initial results led the CESG to

conclude that the rate of recurrent embolism was 14% to 22%, that immediate

anticoagulation would reduce that rate, and that immediate anticoagulation was

well tolerated. The authors recommended immediate anticoagulation of embolic

strokes, except for patients with large infarcts, for whom a delay of one week was

recommended on the basis of a concern for a higher rate of hemorrhagic infarction.

More recently, several large trials have found the risk of recurrent stroke

from atrial fibrillation within 14 days to be much lower than had earlier been

assumed; between 5% and 8% in the IST (7), the HAEST (12), and the Chinese

Acute Stroke Trial (CAST) (19). When the subgroup of patients with atrial

fibrillation from the IST was analyzed, the rate of recurrent ischemic stroke was

indeed higher than the general population (4.9% vs. 3.8%, Table 1) (20). However,

the rate of hemorrhagic stroke with anticoagulation was also higher (2.8 vs. 1.2).

Therefore, for patients with atrial fibrillation, as was the case for the total stroke

population, the combined rate of recurrent ischemic stroke with symptomatic

intracranial hemorrhages was not different (5.1% with heparin vs. 5.3% without

heparin). A similar conclusion was reached in a meta-analysis of randomized

controlled trials of anticoagulant treatment in all types of acute cardioembolic

stroke (21). However, it bears noting that many of the trials performed to this

point were deficient in two aspects: (i) the initiation of anticoagulation was

often delayed and rarely occurred before six hours from onset of acute ischemic

stroke and (ii) hematologic monitoring of the effect of the drug (to avoid over-

or underanticoagulation) was often not performed (22).

The increased rate of hemorrhagic conversion in patients with atrial fibril-

lation compared with the general stroke population may solely be a result of

anticoagulation therapy, or alternatively it may reflect an increased proportion of

large cortical strokes in the atrial fibrillation group. It is believed that these larger

strokes could be more prone to symptomatic hemorrhagic conversion and that this

difference may be exacerbated by anticoagulation, an explanation that is supported

by a retrospective study from the CESG in which the charts of 30 cases of

cardiogenic brain embolism with either asymptomatic hemorrhagic infarction or

symptomatic hemorrhagic infarction or intracerebral hematoma were analyzed

(23). Of the eight patients with symptomatic bleeding, seven were receiving

anticoagulation and six of those had large infarcts [>3 cm of hypodensity on

computed tomography (CT)], suggesting that patients with the combination of

large infarcts and anticoagulation are more prone to symptomatic hemorrhage.

A similar finding is seen in trials of thrombolytic therapy for acute

ischemic stroke. In the European Cooperative Acute Stroke Study II (ECASS II)

trial, an increased rate of parenchymal hematoma was seen in patients with

initial CT changes of greater than one-third of the middle cerebral artery territory

compared with patients with no changes on initial CT or changes in less than

one-third the middle cerebral artery territory (24).

It is worth noting that results from the IST (discussed above) provide

evidence against the notion that symptomatic hemorrhage is more prevalent in
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patients with atrial fibrillation even in the absence of anticoagulation as it was

only with the administration of heparin that the rate of hemorrhagic stroke

increased in patients with atrial fibrillation compared with the total population

(Table 1). This finding again suggests that embolic etiology of stroke (likely with

a higher proportion of large infarcts, although this was not defined) was not

enough to increase the rate of hemorrhage. Thus, the combination of large infarct

and anticoagulation seems to be the group most at risk for hemorrhagic stroke.

If instead of atrial fibrillation as the source of emboli, patients have a more

thrombogenic source (such as mechanical heart valves) (25), the balance of the

risk-benefit equation might favor anticoagulation, which may be especially true in

those patients in whom the ischemic infarct volume is small and thus at lower risk

for hemorrhagic infarction. Similarly, it is not uncommon for acute stroke patients

to also have other compelling reasons for systemic anticoagulation (e.g., deep

venous thrombosis or pulmonary embolism). These systemic factors likely do not

change the risk of hemorrhagic cerebral infarction but would favor early anti-

coagulation because of the higher risk of withholding treatment. Unfortunately, no

clinical trials have been published that might provide guidance as to when these

specific risk factors are present; therefore, the decision to anticoagulate becomes

one of estimating the risk-benefit ratio and of clinical judgment (26).

EARLY ANTICOAGULATION IN OTHER STROKE TYPES

As described above, the trials with anticoagulation for acute ischemic stroke

have not shown a benefit for the stroke population as a whole or for a subgroup

of patients with atrial fibrillation. A further question is whether patients with

other stroke types would benefit from early anticoagulation. Two recent trials

have enrolled only patients determined to have nonlacunar ischemic strokes with

the rationale being that as lacunar strokes are thought to be secondary to

lipohyalinosis of small perforator arteries caused by uncontrolled hypertension,

they are unlikely to be helped by anticoagulation. In a recent Italian trial, patients

with presumed nonlacunar hemispheric cerebral infarctions were treated with IV

heparin or saline started within three hours of symptom onset (27). (At the time

of the study, thrombolytic therapy for acute ischemic stroke had not yet been

approved in Italy). Among 418 patients studied, the heparin group had more

functionally independent patients at 90 days (38.9 % vs. 28.6%, p ¼ 0.025). This

encouraging result was offset by the fact that the heparin group also had more

symptomatic brain hemorrhages (6.2% vs. 1.4%, p ¼ 0.008) and a trend for

higher rates of major extracranial bleeding (2.9% vs. 1.4%). Nonetheless, a trend

toward fewer deaths in the heparin group (16.8% vs. 21.9%, not statistically

significant) was observed. This result suggests that acute anticoagulation may be

beneficial for specific populations of patients if it is started in the hyperacute

(<3 hours) time period, but for that further study is needed.

The increasingly widespread use of various types of thrombolytic therapy

within the three to six-hours window after stroke onset makes further investigation
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of ultra-early heparin therapy unlikely. This dilemma was demonstrated in the

Rapid Anticoagulation Prevents Ischemic Damage (RAPID) trial, which attempted

to treat patients with nonlacunar stokes with heparin or aspirin within 12 hours of

stroke onset, but was terminated early as a result of poor enrollment (67 patients in

30 months) (28).

Heparin is still commonly used in the acute setting in other subgroups of

patients, including patients with symptomatic critical carotid stenosis awaiting

surgical intervention, severe posterior circulation stenosis, and cerebral artery

dissection. Patients with basilar artery thrombosis, for example, often present

with stuttering that progresses over hours to days, perhaps because of propa-

gation of clot in a region of atherosclerotic stenosis. It is appealing to consider

the combined use of heparin and antiplatelet agents to limit this process.

Unfortunately, no large trials have been conducted in well-defined subgroups of

ischemic stroke patients to determine the efficacy of this practice.

Many of the patients who were reported in 1958 to have benefited from

anticoagulation were likely patients with critical large-artery stenosis (1).

Patients were described to have stereotyped TIAs with the recurrent ones in the

same vascular distribution. With modern imaging techniques, patients with

critical carotid stenosis are frequently identified at the time of their first TIA

and subsequently sent for surgical intervention. If surgery is not recommended,

patients are treated with cholesterol-lowering agents to target the underlying

etiology of the atherosclerosis. The author envisioned the process as follows:

If advance or worsening of the clinical picture is related to progression of the

thrombotic process, the use of anticoagulant substances would have a rational

basis. However, since they probably do not influence atherosclerotic deposi-

tion, it might be anticipated that, as the plaques enlarge, a time will be reached

when anticoagulant action will no longer postpone cerebral ischemia. (1)

The question remains as to whether anticoagulation could be a bridge

therapy until the time of surgical intervention or a long-term therapy for those

patients who are not surgical candidates. Analysis of the subgroup of patients

from the TOAST trial who had ischemic stroke in the cerebral hemisphere

ipsilateral to an occlusion or a stenosis of more than 50% of the internal carotid

artery, as identified by carotid ultrasound, suggested that anticoagulation did

provide a significant benefit with danaparoid versus placebo, with favorable

outcome at seven days (64 of 119, 53.8% vs. 41 of 108, 38.0%; p <0.05) and at

three months (68.3% vs. 53.2%; p <0.05) (29). This finding warrants confir-

mation by other studies.

Internal carotid artery dissection (ICAD) is also a situation in which

anticoagulation is used in the acute stroke setting. The possible mechanisms of

infarction in ICADs include thromboembolism from the hematoma located in the

dissected vessel wall and development of hemodynamic compromise from

luminal narrowing by the intramural hematoma. A survey of imaging studies

from 131 patients with ICAD found that all the patients had territorial infarcts
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and that 5% also had border-zone infarcts (30). This result indicates that

thromboembolism, and not hemodynamic compromise, is the main stroke

mechanism in internal carotid dissection and suggests that anticoagulation may

be beneficial in preventing recurrent thromboembolism. However, a study of

20 patients treated with heparin for ICAD found that 5 patients had delayed

occlusion of the internal carotid artery during treatment and 1 of these 5 patients

had associated neurologic worsening (31). These 5 patients had significantly

higher activated partial thromboplastin time ratios (2.6 � 0.4 vs. 2.0 � 0.5). The

authors suggested that while anticoagulation may be helpful in decreasing

the rate of recurrent thromboembolism, it may contribute to an enlargement of the

intramural hematoma and secondarily worsen hemodynamic compromise.

Most neurologists currently favor the use of anticoagulation in patients

with acute cervical artery dissection, except in patients with large hemispheric

infarcts or in patients who may have extension of the dissection into the intra-

cranial space (and thus be at risk of subarachnoid bleeding). A clinical trial

would be extremely useful in answering this question.

Other Anticoagulants

Development of new anticoagulant pharmaceuticals continues to raise the hope

that an anticoagulant can be found that is antithrombotic but has a lower risk of

hemorrhagic complications than heparin or LMWH.

Ancrod is a protease derived from the venom of the Malaysian pit viper; it

degrades circulating fibrinogen and interferes with maturation of fibrin cross-

linking. An early study in 1994 found its use was safe in acute ischemic stroke

and had some promise for improved outcome in patients who could quickly

achieve a target fibrinogen level (32). Unfortunately, a recent large randomized

clinical trial of 1222 subjects found no functional benefit at three months with

the use of ancrod (33).

Direct thrombin inhibitors are a new class of drugs that may be able to

replace heparin and have theoretical advantages over heparin. Bivalirudin has

been used as an adjunct in percutaneous coronary intervention but has not been

studied in ischemic stroke (34). Argatroban has been found safe in acute

ischemic stroke patients (35) and has an acceptable safety profile in a small study

that uses the drug in combination with IV tissue plasminogen activator (36).

Studies that show efficacy have yet to be published.

CONCLUSION

The current clinical trial data do not support the routine use of anticoagulation in

patients with acute ischemic stroke. However, dosing, dose-response, and ultra-

early use of heparin or LMWH have not been studied in as much detail as other

stroke treatments, such as thrombolytic therapy. Early anticoagulation may have
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a role in subsets of patients with a high-risk potential for recurrent stroke (e.g.,

left ventricular thrombus, prosthetic heart valves, and perhaps, large artery

stenosis), but the optimal timing of anticoagulation and the risk-benefit ratio for

each of these subgroups of patients await further study.
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Carotid artery angioplasty and stenting (CAS) has evolved into one of the most

common approaches to treatment of cervical carotid atherosclerotic disease. The

approach was first described by Kerber and colleagues in 1980 (1). In the same

decade, reports on at least two other small series of patients were published that

showed high technical success rates and low complication rates (2–4). The

approach was greatly popularized beginning in the early 1990s, and by 2000,

CAS procedures dramatically increased (5,6). Between 1996 and 1999, at least

11 carotid stent series that included more than 1300 patients were published

(3,7). All of these studies demonstrated high technical success rates and

acceptably low complication rates.
CAS developed as a less invasive alternative to the standard surgical

carotid endarterectomy (CEA) approach, which had been shown to be a safe and

effective procedure to reduce the risk of stroke in patients with carotid
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atheromatous disease, both symptomatic and asymptomatic (8,9). Within this

group of patients with carotid atheromatous disease, subsets exist that are clearly

at higher risk for complications from surgery. The benefit of CEA in the low

surgical risk population generally is eliminated if the combined 30-day stroke and

death rates exceed 5% to 7% for symptomatic patients, and 3% for asymptomatic

patients. Numerous other reports have detailed the complication rate of surgery

based on patient selection (10–14). It was in this group of patients that constituted

a ‘‘high surgical risk’’ that CAS was developed as an alternative. As experience

was gained, this technique was used to treat a much larger pool of patients who

were not necessarily at higher risk for surgery. The procedure became so com-

monplace that the Centers for Medicare and Medicaid issued revised guidelines

that restricted reimbursement for this procedure to high-risk patients or those

involved in category B Investigational Device Exemption studies and post

approval studies at qualified centers. In addition, the Centers for Medicare and

Medicaid insisted that centers that offer this service undergo a certification pro-

cess demonstrating their ability to perform this procedure safely and effectively.

The main issues regarding CAS relate to its relative safety and efficacy

compared with surgical CEA, rates of restenosis within arteries treated with a

stent, management of restenosis if it does occur after CAS, effect of advanced age

(>80 years) on outcome, and the need for distal filter protection to reduce embolic

complications from this procedure. Many issues related to performance of CAS

have been largely resolved over the past 20 years. As an example, some of the first

carotid stents that were placed were not self-expanding but were deployed by

expanding them with a balloon. These stents were easily crushed, and if that

occurred, they would not reexpand (15,16).

TECHNICAL CONSIDERATIONS FOR CERVICAL CAROTID
ARTERY ANGIOPLASTY AND STENTING

Preoperative Care and Evaluation

Antiplatelet Therapy

Experience has clearly shown the need for dual antiplatelet treatment prior to

placing stents in the cervical carotid arteries (16). In most trials, dual antiplatelet

therapy is started five days before the procedure and includes aspirin (325 mg) and

clopidogrel (75 mg) daily. In cases in which pretreatment has not been adminis-

tered, alternative regimens include aspirin (325 mg) and a load of clopidogrel

(600 mg) at least four hours before the procedure. Some centers are evaluating the

pharmacologic response to antiplatelet therapy administered immediately before

performing these procedures, although this is not a universal practice.

Anticoagulation

The procedures are performed with full heparin anticoagulation. Among most of

the protocol studies, an activated clotting time of greater than 250 seconds is
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required. Typically, a bolus of 5000 units of heparin is given, followed by addi-

tional 1000- to 3000-units increments based on the activated clotting time level.

Blood Pressure Control

Early experience demonstrated that uncontrolled hypertension could result in

intracerebral hemorrhage after CAS has been performed (16,17). The scenario

was particularly a problem with a critical stenosis in the setting of contralateral

carotid artery occlusion. Generally, most study protocols require a systolic blood

pressure be maintained at less than 180 mmHg.

The decision to perform CAS depends on a combination of clinical indi-

cations and preoperative evaluation of the cervical carotid arteries, which can be

accomplished by carotid duplex ultrasound, MR angiography, CT angiography, or

conventional angiography. The final decision regarding proceeding with the

actual carotid artery angioplasty and stent procedure, however, depends on the

angiographic evaluation. Anywhere along the treatment chain, problems can

be encountered that may prohibit performance of the procedure, including access

difficulty in the femoral artery at the groin, as well as excessive tortuosity or

atherosclerotic occlusion of the iliac arteries, aorta, or origins of the great vessels.

Significant tortuosity of the aortic arch or the cervical carotid arteries may also

prohibit safe performance of a CAS procedure. The access devices have some

rigidity to them and may not be able to navigate through extremely tortuous

anatomy. While some of these issues may be resolved on the preoperative studies,

some may not be apparent until the actual CAS procedure has begun.

Procedure

The CAS procedure is performed with the patient under moderate sedation, 1 to

4 mg of midazolam and 100 to 400 mcg of fentanyl typically being administered

during the course of a procedure. In a straightforward case, the operative time is

less than one hour. Each CAS procedure begins with a diagnostic angiogram. A

study of the aortic arch is performed to evaluate the type of arch involved as well

as to look for atheromatous disease at the origins of the great vessels that may

prohibit safe passage of subsequent catheters and guidewires. Each carotid artery

is then selectively catheterized, with visualization of both the cervical region and

the intracranial circulation. Evaluation of the cervical carotid artery involves

looking for the presence of acute thrombus, significant calcification, degree of

stenosis, the normal arterial diameter, and excessive tortuosity. The intracranial

circulation is examined for tandem lesions affecting intracranial blood vessels.

The diagnostic catheters generally have a very small inner diameter and

must be exchanged for larger sheaths. The sheaths have much larger inner

diameters and allow passage of the variety of stents and balloons necessary for this

procedure. Typically, a 6 French sheath is exchanged for the diagnostic catheter

and extends from the femoral artery in the leg up into the affected cervical

common carotid artery. The large inner diameter sheath, because of its rigidity,
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also allows stability for subsequent passage of devices and for injecting contrast

and imaging of the carotid arteries during the course of angioplasty and stenting.

Carotid artery angioplasty is performed using continuous fluoroscopy so

that the operator can monitor the position and movement of the devices. In

addition, a technique called roadmapping allows an image of a blood vessel to be

portrayed on the video screen in real time. Using the combination of road-

mapping and fluoroscopy, the devices used in this procedure can be navigated

through tortuous anatomy and severe stenoses in a safe and effective fashion.

With a large inner diameter sheath in place and a roadmap image of the

blood vessel portrayed on the video screen, a very small guidewire is then

navigated through the guide sheath into the carotid artery, and across the stenotic

lesion distally into the high cervical internal carotid artery (Fig. 1). This

microguidewire is typically very thin (0.01400) and has a shapeable tip. The shape
at the tip allows torque to occur at the distal end of the guidewire when the

proximal end outside the body at the groin is turned, allowing the micro-

guidewire to be navigated through tortuous anatomy and severe stenoses.

An embolic protection device, also known as a filter device, is then navi-

gated through the sheath, into the carotid artery, across the lesion, and then

deployed much above the lesion in the high cervical internal carotid artery. In most

instances, the filter device is attached to the microguidewire. Some device man-

ufacturers separate the microguidewire from the filter device. Once the micro-

Figure 1 Cervical carotid artery angiogram, RAO projection, pretreatment. Abbreviation:

RAO, right anterior oblique.

guidewire is delivered across the lesion and above, the filter device is delivered. As

148 Dogan et al.



the filter device is initially navigated through the artery, it is confined inside of a

delivery tube. Once it is navigated distal to the lesion, it is opened up in a similar

fashion to an umbrella and remains in place throughout the procedure. The filter

device typically has a pore size of approximately 100 mm that allows blood flow

distally to the intracranial circulation, but will capture any significant embolic

debris larger than 100 mm that break loose during the course of the procedure.

With the filter device in place, the lesion is typically first treated with what

is termed prestent angioplasty. In most instances, the stenotic lesion is so tight

that passing the larger-diameter stents through the lesion may be difficult. Pre-

stent angioplasty allows for partial opening of the lesion to facilitate advance-

ment of the stent. Typically, a balloon 4 mm in diameter is used in the cervical

carotid arteries for prestent angioplasty, and it opens up the stenotic lesion

sufficiently to allow the stent to be navigated across the lesion. This prestent

angioplasty balloon is then removed.

Dilation of the lesion at the cervical carotid artery bifurcation with even a

4-mm prestent angioplasty balloon can cause significant effects on both heart

rate and blood pressure. Significant sinus bradycardia or complete block may

result as the balloon is inflated but generally always reverses within seconds as

the balloon is deflated. In an effort to lessen this effect, pretreatment with

atropine (1 mg) may be given. However, this approach is not universal.

The prestent angioplasty typically allows much easier passage of the stent.

As the stent is introduced into the sheath in the groin, it is constrained within a

catheter. The sheath has a low profile and typically crosses the stenotic lesion in

the cervical carotid artery without much difficulty. Once it is centered over the

lesion, it is uncovered and expands. All stents currently used extracranially are

self-expanding. This feature allows for reexpansion if the stent is compressed for

any reason, such as if the patient pushes on his/her neck or during ultrasonography.

The stents come in a variety of lengths, diameters, and as either straight or

tapered. The length of the stent used is determined by the length of the lesion to

be treated. Stent lengths are chosen to extend beyond the lesion, both proximally

and distally, by at least 1 cm to ensure full coverage of the stenotic lesion. The

diameter of the stent is chosen on the basis of the largest diameter of the carotid

artery in which the stent will be placed and is generally at least 1 mm greater

than the normal diameter of the artery so that it is stable and will not move once

it is deployed. More recently, tapered stents have been developed to account for

the difference in the diameter between the common carotid artery and the more

distal internal carotid artery.

After the stent has been deployed, residual stenosis may occur at the lesion.

While the stent has some self-expanding radial outward force, it is not typically

sufficient to open up the stenotic lesion by itself. To reverse the stenosis,

post-stent angioplasty is typically performed. A second balloon is navigated

inside the stent and then expanded to the normal diameter of the artery. For most

cervical internal carotid artery stenotic lesions, a post-stent angioplasty is per-

formed using either a 5.0- or 5.5-mm dilation balloon, which usually allows the

artery to achieve normal diameter with no residual stenosis. For lesions of the
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cervical carotid artery bifurcation, significant bradycardia and hypotension very

frequently occur with the dilation. If atropine had not been given before, it is

typically given before the final balloon angioplasty is performed.

After the stent has been deployed and postdilated, the filter is removed.

Angiographic analysis is first made to ensure that an adequate result has been

achieved. In addition, the filter is evaluated to assess whether any significant

embolic debris has been captured. It is extremely rare to see any angiographic

evidence of debris in the filter. A filter recovery sheath is navigated up to the

filter, and the filter is recaptured and removed, along with any embolic debris.

Visual inspection of the filter seldom demonstrates significant embolic matter.

Postoperative Care

Generally, patients spend one night in the ICU. Blood pressure control is care-

fully monitored after this procedure. Balloon angioplasty and stenting of the

carotid bifurcation occasionally result in prolonged hypotension, a problem that

generally responds to fluids; however, occasionally, vasopressors are given for a

period (up to 24 hours), while the baroreceptor reflex equilibrates. Most patients

are discharged the following day.

Anticoagulation is stopped at the end of the procedure but not reversed.

Antiplatelet therapy is continued after the procedure. Typically, aspirin (325 mg)

is continued indefinitely. Plavix is continued for 30 days on most trial protocols.

Patients may return to normal activity shortly after discharge, with no restrictions

in their activity. The only caveat would be to avoid chiropractic manipulation of

the neck. Clinical follow up with ultrasound is performed at 30 days. Angiographic

follow up is not generally performed.

Comparing CAS with CEA requires separating the patient populations into

those with high-risk features for surgery and those with no particular risk factors

for surgery. Most of the available literature relates to CAS in populations at high

surgical risk, but trials that compare CAS with surgery in patients at low surgical

risk have been conducted (18,19).

The literature is replete with multiple series that show varying degrees of

safety and efficacy of carotid stenting (16,17). It has only been in the last

10 years that a number of carefully designed and controlled trials have been

performed that compare CAS with CEA or evaluate the results of CAS in

patients at high risk for surgery. Previous comparison trials in which distal

protection was not used and the technical issues such as antiplatelet therapy were

not standardized have much less relevance today (20).

THE SECURITY REGISTRY TRIAL

The SECuRITY Registry Trial (21) was a prospective, multicentered (30 sites),

nonrandomized safety and efficacy study of a distal filter protection device and a

CAS in 305 pivotal patients and 93 lead-in patients with carotid artery disease.

These patients were considered at high risk for surgery. The primary end points
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were (i) the incidence of major adverse events (MAEs), defined as death, stroke, or

myocardial infarction (MI) (Q wave and non–Q wave) at 30 days postprocedure

for the stent and a distal filter protection device, termed ‘‘Emboshield,’’ and

(ii) MAEs at 30 days postprocedure in the incidence of ipsilateral stroke at one

year for the Xact stent. Secondary end points were the incidence of vascular

complications other than in the MAEs at 30 days and restenosis and/or target

lesion revascularization at six months and one year postprocedure.

At 30 days following the study procedure, 92.5% of the treated patients

were free of MAEs. The primary end point of the study was a composite rate of

the 30-day MAEs and ipsilateral strokes at one year. The composite rate of

occurrence for the primary end point at 12 months was 8.5%. Acute success in

effectively treating the target lesion was demonstrated in 96.7% of the patients

who underwent the study procedure. At 12 months, long-term durability of the

procedure was also demonstrated by 99.3% of the treated patients being free

from repeat revascularization. Additionally, at 6 months and 12 months post-

procedure, restenosis was demonstrated in only a small percentage of the patient

population—4.9% and 4.1%, respectively.

The primary objective of the SECuRITY Registry Trial was met, dem-

onstrating that the carotid stenting with the Xact stent is noninferior to CEA,

based on results of historical controls. The clinical results of this study indicate

that the Xact carotid stent system, when used in conjunction with the Emboshield

embolic protection system, provides a safe, effective, and durable method for the

treatment of carotid stenosis in patients at high risk for CEA.

THE CABERNET TRIAL

The Carotid Artery Stenting Trial (CABERNET) was a prospective, non-

randomized, multicentered registry of 454 patients that used 21 carefully

selected centers in both the United States and Europe (22). The patients were

either symptomatic with greater than 50% stenosis by Doppler ultrasound and

angiogram, or asymptomatic with 80% stenosis by Doppler ultrasound or with

60% stenosis as determined by angiogram without any neurologic symptoms.

The trial objective was to evaluate the safety and efficacy of the Boston Sci-

entific carotid stent and delivery system and their distal filter protection device,

the FilterWire, by assessing the outcomes of patients with CAS who were at high

risk for CEA. The primary end points were a composite MAE rate, including all

death, stroke, and MI at up to 30 days, plus ipsilateral stroke, including any

death-related ipsilateral stroke, from 31 to 365 days. The other primary end point

was all death, all strokes, and all MIs at one year.

The 30-day primary end point MAE rate (death, stroke, or MI within

30 days) was 3.9%. The 30-day all stroke rate was 3.4%, but only 1.3% of these

were defined as major. Ipsilateral major stroke only occurred in 1.1%, and non-

ipsilateral stroke occurred in 0.7%. The one-year MAE rates were 4.7%, including

death in 0.5% (nonneurologic), stroke in 4.2%, and MI in 0.2%. The one-year end
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point MAE rate for all death, stroke, and MI was 11.9%. Restenosis of greater than

80% was found to be only 0.9% at up to six months and 2.7% at one year. At one

year, only 2% of the patients had target vessel revascularization procedures.

The primary end points of the trial were met. These findings demonstrated

that carotid stenting using the Boston Scientific NexStent Carotid Stent with the

FilterWire system was comparable to CEA in the high-surgical-risk study pop-

ulation. The restenosis rates were extremely low, as was the need for target

vessel revascularization.

THE ARCHER TRIAL

The ACCULINK for Revascularization of Carotids in High-Risk Patients)

(ARCHeR) Trial (23) consisted of three separate trials. The ARCHeR Trial 1

included 158 patients who were treated with the AccuLink carotid stent system,

mostly in the United States and at some carefully selected sites in Europe and

Argentina. The ARCHeR Trial 2 included 278 patients treated with the Accu-

Link stent and the Accunet distal filter embolic protection system. The ARCHeR

Trial 3 involved 145 patient treated with a new version of the AccuLink stent and

Accunet filter. The control was historical high-risk CEA data.

The combined primary end point of death, stroke, and MI in the first 30 days

plus ipsilateral stroke between 31 days and 1 year was 8.3%, 10.2% in ARCHeR

Trial 2, and 8.3% during the first 30 days in ARCHeR Trial 3. The historical control

group showed a 14.5% incidence rate. At 30 days, the rates of major stroke were:

ARCHeR Trial 1, 3.8%; ARCHeR Trial 2, 2.5%; and ARCHeR Trial 3, 2.8%. In

conclusion, CAS was safer compared to historical control CEA in high-risk patients.

THE BEACH TRIAL

The Boston Scientific EPI-A Carotid Stenting Trial for High Risk Surgical

Patients (BEACH) Trial (24) enrolled 747 patients at high risk for surgery, with

480 being in the pivotal trial performed in the United States. The purpose was to

evaluate the outcomes of patients with CAS at high risk for CEA using the

carotid Wallstent and the FilterWire EZ distal protection system. These patients

have been followed for two years. The stroke risk in the first 30 days was 3.1%,

which reduced to 2.3% between 31 days and 1 year, and to 0.9% at between one

and two years. In regard to restenosis, the rates were extremely low and no

revascularization was required. In conclusion, this study demonstrated both

safety of the procedure and the protection from stroke that stenting offers with a

two-year follow-up. No significant restenosis was noted.

These four trials directly compare CAS with CEA.

THE CARESS TRIAL

The purpose for the Carotid Revascularization Using Endarterectomy or Stenting

Systems (CARESS) trial (25,26) was to determine if protected carotid stenting is

equivalent to CEA in patients with carotid stenosis. It was a prospective,
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multicentered trial performed in the United States. The patients encompassed a

broad range of risks. The primary outcome was mortality and nonfatal stroke at

30 days. The secondary outcome was a composite of total mortality, stroke, and

MI at 30 days. The trial enrolled 439 patients. More than 90% of patients had

greater than 75% stenosis; approximately 68% were asymptomatic. The 30-day

composite rate of mortality in stroke was statistically insignificant at 2% in both

groups. The secondary end point of all mortality, stroke, and MI was 3% in the

CEA group and 2% in the CAS group—also statistically insignificant.

In a follow-up assessment at one year, the CARESS phase I study sug-

gested that the 30-day and 1-year risk of death, stroke, or MI with CAS is

equivalent to that with CEA in symptomatic and asymptomatic patients with

carotid stenosis. No significant differences were noted between CEA and CAS

patients in the secondary end points of restenosis (CEA, 3.6%, vs. CAS, 6.3%) or

carotid revascularization (CEA, 1.0% vs. CAS, 1.8%). In conclusion, this study

suggests that the 30-day risk of stroke or death following carotid stenting with

cerebral protection is equivalent to standard CEA in a broad-risk population of

patients with carotid stenosis. The need for revascularization at one year was

extremely low in both groups and not statistically different.

THE SPACE TRIAL

The Stent-Supported Percutaneous Angioplasty of the Carotid Artery versus

Endarterectomy (SPACE) trial (27) compared the safety and efficacy of stent-

protected percutaneous angioplasty of the carotid artery and CEA against stroke

and other vascular events in patients with symptomatic carotid stenosis. Only

sites in Germany, Austria, and Switzerland were included. Enrollment was

completed of 1214 randomized patients in February 2006.

SPACE failed to show one method over another as being safer or a more

effective prophylactic method at 6- or 30-day end points. The rate of the primary

end point was 6.84% with CAS and 6.34% with CEA, and the one-sided p-value

for noninferiority is 0.09. There were no significant differences for the secondary

end points of stroke (7.51% vs. 6.16%), ipsilateral disabling stroke or death

(4.67% vs. 3.77%), or procedural failure (3.17% vs. 2.05%) at 30 days. Further

end points will be collected at 6, 12, and 24 months (27).

In conclusion, at 30 days, both procedures seemed equivalent. Additional

data from this trial will be forthcoming.

THE SAPPHIRE TRIAL

The pivotal Stenting and Angioplasty with Protection in Patients at High Risk for

Endarterectomy (SAPPHIRE) trial was a multicentered, prospective, randomized,

triangular, sequential trial that compared patients at increased risk for adverse

events from CEA who received a stent to a surgical CEA control (28). The primary

objective of the SAPPHIRE trial was to compare the safety and effectiveness of the

Cordis PRECISE stent system, used in conjunction with the ANGIOGUARD distal
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filter protection guidewire, to CEA in the treatment of carotid artery disease in

patients at increased risk for adverse events from CEA. Study hypotheses examined

whether the MAE rate of randomized inpatients was not inferior to randomized

CEA patients. The primary end point was a composite of the MAEs (defined as

death, any stroke, or MI, Q wave or non–Q wave) in the first 30 days following

treatment and death or ipsilateral stroke between 31 days and 12 months.

A total of 747 patients were enrolled in the Sapphire study at 29 centers in

the United States. The randomized population included 334 patients (167 stent/

167 CEA), 310 of whom were treated per protocol. The one-year MAE rate at

30 days and death or ipsilateral stroke from 31 days to 360 days was 12.0% for

the randomized stent patients, compared with 19.2% for the control CEA group.

Cranial nerve injury occurred in 4.2% of the patients who underwent CEA and in

none of the patients who underwent CAS. Targeted lesion revascularization

at one year was necessary in 4.3% of the CEA patients and in only 0.6% of the

CAS patients. The cumulative percent of MAEs at one year was 12.2% in the

CAS patients and 20.1% in the CEA patients.

These results demonstrate noninferiority ( p ¼ 0.004) of CAS to CEA. The

number of patients who required revascularization because of stenosis was lower

in patients who underwent CAS. The overall incidence of MAEs was less at one

year in CAS patients, compared to CAE patients.

THE EVA-3S TRIAL

The Symptomatic Severe Carotid Stenosis (EVA-3S) Trial was a multicentered,

randomized, noninferiority trial (29) performed in France that compared stenting

with endarterectomy in patients with symptomatic carotid artery stenosis of at

least 60%. The primary end point was the incidence of any stroke or death within

30 days after treatment. The entry criteria for the interventionalists was much

less than other trials.

The trial was stopped prematurely after the inclusion of 527 patients for

reasons of both safety and futility. The 30-day incidence of any stroke or death

was 3.9% after endarterectomy; the relative risk of any stroke or death after

stenting was significantly higher compared with endarterectomy. The 30-day

incidence of disabling stroke or death was 1.5% after endarterectomy (95% CI, 0.5

to 4.2) and 3.4% after stenting (95% CI, 1.7 to 6.7); the relative risk was 2.2 (95%

CI, 0.7 to 7.2). At six months, the incidence of any stroke or death was 6.1% after

endarterectomy and 11.7% after stenting ( p ¼ 0.02). There were more major local

complications after stenting and more systemic complications (mainly pulmonary)

after endarterectomy, but the differences were not significant. Cranial-nerve injury

was more common after endarterectomy than after stenting (29).

The results of this trial stand out in startling contrast compared with other

trials that mostly involved centers in the United States. The qualifications of the

investigators who placed the stents has come under question, as noted in the
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editorial by Furlan (Furlan). The other studies cited above had lead-in phases,

during which demonstrated safety and efficacy was required before enrolling

patients. The training requirements for the investigators on the EVA-3S Trial

were not as extensive as those of the other trials. A review of this issue has been

reported by Qureshi (30).

The evidence currently available is that for patients at high risk for surgical

CEA, CAS provides a safer alternative in regard to MAEs compared with his-

torical controls. In the SAPPHIRE Trial, which directly compared surgery and

carotid artery stenting in the United States, CAS clearly seemed favorable over

the surgical approach. Surgery appeared to be a better alternative in only one

study, which was conducted in France (19,29). The suggested explanation of

these findings was that the surgeons had a great deal of prior experience, whereas

the interventionalists had much less.

The importance of experience in performing CAS procedures and the

associated learning curve have been well documented (16,31).

As experience was gained in the technique of CAS, there was a clear

reduction in the incidence of neurologic complications. In a description of their

early experience in this technique, Vitek et al. reported an initial complication

rate of 8.2% in their series from 1994 to 1995, which was reduced to 4% in their

series from 1997 to 1998 (16). Although they attributed some of the improve-

ment to dual antiplatelet therapy, they also pointed to improvements in the

technique that is in use currently.

As another example of the ramifications of the lack of experience with the

CAS technique, Teitelbaum et al. in their 1998 review of the 26 CAS procedures

noted a technical success of 96% but a high complication rate. At 30 days,

combined death, stroke, and ipsilateral blindness occurred in 27% of patients,

although only two of the ipsilateral strokes (7.7%) were directly related to the

CAS procedure. It would appear that many of these patients were not pretreated

with full antiplatelet therapy. In addition, over half of their stent procedures

involved the use of the Palmaz stent, the use of which has largely been aban-

doned because of its lack of free expansion after being crushed. The experiences

of these investigators in these early days and their willingness to publish them

laid the groundwork for the success of the procedure today.

RESTENOSIS

Initial concerns about higher rates of restenosis after CAS have not borne out

either in multiple case series or in the larger trials (17,32–34). Restenosis,

defined as greater than 50% reduction in diameter, occurs in approximately 6%

of patients after CEA (32,35,36). This risk may be reduced with the surgical

technique of adding a patch to the surgical incision closure site. Repeat

endarterectomy for restenosis is technically more difficult and is associated

with an increased risk of cranial nerve palsies (36,37). Among all of the major
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trials, the restenosis rate after CAS was either less than or equivalent to that

after CEA.

When restenosis does occur after CAS, retreatment is associated with very

high technical success rates and very low complication rates (38,39). In an

evaluation of this issue in 32 in-stent restenoses following CAS, complete pro-

cedural success was achieved in all patients, with no complications at 30 days

(39). An additional evaluation of the embolic debris captured by the filter used in

each case revealed the presence of fibrous nets and erythrocytes, leukocytes,

platelets, and occasionally, hypercellular tissue fragments, rather than the frag-

ments of plaque and acute thrombus that were seen in the filters from the original

treatments (40,41). Based on these findings, it would appear that retreatment of

in-stent stenosis after CAS may be technically easier and safer than the original

treatment (38,39,42–44).

Many have questioned the safety of CAS in the elderly population. With

CEA, increasing age may also be associated with increased risks (45–47). While

it appears that CEA is generally safe in these patients if they do not have other

high-risk features, issues pertinent to CAS may increase the risk compared to the

surgical approach (48,49). Evidence suggests an increased risk of complication

from CAS in patients who are older than 80 years (17,50,51), which may relate

primarily to unfavorable anatomy or to less tolerance of the brain and other

organs to any embolic or physiologic changes that occur during CAS. Of these

factors, difficult arch anatomy with elongation, calcified origins, and tortuosity

that occur more frequently in the elderly was thought to be the largest con-

tributing factor (48).

The issue of the need for distal filter protection was raised early in the

progress of CAS (52,53). Generally, all CAS procedures are now performed

using distal filter protection devices. In the early development of carotid stent-

ing, filter devices were not available and yet the procedure seemed very safe in

regard to thromboembolic complications (16). However, the theoretical concern

of emboli resulting from CAS procedures was raised, and a number of different

filter protection devices were developed (54–56). While no randomized trial has

been conducted to compare CAS with and without filter protection devices, the

available data does clearly indicate that filter protection offers significant safety

over nonprotected procedures (3,7,57–59). In a study that evaluated the role of

filter protection devices in reducing ischemic complications related to CAS,

investigators found a significantly lower rate of ipsilateral lesions on diffusion-

weighted imaging when filters were used (59). Unprotected CAS was performed

in 67 patients, and filters were used in another 139 patients. Both the number of

patients with new lesions versus no lesions, and the number of lesions in patients

who had lesions, were significantly higher in patients who underwent CAS

without protection. Although more clinically significant ischemic complications

were noted in the unprotected group than in the filter group, this difference did

not reach statistical significance.
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CONCLUSIONS AND FUTURE DIRECTIONS—CERVICAL
CAROTID ARTERY ANGIOPLASTY AND STENTING

CAS now has a defined role in the treatment of carotid artery atheromatous

disease. Over the past 20 years, catheterization techniques, antiplatelet therapy,

anticoagulation, distal filter protection, and stent choices have all been refined.

The procedure is clearly preferable for patients at high risk for surgical

CEA, particularly patients with restenosis after surgery or those with prior

radiation therapy or other forms of ‘‘hostile’’ neck anatomy. For patients at low

risk for surgery, most studies demonstrate equivalence and tendency for better

results with CAS, compared to surgery.

The Carotid Revascularization Endarterectomy Stenting Trial (CREST),

sponsored by the National Institutes of Neurological Disorders and Stroke, is

ongoing as of writing this chapter. It is a prospective, randomized, multicentered

US trial involving 2500 patients and has strict experience criteria for both the

surgeons and interventionalists. Results from the CREST trial will provide the

most useful data regarding a comparison of the two approaches in low-risk

patients.

The evidence suggests that in-stent stenosis after CAS is very infrequent

and that if it does occur, it is easily managed by repeating the procedure. Distal

filter protection devices are now routinely used and, although unproven, seem to

add safety to the procedure.

INTRACRANIAL AND VERTEBRAL ARTERY
ANGIOPLASTY AND STENTING

The issues that surround intracranial and vertebral artery angioplasty and stenting

relate primarily to the overall safety and efficacy of this treatment for symptomatic

intracranial atheromatous disease and how they compare to medical treatment. As

experience with this technique has grown, questions that have been largely

answered in the field of cervical CAS remain unanswered for intracranial angio-

plasty and stenting; they concern overall safety, efficacy, the restenosis rate,

methods by which to decrease restenosis or treat it if it occurs, and the length of

antiplatelet therapy. Many questions remain about the optimal technique.

The Technique of Intracranial Angioplasty and Stenting

Preoperative care for a patient who will undergo intracranial angioplasty and

stenting is virtually identical to cervical CAS procedures in regard to antiplatelet

therapy, anticoagulation, and blood pressure control. These procedures are typ-

ically performed using general anesthesia. The end point is angiographic nor-

malization of a blood vessel diameter, not an immediate clinical outcome, and

the advantages of having the patient immobile outweigh being able to follow

their neurologic exam during the procedure. However, this approach is not
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universal. Angiography is performed in a fashion similar to that for CAS. The

shape of the arch and the tortuosity of the cervical carotid or vertebral arteries are

evaluated as part of the decision-making process as to whether an intracranial

angioplasty and stenting procedure is feasible. Imaging of the intracranial

arteries is performed to evaluate the normal size of the artery, the length of the

narrowing, and the presence of tandem lesions. For most centers, reliance on

three-dimensional angiography is necessary, as very accurate measurements of

the diameter of the small arteries is important to prevent oversizing of the

balloon used for prestent angioplasty, as well as possible rupture.

In a similar fashion to CAS, a large inner diameter sheath is placed in the

cervical carotid arteries or vertebral arteries that provides a stiff support platform

from which subsequent maneuvers are to be performed. In addition, the large

inner diameter of the sheath allows for continuous angiographic imaging during

the course of the procedure. Once the sheath is in place, most centers with

experience in doing these procedures will first gain access by navigating a

microcatheter and microguidewire across the lesion. (Fig. 2) The microcatheter

is then used to place a much longer exchange microguidewire, which serves as a

platform for subsequent maneuvers. The only currently approved system for

intracranial angioplasty and stent is the Wingspan system. Using the approved

instructions for use, the lesion is first predilated with an angioplasty balloon to

just under the normal size of the artery. Once this prestent angioplasty balloon

procedure has been performed, the balloon is withdrawn and the Wingspan stent

system is delivered over the microguidewire across the lesion. Similar to CAS

systems, the Wingspan stent system is self-expanding as it deploys across the

lesion. Follow-up angiography is then performed, and if an acceptable result has

Figure 2 Cervical carotid artery angiogram, with filter protection device placed above

the lesion and high cervical internal carotid artery.
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been achieved, the guidewires are removed. It is very seldom that post-stent

angioplasty is performed for this procedure. Generally, whatever result is ach-

ieved with prestent angioplasty and the Wingspan stent system is deemed

acceptable. Unlike CAS, no distal filter embolic protection devices are currently

available (Figs. 3, 4, and 5).

Postoperative care is very similar to that of CAS procedures. The patient is

generally extubated in the angiography suite and taken overnight to the ICU. The

Figure 3 Cervical carotid artery road map image, oblique projection, showing 4 mm/40 mm

prestent angioplasty balloon inflated across lesion.

Figure 4 X ray demonstrating stent across lesion, not yet deployed, with filter protection

device in high cervical internal carotid artery above the lesion and stent.
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heparin anticoagulation is not reversed. Aspirin (325 mg) is continued indef-

initely, and because of the higher rate of restenosis, clopidogrel (plavix) gen-

erally continued for at least six months. Most patients are discharged the

following day. The patient may resume normal activity without restriction within

days, primarily as they recover from the general anesthetic.

The role of the angioplasty and stenting in the treatment of symptomatic

intracranial atheromatous disease is evolving. Numerous early case reports and

small series of cases suggested that angioplasty and stenting of intracranial

arteries was both feasible and safe (60–63). Other studies clearly showed that the

natural history of symptomatic intracranial atheromatous disease was very poor

[extracranial-intracranial bypass (ECIC) TRIAL]. In addition, the best medical

therapy still resulted in high rates of stroke or death. Studies that compared

aspirin with coumadin for symptomatic intracranial atheromatous disease have

not shown particular benefit of one therapy or the other (64–66). Two trials have

evaluated intracranial angioplasty and stenting for symptomatic atheromatous

stenoses (7) (Figs. 6, 7, and 8).

Figure 5 X ray demonstrating stent completely deployed across the lesion, with filter

protection device in high cervical internal carotid artery above the lesion and stent.
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Figure 6 X ray demonstrating 5.5-mm post-stent angioplasty balloon inflated to dilate

stent to remove residual stenosis.

Figure 7 Cervical carotid artery angiogram, RAO and lateral projections, posttreatment,

with filter protection device removed. Abbreviation: RAO, right anterior oblique.
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SSYLVIA

The Stenting of Symptomatic Atherosclerotic Lesions in the Vertebral or

Intracranial Arteries (SSYLVIA) trial involved 61 patients with both intracranial

and extracranial stenotic lesions (67). This multicentered, nonrandomized, pro-

spective trial evaluated the Neurolink intracranial stent for treatment of vertebral

or intracranial arterial stenoses. The device used was the Guidant Neurolink

intracranial stent, a balloon-expandable stent. All patients were symptomatic

referable to a single, atherosclerotic lesion that resulted in at least a 50% nar-

rowing of the artery. Technical success was achieved in 95% of cases. In the first

30 days, 6.6% of patients had strokes, but no mortality occurred. Between

30 days and 1 year, the stroke incidence increased to 7.3%. A concerning

(B)

(A)

Figure 8 Left vertebral artery angiogram, anteroposterior (A) and lateral (B) projections,

showing stenosis of mid-basilar artery.
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occurrence was a high rate of in-stent stenosis found at the six-month follow-up

angiogram. Less than 3% of patients had greater than 50% stenosis immediately

after the stent was placed. However, on the follow-up angiogram six months

later, 37% of patients had greater than 50% narrowing. Interestingly, very few of

the patients had any symptoms. While the results were very encouraging and led

to approval of the device by the FDA, the company never made the stent

commercially available.

WINGSPAN SYSTEM

The second trial evaluating intracranial angioplasty and stenting for intracranial

atheromatous disease involved the Wingspan system (68,69). The study enrolled

45 patients from 12 European sites with intracranial atherosclerotic lesions of

greater than 50%. This was the first study of a self-expanding stent for athe-

romatous disease in the brain. The technique used predilation of the lesion with a

balloon to partly open it but not to achieve complete reversal of the stenosis. To

reduce the risk of intracranial arterial rupture, predilation was only taken to 80%

of the normal arterial diameter. The expectation was that the self-expanding

properties of the stent would allow further opening.

Technical success was achieved in 98% of patients. The 30-day death and

ipsilateral stroke rate was 4.5%, which increased to 7.1% at six months. No arterial

dissections or ruptures were reported. Follow-up studies demonstrated overall no

significant in-stent stenosis. In fact, immediately post stenting, the mean residual

stenosis was 32%. Follow-up angiograms were performed in 40 of the 45 patients

at six months, and the mean narrowing was only 28%, suggesting continued

opening of some of the arteries when this self-expanding stent was used.

A trial has not been conducted to compare medical treatment of intracranial

atheromatous disease with angioplasty and stenting. The two Warfarin–Aspirin

Symptomatic Intracranial Disease (WASID) trials suggested that in patients who

received the best medical therapy, symptomatic intracranial disease carried only a

9% to 12% annual risk of major stroke or death (7,64,65). The risk of stroke at one

year was 19%, with intracranial stenosis of 70% to 99% despite treatment with

aspirin or warfarin (70). The results of both the Wingspan study and the SSYLVIA

study compare favorably with medical therapy (Figs. 9, 10, and 11).

RESTENOSIS AND INTRACRANIAL STENTING

With the relatively higher rates of restenosis associated with intracranial stenting as

noted in the SSYLVIA trial, interest has developed in using drug-eluting stents in

this setting. These stents, at least in the coronary arena, appear to be associated with

much lower rates of restenosis than bare metal stents (71–74). One group treated 26

intracranial arteries with drug-eluting stents, including both the Boston Scientific

Taxus stent and the Cordis Cypher stent (72). The stents were successfully deliv-

ered in 90% of cases. Twenty of these cases had follow-up angiography, and only

5% had restenosis of 50% or more. Another group reported on eight cases in which
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Figure 9 X ray showing 3-mm Gateway balloon straddling the stenotic lesion in the

basilar artery as prestent angioplasty is being performed.

Figure 10 X ray showing Wingspan stent deployed in basilar artery over stenotic lesion.

164 Dogan et al.



Figure 11 Left vertebral artery angiogram, lateral projections, showing reversal of

stenosis in the mid-basilar artery after prestent angioplasty and deployment of Wingspan

stent.

they used drug-eluting stents (71). Follow up included angiography, transcranial

Doppler, and CT angiography over a mean of 11 months. None of the patients had

significant stenosis or required revascularization.

CONCLUSIONS AND FUTURE DIRECTIONS—INTRACRANIAL
AND VERTEBRAL ARTERY ANGIOPLASTY AND STENTING

Symptomatic intracranial atheromatous disease has a bad prognosis, even with

the best medical therapy. Both balloon-expandable and self-expanding stents can

be safely navigated into intracranial arteries, and reversal of the narrowing can be

achieved. A significant reduction in stroke rates with this disease appears to

occur after stenting. There also appears to be a problem with in-stent stenosis,

although the clinical results are better. Preliminary reports suggest that drug-

eluting stents may significantly reduce this occurrence. The technique is still

evolving, and the optimal approach is still unclear. These issues include the

choices between drug-eluting versus bare metal stents, self-expanding versus

balloon-expanded stents, as well as the optimal amount of revascularization

necessary to achieve reduction of stenosis while ensuring patient safety and

avoidance of arterial rupture. Antiplatelet regimens are similar to CAS
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procedures. The higher restenosis rates suggest that dual antiplatelet therapy may

be continued for longer periods of time, generally six months to more than one

year, similar to cardiology regimens (75,76).
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INTRODUCTION

Stroke is the third most common cause of death in the United States after heart

disease and cancer. It is also the leading cause of serious disability. With advances

in the management of stroke with thrombolytic therapy and neurointerventional

procedures, there is an effort to concentrate these treatment recourses in designated

stroke centers. A meta-analysis of randomized studies in the treatment of stroke

indicates improved mortality preventing one death per 50 stroke admissions per

year (1), and it is expected that this trend will continue to demonstrate improve-

ment. A critical component of these specialized stroke centers is the critical care

and monitoring during the peri-ischemic period. Patients with severe stroke are not

only at risk for common intensive care unit (ICU) complications such as ventilator-

associated pneumonia but are also at risk for neurologic complications such as

progressive ischemia because of hypotension, vessel reocclusion following

thrombolysis, hemorrhagic conversion, and malignant cerebral edema. This chapter

reviews the armamentarium of tools used to promptly diagnose and treat such
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complications. For the purposes of this discussion, these diagnostic tools are dis-

cussed under the following subheadings: components of the neurologic examina-

tion, neuroimaging, invasive tissue monitoring, and neurophysiologic monitoring.

Neurologic Examination

One of the fundamental tools in assessing and monitoring patients who have

suffered ischemic stroke is the neurologic examination. Evaluation of patients

often begins in the field, and identification and documentation of the time of the

last normal neurologic examination is essential when assessing a patient for

thrombolytic treatment. Similarly, a diligent neurologic examination must be

performed and monitored for patients receiving critical care because the eligi-

bility for intervention often depends on how quickly a change in the neurologic

status is identified. It is also critical that normal and abnormal components of

neurologic examination are carefully documented and passed on to each caregiver

so that changes in neurologic status can be promptly noted and evaluated further.

An essential component of the neurologic examination is evaluation of the

patient’s level of consciousness. This is often articulated using the Glasgow

Coma Scale (GCS) that has three components: opening of eyes, verbal response,

and motor response. Although this examination can be performed in the field by

emergency medical services personnel and has good interrater reproducibility, its

utility in the setting of stroke is somewhat limited because of the incidence of

aphasia in some patients. A typical patient with dominant hemispheric stroke

will often have spontaneous eye opening, no spontaneous speech, and purposeful

movement yielding a GCS of 10. However, the level of consciousness of such a

patient is actually much less severe than a trauma patient with a similar score.

Therefore, it is important to utilize descriptive terms as opposed to a single-digit

scoring in such patients. In addition, the ability of the patient to repeat and name

objects is critical to document serial neurologic examinations. In aphasic patients,

the motor examination can also be modified when assessing the patient’s ability to

follow commands. Using visual cues, one can often assess a patient’s ability

to follow simple commands (e.g., hold up a finger or stick out the tongue).

When patients are intubated and sedated, it is imperative to wean the sedation

one to four times per day to assess their neurologic examination. Alternatively,

patients can be left intubated with only a low-dose narcotic drip to suppress the

cough reflex. This allows for constant monitoring of the neurologic status.

Along with assessment of the patient’s level of consciousness, a detailed

cranial nerve examination should be performed in all patients with stroke. Visual

field deficits are common accompaniment of large cortical strokes, and other

cranial nerve deficits are found in brain stem strokes. In addition, certain com-

ponents of the cranial nerve examination (e.g., pupillary reflex, gag reflex) are

crucial for early diagnosis of uncal and tonsillar herniation. The pupillary

examination is essential to document for patients upon admission to determine if

there are any baseline abnormalities. Often patients will have 1 to 2 mm of

anisocoria, and patients who have had eye surgery or eye trauma may have an
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abnormal shape to the pupil. Patients suffering from brain stem strokes or

spontaneous/iatrogenic dissection of the carotid artery often have a Horner’s eye

ipsilateral to the lesion. Once a baseline examination is completed, the ICU nurse

should check the pupils on an hourly basis for any changes. Unilateral papillary

dilation is often due to uncal herniation resulting from mass effect from either

hemorrhagic transformation or cerebral edema. Once pupillary dilation has

occurred, the patient is at risk for progressing to brain death, and therapeutic

interventions such as mannitol, hyperventilation, and hemicraniectomy should be

instituted emergently to prevent further injury from brain stem compression or

cerebral ischemia. Patients with posterior fossa strokes may also have hemor-

rhagic conversion or malignant edema leading to hydrocephalus and tonsillar

herniation. Patients with tonsillar herniation exhibit loss of gag and cough

reflexes constituting a neurologic emergency often requiring placement of an

external ventricular drain and posterior fossa decompression.

Finally, the motor and sensory examination often uncovers neurologic

deficits in patients with stroke. While these deficits are often grossly obvious,

subtle deficits may be found using a series of simple maneuvers. Examination of

the pronator drift is very useful for detecting subtle motor weakness due to a

supratentorial lesion. It is performed by asking the patient to hold both hands up

with the palms facing the ceiling and then asking them to close their eyes.

Patients with cortical weakness will slowly pronate and drop the weak arm when

visual cues are removed. Another maneuver used to detect cortical motor deficits

is examination of rapid alternating movements. This can be elicited by asking the

patient to tap the thumb and index finger as widely and rapidly as possible.

Alternatively, the patient can be asked to put the palms of his hands together and

tap his fingers as widely and rapidly as possible. Patients with cortical weakness

will often have both decreased amplitude and frequency of tapping on the affected

side. Weakness otherwise should be graded on a well-established 5-point scale for

each muscle group. The sensory examination not only encompasses pursuit of

primary modalities (sensation to light touch, pin prick, proprioception and vibra-

tion), but also to secondary modalities (2-point discrimination, graphesthesia, and

stereognosis). Patients with subtle strokes may present with deficits in the latter

group of sensory modalities; however, the level of consciousness of patients with

severe stroke or dominant hemispheric stroke often precludes patients from being

able to reliably perform a detailed sensory examination.

Finally, examination of the patient’s language function is essential not only

to localize the area of ischemia but also for monitoring purposes. Evaluation of

language not only includes the patient’s ability to speak and follow commands

but also the patient’s ability to repeat, name objects, read and write.

The National Institutes of Health Stroke Scale (NIHSS) is frequently used to

determine the severity of stroke prior to and following treatment. Its components

include assessment of the level of consciousness, gaze, visual field, facial function,

motor function, coordination, sensation, language, extinction, and inattention.

NIHSS is a standardized method to evaluate patients using all the modalities

mentioned above and is often used as a tool for enrollment of patients in clinical
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trials. The scale has good interexaminer reproducibility not only among stroke

specialists but also among non–neurologist practitioners (2,3). Although the

NIHSS is predictive of long-term outcome and correlates well with the Barthel

Index, GOS (Glasgow Outcome Score), and the modified Rankin score (4), recent

data suggest that the NIHSS may also be predictive of progression of neurologic

symptoms in the acute period. In one study, NIHSS score reduction greater than

40% was highly predictive of recanalization following intravenous (IV)

recombinant tissue plasminogen activator (r-tPA) administration (sensitivity of

65%, specificity of 85% at 60 minutes) (5). In another report, patients with

ischemic stroke with NIHSS score greater than 7 had a significantly higher inci-

dence of neurologic progression (65.9%) during the first 48 hours after acute stroke

(6). Patients with baseline NIHSS greater than or equal to 20 for left-sided (dom-

inant hemisphere) stroke or greater than or equal to 15 for right-sided (nondominant

hemisphere) stroke had a significantly higher rate of death due to malignant

cerebral edema (7). Although NIHSS is useful in predicting the risk of clinical

worsening, it is not a practical tool for continuous bedside monitoring of acute

stroke patients. Rather it is a useful tool in the assessment following an ischemic

insult to determine patients’ suitability for certain treatment protocols, predict

the probability of early complications, and prognosticate long-term outcome.

Neuroimaging

Significant advances have been made in neuroimaging over the last decade. It

has become a tool not only for initial assessment of stroke patients but also for

monitoring in the peri-ischemic period. One of the oldest and most readily

available tools for assessment of stroke patients is the noncontrast CT scan of the

head. The availability of CT scans and short scanning times (under 2 minutes)

have made CT scans the chest X ray of the neurointensive care unit.

The newer fourth generation CT scanners have not only become more

sensitive for detecting hemorrhagic conversion and mass effect, they have also

become more sensitive for detecting subtle signs of cerebral ischemia. These

include wedge-shaped hypodensity in a vascular distribution, hyperdense middle

cerebral artery (MCA) sign, and loss of the gray-white differentiation particu-

larly along the basal ganglia. Other less specific signs of infarction include

asymmetric focal hypoattenuation, cortical sulcal effacement, and loss of insular

ribbon (obscuration of sylvian fissure). When combined, these findings have a

sensitivity of 66% and a specificity of 87% for detection of early ischemic stroke

(8). In addition, the risk of a poor outcome is significantly increased when these

findings are present on initial CT (odds ratio 3.11). In particular, presence of two

or more early ischemic signs (attenuation of lentiform nucleus, loss of insular

ribbon, and hemispheric sulcal effacement) significantly increased the risk of

poor outcome (68% with Rankin grade 5 or death) (9). The presence of early

ischemic changes on CT were correlated with larger volume on magnetic res-

onance imaging diffusion-weighted imaging (MRI-DWI) scans (10).
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There is some controversy regarding the association of these findings and

outcome after IV r-tPA for ischemic stroke. Patients with MCA hypodensity

greater than 33% are twice as likely to suffer symptomatic intracranial hemor-

rhage (ICH) after IV r-tPA, and patients with greater than 33% hypodensity in

the MCA distribution have more than a fourfold increased risk of hemorrhage

after IV r-tPA (11). However, other studies have found no correlation of these

changes to the risk of ICH after IV r-tPA administration (12). Finally, there are

some data that suggest that patients with a hyperdense MCA on initial CT may

have better outcome with intra-arterial r-tPA than IV r-tPA (13). Beyond this, it

is yet to be determined whether these early ischemic changes will guide sub-

sequent therapy during the acute stroke period.

Although it is important to identify early signs of ischemia in stroke patients,

in the critical care setting, CT is mainly used to identify presence of malignant

cerebral edema or hemorrhagic conversion of stroke. Malignant cerebral edema

often complicates large MCA strokes, and previous studies have demonstrated that

patients with nondominant MCA strokes, who develop malignant edema, benefit

from surgery (14). More recent data also indicate that a select group of young

patients with dominant MCA stroke may have an improvement in recovery of

aphasia after decompressive hemicraniectomy (15). These patients often begin to

develop edema and mass effect during the first 24 hours that plateaus three to five

days after stroke and slowly resolves over the next few weeks. Evidence of edema

on CT scans includes sulcal effacement, obliteration of suprasellar and peri-

mesencephalic cisterns, midline shift in septum pellucidum or pineal gland, and

subfalcine herniation. Left untreated, these patients often progress to uncal her-

niation and brain death. Although studies have shown that patients taken for

decompressive craniectomy and duraplasty do better when surgery is done within

the first 24 hours after ictus, overaggressive management of such patients may lead

to unnecessary surgery (14,16). Indications for surgery include clinical decline and

progression of mass effect; therefore, in such patients, nonenhanced CT scans are

often done on a scheduled basis (every 12–24 hours) to monitor the degree of mass

effect. While there are no clear radiographic criteria for when these patients should

be taken to surgery, most patients taken to surgery often have midline shift (in

septum pellucidum) greater than 1 cm or pineal shift greater than 5 mm. However,

in a univariate analysis the degree of shift at the time of surgery has no correlation

with functional outcome (17). Therefore, the clinical examination and CT finding

must be correlated during the evaluation of such patients.

Multimodal CT scan with IV contrast has become more readily available

for evaluation of patients with stroke. This includes CT angiography (CTA) for

evaluation of cerebral vasculature and CT perfusion (CTP) for quantitative

evaluation of regional cerebral blood flow (CBF). CTA is a structural study of

the cerebral vessels in which a bolus of IV contrast is given and a thin slice CT is

performed during the arterial phase of this bolus. The quality of the scan is

operator dependent, given that the timing of the scan has to be in harmony with

the arterial phase of the contrast agent. This may contribute to its limited utility

Neuromonitoring in Ischemic Stroke 175



for evaluation. Studies have demonstrated that the sensitivity of CTA compared

with the neurologic examination for the diagnosis of stroke is relatively low and

there is no correlation between three-month outcome and pathologic findings on

CTA (18,19). In contrast to CTA, CTP may represent a more useful tool for

monitoring and evaluating stroke patients. It is performed by monitoring the

transit of contrast continuously in both the arterial phase and the venous phase

through a few representative slices on the CT scan. It yields regional information

about cerebral blood volume (CBV) and CBF as well as hemispheric mean

transit time (MTT) for flow of contrast from the arterial phase to the venous

phase. An MTT of more than 2 seconds is usually indicative of hemispheric

ischemia, and CBF/CBV greater than 2 standard deviations difference compared

with the unaffected side is classified as abnormal. When used in combination

with noncontrast CT (NCCT), it may be useful in discriminating infarction from

ischemic penumbra (20). On NCCT, areas of isolated focal swelling typically

have low CBF but high CBV. High CBV is also found in areas of low CBF that

are normal on NCCT. Areas of parenchymal hypoattenuation have decreased

CBF, most likely to progress to infarction based on 72-hour MRI-DWI scans

regardless of reperfusion. On the other hand, areas of isolated focal swelling

were protective against progression to infarction (OR 30.6), and areas of low

CBF and CBV were highly likely to progress to infarction (OR 37.1) when

compared with areas of low CBF with normal or elevated CBV. In addition,

areas of low CBF and normal CBV were at higher risk for progressing to

infarction than areas that demonstrated high CBV. This indicates that high CBV

may be a marker for salvageable tissue in ischemic penumbra. Attempts have been

made to better correlate this relationship between CBV and probability of infarction.

In a retrospective studywhere CBVwasmeasured in the core infarction, 5mm inside

the border of infarction and 5 mm outside the border of infarction, normalized CBV

(pCBV) of 52% correlated with a 0.75 probability of infarction, a pCBV of 58%

correlated with a 0.5 probability of infarction, and a pCBV of 66% correlated with a

0.25 probability of infarction (21). Unfortunately, this data has not been confirmed in

prospective studies or reperfusion studies. More studies are necessary not only to

determine the ability of CTP to predict size of infarction and penumbra but also

whether interventions based on CTP data lead to improved functional outcome.

Recently, attempts have been made to use CTP to predict malignant

cerebral edema. In a small retrospective case control study, 8 of 12 patients with

CTP maps showing greater than 50% perfusion deficit in MCA territory and all

patients with greater than 66% perfusion deficit developed malignant edema

(22). In addition, all patients with perfusion deficits in anterior cerebral artery

(ACA) or posterior cerebral artery (PCA) territories also developed malignant

edema. Similarly, a 66% or greater perfusion deficit in the MCA territory had a

sensitivity of 91% and specificity of 94% for malignant edema (23). However,

because the number of patients in these studies is low, prospective data are

necessary to determine if early intervention (hemicraniectomy) would provide a

benefit over conventional therapies and practices.
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Xenon-CT uses stable xenon as an inhaled contrast agent to determine

regional CBF. Like CTP, it provides a high-resolution map of the brain with

quantitative CBF values. Because studies in primates have shown that areas of

reduced CBF (7–29 mL/100 g/min) may represent the penumbra in which injury

can be reversed with reperfusion, xenon-CT and CTP may be useful in identi-

fying patients suitable for thrombolysis even if time to presentation exceeds

6 hours (24). One study demonstrated a very narrow rim of tissue with CBF

between 7 and 20 mL/100 g/min in patients with stroke (25). However, no studies

have been done that demonstrate improvement in outcome when thrombolytic

therapy is done on the basis of CBF measurements performed with xenon-CT,

CTP, or other modalities. In addition, both the image acquisition and inter-

pretation of xenon-CT is extremely operator dependent and often requires that

the patient be mechanically ventilated and paralyzed. Although controversy

still exists regarding the utility of xenon-CT for identifying volume of pen-

umbra, other studies have shown that xenon-CT may be useful for predicting

risk of ICH following recanalization as well as risk for developing malignant

edema following ischemic stroke. For example, patients with mean MCA CBF

greater than 13 mL/100 g/min were at a significantly higher risk of symptomatic

ICH following intra-arterial r-tPA and recanalization (OR 1.58) (26). In another

study, stroke patients who developed severe edema had a mean MCA CBF of

10.4 mL/100 g/min compared with 19 mL/100 g/min in patients with mild

edema (27). Patients who developed clinical evidence of brain herniation had a

mean MCA CBF of 8.6 mL/100 g/min. Despite these studies, use of xenon-CT

has been limited to a few institutions mainly because of the difficulty in handling

large amounts of xenon gas.

Positron emission tomography (PET) is another imaging tool that not only

measures CBF and CBV but also yields data about oxygen consumption

(CMRO2), oxygen extraction (OEF), and glucose metabolism. Areas of reduced

regional CBF (< 12 mL/100 g/min) or reduced CMRO2 (< 65 mmon/100 g/min)

correlated with infracted brain tissue on follow-up CT (28,29). However, areas of

reduced CBF (12–22 mL/100 g/min) but preserved CMRO2 represented tissue

that can be salvaged with reperfusion. This tissue also had an oxygen extraction

ratio between 80% and 100%. There is some controversy regarding threshold

for infarction. A study demonstrated that 95% of tissue with CBF less than

4.8 mL/100 g/min progressed to infarction, while 95% of tissue with CBF greater

than 14 mL/100 g/min remained outside the core infarction (30). However, risk

of infarction for CBF between 4.8 and 14 mL/100 g/min was variable. Oxygen

markers utilized for PET scans are cumbersome requiring multitracer application

and arterial sampling, making its use in the clinical setting somewhat limited.

Newer markers are also being tested not only for their ability to measure cerebral

blood flow but also for their ability to monitor neuronal integrity. [11C]flumazenil

(FMZ) is a ligand that binds to the g-aminobutyric acid (GABA) receptor. The

ability of this ligand to bind to its receptor is dependent not only on CBF but also

on the structural integrity of the cell in the tissue. There is a significant correlation
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between FMZ binding defects (< 4 times the mean value of white matter) and

subsequent infarction despite reperfusion (31). Therefore, this modality may be

helpful in determining the volume of tissue that has been irreversibly injured due

to ischemia. In addition, FMZ-PET may be useful for identifying patients at risk

for malignant cerebral edema. In one study, patients who underwent a malignant

course had a significantly higher volume of ischemic core (< 50% CBF of con-

tralateral hemisphere) and significantly lower volume of ischemic penumbral

(defined as CBF 50–70% of contralateral hemisphere) (32). In addition, the

volume of FMZ binding was also significantly higher in the malignant group

(157.9 cm3) than in the benign group (47.0 cm3). A cutoff value of 95 cm3 was

determined for irreversible neuronal damage (using FMZ) and 105 cm3 for

ischemic core measurements (using CBF).

Like PET, single-photon emission tomography (SPECT) monitors the

clearance of tracers to calculate CBF. 133Xenon is the only tracer that allows

quantification of CBF; however, the complexity of the data analysis and the

lack of detail imaging limit the use of this modality in a clinical scenario (33).

Other tracers that allow for a qualitative evaluation of CBF include 99mTc-ethyl-

cysteinate-dimer (ECD), which allows not only measurement of perfusion but

also of cell viability given that retention of ECD requires the presence of a

cytosolic esterace present only on viable cells. Despite lack of quantifiable

data, SPECT studies in the setting of stroke were able to identify hypoperfused

areas relative on the contralateral side in the acute postischemic period and

later (34,35). This data also correlated with long-term outcome. Further eval-

uation of the asymmetry between the ischemic and corresponding nonischemic

hemisphere showed that tissue tracer uptake between 40% to 70% of the

contralateral side during the first three to six hours after onset of symptoms is

indicative of the ischemic penumbra (34,36). Severe hypoperfusion (< 35% of

contralateral isotope uptake) is predictive of hemorrhagic complication with

reperfusion (37) or malignant cerebral edema (38). Data on postreperfusion

SPECT indicates that when isotope uptake exceeds 70% of contralateral

hemisphere, risk of infarction is significantly reduced regardless of the degree

of recanalization (39).

The advent of DWI and perfusion-weighted imaging (PWI) has sig-

nificantly enhanced the utility of MRI scans for the diagnosis and monitoring of

patients with stroke. DWI images are hyperintense in areas of restricted diffusion

in the brain. This corresponds to areas of cytotoxic edema where there is

accumulation of intracellular water because of malfunction of the Naþ/Kþ ATP

pump and other ion pumps that are reliant on an energy source. It is therefore

presumed that hyperintensity on DWI is indicative of the core area of infarction

and that such changes are detectable within minutes after onset of stroke (40,41).

Furthermore, the volume of brain with positive signal and the apparent diffusion

coefficient of water can be calculated to measure the severity of the infarction. In

practice, DWI images are often dynamic and reversible in the first few hours

after onset of symptoms; however, images obtained 24 hours after onset of
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symptoms are indicative of final infarct size. In addition, although DWI does

predict early neurologic decline in patients with severe infarction involving

occlusion of the MCA or ICA, studies have shown that DWI images by them-

selves are poor predictors of functional outcome (42,43). However, one study has

demonstrated that a DWI volume greater than 145 cm3 was 100% sensitive and

94% specific for prediction of malignant cerebral edema (44).

PWI utilizes a process similar to CT perfusion where an IV bolus of

gadolinium is monitored during its transit through the brain. Like CTP, MR

perfusion provides data on mean transit time, CBV, and regional perfusion;

however, unlike CT perfusion, measurements of CBF are only relative to the

contralateral hemisphere. Nevertheless, PWI provides a high-resolution map of

areas with restricted CBF. In addition, perfusion changes precede changes

detected on DWI. In fact, studies have shown that patients who have a mismatch

between the severity of neurologic symptoms (NIHSS � 8) and ischemic volume

on DWI (< 25 mL) on MRI within 12 hours from symptom onset are at risk for

early neurologic decline (decrease in NIHSS � 4) and increase in size of infarction

(45). Furthermore, the degree of change in size of infarction and neurologic

decline was significantly greater in patients who did not receive reperfusion

therapy. PWI may also allow detection of the tissue at risk for infarction (46).

Tissue in the ischemic penumbra is characterized by a 73% increase in MTT and

29% increase in CBV. In one study, the volume of CBF abnormalities was

greater than the volumes of DWI abnormalities and the final volume of infarction

lies somewhere within these values. The final infarct volume (based on T2 images

on day 7) increased in about 50% of patients and in some patients, enlargement

of the infarct volume occurred after 24 hours indicating that ischemic tissue

may still be at risk for infarction in the subacute period (47,48). In a previous

report, the area that progressed to infarction in 24 to 72 hours after onset of

symptoms and found reduced CBF (37% of contralateral side) and reduced

CBV (47% of contralateral side) in comparison to the infarct core (CBF 12%,

CBV 19%) (49). Comparison of MR perfusion with PET data demonstrates that

areas of DWI-PWI mismatch correlate poorly with areas of increased oxygen

extraction on PET images (50); however, areas with time to peak flow greater

than 4 correlated best with areas of hypoperfusion (< 20 mL/100 g/min) on
15O-water PET (51). Despite these limitations, a recent study in stroke patients

receiving hyperdynamic therapy, a 30 mL decrease in volume of hypoperfused

brain on PWI (using TTP threshold > 2.5 sec) was highly predictive of neurologic

improvement (decreases in NIHSS of � 3). The ability of MR-perfusion to

identify tissue at risk for infarction in the acute and subacute period makes it a

valuable tool in the management of patients in the peri-ischemic period.

Transcranial Doppler sonography (TCD) is another imaging modality used

to monitor stroke patients. It is a simple test that can be done at bedside and

repeated as often as necessary. Alternatively, continuous monitoring can also be

accomplished by using a headband to hold a TCD probe in position. TCD does

not require administration of any IV contrast agent and may therefore serve as an
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alternative means of monitoring in patients with renal disease. TCD yields data

on CBF velocity, resistance index, and pulsatile index of major intracranial

arteries. It has been used in stroke to monitor recanalization after IV r-tPA and

time to recanalization has been correlated with early neurologic recovery

(52,53). Continuous monitoring may also be useful in detecting reocclusion after

recanalization has occurred (54). Recently, TCD has been used as a therapeutic

modality to enhance clot lysis using r-tPA. Although, there was evidence of

improved recanalization with TCD, the improvement in long-term outcome was

not statistically significant (55). Although the therapeutic value of TCD is still

yet to be determined, its use for bedside cerebral vessel monitoring makes it

considerably valuable particularly in patients at risk for vessel reocclusion or

embolic occlusion (e.g., patients with carotid dissection).

Invasive Monitoring

Multiple methods of invasive neuromonitoring using transcranial probes have

been developed and put into use in the clinical setting. These include intracranial

pressure (ICP) monitoring, jugular venous mixed oxygen monitoring, paren-

chymal brain tissue oxygenation (PbO2) monitoring, and microdialysis. Even

though these modalities have been studied well in the laboratory or in other

clinical situations such as trauma, their use for the monitoring of stroke patients

has not been standard of care.

ICP monitoring has been used for many years in the setting of traumatic

brain injury (TBI); however, its use in the setting of ischemic stroke is somewhat

controversial. In early studies, ICP monitors failed to reliably predict neurologic

decline in stroke patients with malignant cerebral edema (56). In these studies,

clinical signs of herniation preceded rise in ICP, and changes on CT scans did

not correlate with changes in ICP. However, most of the patients in these

studies were monitored using epidural or contralateral ICP monitors. Studies in

primates shows that an interhemispheric gradient of 13.8 � 4.3 mmHg exists

12 hours after the onset of stroke (57). In addition, given that patients experience

large MCA strokes, usually a large component of temporal edema contributing to

transtentorial herniation, global ICP monitoring using frontal parenchymal

probes may fail to detect deterioration from focal edema in the temporal lobe.

Another argument against ICP monitoring in stroke patients is that conventional

ICP treatment using mannitol and hyperventilation mainly affects the normal

hemisphere and does not produce long-lasting decrease in ICP (58). However, a

study comparing hypertonic saline-hydroxylethyl starch solution with mannitol

to treat a stroke patient whose ICP increased greater than 25 mmHg showed an

11.4 mmHg decline in ICP with the hypertonic saline (HS) and a 6.4 mmHg

decline with mannitol (59). Although they were able to demonstrate effective

ICP monitoring and a treatment effect with both mannitol and HS, there are no

data on the effect of such a treatment on long-term outcome. In addition, 3 of

the 30 ICP crisis episodes involved papillary dilation without increase in ICP.
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A more recent study involving the use of 10% HS after mannitol treatment

failed also showed a significant decrease in ICP (9.9 mmHg); however, the

decrease in ICP was only temporary, and ICP began to rise after 35 minutes

(60). Although conservative management of ICP may have limited use in the

setting of ischemic stroke, it may serve as a temporizing measure for patients

requiring operative intervention. ICP monitoring has not been well studied in

terms of guiding the need for operative intervention; however, a recent study

has indicated that patients who have undergone hemicraniectomy may further

benefit from temporal lobectomy when the ICP is greater than 30 mmHg. It is

interesting to note that most of these patients had evidence of stroke in multiple

vascular territories (MCA � ACA or PCA) indicating that such patients may

be candidates for temporal lobectomy at the time of decompression. In these

patients, ICP measurements may be more useful given that cerebral edema is

more hemispheric rather than localized to the temporal lobe. Finally, a report of

ICP changes in 34 patients found that ICP elevation greater than 26.6 mmHg

had a high probability to progress to a malignant course (likelihood ratio 33.10,

sensitivity 96%, specificity 100%) (32). Further study is necessary to determine

if treatment based on ICP measurement results in long-term improvement of

neurologic status.

Although the main goal of ICP monitoring is to prevent uncal herniation, a

secondary goal is to prevent secondary ischemic injury due to intracranial

hypertension. In this respect, bedside monitoring of cerebral oxygenation may

allow identification of secondary ischemic injury. One of the older methods used

for monitoring brain tissue oxygen extraction involves monitoring of mixed

jugular venous oxygenation (SjVO2) via a probe in the jugular bulb. A decrease

in SjVO2 may be secondary to a decrease in oxygen delivery (systemic hypo-

tension or decrease in CPP) or an increase in oxygen usage (seizure). Although

SjVO2 monitoring has been useful in the setting of TBI, it may prove to be less

useful in the setting of stroke. In TBI the injury is usually global involving both

hemispheres; however, in the setting of stroke, injury is unilateral. Because

venous blood from both hemispheres mixes in the sagittal sinus, it is not a

practical method to monitor oxygenation in one hemisphere. In addition, in TBI

cerebral autoregulation is compromised creating a direct relationship between

cardiac output and oxygen delivery to the brain; however, in the setting of stroke,

while autoregulation may be compromised in the ischemic penumbra, it is intact

in the nonischemic brain. A mixture of venous blood from these two areas would

underestimate ischemia from the penumbra. This is consistent with data demon-

strating that the critical threshold used to detect secondary ischemia in patients with

TBI (SjVO2< 50%) does not extrapolate to stroke patients (61). SjVO2 monitoring

may be more useful in the setting of malignant cerebral edema because both

ischemic and nonischemic brain may have compromised CBF because of

elevated ICP; however, more studies are required to identify the threshold for

ischemic injury in stroke patients. In order to more accurately measure bedside

CBF, a technique similar to the Swan-Ganz catheter has been utilized (62).
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Thermistor catheters were placed in the dominant jugular vein and in the

thoracic aorta and ice-cold indocyanide green dye was injected on the arterial

side. A temperature degradation curve was obtained, and the area under the

curve was used to determine actual CBF. Although CBF was significantly lower

in patients who died and ICP elevation was more often associated with low CBF

in patients who died, it is unclear if treatment based on such data will improve

outcome. In addition, this technique requires troubleshooting experience and

is somewhat invasive with a risk for arterial dissection, stroke, and venous

thrombosis.

A newer method of measuring cerebral oxygen delivery involves mea-

suring PbO2. Although use of this modality has been associated with improved

outcome in the setting of TBI, studies on its use in the setting of stroke are

lacking. Limitations of this probe include the limited volume that is being

monitored, making it difficult to use as a tool to monitor the ischemic penumbra.

These probes have been utilized in conjunction with ICP monitoring in patients

with malignant cerebral edema associated with ischemic stroke (63). Although a

correlation was found between improvement of ICP and PbO2 during treatment

with osmotic agents and hemicraniectomy, the number of patients studied was

too few to create correlations between PbO2 and outcome. However, another

study demonstrated that patients with PbO2 less than 10.5 mmHg had a high

likelihood of malignant cerebral edema (sensitivity 94%, specificity 100%) (32).

In addition, a recent study investigating autoregulation (changes in PbO2 as a

function of changes in CPP) in patients with large MCA infarcts showed lack of

autoregulation in patients who progress to malignant cerebral edema (64). Evi-

dence of dysregulation could be found within the first 24 hours and had a

sensitivity of 85.7% and specificity of 83.3% for predicting a malignant course.

Further study is necessary to determine if PbO2 monitoring may help delineate

which patients may benefit from CPP treatment and/or hemicraniectomy.

One of the invasive monitoring techniques adapted from the laboratory

setting to the clinical setting is in vivo cerebral microdialysis. This technique

involves intraparenchymal placement of a small catheter with a polyamide

dialysis membrane that allows passage of molecules smaller than 20,000 Da. The

catheter is continuously perfused with a physiologic solution (i.e., Ringers) at

rates of 0.1 to 10 mL/min and dialyzate collections at regular intervals and ana-

lyzed for glucose, lactate/pyruvate (L/P) ratio, glutamate, aspartate, and glycerol.

Limitations of this technique include isolated focal measurements and lack of

standardized values because of use of different membrane lengths and perfusate

rates in experimental studies. However, recent studies have found a good corre-

lation between the L/P ratio and cerebral ischemia in the setting of subarachnoid

hemorrhage (65). Similarly, in the setting of stroke, microdialysis has shown large

elevations in levels of glutamate, aspartate, L/P ratio, and glycerol (66,67).

Elevated levels of glutamate and a high L/P ratio in microdialyzates have been

documented in patients who develop mass-occupying cerebral edema after MCA

infarction (68). Finally, microdialysis parameters have been studied in association
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with ICP and PbO2 to determine ability to predict malignant clinical pro-

gression of ischemic stroke (32). While changes in all microdialysis parameters

were associated with malignant progression, the sensitivity and specificity of

these changes were inferior to that of ICP, CPP, and PbO2. In addition, changes

in microdialysis did not precede changes in ICP and PbO2 (74.2–100.6 hours

after onset of stroke). However, there was a correlation between elevated ICP,

decreased PbO2 and CPP, and changes in microdialysis parameters indicating

that when cerebral perfusion reaches a critical threshold (CPP 50–60 mmHg),

secondary ischemia is accentuated causing more edema and malignant pro-

gression. Unfortunately, as for other invasive monitoring techniques such as

ICP and PbO2, outcome studies are necessary to determine treatment effects

using these monitoring modalities.

Neurophysiologic Monitoring

Neurophysiologic monitoring mainly involves monitoring of electrical impulses

in the brain. Electroencephalography (EEG) and somatosensory evoked poten-

tials (SSEPs) are the two modalities that have been studied in the setting of

stroke, and their clinical application will be briefly discussed.

EEG records the summated responses of pyramidal neurons arising from

cortical layers 3, 5, and 6 from a particular region of brain via scalp electrodes.

Because these pyramidal layers are exquisitely sensitive to cerebral ischemia,

EEG may serve as a particularly useful monitoring modality during the peri-

ischemic period. In addition, EEG is relatively inexpensive, available at most

institutions, and allows for continuous noninvasive, dynamic monitoring of

patients at the bedside. More recently, quantitative EEG (QEEG) has become

available for detection of subtle ischemia using regional alpha-beta/theta-delta

power ratios. A depression of alpha and beta activity has been associated with

poor outcome in stroke (69). Previous studies have correlated QEEG activity

with DWI images and 30-day NIHSS outcome (70). An EEG pattern has been

identified consisting of regional attenuation of all frequencies without delta

activity (RAWOD). This pattern was associated with significantly decreased

CBF on xenon-CT and poor outcome (67% mortality) mainly related to severe

cerebral edema (27,71). EEG may also be useful for treatment of the ischemic

penumbra. Patients with ischemic stroke when treated with hypertensive

hypervolemic therapy (HHT) exhibited an improvement in focal slowing cor-

responding with improved CBF on xenon-CT (71). However, larger studies are

necessary to determine if treatment of the ischemic penumbra based on EEG

patterns result in improved outcome. In addition, EEG readings are often per-

turbed by sedating medications used in ventilated patients in the ICU; therefore,

interpretation of EEG findings in terms of cerebral ischemia must be conducted

with caution.

EEG is also the standard criterion for diagnosis and detection of seizures.

Between 1.8% and 15% of patients experience convulsive seizures during the
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peri-ischemic period; however, the prevalence of subclinical nonconvulsive seizures

stroke is probably even higher (71). In addition, 2% to 9% of stroke patients expe-

rience status epilepticus. Because seizure activity increases metabolic demands,

patients who experience seizures in the setting of ischemic stroke are at higher

risk for poor outcome. Studies have shown increased mortality in stroke patients

who experience in-hospital seizures (72). In this regard, it may be prudent to

use continuous EEG monitoring for all severe stroke patients particularly in the

first 24 hours where 70% to 90% of early stroke-associated seizures occur and

the ischemic penumbra is most vulnerable to further injury.

Like EEG, SSEPs also undergo predictable changes with cerebral ischemia.

SSEP monitoring is conducted by stimulating a motor response in a peripheral

nerve and then monitoring the proprioceptive afferents as they ascend to the

cortex. For instance, median nerve SSEPs are monitored at the peripheral

nerve, the brachial plexus, the cervical spinal cord, the brain stem, subcortical

structures (thalamus), and finally the cortex. In this respect, SSEPs may be

complimentary to EEG recordings for monitoring of subcortical and brain stem

structures. In addition, unlike EEG recordings, SSEPs are more resistant to the

effects of sedating medications. An SSEP records both the amplitude of responses

and the latency between responses along the afferent pathway. In primate models,

a decrease in cortical amplitude and an increase in latency is observed when CBF

is reduced to 16 mL/100 g/min (73,74). This may be indicative of the ischemic

penumbra in which ischemic cells are salvageable. Although SSEP monitoring

has been successfully used to predict intraoperative ischemia in the setting of

carotid endartectomy and aneurysm clipping (75), outcome studies for con-

tinuous SSEP monitoring are lacking. Although initial SSEPs are predictive of

functional recovery in the setting of stroke, serial examinations (performed

weekly) were not of any additional value for prognostication (76,77). However,

one cannot extrapolate from this data that continuous monitoring during the acute

period will be of diagnostic value. Further studies are warranted to determine the

value of SSEP monitoring in the acute setting.

CONCLUSION AND FUTURE DIRECTIONS

Frequent and continuous monitoring of critical variables in patients with

ischemic stroke allows for rapid identification of evolution of pathophysiologic

mechanisms, institute timely interventions to halt, and modify sequalae (78). The

bedside neurologic examination remains an indispensable tool in monitoring

critically ill patients. Other physiologic monitoring includes ICP monitoring,

EEG and evoked potentials, and neurometabolic parameters utilizing cerebral

microdialysis. Methodology for assessing CBF remains cumbersome. By incorpo-

rating all these techniques, continuous multimodality monitoring is being utilized in

certain specialized centers and it holds promise for the future (63). However, the

impact of multimodal monitoring on long-term functional outcomes remains

unclear at present and requires further investigation.
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45. Dávalos A, Blanco M, Pedraza S, et al. The clinical-DWI mismatch: a new diagnostic

approach to the brain tissue at risk of infarction. Neurology 2004; 62:2187–2192.

46. Sorensen AG, Tievsky AL, Ostergaard L, et al. Contrast agents in functional MR

imaging. J Magn Reson Imaging 1997;7:47–55.

47. Baird AE, Benfield A, Schlaug G, et al. Enlargement of human cerebral ischemic

lesion volumes measured by diffusion-weighted magnetic resonance imaging. Ann

Neurol 1997; 41:581–589.

48. Sorensen AG, Buonanno FS, Gonzalez RG, et al. Hyperacute stroke: evaluation with

combined multisection diffusion-weighted and hemodynamically weighted echo-planar

MR imaging. Radiology 1996; 199:391–401.

49. Schlaug G, Benfield A, Baird AE, et al. The ischemic penumbra: operationally

defined by diffusion and perfusion MRI. Neurology 1999; 53:1528–1537.

50. Sobesky J, Zaro Weber O, Lehnhardt FG, et al. Does the mismatch match the

penumbra? Magnetic resonance imaging and positron emission tomography in early

ischemic stroke. Stroke 2005; 36:980–5.

51. Sobesky J, Zaro Weber O, Lehnhardt FG, et al. Which time-to-peak threshold best

identifies penumbral flow? A comparison of perfusion-weighted magnetic resonance

imaging and positron emission tomography in acute ischemic stroke. Stroke 2004;

35:2843–2847.

52. Christou I, Alexandrov AV, Burgin WS, et al. Timing of recanalization after tissue

plasminogen activator therapy determined by transcranial doppler correlates with

clinical recovery from ischemic stroke. Stroke 2000; 31:1812–1816.

53. Karnik R, Stelzer P, Slany J. Transcranial Doppler sonography monitoring of local

intra-arterial thrombolysis in acute occlusion of the middle cerebral artery. Stroke

1992; 23:284–287.

Neuromonitoring in Ischemic Stroke 187



54. Rubiera M, Alvarez-Sabı́n J, Ribo M, et al. Predictors of early arterial reocclusion

after tissue plasminogen activator-induced recanalization in acute ischemic stroke.

Stroke 2005; 36:1452–1456.

55. Alexandrov AV, Molina CA, Grotta JC, et al. Ultrasound-enhanced systemic

thrombolysis for acute ischemic stroke. N Engl J Med 2004; 351:2170–2178.

56. Frank JI. Large hemispheric infarction, deterioration, and intracranial pressure.

Neurology 1995; 45:1286–1290.

57. D’Ambrosio AL, Hoh DJ, Mack WJ, et al. Interhemispheric intracranial pressure

gradients in nonhuman primate stroke. Surg Neurol 2002; 58:295–301.

58. Schwab S, Aschoff A, Spranger M, et al. The value of intracranial pressure monitoring

in acute hemispheric stroke. Neurology 1996; 47:393–398.

59. Schwarz S, Schwab S, Bertram M, et al. Effects of hypertonic saline hydroxyethyl

starch solution and mannitol in patients with increased intracranial pressure after

stroke. Stroke 1998; 29:1550–1555.

60. Schwarz S, Georgiadis D, Aschoff A, et al. Effects of hypertonic (10%) saline in

patients with raised intracranial pressure after stroke. Stroke 2002; 33:136–140.

61. Keller E, Steiner T, Fandino J, et al. Jugular venous oxygen saturation thresholds in

trauma patients may not extrapolate to ischemic stroke patients: lessons from a

preliminary study. J Neurosurg Anesthesiol 2002; 14:130–136.

62. Keller E, Wietasch G, Ringleb P, et al. Bedside monitoring of cerebral blood flow in

patients with acute hemispheric stroke. Crit Care Med 2000; 28:511–516.

63. Steiner T, Pilz J, Schellinger P, et al. Multimodal online monitoring in middle

cerebral artery territory stroke. Stroke 2001; 32:2500–2506.

64. Dohmen C, Bosche B, Graf R, et al. Identification and clinical impact of impaired

cerebrovascular autoregulation in patients with malignant middle cerebral artery

infarction. Stroke 2007; 38:56–61.

65. Persson L, Valtysson J, Enblad P, et al. Neurochemical monitoring using intra-

cerebral microdialysis in patients with subarachnoid hemorrhage. J Neurosurg 1996;

84:606–16.

66. Bullock R, Zauner A, Woodward J, et al. Massive persistent release of excitatory

amino acids following human occlusive stroke. Stroke 1995; 26:2187–2189.

67. Berger C, Annecke A, Aschoff A, et al. Neurochemical monitoring of fatal middle

cerebral artery infarction. Stroke 1999; 30:460–463.

68. Schneweis S, Grond M, Staub F, et al. Predictive value of neurochemical monitoring

in large middle cerebral artery infarction. Stroke 2001;32:1863–1867.

69. Cillessen JP, van Huffelen AC, Kappelle LJ, et al. Electroencephalography improves

the prediction of functional outcome in the acute stage of cerebral ischemia. Stroke

1994; 25:1968–1972.

70. Finnigan SP, Rose SE, Walsh M, et al. Correlation of quantitative EEG in acute

ischemic stroke with 30-day NIHSS score: comparison with diffusion and perfusion

MRI. Stroke 2004; 35:899–903.

71. Jordan KG. Emergency EEG and continuous EEG monitoring in acute ischemic

stroke. J Clin Neurophysiol 2004; 21:341–352.

72. Arboix A, Comes E, Garcı́a-Eroles L, et al. Prognostic value of very early seizures

for in-hospital mortality in atherothrombotic infarction. Eur Neurol 2003;50:78–84.

73. Hargadine JR, Branston NM, Symon L. Central conduction time in primate brain

ischemia—a study in baboons. Stroke 1980;11:637–642.

188 Golshani et al.



74. Symon L. The relationship between CBF, evoked potentials and the clinical features

in cerebral ischaemia. Acta Neurol Scand Suppl 1980;78:175–190.

75. Schweiger H, Kamp HD, Dinkel M. Somatosensory-evoked potentials during carotid

artery surgery: experience in 400 operations. Surgery 1991; 109:602–609.

76. Haupt WF, Pawlik G, Thiel A. Initial and serial evoked potentials in cerebrovascular

critical care patients. J Clin Neurophysiol 2006; 23:389–394.

77. Tzvetanov P, Rousseff RT, Atanassova P. Prognostic value of median and tibial

somatosensory evoked potentials in acute stroke. Neurosci Lett 2005; 380:99–104.

78. Minahan RE, Bhardwaj A, Williams MA. Critical care monitoring for cerebrovascular

disease. New Horiz 1997; 5:406–421.

Neuromonitoring in Ischemic Stroke 189





11

Surgical Management of Intracerebral

Hemorrhage

Patrick C. Hsieh, MD, Resident
Patrick Sugrue, MD, Resident

H. Hunt Batjer, MD, Professor and Chairman
Issam Awad, MD, Professor

Department of Neurological Surgery, Northwestern University Feinberg
School of Medicine, Chicago, Illinois, U.S.A.

INTRODUCTION

Over the past several years, major gains have been made in the diagnosis and

management of cerebral vascular events, with most of those advances centered

on the management of ischemic stroke and hemorrhagic stroke that result from

aneurysms, arteriovenous malformations (AVMs), and cavernous malformations.

However, spontaneous intracerebral hemorrhage (ICH), which accounts for as

many as 10% to 30% of all strokes (1), has until recently received comparatively

little attention and seen little impact in therapeutic advances. Rupture of small

blood vessels that penetrate and perfuse brain tissue leads to ICH, and prognosis

for patients remains poor. Compounding the issue is the fact that patients with

hemorrhagic stroke are on average 10 years younger than those who suffer

ischemic strokes, magnifying the socioeconomic impact of such an event.

A great deal of controversy surrounds the appropriate management of ICH,

some of which concerns the role of surgical intervention and other aspects of acute

resuscitation and critical care. The debate of medical-versus-surgical management

of ICH dates back several decades to an early prospective randomized trial (2).
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Regardless of whether a medical or surgical approach is taken, ICH continues to

be a devastating event with high rates of mortality and disability. The 30-day

mortality rate for patients with ICH is reported to be 35% to 44%, and the 60-day

mortality rate is nearly 50% (3–5). Moreover, for those fortunate enough to survive

an initial ICH, only 20% are able to function independently at six months (6). As a

result, the annual cost per patient following ICH is approximately $125,000, totaling

nearly $6 billion in annual costs (7,8). From this data, it has been extrapolated that

ICH, while accounting for a small fraction of all strokes, accounts for nearly half of

all stroke-related disabilities, deaths, and costs. Therefore, to optimally treat patients

and to attempt to change the paradigm for patients and their families, a better

understanding of ICH is imperative.

EPIDEMIOLOGY AND PATHOETIOLOGY

Approximately 700,000 new strokes occur in the United States each year; of that

number, approximately 15% are hemorrhagic strokes related to ICH (1,9,10),

which equates to approximately 20 of 100,000 people afflicted annually. However,

despite the relatively small number in comparison with ischemic strokes, patients

who have an ICH suffer from some of the worst outcomes. As mentioned above,

the mortality rate for an ICH patient approaches nearly 50%, and only a small

percentage are able to ultimately achieve independent functional status (3–6).

Spontaneous ICH is typically considered distinct from traumatic cerebral

bleeds and contusions, although overlap may exist in the pathophysiology and

treatment. Furthermore, differences are often difficult to ascertain in elderly

patients following a trivial fall, when the distinction is merely made by the

presence or lack of external evidence of trauma. For the purpose of this chapter,

ICH (including the so-called primary and secondary categories) will strictly refer

to nontraumatic etiologies.

ICH can be separated into two categories: primary and secondary. Primary

ICH is more common, accounts for 70% to 88% of ICH cases, and is the result of

either chronic uncontrolled hypertension or cerebral amyloid angiopathy (1,11).

On the other hand, the secondary form of ICH (15–30%) is associated with vas-

cular malformations, tumors, substance abuse, coagulation disorders, and the use

of anticoagulation or thrombolytic agents. Primary ICH is more common in the

elderly, males, African-Americans, and Asians (12,13). The most common location

for primary ICH is the deep subcortical area, with more than 50% of all spontaneous

ICHs occuring in the basal ganglia (Fig. 1). Other locations include the lobar areas

of the cerebral hemispheres and infratentorial locations, such as the cerebellum or

the pons. Secondary etiology is typically sought, especially in younger patients, in

whom vascular anomaly, tumor, or coagulopathy account for more than half of the

bleeds. The term primary is not very useful, as these cases are caused by age and

hypertension-related vasculopathy, as noted below, and are not truly idiopathic.

Developing an ICH is associated with several important risk factors

(14,15). Aging inherently leads to increased degenerative changes in the cerebral
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blood vessels and thus renders a greater risk of vessel rupture. Cerebral paren-

chyma in the elderly can also manifest progressive dilatation of the Virchow-

Robin perivascular spaces and general rarefaction and demyelination of the brain

parenchyma in association with chronic ischemia, i.e., leukoaraiosis. Such a

process in this fragile state is thought to predispose an aged brain to hemorrhage,

even in the face of minimal trauma. Moreover, it is believed that such paren-

chymal tissue is also at increased risk for hemorrhage expansion.

Another common etiology of primary ICH in the aged patient is cerebral

amyloid angiopathy,which accounts for asmany as 15%of all ICH cases (11,16–18).

Hemorrhage from cerebral amyloid angiopathy is more common in the elderly

and typically occurs in a more lobar distribution (Fig. 2). It is important to note

that cerebral amyloid is not associated with systemic amyloidosis. The small-to-

Figure 1 Intracerebral hemorrhage. (A) Gross specimen of basal ganglia ICH. (B) CT

scan of left thalamic ICH with ventricular extension. The red arrow demonstrates the tip of

external ventricular drain within IVH. Abbreviations: ICH, intracerebral hemorrhage; CT,

computer tomography.
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medium-sized vessels of the brain and leptomeninges have been shown histologically

to have amyloid b-peptide deposits in the vessel wall (17,19). The deposition of

amyloid in the vessel wall contributes to vessel wall fragility, which ultimately

leads to increased rupture susceptibility and, thus, lobar hemorrhage. Moreover,

recurrent hemorrhage can occur in 5% to 15% of all cases of lobar hemorrhage,

where cerebral amyloid angiopathy is thought to be the likely etiology, as well

as in those patients who have evidence of numerous chronic hemorrhages, as

demonstrated on gradient echo magnetic resonance imaging (MRI) (20,21)

(Fig. 3). Likewise, it has been demonstrated that the e2 and e4 alleles of the

Figure 2 Lobar intracerebral hemorrhage. (A) CT scan demonstrating left parietal-

occipital lobar ICH. (B) Gross specimen demonstrating lobar ICH. Abbreviations: ICH,

intracerebral hemorrhage; CT, computer tomography.

apolipoprotein E gene are associated with increased risk of recurrent
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hemorrhages in these patients (20–22). The above considerations and the

overall increase in life expectancy of the general population contribute to a

predicted doubling in the incidence of ICH in the next 50 years.

Hypertension is another major risk factor for ICH. It is one of the most

common medical problems in the general population and considered a modifi-

able risk factor of ICH (23). However, because of poor compliance with medi-

cations, failure to make lifestyle modifications, or simply failure to treat, many

individuals suffer the consequences of uncontrolled chronic hypertension. Chroni-

cally elevated blood pressure leads to lipohyalinosis, which includes degradation,

fragmentation, and necrosis of small penetrating cerebral vessels (Fig. 4). Also, as a

result of chronic hypertension, arteriolar microaneurysms, known as Charcot-

Bouchard aneurysms, can develop. Rupture of these aneurysms or of the fragile

vessel walls of small- and medium-sized arteries during pressure spikes may

result in the extravasation of blood into the brain parenchyma. Hemorrhage as a

result of hypertension has most commonly been associated with deep or brain

stem hemorrhage, but uncontrolled hypertension can contribute to the risk of

stroke in all cerebral locations. Lipohyalinosis leads to occlusive changes and

microaneurysm formation on the same vessel, lending some explanation to the

presence of lacunar infarcts in areas adjacent to an ICH. Hence, hypertension

predisposes the possibility of ICH at an earlier age.

Figure 3 Gradient echo demonstrating multiple intracerebral hemorrhages.

While chronic uncontrolled hypertension, cerebral amyloid, and age-related

angiopathy are the most common etiologies for ICH, they are not the only
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associated risk factors. Other etiologies include use of coumadin or other anti-

coagulation agents, alcohol consumption, use of cocaine and amphetamine,

antiplatelet therapy, and systemic or intra-arterial recombinant tissue plasmi-

nogen activator (rtPA) therapy. Heavy alcohol consumption, even during a

Figure 4 Vasculopathic changes associated with chronic hypertension. (A) Lipohyalinosis.

(B) Microaneurysm.
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binge, can lead to decreased platelet function and induce hypertension (24–26).

Additionally, snorting or smoking cocaine is associated with increased risk of

ICH (27), as these activities cause an induced cerebral vasculopathy (28). Similar

to cocaine, amphetamine use is associated with ICH, as it contributes to an

induced transient hypertension by blocking norepinephrine uptake and causing a

sympathetic surge. Many antiplatelet and anticoagulation agents have a tremendous

therapeutic value but not without risk. Agents such as aspirin, coumadin, and

rtPA all increase the risk for ICH (29–33). However, because these agents have

been shown to help to decrease the morbidity and mortality associated with

serious diseases such as coronary artery disease, peripheral vascular disease, and

cerebrovascular ischemic disease, the use of such agents must be carefully

evaluated in terms of risk versus reward.

PATHOPHYSIOLOGY

The morbidity and mortality associated with ICH is closely correlated with a few

key variables, including patient age, volume of the hematoma, location of

hemorrhage, and neurologic status at presentation, as measured by the Glasgow

Coma Scale (GCS) (4,34,35). For example, patients with a supratentorial hem-

orrhage with a volume greater than 60 mL have a 71% to 93% mortality rate,

while those with cerebellar hemorrhages with volumes of 30 to 60 mL have a

75% mortality rate (10,11). In addition, nearly all pontine hemorrhages greater

than 5 mL are considered lethal. An ICH score has been devised that takes into

account GCS score, ICH volume, intraventricular hemorrhage (IVH), location of

hemorrhage (supratentorial vs. infratentorial), and age (36) (Table 1 and Fig. 5).

This score was correlated with a corresponding 30-day mortality rate. A higher

ICH score corresponded with a higher 30-day mortality rate, with the GCS score

at presentation being the most powerful independent predictor of mortality.

Likewise, IVH can be associated with ICH in as many 40% of all cases

(Fig. 1). Blood within the ventricular system can lead to hydrocephalus and to

increased intracranial pressure (ICP). Therefore, IVH is an additional negative

predictor of overall clinical outcome in ICH, especially when associated with

ventricular obstruction (37). An ICH score like the one developed by Hemphill

and colleagues not only helps the physician guide clinical management, but

certainly aids the treating physician when discussing the patient’s prognosis with

family.

Overall, the poor outcomes associated with ICH are related to the extent

of brain damage. Of the above-mentioned factors that influence outcome fol-

lowing ICH, the most important is hemorrhage volume (4,10,11). Large clots

both exert mass effect, thus elevating ICP, and cause direct compression and

destruction of surrounding brain tissue. The clot and its mass effect can lead to

poor perfusion and poor venous drainage of the surrounding brain tissue,

leading to ischemia. Likewise, the penumbra, which of all the brain regions most

requires the appropriate perfusion, cannot receive the required blood supply,
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leading to greater ischemic damage. Furthermore, the extravasated blood and the

ischemic brain tissue release vasoactive and toxic substances that compound the

cerebral insult and ultimately contribute to the morbidity and mortality associated

with ICH (38–44).

Table 1 Determination of the ICH score

Component ICH score points

GCS score

3–4 2

5–12 1

13–15 0

ICH volume, mL

�30 1

<30 0

IVH

Yes 1

No 0

Infratentorial origin of ICH

Yes 1

No 0

Age, years

�80 1

<80 0

Abbreviations: ICH, intracerebral hemorrhage; GCS, Glasgow coma

score; IVH, intraventricular hemorrhage. Source: From Ref. 36.

Figure 5 ICH score and 30-day mortality. Abbreviation: ICH, intracerebral hemorrhage.

Source: From Ref. 36.
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Hematoma growth, a critical risk factor known to occur in one-third

or one-half of all cases in the first few hours after ICH symptom onset, is

associated with neurologic deterioration and, independently, with worsened

outcome (45). Hematoma growth is also associated with new or worsened IVH,

which may also be a factor that contributes to worsened outcome (46). With

earlier referral of patients with ICH to tertiary institutions, hematoma growth

becomes a critical and potentially modifiable factor impacting on outcome

(47–49). Risk factors of hematoma growth include anticoagulation and, pos-

sibly, uncontrolled hypertension. Other factors that underlie hematoma growth

are not well understood.

ESTABLISHING THE DIAGNOSIS AND ICH ETIOLOGY

The diagnosis of ICH is largely based on clinical history and radiographic

findings. The most common presenting symptoms from ICH are the result of

mass effect from the hematoma itself. For example, those with smaller hemor-

rhages may complain only of headache, nausea, or vomiting, while those who

have sustained a larger hemorrhage often present with depressed mental status,

low GCS score, and even focal neurologic deficits related to the site of the

hemorrhage and its mass effect.

Therefore, a clinical history with acute onset and focal neurologic deficit in

the context of intracranial hypertension is highly suspicious for ICH, especially

when confirmed on noncontrast head computed tomography (CT). Therefore,

patients with acute onset of severe headache, nausea, vomiting, or depressed

mental status should immediately be evaluated for ICH or other hemorrhagic event

with a noncontrast head CT (Fig. 6). A CT of the head is an extremely valuable

tool in the evaluation of intracranial pathology and has a sensitivity and specificity

that approaches nearly 100% in the face of ICH. In addition, the pattern of

hyperdensity on CT can be helpful in determining the etiology of the hemorrhage.

The location of the hemorrhage, the characteristics of the clinical history, the

patient’s risk factors, and the onset of symptoms together help to determine the

need for further diagnostic studies and reveal the etiology of the hemorrhage. For

example, an elderly patient with a history of chronic hypertension and a CT

revealing a hyperdensity or hemorrhage in the putamen, thalamus, cerebellum, or

pons most likely suffered from spontaneous ICH as a result of uncontrolled

hypertension. By contrast, the presence of a temporal lobe ICH associated with

sylvian fissure subarachnoid blood or frontal hemorrhage associated with inter-

hemispheric fissure blood (Fig. 6) is highly suggestive of a ruptured aneurysm that

leads to both parenchymal hemorrhage and subarachnoid hemorrhage. An ICH

associated with intralesional or perilesional large blood vessels is suggestive of an

AVM (Fig. 6), while evidence of calcification within the ICH suggests either

tumor or cavernous malformation as the underlying cause.

One of the most important predictors of ultimate outcome following ICH is

hematoma volume, which can be easily approximated using the CT. Volume is
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an essential prognostic indicator and criterion for therapeutic intervention. More

importantly, its expansion can be associated with continued neurologic deteri-

oration. Volume can be easily calculated using a simple formula, (A � B � C)/2,

where A is the largest diameter (cm) of the hemorrhage as measured on an axial

Figure 6 Intracerebral hemorrhages associated with ruptured aneurysms or AVM.

(A) Right ICH associated with sylvian fissure hematoma. (B) Right frontal ICH associated

with interhemispheric fissure and sylvian fissure subarachnoid hemorrhage. (C) ICH

resulting from AVM hemorrhage. The small arrows indicate the large draining varix and

the large arrowhead points to the intranidal calcification. Abbreviations: AVM, arterio-

venous malformation; ICH, intracerebral hemorrhage.
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CT slice, B is the largest diameter (cm) perpendicular to A as measured on the

same slice, and C is the thickness of the hematoma (cm) as measured by the

number of slices on which the hematoma can be seen (excluding the most

superior and most inferior slices on which the hematoma is visualized) multi-

plied by the thickness in centimeters of each slice. The product of this equation is

then divided in half to produce the volume of the hematoma (Fig. 7). This

formula is based on the geometric volume of an ellipse of the same dimensions

that has been correlated with true volume measurements and has been shown to

have excellent interobserver agreement (4,50).

The use of contrast-enhanced CT and CT angiography (CTA), which can

be obtained very quickly with modern CT scanners, rapidly excludes most gross

vascular and tumor etiologies of hemorrhage. Thus, it can play a tremendous role

in formulating an appropriate treatment plan. Aneurysms and AVMs can be

invisible on noncontrast CT but are often revealed easily on CTA (Fig. 8), which

can significantly impact the treatment plan in determining the need for emergent

surgical evacuation of the hematoma. MRI is less commonly used in the acute

setting for establishing a diagnosis of ICH. While a highly sensitive method for

evaluating ICH, MRI is typically reserved for use as a supplementary evaluation

method. When an evaluation with CT and a clinical exam are insufficient to

determine an etiology of ICH, MRI can be used. For instance, MRI is highly

sensitive for the detection of flow voids or gliosis associated with an AVM.

Likewise, detection of heme degradation products associated with cavernous

malformations or diffusion abnormalities is suggestive of underlying ischemic

infarct. MRI evidence of an underlying contrast-enhancing mass associated with

Figure 7 The ABC method for determining ICH volume. Abbreviation: ICH, intracerebral

hemorrhage.
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ICH is highly suggestive of a hemorrhagic tumor (Fig. 9). In evaluating ICH, the

MRI sequences obtained should include fluid-attenuated inversion recovery

(FLAIR), T2-weighted images, gradient echo (T2*), diffusion-weighted images

with apparent diffusion coefficient mapping, and T1-weighted images before and

after contrast enhancement. Conversely, it should be noted that the acute and

subacute paramagnetic effects of hemorrhage on MRI may obscure subtle

underlying pathologies. Delayed use of MRI after clinical stabilization of the

patient and acute resolution of ICH is an important tool to utilize in attempts to

exclude such etiologies. However, it should not be postponed too long, given the

possible presence of some malignant etiology such as a primary or metastatic

Figure 8 CT angiogram demonstrating aneurysms and arteriovenous malformation.

(A) Sagittal CTA image demonstrating a right middle cerebral artery aneurysm within the

hematoma. (B) Axial CTA image demonstrating right frontal-parietal arteriovenous mal-

formation with a draining vein anteriorly. Abbreviations: CT, computer tomography; CTA;

CT angiography.
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tumor with rapid growth potential that could lead to further neurologic decline or

even hasten death if untreated. Follow-up MRI scans are recommended at six to

eight weeks, if an underlying neoplastic process is suspected, or at three to four

months, for evaluation to rule out occult vascular abnormality. MR angiography

(MRA) is not likely to provide additional information to the work up. MRA is

best utilized for the evaluation of aneurysms, large vessel occlusive disease, and

AVMs. However, CTA is often employed in the acute setting and provides the

same information. However, it should be noted that MRI does not contain the

radiation risk or iodine contrast dye complications that are associated with the CT

modality. Conventional catheter-based cerebral angiogram with digital subtraction

views remain the study of choice for demonstrating or at least helping to exclude

small AVMs (dural or parenchymal) and small aneurysms and elucidating their

anatomy as well as various arteriopathies, including Moya Moya disease and

vasculitis. An angiogram is considered necessary in younger patients and in

cases in which such etiologies are suspected or when an aneurysm is suspected

but not fully clarified on CTA or MRA.

It is important to note that the majority of spontaneous ICH is found in the

elderly population, in those who have a history of chronic hypertension, and in

those who are far less likely to harbor any underlying cerebrovascular anomaly.

However, in young and nonhypertensive patients whose ICH is in an atypical

Figure 9 Contrast-enhanced, T1-weighted image demonstrating enhancing nodule

associated with an ICH. Abbreviation: ICH, intracerebral hemorrhage.
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location, cerebral angiogram should still be considered even if CTA and/or MRA

are negative. In a prospective study of 206 cases, it was found that 48% of patients

who were younger than 45 years and were without preexisting hypertension and

who had evidence of putamenal, thalamic, or posterior fossa ICH had positive

angiographic findings. Likewise, in those young and nonhypertensive patients who

suffered lobar ICH, the angiographic yield was 65% (51). For those patients with

a suspected cocaine abuse etiology of ICH, an underlying vasculopathy is often

discovered (52,53).

RESUSCITATION AND ACUTE MANAGEMENT

Like any trauma patient or rapidly deteriorating patient, the primary consider-

ation in evaluating ICH patients in the acute phase is to follow the Advanced

Cardiac Life Support or Advanced Trauma Life Support guidelines. The

‘‘ABCs’’ in the management of an acute patient include securing the airway,

ensuring that the patient can breathe, and maintaining appropriate cerebral and

systemic circulation and blood pressure. After completion of the primary survey,

evaluation should begin of the symptoms at presentation that will guide man-

agement. Depressed mental status is a symptom found in 30% of all patients who

have suffered a supratentorial ICH and in almost all patients following brain

stem ICH (54). The clinical definition of a coma is a GCS score of less than 8,

and all patients with a GCS score of less than 8 should be considered unable to

protect their airway. They should be intubated to avoid aspiration, hypoxemia,

and hypercapnia. Hypoxemia and hypercapnia in this setting will lead to further

cerebral ischemia and can worsen intracranial hypertension.

Over 90% of ICH patients have acute hypertension, typically greater than

160/90 mmHg (18), and an elevated blood pressure has been associated with the

expansion of the hematoma, intraventricular extension, and worse overall outcome

(55–58). With that in mind, blood pressure should be aggressively controlled to

achieve normotension without compromising cerebral perfusion in the face of

elevated ICP (Table 2). Moreover, studies have shown that a reduction in blood

pressure by 20% has no adverse side effects with regard to cerebral perfusion

(59,60), and the American Heart Association recommends that blood pressure be

maintained so that the mean arterial pressure (MAP) is less than 130 mmHg in

patients with a history of hypertension (59). To appropriately monitor these

parameters and administer IV antihypertensive medications, an arterial catheter

and often a central venous catheter are typically required in these patients.

For those patients who present with a GCS score of less than 8 or in those

whose neurologic status cannot be reliably measured by serial clinical neurologic

exam, an ICP monitor should be placed, unless the hematoma is promptly evac-

uated (see below). Both fiberoptic intraparenchymal monitors and intraventricular

catheters with extraventricular drainage (EVD) are commonly utilized in patients

who have suffered ICH. The intraparenchymal ICP bolt is more accurate and less

vulnerable to obstruction. On the other hand, the EVD catheter allows for the
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simultaneous monitoring of ICP and the ability to drain cerebrospinal fluid if the

ICP rises. An EVD catheter is considered a necessity in cases of demonstrated or

suspected ventricular obstruction from associated IVH (Fig. 1).

Elevated ICP is defined by an ICP measurement greater than 20 mmHg for

more than five minutes, and the goal of treatment is to keep the ICP less than

20 mmHg and cerebral perfusion pressure to greater than 60 to 70 mmHg. The

cerebral perfusion pressure is determined by the measurement of MAP minus

ICP (MAP – ICP), and it represents the pressure gradient that drives cerebral

Table 2 Blood Pressure Management in Hemorrhagic Stroke

Elevated blood pressure (some suggested medications)

Labetalol 5–100 mg/hr by intermittent bolus doses of 10–40 mg or

continuous drip (2–8 mg/min)

Esmolol 500 mg/kg as a load; maintenance use, 50–200 mg · kg�1 · min�1

Nitroprusside 0.5–10 mg · kg�1 · min�1

Hydralazine 10–20 mg every 4–6 hr

Enalapril 0.625–1.2 mg every 6 hr as needed

Nicardipine 5–15 mg/hr infusion

The following algorithm, adapted from guidelines for antihypertensive therapy in patients

with acute stroke, may be used in the first few hours of ICH (level of evidence V, grade C

recommendation)

1. If systolic BP is > 230 mmHg or diastolic BP is > 140 mmHg on two readings

5 min apart, nitroprusside should be instituted.

2. If systolic BP is 180–230 mmHg, diastolic BP is 105–140 mmHg, or mean arterial

BP is � 130 mmHg on two readings 20 min apart, IV labetalol, esmolol, enalapril, or

other smaller doses of easily titratable IV medications, such as diltiazem, lisinopril, or

verapamil, should be instituted.

3. If systolic BP is < 180 mmHg and diastolic BP is < 105 mmHg, antihypertensive

therapy should be deferred. Choice of medication depends on other medical con-

traindications (e.g., labetalol should be avoided in patients with asthma).

If ICP monitoring is available, cerebral perfusion pressure should be kept at

> 70 mmHg.

Low blood pressure

Volume replenishment is the first line of approach. Isotonic saline or colloids can be used

and monitored with central venous pressure or pulmonary artery wedge pressure. If

hypotension persists after correction of volume deficit, continuous infusions of

vasopressors should be considered, particularly for low systolic BP, such as < 90 mmHg.

Phenylephrine 2–10 mg · kg�1 · min�1

Dopamine 2–20 mg · kg�1 · min�1

Norepinephrine Titrate from 0.05–0.2 mg · kg�1 · min�1

Abbreviations: ICH, intracerebral hemorrhage; ICP, intracranial pressure; BP, blood pressure.

Source: From Ref. 8.
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blood flow. The inability to maintain appropriate cerebral perfusion pressure will

result in additional cerebral ischemia.

Elevations in ICP can be managed in numerous ways, including drainage

of cerebrospinal fluid, decreasing brain tissue bulk, or decreasing cerebral blood

volume. In extreme cases, other methods include sedation and pharmacologic

paralysis to reduce brain metabolic demand and lower ICP. EVD allows for the

diversion of cerebrospinal fluid in cases of hydrocephalus and whenever ICP

exceeds a certain level. Maintaining a certain ICP can be performed continuously

by titrating the level of the drip chamber or intermittently by adjusting the level

of the drip chamber when needed. However, EVD is ineffective in managing ICP

elevation when the ventricles are compressed or slit from brain edema and over

drainage or if the catheter is obstructed by clotted blood. It may be possible to

restore EVD patency and enhance ventricular drainage of IVH with the use of

intraventricular rtPA administered through the EVD catheter in doses of 0.3 to

2 mg every 8 to 12 hours (61–63) (Fig. 10). If the benefit of intraventricular

thrombolysis is proven in currently ongoing studies, it may significantly impact

the outcome of ICH. For now, while the use of intraventricular rtPA remains

under investigation in clinical trials, this treatment may only be used as an off-

label compassionate application, after due consideration of all options and risks,

when the patient is deteriorating from an obstructed EVD and when AVM and

unsecured aneurysm have been excluded.

Brain bulk may be decreased to lower ICP with osmotic agents such as

mannitol (0.25–0.5 g/kg every 4 hours) and furosemide (10 mg every 2–8 hours).

Alternating the use of these two agents is routine in the management of ICP

spikes. With the use of these agents, it is important to measure serum osmolarity

and serum sodium concentrations serially every six hours for a goal serum

osmolarity of less than 310 mOsm/L. Likewise, fluid management should aim to

maintain overall euvolemia and normonatremia; thus, osmotherapy cannot be

utilized to treat ICP if extremes of hypovolemia or hyponatremia are allowed to

develop. Corticosteroids should not be used in the treatment of ICH, as

randomized trials have shown a lack of efficacy (64–66).

Hyperventilation is also utilized in the treatment of ICP to achieve hypo-

carbia (25–35 mmHg), which decreases ICP by causing cerebral vasoconstriction

in response to a reduction in the intravascular hydrogen ion concentration. This

method has been shown to be very effective in treating acute crises with waves of

elevated ICP. However, it is important to note that extreme hyperventilation

(PCO2 < 20 mmHg) can exacerbate cerebral ischemia by decreasing cerebral

blood flow and cerebral perfusion pressure. Hyperventilation and hypocarbia can

only be used in the acute setting because of the metabolic compensation achieved

in response to respiratory alkalosis. Further response to life-threatening ICP ele-

vations becomes ineffective after chronic hypertension, and the patient becomes at

risk for rebound increased ICP when normocapnia is restored.

Sedation from neuromuscular paralysis can reduce elevated ICP by pre-

venting agitation and straining, while at the same time reducing brain metabolic
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demand. If the ICP remains high despite maximal medical/pharmacologic inter-

vention as discussed above, induced barbiturate coma may be employed with

continuous electroencephalographic monitoring. A central line and an arterial

line are necessary for appropriate hemodynamic monitoring, and a Swan-Ganz

Figure 10 CT axial images demonstrating decreased IVH and improved EVD drainage

with intrathecal rtPA without any evidence of rehemorrhage. (A) Preintrathecal rtPA

infusion with dense IVH in bilateral frontal horns and third ventricle. (B) Postintrathecal

rtPA infusion with decreased IVH with complete resolution of right frontal horn and third

ventricular IVH. Abbreviations: CT, computer tomography; IVH, intraventricular hem-

orrhage; EVD, extraventricular drainage, rtPA, recombinant tissue plasminogen activator.
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catheter should be placed when vasopressors are employed during barbiturate-

induced coma. Barbiturates can decrease ICP in proportion to the level of sedation,

including burst suppression as shown on electroencephalography. The use of

barbiturates beyond burst suppression likely does not offer any additional benefits

with respect to ICP management, while it increases toxic side effects.

The highest risk of neurologic deterioration and cardiovascular decom-

pensation is within the first 24 hours after hemorrhage. In fact, early neurologic

decline within the first 24 hours occurs in approximately 25% of all ICH patients

(34,67). With that in mind, patients who have suffered ICH should be admitted to

an intensive care unit, preferably one with expertise in cerebrovascular disease. As

alluded to earlier, the most common cause of early neurologic deterioration fol-

lowing ICH is expansion of the hematoma, which is often a complication in

patients with uncorrected coagulation profiles (Fig. 11). A study of 103 patients

reported that 26% of ICH patients experienced hematoma expansion within one

hour following initial CT scan and that 38% of ICH patients experienced hema-

toma expansion by greater than 33% within the first three hours after onset (68).

Hematoma expansion may be related to coagulopathy but is more often

thought to be related to active bleeding from the primary source and due to

mechanical disruption and shearing of surrounding vasculature. In addition,

breakdown of the blood-brain barrier, reduction of venous outflow, and transient

creation of local coagulopathy are other possible etiologies for hematoma

expansion. Recombinant activated factor VII (rVIIa) is a hemostatic agent that has

Figure 11 Large ICH resulting from uncorrected coagulopathy from use of coumadin.

Abbreviation: ICH, intracerebral hemorrhage.
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been approved for use in treating active bleeding in hemophilia for those patients

who have proven to be refractory to factor VIII replacement therapy. rVIIa ini-

tiates the coagulation cascade and enhances thrombin formation on the surface of

activated platelets, which leads to the formation of stable lysis-resistant clot at the

site of vascular injury. In a randomized double-blinded, placebo-controlled trial of

399 ICH patients, the use of rVIIa within four hours of hemorrhage onset limited

hematoma expansion by approximately 50% (69). In this study, rVIIa was

administered in doses of 40 mg/kg, 80 mg/kg, and 160 mg/kg. The placebo group

displayed a mean increase of 29% in hematoma volume. By contrast, the mean

increase in hematoma volume in the three treatment groups was 16% at 40 mg/kg,
14% at 80 mg/kg, and 11% at 160 mg/kg. Overall, the study determined that rVIIa

reduced the mortality rate at three months from 29% in the placebo group to 18%

in the three treatment groups. Moreover, significant improvements in functional

outcome at 90 days were observed in the treatment groups. However, a 7% rate of

thromboembolic adverse events was seen in comparison to 2% in the placebo

group. Many of the thromboembolic events were seen at higher doses, and,

overall, it was determined that the benefits far outweighed the risks. At this time,

rVIIa is still awaiting approval for use in noncoagulopathic ICH patients in an

ongoing clinical trial (the FAST trial), which is investigating the use of rVIIa in

ICH by comparing 20 mg/kg and 80 mg/kg doses with placebo.

Warfarin is used in approximately 15% of ICH cases and has been shown

to increase the risk of ICH fivefold (33), while anticoagulation is associated with

progressive bleeding, clinical deterioration, and overall increased mortality (31).

The delayed reversal of coagulopathy has been associated with worsened out-

come (70). While it is recommended that any patient who suffers an ICH and

who is on warfarin receive both vitamin K and fresh frozen plasma in attempts to

reverse the anticoagulation, such treatment is not without consequence. For

example, the anticoagulation reversal by vitamin K and fresh frozen plasma is

typically delayed and accompanies a significant fluid load. The reversal may be

required to stop further deterioration or to take the patient to the operating room.

Likewise, some patients may be unable to tolerate the associated fluid load

because of other medical comorbidities. rVIIa has been shown to expedite the

reversal of warfarin anticoagulation without significant fluid load. In fact, rVIIa

when given intravenously can normalize the prothrombin time and international

normalized ratio within minutes. More importantly, rVIIa has been used to

reverse warfarin anticoagulation in acute ICH and expedite the effect of neu-

rosurgical intervention with favorable clinical results (71). Thus, rVIIa should be

considered as an adjunct to vitamin K and fresh frozen plasma in anticoagulation

reversal. While higher doses of rVIIa can produce a longer duration of affect, the

reversal affects of rVIIa only last several hours. The use of rVIIa is likely

contraindicated in patients with known arterial or venous occlusive disease,

acute thromboembolic sources, or metal prostheses, and should only be used in

clinical trials or in compassionate use when further clot expansion or delayed

surgery would likely be fatal or severely disabling.
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HEMATOMA EVACUATION

On average, 7000 patients/yr will require surgical evacuation of a hematoma

following ICH (10). The goals of surgical evacuation are to remove the hema-

toma, reduce the mass effect, and remove potential neurotoxic elements and

prevent their interaction with healthy brain tissue. However, the surgical

approach for deep hematomas requires dissection through otherwise healthy

brain tissue, which may cause damage in the process.

In the first reported prospective randomized trial of surgical evacuation of

hematoma following ICH, it was found that surgical intervention was associated

with worse clinical outcomes and resulted in an increased mortality rate when

compared with conservative medical management (2). One caveat regarding this

study is that it was conducted in 1961, prior to routine CT use, and factors such

as undetermined hematoma volume and delayed treatment may have confounded

the study results. Many studies have been conducted with more modern tech-

nologies and practices and confirmed the findings of the first study. In a 1989

randomized study of 52 patients comparing craniotomy evacuation within

48 hours of presentation to conservative medical management, increased mortality

was found in the surgical group (72). In 1990, a randomized trial was begun to

compare surgical evacuation versus medical management or medical management

with EVD and ICP monitoring. However, it was terminated prematurely because

of poor outcomes in all treatment groups and poor recruitment (73).

One study since the 1961 study showed improved neurologic and overall

outcomes with a reduced mortality rate in the surgical study population when

stereotactic navigation was utilized (74). In this study, investigators evaluated

ultrasound-guided endoscopic hematoma evacuation versus medical therapy

alone in a group of 100 patients. They reported mortality rates of 42% in the

surgical group and 70% in the medical group. Moreover, they found an

improvement in overall functional outcome in the surgical population in com-

parison with the medical population. It is important to point out, however, that

the surgical patients were younger and that subsequent subgroup analysis

revealed that on the whole the younger patients did better in both treatment

groups.

The most recent study to address this issue is the International Surgical

Trials in Intracerebral Hemorrhage (STICH), which included 1033 patients (75).

This landmark study compared early surgical evacuation of the hematoma and

initial medical management. Inclusion criteria for patients on this study were

spontaneous supratentorial ICH and presentation to the health delivery system

within 72 hours of onset of symptoms. Moreover, each patient had to meet the

additional criterion of uncertainty between the need for surgical evacuation and

best medical therapy before randomization. Hence, the study excluded from

randomization most young patients with ongoing neurologic deterioration in

whom surgeons considered operation helpful. In randomized patients with such

equipoise, no difference in mortality was observed between the two groups.
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Moreover, the only difference between the two groups was in regard to favorable

outcome at six months, which was slight, with 26% for the surgical group and

24% in the medical group. The overall conclusion of this comprehensive study

was that no clear advantage was associated with early surgical intervention when

compared with initial conservative medical management in patients who suffered

from spontaneous supratentorial ICH. Furthermore, it is important to reiterate

that the results of this study cannot be generalized to those patients who were

thought by the surgeon to be able to benefit from surgical evacuation, including

many young patients and those who were rapidly deteriorating from lobar

hemorrhages (Fig. 2). In more than two-thirds of the patients screened for this

study, the treating neurosurgeon expressed certainty about the appropriate

treatment plan, and surgery was performed in approximately one-third. Most of

these patients were younger with lower GCS scores, and their neurologic decline

was likely because of the mass effect caused by the hematoma. Furthermore, the

best timing of surgery in these patients remains unclear. The average time from

ictus to surgical intervention was nearly 30 hours. Therefore, it is yet unclear if

such patients would benefit further from surgery within the first 12 to 24 hours

after the onset of symptoms. Future phases of STICH will attempt to resolve

some of these uncertainties about the role of surgical intervention.

A Phase II multicentered randomized prospective analysis of the role of

minimally invasive surgery and rtPA versus the best medical therapy for treat-

ment of ICH, known as the ‘‘MISTIE’’ trial and sponsored by the National

Institutes of Health (NIH), is ongoing at the time of this writing. The procedure

involves drilling a burr hole and placing a catheter using stereotactic or other

image guidance (CT or MR) into the hematoma, which is followed by hematoma

aspiration and administration of rtPA over the following 72 hours (Fig. 12).

Patients included in this study are aged between 18 and 80 years; they have GCS

scores of less than 15 or NIH Stroke Scale scores of greater than 6 and ICH

greater than or equal to 25 mL that is diagnosed within 12 hours of the onset of

symptoms. A repeat CT six hours later must confirm a stable volume of the

lesion within 5 mL of that on the initial CT. Those who are excluded from the

study include, but are not limited to, patients who have an infratentorial hem-

orrhage, irreversible coagulopathy, uncorrected thrombocytopenia less than

100,000, are older than 80 years, are pregnant, have an IVH that requires EVD

drainage, have significant comorbidities or multisystem organ failure, or have an

ICH secondary to aneurysm or vascular malformation. Patients are randomized

in a 1–3 scheme to protocol-driven best medical therapy or to this therapy in

association with a catheter procedure and escalating doses of rtPA administered

through the ICH catheter every eight hours for 72 hours or until the ICH reaches

a volume of less than or equal to 15 mL or less than 80% of baseline ICH volume

(Fig. 13). The primary outcome measurements are the 30-day mortality rate for

the two groups and surgery or procedure-related morbidities. Secondary outcome

assessments include clot size reduction rate at days 4 to 5 and the 90-day and

180-day clinical outcomes measured by Glasgow Outcome Score, Rankin Scale,
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and Stoke Impact Scale. The hypothesis of the investigators is that this mini-

mally invasive intervention would reduce the hematoma volume, thereby facil-

itating more rapid recovery of neurologic function and decreasing mortality from

ICH in comparison with conventional medical management.

CONCLUSION

Despite many studies evaluating the efficacy of various treatment modals, the

best treatment for ICH remains controversial, perhaps due in large part to the fact

that ICH continues to be a formidable disease that is associated with high rates of

morbidity and mortality. Nevertheless, as the population continues to age and as

hypertension continues to be undertreated, the incidence of ICH will likely

continue to rise, resulting in significant socioeconomic impact.

A promising trend is the range of ongoing research efforts investigating the

most optimal treatment algorithms and a number of novel interventions to

improve outcomes for ICH patients. The task of finding the solutions so des-

perately needed must be shared by neurosurgeons, stroke neurologists, critical

care physicians, and other health care providers. It is hoped that the combination

Figure 12 Schematic diagram demonstrating the operative technique involved in the

MISTIE (Minimally Invasive Surgery Plus rtPA for Intracerebral Hemorrhage Evacuation)

trial.
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Figure 13 Case illustration of stereotactic aspiration and rtPA treatment of ICH.

(A) Preoperative CT showing right parietotemporal ICH. (B) CT showing insertion of

catheter and reduction of ICH volume following immediate aspiration. (C) Postcatheter

removal CT illustrating dramatic reduction of ICH volume. Abbreviations: rtPA,

recombinant tissue plasminogen activator; CT, computer tomography; ICH, intracerebral

hemorrhage.
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of early diagnosis, resuscitation, prevention of hematoma expansion, selection of

appropriate surgical intervention, and judicious critical care and rehabilitation

will lessen the burden of this devastating disease.
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INTRODUCTION

Management of arterial hypertension and increased intracranial pressure (ICP) in

patients with spontaneous intracerebral hemorrhage (ICH) is performed with the

principal intent to decrease the morbidity and mortality associated with this

condition. However, strong evidence-based guidelines are lacking.

Hypertension is the most common risk factor associated with spontaneous

ICH, and it is frequently found at presentation. It is also considered a trigger and

has been implicated in early hematoma growth. Long-term hypertension control

has already shown to be of benefit, but whether acute hypertensive treatment is

favorable in ICH is yet to be proven. Monitoring of increased ICP is useful when

suspected; elevated pressures can potentially impair adequate cerebral blood

flow (CBF), especially in patients with chronic hypertension. In severe cases, it

may lead to herniation and death. Medical management and external ventricular

drainage are often used to control raised ICP, but decompressive surgery may

sometimes be required to stop the process.

219



The current understanding of limitations to and the ongoing research in the

management of arterial hypertension and increased ICP in spontaneous ICH are

reviewed in this chapter.

Spontaneous ICH accounts for approximately 10% to 15% of all strokes,

which represents approximately 37,000 to 52,000 people every year in the United

States (1). It is a devastating disease; mortality may affect up to half of patients in

the first month, and as few as 20% will be independent at six months (2,3).

Primary ICH, when no obvious structural abnormality exists, generally

results from chronic hypertension, accounting for 65% of cases (4). Acute hyper-

tension is considered a responsible trigger and is often found at presentation (5–7).

Elevated blood pressure among patients with spontaneous ICH is a predictor of

hematoma expansion and poor outcome (8–10).

The presence of increased ICP requires close vigilance. Frequent neuro-

logical evaluation is advisable to detect herniation syndromes that require prompt

treatment. In suspected cases, monitoring of ICP becomes useful. Appropriate

treatment response can be assessed, and adequate cerebral perfusion pressure can

be ensured when arterial hypertension is being lowered.

Ischemia in the perihematoma region was thought to contribute to brain

injury and edema in the past (11). Global cerebral ischemia is still a concern if

blood pressure is lowered in patients with chronic hypertension because of a

shifted autoregulation response. Nonetheless, reductions in the mean arterial

pressure of up to 15% in small- or medium-sized hematomas did not change the

global CBF (12). Investigations are currently underway to study the safety of

aggressive blood pressure control in spontaneous ICH and to further assess the

efficacy of this intervention in lowering the rates of hematoma expansion (13).

One of the priorities in spontaneous ICH research is acute blood pressure

management (14), especially its relationship with ICP. The establishment of

evidence-based guidelines is desperately needed.

PATHOPHYSIOLOGY OF ICH

Implications of Chronic Hypertension in Spontaneous ICH

Elevated blood pressure was reported in two-thirds of patients with acute stroke

and spontaneous reduction within 10 days without antihypertensive treatment

(15,16). In a large cross-sectional study, a high prevalence (75%) of elevated

systolic blood pressure (� 140 mmHg) in patients with ICH was also found (17).

Arterial hypertension at the time of admission may in some cases simply reflect

chronically untreated hypertension (18). Other possibilities include a protective

response to maintain cerebral perfusion when the brainstem is compressed, also

known as the Cushing–Kocher response (1,19), or a stress secondary to abnormal

sympathetic activity, altered parasympathetic activity, raised levels of circulating

catecholamines, or brain natriuretic peptide that may also induce acute hyper-

tension (20,21).
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Chronic hypertension causes histologic changes in penetrating blood vessels,

with degeneration of the media and smooth muscle, mainly in the bifurcations that

make them susceptible to rupture (22). It also produces thickening of the vascular

wall, increasing the resistance and providing tissue protection if cerebral perfusion

pressure is high but diminishing the ability to dilate when cerebral perfusion

pressure is reduced (23,24).

Cerebral autoregulation is the homeostatic mechanism that maintains CBF

by modifying the cerebrovascular resistance when cerebral perfusion pressure

fluctuates. The lumen of arterioles dilates or constricts if cerebral perfusion pressure

lowers or rises, respectively. This mechanism keeps CBF constant in normal

subjects when the cerebral perfusion pressure ranges between 50 and 150 mmHg.

In patients with chronic hypertension, cerebral autoregulation is shifted to higher

levels and the degree correlates with the severity of hypertension (23,24).

Initial Mass Effect

Spontaneous ICH results from the rupture of small penetrating arteries that

originate from the main intracranial circulation. Common sites in the brain

parenchyma are the basal ganglia, thalamus, pons, cerebellum, and cerebral

lobes. The mass effect in the adjacent structures is responsible for the initial

symptoms (25). Because of the common deep location in the ventricular system

proximity, hematomas, especially if large, may extend to the ventricles, wor-

sening outcome (26). Intracerebral hematomas are not monophasic events, and

up to one-third may expand in the first 24 hours, mainly within the first six

hours. It is not yet clear why this expansion happens, but it has been attributed to

continuing bleeding from the source, to the disruption of surrounding vessels,

hypertension, and coagulation deficits (27,28). Hematoma expansion causes

additional mass effect and neuronal injury and is the main cause of clinical

deterioration and death during the hyperacute phase (9,29–31).

Perihematoma Edema Without Ischemia: Additional Mass Effect

In survivors of the initial event, edema around the hematoma soon develops and

may persist for as long as two weeks (32,33). Edema in the surrounding

parenchyma that develops within eight hours of onset is interstitial in nature and

results from the accumulation of osmotically active serum proteins from the clot

and movement of water across an intact blood-brain barrier into the extracellular

space (34,35). Between 24 and 48 hours after the onset, cell death and inflam-

mation that result from direct cellular toxicity and blood-brain barrier disruption

are the main processes (32,36–41). Cytotoxic edema and breakdown of the

blood-brain barrier, from blood and blood products are most likely the expla-

nation for the late edema formation (42–43).

Cerebral ischemia was initially thought to contribute to neuronal injury and

edema (44–48). More recent studies refute this hypothesis and suggest that three

phases of CBF and metabolism changes follow ICH (11). In an initial hibernation
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phase, concomitant hypoperfusion and hypometabolism that involve the peri-

hematoma region are identified within 48 hours of hemorrhage onset. Reductions

in CBF and cerebral oxygen consumption can be observed using positron emission

tomography scanning (49–51). A reperfusion phase is seen between days 2 and 14

with a mixed pattern of CBF, consisting of areas of relatively normal flow,

hypoperfusion, and hyperperfusion. Finally, a normalization phase is observed

after day 14, with normal CBF reestablished in all regions except those with

nonviable tissue. Despite low CBF in the perihematoma region during the acute

phase, complementary low metabolism prevents ischemia (Fig. 1).

MANAGEMENT OF ACUTE HYPERTENSION IN ICH

American Heart Association Guidelines

Evidence-based guidelines in the management of blood pressure in patients

with spontaneous ICH are lacking. The stroke council for the American Heart

Association (52), in their guidelines for management of spontaneous ICH,

Figure 1 Diagrammatic representation of the three phases of cerebral blood flow and

metabolism changes in spontaneous intracerebral hemorrhage: hibernation, reperfusion,

and normalization. Source: From Ref. 11.
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encourages tight blood pressure control in an attempt to stop the ongoing bleeding

but also considers that aggressive treatment may decrease cerebral perfusion and

worsen brain damage, especially if increased ICP is present. On the basis of these

two rationales, the recommendation is for the systemic arterial pressure to be

maintained around 160/90 mmHg (mean of 110 mmHg). However, in patients

with suspected increased ICP, the goal is to ensure a cerebral perfusion pressure

>60 to 80 mmHg (Class IIb, Level of Evidence C). Continuous intravenous

infusions (Labetalol, Nicardipine, Esmolol, Hydralazine, Nitroprusside, Nitro-

glycerin) or intermittent (Labetalol, Esmolol, Enalapril, Hydralazine) intravenous

medications are recommended. Nitroprusside may be associated with further

increases in ICP, thus accentuating any Cushing–Kocher response that may be

occurring.

Clinical Trials and Experimental Studies

Elevated blood pressure is associated with hematoma expansion and poor neu-

rologic outcome. Ischemia in the perihematoma region is no longer a concern.

Thus, on the basis of the above-mentioned evidence, it is reasonable to treat

hypertension in patients who present with spontaneous ICH. The ideal blood

pressure goals to improve the clinical outcome with adequate maintenance of

cerebral perfusion pressure are unknown. Several small clinical trials have

addressed this issue. A nonrandomized, prospective trial in 1962 was the first to

demonstrate an improvement in mortality with the use of antihypertensive

medication in patients with ICH (53). Limitations included the fact that less

severe symptoms were present in the treatment group. In a 1995 retrospective

study of blood pressure control at presentation, blood pressure control in the

initial two to six hours improved mortality and morbidity (54). However,

the study did not consider variables such as hematoma volume, ventricular blood,

and initial Glasgow Coma Scale, all of which confounded the results. In 1999, an

animal study showed that pharmacologic reduction of the mean arterial pressure

had no adverse effects on ICP or CBF in regions around and distant to the

hematoma (55). The study was limited by the fact that all of the experimental

animals were normotensive, as opposed to patients who often suffer from long-

standing hypertension and changes in cerebral flow dynamics. In a 2001 study of

14 patients within 6 to 22 hours with small- to medium-sized hematomas, the

patients were randomized to receive either nicardipine or labetalol for blood

pressure control (12). CBF was measured using positron emission tomography

before and after treatment. No significant changes in CBF, either globally or

around the hematoma, were seen with a 15% reduction in the mean arterial

pressure. In 2004, a prospective multicentered study on the safety and feasibility

of early antihypertensive treatment in 27 patients showed low rates of neurologic

deterioration and hematoma expansion (56). Patients who were treated within six

hours were more likely to be independent at one month compared to those who

were treated between 6 and 24 hours. Limitations to the study included
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unmatched controls with variable characteristics. Also, 24-hour follow-up CT of

the head was not obtained for every patient, and thus asymptomatic hematoma

expansion could have been missed. In a single- centered prospective registry in

2006, 29 patients were treated with nicardipine to achieve a mean arterial

pressure goal of below 130 mmHg within the first 24 hours (following American

Heart Association guidelines) (57). The study was unique, as it was the first

study that utilized the guidelines, and nicardipine was used to maintain an even

and more effective reduction in blood pressure, versus boluses of labetalol and

hydralazine, which resulted in uneven reduction in blood pressure (Figs. 2 and 3).

Nicardipine was well tolerated in 86% of the patients, and rates of neurologic

deterioration and hematoma expansion were lower than previously reported

(13% and 18% of the patients, respectively).

Ongoing Clinical Trials

The Antihypertensive Treatment of Acute Cerebral Hemorrhage (ATACH) trial

(13) is designed to determine the tolerability of blood pressure control with IV

infusion of nicardipine for 18 to 24 hours after ICH. Three different systolic

blood pressure targets have to be achieved and maintained. The presence of

neurologic deterioration and any serious adverse event during the treatment are

being studied. Inclusion criteria require a presentation within six hours of symptom

onset and an initial systolic blood pressure above 200 mmHg. Three treatment tiers

are being studied: systolic blood pressure between 170 and 200 mmHg, between

140 and 170 mmHg, and between 110 and 140 mmHg.

Figure 2 Systolic blood pressure control with intravenous nicardipine. Hourly mean

arterial blood pressure changes for the initial 24-hr period after initiation of anti-

hypertensive treatment with IV infusion of nicardipine in 28 patients with intracerebral

hemorrhage. Mean arterial blood pressure goal <130 mmHg. Source: From Ref. 57.
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The current study will be the largest of its kind and will help to increase

our understanding about the principles of blood pressure control in acute ICH. A

sample protocol for IV nicardipine infusion that is currently being used is

detailed in Table 1.

ORAL INITIATION OF ANTIHYPERTENSIVE AGENTS
IN PATIENTS WITH ICH

Long-term blood pressure control has been shown to reduce the incidence of stroke

by 35% to 40%, myocardial infarction by 20% to 25%, and heart failure by more

than 50% (58). The latest report of the Joint National Committee on Prevention,

Detection, Evaluation, and Treatment of High Blood Pressure highlights a number

of issues: (i) In individuals older than 50, an elevated systolic blood pressure is of

more concern than an elevated diastolic blood pressure. (ii) The risk of cardio-

vascular disease, beginning at 115/75 mmHg, doubles with each increment of

20/10 mmHg. If normotensive at 55 years of age, the lifetime risk for developing

hypertension is 90%. (iii) A new term, prehypertension, has been introduced for

individuals with a systolic blood pressure between 120 and 139 mmHg or a dia-

stolic between 80 and 89 mmHg. Individuals with prehypertension are recom-

mended to make lifestyle modifications to prevent cardiovascular disease.

(iv) Thiazide-type diuretics, either alone or in combination with other classes, should

be considered as the initial treatment of choice for most patients with uncomplicated

hypertension. Certain high-risk conditions are compelling indications for the initial

Figure 3 Systolic blood pressure control with IV labetolol and hydralazine. Hourly

systolic blood pressure changes for the initial 24-hr period after initiating antihypertensive

treatment with IV boluses of labetalol and hydralazine in 13 patients with intracerebral

hemorrhage. Systolic arterial blood pressure goal <180 mmHg. Source: From Ref. 56.

Management of Blood Pressure and Intracranial Hypertension 225



use of other antihypertensive drug classes (e.g., angiotensin-converting enzyme

inhibitors, angiotensin-receptor blockers, b blockers, calcium channel blockers).

(v) Blood pressures that are 20/10 mmHg above the desired goal will require two

agents, one of which should be a thiazide-type diuretic. (vi) Most patients with

hypertension will require two or more antihypertensive medications to achieve the

goal (<140/90 mmHg, or lower for patients with diabetes or chronic kidney disease)

(59). For patients with spontaneous ICH and persistent hypertension, oral anti-

hypertensives can be initiated after 72 hours of onset to gradually achieve the

preferred blood pressure (60).

Table 1 Nicardipine Infusion Protocol

Start infusion

at 5 mg/hr

? Titrate by 2.5 mg/hr

every 15 min to

bring the MAP to

the target range.

(Maximum dose:

15 mg/hr)

? Once atarget MAP is reached,

decrease nicardipine by

2.5 mg/hr every 15 min until the

target MAP is maintained in the

target range or the medication is

discontinued

l If after stabilization in the target range, the MAP becomes more than the target

range:

MAP >
Target by �
10 mmHg

? Repeat reading

every 5 min for

15 min

?
still the

same

Increase infusion by increments

of 1–1.5 mg/hr every 15 min to

bring the MAP to the target range.

(Maximum dose: 15 mg/hr)

MAP >
Target by >
10 mmHg

? Repeat reading

after 5 min

?
still the

same

Increase infusion by increments

of 2.5 mg/h every 15 min to bring

the MAP to the target range.

(Maximum dose: 15 mg/hr)

l If after stabilization in the target range, the MAP becomes less than the target

range:

MAP <
Target by �
10 mmHg

? Repeat reading

every 5 min for

15 min

?
still the

same

Decrease infusion by

decrements of 1 mg/hr every

15 min to bring the MAP to

the target range, or until

medication is discontinued

MAP <
Target by >
10 mmHg

? Repeat reading

after 5 min
?

still the

same

Decrease infusion by

decrements of 2.5 mg/hr every

15 min to bring the MAP to the

target range

atarget MAP: 90–130 mmHg. Abbreviation: MAP, mean arterial pressure.
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INTRACRANIAL HYPERTENSION IN SPONTANEOUS ICH

Intracranial hypertension is defined as ICP above 19 mmHg for more than five

minutes. It may result initially if hematomas are large or if there is associated

hydrocephalus, but it can also develop later when edema begins to collect in the

region immediately around the hematoma. Intracranial hypertension contributes

to morbidity and mortality in ICH and should be suspected in patients with

sudden decrease in the level of consciousness, headache, or vomiting. Increased

pressure due to progressive mass effect may lead to herniation because of

restricted intracranial space (61,62), and it should be addressed quickly since

treatment may be life saving (19).

MEDICAL MANAGEMENT OF INTRACRANIAL HYPERTENSION

Patients with ICH should be admitted to a monitored unit for at least the initial

24 hours (63). Standard critical care measures in the management of intracranial

hypertension include frequent neurologic examinations, elevation of the head of

the bed by 308 to 408, treatment of fever, tachycardia, extreme hypertension, and

adequate sedation (preferably short-acting agents that can be easily reversed)

when patients are stimulated or mobilized. No evidence supports the use of

prophylactic agents to prevent herniation.

In the presence of increased ICP or herniation syndromes, treatment should

be instituted without delay; the following protocol can be followed (18,64,65):

1. Emergent intubation (medications and stimuli that increase ICP should be

prevented), and hyperventilation or manual hyperventilation with a ventilation

bag should be performed initially. The goal is to maintain PaCO2 between

25 and 30 mmHg by ventilating at a rate between 30 and 40 breaths/min.

2. Hypertonic saline (a bolus of 30 mL of 23.4% NaCl or 5 mL/kg of 3%

NaCl given in 30–60 minutes) through a central venous catheter or an

osmotic agent, such as IV mannitol (0.5–1 gm/kg, bolus), can then be

administered. If an adequate response is not observed with one agent in the

first 10 minutes of initiating treatment, the other agent may be added.

Thiopental can be used in case of a pronounced hypertensive response

(defined as mean arterial pressure > 150 mmHg) accompanying the her-

niation episode. Vasopressors and fluid boluses may be required to keep a

systolic arterial pressure above 90 mmHg.

3. Once the first round of treatment is completed, an emergent CT scan of the

head can be obtained to determine a possible requirement for surgical

decompression.

4. Either a maintenance infusion of hypertonic saline to achieve a serum

sodium between 145 and 155 mmol/L or boluses of mannitol (0.5 g/kg q6 hr)

to achieve a serum osmolality between 310 and 315 mOsm/L, or a com-

bination of both, may then be started.
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5. Barbiturate coma can also be considered if other medical and surgical

options are not feasible or the patient’s signs and symptoms are refractory

to initial treatment efforts.

Controlled hyperventilation causes cerebral vasoconstriction, which

quickly decreases ICP. Its benefit lasts for a few hours, and it is typically used as

a bridging therapy. Slow normalization of the PaCO2 over 24 hours is recom-

mended to avoid a rebound effect (66,67).

Mannitol is an osmotic and rheologic agent that produces an osmotic

gradient from the interstitium to the intravascular compartment. In the kidneys,

mannitol prevents resorption of water and is eliminated unmetabolized. Mannitol

also reduces blood viscosity, producing a transient increase in CBF and volume,

with a compensating vasoconstriction and a net reduction in cerebral blood

volume (68). Side effects include reversed osmolality and renal failure. Reversed

osmolality refers to the accumulation of mannitol in the brain after multiple

doses, causing a reversed osmotic shift.

Hypertonic saline has shown a favorable effect in the treatment of intra-

cranial hypertension in laboratory and clinical settings. It has a better reflection

coefficient than mannitol (1 as compared to 0.9), meaning the blood-brain barrier

is virtually impermeable to hypertonic saline. Hypertonic saline should be used

with caution in patients with heart failure (69). Studies to compare both

hyperosmolar agents are needed to define which is superior in the treatment of

intracranial hypertension.

Barbiturates decrease ICP by reducing metabolic activity and secondarily

reducing the CBF and volume. Their maximum effect is obtained when a burst-

suppression pattern is seen on the electroencephalogram, with no further benefit

seen with higher doses. Barbiturate coma successfully reduces intracranial

hypertension but is not exempt from side effects, and it is unclear whether these

patients gain long-term benefits from this intervention (70,71). Hypothermia

(temperatures in the range of 32–338C) lowers ICP, although its long-term benefit

is not clear. Ongoing research may reveal its advantage in the future (72–74).

SURGICAL MANAGEMENT OF INTRACRANIAL HYPERTENSION

Patients with a Glasgow Coma Scale score of less than 9 or those who are clini-

cally deteriorating because of suspected mass effect should have an intracranial

monitoring device placed (level of evidence V, grade C recommendation) (75).

External ventricular drainage devices are more invasive, increasing the risk

of infection (unlike fiberoptic bolt systems), but they help to control the

increased ICP by draining cerebrospinal fluid. In cases of acute hydrocephalus,

ICP may quickly increase, making the rapid placement of an external ventricular

drain of extreme importance (76). The stroke council for the American Heart

Association recommends monitoring ICP in patients with elevated ICP to
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maintain a cerebral perfusion pressure above 70 mmHg (Class IIa, level of

evidence B) (52).

Although it is known that intracerebral hematomas may lead to progressive

mass effect and brain herniation, a pertinent question arises as to whether early

clot removal would be an appropriate preventive therapy. Randomized trials that

compared best medical treatment with early surgical clot removal failed to

demonstrate differences in outcome (77). It is becoming clearer that draining

hematomas that are deep and do not involve posterior fossa may lead to worse

outcomes, and that some superficial hemorrhages in clinically deteriorating

patients could benefit from urgent surgical intervention (77–81). Hematomas

larger than 3 cm located in the cerebellum and causing hydrocephalus or brain

stem compression are also likely to benefit from surgery (82).

Recently, minimally invasive methods have become an investigational

procedure of choice. In a recent study, 72 patients with supratentorial ICH were

randomized to either conservative treatment or to treatment with urokinase and

subsequent drainage every 6 hours for 48 hours. Although no difference was

found in mortality, this therapy was proven to be safe (83).

CONCLUSION

Spontaneous ICH carries great morbidity and mortality. Hematoma expansion,

one of the major causes of neurologic deterioration, is a delayed process ame-

nable of intervention. Measures to decrease the rate and extent of hematoma

growth are urgently needed. Tight blood pressure control may be of benefit in

this regard. Ongoing research may help to determine the blood pressure target at

which cerebral perfusion pressure is not compromised in patients with increased

ICP and a shifted autoregulation. Increased ICP often predisposes patients with

spontaneous ICH to worsening outcomes. Its management may be life saving.

More research is necessary to develop evidence-based protocols of intervention.
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INTRODUCTION

In treating patients with aneurysmal subarachnoid hemorrhage (aSAH) the best

outcomes are predicated on the early, correct diagnosis of patients who are in

good clinical condition. Delay in treatment often results in early complications

and worse outcomes (1,2); therefore, early diagnosis is the key. The foundations

of the diagnosis of aSAH will be outlined in this chapter.

Nearly all awake patients with aSAH present with headache (3). The ability

of the frontline physician to recognize that the patient has suffered an aSAH is

hampered by the fact that headache is an extremely common chief complaint in an

emergency department (ED) (4). Because most patients who present to the ED

with the complaint of a headache have primary headache disorders (e.g., migraine

or tension), extensive, urgent evaluation of the entire group for aSAH is inap-

propriate (5,6). On the other hand, a small percentage of these patients have far

more serious pathology (4,7) (Table 1). In these cases, failure to diagnosis or a

delay in diagnosis can lead to significant morbidity and mortality (8). aSAH is

most commonly caused by trauma; of nontraumatic cases, 80% are due to ruptured

intracranial aneurysms, which is the focus of this chapter (3).
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Slightly less than 1% of all patients who present to the ED with headache

have aSAH (4,7,9,10). Furthermore, several studies have shown that of

neurologically normal patients with severe and acute-onset headaches,

roughly 12% have aSAH (11–13). In a Canadian study of ED patients with

lower acuity of headache (not abrupt onset and not necessarily ‘‘worst of

life’’ in severity), 6.7% of headache patients had an aSAH (14).

Despite the widespread availability of neuroimaging equipment, mis-

diagnosis of aSAH has been surprisingly common, occurring in 25% to 50% of

patients with aSAH on their first physician consultation. Misdiagnosis has been

documented in many different settings over the past three decades (15–19).

However, more recent studies suggest that this misdiagnosis rate may be falling.

In 2004, a report of the largest single-institution data found a misdiagnosis rate

of 12% (20), and in 2007, a population-based study found a misdiagnosis rate of

5.4% in patients seen in an ED in Ontario, Canada (21). These data suggest the

possibility that increased scrutiny of the misdiagnosis phenomenon in emergency

medicine has resulted in an improved rate of diagnosis (22). Another study in

Japan found that doctor-related misdiagnosis is decreasing but that patient-

related delays have increased, highlighting the need for better public education

regarding stroke symptoms (23).

As with most conditions, aSAH is associated with a bell-shaped curve of

presentations. The classic presentation (abrupt onset of a severe, unique, and

distinctive headache that begins during exertion and is associated with neck pain,

vomiting, and transient loss of consciousness) or a severe presentation (severe

headache followed by overt neurologic deficits) poses few diagnostic problems (3).

Table 1 Life, Limb, Vision, or Brain-threatening Causes of Headache

Subarachnoid hemorrhage

Meningitis and encephalitis

Cervicocranial artery dissections

Temporal arteritis

Acute narrow angle closure glaucoma

Hypertensive emergencies

Carbon monoxide poisoning

Idiopathic intracranial hypertension (pseudotumor cerebri)

Cerebral venous and dural sinus thrombosis

Spontaneous intracranial hypotension

Acute strokes: hemorrhagic or ischemic

Pituitary apoplexy

Mass lesions

Tumor

Abscess

Intracranial hematomas (parenchymal, subdural, epidural)

Parameningeal infections

Colloid cyst of third ventricle
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The problem arises in those mildly affected patients, who account for nearly

half of the total and who present on the left side of the curve. These awake, alert,

and neurologically normal patients are simultaneously the most likely to be

misdiagnosed and the most likely to benefit from early identification and

definitive treatment (3). Three generic causes lead to misdiagnosis: failure to

appreciate the spectrum of clinical presentation, failure to understand the limi-

tations of computed tomography (CT), and failure to perform and correctly

interpret the results of lumbar puncture (LP) (3,5,6) (Table 2). Improvements in

identifying which patients should be evaluated for aSAH and how the workup

should proceed would likely reduce the frequency of misdiagnoses.

Table 2 Reasons for Misdiagnosis of aSAH

Failure to know the spectrum of presentations of subarachnoid hemorrhage

Not evaluating patients with unusual (for the patient) headaches

Is the onset abrupt?

Is the quality different from prior headaches?

Is the severity greater than prior headaches?

Are there associated symptoms that have been absent with prior headaches (such as

vomiting, diplopia, syncope, or seizure)?

Failure to appreciate that the headache can improve spontaneously or with nonnarcotic

analgesics

Overreliance on the classic presentation with misdiagnosis of

Viral syndrome, viral meningitis, and gastroenteritis

Migraine and tension-type headache

Sinus-related headache

Neck pain (rarely, back pain)

Psychiatric diagnoses

Focus on the secondary head injury (resulting from syncope and fall or car crash)

Focus on the electrocardiographic abnormalities

Focus on the elevated blood pressure

Lack of knowledge of presentations of the unruptured aneurysm

Failure to understand the limitations of CT scans

CT scans are less sensitive with increasing time from onset of headache.

CT scans can be falsely negative with small volume bleeds (spectrum bias).

Interpretation factors (expertise of physician reading the scan).

Technical factors (Have thin cuts been taken at the base of the brain? Is motion artifact

observed?)

CT scans be falsely negative for blood at hematocrit level of <30%.

Failure to perform LP and correctly interpret cerebrospinal fluid findings

Failure to do LP in patients with negative, equivocal, or suboptimal CT scans

Failure to recognize that xanthochromia may be absent very early (<12 hr) and very late

(>2 wks)

Failure to realize that visual inspection for xanthochromia is less sensitive than

measurement by spectrophotometry

Failure to properly distinguish traumatic tap from true aSAH
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WHO SHOULD BE EVALUATED?

Physicians must pay careful attention to four aspects of the patient history to best

identify which patients with headache should be further evaluated for aSAH.

While the severity of the headache is often reported as ‘‘worst ever,’’ variability

exists. Headaches from aSAH may improve spontaneously (24) or after admin-

istration of narcotic or nonnarcotic analgesics sumatriptan or prochlorperazine

(25,26). Because the pathophysiologic mechanisms that mediate pain in the head

are limited (27,28), interventions that relieve pain do not necessarily distinguish

benign from serious causes. Therefore, pain relief alone should not be used as a

criterion to exclude aSAH (or other serious neurologic problems) if the history is

otherwise worrisome.

Most but not all patients with aSAH describe an abrupt onset of pain that

often reaches maximal intensity within seconds. Onset frequently occurs during

exercise or Valsalva maneuver, but it may begin at any time, including during

quiet activity or even sleep (29). Perhaps the most useful historic element is the

quality of the pain. Even when patients have frequent headaches from another

cause, during careful evaluation, they describe the pain from aSAH as unique

and distinct—somehow ‘‘different’’ from prior headaches (5). Headaches that

are associated with vomiting, which may occur in primary headache disorders,

should suggest the possibility of intracranial bleeding, especially if vomiting did

not accompany prior episodes. Other associated symptoms, such as syncope,

diplopia, and seizure make aSAH more likely (30).

Epidemiologic context is important. Alcohol (especially a recent binge),

cigarette smoking, hypertension, and use of cocaine and other sympathomimetic

drugs are risk factors for aSAH (31). Another strong risk factor is past or family

history of aSAH. Various connective tissue disorders have also been associated

with aSAH (8). Physical examination may disclose meningismus, cranial neu-

ropathy, retinal or vitreous bleeding, or any other focal or generalized neurologic

finding (5,6). Caused by meningeal irritation from blood, meningismus (nuchal

rigidity) occurs in approximately 70% to 85% cases of aSAH, but may take

hours to days to develop. In a series of 312 cases of aSAH, 50 (16%) had no

stiffness on admission, while another 56 (18%) had slight or moderate stiffness

(32). Third cranial nerve palsy may lead to limited ipsilateral eye movements

and a dilated pupil. The pupil is dilated in the classic aneurysmal third cranial

nerve palsy (also referred to as a ‘‘surgical third nerve’’) because the periph-

erally located pupillary constrictor fibers are more vulnerable to external com-

pression (33). This third cranial nerve palsy is usually from a posterior

communicating artery aneurysm; therefore, the finding is only present in 10% to

15% cases of aSAH (32,34). Funduscopy may disclose retinal hemorrhage

(which may be the only clue of aSAH in comatose patients) and papilledema

(which may suggest idiopathic intracranial hypertension or intracranial mass)

(5,6). Importantly, physical examination may be entirely normal, and it is in this

scenario that the diagnosis is most often missed.
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After the history and physical examination, the physician must decide if

further evaluation is necessary. If no plausible alternative hypothesis is indicated,

the physician should proceed with further testing (5,6). Of particular note is that

a first-ever severe headache cannot be confidently diagnosed as tension or

migraine, both of which require multiple episodes before they can be definitively

diagnosed (35). While it is true that all patients with these primary headache

disorders must have their first episode at some point in time, they usually do not

seek medical attention for them; if they do, these diagnoses cannot be defini-

tively made on the first episode by history and physical examination alone.

EVALUATION FOR aSAH—CT SCANNING

Once the decision to pursue the diagnosis of aSAH is made, the current standard

evaluation is straightforward (Fig. 1). The first test to be performed is the

noncontrast cranial CT scan (3,5,6,36,37). While this test has revolutionized the

diagnosis of aSAH, it has limitations (38). Spectrum bias occurs in patients with

smaller bleeds, who are more likely to be conscious, well appearing, and to have

normal scans (17). Also, errors in interpretation inevitably occur, especially in

this mildly affected group (3). The sensitivity of CT decays rapidly with time

(39). Even in the first 12 hour-postictus, when CT displays excellent sensitivity

(40–42), the confidence intervals are sufficiently wide for further testing to be

recommended in patients with normal CT scans despite clinical suspicion of

aSAH (38,43). Early studies demonstrated that by day 3, only 85% of patients

with aSAH have abnormal CT scans and by one week, this figures drops to 50%

(39). While evidence suggests that newer scanners have higher sensitivity (44),

until this is confirmed, a negative CT should be followed by an LP in patients

with clinical suspicion of aSAH. It is noteworthy that anemia (hematocrit <30),

motion artifact, or other technical factors may cause falsely normal scans (3). In

patients who have mild symptoms that present early, it should be realized that

the factors that influence the CT sensitivity are conflicting. Early presenting

patients are much more likely to have positive scans, while patients with mild

symptoms are more likely to have normal scans. Therefore, the decision to

solidify the diagnosis by performing an LP is appropriate in patients with a

history that is consistent with aSAH but with a negative (or nondiagnostic) CT

scan (38,40,43,45).

In patients with head injury, subarachnoid blood on the CT scan may be

traumatic in origin; however, the possibility that a ruptured aneurysm caused the

trauma must be considered (46,47). Location of the blood high on the cerebral

convexities suggests a traumatic origin, whereas blood from a ruptured aneurysm

is more likely to be in the basal cisterns. Because the literature contains several

reports of nonaneurysmal aSAH cases with blood in atypical locations, clinicians

must be careful in making decisions about which patients to further evaluate with

vascular imaging, even when the blood is in the higher cortical areas (48,49).

False-positive CTs are distinctly unusual but may occur in the setting of
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Figure 1 Flowchart showing symptoms of suggestive subarachnoid hemorrhage (courtesy

Jonathan Edlow, copyright owner).
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intravenous (IV) contrast neurotoxicity (50,51), purulent meningitis (52,53),

spontaneous intracranial hypotension (54), bilateral subdural hematomas (55,56),

and increased density of dural structures (57). In each of these settings, the next

diagnostic steps—LP and/or specialist consultation—should lead to the correct

diagnosis. Therefore, for patients with positive CT scans, immediate consultation

with a cerebrovascular specialist is indicated. Whenever meningitis is a serious

consideration, IV antibiotics should be administered promptly and should not be

delayed by diagnostic testing (6). For patients with negative, equivocal, or

suboptimal scans, LP is indicated (3,5,6).

EVALUATION FOR aSAH—LP

LP also has limitations, the most significant of which is the physician failing to

perform one in the first place (11). Performing an LP will also diagnose the

occasional patient with an atypical presentation of meningitis and other intra-

cranial conditions. Careful attention to the technique may reduce the likelihood

of traumatic puncture, which occurs in approximately 15% of cases (58).

Measuring the opening pressure is helpful in distinguishing traumatic puncture

from true aSAH, as two-thirds of patients with aSAH will demonstrate elevated

pressure (32). Furthermore, elevated pressure may provide clues to other

potential diagnoses, such as idiopathic intracranial hypertension and cerebral

venous sinus thrombosis (1), and low pressure suggests the diagnosis of spontaneous

intracranial hypotension (59). The cerebrospinal fluid (CSF) may contain

erythrocytes [or red blood cells (RBCs)] and/or show xanthochromia, the

yellow discoloration caused by hemoglobin breakdown products—primarily

oxyhemoglobin and bilirubin.

Again, details are important. The results must also be interpreted in the

context of time: how many hours have elapsed since the onset of headache? Just

as time from ictus affects the sensitivity of CT, timing also affects the inter-

pretation of the results of the CSF findings. RBCs are absent in LP samples done

in the first minutes after aSAH but should be abundant in the ensuing hours. In

Walton’s classic work, all 21 of the 21 patients assessed by LP in the first four

hours after the ictus were positive for blood (including 4 patients inside of

2 hours) (32) (Table 3). Rare case reports from the pre-CT era documented patients

with aSAH without blood in the lumbar theca (60,61). The mechanisms in these

cases were (i) aneurysmal rupture directly into the intraparenchymal or subdural

compartments, and (ii) tonsillar herniation with CSF block. In each of these rare

instances, modern CT scanning would be expected to be diagnostic. On average,

RBCs gradually disappear over the course of 7 to 14 days (32,62), although

exceptions exist on either end, and the disappearance of blood in the CSF has

been reported as early as 24 hours after the ictus (32).

A specific threshold number of RBCs in the CSF below which aSAH is

excluded has not been determined, and smaller bleeds obviously result in fewer

cells. Anecdotally, aSAH has been reported in a patient with ‘‘a couple of
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hundred’’ red cells in the CSF, but this low number is probably very unusual

(63). Most patients will have many thousands of cells, but the time interval

between the LP and the onset of the headache must be factored into this analysis.

Oxyhemoglobin can develop within hours, whereas bilirubin formation is

an enzyme-dependent, in vivo process that requires time to develop (64,65).

Xanthochromia can be assessed visually or by spectrophotometry (66). Some

authorities recommend a delay of 12 hours before performing LP because

xanthochromia, as measured by spectrophotometry, may not be present until this

time (67,68). However, the particular study on which this recommendation is

based was flawed (69): First, entry into the study required a positive CT scan.

The patients in whom the significance of xanthochromia must be understood are

those with negative CT scans, and they were not studied. Second, the study did

not perform any LPs prior to 12 hours after the ictus; therefore, it was not

designed to evaluate the utility of the earlier LP.

More recently, investigators have evaluated CSF spectrophotometry in the

clinically relevant population of patients with negative CT scans (and normal

physical examinations). They found that spectrophotometry resulted in the diag-

nosis of an aneurysm in 2% of 463 such patients; however, they did not compare

spectrophotometry with visual inspection (70). In a survey of approximately 2500

North American hospital laboratories, 99.4% used the method of visual inspection

(71). Therefore, waiting for 12 hours makes no sense if the clinical laboratory in

the particular hospital uses visual inspection rather than spectrophotometry to

measure xanthochromia. Furthermore, even when measured visually, many

patients do have early xanthochromia. In Walton’s series, which used visual

inspection, one patient had xanthochromia within 4 hours of the ictus and of

patients seen within four to six hours, 57% (16 of 28) had xanthochromia (32)

(Table 3). In patients who presented between 6 and 12 hours after the ictus, this

figure rose to 65% (26/40), which does not include 10 (of the 40) additional

patients for whom the presence or absence of xanthochromia was not recorded.

Thus, xanthochromia can occur very early, possibly from oxyhemoglobin. After

12 hours, nearly all had xanthochromia, suggesting that the kinetics of visually

apparent versus spectrophotometrically apparent xanthochromia are quite similar.

For all these reasons, some authors do not recommend the 12- hour delay (3,72).

Table 3 Findings from CSF Analysis (from Walton’s study)

Time from

ictus (hours) # of cases Blood present

Xanthochromia present

(not present; not recorded)

0–2 4 4 0

2–4 17 17 1(15 not; 1 NR)

4–6 28 28 16(9 not; 3 NR)

6–12 40 40 26(4 not; 10 NR)

12–24 35 32 31(0 not; 4 NR)

25–72 57 51 53(0 not; 4 NR)
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Despite the fact that some claim that the human eye cannot reliably detect

xanthochromia (73), recent data suggest that visual inspection is quite useful if a

clinician sees the CSF as colorless (74). Furthermore, while spectrophotometry

of CSF may be very sensitive, its specificity is quite low (11,75). If spec-

trophotometry were routinely used, it could lead to a significant increase in

unnecessary cerebrovascular imaging and diagnoses of asymptomatic aneurysms

(75). Practically speaking, in almost all patients with query aSAH, at least

several hours will have passed from the onset of their headache until their LP,

even if they rapidly seek medical attention. Time elapses as they are transported

to an ED, triaged and registered, evaluated by a physician, and undergo a

CT scan, which must then be interpreted. Bloody CSF will be present in all CT-

negative early cases, and xanthochromia will be observed in many such cases

(32). Physicians who decide to wait for 12 hours must weigh the risks of waiting,

such as ultra-early rebleeding, against the benefit of improving diagnostic sen-

sitivity of xanthochromia (76,77).

DISTINGUISHING TRAUMATIC LP FROM TRUE aSAH

Traumatic LP occurs when RBCs enter the CSF via needle trauma, and not from

a preexisting aSAH. The visual threshold for seeing bloody fluid is approximately

400 RBCs/mm3, and an arbitrary level frequently used to define a traumatic tap is

1000 cells (58,65,78). At this latter threshold, traumatic LP occurs approximately

10% of the time (58,78). At the threshold of 400 cells, the rate is 15% (58).

Distinguishing traumatic LP from true aSAH is essential (65,79). Patients with

traumatic LPs ideally should not be evaluated with expensive and potentially

risky diagnostic tests, and patients with true aSAH should not be sent home with

the diagnosis of traumatic LP. Traumatic LP can be distinguished from true aSAH

via many potential methods (79). Many of these methods, such as analysis for

crenated RBCs, or erythrophages, are without value, and others, such as D-dimer

measurement, are of unproven value. Another method—repeating the LP at

another interspace—is poorly studied and rarely done in practice but may be

useful. An abnormal opening pressure suggests aSAH or other central nervous

system pathology (see above).

The three-tube test, in which the RBC counts in successive tubes of CSF

are compared, is commonly used. In a traumatic LP, the numbers will fall

substantially from the first to the last tube. Ideally, for this test to be meaningful,

the number of RBCs in the last tube should be close to or trend toward zero. One

practical way to maximize the likelihood of this happening is to allow extra CSF

to drain out between the first and last tubes (79). While the three-tube test has

some value, it is clearly imperfect (65,80–82). If the number of RBCs in the final

tube is not close to zero, it does not exclude the possibility of a simultaneous

traumatic tap and an aSAH. Using the arbitrary reduction of 25% from the first to

the last tube is not sufficiently sensitive (82).
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Clearly, xanthochromia (when present) is the best way of distinguishing

traumatic LP from true aSAH. Although many articles mention that visual

inspection is only 50% sensitive (using spectrophotometry as the criterion

standard) (3,66,83), these data are primarily based on one study that included

only eight patients with aSAH (84) and one experimental study (85). It is logical

that a machine is more accurate than the human eye, but the price of high

sensitivity is markedly decreased specificity (11,75). Specific causes of false-

positive xanthochromia are transported to the lab via a pneumatic tube, very high

numbers of RBCs (from an LP), longer time from LP to CSF analysis, elevated

serum bilirubin or CSF protein, hypercarotinemia, and rifampin use (65,86,87).

Therefore, CSF samples should be rapidly taken to the lab, centrifuged, and

analyzed, no matter how one measures for xanthochromia.

In the Walton study, all patients who presented in the first 12 hour (both

with and without xanthochromia) had bloody CSF, although the specific num-

bers of RBCs were not reported (32). Therefore, patients presented within

12 hour of onset of headache will have bloody CSF and some will have

xanthochromia (no matter how it is measured). Of patients who presented from

12 hour to 2 weeks after onset of headache, many will have RBCs and nearly all

will have xanthochromia. After 2 weeks, almost none will show RBCs and the

frequency of xanthochromia will begin to decline.

OTHER DIAGNOSTIC ISSUES

Can the Workup be Stopped in the Setting of Normal CT and CSF?

With the increasing availability of noninvasive cerebrovascular imaging, some

investigators recommend angiography even when the CT scan and LP are both

normal (88). Does this strategy make sense? In part, this sequence of tests stems

from a 1986 report of a patient with a thunderclap headache who, despite a

normal CT and LP, was diagnosed with a cerebral aneurysm and vasospasm (89).

The aneurysm was treated, and the patient did not suffer further headaches. Since

then at least five studies have examined groups of patients with thunderclap

headaches and normal CTs and LPs (12,13,90–92). The results of all these

studies are concordant; none of the approximately 300 patients pooled from these

studies was found to have an aSAH or die suddenly during the months of follow-

up. Therefore, although unruptured aneurysms can and do sometimes cause

symptoms (93), stopping the workup in patients with negative test results is

borne out by the literature. The patient in the 1986 study likely had an asymp-

tomatic aneurysm and benign thunderclap headache, which has been associated

with reversible cerebral vasospasm (94,95).

Other Imaging Options to Primarily Diagnose aSAH

Because of greater availability, lower cost, greater experience with its interpre-

tation, and generally easier use in sick patients, CT remains the imaging study of
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choice for the diagnosis of aSAH (3,5,6). In many parts of the world, including

many parts of North America, it is the de facto only choice. Furthermore, infor-

mation, such as presence of a hematoma or hydrocephalus drives therapy.

Nonetheless, MRI and MR angiography (MRA) (see below) are increasingly used.

Several points are relevant when using MRI. First, it is important that the radi-

ologist understands exactly what the clinician is looking for. Various acquisition

sequences have differing abilities to detect acute blood. In both experimental and

clinical studies, some have suggested that MRI, especially using fluid-attenuated

inversion recovery (FLAIR) sequences, can reliably diagnose acute aSAH

(96–100). As with CT, however, false positives (100) and false negatives can still

occur (98), often in low-volume bleeds. At present, this tool is not the standard of

care; however, in medical centers where both the equipment and expertise exist, it

is possible that these modalities are clinically useful.

Other authors have suggested that CT angiography (CTA) can be used to

diagnose aSAH (as opposed to being performed for surgical planning after

establishing the diagnosis of aSAH) (88). Because asymptomatic aneurysms

have prevalence in the general population of 2% to 6% (8), this practice could

increase the amount of testing done on patients who harbor asymptomatic

aneurysms without necessarily improving diagnosis of aSAH. Furthermore, the

occasional patient whose diagnosis is made by CSF analysis would be missed if

LP were not part of the diagnostic algorithm.

LP—FIRST STRATEGY

Some have advocated an LP-first strategy in carefully selected patients who have

severe and acute-onset headaches and completely normal physical examinations

(including vital signs and no stiff neck), whose LP is delayed by 12 hours from

onset of headache, and in whom xanthochromia is measured by spectropho-

tometry (101). They argue that this strategy speeds ED throughput, decreases

total resource utilization, and forces physicians to do the LP, which otherwise is

frequently omitted in practice (11). Most of the studies that address this issue

were conducted 20 years ago, when access to CT scanning was more restricted.

Some investigators have found performing LP first to be safe, even in

patients who are Hunt and Hess grades 2 and 3, have meningismus, and may be

drowsy (102,103). These investigators contend that early detection of bacterial

meningitis is another reason to perform LP. Others suggest that this practice is

unsafe because collecting CSF in those patients who have a ruptured aneurysm

may precipitate rebleeding or herniation from an unrecognized intracranial

hematoma (104,105), which can occur in the absence of localizing neurologic

findings. Most of the patients who deteriorated in these two latter studies had

neck stiffness and were Hunt and Hess grades 1–3 (mostly 2); however, one

patient was documented to have no neck stiffness (104).

It is important to note that the justification for an LP-first strategy comes

from mathematic modeling, not from clinical trials (101). At present, while this
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practice may well be safe in carefully selected patients, data are insufficient to

broadly recommend a routine LP-first strategy. Physicians who use this strategy

should be compulsive in patient selection, documentation of their medical

decision making, and their discussions with the patient. They should pay

meticulous attention to LP technique and understand the limitations of whatever

tests are being used.

ANGIOGRAPHY

Once aSAH is diagnosed, the last diagnostic steps are vascular imaging (MRI,

CT, or conventional cerebral angiography) to define the vascular lesion and

consultation with a cerebrovascular specialist. All patients with positive CT

scans or persistently bloody or xanthochromic CSF should undergo vascular

imaging (3,5,6). In addition, vascular imaging should be performed in patients

whose other tests are ambiguous, such as these early-presenting patients with

bloody CSF but no xanthochromia, and patients who present more than two

weeks beyond the original ictus whose CT scans and CSF findings may have

normalized (3,5,6). Finding hemosiderin deposition by T2-weighted MRI may be

useful in this latter group of patients (106). In addition (Fig. 1), clinicians should

consider vascular imaging in patients with an extremely high likelihood of aSAH

and in those from whom CSF cannot be obtained (6).

The criterion standard for vascular imaging remains digital subtraction

angiography (DSA). Because of the decreased morbidity with, and major

improvements in, hardware and software of noninvasive imaging (MRA and CTA),

these modalities are being increasingly employed. Nevertheless, the neurologic and

systemic morbidity of DSA in contemporary series is quite low (107,108). In one

prospective series of nearly 3000 procedures, morbidity was reported in only 1.3%

of cases, more than half of which were transient or reversible (108).

Regardless of the type of cerebrovascular imaging study, neuroradiologists

may be more accurate than other physicians in interpreting the images (109).

Some studies have cautioned about lower sensitivity for small aneurysms in the

noninvasive studies (110–114); however, more germane are investigations that

study the actual use of these modalities in series of patients with aSAH. Con-

troversy exists regarding whether MRA or CTA should be used in place of DSA

for surgical planning. Two recent studies suggest that MRA can replace DSA in

the preoperative planning for aSAH patients (115,116). Importantly, some

patients in both of those studies required DSA to resolve ambiguity based on the

MRA alone, and these patients were identified on a case-by-case basis.

More data exist for CTA than for MRA. Again, some caution that CTA has

much lower sensitivity for aneurysms that are less than 4 mm in size (113), while

others have found that CTA has excellent sensitivity even for smaller aneurysms

(117). Because of this issue of sensitivity at the lower size range, some authors

argue that if the CTA shows a clinically appropriate lesion, it is sufficient, but if

not, DSA ought to be performed (114,118). Four studies have evaluated a strategy
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of CTA-only for planning the surgical approach in large numbers of patients with

aSAH (118–121). These studies demonstrate the feasibility of going directly to

surgery with CTA as the only preoperative imaging data. As of 2007, this practice

is in evolution and will depend on local resources, philosophy, and experience.

DISPOSITION AND TRANSITION TO IN-PATIENT CARE

If a patient’s condition deteriorates after initial evaluation, repeat CT scans may

show the reason; common findings include early hydrocephalus, rebleeding,

intracranial hematoma, and brain infarction. Each of these has a different treat-

ment strategy. Newer data strongly suggest that aSAH patients have substantially

better outcomes when treated at medical centers that offer comprehensive cere-

brovascular care, where surgical, endovascular, and neurocritical care specialists

work in concert (122–124). Therefore, practitioners who diagnose patients with

aSAH at hospitals that do not offer comprehensive cerebrovascular care should

routinely transfer them to centers that do. Furthermore, once the diagnosis of

aSAH is established, the treating physician should follow the guidance of the

accepting cerebrovascular specialist regarding initial management issues, such as

blood pressure and airway control, seizure and vasospasm prophylaxis, treatment

of pain and anxiety, and possibly short-term agents to prevent early rebleeding,

even if they are only used over a period of hours (125) (Table 4).

SUMMARY

Physicians should focus on specific elements of the patient history—onset,

severity, quality of the headache, and associated symptoms—to decide which

patients with headache ought to be evaluated for aSAH. The physical exami-

nation should be compulsive with regard to vital signs, head, retinal, neck, and

Table 4 Management Issues to be Addressed when aSAH is Diagnosed

1. Airway management, if relevant

2. Arranging an angiogram

3. Arranging for transfer to a neurovascular center, if appropriate

4. Treatment of hypertension

5. Volume status and IV fluids

6. Seizure prophylaxis

7. Acute treatment of hydrocephalus, extra-axial or intracerebral hematomas

8. Nimodipine administration for vasospasm prophylaxis

9. Discuss short-term antifibrinolytics to prevent rebleeding

10. Cardiac telemetry

11. Analgesia and anxiolytics

12. Intracranial pressure monitoring, if appropriate
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neurologic examinations. At this juncture, the physician should form an explicit

differential diagnosis and have specific reasons for diagnosing migraine, tension,

or sinus headache and other benign causes.

If no alternative hypothesis is clear, the patient should be evaluated by CT

and LP (if the CT is negative, equivocal, or technically inadequate). Physicians

should understand the limitations of this diagnostic algorithm. The CSF should

be carefully analyzed, including measuring the opening pressure. In patients

whose CT scans and CSF analysis are normal, further testing is rarely indicated.

Once aSAH has been diagnosed, vascular imaging to define the cause of the

hemorrhage and specialty consultation are indicated.
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INTRODUCTION

Surgical clipping is considered the ‘‘gold standard’’ in the treatment of intracranial

aneurysms, ruptured and unruptured, and it has been proven to be effective in

preventing aneurysmal growth and rupture. Despite technical advances, however,

aneurysm surgery remains quite challenging, even in the most experienced hands.

Moreover, in the setting of subarachnoid hemorrhage (SAH), the swollen brain

poorly tolerates even the most gentle surgical manipulation. These challenges have

stimulated a constant search for ‘‘less-invasive’’ therapeutic modalities.

Pioneering efforts to treat aneurysms from an endovascular route have

been attempted for many years (1–4). It was not until the early 1990s that, with

the introduction of the Guglielmi detachable coil, intracranial aneurysms could
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be safely and effectively treated from the endovascular route. Following the

introduction of detachable coils, numerous technical advances have occurred.

Newer coils of various sizes and shapes and with different coating materials have

been introduced in an attempt to increase the likelihood of aneurysm obliteration.

In addition, the availability of adjuvant techniques to coiling such as ‘‘balloon-

assisted’’ or ‘‘stent-assisted’’ techniques has broadened the indications for

endovascular treatment to include large and wide-necked aneurysms not opti-

mally obliterated with coils alone (5,6).

In the setting of an SAH, endovascular embolization allows obliteration

of the aneurysm without any external brain or vessel manipulation. These

characteristics have made endovascular treatment particularly appealing in

elderly patients, patients with poor neurologic baseline, patients with signifi-

cant systemic comorbidities, and patients with aneurysms posing particular

surgical challenges such as those located at the basilar bifurcation (7). How-

ever, a major limitation of endovascular treatment is the risk of aneurysmal

recanalization and recurrence, which requires mid- and long-term neuro-

imaging surveillance and possibly retreatment. In the past decade, a heated

debate has arisen regarding the best treatment for ruptured and unruptured

intracranial aneurysms: surgical or endovascular? In this chapter, we discuss

the indications for either treatment modality, with particular emphasis on the

treatment of ruptured aneurysms.

CURRENT STATUS OF NEUROSURGICAL TREATMENT

Since Walter Dandy’s first surgical occlusion of an intracranial aneurysm (8),

significant advances have been made in the surgical treatment of this condition.

The introduction of the surgical microscope, advances in neuroanesthesia and

perioperative management, and more recently, the introduction of skull-base

approaches to minimize the degree of brain retraction during clipping of com-

plex aneurysms have allowed many centers to achieve good outcome in most

patients who undergo surgical repair of an intracranial aneurysm. Yet, the surgical

procedure remains invasive and, especially in the setting of SAH, poorly tol-

erated. Although excellent outcomes have been reported at several highly spe-

cialized centers, a more realistic snapshot of the current status of surgery for

ruptured intracranial aneurysms can be extrapolated from the Intraoperative

Hypothermia for Aneurysm Surgery Trial (IHAST), a multicentered study that

was designed to test whether mild hypothermia can be neuroprotective in the

setting of surgical treatment of aneurysmal SAH (aSAH) (9). Since the study did

not show any difference between the two experimental groups, the results can be

considered together to obtain a view of the current status of surgical treatment

across a wide spectrum of academic medical centers in North America, Europe,

and Australia.

Between February 2000 and April 2003, 1001 nonobese patients (body

mass index < 35) considered to have a good neurologic grade were enrolled.
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Good neurologic grade was defined as a modified Rankin Score (mRS) of 0 or 1

before hemorrhage and World Federation of Neurosurgical Societies (WFNS)

grades I–III on admission. All patients experienced SAH no more than 14 days

before treatment (although 90% of patients were treated within 7 days of SAH)

and received surgical clipping of the ruptured aneurysm. Just prior to treatment,

patients were randomized to receive either intraoperative hypothermia (338C) or
no change in temperature during the procedure.

The average patient age was 51.5 years, and twice as many women as men

participated in the study. Of all aneurysms, 35.5% were anterior communicating

artery (ACom) aneurysms, 23.5% were posterior communicating artery (PCom)

aneurysms, 21% were middle cerebral artery (MCA) aneurysms, 5.5% were

vertebrobasilar aneurysms, and 14.5% were associated with other vessels. Dur-

ing surgery, a temporary clip was applied to the parent vessel 44.5% of the time,

occluding the vessel for an average of 10.5 minutes. Perioperatively, moderate

brain swelling was observed on dural opening 37% of the time, and the aneurysm

leaked or ruptured in 31.5% of cases.

A neurologic exam performed 24 hours after surgery revealed a postop-

erative deterioration from baseline (� 4 points on the NIH Stroke Scale) in 28%

of patients. Study participants stayed an average of 6 � 5 days in the intensive

care unit and 16 � 10 days in the hospital; 60% of patients were discharged

home. Out of 1001 patients, 47 died in the hospital (in-hospital mortality rate of

4.7%). Perioperative and postoperative complications included delayed ischemic

neurologic deficits in 22.5% of patients, cerebral infarction in 28%, brain

swelling in 25%, and congestive heart failure or pulmonary edema in 11%.

Overall, 6.5% of patients experienced severe hemorrhage during or soon after

surgery, and 32.5% of patients required red blood cell transfusions at some point

during surgery or recovery. Infectious complications included urinary tract

infections (16.5% of patients), pneumonia (7%), meningitis or ventriculitis (5%),

and incision or bone-flap infection (2%). Complication rates did not differ

between the hypothermia and normothermia groups, except for the rate of

bacteremia, which was higher in the hypothermic group (5% vs. 3%).

Approximately 90 days after surgery, patients were contacted and their

condition was evaluated. Using the mRS, 65% of patients rated themselves as

having mild or no neurologic disability (mRS ¼ 0 or 1). On the Glasgow Out-

come Scale, 64% of patients had a score of 1, indicating minor or no disability.

Moderate disability was noted in 21% of patients, and severe disability was

noted in 8%. Only one patient out of 1000 available for follow-up was in a

persistent vegetative state (Glasgow Outcome Scale score ¼ 4), and 61 patients

had passed away since treatment, for an overall mortality of 10% (including

patients who died during the first admission). No differences on outcome mea-

sures were noted between hypothermia and normothermia groups. Consistent

with other studies of surgical treatment of aneurysms, increasing age, worse

WFNS and Fisher grades on admission, and temporary clipping of the parent

vessel were all associated with worse outcome (9).
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STUDIES THAT COMPARE SURGERY TO ENDOVASCULAR TREATMENT

The first large-scale multicentered study of endovascular treatment in patients

with intracranial aneurysms was published in 1997 and reported on data that

were collected at eight participating centers as part of the multicentered study

that eventually led to approval of the Guglielmi detachable coil system by the

Food and Drug Administration (10).

Following that report, endovascular treatment became an accepted treat-

ment modality as an alternative to surgery in patients who are considered to be

high-risk surgical candidates. In the mid to late 1990s, numerous investigators

began reporting their experiences in high-risk surgical patients, focusing on

locations that were traditionally considered to be surgical challenges (particu-

larly the basilar bifurcation), with excellent clinical and angiographic results

(e.g., 11). As the techniques evolved and an increasing number of centers were

obtaining adequate experience, it became clear that a study to compare endo-

vascular treatment to surgical treatment ‘‘head-to-head’’ was required to address

in a scientific manner some of the outstanding questions regarding efficacy.

Two prospective randomized clinical trials have compared surgical liga-

tion with endovascular coiling of ruptured intracranial aneurysms. The first was

conducted in Finland between February 1995 and August 1997 (12). The authors

enrolled 109 patients with intracranial aneurysms that had ruptured less than

72 hours earlier. To be enrolled, patients had to have aneurysms that could be

obliterated using either of the two treatment modalities, and patients were ran-

domly assigned to surgery (n ¼ 57) or coil embolization (n ¼ 52). Seventy

patients evaluated for treatment during the same period were not included in

the study because their condition precluded one of the two modalities. Initial

angiographic assessment revealed statistically significant benefits of surgery

over embolization for anterior circulation aneurysms and benefits of emboliza-

tion over surgery for posterior circulation aneurysms. Three months following

treatment, patient outcome was assessed using the Glasgow Outcome Scale;

good or moderate recovery was achieved in 79% of patients assigned to surgery

and in 81% of patients assigned to embolization (12). Though not statistically

significant, these results indicated that the newly emerging endovascular tech-

niques could yield clinical outcome comparable to surgical ligation. At follow-

up one year after treatment, patient survival was not significantly different

between the two groups, and no group differences in neuropsychologic measures

were noted in patients with good clinical recovery (13).

Following the Finnish study, the International Subarachnoid Aneurysm

Trial (ISAT) was initiated (14). ISAT remains the largest prospective random-

ized clinical trial to compare neurosurgical clipping versus endovascular coiling

in the treatment of ruptured intracranial aneurysms. The authors enrolled 2143

patients who presented with aSAH from a ruptured intracranial aneurysm that

could have been treated with either modality. Most of the patients randomized

into the trial were considered to have good neurologic grade (88% had WFNS
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grades I and II), most patients had anterior circulation aneurysms (97.3%), and

most aneurysms were small in size (93% were < 11 mm). Patients were ran-

domly assigned to receive surgical (n ¼ 1070) or endovascular (n ¼ 1073)

treatment and were assessed using the mRS at two months and again at one year

(this was the primary outcome measure). Trial enrollment was stopped prematurely

because it was revealed during interim analysis that the proportion of patients who

were dependent or dead (mRS scores of 3–6) by two months or by one year was

significantly higher in the neurosurgical group than in the endovascular group (14).

When all the patients were followed to one year, the absolute risk reduction in

those randomized to coiling was 7.4% compared with those randomized to neu-

rosurgery (95% confidence interval, CI ¼ 3.6–11.2; p < 0.0001) (Fig. 1) (15). This

treatment advantage for survival and independence in the endovascular group was

maintained for at least seven years (15).

Interestingly, subgroup analysis of the ISAT data reveals further group

differences in the relative risk of death or dependency at one year. Patients in

relatively good clinical condition at presentation (WFNS grades I–III) experi-

enced better outcome with embolization (relative risk, RR, 0.71; 95% CI,

0.61–0.83), as did patients with smaller aneurysms (<11) and those whose

aneurysms emerged from the internal carotid artery (RR, 0.56; 95% CI, 0.43–0.72).

Additionally, patients treated with embolization were less likely to experience

seizures after the procedure (RR, 0.52; 95% CI, 0.37–0.74) (15).

Figure 1 Two-month and one-year outcomes after surgical and endovascular treatment

of ruptured intracranial aneurysms in ISAT. Abbreviations: mRS, modified Rankin Scale;

ISAT, International Subarachnoid Aneurysm Trial. Source: From Ref. 15.
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RATES OF RUPTURE AFTER ENDOVASCULAR
AND SURGICAL TREATMENT

On the basis of current evidence derived from ISAT and daily practice, endo-

vascular treatment is better tolerated than open surgery, especially in patients

with ruptured aneurysms and recent SAH. Concerns remain, however, regarding

the durability of treatment, as many aneurysms are only incompletely obliterated

after endovascular treatment, and the risk of aneurysm rerupture and further

growth remains undetermined. These concerns are amplified by observations that

the risk of suboptimal aneurysmal exclusion is elevated with endovascular

treatment compared with surgical aneurysm ligation. In a follow-up study of 127

aneurysms that had been either clipped or coiled, investigators found only one

residual aneurysm in the 63 that were surgically clipped; by contrast, the authors

noted a ‘‘postembolization remnant’’ in 20 of 64 aneurysms that were coiled

(16). In the ISAT trial (where not all patients received follow-up angiograms),

angiography performed at about one year posttreatment revealed that complete

occlusion of the ruptured aneurysm was achieved more often in the neurosurgery

group (370 of 450 follow-up angiograms or 82%), compared with the endo-

vascular group (584 of 881 angiograms or 66%).

Suboptimal aneurysmal occlusion may be related to a higher risk of

rebleeding. Detailed analysis of the ISAT trial data (15), for example, reveals that

the incidence of aneurysmal rebleeding in the first 30 days after endovascular

coiling (20 of 1073 or 1.86%) is significantly higher than after neurosurgery (8 of

1070 or 0.75%) (RR, 2.46; 95% CI, 1.09–5.57). Between 30 days and one year after

embolization, that risk still remains higher with endovascular treatment, though it is

not statistically significant. Although the incidence of late rebleeding (> 1 year)

was very low in both groups (further discussed below), it was higher in the

endovascular group (7 patients out of 1073) than in the surgical group (2 patients

out of 1070) (15). Overall, the risk of rebleeding during the first year remained low

in both groups (2.4% for the endovascular group and 1% for the surgical group).

In response to the ISAT rebleeding data, the Cerebral Aneurysm Rerupture

After Treatment (CARAT) study was designed to analyze and compare rebleeding

rates in patients with aSAH treated either by coil embolization or surgical clipping

(17). The study was conducted at nine U.S. centers with recognized experience

with either therapeutic modality. The records of patients with aSAH admitted and

treated between 1996 and 1998 were reviewed. To study long-term rebleeding

rates, patients were followed for a period of time up to nine years.

Overall, 1010 patients (711 treated with surgical clipping and 299 with coil

embolization) met inclusion criteria. Patients treated with coil embolization were

older, harbored more posterior circulation aneurysms, and tended to have smaller

aneurysms. Rebleeding from the index aneurysm during the first year was more

common with coil embolization. Rebleeding during the first month after treatment

occurred in 2.7% of patients after coil embolization and in 1% of patients after

clipping, this difference being statistically significant and consistent with the
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findings of the ISAT trial (15). After the first year, rates of rebleeding from the

index aneurysm were 0.11% after coil embolization and 0% after surgical clipping.

The CARAT and ISAT trials confirm that a small but definite risk of

rebleeding exists in the first month after either endovascular or surgical treat-

ment of ruptured intracranial aneurysms, even in the hands of very experienced

operators. This risk is higher with coil embolization (see Table 1). Therefore, the

2% added risk of early rebleeding after coil embolization must be taken into

account when making treatment recommendations for ruptured intracranial

aneurysms. After the first year, these studies indicate that the risk of rerupture of

a ruptured aneurysm treated with either modality is exceedingly low. Thus,

concerns about long-term durability of endovascular embolization of ruptured

aneurysms appear to be no longer justified.

Combining data from the ISAT and CARAT studies, after the first treat-

ment year, one rerupture occurred during 5771 person-years of follow-up after

surgical clipping (annual rate 0.02%) and eight reruptures occurred during 4162

person-years after coiling (annual rate 0.19%). This very low risk of long-term

rebleeding must be weighed against the risk of aneurysm retreatment, which is

not without complications. Debilitating or potentially life-threatening compli-

cations related to retreatment occurred in 11% of patients after coiling and in

17% after surgery (17). Therefore, it is important to refrain from over-retreating

embolized aneurysms just for the goal of achieving a perfect angiographic result.

Rebleeding from a previously coiled aneurysm one year or more after treatment

Table 1 Rebleeding Rates After Surgical or Endovascular Treatment of Ruptured

Intracranial Aneurysms

Surgery Endovasular

n rebleedsa % n rebleedsa % RR (95% CI) p value

ISAT (15)

< 1 mo 1051 8 0.8 1066 19 1.8 2.46 (1.09–5.57)

1 mo–1 yr 1047 3 0.3 1057 8 0.8 2.64 (0.70–9.93)

Total in 1yr 1051 11 1.0 1066 27 2.5

>1 yr 1046 2 0.2 1051 7 0.7

CARAT (17)

< 1 mo 711 7 1.0 299 8 2.7 < 0.03

1 mo–1 yr 485 2 0.4 201 1 0.5 < 0.87

Total in 1 yr 711 9 1.3 299 9 3.0 < 0.04

> 1 yr 439 0 0.0 173 1 0.6 < 0.11

arebleeds from ruptured aneurysm.

Abbreviations: ISAT, International Subarachnoid Aneurysm Trial; CARAT, Cerebral Aneurysm

Rerupture after Treatment (CARAT).
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is a rare occurrence that probably does not justify the risk of retreatment in the

majority of cases.

In the CARAT study, retreatment of the index aneurysm within one year

was more common in patients who were initially treated by coil embolization

(7.7% of patients after endovascular treatment and 1.7% of patients after surgery).

There were no retreatments beyond the first year after surgery. In contrast, in

patients who had undergone coil embolization, the rate of retreatment was 4.5%

in the second year and 1.1% yearly thereafter.

CEREBRAL VASOSPASM AFTER ENDOVASCULAR
AND SURGICAL TREATMENT

It is estimated that angiographic narrowing of cerebral arteries or vasospasm

occurs in 40% to 70% of patients who suffer SAH, often 7 to 14 days after the

initial aneurysm rupture. Symptomatic vasospasm occurs in 17% to 40% of

patients with SAH, resulting in delayed ischemic neurologic deficits in approxi-

mately half of these patients (18). Despite decades of research into its patho-

physiology, prevention and treatment, cerebral vasospasm remains one of the

major causes of morbidity and mortality in patients with aSAH. Endovascular

treatment in theory might decrease the incidence and severity of vasospasm after

aneurysm rupture by avoiding external mechanical manipulation of the intracranial

vessels. On the other hand, vasospasm is thought to be caused by breakdown of

blood products in the subarachnoid space; therefore, clot removal and washout at

surgery might lower its incidence (19,20).

A thorough literature review and meta-analysis of the incidence of vaso-

spasm following surgical or endovascular treatment of aSAH has recently been

performed (18). The authors found nine studies in which investigators evaluated

overall vasospasm (measured angiographically or by transcranial Doppler),

symptomatic vasospasm, and delayed ischemic neurologic deficits due to vas-

ospasm, comparing their incidence in patients who were treated with either

surgery or embolization. One of these studies was a randomized prospective

analysis (21), three were nonrandomized prospective analyses (22–24), four

studies were performed retrospectively (25–28), and one study had prospective

and retrospective components (29). Overall, no significant differences were

noted between the two treatment modalities on any parameters. However, a

recently completed multicentered randomized trial of a novel endothelin receptor

antagonist conducted at several large academic North American and European

centers showed a dramatically reduced incidence of moderate-to-severe angio-

graphic vasospasm in patients treated endovascularly when compared with

patients treated surgically, as assessed by a blinded third-party investigator (30).

In the placebo group of the CONSCIOUS (Clazosentan to Overcome Neuro-

logical iSChemia and Infarction OccUrring after SAH) trial, moderate-to-severe

angiographic vasospasm was observed in more than 80% of patients who

262 Grossman et al.



underwent clipping and in less than 50% of those who underwent endovascular

treatment. This study included only patients who had significant subarachnoid

blood burden and were therefore at high risk of developing vasospasm.

INDIVIDUAL PATIENT AND ANEURYSM CHARACTERISTICS
FAVORING ONE TREATMENT OVER THE OTHER

One potential limitation of the ISAT study is that only patients whose ruptured

aneurysm was judged by both a neurosurgeon and a neurointerventionalist to be

equally amenable to surgery or endovascular embolization were entered in the

trial. As a result, only 2143 of the 9559 patients (22%) assessed for eligibility at

the participating centers during the enrollment period were eventually enrolled.

Therefore, the ISAT results cannot necessarily be extended to the population of

patients with aSAH as a whole, as most patients had aneurysms that were best

treated by one modality or the other. Of these patients not enrolled, 3615 were

treated surgically and 2737 were coiled. Information as to what treatment was

chosen for the remaining 1064 was not available. Clearly, surgical treatment

continues to be beneficial for a significant proportion of patients with aSAH.

In treating the individual patient with a ruptured aneurysm, multiple fac-

tors must be taken into account to choose the best therapeutic course, including

aneurysm location, size, shape, orientation, and neck-to-dome ratio, as well as

tortuosity of the proximal vessels and the parent artery and the presence of

calcifications at the neck of the aneurysm. Patient characteristics that are taken

into account include the patient’s chronologic and biologic age, systemic

comorbidities, life expectancy, and neurologic condition (Fig. 2). Additionally,

the treating physician must carefully assess local expertise, complication rates,

and patient outcomes to offer patients and their families evolving treatment

options.

In some centers, the two treatment options (surgical clip or endovascular

coil) can be successfully used interchangeably and, at times, in a complementary

fashion to protect the patient from aneurysm rerupture while attempting to

minimize complications related to treatment. In assessing patient outcome at one

center (31), it was found that 71% of patients with ruptured intracranial aneur-

ysms treated by a multidisciplinary team (with expertise in both surgical and

endovascular treatment) were able to function independently or with only minor

restrictions in their lifestyle at six months (mRS ¼ 0–2).

Aneurysm location is commonly among the most important factors that

influence choice of treatment for ruptured aneurysms. For example, basilar

bifurcation aneurysms pose significant surgical challenges from a technical point

of view, yet they are very easy to embolize, given their orientation in the same

direction of flow. Therefore, in most cases, it is apparent that endovascular

treatment is superior to surgical clipping of these basilar bifurcation aneurysms

(Fig. 3).
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By contrast, MCA aneurysms are currently better treated with direct sur-

gical exclusion. These aneurysms are relatively superficial and can be clipped

with minimal brain retraction. All but the largest (‘‘giant’’) MCA aneurysms can

be completely exposed to allow visualization and control of the entire parent

vessel-aneurysm complex. Endovascular embolization, on the other hand, still

Figure 2 Endovascular treatment represents a valid therapeutic choice in patients with

poor neurologic condition. This 60-year-old man presented with a WFNS Grade V SAH

from a large aneurysm of the internal carotid artery (A,B). He underwent endovascular

embolization (C,D) and made a good neurologic recovery after a prolonged hospital

course. Three-month follow-up angiography (E,F) shows recurrent filling of the aneurysm

neck (arrows). He will undergo repeat cerebral angiography with retreatment if further

recanalization is demonstrated. Abbreviations: WFNS, World Federation of Neurosurgical

Societies; SAH, subarachnoid hemorrhage.
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has several drawbacks when applied to this subset of aneurysms. MCA aneur-

ysms often have a broad, complex neck that partially incorporates the origin

of M2 branches, thus increasing the risk of periprocedural thromboembolic

complications (32).

Likewise, in most patients with small, ruptured PCom artery aneurysms,

surgery should be considered as the first line of treatment. These aneurysms can

be reached with minimal brain retraction and can be permanently secured by clip

Figure 3 Endovascular treatment has become the first line of treatment for basilar

bifurcation aneurysms at most centers. This 52-year-old woman presented with a WFNS

Grade III SAH from a large irregular basilar bifurcation aneurysm (A,C). Despite the

broad neck, this aneurysm was treated successfully with Guglielmi detachable coils (B,D).

Immediately after treatment, faint filling can still be seen of the top of the aneurysm’s

dome (B, arrow). Follow-up cerebral angiography (E,F) three months later shows com-

plete aneurysm obliteration with interval thrombosis of the residual dome. Abbreviations:

WFNS, World Federation of Neurosurgical Societies; SAH, subarachnoid hemorrhage.
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application with very low surgical morbidity and mortality. Endovascular

treatment still carries a higher risk of hemorrhagic and ischemic complications

than surgical therapy for this subset of aneurysms. Conversely, endovascular

treatment of ruptured PCom artery aneurysms should be considered for elderly

patients (older than 70 years), patients with poor neurologic baseline, and

patients with large PCom aneurysms, where significant manipulation of the

anterior choroidal artery can be anticipated.

Aneurysms of the ACom artery represent a complex condition that is

associated with a well-characterized profile of neuropsychologic deficits (33,34).

Studies that examined cognitive outcome after ACom aneurysms that have been

treated with either surgical or endovascular methods have slightly favored the

endovascular approach, perhaps because embolization avoids direct manipula-

tion of the anterior cerebral artery–ACom complex (35,36). Quite often, how-

ever, ruptured ACom aneurysms are very small, and the risk is higher with

smaller aneurysms of intraprocedural aneurysm perforation during embolization

(32,37). The takeoff of the A1 at an acute angle from the bifurcation of the

internal carotid artery can make it difficult to obtain a ‘‘stable’’ catheter position

within a very small ACom aneurysm; therefore, the elevated risk of perforation

during embolization might be even higher in these aneurysms. In a collaborative

environment, it is reasonable to initiate treatment for ACom aneurysms with

an endovascular approach. However, if the aneurysm is very small and any degree

of difficulty is encountered during catheterization or attempted coiling, treatment

should be shifted to a surgical approach. Surgical treatment is also preferred in

the small ACom aneurysms with which the anatomy of the aneurysm and its

relationship with the parent vessels cannot be adequately identified on high-

resolution 3-D catheter angiography.

To minimize complications, it is very important to constantly assess the

risk/benefit ratio even in the advanced phases of the surgical or endovascular

procedure. If risks are higher than originally estimated or unexpected findings

are encountered while performing surgery or endovascular embolization, the

procedure can be halted and patients can be treated with endovascular emboli-

zation after surgical exploration, or vice versa.

FUTURE DIRECTIONS

Introduction of endovascular coiling has significantly changed practice patterns

for intracranial aneurysm treatment. In Europe, most intracranial aneurysms are

currently treated by endovascular means. A similar trend is emerging in the

United States, where more and more aneurysms are being considered for coiling.

This trend poses important practical problems and challenges. Most aneurysms

left for surgical treatment are those that are the most difficult, with a broad neck.

With a decreasing number of aneurysms treated operatively, younger trainees are

being exposed less and less to this challenging surgery. This situation already

poses significant problems for patients with basilar bifurcation aneurysms not
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amenable to endovascular treatment, as only a handful of surgeons in North

America are performing this procedure on a regular basis, and these surgeons

may experience difficulty maintaining an adequate level of skill.

The availability of endovascular treatment as a much less invasive alter-

native has also changed how we assess patient outcome. Issues such as quality of

life, which were neglected in previous surgical publications, are now considered

standard for reporting outcome and comparing treatment modalities in

randomized trials. As opposed to the recent past, when quite often the approach

to patients with aSAH was pessimistic and those who made a ‘‘good recovery’’

were considered the lucky ones, it is now possible to achieve an excellent out-

come with return to a normal life in most of those treated. This achievement has

been made possible not only through improvement in techniques, but also

through a better understanding of the pathophysiology of SAH and its compli-

cations, and through improvement in perioperative care and intensive care of

patients with these challenging conditions. Also instrumental to improving

patient outcome has been the further regionalization of patient care to tertiary

care centers, where both surgical and endovascular treatment are available from

experienced providers, as studies have shown that outcomes are closely related

to hospital and provider volumes (38). It is possible that a new physician figure

will emerge who is well versed in surgical and endovascular treatment as well as

in the diagnosis, perioperative management, and follow-up of cerebrovascular

disease (steps are currently underway in many units in North America to make

this possibility a reality).

CONCLUSION

Treatment of intracranial aneurysms has been revolutionized in the past 20 years

by the advent and refinement of endovascular techniques. Numerous patient,

operator, and aneurysm factors play an important role in deciding whether

endovascular or surgical therapy should be employed.
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Cerebral vasospasm is a reversible reduction of the caliber of the intracranial

arteries that is triggered by the presence of blood in the subarachnoid space (so-

called subarachnoid hemorrhage, SAH) and leads to decreased cerebral blood

flow (CBF). The result is cerebral ischemia with permanent neurologic deficits,

death, or both. Any intracranial artery that is surrounded by a large amount of

blood for a sufficient length of time is prone to developing vasospasm (1). SAH

can be traumatic or nontraumatic. The most common cause of nontraumatic SAH

is aneurysmal rupture. Cerebral aneurysms are most commonly located in the

arteries that form the circle of Willis or their branches, which may explain why

these are the arteries that develop vasospasm most often. Vasospasm has also

been associated with tuberculosis, purulent meningitis, ophthalmoplegic

migraine, myelography, electroconvulsive therapy, eclampsia, and nonruptured
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aneurysms (1). However, the pathophysiology of the arterial narrowing in these

cases is different and will not be discussed in this chapter (1).

In general, cerebral vasospasm begins three days after SAH, is maximal

seven or eight days later, and clears by day 14. If the vasospasm is detected only

by cerebral angiography, it is called an angiographic vasospasm, but if it is

associated with a neurologic deficit, it is called symptomatic vasospasm. Cerebral

vasospasm is the most common cause of delayed cerebral ischemia or delayed

ischemic deficit (DID) after SAH. Thus, DID secondary to cerebral vasospasm

continues to be the most common and severe complication of SAH.

In the last 50 years, the pathophysiology of vasospasm has been better

recognized and understood, not only because it carries a high rate of compli-

cations, but also because it is potentially preventable and treatable.

HISTORY

Cerebral vasospasm was first described by Gull in 1859 (2). He noticed the

association between vasospasm and DID in a 30-year-old woman who died after

a middle cerebral artery (MCA) aneurysm ruptured. In 1925, Florey induced

local spasm in the cerebral arteries of cats (3). Ecker and Riemenschneider

described the angiographic findings of vasospasm after SAH in 1951 (4). In

1958, Johnson and his collaborators gave the first surgical option to prevent

cerebral spasm by using mechanical blood removal (5). Subsequently, in 1975,

Fisher described that one-third of patients who survived SAH developed

symptoms related to vasospasm typically between days 3 and 13 (6). Katada

et al. described the relation between the quantity of blood observed in a head CT

and the subsequent onset of vasospasm in 1977 (7), and in 1982, Aaslid et al.

introduced the Transcranial Doppler (TCD) ultrasound to evaluate the spasm in

cerebral blood vessels (8).

George Allen, in 1979, found that nimodipine reversed the spasm in dogs

and then conducted the first multicentric study in humans (9). Balloon angio-

plasty was introduced in the 1980s in the Soviet Union as a way to reverse

angiographic vasospasm (10). Such an outline of these historic milestones is but

a sample of the interest generated since vasospasm was found to be associated

with SAH. In spite of multiple studies and efforts to prevent or control vaso-

spasm, research in this area has not been completely successful, and neither

vasospasm nor its pathophysiology is well understood.

EPIDEMIOLOGY

Aneurysmal SAH accounts for 2% to 5% of strokes, with an incidence of 10.5

per 100,000 people per year (11). Mortality and morbidity increase with the

amount of blood, but in general the average case fatality rate is 51%, and one-

third of survivors require care for the rest of their lives (12). The incidence of

vasospasm is lower than that of SAH. In general, at least two-thirds of the

angiographies performed between days 4 and 12 in patients after SAH have some
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degree of narrowing, and historically it has been estimated that one-third of these

patients develop neurologic symptoms or DID. Of these, approximately one-

third die from their deficits, another third are left disabled, and the last third have

favorable recoveries (1). Various series report that 22% to 40% of patients with

SAH experience symptomatic vasospasm and at the same time have associated

increases in morbidity (34%) andmortality (30%). In general, cerebral vasospasm-

induced DID doubles the mortality after SAH (1,11,12).

RISK FACTORS

Amount of Blood on Head CT Scanning

Takemae et al. were the first to demonstrate that cerebral vasospasm could be

present in over 80% of patients at day 4 after SAH if they had areas of high

density of blood in the basal cisterns and the sylvian fissures on head CT

scanning (13). Fisher et al. then concluded that a sufficient quantity of blood in

the subarachnoid space is the only predictor of vasospasm onset (14). They also

categorized this certain predictor into four groups, according to the localization

and quantity of blood in the CT performed between the day 4 and day 5 of SAH.

According to this report that included 47 patients, those with grade I or II very rarely

developed vasospasm, but grade III was found to strongly predict angiographic and

symptomatic vasospasm. This radiographic scale became known as the Fisher scale.

In spite of being a scale widely utilized by neurosurgeons, the usefulness of the

Fisher scale in predicting vasospasm has remained controversial. Subsequent

studies demonstrated that intraventricular bleeding was also a strong predictor of

vasospasm and that the inter-rater variability of the scale is poor (15). A recent study

proposed a modified Fisher scale to predict vasospasm (Table 1) (16). Such a

version may be more reliable.

Table 1 Original Fisher Scale and Modified Fisher Scale

Fisher grade Features

1 No or focal, thin SAH

2 Diffuse, thin SAH

3 Focal or diffuse, thick SAH

4 Focal or diffuse, thick SAH, with significant ICH or IVH.

Modified Fisher grade

0 No SAH or IVH

1 Focal or diffuse, thin SAH, no IVH

2 Focal or diffuse, thin SAH, with IVH

3 Focal or diffuse, thick SAHa, no IVH

4 Focal or diffuse thick SAHa, with IVH

aThick refers to the fact that a hemorrhage fills one or more cisterns or fissures. A total of

10 cisterns are evaluated: frontal interhemispheric fissure, quadrigeminal cistern, both suprasellar

cisterns, both ambient cisterns, both basal sylvian cisterns, and both lateral sylvian Fissures.

Abbreviations: SAH, subarachnoid hemorrhage; ICH, intracerebral hemorrhage; IVH, intra-

ventricular hemorrhage.
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Antifibrinolytics

Since 1970, it has been postulated that antifibrinolytic agents may increase DID

following SAH. Such a finding was corroborated in a study in which the admin-

istration of tranexamic acid, as a measure of rebleeding prevention, increased

the incidence of DID (24% vs. 15%) despite decreased rebleeding rates (9% in the

experimental group vs. 24% in the control group) (17).

Other Factors

Cerebral vasospasm-induced DID is more common in patients with structural

disturbances of their vasculature, such as carotid stenosis, presence of small

communicating blood vessels, or compromised terminal arteries, and in patients

with hypotension, dehydration, poor cardiac output, anemia, and hypoxia (18). A

definitive relationship between age, hypertension, or gender and DID has not

been established. However, smokers are more likely to develop vasospasm and

DID (19).

Timing of Aneurysm Treatment

An analysis of 443 patients with aneurysmal SAH between 1971 and 1978 found

that patients who had surgical repair on the day of hemorrhage or in the following

two days had better results, with less vasospasm-associated morbidity and mortality.

The contrary occurred with those patients operated on between days 4 and 7 of the

SAH (20). Subsequently, the International Cooperative Study Group examined the

timing of surgery and reported that no relationship existed between the moment of

surgery and the development of vasospasm, other than the fact that delayed sur-

geries were correlated with complications such as hydrocephalus and rebleeding and

early surgeries were correlated with a greater frequency of cerebral edema (21). The

same group also showed that with surgery and removal of the clots it was possible

to diminish the incidence of vasospasm (22).

Today, despite lower associated risks with surgery—due to better micro-

surgical techniques, instruments, and improvements in anesthetic procedures—

very few patients with SAH return to a similar premorbid lifestyle, and many

remain with cognitive problems and defects. Improved postsurgery care in

neurointensive care units has not been able to change this outcome. However,

endovascular treatment of ruptured aneurysms may be associated with better

outcomes compared with surgery in patients with clinical equipoise; that is, the

ruptured aneurysm is amenable to treatment by either technique (23,24).

PATHOPHYSIOLOGY

Animal models of SAH have overwhelmingly shown that the oxyhemoglobin of

erythrocytes triggers events that lead to vasospasm (25,26). The accumulated

blood following SAH is hemolyzed and degraded, leading to the production of

274 Hernandez and Suarez



free radicals, potent culprits of vascular damage. In turn, this leads to the ini-

tiation of an inflammatory cascade, with activation of leukocytes and platelets

and subsequent overexpression of other inflammatory agents. The down-

regulation of nitric oxide and prostacyclin production and overexpression of

potent vasoconstrictors, such as endothelin-1, have also been shown to play a

very important role. Likewise, the nervous reflex pathways are also activated.

Thus, it is likely that a multitude of pathways and mechanisms are responsible

for the development of vasospasm (1,27).

DIAGNOSIS

The associated symptoms of vasospasm are at their highest point on day 7 or 8

after SAH and are rare during the first three days or after day 13. The onset of

symptoms can be either sudden or gradual. Specific symptoms include increasing

headache, neck stiffness, or increased temperature. The most common clinical

presentation is progressive confusion, delirium, or changed level of consciousness,

with or without focal symptoms (1,28).

It is important to keep in mind that many pathologic entities may mimic

symptomatic vasospasm. It is therefore necessary to follow through with a

detailed neurologic exam and with a new head CT, besides conducting blood

tests and other imaging modalities, in order to detect the cause of a patient’s

clinical deterioration (Table 2) (28).

Transcranial Doppler Ultrasound

In clinical use since the 1980s, transcranial Doppler (TCD) ultrasound takes

advantage of the principle that mean cerebral blood flow velocity (MCBFV) is

Table 2 Differential Diagnoses of Delayed Neurologic Deficit after Subarachnoid

Hemorrhage

System Causes

Metabolic/Systemic Electrolyte imbalances (hyponatremia or hypernatremia); arterial

blood gases abnormalities (hypoxemia or hypercarbia); renal

or hepatic dysfunction; hypothyroidism; sepsis

Cardiovascular Hypotension (hypovolemia, sepsis, cardiac dysfunction, including

pump failure or cardiac dysrhythmias)

Infections Any systemic or central nervous system infection with or without

sepsis or septic shock; fever

Neurologic Aneurysmal rebleeding; epidural hemorrhage; subdural

hemorrhage; intraventricular hemorrhage; hydrocephalus;

postoperative hemorrhagic complications; ventriculitis,

seizures; post-ictal state; cerebral vasospasm; embolic stroke

Miscellaneous Medication allergic reaction; noninfectious fever
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inversely proportional to changes in vessel diameter. It should be performed

between day 3 and up to two weeks after SAH, given that this is the window for

vasospasm to occur.

In the initial studies, it was found that the average MCBFV for the MCA

was 62 cm/sec, with a range between 33 and 90 cm/sec (8). Later, the same

group found that mild angiographic vasospasm of the MCA correlated with

MCBFVs greater than 120 cm/sec and that severe vasospasm correlated with

MCBFVs greater than 200 cm/sec (29). Another group conducted daily TCD

ultrasounds in 50 patients with ruptured aneurysms and with elective clipping of

unruptured aneurysms. They found that MCBFVs less than 100 cm/sec in the

MCA have an insufficient degree of narrowing in the angiography to cause

symptoms; however, MCBFVs greater than 200 cm/sec were associated with

great risk of developing symptoms (30). A study of 102 patients with SAH

reported that TCD ultrasound had a sensitivity of 80% when diagnosing vaso-

spasm (31), while others found that TCD ultrasound had a sensitivity of 59% and

a specificity of 100% for the detection of vasospasm (32). A systematic review

reported sensitivity for vasospasm of MCA of 67% [confidence interval (CI)

48% to 87%] and specificity of 99% (CI, 98% to 100%); it was concluded that

TCD ultrasound has a high specificity for vasospasm and can be very useful for

detecting patients who are at risk of developing vasospasm (33). These results

were replicated when it was shown that TCD ultrasound can detect up to 93% of

cases with vasospasm, even if the most distal vessels or the vertically oriented

branches of the MCA cannot be insonated (34). In many studies, the correlation

between the elevation of MCBFVs and the degree of vasospasm on cerebral

angiography has not been good (8,32,35). For this reason, it is still controversial

as to whether TCD ultrasound is a good tool with which to monitor and follow

patients who are at risk for cerebral vasospasm. To clarify some of these

unknowns and to try to improve the correlation between angiographic vasospasm

and TCD ultrasound, other parameters have been investigated. Lindegaard et al.

measured the diameter of the proximal segments of the MCA and found an

inverse relationship between this diameter and the MCBFVs obtained by TCD

ultrasound. They also measured the ratio between the MCBFV of the proximal

MCA to that of the MCBFVs of the extracranial internal carotid artery. An

increase of 3 or more in this so-called Lindegaard ratio may indicate vasospasm.

As such, this is a useful marker of vasospasm, as it differentiates between

hyperemia and vasospasm. Generally, when the index is greater than 6, there is

almost always a correlation with angiographic vasospasm (36).

Another unresolved question regarding the usefulness of TCD ultrasound in

following patients with SAH was dealt with by investigators who reviewed data

from 199 patients, of whom 55 had symptomatic vasospasm. They found a TCD

ultrasound sensitivity of 73% and specificity of 80% to detect abnormalities in the

symptomatic vascular territory (37). The sensitivitywas even better for the detection

of vasospasm in the MCA compared with other insonated vessels. In addition,

they showed how the angiographic improvement was also correlated with the
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improvement in MCBFVs and, apart from elevated MCBFVs and the Lidegaard

ratio, the rate of MCBFV increase was also important. MCBFV increases of

greater than 50 cm/sec within 25 hours correlated with DID. Consequently, they

concluded that daily TCD ultrasounds can help to identify patients who are at

risk of vasospasm and DID and can even help in their follow-up after endo-

vascular therapy (37). However, it is worth noting that, although some studies

have supported these findings (38,39), others have failed to demonstrate a good

correlation between TCD ultrasound and cerebral angiography (40,41).

The role of TCD ultrasound in the detection of vasospasm in the posterior

circulation is less clear. In a recent cohort study, it was shown that vasospasm in

the posterior circulation was associated with a high rate of complications due to

compromise of the brain stem (42). Thus, it is important that steps be taken to

improve the diagnosis of vasospasm in this area. A specificity of 100% was

reported for the detection of vasospasm in the vertebral and basilar arteries, when

velocities of 80 and 95 cm/sec were found, respectively (43). A group that

further developed a ratio of intracranial basilar artery to extracranial vertebral

artery velocities found that an index greater than 2 is 100% sensitive in the

diagnosis of vasospasm and that if the index is less than 2, it is 95% specific (44).

Further confirmation of this ratio comes from a recent study of 123 patients (45).

In conclusion, despite its limitations (i.e., operator dependency, poor

cranial windows in some patients, inability to insonate deep vessels), it seems

that TCD ultrasound is an easy, economic, and useful method for monitoring and

diagnosing patients who are at risk of developing vasospasm after SAH (46).

Head CT Scanning

As mentioned above, the greatest risk factor for developing vasospasm is the

amount of subarachnoid blood seen in the initial head CT; this has been shown in

various studies (7,14,16,47,48). A variety of head CT-scanning techniques and

other perfusion modalities has been more recently used for diagnosis and

management of patients with SAH. Head CT angiography, which is commonly

used to identify the source of SAH, has also been evaluated for the diagnosis of

vasospasm. However, it has not been shown to be a reliable method and cannot,

for now, substitute for traditional cerebral angiography (49). Findings on xenon-

enhanced CT scanning have been correlated with the presence of cerebral ischemia

in patients with vasospasm and have been useful for defining improvement of CBF

after treatment of vasospasm (50,51). Single-photon emission CT imaging may

also be useful but has not been extensively tested on patients with SAH. Generally,

it has been found that the zones of hypoperfusion on single-photon emission CT

correlate with DID (52).

Lastly, two other promising imaging techniques include head CT perfusion

and MRI of the head. Head CT perfusion may allow for the differentiation

between reversible and nonreversible ischemia. Some preliminary evidence sug-

gests that head CT perfusion may correlate quite well with cerebral angiography
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for detecting cerebral vasospasm (53). Thus, some investigators have recom-

mended that head CT perfusion scans be routinely used as another tool to diagnose

and monitor for vasospasm (54). Perfusion- and diffusion-weighted MR imaging

has also been evaluated to detect early ischemia in patients with vasospasm fol-

lowing SAH (55). Currently, we cannot conclude that any of these mentioned

imaging techniques is ideal, as most of the data are preliminary and the techniques

themselves are very costly. Nonetheless, they are very promising and deserve further

investigation for the management and monitoring of patients with vasospasm due to

SAH (56).

Cerebral Angiography

Cerebral angiography, via transfemoral approach, is the criterion standard for the

diagnosis of vasospasm, and when performed in patients with DID, angiographic

vasospasm may be found in up to 80% of patients. The current recommendations

for repeat cerebral angiographies after SAH include the following: in all instances

when DID does not improve after hemodynamic optimization, immediately after

DID has been detected, when hemodynamic optimization poses a risk to patients,

and in all patients with new neurologic deficits of unclear etiology. In general, a

0.5% to 1% risk of morbidity and mortality, including ischemic stroke, is asso-

ciated with cerebral angiography (1,57). A major advantage of this method is that

angiographic treatment (e.g. angioplasty, stenting, administrating vasodilating

drugs) can be initiated with little delay after diagnosis (1).

TREATMENT

Currently, few options exist for the prevention or management of cerebral

vasospasm-induced DID (Fig. 1). In general, either L-type calcium channel blockers,

such as nimodipine, hypervolemia, hypertension, and hemodilution (HHH therapy),

or endovascular therapies, such as balloon angioplasty and the direct application

of vasodilating agents, can be used (1,58,59).

General Management

Some general measures should be taken with all patients with SAH; they are

summarized in Table 3. They serve to optimize CBF, reduce metabolic demand,

and prevent secondary brain injury.

L-type Calcium Channel Blockers

Oral nimodipine has been used for many years (9), and sufficient evidence supports

its use in patients with SAH. Nimodipine reduces DID, cerebral infarction, and poor

outcome. The recommended dosage of nimodipine is 60 mg, four times per day,
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Figure 1 Monitoring and treatment of vasospasm. Abbreviations: SAH, subarachnoid

hemorrhage; NSU, neurosurgical unit; TCD, transcranial Doppler ultrasound; AED,

antiepileptic drugs; GI, gastrointestinal; DVT, deep venous thrombosis; DID, delayed

ischemic deficit; HHH, hemodilution, hypertension, hypervolemia; CVP, central venous

pressure; PCWP, pulmonary-capillary wedge pressure; Htc, hematocrit.
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orally for 21 days, starting in the first 96 hours after SAH (60). Nimodipine improves

outcome by various mechanisms, including a possible vasodilator effect that

improves CBF, a neuroprotective mechanism that blocks the entry of calcium into

the cells that are primarily responsible for initiating the cascade of lysis and cellular

death, and a platelet-inhibitory effect that limits the inflammatory cascade initiated

by the SAH (1). Because the beneficial effects of nimodipine are clinically modest,

other agents, such as IV nicardipine, have been studied (61). However, despite the

fact that it reduces angiographic vasospasm, nicardipine has not been shown to

improve clinical outcome.

Hemodynamic Augmentation

Origitano and colleagues introduced the term ‘‘triple H’’ (HHH) in their study of

43 patients with SAH (62). Their objectives were to obtain a hematocrit of

approximately 30%, a central venous pressure of between 8 and 12 mmHg, and

systolic arterial pressure of between 130 and 150 mmHg in nonclipped aneurysms.

The prophylactic administration of HHH (i.e., prior to the development of DID)

had not been shown to improve outcome (63–65). However, uncontrolled case

series reports suggest that up to 70% of patients with vasospasm-induced DID may

show clinical improvement after HHH initiation (66,67). Thus, HHH is currently

used in SAH patients who show evidence of DID related to cerebral vasospasm.

HHH is based on the basic principles of the Hagen–Poisieulle equation:

Q ¼ ðDPpr4Þ=ð8� L� ZÞ
where Q is blood flow, DP is the change in pressure, r is the vessel radius, L is

the length, and Z is viscosity.

Table 3 General Measure that May Impact Upon Outcome of Patients with

Subarachnoid Hemorrhage

Prevention of risk factors for aneurysm formation and rupture: hypertension,

smoking, heavy alcohol use, drug use

Reduction of subarachnoid blood burden: intraoperative irrigation, surgical clot

removal, ventricular or lumbar drain to remove bloody cerebrospinal fluid

Administration of L-type calcium channel blockers: nimodipine 60 mg PO

every 4 hr up to day 21 post-SAH

Maintenance of euvolemia

Maintenance of normotension

Maintenance of euglycemia (blood glucose 80–110 mg/dL)

Maintenance of normothermia (core body temperature < 37.58C)
Normalization of hematocrit, or at least maintained at > 30%

Identification and management of elevated intracranial pressure

Abbreviation: SAH, subarachnoid hemorrhage.

280 Hernandez and Suarez



If the radius is fixed, pressure and viscosity changes are the variables that

may be manipulated to improve blood flow. The fundamental understanding is that

a high circulation volume increases the perfusion pressure and decreases blood

viscosity. The application of this equation is obviously an oversimplification of

brain vessel physiology, as cerebral arteries are not rigid tubes and CBF follows a

non-Newtonian physics. Nonetheless, understanding the Hagen–Poisieulle equation

may facilitate management of patients with cerebral vasospasm following SAH.

Various IV fluids (colloids or crystalloids) have been utilized to successfully

expand the blood volume, but the objective is the same: an increase in volume, and

in turn, an increase in cardiac output and arterial pressure, while a reduction in

serum viscosity is achieved. Hypertension is sometimes achieved by simply

expanding the volume. At other times, administration of vasopressors such as

dopamine, phenylephrine, or norepinephrine may be required. It is not generally

clear how much arterial pressure should be increased, but it has been recom-

mended that systolic blood pressure be maintained at between 140 and 200 mmHg.

HHH is associated with several risks (28,58). Some patients have experi-

enced a worsening of cerebral edema or intracranial pressure, development of

pulmonary edema, or adult respiratory distress syndrome, reduced capacity to

carry oxygen, and other risks associated with hypertension, such as rebleeding,

cardiac dysrhythmia, or myocardial infarction. Therefore, it is important to

monitor these patients and chart their progress in a neurointensive care unit (1,67).

Investigational Treatment Modalities

Several preliminary, investigational treatments have been reported. However, no

definitive controlled, randomized, phase III clinical trials have been conducted.

Because such emerging therapies have shown some promise, they will be briefly

discussed below.

Magnesium

A few studies have reported on the continuous infusion ofmagnesium sulfate for the

prevention of vasospasm after SAH. In 283 patients, a favorable trend for reduction

of poor outcome was found in those who were treated with magnesium sulfate (68).

This finding has been supported by other reports that have found lower morbidity

and shorter in-hospital stays associated with magnesium sulfate infusions (69–71).

Statins

Small studies have suggested that the administration of statins, particularly

simvastatin and pravastatin, may reduce the incidence and duration of cerebral

vasospasm, reduce mortality, and improve CBF autoregulation after SAH (72–74).

These results are encouraging and provide evidence that statins may prove to be an

integral part of the management of SAH (75).
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Lumbar Drains

The lumbar drainage of CSF has also been used as a means to reduce the incidence

of vasospasm following SAH. In an uncontrolled study of 167 patients, this method

was associated with reduced risk of clinical vasospasm, and its consequences

compared to historic controls (76).

Many other medications have been studied with the goal of preventing

vasospasm and DID, but none have shown positive results (77,78). In any case,

research is ongoing with the hope that future medications may help to improve

and prevent complications associated with SAH and vasospasm.

CONCLUSION AND FUTURE DIRECTIONS

Vasospasm and DID continue to be among the main reasons for poor neurologic

outcome and death after SAH. Even though novel drug and therapies have been

developed, treatment of vasospasm-induced DID is often unsuccessful, and many

patients are left dependent. Most survivors remain with many neuropsychiatric

problems, including memory loss and poor executive functions.

Continued research in the area of prevention and management of vaso-

spasm after SAH is not only warranted, but essential. Today, many promising

therapies to tackle the pathophysiology of vasospasm are being explored with the

hope that they will find a clinical application in the near future.
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INTRODUCTION

Acute aneurysmal subarachnoid hemorrhage (aSAH) is a complex multifaceted

disorder that evolves over days to weeks. The initial hemorrhage can be devastating;

it is fatal in approximately 25% of patients. Those who survive the initial bleed are

at risk for a host of secondary insults, including rebleeding, hydrocephalus, and

delayed ischemic deficits (DIDs). The management of SAH patients focuses on the

anticipation, prevention, and management of these secondary complications.

DIDs usually become evident 5 to 10 days after the initial hemorrhage,

which makes the potential for neuroprotective agents to be of benefit particularly

appealing, as they may be administered prior to the onset of ischemic symptoms.

Although DIDs are frequently attributed to ‘‘vasospasm,’’ several factors appear to

interact to produce them; they are likely a result of some combination of three key

factors: severe narrowing of the large intracranial arteries (leading to reduced

perfusion pressure), intravascular volume depletion, and a disturbed autoregulatory
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function in the distal cerebral circulation. In the presence of clinical symptoms,

cerebral blood flow (CBF) can fall to the point at which the compensatory rise in

oxygen extraction can no longer maintain adequate oxygen delivery to meet the

metabolic needs of the brain.

Neuroprotective agents could potentially improve outcome by ameliorat-

ing reduced CBF, by a direct protective effect on the ischemic tissue, or both.

Demonstrating a clinical benefit of neuroprotective agents in aSAH is particu-

larly challenging. The complex nature of the disease and the multiple factors that

influence outcome make it difficult to discover the effect of an intervention that

might influence only one of the factors. This high level of clinical variability

requires very large numbers of patients with a relatively uncommon disease to be

enrolled into trials to establish the benefit of an intervention.

CALCIUM CHANNEL ANTAGONISTS

A rise in intracellular calcium concentration in the vascular smooth muscle cells due

to influx via the L-type calcium channels plays a crucial role in the pathogenesis of

cerebral vasospasm and subsequent ischemia (1). By blocking the channels, calcium

channel antagonists reduce the intracellular calcium influx and prevent vaso-

constriction. In addition, some ‘‘neuroselective’’ calcium channel blockers act at

the level of the neurons by preventing calcium influx following ischemia (2). These

agents have been widely used since the mid-1980s as neuroprotective agents fol-

lowing aSAH to reduce the impact of cerebral vasospasm and DID.

Nimodipine is the most rigorously studied agent among all calcium

channel blockers (3–10) and is the only approved medication for the treatment of

cerebral vasospasm in North America and Europe. The exact mechanism of its

neuroprotection is still unknown. This drug is selective for the cerebral vessels; it

increases CBF and dilates the pial vessels in experimental models (1). However,

it does not affect the frequency or appearance of angiographic vasospasm in

humans (3,7,9). Nimodipine has been shown to inhibit platelet thromboxane

release, reducing platelet aggregation, thereby producing a theoretical benefit in

ischemia (11). Limitation of neuronal intracellular calcium entry during ischemia

may be one of the possible mechanisms; or a yet unknown direct cerebral protective

mechanism may play a role.

Nimodipine is a safe, well-tolerated calcium channel antagonist that is

administered via the gastrointestinal tract for 14–21 days after aSAH. Numerous

prospective trials (3–10) demonstrated that it reduces both the incidence of DID

and poor outcome (death and severe disability) at three months following aSAH of

all grades. The largest study was the British aneurysm nimodipine trial (9). This

randomized, double-blinded, multicentered trial enrolled 554 patients with aSAH

within 96 hours of symptom onset and compared nimodipine to placebo. A 34%

reduction in the incidence of cerebral infarctions was observed with nimodipine

administered for 21 days; poor outcome at three months was reduced by 40%. Two

meta-analyses (12,13) of nimodipine efficacy showed that it improved the odds of
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good or fair outcome after aSAH, reduced the odds of morbidity and mortality

related to clinical vasospasm, and reduced the frequency of infarcts. No significant

difference in overall mortality was seen. Of note, nimodipine did not seem to have

a significant effect on angiographic vasospasm (14) or on CBF (3).

Nicardipine belongs to the same family of calcium channel blockers as

nimodipine. The ability of intravenous (IV) nicardipine to reduce the impact of

vasospasm was tested in a large prospective trial. Even though the drug reduced the

incidence of clinical vasospasm, it failed to change the overall outcome (15). This

lack of demonstrated benefit may have been confounded by more frequent use of

hemodynamic treatments for vasospasm in the placebo arm. IV administration was

associated with hypotension in some patients (16).

Intra-arterial infusions are also used to directly dilate cerebral arteries

affected by vasospasm (14,17) and have been shown to reduce transcranial-Doppler

(TCD) mean peak systolic velocities in treated vessels (17). When administered

intrathecally in a nonblinded and noncontrolled fashion, nicardipine reduced the

incidence of both symptomatic and angiographic spasm and improved good

clinical outcome at one month following aSAH (18). However, side effects were

common; headache occurred in 18%, and meningitis occurred in 4% of patients.

The investigation of nicardipine prolonged-release implants is gaining

momentum following encouraging preclinical data (19). In a preliminary report

about 20 patients who underwent nicardipine implant placement into the thick

subarachnoid clots at the time of surgical aneurysm clipping, none of the vessels

near the pellets developed vasospasm, and only one patient developed a cerebral

infarction (20). No complications were reported. In a more recent retrospective

series published by the same authors, the incidence of DID after pellet implan-

tation was 6%; at three months, 89% of patients were independent (21). In a small,

single-centered randomized study of nicardipine pellet placement, 16 patients

received implants and no additional calcium channel antagonists. The incidence of

angiographic vasospasm in the study group was significantly reduced to 7% from

73%, mortality dropped to 6% from 38%, and clinical long-term outcomes were

more favorable (22).

Diltiazem tested in phase I and II studies showed no effect on amelioration

of vasospasm (23). The use of oral diltiazem was reported in the treatment of 123

aSAH patients. Incidence of DID was 19.5%, and a favorable outcome, defined

as Glasgow Outcome Scale score of 4 or 5, was achieved in almost 75% of

patients. These results obtained in a noncontrolled series do not permit any

conclusions regarding the role of diltiazem in management of aSAH (24).

MAGNESIUM

Hypomagnesemia is found on admission in patients following stroke (25) and in

over one-third of individuals with aSAH (25). In one study, hypomagnesemia

occurring between days 2 and 12 after aSAH independently predicted development

of DID (26); yet no similar association was found in another retrospective study (27).
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Magnesium is actively transported across the blood-brain barrier; its

concentration is higher in the cerebrospinal fluid than in serum (28). It is a

physiologic antagonist of calcium, relaxes vascular smooth muscles, inhibits

calcium-mediated activation of intracellular enzymes, and antagonizes calcium

entry into the cells via the voltage-gated channels (29). In addition, magnesium

inhibits release of excitatory amino-acids and blocks NMDA receptors during

hypoxic-ischemic insults. It also increases CBF in animals with stroke (30).

Magnesium is very appealing as a neuroprotective agent because of the ease of

administration, the ability to maintain steady state and measure concentration in

body fluids (31,32), and its low cost and favorable safety profile. Interest is

bolstered by the success of magnesium administration in preventing and treating

eclampsia, the vascular pathophysiology of which superficially resembles that of

aSAH-induced vasospasm (33–35).

A wealth of experimental data exists regarding magnesium-related neu-

roprotection in stroke and aSAH. Magnesium administration led to a reduction of

infarct volume in a rodent model of focal cerebral ischemia (36,37). In animal

models, magnesium pretreatment diminished MRI cerebral lesion volume in the

acute period after aSAH (38). In addition, both topical and IV administration of

magnesium helps to dilate vasospastic vessels (39). In stroke or aSAH patients,

magnesium has been shown to be practical and safe (31,32,40–42).

To date, three randomized controlled pilot studies that have enrolled a total

of 209 patients treated with magnesium showed a small trend toward a better

outcome (32,41,42). In a randomized double-blinded pilot study that compared

magnesium sulfate to saline infusion, investigators showed a trend toward less

symptomatic vasospasm in the magnesium arm (41). Another study noted a trend

toward reduced DID and poor outcome in a controlled trial of continuous

magnesium sulfate infusion (42). A small, single-centered trial compared the

effect of magnesium in preventing DID to that of IV nimodipine (43); however,

the study was underpowered to detect a clinical difference between the two

treatment modalities. A large, prospective, multicentered, placebo-controlled

trial of magnesium in patients with aSAH that is investigating clinical outcome is

in progress (44). In a study comparing magnesium and prophylactic hyper-

volemia/hemodilution to hypervolemia/hemodilution alone, the incidence of

vasospasm was no different (45). It is interesting to note that a TCD study

showed no improvement in elevated mean blood flow velocities in the middle

cerebral arteries of patients who had clinical vasospasm after receiving a bolus

infusion of magnesium sulfate (46).

NITRIC OXIDE DONORS AND ENDOTHELIN-1 ANTAGONISTS

Physiology of Nitric Oxide and Endothelin-1

Nitric oxide (NO) and endothelin-1 (ET-1) have intricate, crucial roles in con-

trolling the cerebral vasomotor tone. NO is a free radical gas formed by the enzyme

NO synthase from L-arginine. Its identity as endothelium-derived relaxing factor
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was discovered in 1987 (47). Tonic release of NO is an important regulator of

resting CBF; inhibition of NO synthase constricts cerebral arteries and decreases

CBF (48–50). ET-1 was identified in 1988 (51); it is a peptide with three iso-

forms: ET-1, ET-2, and ET-3. ET-1 is the major isoform generated in the

endothelium of the blood vessels and is the most important player in vascular

tone regulation. ET-1 is thought to have effects through two receptor subtypes,

ETA and ETB. Both are found on the vascular smooth muscle cells, where they

mediate vasoconstriction. ETB receptors found on cerebral, aortic, pulmonary,

and renal vascular endothelial cells also participate in vasodilatation via NO and

prostacyclin liberation (52–55).

Given the interdigitating roles of these two agents in the regulation of basal

cerebral vasomotor tone, an impairment of the balanced action of NO and ET-1

is thought to contribute to the development of vasospasm following aSAH

(56–58). Preclinical and early clinical use of NO donors and ET-1 antagonists in

aSAH suggests a potential therapeutic role in the future, pending the outcomes of

larger controlled trials.

Nitric Oxide Donors

In animal models of aSAH, intra-arterial and intrathecal administration of NO

donors reversed angiographic vasospasm (59–61), increased CBF, and decreased

cerebral vascular resistance (59), without causing systemic side effects. However,

similar infusion of L-arginine, a natural NO donor, did not influence the incidence

or degree of cerebral vasospasm in a primate aSAH model (62).

In patients with aSAH and cerebral vasospasm, intraventricular adminis-

tration of sodium nitroprusside (SNP) as an NO donor has been attempted (63–66).

This experience yielded inconsistent effects of variable duration on CBF, with a

high frequency of adverse events. Intrathecal SNP was used as a therapy of last

resort in patients with severe refractory vasospasm. Six of 13 patients exhibited

improved cerebral hemodynamics (64). In another study, partial-to-complete

reversal of angiographic vasospasm was demonstrated in 10 aSAH patients after

SNP administration (65). Two patients who were symptomatic because of vas-

ospasm recovered strength in their extremities. Vomiting was the commonest

adverse effect seen in seven patients, while three patients had mild fluctuation in

blood pressure. In another study, clinical and angiographic vasospasm was

reversed with excellent outcome following intrathecal SNP administration with

nausea being the most frequent side effect (63). The high frequency of nausea

and vomiting prompted one author to recommended elective endotracheal

intubation prior to this procedure (67).

Finally, transdermal nitroglycerin has been used in a small cohort of aSAH

patients. Even though no difference in terms of DID and TCD velocities was

observed between the nitroglycerin group (9 patients) and the control group

(8 patients), CBF measured by CT perfusion was increased in the nitroglycerin

group despite a drop in systemic blood pressure (68). Nitroglycerin paste was
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applied to five patients with vasospasm while they were in the angiographic suite,

with mild-to-moderate improvement in angiographic vasospasm and minimal

changes in blood and intracranial pressures (69).

Endothelin-1 Antagonists

In vitro and in vivo use of various ETA antagonists in animal models of aSAH

administered intrathecally or intravenously significantly decreased the degree of

vasospasm (70–77). A selective ETA-receptor antagonist, clazosentan, has been

recently tested in a phase IIa trial in which it was administered as an IV infusion

for 14 days. A reduction in the incidence and severity of angiographic vasospasm

was reported (78). Most recently, three doses of clazosentan (1, 5, and 15 mg/hr)

were tested in a phase IIb randomized controlled clinical trial of 413 patients

with aSAH (79). Moderate-to-severe angiographic spasm at day 9 was sig-

nificantly reduced in a dose-dependent fashion from 66% in the placebo group to

36% in the high-dose clazosentan group. Of note, administration of the drug was

associated with hypotension, pulmonary edema, and adult respiratory distress

syndrome. Even though no effect on outcome occurred, as measured by modified

Rankin scale at three months, a trend toward reduction of morbidity and mortality

was observed. A phase III outcome trial of clazosentan is planned.

Another compound, TAK-044, was tested in a phase II trial. Unlike others

tested so far, it is an ETA/B antagonist. DID occurred in 29.5% of patients

who received active treatment and in 36.6% of patients who received placebo

(Relative risk, 0.8; 95% confidence interval, 0.61–1.06). The drug has been very

well tolerated (80).

GLUCOCORTICOSTEROIDS

As aSAH and subsequent vasospasm are thought to be associated with the

inflammatory cascade, potent anti-inflammatory agents such as glucocorticoste-

roids could conceivably benefit patients at risk for vasospasm. Neuroprotective

effects of corticosteroids have been seen in animal models of aSAH (81–86), in

which investigators reported attenuation of vasospasm (82,85,86) and positive

effect on CBF (83). Very limited data are available in human trials. One

randomized placebo-controlled trial of IV hydrocortisone conducted in Japan (87)

was reviewed by the Cochrane group (88), who concluded that too few patients

(n ¼ 140) were enrolled to make a recommendation. In another small clinical trial

that recruited 21 aSAH patients with large amounts of subarachnoid blood, IV

methylprednisolone was given at high doses for one week. When compared to

historic controls, only five patients in the study group (versus 9 in the control

group) developed vasospasm (89). Lastly, an attempt to prevent vasospasm in

55 aSAH patients who underwent surgical clipping was made by irrigation of the

operative site with methylprednisolone. These patients, when compared to controls

(irrigation with lactated Ringer solution), were less likely to develop vasospasm or

die (90). The frequency of good outcome was also higher.

292 Axelrod et al.



TIRILAZAD

Tirilazad mesylate is a non–glucocorticoid steroid that exhibits neuroprotective

effects that appear to be mediated via inhibition of lipid peroxidation. While

experimental data in primate models of aSAH were encouraging with remarkable

attenuation of vasospasm (91–93), clinical results did not demonstrate benefit.

This agent was tested in five large, randomized placebo-controlled trials that

enrolled over 4000 acute aSAH patients, all of whom also received nimodipine.

The first trial, which looked at safety, showed a trend toward better outcome at

three months with a 2-mg/kg/day dose, whereas administration of the highest

dose (6 mg/kg/day) was associated with increased clinical vasospasm and

mortality (94). The next two trials (95,96) failed to show any significant benefits

on angiographic or clinical vasospasm; however, in one trial (95), mortality rates

and clinical outcome at 3 months were better, especially in male poor-grade

aSAH patients. These results and an observation of different gender-related

pharmacokinetics of the drug encouraged conduction of two more trials of a

higher tirilazad dose (15 mg/kg/day) in female patients (97,98). One of these

demonstrated a significantly lower rate of symptomatic spasm without any

change in mortality (97), whereas in the other, while the rate of symptomatic

vasospasm was not different in the study group, mortality was lower in patients

with Hunt and Hess grades IV–V (98). A meta-analysis of the four latter trials

concluded that overall mortality was decreased in patients treated with tirilazad,

but this effect was most evident in patients with poor neurologic grades (99).

STATINS

Initially developed as cholesterol-lowering agents, statins (3-hydroxy-3-methylglutaryl

coenzyme A reductase inhibitors) appear to have much wider applications because

of their broad range of various properties. After promising results in animal models

of aSAH (100,101), where simvastatin reduced vasospasm and improved neuro-

logic outcome, a great clinical interest arose for use of statins in aSAH patients.

One proposed mechanism of neuroprotection is related to the upregulation of

the NO synthase pathway (102,103) with subsequent improvement in the CBF

(104). Morphologically, not only was luminal patency increased, but perivascular

granulocyte migration was also decreased after treatment with simvastatin (101).

In a retrospective cohort study, statin use prior to admission for aSAH

increased the risk for TCD and angiographic vasospasm but not clinical vaso-

spasm. In a multivariate analysis, where statin exposure was replaced with statin

discontinuation, the latter did not increase the risk for vasospasm (105). In another

multivariate analysis of 115 patients admitted with aSAH, including 15 who had

been taking statins for at least one month, an 11-fold reduction in the odds ratio of

subsequent vasospasm was independently associated with current statin therapy

(106). A recent review of effects of statin discontinuation in clinical and experi-

mental studies (107) suggested that a proinflammatory, prothrombotic state with

impaired endothelium function after an acute ischemic event (cardiac or cerebral)
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might also occur after abrupt cessation of statins; therefore, discontinuation of

current statin therapy for more than 24 hours may be harmful.

Two small, randomized placebo-controlled studies to evaluate the effect of

statins in patients suffering aSAH have been performed (108,109). In one,

40 patients were randomized to receive 40 mg of pravastatin in addition to

nimodipine (108). A 42% relative reduction in the incidence of TCD-defined,

severe vasospasm was seen in the pravastatin group. Mortality was also sig-

nificantly lower (2% versus 8% in the placebo group). In the second trial, 19 SAH

patients received 80 mg of simvastatin for 14 days; the incidence of vasospasm in

the study arm was 26% compared to 60% in the placebo arm (n ¼ 20) (109).

HYPOTHERMIA

Temperature elevations above 388C have been described in over two-thirds of

patients with aSAH (110). Fever after aSAH was independently associated with

vasospasm and poor outcome after controlling for severity of hemorrhage or

presence of infection (111).

Induced hypothermia has been shown to be neuroprotective in various

animal models of local and global ischemia (112–116). The potential mecha-

nisms responsible for its impact include stabilization of the blood-brain barrier,

reduction in postischemic hyperperfusion and subsequent edema formation, and

a reduction in free radicals and excitatory neurotransmitters. Hypothermia has

been studied in aSAH as well. In a rat model of aSAH, moderate hypothermia

was able to reverse MRI-defined ischemic deficits, thus creating a basis for

further clinical studies (117).

Several small studies of therapeutic hypothermia in poor-grade aSAH

patients and refractory cerebral vasospasm have yielded somewhat promising

results (118–120). In one metabolic study, the reduction in cerebral metabolic rate

for oxygen exceeded the fall in CBF, suggesting a state of luxury perfusion (121).

Hypothermia has been best studied as a neuroprotectant when applied

during surgical clipping of aneurysms. Initial trials of moderate hypothermia

(33.58C) had encouraging results (122,123). Yet, an NIH-sponsored, large,

prospective, multicentered controlled trial of moderate intraoperative hypo-

thermia (338C) in patients with good grades, hypothermia showed no benefit to

clinical or functional outcome at three months despite the large size of the trial,

high-quality follow-up, and high protocol compliance (124). Complex neuro-

psychiatric evaluations performed in these patients demonstrated no difference in

impairment between the study and control groups (125).

CONCLUSIONS

Extensive efforts have been applied to defining a role for neuroprotective agents

in cerebral ischemia and aSAH. Unfortunately, to date, no agents have been

established as beneficial in ischemic stroke, and only one is FDA-approved for
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the treatment of aSAH patients. However, new techniques for delivering agents

and our growing understanding of the molecular mechanisms involved in

ischemia after aSAH have yielded new promising agents. It is important to

recognize, though, that many agents have appeared promising in phase II trials

but failed the final test by not demonstrating improved clinical outcome in large,

controlled trials. Thus, early adoption of promising agents is not warranted.

Oral nimodipine has been established as being beneficial to all grades of

SAH patients. It is routinely administered for 21 days. The data on IV nicardipine

are mixed, and it can reduce blood pressure at inopportune times. Although an

appealing concept, few data exist regarding intra-arterial administration of nimo-

dipine, and more information is essential before its role can be defined. Nicardipine

pellet implantation during surgery looks promising in early small studies, but large

randomized controlled trials are needed before this approach is adopted.

The studies on magnesium in aSAH have all resulted in positive trends

without statistical significance. Although very appealing in terms of use and

safety, the data do not support its routine use. The data regarding trilazad are

mixed, and outcome trials did not establish a clear benefit.

Two new avenues—endothelin antagonists and statins—are under active

development. Phase II clinical trials are very encouraging, and phase III trials are

in progress.
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INTRODUCTION

Nontraumatic subarachnoid hemorrhage (SAH) accounts for 2% to 5% of all

strokes, affects women more than men, and peaks in the sixth decade of life (1).

The most frequent cause of SAH is a ruptured intracranial aneurysm, although in

20% of cases a different cause may be identified. Despite progress in diagnosis and

management, prognosis of this lethal disease remains dismal, with an average case

fatality of 51% and only one-third of survivors living independently (2).

Patients with SAH may develop many complications during their long

course in the hospital, including rebleeding, hydrocephalus, seizures, vasospasm

with or without permanent ischemic strokes, hyponatremia, stunned myocardium

and cardiac arrhythmias, and pulmonary edema (1). This chapter contains a review

of the role of two families of medications—antiepileptics and corticosteroids—in

the treatment of SAH.
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ANTIEPILEPTIC MEDICATIONS AND SAH

Some studies suggest that antiepileptic drugs (AEDs) should be used in patients

with SAH for several reasons. The most common reason is prophylaxis, i.e., pre-

venting seizure-induced rerupture of a cerebral aneurysm, which may occur during

the diagnostic or therapeutic acute phase. AED treatment may also prevent seizure-

induced worsening of intracranial pressure or cerebral blood flow in patients with

vasospasm or cerebral edema. The argument against the prophylactic use of AEDs,

however, is that some data suggest a negative influence of AEDs (e.g., phenytoin)

on motor and cognitive recovery after stroke (3) or head trauma (4).

Several studies have examined the timing of seizures and the need and

effectiveness of AED use in patients with SAH. A chart review at a major health

center found that most seizures occurred prior to admission (25.3%) and that

seizures that occurred after admission (4.1%) were not prevented by AEDs in

75% of patients. None of the in-hospital seizing patients had recurrent seizures

after discharge, but 14% of patients (all with prehospital seizures and half on

AEDs) had seizures after discharge. Thus, seizures after SAH are arguably

unpreventable, and because the incidence of in-hospital seizures (4%) is lower

than the incidence of adverse effects from AEDs (7%), long-term treatment may

not be beneficial (5).

In a prospective study from Portugal, new-onset seizures after SAH occurred

in 16 of 253 (6.3%) patients and were more common in those with hemiparesis,

Hunt and Hess grade 4 or 5, Fisher grade III or IV, and when an aneurysm was

found by angiography. Rebleeding was more frequent in patients with seizures but

did not correlate temporally with the seizures. All patients with new-onset seizures

were prescribed phenytoin 300 mg/day, and one-fourth (4/16) had recurrent

seizures. Such a recurrence rate prompted the authors to recommend prescribing

AEDs during hospitalization to patients with new-onset seizures but argued against

long-term prophylactic treatment (6).

In another retrospective study from Australia, new-onset seizures post-

SAH correlated with a large amount of blood on computer tomography (CT) of

the head and were independent predictors for both late seizures and disability at

six weeks. On the basis of these results, the authors recommended early anti-

epileptic treatment for any patient who had a large amount of blood on CT and

long-term treatment for those with onset seizures (7). However, not all authors

agree with this recommendation. In older studies, early seizures were not pre-

dictive of later recurrence, which brings into question the necessity of long-term

AED use (8).

The method of seizure detection also plays an important role, with routine

electroencephalogram (EEG) considered inferior to continuous EEG. A study of

233 patients with SAH from Columbia-Presbyterian Hospital, New York, identi-

fied 101 patients who were stuporous or comatose. All patients received fosphe-

nytoin prophylactically. Twenty-six of those patients were monitored with

continuous EEG, and eight were diagnosed as having nonconvulsive status
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epilepticus (NCSE), an average of 18 days (range, 5–38 days) after SAH. A Hunt

and Hess grade of IV or V, older age, ventricular drainage, and cerebral edema on

CT were identified as risk factors for NCSE. NCSE was successfully terminated in

five patients (63%) after additional fosphenytoin administration or loading of

phenobarbital or valproic acid or infusion of midazolam, but only one experienced

clinical improvement, which was transient; all eight patients eventually died

after a period of prolonged coma. Therefore, NCSE could be detected with con-

tinuous EEG in 8% of patients with SAH and otherwise unexplained coma or

neurologic deterioration and was highly refractory to therapy, with a dismal

prognosis (9).

In a subsequent study, the same group of investigators reported that 9% of

patients had in-hospital seizures or NCSE after SAH, but these seizures, unlike

those related to focal pathology (subdural hematoma or cerebral infarction), were

not predictive of subsequent epilepsy development. After discharge, 4% of

patients had one seizure and another 7% had two or more seizures. In the same

study, the authors mention the unpublished results from a survey by the American

Association of Neurological Surgeons, wherein 24% of participants admitted to

routinely treating SAH patients with AEDs for three months, regardless of whether

in-hospital seizures occurred or not; they further suggest that prophylactic treat-

ment after discharge is not warranted in the absence of cerebral infarction or

subdural hematoma (10).

In addition to the direct effect of SAH on seizure incidence, the mode of

treatment of an aneurysm (surgical or endovascular) may be a contributing factor

to occurrence of early postprocedural seizures or epilepsy. The relative efficacy

of AEDs with each form of aneurysm treatment is unknown. Earlier studies

reported a 10% to 25% incidence of epilepsy after aneurysm surgery (11). In a

retrospective Finnish study of 177 patients who were surgically treated for

ruptured aneurysms, all patients were started on phenytoin treatment during

surgery and maintained for two to three months or longer (if they developed

seizures); late seizures developed in 25 (14%) patients and were recurrent in 21

(12%). The authors concluded that patients with low preoperative grades have a

very low risk for epilepsy and that treatment with phenytoin can be discontinued

by three months postsurgery if no high-risk factors are present, such as a high

preoperative Hunt and Hess grade, middle cerebral artery aneurysm location,

complications of SAH (hematoma, vasospasm with infarction, shunt-dependent

hydrocephalus), or persistent neurologic deficits (hemiparesis, dysphasia, visual

field defects) (11). Another, older prospective study of 100 consecutive patients

followed for four years after aneurysm surgery determined no need for pro-

phylactic phenytoin (12). In this series only 3% of patients developed postop-

erative epilepsy, and seizure incidence did not differ between the groups with or

without antiepileptic prophylaxis.

More recent studies of surgical treatment, however, report a lower rate of

early seizures of 1.9% to 5% (13–15). In a retrospective analysis of 217 surgi-

cally treated patients, 17 (7.8%) patients had new-onset seizures. Only one
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(3.8%) of 26 patients with perioperative seizures had late epilepsy at follow-up.

Moreover, 21 (9.7%) patients had at least one seizure episode after the first

postoperative week, while late epilepsy developed in 15 (6.9%). All patients

were treated with prophylactic phenytoin (and if phenytoin was not tolerated,

they were treated with carbamazepine or valproic acid) until the first outpatient

visit two to three weeks postsurgery, at which time the dose was tapered if no

late seizures had occurred (15). These results could be contrasted with those of

another group that did not administer prophylactic AEDs in their prospective

study of 121 operated patients unless epilepsy (two or more seizures) developed.

Eight of their patients had seizures during the perioperative period, but only one

subsequently developed epilepsy. These authors reported an overall 7% risk for

epilepsy and another 2.5% for a single seizure at 12 months and concluded that

prophylactic AEDs are not justified after aneurysmal surgery (16).

On the basis of these results, a large retrospective study was conducted at

Columbia-Presbyterian Hospital in New York to evaluate perioperative, short-

term, antiepileptic prophylaxis after craniotomies for aneurysms (14). All the

patients were loaded and maintained on AEDs, which were then stopped within

seven days of surgery (on average after 3.1 days from surgery or after 5.3 days of

average total treatment duration). Postoperative seizures occurred in 5.4% of

patients (4.5% for those with ruptured aneurysms and 6.9% for those with

unruptured aneurysms). Early postoperative seizures (within 14 days from sur-

gery) occurred in 1.9% of patients (1.5% with ruptured and 2.6% with unruptured

aneurysms) and late postoperative seizures occurred in 3.5% (3% with ruptured

and 4.4% with unruptured aneurysms). Two-thirds of early postoperative seizures

occurred in patients with significant intracranial complications, such as hema-

tomas or infarcts. Only one-third of patients had therapeutic antiepileptic levels

when the early seizures occurred, but all were reloaded and maintained on

treatment for one year without any further seizures. Late seizures developed in 8

of 11 patients within three months of surgery and were easily controlled with

AEDs. In the multivariate analysis, no association was seen between total or

postoperative duration of treatment and risk of early or late seizures. They

concluded that patients with early postoperative seizures should always be

evaluated for ongoing intracranial pathology. The authors also recommended

loading the patients the day before surgery but not using antiepileptics after

surgery for more than seven days if patients are at a low perioperative risk for

seizures.

With the advent of endovascular aneurysm therapy, one would expect a

lower risk for seizures because of a lack of additional injury from a craniotomy.

This hypothesis was examined in a prospective study from Oxford, England, in

which 243 patients treated with Guglielmi detachable coils were followed for up

to 7.7 years (17). Only three patients were epileptics, already on AEDs when they

developed SAH, and 33 other patients (12%) received prophylactic treatment

after they bled. Ictal seizures (within 24 hours from ictus) occurred in 26 of 243

(11%) patients and were independently predicted by loss of consciousness,
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middle cerebral artery aneurysm location, and antiepileptic treatment. Seven of

233 (3%) patients developed late seizures, including three with preexisting epi-

lepsy and only four (1.7%) with de novo seizures. None of the patients with late

seizures presented during the periprocedural period (i.e., within 30 days), and

none with ictal seizures experienced late seizures. Only half of them (0.85%) had

recurrent seizures that required long-term AEDs. Late seizures were independ-

ently predicted by a history of epilepsy before SAH, cerebrospinal fluid shunting

or drainage procedure, and antiepileptic medications. This latter finding could

probably be explained by the fact that patients who experienced ictal seizures

were started on AEDs before referral. The authors concluded that periprocedural

seizure prophylaxis is not necessary and that the low incidence of de novo late

seizures justifies not recommending long-term prophylactic AEDs after coiling.

The one-year clinical outcomes from the International Subarachnoid

Aneurysm Trial (ISAT) were recently published. In this mainly European study,

2143 patients with ruptured intracranial aneurysms were randomly assigned to

neurosurgical clipping (n ¼ 1070) or endovascular coiling (n ¼ 1073). One of the

secondary outcomes evaluated in the study was the risk of developing seizures.

Seizures occurred in the endovascular group in three patients before the first

treatment, in 16 after the procedure and before discharge, in 27 between discharge

and one year, and in 14 after the first year. In the neurosurgical group, seizures

occurred in 11, 33, 44, and 24 patients, respectively. Therefore, a highly significant

reduction in seizures was seen in the endovascular group compared with the

neurosurgical group after the first procedure (relative risk, 0.52; 95% confidence

interval, 0.37–0.74). The implications of these results on the treatment with AEDs

after SAH as related to choice of aneurysm therapy remain unclear.

Lastly, the use of AEDs for seizure prophylaxis after SAH must be con-

trasted with emerging evidence that these drugs, particularly older-generation

AEDs, are not benign and may lead to adverse effects or outcomes. The use-

fulness of prophylactic AEDs (phenytoin, phenobarbital, carbamazepine) was

examined in 3552 patients entered in four prospective randomized double-blind,

placebo-controlled trials conducted between 1991 and 1997. Adjusting for

baseline differences, the authors reported elevated temperatures at day 8 and

worse outcome at three months with AED use (18). Another group studied 527

SAH patients and calculated a ‘‘phenytoin burden’’ for each by multiplying the

average serum level of phenytoin by the time between the first and last meas-

urements, up to a maximum of 14 days from ictus. These authors reported that

phenytoin burden was associated with poor functional outcome at 14 days (but

not at 3 months) and remained significant (odds ratio, 1.6 per quartile; 95%

confidence interval, 1.2–2.1; p < 0.001) after adjustment for other variables.

Higher quartiles of phenytoin burden were also associated with worse scores for

cognitive status via telephone interview at both hospital discharge and three

months (19). These reports must be contrasted with emerging evidence that

newer AEDs (e.g., levetiracetam) may have neuroprotective effects in SAH

animal models (20).
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STEROIDS AND SAH

The rationale for the use of steroids in acute SAH is the significant inflammatory

process present in the meninges, the ventricles, and the vascular wall (which may

lead to vasospasm). Following SAH, concentrations of eicosanoids (prosta-

glandins and thromboxanes) are markedly increased in human cisternal and

lumbar cerebrospinal fluid compared with normal lumbar cerebrospinal fluid.

With intraventricular hemorrhage after SAH, these levels are also severalfold

higher than normal, but the most dramatic increase is found following rebleeding.

These eicosanoid concentrations are sufficient to have cerebrovascular and

neuromodulatory effects (21) and through the ensuing meningeal inflammation

may eventually lead to hydrocephalus. Genes encoding inflammatory processes

have also been found to be upregulated, and mRNA for interleukins and inter-

cellular adhesion molecules are elevated in arteries exposed to subarachnoid

blood (22).

Data from both animal and clinical studies are available regarding steroid

use after SAH (23). The first experiments with hydrocortisone or prednisolone-

phosphate in dogs to evaluate their effect on adhesions and hydrocephalus were

conducted in the 1960s and showed that the soluble form led to seizures and that

the insoluble form was well tolerated (24). Similarly, investigation of post-

hemorrhagic hydrocephalus in cats after intraventricular blood injection showed

that intramuscular methylprednisolone for four days reduced hydrocephalus, but

intraventricular administration was not effective (25). Other experiments looked at

the incidence of vasospasm after steroid treatment. Adventitial hyperpermeability,

which occurs after SAH and leads to easy penetration of vasoactive substances

into the vascular wall, was prevented by intrathecal administration of methyl-

prednisolone in an SAH rat model (26). Both cortisol and methylprednisolone led

to marked vasodilation after topical application in a canine model of vasospasm,

although intra-arterial (40 mg) or IV (10 mg/kg) injection of the latter failed to

show beneficial effect. In a monkey vasospasm model of the circle of Willis,

application of methylprednisolone also aborted spasm (27). In another canine

model of induced vasospasm after injection of autologous blood in the cisterna

magna, treatment with high-dose IV methylprednisolone (30 mg/kg) and ibupro-

fen (12.5 mg/kg) reduced meningismus, accelerated the rate of neurologic

recovery, and prevented degeneration of vessel wall smooth muscle (28). In a

similar SAH model in cats, IV administration of methylprednisolone (30 mg/kg)

resulted in restoration of reduced cerebral blood flow in the caudate nucleus

subsequent to the hemorrhage and improved the vascular resistance. This effect

was not correlated with any decrease in the elevated intracranial pressure or any

increase in the reduced cerebral perfusion pressure. Interestingly, in that experi-

ment, a 15 mg/kg dose of the drug showed only a modest effect on cerebral blood

flow, while a 60 mg/kg dose, although initially effective, lost its effect during the

later stages of the experiment. This larger dose, however, was the only dose that

reduced the posthemorrhage increased intracranial pressure (29). Subsequent
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experiments in rats showed that high-dose IV methylprednisolone (30 mg/kg

q8 hr) decreased the ex vivo release of eicosanoids (prostaglandin D2 and E2,

prostacyclin, and leukotriene C4) (30), enhanced the Na,K-ATPase activity,

decreased the products of lipid peroxidation, (31) and restored the superoxide

dismutase and glutathione peroxidase activities (32) following induced SAH. Most

recently, in an SAH rabbit model, it was shown that the SAH–induced alterations

in the density of three of four smooth muscle cell proteins in the basilar artery

tunica media were prevented by intramuscular dexamethasone treatment (5.6 mg/kg

for 3 daily doses); two of these proteins (alpha-actin and the actin-binding

protein h-caldesmon) are directly related to contraction of the muscle (22).

Human studies have also been conducted to evaluate the usefulness of

steroids in SAH. On the basis of the assumption that chronic vasospasm is an

inflammatory vasculopathy, 21 post–SAH patients at high risk for vasospasm were

treated within 72 hours with high-dose IV methylprednisolone (30 mg/kg

immediately prior to surgery, then 30 mg/kg q6 hr for 12 doses, then 15 mg/kg

q6 hr for 4 doses, then 7.5 mg/kg q6 hr for 4 doses, then 3 mg/kg q6 hr for 4 doses,

then 1.5 mg/kg q12 hr for 2 doses). These patients were compared to a cohort of

21 well-matched control patients. Treated patients had reduced incidence and

severity of delayed cerebral ischemia (24% vs. 43%), no serious side effects, half

the mortality (14% vs. 29%), and better ‘‘excellent outcome’’ (71% vs. 33%),

compared with those who were not treated (33). In an uncontrolled series from

Japan, 18 of 21 patients who received large amounts of steroids for symptomatic

vasospasm showed improvement in their symptoms. The effect was more pro-

nounced in those patients with mild-to-moderate spasm and less with those in

severe spasm. One patient developed gastrointestinal bleeding (34). Another study

from Japan reported on a series of 55 patients with SAH who were subjected to

partial clot removal during early craniotomy (before day 3) and intracranial irri-

gation with a Hartman solution containing 1 mg/mL methylprednisolone after the

aneurysm clipping. These patients fared better than 68 controls who were treated

with regular Hartman solution irrigation [11% vasospasm vs. 29% for the controls,

better Glasgow Outcome Scale (GOS) upon discharge in the steroid-treated

patients] (26). However, because of significant concerns regarding side effects

with these large doses of steroids, another study was conducted, randomizing 171

patients with SAH, 107 of whom were assigned to an IV dose of 48 mg of

dexamethasone followed by 8 mg q2 hr for three days, and 64 of whom were

control patients. Although no difference was observed in the incidence of gas-

trointestinal hemorrhage or diabetes, the treated patients had a significant 10.2%

increase in infections, mostly urinary tract infections (35). In another case series

from Japan, 48 patients with SAH received IV high-dose diltiazem combined with

dextran and hydrocortisone. The steroid dose was 400 mg q6 hr for three days,

then 400 mg q8 hr for three days, then 400 mg q12 hr for three days, then 200 mg

q12 hr for three days, and, finally, 200 mg/day for three days. Symptomatic

vasospasm occurred in only five patients (10.4%), with four patients recovering

and only one left with a severe neurologic deficit (36). The most recent study, a
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retrospective study from Germany, evaluated 242 patients with SAH. Patients

were divided into four groups based on the World Federation of Neurological

Surgeons (WFNS) grades (I–III vs. IV and V) on admission and the amount of

dexamethasone administered (�12 mg/day for 5 days and then slow weaning over

5 days, or a smaller dose). Rehemorrhage was observed significantly less fre-

quently in the WFNS I–III group with the high steroid dose (3% vs. 13%).

Clinically relevant vasospasm was not different between the groups, but hydro-

cephalus was. In the group with WFNS I–III and high steroid dose, 19% developed

hydrocephalus, which was less than the 37% incidence in the comparable group

with low-dose steroid (p ¼ 0.011). A difference was also found in the higher

WFNS patients (IV and V), in whom 16% of the high steroid dose group

developed hydrocephalus versus 57% in the low-dose group (p ¼ 0.006). The rate

of infection did not differ between the groups, and the percentage of patients with

favorable GOS at six months was significantly higher in the groups with high

dexamethasone dose, regardless of WFNS grade (23).

Results of clinical trials that evaluated the synthetic nonglucocorticoid

21-aminosteroid (lazaroid) tirilazad mesylate are controversial. The drug was

developed as a cytoprotective inhibitor of oxygen radical-induced lipid perox-

idation and, in animal models of SAH, was shown to cause improvement in

vasospasm (37). Tirilazad was tested in a large randomized double-blinded,

vehicle-controlled study in Europe, Australia, and New Zealand (38) and was

found to reduce mortality and improve the rates of good recovery (based on the

GOS at 3 months) when used at 6 mg/kg/day IV (38). These results were not

corroborated in a parallel study conducted in North America, which showed

significant rates of mortality reduction only for men with WFNS grades IV and

V (39). The explanation was that plasma concentrations of tirilazad and its first-

order metabolite are substantially reduced in women. Therefore, similar large-

scale multicentered studies were conducted again with a higher dose of tirilazad

(15 mg/kg/day IV) in women only. In the study from Europe, Australia,

New Zealand, and South Africa, although a significant reduction in the incidence

of symptomatic vasospasm was observed in the treatment group, mortality

and GOS at three months were not different (40). The parallel North American

study showed significantly reduced mortality in patients with WFNS grades IV

and V only but no difference in favorable GOS at three months, symptomatic

vasospasm, or vasospasm severity (41). In conclusion, tirilazad may show

some benefit in men (and at higher doses in women) admitted with the worst

neurologic grades after SAH.

Lastly, steroids have been used to treat the frequently occurring, excessive

natriuresis after SAH. Two randomized unblinded studies have evaluated the use

of the mineralocorticoid fludrocortisone. In the first, fludrocortisone significantly

reduced the frequency of a negative sodium balance during the first six days and

nonsignificantly diminished the decrease in plasma volume in the treated group

(42). In a later Japanese study, fludrocortisone (0.3 mg/day) reduced the mean

sodium and water intake, the urinary sodium excretion, and urine volume, and
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effectively prevented a negative shift in sodium and water balance, compared

with the untreated group. A decrease in serum potassium level within the range of

2.8–3.5 mEq/L was transiently noted in 73.3% of treated patients but was easily

corrected (43). Another steroid, hydrocortisone, at a dose of 300 mg q6 hr for

10 days and gradual tapering for another four days, has been used in another

randomized unblinded Japanese study to evaluate its usefulness in sodium reten-

tion. This daily 1200-mg dose is equivalent to 0.3-mg fludrocortisone per day, but

has the advantage of easier control of the drug effects because of the much shorter

elimination half-life of the former. Treated patients showed lower sodium excre-

tion, higher serum sodium level, no hyponatremia, lower urine volume, lower fluid

infusion volume for hypervolemic treatment, and higher central venous pressure,

without serious side effects, compared with the untreated group (44).

CONCLUSION

The use of anticonvulsants in aneurysmal SAH has been based more on empirical

practice than on an evidence-based approach, which, considering the significant

side effects of traditional AEDs (phenytoin, phenobarbital, carbamazepine), may

be a cause for concern. As data emerge from clinical studies, with the advent of

new less-invasive treatments for cerebral aneurysms along with newer categories

of AEDs (some possibly with neuroprotective effects), the role of anticonvulsants

in SAH will become clearer.

As for steroids, despite ample intuitive justification in fighting the formi-

dable inflammation that accompanies SAH, laboratory evidence, and data from

scant clinical studies, a general cautious approach continues, justified by the many

side effects of these drugs. Initial hopes generated by 21-aminosteroids such as

tirilazad have been tempered by modest and unclear clinical results. It is hoped

that modulators of the eicosanoic acid response in SAH may prove beneficial (45).
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Electrolytes and metabolic disorders occur frequently in the acute period following

subarachnoid hemorrhage (SAH) and may worsen the manifestations of the initial

brain injury. Disorders of sodium and water metabolism occur in approximately

one-third of patients and are associated with increased morbidity and mortality.

Hyponatremia is the most common electrolyte abnormality after SAH and is

correlated with an increase in symptomatic vasospasm and poor outcome.

Hyperglycemia has been reported in 30% of patients after SAH and is associated

with poor outcome. Other electrolyte derangements are common but less specific

to SAH. There has been better understanding of electrolyte and metabolic

disturbances and new clinical parameters that impact on our day to day care are

discussed. Some changes are small and seemingly inconsequential. Others may

be true paradigm shifts in our approach to aneurysmal subarachnoid hemorrhage.

The pathophysiology, causes, diagnostic evaluation, and treatment of the most

frequent electrolyte and metabolic derangements in patients with SAH will be

reviewed in this chapter.
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DISORDERS OF SODIUM AND WATER HOMEOSTASIS

Hyponatremia

Hyponatremia is the most common electrolyte abnormality after aneurysmal

SAH (aSAH). Serum sodium concentrations below 134 mmol/L have been

reported in 30% to 40% of patients with SAH admitted to the neurocritical care

unit (1–3). Severe hyponatremia (serum sodium level below 125 mmol/L) is

rarely seen in SAH; therefore, other major complications of SAH such as

rebleeding, hydrocephalus, or vasospasm should be sought before attributing a

worsening neurologic status to hyponatremia (4). Hyponatremia frequently

occurs within the first week after the initial hemorrhage and its emergence is

typically in the same time period of cerebral vasospasm and suggest a close

relationship between the two (5). The risk of developing hyponatremia is sig-

nificantly increased in patients with enlargement of the third ventricle (6) and the

presence of suprasellar or intraventricular blood (7). A higher incidence of

hyponatremia has been reported in patients with SAH after rupture of an anterior

communicating artery (ACA) aneurysm, and this was tentatively explained by

ACA vasospasm causing hypothalamic dysfunction (8). However, a recent study

showed that the location of the aneurysm has no effect on the incidence of

development of hyponatremia (9). It has also been found that those patients with

no identifiable aneurysm or who did not have an intervention had lower inci-

dence of hyponatremia than patients who underwent surgical repair. Interestingly,

patients who had endovascular coiling of aneurysms had similar occurrence of

hyponatremia as those treated with craniotomy and clipping (9).

Hyponatremia is associated with increased morbidity and mortality in

hospitalized patients (10). In-hospital mortality can be as high as 60-fold

increase in patients with the disorder but these correlations-found in medically

critically ill patients cannot be extrapolated to patients with ruptured cerebral

aneurysms (11). Left untreated, hyponatremia may result in cerebral edema,

seizures, coma, and death. Delayed cerebral ischemia is the leading cause of

morbidity and mortality after aSAH, and hyponatremia in patients with SAH is

strongly associated with delayed ischemic neurologic deficits that result from

cerebral vasospasm (5). The incidence of cerebral infarction in hyponatremic

patients was significantly higher in comparison with patients with normal serum

sodium values (61% vs. 21%), and it remained high even if no fluid restriction

was applied (1). The mortality rate was higher in patients with hyponatremia and

cerebral ischemia (5). Hyponatremia is also associated with an increase in

duration of hospital stay and seizures in post-SAH patients (9), but in contrast to

hypernatremia, is not a predictor of mortality following SAH (9,12,13).

The etiology of hyponatremia after SAH has been a matter of controversy.

The two most common noniatrogenic causes are syndrome of inappropriate

secretion of antidiuretic hormone (SIADH) and cerebral salt wasting (CSW). Unlike

many previous reports that considered CSW to be the major etiology, a recent

retrospective study of 316 patients with SAH found that SIADH was the most

frequent cause (62.9%), followed by hypovolemia (21%) and CSW (6.5%) (9).
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Pathophysiology

Hyponatremia following SAH may be due to SIADH or CSW. They are phys-

iologically different, and the approach to treatment of these two disorders varies

markedly. The mainstay treatment of SIADH is fluid restriction, while CSW is

treated with water and salt replacement. Hence, the understanding of the

pathogenesis of hyponatremia associated with SAH is critical for accurate

diagnosis and treatment (14).

CSW. Hyponatremia was initially attributed to SIADH (15). However, later

evidence suggested that hyponatremia was associated with intravascular volume

contraction and negative sodium balance. The first work to challenge the notion

of SIADH in intracranial disease (16,17) was supported by a prospective study of

sodium balance and changes in plasma volume that used an isotope dilution

technique in the first week after SAH in 21 patients (18). The study demonstrated

that in most patients with hyponatremia, the plasma volume was decreased and a

negative sodium balance preceded the hyponatremia. Serum ADH levels were

elevated on admission and declined in the first week regardless of the presence

of hyponatremia. For example in a study of 44 patients with SAH, hyponatremia

in 21 of 26 patients treated with fluid restriction (presumptive SIADH) resulted

in cerebral infarction. In these patients hyponatremia was more likely the result

of CSW, with fluid restriction worsening hyponatremia causing misery perfusion

in already clamped arteries from vasospasm (5). A prospective study of 19 patients

who were treated by hypervolemic therapy to prevent volume contraction still had

detectable levels of ADH during a hypoosmolar state suggesting additional dis-

turbance in ADH regulation (19). However, it is important to remember that

factors other than hypovolemia, such as pain, nausea, and drugs, could stimulate

nonosmolar release of ADH making it very difficult to accurately study ADH

levels in critically ill neurologic patients.

The mechanism by which SAH causes renal salt wasting in not well

understood. The probable site of impaired sodium absorption in CSW is the

proximal nephron. Clinical data suggest that interruptions in sympathetic input to

the kidneys (14) and/or presence of circulating plasma natriuretic peptides

are the most probable processes involved (2,20–28). Decreased sympathetic tone

to the kidneys leads to increased natriuresis and volume depletion by depressing

proximal renal sodium absorption and altering renin and aldosterone release. The

latter mechanism may account for the absence of hypokalemia in CSW despite

the volume contraction (14).

The possible role of natriuretic peptides in CSW has been extensively

studied. Early studies have noticed a marked elevation of plasma atrial

natriuretic peptide (ANP) concentrations in patients with SAH, and it was

speculated that ANP might be responsible for natriuresis and diuresis. How-

ever, no significant correlation between hyponatremia and plasma ANP levels

was found (22). Others speculated that hyponatremia develops only in patients

with persistent elevation of serum ANP levels (21,29). Several reports have

questioned the fact that ANP alone would account for the hyponatremia
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observed after SAH and suggested the existence of another potent natriuretic

factor (30). More recently, increasing evidence has been reported that brain

natriuretic peptide (BNP) plays a role in the pathogenesis in CSW. For some

authors, BNP might be the major factor responsible for the excessive natriu-

resis in SAH (20). BNP plasma levels, in contrast to ANP levels, were found to

be consistently increased in aneurysmal SAH and closely associated with

hyponatremia and natriuresis (20,25,28).

Natriuretic peptide group includes three structurally related peptides: ANP,

BNP and C-type natriuretic peptide (CNP) (31). ANP is primarily produced in

the cardiac atria in response to wall stretch. BNP, so called because it was

identified in brain tissue, is activated when the cardiac ventricles stretch

receptors are stimulated. All the three natriuretic peptides, particularly CNP, are

produced in the brain and act by inhibiting the salt appetite and thirst, reinforcing

their natriuretic and diuretic effects at the periphery. Both ANP and BNP

secretion may result in renal salt wasting by increasing glomerular filtration rate,

directly impairing renal tubular sodium reabsorption, antagonizing the action of

vasopressin in the collecting ducts, and inhibiting the renin-angiotensin-

aldosterone system and sympathetic autonomic outflow to the kidneys

(14,31,32). CNP, in contrast to ANP and BNP, has little effect on salt and water

excretion (31,33).

How these natriuretic peptides are released in CSW and which organ is

responsible (brain vs. heart) remain controversial. It was suggested that the

brain, in response to increase in intracranial pressure, releases BNP as a pro-

tective measure (20) that may be induced by a lesion to the hypothalamus

caused by SAH (20,26,28). However, another study relates the increase of BNP

levels to augmented cardiac production triggered by stress-induced nora-

drenaline (25). It was recently found that both ANP and BNP are excessively

secreted in all patients after SAH, irrespective of the severity of the disease and

activation of stress hormones. It is also theorized that natriuretic peptides are

probably released by the heart in response to transient left ventricular distur-

bance (23).

Cerebral vasospasm (CVS) is frequently (
e

50–70%) observed after SAH

(5). CVS is thought to be exacerbated by excessive natriuresis and volume

depletion, leading to reduction in cerebral blood flow (26). Plasma BNP, but not

ANP levels, have been found to increase progressively and significantly in

patients with severe CVS, compared with patients with asymptomatic CVS or

without vasospasm (26). The chronologic relationship between elevated BNP

levels and the occurrence of delayed ischemic neurologic deficits was answered

recently (24). BNP levels did not significantly increase until after the onset of

ischemic symptoms, raising the question as to whether BNP elevation is the

cause or the result of CVS (24). Another plausible hypothesis is that a common

mediator, perhaps endothelin, may induce both vascular changes responsible for

the vasospasm and the release of natriuretic peptides (26).

318 Hanane and Wijdicks



Clinical Manifestations

Most patients with serum sodium concentration above 120 mmol/L are asymp-

tomatic, except when the decline has developed rapidly (34). Symptoms are

usually vague and nonspecific: headache, anorexia, nausea, muscle cramps, and

lethargy (35). Major neurologic symptoms are largely due to the development of

cerebral edema and correlate with the acuteness and magnitude of hyponatremia.

They include tonic-clonic seizures and can progress to permanent brain damage,

apnea, and death from brain swelling (34). Osmotic demyelination syndrome is a

rare and devastating complication of treatment of hyponatremia that occurs when

serum sodium is corrected too rapidly (36,37). Although the exact pathogenesis of

this syndrome is unknown, it appears to be more common with chronic hypona-

tremia, when the brain has adapted to hypotonicity by decreasing intracellular

osmolytes to limit the degree of cerebral edema. Demyelination typically involves

the pons and can involve other extrapontine areas (36). Symptoms usually develop

within a week of the correction of hyponatremia. The classic presentation includes

behavioral changes, pseudobulbar palsy, and spastic quadriparesis with ‘‘locked-in

syndrome.’’ The diagnosis is usually confirmed by CT or, more accurately, by

MRI (38).

Evaluation of Hyponatremia

Hyponatremia is defined as serum sodium concentration below 135 mmol/L and

is usually associated with hypoosmolality; however, normal and high plasma

osmolality can occur. Hence, the first step in a patient with hyponatremia is to

measure plasma osmolality or tonicity (Fig. 1).

Hyponatremia with a normal plasma osmolality, or pseudohyponatremia,

is a laboratory artifact seen in patients with severe hyperlipidemia, hyper-

proteinemia (multiple myeloma, Waldenström macroglobunemia) (39) or use of

IV immunoglobulins (40). This condition occurs when the flame photometry

uses the whole plasma rather than aqueous phase to measure the sodium con-

centration. With the widespread use of ion-specific electrodes, pseudohypona-

tremia is now rarely encountered (35).

Hypertonic hyponatremia or translocational hyponatremia occurs when an

osmotically active solute is present in the extracellular compartment, which causes

water shift from the intracellular to the extracellular space, thereby diluting serum

sodium. The use of hypertonic mannitol and hyperglycemia are the two major

causes. The serum sodium should decrease by approximately 1.6 mEq/L for every

100-mg/dL increase in plasma glucose concentration. However, for very high

serum glucose concentrations (>400 mg/dL), the use of a correction factor of 2.4

is recommended (41).

Hypotonic hyponatremia or true hyponatremia is a disorder of water

homeostasis that develops when an excess of water relative to sodium in the

extracellular fluid is present. Except for rare conditions when water intake
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exceeds the normal renal water excretory capacity, such as in primary polydipsia

and reset osmostat, the principal abnormality is impaired renal water excretion.

Measuring the urine osmolality helps to determine if water excretion is

impaired or normal. A level below 100 mOsm/kg suggests that ADH is

Figure 1 Diagnostic algorithm for hyponatremia. Abbreviations: ECF, extracellular

fluid; CHF, congestive heart failure; SIADH, syndrome of inappropriate secretion of

antidiuretic hormone; CSW, cerebral salt wasting.
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appropriately suppressed and indicates either primary polydipsia or reset

osmostat. In the vast majority of patients with hyponatremia, water excretion by

the kidney is impaired and urine osmolality is inappropriately high (Uosm above

200 mOsm/kg).

The next step in treating patients with hyponatremia is to classify them on

the basis of volume status; they can be hypovolemic, euvolemic, or hypervolemic.

Hypovolemic hyponatremia occurs when the total body sodium deficit

exceeds water deficit. Hypovolemia, irrespective of serum sodium concentration,

stimulates ADH release, which is an appropriate response to intravascular volume

depletion. Hypovolemia may result from renal or extrarenal losses of solutes and

water. Urine sodium concentration helps to differentiate between the renal and

extrarenal causes. High urine sodium concentration suggests urinary sodium loss

such as via salt wasting syndromes (CSW, mineralocorticoid or corticosteroids

insufficiency), recent use of diuretics, osmotic diuresis (e.g., mannitol) or metabolic

alkalosis. Urine sodium concentration below 20 mEq/L indicates gastrointestinal or

skin losses or fluid sequestration (third spacing).

Hypervolemic hyponatremia occurs when the increase in total body water

exceeds the increase in total body sodium; it is seen in congestive heart failure,

nephrotic syndrome, or cirrhosis. These conditions are associated with a decrease

in effective arterial blood volume, which leads to activation of aortic and carotid

baroreceptors, stimulation of ADH and aldosterone release, and increased

activity of the sympathetic nervous system.

Euvolemic hyponatremia develops when total body water is increased but

the sodium content has not changed. SIADH is the most common diagnosis.

Renal and endocrine diseases (hypothyroidism or hypoadrenalism) and other

nonosmotic stimuli of ADH such as pain, nausea, and drugs should be ruled out

before making the diagnosis.

SIADH Versus CSW

In that both SIADH and CSW are common in SAH, share many clinical and

laboratory features, and can sometimes overlap, distinction between these two

disorders can be a challenge but is crucial, as it has important implications for

the treatment of hyponatremia.

The primary pathogenesis of SIADH is nonphysiologic release of ADH from

the posterior pituitary, which results in enhanced renal water absorption, leading to

expansion of the extracellular fluid, dilutional hyponatremia, and inappropriately

concentrated urine. Signs of hypervolemia are generally not seen because only

one-third of water remains in the extracellular fluid. In addition, the renal sodium

handling remains normal, leading to increased urinary sodium secretion. Diagnosis

of SIADH requires the following features: (i) hyponatremia and hypoosmolality,

(ii) inappropriately concentrated urine (above 100 mOsm/kg), (iii) persistent high

urine sodium concentration (>40 mmol/L), (iv) normovolemia, and (v) normal

renal, adrenal, and thyroid function (42).
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CSW, unlike SIADH, is a volume-depleted state that result from urinary

sodium wasting (14). The excessive natriuresis is mediated at least in part by

increased circulating natriuretic peptides but not by volume expansion, as in

SIADH. The laboratory features are similar to those of SIADH, including

hyponatremia, inappropriately concentrated urine, and high urine sodium con-

centration. The only factor by which to differentiate between the two is the

determination of the volume status. Extracellular fluid volume is decreased

in CSW, whereas it is usually increased in SIADH (14). Physical findings

(orthostatic hypotension, skin turgor, dry mucous membranes, flat neck veins)

and evidence of hemoconcentration (elevated hematocrit, albumin) are important

clues for volume depletion; however, they lack specificity and sensitivity (43).

More invasive procedures such as central venous pressure measurement and

pulmonary artery catheterization are sometimes necessary for more accurate

assessment of the volume status.

Treatment

Accurate diagnosis of the hyponatremic patient with SAH is crucial because it

dramatically alters the therapeutic approach.

CSW. Patients with CSW are usually volume depleted as a consequence of

excessive natriuresis. Fluid restriction, which is usually the first-line therapy for

SIADH, could be detrimental to these patients, as it will worsen the symptoms of

hypovolemia and increase the risk of cerebral vasospasm and infarction. Treatment

should always be aimed at restoring normovolemia, aggressively avoiding a

negative fluid balance, and curtailing natriuresis (44). Ideally, the volume status

should be evaluated by immediate invasive measurement of central venous pres-

sure; in severe cases, pulmonary artery catheterization with monitoring of pul-

monary capillary wedge may be necessary (45). Restoration of normovolemia can

be achieved with either crystalloid or colloids (albumin 5%) (46). The appropriate

fluid type will depend on the sodium concentration and the patient’s symptoms.

Isotonic (0.9%) saline is the solution of choice in normonatremic or mildly

hyponatremic patients (45). Severe hyponatremia requires the use of hypertonic

(1.5%, 3%) solutions (47). Fludrocortisone (0.4 mg/day in two divided doses) is

sometimes added to induce a positive sodium balance in patients with resistant

hyponatremia (48,49). However, the effect is short lived because of the ‘‘miner-

alocorticoid escape’’ phenomenon (50).

SIADH. The primary treatment for asymptomatic and chronic SIADH is fluid

restriction (14). The goal is to achieve a negative fluid balance to raise serum

sodium concentration to normal. In most cases, SIADH is self-limited, and free

water restriction may be the definitive therapy. In resistant cases, pharmacologic

agents such as demeclocycline and lithium, which directly interfere with the effect

of ADH on the collecting tubules, can be used (51,52). However, their efficacy is

less predictable, and they have multiple side effects. Arginine-vasopressin (AVP)
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receptor antagonists represent a novel therapy that is under investigation (53).

They specifically target V2 receptors or V1a and V2 receptors. V2 receptors are

present in the renal medulla and regulate free water reabsorption (53). By blocking

V2 receptors, these antagonists produce a selective water diuresis without

interfering with sodium and potassium excretion, which could have a beneficial

effect in patients with SIADH (54,55). In addition, AVP-receptor antagonists

were shown to have a protective effect against cerebral vasospasm in a rat

model of SAH (56).

Severe symptomatic patients with SIADH often require salt administration.

The osmolality of the fluid given must exceed the urine osmolality; otherwise

correction of hyponatremia will not occur (14). Therefore, isotonic saline infu-

sions should not be administered because they will lead to a further reduction in

the plasma sodium concentration (14). Hypertonic (1.5%, 3%) saline should

instead be used.

Regardless of the etiology of hyponatremia, serum sodium levels should

be corrected slowly to prevent osmotic demyelination (35). The recommended

rate of correction of hyponatremia should not exceed 8 to 10 mmol/L in the first

24 hours. In severely symptomatic patients, therapy is targeted toward resolution of

symptoms, with an initially slightly faster rate (1–2 mmol/L/hr) over the first few

hours, but without exceeding the recommended rates. Formulas used to calculate

the sodium requirement have been discussed extensively elsewhere (35).

Hypernatremia

Hypernatremia represents a common clinical problem and has been noted in

approximately 20% of patients during the acute period after SAH (12,13). Severe

hypernatremia (serum sodium > 155 mmol/L) occurs in only 2% of patients

(10). In a prospective study of 298 patients with SAH, hypernatremia was

independently associated with increased mortality and poor outcomes at three

months. No correlation was found between elevated serum sodium levels and

symptomatic vasospasm (13). Adverse cardiac outcomes were also increased. In

study of 214 SAH patients, hypernatremia was independently linked to left

ventricular ejection fraction of less than 50%, elevated troponin, and pulmonary

edema. These patients should be closely monitored for cardiac dysfunction (57).

Hypernatremia always represents a state of hyperosmolality (58). The

appropriate physiologic response is (i) thirst stimulation to increase water intake

and (ii) increase in ADH release to prevent free water loss. This regulatory

system is very efficient; it maintains plasma osmolality within the range of 1% to

2%, even if sodium and water intake vary widely. Therefore, for hypernatremia

to persist, one or both of the compensatory mechanisms must be impaired.

Hypernatremia in the NICU usually results from inadequate water intake

or increased free water loss. However, a large exogenous sodium administration

in hypertonic solutions can cause hypernatremia through a primary sodium gain

(58). In a recent study, the etiology of hypernatremia in patients with SAH was
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mainly secondary to iatrogenic causes (12); only 4% of hypernatremia cases

were due to diabetes insipidus (DI), the rest was the result of cerebral edema

treatment with mannitol or hypertonic saline. The development of DI in SAH

may be due to destruction of hypothalamic nuclei by brain edema, intracerebral

hematoma, or vasospasm resulting in impaired vasopressin secretion (10).

Hypernatremia causes a shift of water out of cerebral cells and subsequent

intracellular dehydration. The clinical manifestations of hypernatremia are

mostly neurologic, and as with hyponatremia, they depend on acuteness and

magnitude of rise of serum sodium levels. The symptoms of acute hypernatremia

appear only when serum osmolality reaches 400 mOsm/kg of water and include

altered mental status, generalized tonic-clonic seizures and coma. Brain shrinkage

induced by hypernatremia can cause rupture of bridging veins and possibly sub-

dural hematomas in susceptible patients. Chronic hypernatremia is usually less

symptomatic because of cellular adaptation that limits cerebral shrinkage (58).

Evaluation of Hypernatremia

Clinical assessment of the patient’s volume status, urine output, and urine

osmolality is essential in determining the etiology of hypernatremia (Fig. 2).

Hypovolemic hypernatremia is usually present when water loss exceeds sodium

loss. Common causes are excessive sweating, gastrointestinal losses, diuretic

use, or osmotic diuresis. Hypervolemia is seen instead in patients with primary

sodium gain, such as administration of hypertonic saline.

The appropriate renal response to hypernatremia is to excrete a small vol-

ume of maximally concentrated urine (urine osmolality > 800 mOsm/L). The

presence of polyuria with hypotonic urine (<300 mOsm/L) suggests an abnor-

mality in vasopressin release by the hypothalamus (complete central DI) or

impaired collecting tubule response to vasopressin (complete nephrogenic DI).

Administration of desmopressin acetate (DDAVP) may help to differentiate

between central DI (positive response) and nephrogenic DI (no response). Usually,

the defect is partial, and urine osmolality is between 300 and 800 mOsm/L.

Osmotic diuresis is also associated with polyuria, but in this case, the cause

is known and daily urine solute excretion greater than 900 mOsm is diagnostic.

Treatment

Hypernatremic dehydration is best corrected by judicious use of IV fluids.

Colloids can be used in certain clinical situations of overt shock. The rate of

correction of hypernatremia depends on the rate of its development and whether

neurologic symptoms are present. If symptoms are present and hypernatremia is

acute, rapid correction over the first hours is appropriate but without exceeding

1 mEq/L/hr (58). Free water deficit should be replaced slowly, with a goal to

decrease plasma sodium concentration by 0.5 mEq/L/hr or 10 mEq/L/day. If

hypernatremia is corrected too promptly, water can move into the cells, causing

cerebral edema and neurologic damage. Careful assessment of fluid balance, body
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weight, urine specific gravity, and sodium concentration is required during the

course of treatment. The appropriate treatment of acute central DI consists of

administration of DDAVP at the usual dose of 0.5 to 2 mcg IV every three hours (4).

HYPERGLYCEMIA

Hyperglycemia is common after SAH and mild increases has been reported in

30% of patients with SAH at anytime during hospitalization (12). Many factors

predispose critically ill patients to become hyperglycemic, as it represents a stress

response to injury in these patients. Stress-induced hyperglycemia is attributed to

excessive elevation of counter-regulatory hormones (Glucagon, cortisol, growth

hormone, and catecholamines together increase hepatic gluconeogenesis and

promote hepatic glycogenolysis.), effect of cytokines, insulin resistance, and

preexisting diabetes. Elevated blood levels on admission have been shown to be a

good marker of severity of illness (59). Tentative evidence also suggests that

Figure 2 Diagnostic algorithm for hypernatremia. Abbreviations: ECF, extracellular

fluid; DDAVP, desmopressin acetate; CDI, central diabetes insipidus; NDI, nephrogenic

diabetes insipidus.
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hyperglycemia has a detrimental effect in SAH (60,61). A prospective cohort

study of 281 patients with SAH analyzed the association between persistent ele-

vated serum glucose levels and complications (61). The results demonstrated that

hyperglycemia (average peak daily glucose level >105 mg/dL) after SAH is

associated with increased ICU length of stay, poor functional outcome and mor-

tality at three months after SAH, and serious hospital complications (congestive

heart failure, respiratory failure, pneumonia, and brain stem compression or her-

niation). A link between hyperglycemia and cerebral vasospasm was reported in a

previous study, in which blood glucose levels above 215 mg/dL were associated

with an increased risk of vasospasm (62). In another retrospective study of 352

patients with aSAH, hyperglycemia was found to be independently associated with

symptomatic vasospasm. However, significant differences in blood glucose con-

centrations were only found between patients with asymptomatic and symptomatic

vasospasm, suggesting that hyperglycemia probably does not cause patients to

develop vasospasm but may worsen brain ischemia making cerebral infarct worse

(63). The risk of vasospasm, in this study, was associated with lower glucose

levels (>140 mg/dL) than previously reported (62). Interestingly, the risk of

vasospasm was not significant with levels higher than 180 mg/dL (64). One

hypothesis offered by the authors was that most of these patients were treated with

insulin, which may have a neuroprotective effect.

The relationship of elevated blood glucose levels and poor outcomes has

important clinical implications, as hyperglycemia is a correctable factor. The

role of intensive insulin therapy in medical and surgical critically ill patients has

been established. A recent landmark trial of 1548 critically ill patients demon-

strated that patients who receive intensive insulin therapy had significantly

reduced in-hospital mortality, bloodstream infections, acute renal failure, critical

illness polyneuropathy, and days of mechanical ventilation (65). Intensive

insulin therapy has also been found to reduce seizures, intracranial pressure, and

duration of mechanical ventilation in various patients with isolated brain injury,

including SAH (66). The exact underlying mechanisms of the clinical benefits of

intensive insulin therapy remain unclear. However, it has been suggested that

normoglycemia, rather than a direct effect of insulin, accounts for the benefits

observed with intensive insulin therapy (67,68). Most intensive care units

including neuroscience intensive care units operate a nurse driven insulin pro-

tocol with very little hypoglycemic or other adverse events. The effect of this

measure remains unknown in neurologically ill patients.

OTHER ELECTROLYTE DISTURBANCES

Potassium

Potassium is the major intracellular cation. The total body potassium content in a

normal adult is approximately 3000 to 4000 mEq. Only 2% is present in the

extracellular compartment (3.5–4 mEq/L) compared with the intracellular

compartment (*150 mEq/L). This gradient is maintained mainly by the Naþ/Kþ
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adenosine triphosphatase pump, which actively transports Kþ inside the cell in

exchange for Naþ in a 2:3 ratio (69). The regulation of transcellular shift of

potassium across cell membranes maintains homeostasis by limiting rapid

changes of plasma potassium concentrations. Acid-base disturbances and hor-

mones influence the movement of potassium in and out of the cells. Metabolic

acidosis, insulin, and catecholamines promote cellular uptake of potassium and

hypokalemia, while, alkalosis, insulin deficiency, and b-adrenergic blockade

promote potassium movement out the cells and hyperkalemia (69). Potassium

intake of a normal person on a typical western diet is 1 mmol/kg body weight.

Maintaining overall balance requires matching potassium intake with excretion.

The kidneys are the major routes by which the body eliminates excess potassium.

Control of renal potassium secretion occurs in the principal cells in the distal

convoluted tubule and the cortical collecting duct. The major physiologic

determinants of Kþ secretion are aldosterone and the plasma potassium con-

centration.

Potassium disturbances are common in the critical care setting and may be

associated with life-threatening complications, primarily cardiac dysrhythmias.

Hypokalemia is defined as a plasma potassium concentration of less

than 3.5 mEq/L. The clinical manifestations vary greatly among individual

patients and the severity of potassium depletion. Marked symptoms seldom

develop unless plasma potassium is less than 3 mEq/L. Severe hypokalemia is

associated with progressive muscle weakness leading to complete paralysis,

hypoventilation, rhabdomyolysis, and life-threatening cardiac dysrhythmias. The

electrocardiographic (ECG) changes are ST depression, broad flat T wave,

increased U waves, QRS and QT interval prolongation and finally ventricular

dysrhythmias that lead to cardiac arrest (70). The most common causes of

potassium depletion in the neurologic intensive care setting result from increased

excretion. Diuretics (furosemide, thiazides), osmotic agents (mannitol), and

mineralocorticoids (fludrocortisone, to expand intravascular volume) are com-

monly used in patients after SAH, and all promote potassium depletion. Other

causes include shifts of potassium into cells (alkalemia, insulin therapy, stress-

induced catecholamine surge) and lower gastrointestinal losses.

Oral potassium supplementation is the safest way to correct hypokalemia.

Little correlation exists between plasma potassium concentration and total

body potassium deficit. In general, a decrement of 1 mEq/L represents a 200 to

300-mEq/L deficit (71). Hypomagnesemia is a frequent reason for treatment

failure and should also be corrected (72). Severe hypokalemia with symptoms

should be treated with IV replacement therapy with potassium chloride. The rate

of correction should not exceed 20 mEq/hr, although higher rates can be used

with life-threatening cardiac dysrhythmias and paralysis (73).

Hyperkalemia is defined as serum potassium concentration of greater than

5 mEq/L. The most important clinical manifestations are also neuromuscular and

cardiac. Tall, peaked T waves and shortening of the QT interval are the initial

changes seen on ECG, followed by widening of the QRS complex and eventual
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loss of P wave and sine wave pattern. Transcellular shift of potassium out of the

cells is associated only with transient hyperkalemia. Metabolic acidosis repre-

sents the most common cause of shift-related hyperkalemia (69). Persistent

elevation of plasma potassium concentration is usually because of inadequate

renal potassium clearance due to renal failure or hypoaldosteronism or resistance

to aldosterone activity. Hyperkalemia should be treated emergently if muscle

weakness or typical ECG changes are present. The treatment is directed at

antagonizing the cardiac effects of hyperkalemia with calcium chloride and

shifting potassium into the cells with IV insulin and glucose or sodium bicar-

bonate (in case of significant acidosis). Removal of potassium from the body can

be achieved with cation exchange resins and with the use of loop diuretics.

Hemodialysis is often required for patients with renal failure and those with life-

threatening hyperkalemia who are unresponsive to medical treatments (70).

Calcium

Hypocalcemia is a frequent finding in critically ill patients, occurring in up to

88% of severely ill patients admitted to the ICU and correlates with the severity

of illness and mortality (74). Approximately 40% of calcium is bound to serum

proteins, principally albumin. Hypoalbuminemia is the primary cause of low

total calcium concentration in severely ill patients. In this scenario, corrected

serum calcium for albumin and ionized free calcium are normal. Alkalemia also

increases calcium binding to negatively charged proteins and decreases the

fraction of ionized calcium. Other causes include sepsis, hypomagnesemia,

hyperphosphatemia, renal failure, chelating agents such as citrate anticoagulant

in transfused blood, and anticonvulsant drugs (phenytoin, phenobarbital), which

increase liver metabolism of vitamin D (75). However, despite careful assess-

ment, no cause is found in 50% of cases (76). The clinical presentation depends

on the severity of hypocalcemia and the rapidity of onset. Neuromuscular

excitability varies from paresthesias to severe tetany and seizures. Bradycardia,

heart failure with hypotension, and dysrhythmias can be seen with severe

hypocalcemia. The classic ECG finding consists of prolongation of the

QT interval. Hypocalcemia in critically ill patients is usually transient and mild and

rarely requires treatment (75). Patients with asymptomatic, mild, hypocalcemia are

treated with oral calcium supplements, and infusion of elemental calcium is

reserved for severe or symptomatic patients. Hypomagnesemia should also be

sought and corrected.

Magnesium

Hypomagnesemia is common in critically ill patients. The reported prevalence

can be as high as 65% in patients admitted to the ICU (77–79), and it has been

associated with increased mortality and worse outcome, including in patients

with acute brain injury (78). Hypomagnesemia is also a frequent finding in
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patients after SAH. In a prospective study of 107 patients admitted within

48 hours after aSAH, low serum magnesium levels (0.7 mmol/L) were found in

38% of patients on admission and in 54% of patients admitted within 12 hours

after SAH. The occurrence of delayed cerebral ischemia was higher in patients

with hypomagnesemia than in those with normal serum magnesium level (80).

The role of magnesium therapy as a neuroprotective agent in SAH has been

shown recently. Patients with SAH who were given a standard dose of magne-

sium sulfate (64 mmol/L/day) had reduced risks of delayed cerebral ischemia

and poor outcome (81,82). The pathogenesis of hypomagnesemia after SAH has

not been studied.

Hypomagnesemia is frequently asymptomatic and only identified by mea-

surement of the serum magnesium level. It is often associated with depletion of

other electrolytes such as hypokalemia, hypocalcemia, and metabolic alkalosis, and

most of the clinical manifestations are related to changes in concentration of other

ions. Hypomagnesemia can be induced by two major mechanisms: increased

gastrointestinal losses and increased renal losses associated most frequently with

diuretics (both loop diuretics and thiazides), volume expansion, chronic alcohol

use, and antibiotics (83).

Treatment with IV magnesium sulfate is preferred in symptomatic critically

ill patients or in patients with severe magnesium deficiency. The underlying disease

should also be corrected if possible.

Phosphorus

Derangements in the metabolism of phosphate are common in the neurologic

ICU. Common causes of hypophosphatemia include intracellular shift (respira-

tory alkalosis, refeeding syndrome, insulin), decreased intestinal absorption, and

renal losses. Various factors combine to put patients with SAH at risk for increased

renal excretion of phosphorus; osmotic diuresis (mannitol) or excessive diuretic

therapy, excessive polyuria due to SIADH, and CSW are all contributing factors.

Hypophosphatemia is clinically asymptomatic unless the serum phosphorus level

is below 1 mg/dL. Clinical manifestations consist of diffuse skeletal muscle

weakness, including respiratory muscles with respiratory failure and ventilatory

dependence, congestive cardiomyopathy, hemolysis, and rhabdomyolysis. IV

phosphate replacement is required in all cases of severe hypophosphatemia

(<1 mg/dL) or the presence of symptoms. Oral supplementation may be adequate

in moderate hypophosphatemia.

CONCLUSION

As expected in any critically ill patient electrolyte derangements are commonly

encountered following severe forms of SAH. Frequent and close monitoring of

electrolytes in the critical care setting are paramount for timely recognition and

therapeutic interventions. Changes in serum sodium in SAH do indicate a more

serious endocrinopathy and failure to recognize its association with hypovolemia
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could put the patient at risk of symptomatic vasospasm and eventually cerebral

infarction. Therapies that can control the intravascular volume are needed and

may target the atrial natriuretic family as a whole. The impact of strict glucose

control in SAH on outcome is not yet known. There has been a paradigm shift in

this particular area from a laissez faire attitude—simply explaining hypergly-

cemia as a stress response—to an aggressive clinical intervention with control of

even slightly elevated blood glucose values. Whether other electrolyte disorders

seen in SAH need more scrutiny is not known.
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Cardiac and pulmonary dysfunctions commonly accompany subarachnoid hem-

orrhage (SAH), particularly when it is due to aneurysmal rupture. The aggregate

epidemiology of these problems has not been well studied, but some insight can be

gained from a study of oxygenation abnormalities in which 80% of aneurysmal

SAH patients had widened alveolar-arterial oxygen gradients (AaDO2) during the

first several days of illness (1). The vast majority of studies have focused on

individual forms of heart or lung disorder in these patients. Because the patho-

geneses of these problems vary, as do their treatment, they will be considered

individually in this chapter. However, a given patient often suffers from more than

one disorder simultaneously, and the tendency of these patients to have intra-

vascular volume fluctuations due to cerebral salt wasting and its management, as

well as volume expansion and vasopressor use for the treatment of cerebral vaso-

spasm, further complicate any attempt to give simple therapeutic recommendations.

For clarity of exposition, these disorders are divided into those that primarily

affect the lungs: neurogenic pulmonary edema (NPE), negative pressure pulmonary

edema, and aspiration pneumonitis. Ventilator-associated pneumonia (VAP) is also

common in SAH patients. The primarily cardiac disorders (contraction band ne-

crosis, neurogenic stunned myocardium, tako-tsubo cardiomyopathy, repolarization



abnormalities and associated dysrhythmias) are probably all manifestations of the

hypersympathetic state that accompanies aneurysmal rupture. They can produce

varying degrees of left ventricular dysfunction, which leads to secondary pulmonary

edema. To optimally manage these patients, one must determine the relative con-

tributions of these problems to the patient’s difficulties with oxygenation and hypo-

tension. The effects of these problems on prognosis are apparent from their

contributions to the acute physiologic derangement score developed by the Columbia

group, which has a substantial predictive value for survival and functional outcome

(Fig. 1), (Table 1) (2). The AaDO2 had the strongest effect on outcome, and the mean

arterial pressure (either depressed or elevated) was also important.

When a patient presents with pulmonary problems in the setting of acute

SAH, it may not immediately be clear whether the primary dysfunction involves

the lungs, the heart, or both. This chapter is divided into pulmonary and cardiac

Figure 1 Effect of acute physiologic derangement score on outcome, SAH-PDS. Abbre-

viation: SAH-PDS, subarachnoid hemorrhage physiologic derangement score. Source: From

Ref. 2.

Table 1 Components of the acute physiologic derangement score

Factor Cutoff value Points

AaDO2 >125 mmHg 3

Serum bicarbonate concentration <20 mmol/L 2

Serum glucose concentration >180 mg/dL (10 mmol/L) 1

Mean arterial pressure <70 or >130 mmHg 1

Source: From Ref. 2.
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sections, but the physician will recognize that these systems are so intimately

connected that, in practice, they must be treated as one. Furthermore, the prin-

ciple of Occam’s razor need not apply; a given patient may have more than one

disorder in both systems. Thus, a major clinical challenge is sorting out what is at

the root of the patient’s problems. They must then be managed not only with

reference to the heart and lungs but also with the primary view of protecting the

brain from further damage as a result of hypoxemia, abnormal blood pressure,

and inadequate cardiac output.

PRIMARILY PULMONARY DISORDERS

NPE

Acute pulmonary edema develops commonly in patients with acute SAH, but the

genesis of this problem in a given patient may be difficult to determine. In a

large Italian series of SAH patients, clinically apparent NPE was reported in 4%

(3). NPE was the most common etiology in our series, in which 20% of SAH

patients had symptomatic NPE (1). A similar percentage was reported in a

multicentered trial (4). Other potential causes for pulmonary edema are dis-

cussed below. SAH is by far the most frequent etiology of NPE; head trauma,

intracerebral hemorrhage, large ischemic stroke, and status epilepticus are the

other commonly reported causes. A study of extravascular lung water in a mixed

population of patients with SAH and intracerebral hemorrhage demonstrated an

increase in AaDO2 that was paralleled by an elevation of lung water content, as

determined by a double-indicator dilution technique (5).

The pathogenesis of NPE in humans continues to be debated, but it is most

likely a condition with more than one mechanism. While experimental models

attempt to separate various possibilities in order to study them with clarity,

patients may have a combination of disorders (e.g., simultaneous NPE and

cardiac dysfunction). While it is tempting to assume that the causes of NPE share

high circulating catecholamine levels (6), this remains to be demonstrated and is

not in keeping with the mechanisms suggested by several experimental models.

NPE following acute spinal cord injury and death by neurologic criteria suggests

that neuronal outflow via the spinal cord is probably important.

The vast majority of reported NPE cases, as well as those not reported but

encountered in clinical practice, are diagnosed within the first day or two of the

onset of SAH. Investigators performed bronchoalveolar lavage in patients with

NPE and concluded that seven of the patients had a hydrostatic disorder (low

protein concentration in the bronchoalveolar lavage fluid) and that the remainder

had evidence of a capillary leak (high protein concentration); five of the eight

patients with SAH had low protein contents (7).

Experimental studies of NPE typically involve acute head injury, acute

elevation of intracranial pressure, or cisternal injection of blood or other irritants.

One group demonstrated that systemic hypertension was not necessary for the
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development of NPE (8) and further suggested that acute pulmonary hypertension

was a prerequisite for its genesis (9). The reason for this pulmonary hypertension

is uncertain but may be secondary to neurogenic constriction of post-capillary

sphincters on pulmonary venules (10). These sphincters contract almost immedi-

ately after experimental head injury in rats (Fig. 2) (11). The neural origin of NPE

is further suggested by work that indicated that transaction of nerves to one lung

prevented it from developing edema when the other lung, exposed to the same

hydrostatic pressure, became edematous (12). Output from the nucleus of the

solitary tract via the vagi may be an important modulator (13). Many interrelated

substances have been proposed as mediators of these effects, most prominently

substance P (14), neuropeptide Y (15), nitric oxide (16), and most recently, neu-

rokinins (17).

The diagnosis of NPE is usually suggested by an increasing AaDO2, often

manifested by a need for supplemental oxygen to maintain acceptable oxygen

saturation. Many prefer to follow the ratio of partial pressure of oxygen to the

fraction of inspired oxygen (PaO2/FiO2, or P/F ratio), which yields a similar

trend with illness. The SAH patient who requires supplemental oxygen requires

investigation for the cause of this problem and its management. At this time, the

chest X ray may not yet show clear signs of pulmonary edema because the

portable anteroposterior technique usually used is less sensitive to early markers

(e.g., Kerley B-lines) than the formal posteroanterior projection used in the

radiology suite. Later, the patient may develop interstitial, and eventually

Figure 2 Scanning electron micrograph of sphincters on pulmonary venules. Source:

From Ref. 11.
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alveolar, edema that is visible on film (Fig. 3). Tachypnea is often present but

may be overlooked among the numerous abnormalities that may be present on

physical examination. Other signs of cardiac failure on examination should

prompt consideration of neurogenic stunned myocardium (see below) as a cause

of secondary pulmonary edema. An echocardiogram should be performed in the

presence of any evidence that suggests cardiac dysfunction; some clinicians

obtain this study in all cases of oxygenation abnormality in SAH patients.

In the absence of a clear understanding of pathophysiology, recom-

mendations for management have been empiric (18). Supplemental oxygen is the

mainstay of treatment. As the majority of SAH patients with NPE require

mechanical ventilation, positive end-expiratory pressure (PEEP) is typically used

to keep the FiO2 below 50% if possible. Some of the applied PEEP will be

transmitted from the alveoli to the pulmonary veins, thereby raising intrathoracic

pressure and thus impairing jugular venous return and potentially increasing

intracranial pressure. The diminished static pulmonary compliance associated

with interstitial edema serves to limit this intrathoracic pressure transmission;

measurement of the central venous pressure provides an estimate of the degree

to which jugular venous return is affected. Diuresis to decrease lung water

Figure 3 NPE in a 20-year-old patient with aneurysmal subarachnoid hemorrhage. Her

pulmonary capillary wedge pressure was 12 mmHg, and her cardiac index was 4.2 L/min/m2.
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(see below) will decrease the need for PEEP but will also increase the trans-

mitted pressure. Thus, the ideal combination of FiO2 and PEEP cannot be pre-

specified but must be determined at the bedside, along with measurement of

estimation of the intracranial pressure in patients with impaired consciousness.

If the patient does not otherwise require mechanical ventilation, or endo-

tracheal intubation for airway protection, mask-delivered continuous positive

airway pressure or noninvasive ventilation with a bilevel device might be con-

sidered. However, these modes of support are not appropriate for patients who may

vomit into the tight-fitting mask required, especially if impaired consciousness

makes it difficult for them to summon assistance immediately.

As hydrostatic forces are likely at work in most patients, attempts to keep

the pulmonary capillary pressure low seem justifiable, and this is usually ach-

ieved with diuretics. Most severe NPE occurs during the first few days after the

SAH occurs, and in most cases the condition has improved substantially before

the period of vasospasm risk begins (usually on the fourth post–hemorrhage

day); therefore, diuresis is an acceptable mode of treatment. Further, as the aim is

to keep the capillary pressure below the threshold for hydrostatic edema pro-

duction, this seems to be an acceptable situation in which to use a pulmonary

artery catheter to measure the pulmonary capillary wedge pressure. However,

this practice has not been subjected to clinical trial testing. If this measure is

undertaken, a pulmonary capillary wedge pressure of less than 18 mmHg is a

reasonable goal. Others will follow up with a chest X ray to detect incipient

alveolar edema.

Cerebral salt wasting may also occur during this period and produce a

diuresis of its own. However, when the patient is at risk for vasospasm between

days 4 and 14, most physicians attempt to maintain the patient as close to

euvolemia as possible (attempts at hypervolemia generally not being successful,

unless cardiac or renal dysfunction supervene) in order to minimize cerebral

damage as a result of vasospasm.

Lungs of patients who have suffered insults that lead to death by neurologic

criteria often develop NPE. While this results in P/F ratios that are often thought to

exclude the use of these lungs for transplantation, these organs often recover

quickly when placed in the recipient. The recipient may require support with

extracorporeal membrane oxygenation before adequate oxygen diffusion can be

restored (19).

Negative-Pressure Pulmonary Edema

Negative-pressure pulmonary edema occurs when a patient, often young and in

good physical condition, attempts to inspire vigorously against an obstructed

airway. In neurocritical care, this typically develops after a seizure has produced

upper airway compromise, as may occur when the patient’s masseter contraction

compresses an endotracheal tube. However, the condition may develop in con-

scious patients who struggle against an occluded airway for any cause. The
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edema appears to be a consequence of fluid transudation during a period of low

alveolar pressure; a study of the protein content of the fluid supports this concept

(20). Severe pressure gradients may cause alveolar hemorrhage (21). As these

patients are by definition in very stressful circumstances, elevated catecholamine

concentrations may also play a role in the genesis of the edema. The diagnosis is

based on a compatible history, hypoxemia, and chest radiographic evidence of

pulmonary edema. Less severe cases are probably underdiagnosed, especially

because the time course of resolution is usually rapid, unless hemorrhage has

supervened.

Because negative-pressure pulmonary edema is typically a relatively brief

complication, supplemental oxygen and PEEP or continuous positive airway

pressure for several hours to a few days is usually sufficient management (22).

This condition usually occurs in patients who are otherwise healthy enough

to develop very negative intrapleural pressures, and they seldom benefit from

diuresis.

Aspiration Pneumonitis

Early in the course of acute SAH, patients with higher Hunt and Hess grades are

often at risk for macroscopic aspiration because of impaired consciousness and

vomiting. The diagnosis of aspiration is often apparent when the patient is

intubated, or from the appearance of expectorated sputum. One group reported

that 6% of their SAH patients developed aspiration (23). The chest X ray usually

shows patchy infiltrates unless airway obstruction has occurred, resulting in

segmental or lobar atelectasis. Patients often have a brief period of fever, typically

in the absence of documentable infection.

Treatment for aspiration pneumonitis is supportive. Although many

patients appear to have oxygenation problems related solely to either gastric acid

injury or particulate matter in the airways, the question of antibiotic therapy is

often raised. This is a contentious issue that is not likely to be resolved soon (24).

If antibiotics are used, narrow-spectrum agents should be used for short courses,

unless the patient develops evidence of a bacterial pneumonia. Antibiotic coverage

for anaerobic organisms is often employed, but evidence for its benefit is lacking.

If antibiotic therapy is deemed necessary, ceftriaxone is usually sufficient. Acid

aspiration does not appear to benefit from anti-inflammatory drugs such as

steroids.

Ventilator-Associated Pneumonia

Microscopic aspiration across the cuff of the endotracheal tube or tracheostomy

tube is the putative cause of most cases of VAP. By definition, the patient must

have received mechanical ventilation for three days or longer to be diagnosed

with VAP; however, when patients are intubated for neurologic rather than

pulmonary reasons, the real differential diagnosis of a new pneumonia is usually
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between macroscopic aspiration and VAP. Although a variety of measures to

prevent VAP have been suggested (25), a full discussion of the choices is beyond

the scope of this chapter. In general, they include elevation of the head of the bed

to 308 or higher, use of endotracheal tubes to provide continuous aspiration of

subglottic secretions, and meticulous attention to suctioning technique.

Treatment for VAP, an addition to improving oxygenation, depends on an

adequate microbiologic diagnosis of the infecting organism. After obtaining

blood and sputum cultures (the latter preferably with a quantitative technique),

antibiotic therapy designed to cover the likely organisms, particularly resistant

gram-negative rods such as Pseudomonas aeruginosa, should be initiated. After

three days of treatment, the results of microbiologic studies should be used to

‘‘de-escalate’’ antibiotic therapy to cover the organism(s) isolated with the

narrowest possible spectrum (26). Antianaerobic coverage is also debated in this

setting but does not appear to improve clinical outcome measures.

PRIMARILY CARDIAC DISORDERS

The literature contains several descriptions of disorders of myocardial contractility

in SAH patients. The terms myocardial contraction band necrosis, neurogenic

stunned myocardium, and tako-tsubo cardiomyopathy most probably describe

different manifestations of a unifying underlying disorder of excessive sympa-

thetic nervous system activity. Some of this overactivity may reflect

circulating catecholamine concentrations, while some is a manifestation of

increased sympathetic nerve traffic in the cardiac nerves. As a consequence of

myocardial dysfunction, the patient experiences diminished cardiac activity at a

time when the cerebral circulation is at risk for vasospasm; as therapies for vas-

ospasm involve attempts to raise arterial pressure and cardiac output, the patient is

in a very precarious situation. Although b-adrenergic blockade may prevent or

diminish these problems if instituted very early (27), adequately powered clinical

trials are yet to be performed to determine whether, when, and how vigorously

these agents should be used. Presently, we are only able to manage the manifes-

tations of these problems.

Electrocardiographic abnormalities and elevated plasma concentrations of

markers of myocardial damage are ubiquitous after SAH. They appear to be

manifestations of the same problems underlying contractility disorders, but because

they occasionally cause diagnostic confusion with coronary artery disease, they are

discussed separately.

Myocardial Contraction Band Necrosis

Contraction band necrosis of the myocardium occurs in a number of settings that

appear to share elevations of sympathetic tone as an underlying mechanism (28)

(Fig. 4). It is likely the genesis of some of the electrocardiographic abnormalities

as well as the leakage of muscle proteins into the circulation. The degree of
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troponin elevation is probably a marker of the severity of SAH and, while

correlated with functional outcome, is probably not an independent predictor of

it (29).

No specific management for contraction band necrosis has been defined. If

it is sufficiently extensive to produce symptomatic left ventricular failure, then

the clinician is often in the difficult situation of needing to increase mean arterial

pressure to treat vasospasm while wanting to decrease left ventricular overload.

In such a situation, intra-aortic balloon pump counterpulsation may be the only

therapeutic avenue. Similarly, the combination of cardiogenic and neurogenic

pulmonary edema may occur, but here, the therapies are congruent.

Neurogenic Stunned Myocardium (Neurogenic Stress Cardiomyopathy)

Although the term neurogenic stunned myocardium has become more common

in recent literature on SAH, it probably represents the macroscopic consequence

of contraction band necrosis. It differs from tako-tsubo cardiomyopathy in that

the depression of ventricular function is global rather than apical. The term

neurogenic stress cardiomyopathy has been proposed as a more descriptive and

inclusive alternative (30). Echocardiography reveals a poorly contracting myo-

cardium, which can recover completely over time. More focal abnormalities of

wall motion have also been reported (31), but in this circumstance, coincidental

coronary disease with myocardial ischemia or infarction must be considered.

Inotropic therapy for patients with neurogenic stunned myocardium has

been attempted with catecholamines and phosphodiesterase inhibition. It has

been suggested that dobutamine may be a better choice in patients with impaired

Figure 4 Light micrograph demonstrating myocardial contraction band necrosis. Source:

From Ref. 28.
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cardiac output (32). When these patients develop vasospasm, norepinephrine is

probably preferable to phenylephrine because of the additional b agonism of

the former. Often, a combination of norepinephrine and dobutamine may be

required.

Tako-Tsubo Cardiomyopathy

Tako-tsubo cardiomyopathy is a descriptive term that reflects the echocardio-

graphic appearance of the heart in patients with a variety of acute disorders. The

apex of the left ventricle fails to contract normally, while the basal portion

functions more normally, producing a shape resembling that of a Japanese octopus

trap (33) (Fig. 5).

Cardiac Repolarization Disturbances and Dysrhythmias
that Complicate Subarachnoid Hemorrhage

Prolongation of the (QTc) is the most common electrocardiographic disturbance

in acute SAH patients, occurring in greater than 90% of patients (34). This

finding is usually not clinically significant and has rarely been associated with

deterioration into the polymorphic ventricular tachycardia known as torsade des

pointes (35). However, torsade may also develop without premonitory QTc

prolongation (36). Magnesium administration, which may be useful for vaso-

spasm prevention as well, is often advocated for the prevention of torsade in

other patient groups with prolonged QTc and seems reasonable. If episodes of

torsade develop, magnesium should be administered, along with cardioversion or

overdrive pacing.

Figure 5 Artist’s representation of normal ventricular contraction (left) contrasted with

that seen in tako-tsubo cardiomyopathy. Source: From Ref. 29.
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The classic, although less common, electrocardiographic manifestations of

acute SAH are deep, symmetric, inverted T waves, which may be seen across

the precordium, inferiorly, laterally, or diffusely; they are commonly called

‘‘cerebral T waves.’’ Although they resemble the inverted T waves suggestive of

myocardial ischemia, their symmetric nature is unusual in ischemia, and they do

not predict the discovery of coronary artery disease. They appear to be another

manifestation of sympathetic overactivity and may be markers for contraction

band necrosis. Less commonly, they are seen in other cerebrovascular diseases

such as intracerebral hemorrhage without SAH or large ischemic strokes.

As patients with SAH are often hypertensive cigarette smokers, it is not

surprising to realize that many of them also have coronary artery disease. The

electrocardiogram should also be scrutinized to look for other dysrhythmias as

well as evidence of ischemia or infarction.

CONCLUSION AND FUTURE DIRECTIONS

Cardiopulmonary dysfunction is commonly encountered in patients with SAH.

The spectrum of these disorders is fairly broad and entails timely recognition,

monitoring, and institution of appropriate therapy. Many of the pathophysio-

logical mechanisms of these disorders are being unraveled that will bring forth

appropriate management strategies and decrease mortality and morbidity in this

subset of patients.
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INTRODUCTION

Vasospasm affects 60% to 70% of patients after aneurysmal subarachnoid hem-

orrhage (aSAH), resulting in symptomatic ischemia in approximately half of these.

Vasospasm reaches maximal severity in the second week after aSAH, typically

resolving spontaneously in the third or fourth week. Vasospasm causes death or

serious disability from infarction in up to one-third of patients with aSAH.

Delayed neurologic deterioration after aSAH is presumed because of ischemic

sequelae of vasospasm, unless proven otherwise and attributed to other causes.

Although the pathogenesis is not clearly known, the risk of vasospasm is related to

the amount of subarachnoid blood (1–3). The cause of cerebral vasospasm appears

to be multifactorial, involving oxyhemoglobin, thromboxane, serotonin, and

calcium (4). Calcium activates calmodulin, which activates the myosin light-chain

kinase and interacts with actin filaments to cause vascular contractions (5). Vessel

tone is a balance between both endothelium-derived constricting factors and

endothelium-derived relaxation factors. Nitric oxide (NO) is the most prominent

endothelium-derived relaxation factor. Studies have demonstrated that the vaso-

spasm following aSAH is predominately a result of dysfunctional vasodilator



(e.g., NO) mechanisms (6,7). Histologic analysis has shown morphologic changes

of the spastic vessel wall, with necrosis and fibrosis of the intima and media.

Numerous advances in neurosurgical critical care, such as rheologic

manipulation of cerebral blood flow and the administration of calcium channel

blockers, have reduced the ischemic and neurologic deficits associated with this

devastating complication. Although the treatment protocol of intravascular

volume expansion, hemodilution, induced hypertension, and cardiac perfor-

mance enhancement [HHH therapy (8–11)] and the use of nimodipine (12) have

had a substantial beneficial effect on the treatment of this condition, these

therapies are not tolerated or are ineffective in some patients, who are sub-

sequently susceptible to stroke, congestive heart failure, and death. Additional

and alternative treatments for refractory vasospasm, particularly those that

specifically target the dilation of cerebral vessels, are needed.

Vasospasm may be monitored noninvasively by insonating the circle of

Willis vessels and its branches using transcranial-Doppler (TCD) techniques.

This noninvasive bedside procedure has a high sensitivity and specificity for

vasospasm but requires technical expertise and experience (13). The course of

TCD-documented vasospasm correlates closely with the course and clinical

sequelae of vasospasm detected on angiography, and its severity closely reflects

clinical sequelae of brain ischemia. Angiography may be used to confirm vas-

ospasm in clinical situations in which the cause of delayed neurologic deterio-

ration is questionable, when TCD findings are nonconcordant with clinical

progress, or when endovascular therapy for vasospasm is being contemplated.

ENDOVASCULAR OPTIONS

Cases of worsening vasospasm despite HHH therapy are considered for endo-

vascular treatment (14–18). The precise threshold for endovascular interventions

remains controversial, with some centers advocating early and frequent endo-

vascular treatment of spasm and others reserving endovascular intervention

solely for cases in which symptomatic vasospasm does not respond to HHH

therapy. It is clear that not all cases of severe TCD spasm will require endo-

vascular intervention, and such therapy introduces an added risk that must be

considered and weighed. Conversely, endovascular treatment of spasm should

not be delayed until actual infarction has developed.

Balloon Angioplasty

The first reported use of angioplasty for the treatment of vasospasm was published

in 1984 (19), opening up a new modality of treatment for patients who were

medically refractory to reversal of their ischemic neurologic syndrome (14,20,21).

Despite successful improvement in the narrowing of the cerebral vessels with

restored normal circulation time (as demonstrated angiographically), many cases

of equivocal clinical improvement have been reported (14,16,22–24). It is possible

that delayed treatment of patients may result in ‘‘end-organ failure,’’ despite
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restoration of blood flow, which is analogous to the thrombolysis theme and to

ischemic neural tissue after a thrombotic or embolic event.

Endovascular treatment of spasm has traditionally consisted of balloon

angioplasty, mostly for large vessel spasm, and/or intra-arterial pharmacologic

infusions for more distal branch vasospasm. Angioplasty is associated with

greater risk of arterial rupture or dissection, especially if applied to more distal

vessels, but its effect is more durable than intra-arterial pharmacologic infusions

(25–28). For patients with delayed aSAH who have severe vasospasm proximal

to the aneurysm site, a combined endovascular treatment with angioplasty and

endovascular aneurysm coiling is safer than surgical clipping (29,30).

The clinical success rate of transluminal balloon angioplasty (TBA) is

variable (18,23,24,31,32). The angiographic improvement with TBA seems to

vary between 80% and 100% in most series. Clinical improvement ranges from

30% to 80%. Early treatment seems to be associated with better results.

Randomized clinical studies that assess the effect of TBA on outcome are few,

and little is known of the long-term effects of TBA. The effect of angioplasty in

the setting of cerebral vasospasm has been found to be lasting. Furthermore, the

angioplastied vessels normalize in luminal diameter over time on the basis of

follow-up angiography. Risks, including vessel perforation, unprotected aneur-

ysm rerupture, branch occlusion, hemorrhagic infarction, and arterial dissection,

are associated with this procedure. Vessel rupture is reported in 4% of patients,

usually with catastrophic outcome, and rebleeding from unclipped aneurysms is

found in roughly 5% of patients (21,23,24,33).

Timing of the Angioplasty

In a study of the importance of the timing of the angioplasty, between July 1993 and

December 1997, a total of 466 patients were admitted to Thomas Jefferson

University Hospital-Wills Neurosensory Institute with the diagnosis of ‘‘acute’’

aSAH. In the intensive care unit, all patients were treated prophylactically with

HHH when, as shown by TCD imaging, their velocities were consistent with vas-

ospasm, elevated, or showed a trend toward elevation with increasing ratios

(25,34,35). If the patients developed a new focal deficit or a change in their mental

status, a CT scan was performed to eliminate a diagnosis of hydrocephalus or

subsequent bleeding (Fig. 1). HHH therapy would then be maximized to the point of

elevating the mean arterial pressure to 130–140 mmHg. If the patients did not

demonstrate neurologic reversal within 60 minutes, they were transferred to the

endovascular suite for angiography and possible angioplasty. All patients who

required angioplasty received a ventriculostomy, if one was not already in place.

Of the entire group of 466 patients, 93 (22%) underwent endovascular

management of medically refractory cerebral vasospasm, with 84 available for a

minimum of six months of follow-up. The breakdown of these 84 patients by

grade was as follows: Grade I, 2 of 33 patients (6%); Grade II, 9 of 84 patients

(10%); Grade III, 57 of 260 patients (22%); and Grade IV, 16 of 42 patients (38%).
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Figure 1 (A) Noncontrast CT scan, showing diffuse subarachnoid hemorrhage, Fisher’s

Grade 3, with early hydrocephalus, as evidenced by enlarged temporal horns. (B) Right

internal carotid angiogram, demonstrating no spasm and a small anterior communicating

artery aneurysm. (C) Right internal carotid angiogram, one week postoperatively, dem-

onstrating severe spasm of the right internal carotid system. (D) Angiogram, posttreat-

ment. (E) Left internal carotid angiogram, demonstrating severe spasm of the supraclinoid

carotid and middle cerebral artery, pretreatment. (F) Left internal carotid angiogram,

posttreatment.
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Fifty-one patients (61%) underwent endovascular management within a two-hour

window because of the inability to reverse the patients’ neurologic deficits with

medical measures. In this group, 90% of patients demonstrated improvement

angiographically, and 70% sustained clinical improvement. Thirty-three patients

(39%) failed to improve with the best medical therapy available; they were treated

in more than a two-hour window (range, 2 hr, 15 min–17 hr) and had 88%

angiographic improvement, but only 40% sustained clinical improvement. Clinical

improvement was noted as early as 60 minutes after the procedure, when gross

motor movement could be evaluated. However, global improvement (as assessed

by Glasgow Coma Scale) continued for up to 48 hours.

Technique

The protocol for TBA involves angiography with placement of an 8F femoral

sheath. Full heparinization is performed to achieve an activated clotting time of

twice baseline to prevent thromboembolic complications. TBA is conducted on

patients under general anesthesia and with neurophysiologic monitoring. Endo-

vascular management is performed using an Endeavor silicone balloon with

thumb pressure inflations for periods of one to five seconds or a stealth system

(Target Therapeutics/Boston Scientific, Boston, Massachusetts). Vessels ame-

nable to angioplasty include all of the intracranial proximal vessels (e.g., internal

carotid artery, proximal branches of the middle cerebral or anterior cerebral

artery). For more distal vasospasm, intra-arterial pharmacologic (vasodilator)

infusion should be considered because trying to perform an angioplasty on more

distal vessels carries a higher risk of rupturing the vessel.

Intra-Arterial Infusion

A variety of calcium channel antagonists and other vasodilators have been studied

via intrathecal and intra-arterial delivery. Intrathecal nitroprusside has been proven

safe, but efficacy is still controversial (36–38). The use of intra-arterial calcium

channel blockers, such as nicardipine, verapamil, and nimodipine, has been shown

to significantly reduce TCD velocities, to provide clinical improvement in up to

72% of patients, and to increase vessel caliber by 44% (39–41). The application of

nicardipine prolonged release implants in the basal cistern of Fisher Grade III

aSAH patients has shown promising results (42). Future therapies for vasospasm

will be aimed at improved delivery systems and developing biologic agents that

target the numerous cellular substrates responsible for vasospasm. Many animal

research studies are being conducted on intrathecal immunotherapy, which is also

a vast field open to exploration (43–45).

CONCLUSION

Neurosurgical critical care has made dramatic improvements in the perioperative

management of the patient suffering from aSAH. Calcium channel blockers and

HHH therapy continue to be a cornerstone in the management of this problem
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and are effective in approximately 80% of patients. In patients who are refractory

to medical therapy, timely application of angioplasty in the affected blood

vessels may be of benefit in improving both the angiographic appearance and the

ultimate outcome. Anecdotal experience indicates that a two-hour window may

exist for the restoration of blood flow, which is analogous to a patient who

presents with a vascular-related event from either an embolic or thrombotic

occlusion. Although early reports of improved neurologic recovery resulting

from the use of TBA in aSAH vasospasm are encouraging, prospective

randomized controlled trials are necessary to determine the true efficacy of

angioplasty in the treatment of vasospasm and whether it influences ultimate

outcome.
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Spinal cord injury (SCI) has an incidence in the United States of approximately

2 cases per 100,000 in both children and adults. The most common mechanisms

of injury for both groups are motor vehicle collision, falls, violence, and sports in

descending order—notably, all traumatic (1,2). Regions where motor vehicle

collisions are more commonly associated with alcohol use and low rates of

seatbelt use have higher rates of injury (3). Given the current U.S. population,

this translates to approximately 11,000 new cases of SCI each year. Some of

the controversies currently surrounding intraoperative management of acute

SCI will be discussed in this chapter, and suggestions for practice based on

evidence will be provided when possible.

PATHOPHYSIOLOGY

The spinal cord extends from the foramen magnum to approximately the second

lumbar vertebra (L2) in adults. Its blood supply is through the anterior spinal artery

and two posterior spinal arteries, which are fed by paired radicular arteries at each

level of the spine. One large radicular artery at the level of the diaphragm (the

artery of Adamkiewicz) may be responsible for much of the blood flow to the lower

two-thirds of the cord. Similar to the brain, the spinal cord has a blood-spinal
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cord barrier. Also similar to the brain, under normal circumstances, spinal cord

blood flow (SCBF) is autoregulated to prevent changes in blood flow in the setting

of changes in blood pressure. Similar to traumatic brain injury, SCI results in a

disruption of both the blood-spinal cord barrier and autoregulation of SCBF (4,5).

Injuries to the spinal cord can occur through several mechanisms. Direct

force applied to one area of the spine in a rapid manner that causes hyper-

extension and translocation of one vertebral body over another can lead to cord

compression, such as with the face hitting the windshield during a motor vehicle

collision. Rotational force applied to the spine can result in contusion or tearing

injury to the cord, such as may occur in ejection from a motor vehicle collision.

Direct axial loading may cause a burst disruption of the vertebrae, which may

lead to a compression injury of the cord. Less common are distraction injuries,

such as with hanging. Penetrating trauma, such as with gunshots or stabbing,

may cause direct partial or complete disruption to the cord as well. The relative

flexibility of the cervical spine makes it a susceptible location for injury, so that,

the majority of acute SCIs are in the cervical spine (2). The stabilizing force of

the thoracic cage make mid-thoracic spine injuries less common, and their presence

should prompt the practitioner into looking for additional injuries that may be

related to a high-force impact. Complete disruptions or transsections, in which

all sensation and function below an injured level are lost, have poor prognosis.

However, incomplete lesions with some preserved function may indicate con-

tinuity of the underlying cord. Spinal shock, a transient sensorimotor deficit, may

present this way and has a much better prognosis. Spinal shock may or may not be

accompanied by neurogenic shock, a cardiovascular phenomenon characterized by

hypotension and bradycardia secondary to loss of sympathetic tone.

In all cases, the SCI will go though several phases. The primary anatomic

injury to the cord will be a result of the physical mechanism of injury. However,

several mechanisms of secondary injury can threaten the cord over the next hours

to days. One that is intuitively easy to understand—and relatively correctable—

is ischemia related to decreased SCBF. It may be related to systemic hypo-

tension, but hypoxemia and anemia may also contribute to an ischemic state in

the acute SCI setting. Venodilation may increase the blood volume in the cord,

increase the cord pressure, and contribute to ischemia as well (by decreasing

perfusion pressure, the difference between arterial and venous or spinal cord

pressure). Preservation of SCBF may become particularly problematic in the

setting of multisystem trauma, in which hemorrhage coupled with neurogenic

shock can rapidly lead to a reduction in perfusion to the cord and a worsening of

the cord injury. Secondary injury may also be related to the initiation of an

inflammatory cascade that results in the release of inflammatory mediators,

including but not limited to, tumor necrosis factor-a, IL-1b, and inducible nitric

oxide synthase. This inflammation can result in the disruption of normal regu-

lation of SCBF and in an increased permeability of the blood-spinal cord barrier

that leads to edema formation in the cord (6). Several therapeutic agents have

been investigated toward interfering with these mechanisms of secondary injury

and improving long-term outcome, with the most commonly used example being
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high-dose steroids (e.g., methylprednisolone) (7–9). Finally, the inflammatory

responses associated with ischemia may lead to tertiary injury from apoptosis,

which may manifest even up to weeks later. Death of interneurons may lead to

retrograde and anterograde neuronal degeneration over weeks to months. Interest-

ingly, high-dose steroid administration may also help to prevent these mechanisms

of tertiary injury (10,11).

PREOPERATIVE EVALUATION

Understanding the mechanism and extent of injury is critical prior to undertaking

surgical correction. As alluded to earlier, a high potential exists for associated

injuries with the SCI acquired in a traumatic setting. For example, the hypo-

volemia that could develop from occult abdominal bleeding secondary to liver

laceration may be difficult to diagnose intraoperatively but may have a profound

effect on the spinal cord perfusion and secondary injury. Timing of surgery has

been an area of controversy. A recent review suggested an improvement in

outcomes with early (<8 hours) decompression compared to delayed or non-

operative treatment, particularly for those with incomplete injury, and it is a safe

treatment option (12). However, decompressive surgery is only emergent in the

setting of bilateral locked facets with incomplete quadriplegia or in the setting of

neurologic deteriorization (13). Therefore, most patients have time to have a

complete evaluation and preparation for surgery.

History and physical examination should be performed to evaluate both the

extent of SCI and coexisting medical diseases. Complete sensory and motor

neurologic examination should be documented preoperatively. Particular atten-

tion should also be paid to the cardiovascular system, especially in the high

thoracic or cervical cord injury. The spinal cord sends sympathetic afferents to the

heart from T1–T4, to the vascular bed from T1–L2, and to the adrenal medulla

from T3–L3. Therefore, it is common for the patient with a cervical or high

thoracic cord injury to experience bradycardia and hypotension, manifesting as

neurogenic shock. The more severe the injury, the more likely the autonomic

system will be involved.

Pulmonary involvement may manifest (i) as respiratory compromise in

patients with any thoracic spine injury because of dysfunction of intercostal

muscles or (ii) as respiratory failure in an injury above C5, which affects the

phrenic nerves and thereby the diaphragmatic respiration. Acute pulmonary edema

may also occur and impair respiration from overaggressive hydration in the setting

of neurogenic shock. Coexisting injuries, such as aspiration, pneumothorax, or

pulmonary contusion, may all occur in the setting of trauma as well.

Laboratory analysis should at least include a complete blood count to

evaluate for anemia, as anemia has been correlated with the presence and severity

of acute SCI (14). Electrolyte and clotting analysis, as well as blood typing and

cross matching, may also be beneficial, particularly for multilevel or large pro-

cedures in which significant blood loss may be expected. An electrocardiogram is
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indicated for baseline evaluation. Benign elevation of the ST segments consistent

with early repolarization is common, particularly in injuries above T5, most likely

secondary to high vagal tone (15). Cardiac contusions in the setting of trauma

may also be suggested by electrocardiogram. Patients with multisystem injury

should have a chest X ray and may benefit from spiral CT scanning to evaluate

for associated traumatic injuries, such as pneumothorax, pulmonary contusion,

or splenic or liver lacerations.

OPERATIVE MANAGEMENT

Premedication

The choice of appropriate premedication will be dependent on the preoperative

state and comorbidities of the patient. If the patient with an isolated SCI is

completely alert and oriented and expresses anxiety about the impeding procedure,

judicious anxiolysis with midazolam may be indicated. In the setting of multi-

system trauma or decreased levels of consciousness related to intoxication or

traumatic brain injury, benzodiazepines may best be avoided to prevent both

respiratory depression and confusing the neurologic examination postoperatively.

Premedication with gastric antacids (sodium citrate), histamine blockers (ranitidine),

and promotility agents (metoclopramide) may be indicated, as gastric motility will

be impaired with cervical and high thoracic cord lesions (16).

Communication about preoperative antibiotics and neuroprotectants

should occur between the surgical and anesthesia teams. Preoperative antibiotics

should be administered less than an hour prior to skin incision. High-dose steroid

(methylprednisolone) therapy should be continued if started. If not yet started,

the preoperative period can be considered a time to reconsider whether steroids

or other potentially neuroprotective agents should be initiated. However, sub-

stantial controversy surrounds the use of high-dose steroids in the setting of SCI.

Methylprednisolone given for acute SCI has been demonstrated to lead to

significant neurologic improvement up to one year after injury if given within

eight hours after injury (9,17). On the other hand, positive studies have been

significantly criticized, and concerns have been raised regarding the increased

risk for infectious complications or myopathy (18). A survey of spine surgeons

revealed that, although 90% use a steroid protocol for acute SCI, only 24%

believe that it will improve outcomes (19).

Premedication with a vagolytic, either atropine or glycopyrrolate, should

be considered for patients with high thoracic or cervical injury. Lesions above

the level of T4 will cause a loss of sympathetic innervation to the heart, and the

remaining autonomic input will be parasympathetic. Thus, this stimulus that

would result in vagal stimulation, such as placement of an endotracheal tube,

may result in profound bradycardia or asystole (20). The incidence of life-

threatening bradycardia with vagal stimulation is greatest during the first two

weeks after injury (21). If a patient has been experiencing bradycardic episodes
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preoperatively, preparation for transvenous pacing should be considered, as

transcutaneous pacing can be unreliable (22).

Airway Management

Considerable controversy certainly surrounds the optimal methods of securing

the airway in the setting of SCI (23). Many patients with SCI who present for

surgical procedures will have already been intubated as part of their prehospital

or emergency department care. However, when faced with the necessity of

achieving intubation, the primary concerns relate to the emergency of intubation,

maintaining stability of unstable cervical spine segments, and operator skill.

First and foremost, airway patency and respiratory drive are necessary to

maintain oxygenation, and their compromise may lead to cardiac arrest and/or brain

death. Secondarily, the development of hypoxemia can contribute to furthering

the secondary injury of the at-risk spinal cord. Therefore, if it appears that the

patient is in danger of becoming hypoxic, either from respiratory distress from

the SCI or from other injuries sustained concurrently, the airway should be

controlled as soon as possible. If airway management is not otherwise antici-

pated to be difficult (e.g., no micrognathia, no retropharyngeal or neck hema-

tomas, normal mouth opening), the most expeditious means of securing the

airway is preferred. Rapid-sequence induction followed by direct laryngoscopy

is one option available. Manual in-line immobilization (MILI) has been found to

be effective at limiting the motion indicative of instability in a model of complete

ligamentous injury during orotracheal intubation with direct laryngoscopy and

superior to traction because of the potential for distraction injury with traction (24).

MILI in the setting of severe ligamentous injury and direct laryngoscopy is also

superior to collar immobilization, as there is less cervical displacement and

improved laryngeal view (25). Several retrospective case series have documented

success with the direct laryngoscopic technique after induction in the setting of

cervical spine injury, without progression of SCI attributed to intubation (23,26–32).

It is also worth noting that cricoid pressure was utilized as part of the rapid-sequence

induction for these series without evidence of complication.

In contrast, the patient who presents to the operating room with an isolated

SCI for nonemergent surgery may benefit from an awake intubation, with the

goal being to exclude intubation as a potential source of injury by allowing

examination of neurologic status before and after intubation and allowing

examination after positioning for surgery. In a survey of anesthesiologists given

the situation of intubating a patient with an unstable cervical spine injury, 78%

reported that they would perform an awake intubation (33). Awake intubation

may be accomplished using several approaches (blind nasal, nasal, or oral

fiberoptic being the most common). If awake intubation is chosen, local anes-

thetics should be used to improve patient tolerance, as coughing or gagging can

result in movement of an unstable spine. Topicalization can be accomplished via

many routes: nebulizer, atomizer, direct application via applicators or through
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the bronchoscope, or injection for nerve block. Sedation and systemic analgesics

should be given judiciously, as they may contribute to hypoxemia. Awake

intubation is not without risk. Laryngospasm with loss of airway has been

reported in patients with unstable cervical spine fractures who undergo awake

fiberoptic intubation (FOI) (34). One controlled study on awake FOI (not on SCI

patients) reported an 8% failure rate, with 11% of patients desaturating to less

than 90% during the attempt (35).

If induction is chosen, FOI may still be a useful option, as less neck

movement is associated with nasal FOI, compared to direct laryngoscopy,

esophageal combitube, intubating laryngeal mask airway, and conventional

laryngeal mask airway placement, even with MILI (36). Of note, mask venti-

lation produces a significant amount of neck motion in and of itself in the setting

of cervical spine injury (36,37). Operator skill is probably the most under-

considered factor. A survey of 1000 anesthesiologists demonstrated that only

59% reported they had skill with FOI, while 78% felt skilled at blind intubation

(38). Certainly, the argument is convincing for using a technique that the

practitioner feels comfortable accomplishing quickly and safely. At this time, no

series of cases in the setting of unstable cervical spine injury have been pub-

lished that demonstrate a convincing benefit of choosing an awake intubation

over induction and tracheal intubation using MILI.

Induction

The goal of the provider should be to maintain oxygen delivery and SCBF,

which can be a challenge in the setting of acute SCI. In a study of the response of

SCI patients to induction and intubation (39), it was found that catecholamine

levels and heart rate were lower in acute quadriplegic patients than in control

patients (no SCI) at baseline, after induction, and postintubation. In contrast,

acute paraplegic patients had higher baseline norepinephrine levels compared

with controls and comparable increases in heart rate and systolic arterial pressure

to controls. Furthermore, the norepinephrine and systolic arterial pressure

increases seen in response to intubation in both the controls and acute para-

plegics were abolished in acute quadriplegics. Hypotension (systemic arterial

pressure < 70% of baseline, or < 90 mmHg) occurred in 35% of acute quad-

riplegics, whereas hypertension (systemic arterial pressure > 130% of baseline,

or > 160 mmHg) occurred in 83% of acute paraplegics. Therefore, induction

agents should be cautiously dosed in patients with acute cervical SCI.

The optimal neuromuscular blocker to use with induction, if any, is not

clear. Extrajunctional nicotinic receptors begin to proliferate within hours of

denervation injury. However, in a study that examined denervations of a single

limb, hyperkalemia in response to succinylcholine did not occur until four days

after injury (40). No reports of fatal hyperkalemia in response to succinylcholine

have been reported in exposures prior to four days after an acquired injury.

Therefore, if neuromuscular blockers are to be used, succinylcholine may likely
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be used safely up to 72 hours post-SCI (41). Rocuronium is an alternative to

succinylcholine for rapid sequence induction without potential for development

of hyperkalemia; however, the intubating conditions may be inferior (42).

Avoidance of neuromuscular blockers should be considered another advantage

of awake intubation. Induction and intubation may also be performed without

any neuromuscular blockers. The practitioner should be cognizant of the potential

for hypotension with large doses of induction agents that may be necessary when

intubating without muscle relaxants.

Monitoring

Hemodynamic Monitoring and Management

As maintaining perfusion is critical in the acute SCI patient, a low threshold for

invasive monitoring should be considered. For the cervical SCI patient at risk for

neurogenic shock, an arterial line placed prior to sedation or induction can help

to identify the onset of hypotension more quickly and definitively intra-

operatively and may be used to guide management in the postoperative period as

well. Central venous pressure monitoring may be helpful in guiding fluid

replacement therapy, as well as providing access for administration of vaso-

pressors. Some authors have advocated goal-directed therapy (mean arterial

pressure > 85–90 mmHg) guided by pulmonary artery catheters to target

whether fluids or vasopressors are needed, and they suggest that outcomes may

be improved by this technique (43,44). The main benefit of this technique is the

avoidance of overvolume resuscitation and potential prevention of pulmonary

edema, while providing maximal cord perfusion. In addition, a pulmonary artery

catheter can help to distinguish between (i) the need for a vasopressor such as

phenylephrine or norepinephrine to increase systemic vascular resistance sec-

ondary to lack of sympathetic tone, and (ii) the need for an inotrope such as

dopamine or dobutamine from the lack of sympathetic tone to the heart. However,

numerous large studies on critically ill patients (not in the setting of SCI) have

failed to demonstrate any benefit of pulmonary artery catheterization on outcomes,

and they have demonstrated potentially more complications (45–47). Therefore,

routine pulmonary artery catheterization should be considered controversial

and cannot be recommended as a standard at this time. In the setting of a lower

thoracic or lumbar injury, with which less sympatholysis is seen, central venous

access may still be useful for guiding fluid therapy if an extensive procedure is to

be performed that has the potential for significant blood loss.

Hemodynamic goal targeting is one area in which intraoperative man-

agement of acute SCI is dramatically different from other types of spinal surgery.

Controlled hypotension using antihypertensive agents has for decades been a

successful technique for limiting blood loss during elective spine surgery.

However, in the setting of SCI and a loss of autoregulation of SCBF, as well as

potential ischemia, controlled hypotension is not recommended as a standard
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practice. As discussed above, mean arterial pressures should be targeted to at

least normal levels, based on preoperative blood pressure monitoring, in order to

ensure perfusion to the cord.

As of writing this chapter, little data exist regarding fluid management in

the setting of SCI, and the best strategy for replacement remains unknown.

Transfusion in the perioperative period is currently an area of controversy, as it

has the inherent risks of infection and transfusion reaction, as well as immu-

nomodulatory effects, the significance of which is still unclear. Although severe

anemia (hemoglobin of <6 g/dL) has been shown not to change evoked potential

transmission in healthy volunteers (48), the patient with SCI and inflammation

may be different. This level of anemia has been shown to increase the level of

cerebral cortical nitric oxide synthase, presumably as an attempt to vasodilate

and increase cerebral blood flow (49). If the injured spinal cord is unable to

autoregulate SCBF, it may have lost this compensatory mechanism of main-

taining oxygen delivery. Although no data support any specific recommendation,

rheologic properties maximize oxygen delivery at a hemoglobin level of approxi-

mately 10 g/dL, and transfusion may be indicated to maintain this level.

In animal studies, hypertonic saline administered after SCI reduces spinal

cord vascular resistance and preserves evoked potentials, compared to isotonic

saline (50,51). Although the use of hypertonic saline for SCI has not been studied

in humans, it may be an attractive choice for maintaining intravascular volume in

contrast to isotonic crystalloids. This is particularly true for the patient at risk

for pulmonary edema from overvigorous hydration in the setting of neurogenic

shock. One concern regarding use of hypertonic saline is the potential for

development of a hyperchloremic metabolic acidosis (52). Although it appears

that the acidosis is transient, the hypertonic saline may be prepared and delivered

as a 50% sodium chloride and 50% sodium acetate mix to reduce the total

chloride load and prevent development of hyperchloremic metabolic acidosis.

Neurologic Monitoring and Maintenance

Neuromonitoring of spinal cord integrity intraoperatively may be useful, par-

ticularly for those patients with incomplete injury who would be at risk for injury

progression. Monitoring may include somatosensory-evoked potentials (SSEPs)

and/or motor-evoked potentials (MEPs). As the sensory tracts are carried in the

posterior cord and motor tracts are carried in the anterior cord, both are often

monitored to assess cord integrity. As transcortical MEPs are very sensitive to

many of the commonly used anesthetics, consideration of neuromonitoring must

be anticipated when formulating an anesthetic plan.

Neuromuscular-blocking agents are incompatible with monitoring MEPs.

If neuromuscular blockers are used during induction on a patient who will have

MEP monitoring, they should not be redosed. If SSEPs alone are monitored,

neuromuscular blockers may be helpful to reduce movement artifact and back-

ground noise in the signal.
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The ideal maintenance agent for neuromonitoring is an area of continued

discussion. Potent inhalational agents (isoflurane, sevoflurane, desflurane) all

depress amplitude and increase latency of SSEPs and MEPs in a dose-dependent

fashion (53–55). Levels of more than 1 minimum alveolar concentration (MAC)

are likely to significantly impair the detection of MEPs. Although nitrous oxide

(N2O) seems to have little effect on latency (56), it also depresses amplitude of

SSEPs and MEPs and does so more effectively than isoflurane at equipotent

doses (57,58). Because of the potential interference with evoked-potential

monitoring, it may seem reasonable to try to minimize the amount of inhaled

agents used and utilize IV anesthetics instead. However, IV agents may also

affect SSEPs and MEPs. Propofol, in particular, increases latency and reduces

amplitude in a dose-dependent manner (59,60). Ketamine, etomidate, benzo-

diazepines, and opiates have less effect on evoked potentials (60). Even with

these effects, an anesthetic with either one-half MAC desflurane and two-thirds

MAC N2O or a propofol anesthetic is consistent with monitoring MEPs for

scoliosis surgery (61). If MEPs are consistently obtainable at the beginning of

surgery, it is not likely to matter which technique is used—inhalational or

intravenous—but the goal should be to minimize the usage of any particular

anesthetic agent. However, if MEPs are marginal at the start, the anesthetic tech-

nique should be converted to intravenous, with consideration of using etomidate

and/or ketamine to minimize the influence on neuromonitoring.

Degradation of MEP or SSEP signals may be because of several causes,

and not all are correlated with new neurologic deficits. Gradual decreases in

amplitude and increases in latency may be from cumulative effects of anesthesia

(62) or from the development of facial or scalp edema that reduces conductivity

of electrodes. This condition can usually be compensated for by changes in

monitoring parameters. However, in the presence of acute changes in amplitude

and latency, cord injury must be assumed to be the cause. Table 1 outlines steps

that may be taken if this situation is encountered.

Table 1 Interventions for the Acute Change in Somatosensory-evoked Potentials/

Motor-evoked Potentials

1. Ensure that surgical, anesthesia and neuromonitoring teams are all aware of the

change.

2. Pursue reversible anatomic causes, such as a surgical intervention, which may have

placed tension on the cord.

3. Adjust the positioning to relieve any pressure on the brachial plexus or ulnar nerve if

the change is limited to an upper extremity.

4. Adjust the FiO2 to 1.0.

5. Deliver vasopressors as needed to ensure that the mean arterial pressure is > 90–100

mmHg to improve cord perfusion.

6. Transfuse packed red blood cells if the hemoglobin is < 10 g/dL.
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Positioning

Several risks may be attributed to positioning. First, positioning may exacerbate

injury to the cord by movement of the unstable spine. If an awake intubation is

performed, positioning may take place with the patient’s assistance to avoid

movements that may induce cord injury. This ensures that no additional damage

to the cord occurs with positioning. Alternatively, baseline SSEPs and MEPs

may be taken after induction and prior to positioning to confirm that no change

in signals has occurred with positioning.

Second, prone positioning has the potential to cause neuropraxia secondary

to pressure on point of the brachial plexus. The chest supports should be low

enough on the pectoral region to avoid direct pressure on the infraclavicular or

axillary fossa, which will also prevent the chest roll from being high enough to

put pressure on the neck and reduce venous outflow from the head. The

shoulders should be at less than 908, and forearms should be positioned slightly

lower than the chest to avoid tension on the brachial plexus. SSEPs can help to

diagnose impeding brachial plexus injury from prone positioning, and if changes

in amplitude of the SSEPs are noted, repositioning often corrects the conduction

deficit (63).

Third, prone positioning during spinal surgery have been associated with

perioperative vision loss (64). The American Society of Anesthesiologists issued

a practice advisory in 2006; their recommendations are summarized in Table 2

(65). Positioning of the face should be done carefully, as pressure directly on the

eye can reduce blood flow and places the eye at risk for central retinal artery

occlusion. However, hypotension and anemia may place the eye at risk for

ischemic optic neuropathy, regardless of pressure on the eye. Risk is likely

greater with coexisting vascular disease, predisposing to lower flows (66).

Table 2 Recommendations from the ASA Practice Advisory on Perioperative Vision

Loss in Spine Surgery

1. Prolonged procedures and high blood loss procedures should be considered risk

factors, with the combination of the two being considered high risk.

2. Provide informed consent to patients about the small but real risk of perioperative

vision loss.

3. Colloids should be used to reduce the formation of facial edema in high blood loss

surgeries.

4. No specific transfusion threshold is supported by current data for preventing vision

loss.

5. Attention should be given to positioning, including keeping the head at or above the

level of the heart to reduce venous pressure in the eyes and maintaining neutral neck

and head position.

Source: From Ref. 65.
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Temperature

Hypothermia has long been used as a prophylactic measure to reduce ischemic

neuroinjury in cardiac and vascular surgery, but little evidence supports the use

of hypothermia in patients following SCI. A recent review identified 15 pub-

lications that investigated the potential role of hypothermia in traumatic SCI

(67). All studies reviewed were based on experimental injury models, as no

human studies have been done on the effects of either systemic or local hypo-

thermia in SCI. Neurologic injury may be partially mitigated by hypothermia in

experimental models of mild-to-moderate SCI; however, hypothermia has no

benefit for severe SCI. As always, caution should be applied when trying to

transfer evidence from experimental studies directly to the clinical setting. It is

also noteworthy that hypothermia will reduce amplitude, increase latency of

SSEPs, and, therefore, potentially mask a significant injury (68). In addition,

intraoperative hypothermia is known to contribute to the development of sur-

gical-site infection (69). Currently, hypothermia cannot be recommended as a

standard practice intraoperatively. However, hyperthermia has the potential to

increase metabolic demand and impair neurologic injury following ischemia, and

as it has no known intraoperative benefits, it should be avoided rigorously.

POSTOPERATIVE CONSIDERATIONS

Postoperative extubation may be considered for those patients who come to the

operating room extubated. However, several issues must be considered. First, a

cervical SCI that was below the level of C3–C5 preoperatively may have edema

formation and cranial progression of the injury significant enough to cause

respiratory compromise postoperatively. Second, cervical surgery may be

accompanied by soft tissue swelling so that even if a posterior approach is used,

anterior tracking of edema can cause some element of tracheal or upper airway

compromise. Third, prolonged prone positioning can lead to facial and upper

airway swelling even in thoracic or lumbar surgeries. Fourth, if the patient had

any element of difficult airway management preoperatively, this is only likely to

be enhanced postoperatively. In addition, fusion or fixation of the occiput-C1

and/or C1–C2 is likely to make reintubation extremely difficult. A cuff-leak test

may be performed to evaluate the extent of upper airway edema; however, if

there is significant concern, the conservative approach is to leave the patient’s

trachea intubated postoperatively and allow for controlled extubation in the

intensive care unit. Extubation of the presumed difficult airway should be per-

formed only with all necessary equipment for reintubation prepared. A useful

technique is to extubate over an airway-exchange catheter, leaving the catheter in

place. If reintubation is then required, it can be accomplished over the catheter.

Postoperative pain in the setting of SCI may be multifactorial, as the pain

will have both nociceptive and neuropathic components. Opiates are a mainstay

of treatment for nociceptive pain. Treatments aimed at neuropathic pain, such as
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gabapentin or pregabalin, may be effective in treating a component of pain in the

setting of SCI (70). Early consultation of an acute pain service may be beneficial.

CONCLUSION

The intraoperative management of patients with acute SCI aims to prevent

secondary injury to the injured spinal cord. Maintenance of adequate perfusion,

sufficient oxygen-carrying capacity, and normoxia are of paramount importance

for preventing spinal ischemia. Neurogenic shock and the reduction in sympa-

thetic tone are particularly concerning in the perioperative period, as they can

contribute to or cause significant morbidity. Prospective controlled research in

the perioperative setting is sparse, and more is necessary to delineate the optimal

hemodynamic goals, fluid management choices, and anesthetic and intra-

operative neuroprotective strategies. Until more scientific evidence is available,

empiric physiology and knowledge from experimental research may be carefully

translated to guide intraoperative decisions.
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INTRODUCTION

The field of spinal cord injury (SCI) has benefited from significant attention in

both the preclinical and clinical research arenas. The pathophysiology of this

condition has been extensively studied, and strategies aimed at neuroprotection,

neuroregeneration, and neuroaugmentation or rehabilitation have shown signifi-

cant promise and efficacy in animal models. The largest challenge, perhaps, has

been the translation of these results into human application. While several agents

(discussed below) have been subject to rigorous testing in human trials, none have

shown enough evidence to become standards of care. In the 2002 Guidelines for the

Management of Acute Cervical Spine and Spinal Cord Injury (1) published by the

American Association of Neurological Surgeons and Congress of Neurological

Surgeons Joint Section on Disorders of the Spine and Peripheral Nerves, two agents

were commented on specifically: methylprednisolone and GM-1 ganglioside. Both

were recommended as options for treatment in patients with acute SCI ‘‘without

demonstrated clinical benefit,’’ in the case of GM-1 ganglioside and with the

caveat that ‘‘the evidence suggesting harmful side effects is more consistent than

any suggestion of clinical benefit’’ in the case of methylprednisolone. Two other
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agents, tirilazad and naloxone, were felt to have been studied less extensively and

inadequately to warrant consideration in the guidelines.

Several possible reasons exist for the failure to translate promising animal

strategies to human therapies. Some strategies are difficult to apply in the human

without significant toxicity or morbidity and have not reached human studies

because of the lack of an adequate pharmacologic agent. Animal models are

generally very reproducible and consistent in the neurologic deficit produced and

in the extent of recovery seen. However, human SCI is characterized by sig-

nificant heterogeneity in mechanism of injury, level of injury, clinical syndrome,

and extent of recovery. This added variability significantly hinders the ability to

detect a beneficial effect of treatment. Furthermore, many models do not

duplicate human pathology and, thus, likely human pathophysiology adequately.

For instance, while mouse models have several advantages (including the rela-

tive ease of genetic manipulation), they lack the cavitation that is typically seen

after human SCI (2). Mechanisms identified in such models may not be as

significant in human SCI. Other models are desirable for studying specific

strategies; however, they do not represent common mechanisms of human SCI.

For example, transection models allow less ambiguous identification of regen-

erated axons, but spinal transection or even laceration is rarely seen in humans.

Most strategies can be expected to achieve only a modest improvement in neu-

rologic outcome, and almost certainly a multipronged therapeutic approach will

be necessary in the future in order to have significant functional impact. This,

together with the inherent variability in human SCI, necessitates large trials to

achieve adequate power to detect an effect. Such multicentered trials are difficult

and expensive to conduct. The outcome measures used in animals are different

from those used in humans, and those applicable in humans may lack sensitivity

in some patients (e.g., improvement of a few spinal segments in thoracic SCI will

not be apparent in lower extremity motor recovery, often a key component of

outcome instruments). Finally, the window of opportunity for application of an

intervention almost certainly differs between human and other species. Adequate

biomarkers to correlate the timing of pathologic events between species and to

guide the selection of a comparable therapeutic window are generally lacking.

In spite of these and other such challenges, several pharmacologic agents

have been evaluated in controlled human studies and will be reviewed in this

chapter. All of the human randomized controlled trials of pharmacotherapy are

summarized in Table 1, with other studies included in the discussion. The wealth

of animal studies that have not reached clinical investigation are beyond the scope

of this discussion. Likewise, treatment strategies aimed at neuroaugmentation and

neuroregeneration in the chronic phase of SCI will not be discussed.

METHYLPREDNISOLONE AND OTHER CORTICOSTEROIDS

Steroids, in various forms, have been used in the treatment of SCI for many

years; however, their role became more rigorously considered following publi-

cation of the National Acute Spinal Cord Injury Study (NASCIS) II. Initial
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enthusiasm for an apparent positive effect of methylprednisolone in SCI has not

stood up to the extensive scrutiny that ensued (3–6). In spite of significant

criticism, this medication continues to be used by many, and a 2002 study

Table 1 Human Clinical Trials in Spinal Cord Injury

Author Year Design Agent

Reported

result

Methylprednisolone and other corticosteroids

Bracken et al.

(NASCIS I)

1984 Prospective, randomized,

double-blinded

Methylprednisolone Negative

Bracken et al.

(NASCIS II)

1990

1992

Prospective, randomized,

double-blinded

Methylprednisolone Positive

Bracken et al.

(NASCIS III)

1997

1998

Prospective, randomized,

double-blinded

Methylprednisolone Positive

Otani et al. 1994 Prospective, randomized,

no blinding

Methylprednisolone Positive

Pointillart et al. 2000 Prospective, randomized,

blinded

Methylprednisolone Negative

Kiwerski 1993 Retrospective, concurrent

case controlled

Dexamethasone Positive

Gangliosides

Geisler et al. 1991 Prospective, randomized,

double-blinded

GM-1 Gangliocyde Positive

Geisler et al. 2001 Prospective, randomized,

double-blinded

GM-1 Gangliocyde Negative

Opiod antagonists

Bracken et al.

(NASCIS II)

1990

1992

Prospective, randomized,

double-blinded

Naloxone Negative

Flamm et al. 1985 Prospective feasibility/

safety study

Naloxone N/A

Pitts et al. 1995 Prospective, randomized,

double-blinded

Thyrotropin-

releasing hormone

Positive

Excitatory amino acid antagonists

Tadie et al. 1999 Prospective, randomized,

double-blinded

Gacyclidine Negative

Calcium channel blockers

Pointillart et al. 2000 Prospective, randomized,

double-blinded

Nimodipine Negative

Antioxidants and free radical scavengers

Bracken et al.

(NASCIS III)

1997

1998

Prospective, randomized,

double-blinded

Tirilazad Positive

suggested that most practitioners prescribe it because of peer pressure or fear of

litigation rather than a firm belief that it is indeed efficacious (7).
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The first NASCIS study which compared low- and high-dose methyl-

prednisolone did not include a placebo group and failed to demonstrate a dif-

ference between the doses tested (8). It was followed by a randomized controlled

trial that compared a 24-hour protocol to placebo in NASCIS II (9,10). The dose

selected in NASCIS II was higher than that of the original study because of

further animal work that suggested a therapeutic threshold of 30 mg/kg (10).

NASCIS II concluded that improved neurologic recovery was seen when the

methylprednisolone treatment protocol was initiated within 8 hours of injury.

That study was followed by NASCIS III, which compared patients who were

randomized to the 24-hour NASCIS II protocol to those randomized to a 48-hour

protocol (11,12). That study concluded that patients in whom therapy is initiated

within three hours do not gain any benefit from extending treatment to 48 hours,

while those in whom therapy is initiated between three hours and eight hours do

benefit further. No benefit had been shown in NASCIS II if therapy was initiated

beyond eight hours.

Both the NASCIS II and NASCIS III trials were well designed and executed.

However, closer scrutiny reveals that the primary analyses of methylprednisolone

treatment effect were negative in both studies. The stated conclusions were based

on post hoc analyses, which suggested minor treatment effects on motor scores at

one year and when therapy was initiated in the eight- and three to eight-hour

windows identified in NASCIS II and III, respectively. Statistical probability was

slightly greater than 0.05 for one-year motor scores in the NASCIS III 48-hour

steroid group. None of the sensory scores were different between treatment groups

in either study. Several concerns have arisen regarding the post hoc analyses of

NASCIS II and III. The left-sided motor scores were not published but were

reported to be ‘‘similar’’ to right-sided scores. Thus, half of the available data was

excluded. The statistical analyses failed to correct for multiple statistical com-

parisons, and it is unclear if the repeated measures design was considered. More

than 65 methylprednisolone-related t-tests were performed in NASCIS II, and

more than 100 were performed in NASCIS III representing a high likelihood of

type I error (erroneously detecting a statistical difference that does not exist)

through random chance. The rationale for an 8-hour subanalysis (NASCIS II) is

unclear. It has been claimed that this subgroup was selected on the basis of median

time to treatment. However, by definition, 50% of patients should have initiated

treatment before the median time of treatment initiation. In fact, only 38% of

patients (183 of 487) were included in this post hoc analysis. The justification for

the three- and eight-hour windows in NASCIS III is similarly obscure. Finally, the

outcomes lacked an assessment of function recovery meaningful to the patient’s

expected activities.

In addition to the NASCIS studies, a prospective randomized trial was

published that investigated the NASCIS II methylprednisolone dosing protocol

(13). The investigators were not blinded to treatment, and the control group was

allowed to receive alternate steroids at the physicians’ discretion. Of 158 patients

entered, 117 were analyzed. The primary outcome measures [American Spinal
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Injury Association (ASIA) motor and sensory scores] were not different between

treatment groups. Post hoc analyses suggested that more patients improved on

the NASCIS II steroid regimen compared to controls. However, for a greater

number of steroid-treated patients to improve, the fewer control patients who

also improved must have demonstrated a larger magnitude of recovery (as

overall ASIA motor and sensory scores were no different between groups). Thus,

such post hoc analyses become difficult to interpret in the face of a negative

overall effect.

A retrospective study with concurrent case controls also suggested a

benefit with corticosteroid administration (14). This study investigated the use of

dexamethasone initiated within 24 hours of injury, with the specific dose left to

the discretion of the attending physicians. Length of follow-up was not specified,

and a new but unvalidated neurologic grading system was used for outcome

assessment. This study reported that the percentage of patients improved was

significantly higher in the methylprednisolone-treated group. However, a much

higher mortality rate was found within the control group, suggesting a selection

bias to more severely injured patients in the control arm. The magnitude of the

mortality rate is also a concern and suggests that the study population may not be

representative and that the results are not generalizable.

A randomized controlled trial designed to examine the potential therapeutic

benefit of nimodipine (a calcium channel antagonist, discussed below) included an

NASCIS II methylprednisolone regimen as well as a placebo group (15). This study,

which included approximately 25 patients in each group, failed to show any

difference between any of the four groups (placebo, nimodipine, and methyl-

prednisolone plus nimodipine) using ASIA scores and ASIA grade outcomes.

However, this study was remarkable for an increase in infectious complications in

the methylprednisolone group.

In summary, while well-designed and well-executed studies have been

performed, they have failed to convincingly demonstrate a beneficial effect of

methylprednisolone or other corticosteroids in the management of SCI. Post hoc

analyses have been used to argue a small effect on motor function in three

randomized trials. However, all these analyses contain significant flaws, ren-

dering conclusions of efficacy dubious. These observations have led two national

organizations to publish guidelines that recommend methylprednisolone

administration as a treatment option rather than as a standard of care or rec-

ommended treatment (1,16). It must also be recognized that corticosteroid

administration comes with increased risk of several adverse events, including

pneumonia, sepsis, and steroid-induced myopathy, all of which may negatively

impact outcome in SCI patients, potentially overshadowing any unproven ben-

eficial effect (17). In addition, the Corticosteroid Randomisation After Signifi-

cant Head Injury (CRASH) trial, which investigated the use of a corticosteroid

regimen similar to that used in NASCIS III in the setting of closed-head injury

demonstrated increased mortality with steroid use in that population (18). The

possibility of an elevated mortality risk in SCI patients must also be recognized.
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GANGLIOSIDES

Gangliosides are sialic acid-containing glycosphingolipids that are found in

high concentration in the outer cell membranes of central nervous system

cells, especially in the vicinity of synapses. Although their exact function is

unknown, they appear to play a role in neural development and plasticity. The

proposed mechanisms of action of exogenously administered gangliosides

include anti-excitotoxic activities, prevention of apoptosis, augmentation

of neurite outgrowth, and induction of neuronal sprouting and regeneration

(19–22).

GM-1 ganglioside has been the subject of two human studies. The first

study was a randomized placebo-controlled trial of 37 patients (23). Patients

were administered 100 mg of IV GM-1 ganglioside or placebo daily for 18 to

32 days, starting within 72 hours of injury. In addition, all patients received

methylprednisolone for 72 hours. A significant difference was seen between

groups, as analyzed using change in Frankel grades and mean ASIA motor score

from baseline at one year. Furthermore, the improved recovery in the GM-1-treated

group was attributed to recovery of useful strength in the initially paralyzed muscle

groups, rather than to strengthening of paretic muscles. No adverse events attrib-

utable to the study drug were reported.

Based on the encouraging results of the first trial, a larger prospective,

multicentered, double-blinded, randomized trial of GM-1 ganglioside in SCI

patients was initiated (24). All the 797 patients enrolled received NASCIS II

protocol methylprednisolone and were randomized to placebo, low-dose GM-1

(300 mg loading dose, then 100 mg/day for 56 days), and high-dose GM-1

(600 mg loading dose, then 200 mg/day for 56 days), starting at completion of

the 23-hour methylprednisolone infusion. The primary outcome assessed was

the proportion of patients who improved two or more grades from baseline

using the modified Benzel score at 26 weeks. Secondary outcomes included

timing of recovery, ASIA motor and sensory evaluations, relative and absolute

sensory levels of impairment, and assessments of bladder and bowel function.

The high-dose regimen was discontinued after 180 patients when an interim

assessment revealed a trend toward increased mortality. At the end of the study,

in 760 patients, the authors found no significant difference in mortality between

the groups and no significant difference in the primary outcome. However, the

authors also reported a large, consistent, and at some points, significant effect

in the primary outcome in the subgroup of nonoperated patients. The ASIA

motor, light touch, and pinprick scores showed a consistent trend in favor of

GM-1, as did bladder function, bowel function sacral sensation, and anal

contraction.

In summary, these studies provide suggestive but not conclusive evidence of

a positive effect on neurologic recovery after SCI with administration of GM-1

ganglioside.
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OPIATE ANTAGONISTS

Vasospasm, posttraumatic ischemia, and infarction are known contributors to the

pathophysiology of SCI (25). In addition, human SCI may occur in the setting of

polytrauma and spinal shock syndromes, which contribute to the ischemic path-

ophysiology. Opiate receptor antagonists and physiologic opiate antagonists

improve blood pressure and survival following traumatic shock (26). In addition,

endogenous opioid peptides are released in the spinal cord after SCI (27,28).

Dynorphin decreases microcirculatory blood flow in the spinal cord and may

contribute directly to neurotoxicity, possibly through the NMDA receptor (29–31).

Opiate antagonists may thus be useful in maintaining circulation and in preventing

some neurotoxicity. Of these, nalmefene, naloxone, and thyrotropin-releasing

hormone (TRH) are neuroprotective in animal models (27,32–42). The latter two

have been studied in humans.

Naloxone was administered as one of the treatment arms in NASCIS II

(10) and was therefore compared to methylprednisolone and placebo treatment.

Comparison of naloxone (5.4 mg/kg bolus, followed by a 23-hour, 4.0-mg/kg/hr

infusion) and placebo failed to demonstrate a therapeutic benefit (9,10). Post hoc

analysis suggested an effect on long tract recovery when naloxone was started

within eight hours of injury, which may warrant further study (43).

In a dose escalation phase 1 study of naloxone in SCI, 20 patients received

a 0.14- to 1.43-mg/kg loading dose, followed by 20% of loading, 47-hour

infusion (low dose), and 9 patients received a 2.7- to 5.4-mg/kg loading dose,

followed by 75% of loading, 23-hour infusion (high dose) (44). More patients in

the low-dose group had complete injuries (85% vs. 44%) and initiated their

treatment later (average 12.9 hours vs. 6.6 hours). No improvement in neurologic

exam or somatosensory-evoked potentials was seen with the low-dose regimen,

but in the high-dose group, a small number of patients demonstrated sustained

improvement of both. The observed improvements were encouraging, but this

study was not designed to examine efficacy. The authors were able to show that

the high doses of naloxone that were required to achieve consistency with animal

data in SCI were tolerated clinically with minimal side effects.

In one human study of TRH, 20 SCI patients were administered a 0.2-mg/kg

bolus followed by a 0.2-mg/kg/hr, 6-hour infusion or placebo within 12 hours of

injury (45). No discernible treatment effect was found in 6 patients with complete

injuries, while in 11 incompletely injured patients, TRH treatment was associated

with significantly higher motor, sensory recovery, and Sunnybrook cord injury

scale scores at four months. While this is a small study and should be interpreted

cautiously, it was nonetheless positive. Unfortunately, it has not as yet been

replicated (17).

In summary, to date, three human studies have provided positive evidence

that likely deserves further study. Definitive efficacy studies remain lacking,

although one small randomized trial was positive.
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EXCITATORY AMINO ACID RECEPTOR ANTAGONISTS

Receptor-mediated excitotoxicity of neurons and glia is a well-recognized sec-

ondary injury mechanism following neural injury (46–52). Inhibition of excito-

toxicity in animal models of SCI results in improved behavioral and histologic

outcomes (48,53,54). However, the rise in excitatory amino acids after SCI

occurs early and is transient (likely complete within 2 hours), suggesting that the

therapeutic window is small (46).

To date, one human SCI study has been performed using the NMDA

(N-methyl-D-aspartate) ionotropic glutamate receptor antagonist gacyclidine

(55). The 272 enrolled patients were randomized into four groups (0.005 mg/kg,

0.01 mg/kg, or 0.02 mg/kg gacyclidine or placebo). The doses selected were

similar to those used in a safety and efficacy trial in patients with traumatic brain

injury (56). Gacyclidine was administered twice, first within two hours of injury,

followed by another administration four hours later. While the one-month data

showed a nonsignificant trend to better outcome in the high-dose group, no

significant differences in ASIA or FIM scores were observed at one year (17,55).

Thus, strong animal data suggest that inhibition of posttraumatic excito-

toxicity is likely to be efficacious in the treatment of SCI; however, the therapeutic

window may be very short. A single human study to date did not show efficacy.

CALCIUM CHANNEL BLOCKERS

Dysregulation of calcium homeostasis and cytoplasmic calcium-mediated events

are common to many pathways leading to cell death (57). Calcium channel

blockers may ameliorate calcium fluxes, decreasing cell death. They may also

affect vascular smooth muscle and decrease vasospasm. In animal SCI models,

calcium channel blockade is neuroprotective (58–61) and increases posttraumatic

spinal blood flow (62,63). In a single, human, randomized placebo-controlled

trial of the calcium-channel blocker nimodipine, 106 SCI patients were admin-

istered methylprednisolone (NASCIS II protocol), nimodipine (0.015 mg/kg/hr

for 2 hours, followed by 0.03 mg/kg/hr for 7 days), both agents, or placebo

(15,64). No difference in blinded neurologic recovery (ASIA score and grade)

was found among these groups at one year.

Thus, cellular calcium fluxes are thought to be key regulators of cell death

after neural trauma, and calcium channel inhibition in animal studies has proven

neuroprotective. However, to date, a single study failed to reproduce this finding

in humans.

ANTIOXIDANTS AND FREE RADICAL SCAVENGERS

Following neural trauma, free radical-mediated macromolecule peroxidation

may lead to cell death (65). Several conditions following SCI promote increased

formation of free radicals, and ample animal evidence suggests that this is a

significant targetable secondary injury event after SCI (66–73).
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Tirilazad mesylate is thought to act through inhibition of iron-dependent

lipid peroxidation. The NASCIS III study included a 166-patient tirilazad group

(2.5 mg/kg bolus infusion every six hours for 48 hours, administered after a

30-mg/kg methylprednisolone bolus) (74). This study showed no difference in

motor recovery compared to 24-hour methylprednisolone treatment (11,12).

Given the lack of convincing evidence regarding the role of methylprednisolone

(as discussed above), this study does not provide evidence that tirilazad is

effective in human SCI. In addition, while the predominant mechanism of action

of methylprednisone is unclear, it is thought to include inhibition of peroxidation

reactions (methylprednisolone is discussed in detail above).

In summary, the human data on methylprednisolone and tirilazad mesylate,

which are believed to decrease peroxidation, do not support their use in the

treatment of SCI.

CONCLUSION

A wealth of interest in the pathophysiology of SCI has identified many potential

therapeutic targets in animal models. Of these, several have come to high-quality

human investigations. Unfortunately, none have been proven effective in humans.

Several challenges exist when translating successful strategies from animal models

to human studies. However, several groups have now demonstrated an ability to

coordinate and execute large trials that are well designed.

Currently, several human trials are ongoing that will add to an already

interesting, although largely disappointing, human literature in SCI, which to date,

has not established any clearly effective therapeutic options. These trials include

investigations of minocycline (a tetracycline derivative that may affect several

secondary injury mechanisms, including apoptotic cell death and inflammation),

cethrin (75) (an Rho antagonist that is believed to promote axonal regeneration),

anti-Nogo-A antiserum (17) (Nogo A is a myelin-associated inhibitor of central

nervous system axonal regeneration), and autologous activated macrophages (76)

(thought to act through elaboration of growth factors and modulation of the

inflammatory response). In addition, interest is significant in stem cell, Schwann

cell, and olfactory unsheathing glia transplantation therapies, all of which are

involved in ongoing human investigations (17).
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INTRODUCTION

Pediatric spine injury is a preventable epidemic with an incidence of 10–50 cases

per million children annually (1–3). Children represent less than 10% of spinal

injuries seen in emergency departments, while spine fractures represent 1% to

2% of all pediatric fractures (4,5). Over the span of a year, a large medical center

can expect to see approximately 57 pediatric spine injuries (6). The cost to

society, both financially and physically, is substantial. Children form a cohort of

victims with unique anatomy, pathogenesis, and recovery. Insight into these

aspects should facilitate prevention, care, and rehabilitation.

The most commonly reported data regarding pediatric spinal cord injury

(SCI) quotes an incidence of 18 per million children per year, resulting in

approximately 1300 cases annually (7). The most recent data, reported in 2006,

substantiate these numbers, stating that 20 of every million children will experi-

ence SCI (8). The data may be misleading, as an estimated 50% of children who

suffer from SCI in association with multisystem trauma die prior to hospitaliza-

tion. An additional 20% die after admission to a hospital (9). The expense of
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caring for these children is estimated to reach $300,000 in the acute setting, with a

subsequent annual expense of approximately $50,000 (10). Considering that these

figures were derived in 1985, the current cost likely greatly exceeds these sums.

The mechanism of injury varies by age group (Table 1). Younger children

(aged 0–8 years) are most often injured by falls or as pedestrians involved in

vehicular trauma. Older children (ages > 8 years) are often injured as passengers

in motor vehicle crashes or during sports and recreational activities (4). Cervical

injuries predominate, followed by lumbar and thoracic injuries with near

equivalent incidence (4,5). In particular, injuries of C1–C2 and the cranioverte-

bral junction predominate in younger children, while subaxial injuries comprise

the most common location in older children (11). Younger children more

commonly suffer spinal column injury without fracture (12). Approximately half

of children will present without evidence of SCI, with younger children more

likely to incur neurologic deficit (5). Males have a greater incidence of spinal

injury, a statistic that is skewed by adolescent males taking part in more

aggressive sports and activities.

PEDIATRIC SPINE ANATOMY

An understanding of pediatric spinal anatomy is essential to grasp the unique

injuries and age distribution. The more horizontal orientation of pediatric facet

joints (Fig. 1) allows translational motion in the anteroposterior plane and

facilitates excessive flexion, extension, and rotation. Greater elasticity of the

interspinous ligaments, facet joint capsules, and cartilaginous end plates allows

hypermobility. While predisposing to injury, this laxity also allows the recoil of

dislocated anatomy back into anatomic alignment. Weaker paraspinal muscles

and the larger inertial mass of the head in relation to the body, with a fulcrum of

movement at C2–C3 rather than at C5–C6 contribute to an increased risk of upper

cervical spine, and particularly atlantoaxial, injury (13). The uncinate process,

which normally restricts lateral and rotational movement between adjacent

vertebral bodies, is usually absent in children younger than 10 years. In addition,

Table 1 Mechanism of Injury Among Age Groups, Total ¼ 137 Patients

Injury 0–9 y 10–14 y 15–17 y Total

MVA 18(13%) 25(18%) 36(26%) 79(58%)

Fall 8(6%) 8(6%) 4(3%) 20(15%)

Sports 0 5(4%) 5(4%) 10(7%)

Pedestrian 5(4%) 4(3%) 3(2%) 12(9%)

Diving 0 2(1%) 2(1%) 4(3%)

Gunshot 2(1%) 2(1%) 0 4(3%)

Other 3(2%) 3(2%) 2(1%) 8(6%)

Abbreviation: MVA, motor vehicle accident.

Source: From Ref. 89.
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incomplete ossification of the superior vertebral body end plates creates anterior

wedging that facilitates spondylolisthesis, often referred to as pseudosubluxation

when occurring in a normal pediatric spine (Fig. 1).

The complexity of pediatric anatomy can lead to misinterpretation of radi-

ography. In particular, the preossified skeleton and joint laxity allow a significant

incidence of false-positive interpretations. Careful review of films read by a

radiologist have shown error rates of 24% and 15% for children younger than

9 years and older than 8 years, respectively (14). Predisposing factors to mis-

interpretations include unfamiliarity of pediatric spine anatomy, the inability to

Figure 1 Lateral cervical x-ray of a 3-year-old child. The anterior vertebral body line is

drawn to highlight the pseudosubluxation of C2 on C3. The line of Swischuk has been

drawn to show normal alignment of the C1–C3 spinous processes. Also note the relatively

horizontal orientation of the facet joint and the rounded corners of the vertebral bodies

consistent with anterior wedging.
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recognize normal spine variants, and suboptimal imaging. The craniovertebral

junction was the most common site of misinterpretation. One typical variant is

known as pseudospreading or the normal lateral overriding of C1 on C2. The sum

of the bilateral overhang may be up to 6 mm in children up to age 7 years (15).

Pseudosubluxation is the most common false-positive finding on pediatric lateral

films (Fig. 1). Up to 40% of children younger than 8 years will display anterior

spondylolisthesis occurring at C2–C3, with 14% exhibiting C3–C4 subluxation (16).

Pseudosubluxation should not be present after age 14 years. Anterior wedging of

the C3–C5 vertebrae, which can mimic compression fractures, is normal in children

up to age 14 years because of the encircling ring apophysis (Fig. 1).

The ossification centers of the developing spine may be mistaken for

fractures. Knowledge of their location is integral to avoid misdiagnosis of

traumatic pathology (Fig. 2). C1 and C3–C7 share three common ossification

centers that connect the body and two neural arches. The arches fuse to the body

Figure 2 Schematic representation of the developmental ossification centers in the pedi-

atric cervical spine. (A) C1 has three synchondroses connecting the two lateral arches with

the central body. (B) C2 has four synchondroses connecting two lateral arches with the body

and dens. (C) C3–C7 has three synchondroses, similar to C1. Source: From Ref. 17.
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by age 6 years, and the posterior arch fuses by age 3 years. The C2 vertebra

develops from four ossification centers, incorporating a body, odontoid, and two

neural arches. The most commonly misinterpreted ossification center, the neu-

rocentral synchondrosis between the dens and body, remains radiolucent in all

children up to age 4 years and in half of children up to age 11 years (Fig. 3).

Fusion of the posterior C2 synchondrosis occurs between ages 2 and 3 years,

while the arch-body synchondroses fuse by age 6 years (15). The atlanto-dens

interval (ADI), which acts as a surrogate measure of C1–C2 stability, relies on the

transverse and alar ligament to maintain a distance of 3 mm or less in adults.

This interval can be up to 5 mm in children (17). Overriding of the anterior arch

of the atlas on the dens can be seen in 20% of normal children (18). Finally, loss

of lordosis can be normal in children up to age 16 years when the neck is in a

neutral position.

The pediatric spine is a dynamic entity, continuously evolving. The infant

spine (ages 0–2 years) can display all of the above characteristics. Between the

ages of 2 and 14 years, the musculature develops, the head:body ratio reduces,

the torso elongates and matures, and the bones ossify. The upper cervical spine

reaches its maturity around ages 8 to 10 years, while the subaxial spine devel-

opment is usually completed by age 14 years (19). The entire spinal column

reaches physiologic maturity by ages 15 to 16 years, at which time injury pat-

terns begin to mimic those of adults.

DIAGNOSIS AND TRIAGE

A low threshold of suspicion for pediatric spine injury will enable early diag-

nosis and facilitate appropriate triage and immobilization on the scene. Of note,

the greater head:body ratio in children younger than 8 years will force the

Figure 3 Os odontoideum. Also note the radiolucent basal odontoid synchondrosis.

(A) Lateral cervical x-ray. (B) Cervical CT with sagittal reconstruction.
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cervical spine into flexion when a child is placed supine on a uniformly flat

board (20). This position may compromise the airway, exacerbate injury, or

mimic a loss of lordosis in an otherwise normal cervical spine. This condition

requires elevation of the body (* 2.5 cm) in relation to the head during transport.

The goal should be to align the external auditory meatus with the shoulders. One

must remember that the incidence of multiple, noncontiguous spine injuries

range from 11% to 16% (4,12). Concomitant systemic injury has been reported

in up to 37% of patients, while head injury has been noted in 30% to 66% of

patients with spine injury (21).

Management of pediatric SCI begins with early recognition and immobi-

lization followed by appropriate specialized care to prevent secondary insults or

injury. Specialized pediatric trauma centers with access to SCI specialists are

recommended as the initial destination from the site of injury. Continuous

monitoring and a high suspicion for associated injuries are paramount to avoid

exacerbation of noted or occult injuries. Spinal injury may facilitate hypo-

ventilation and hypoxemia because of the loss of motor and sympathetic tone.

The clinician should have a low threshold for early intubation and even

tracheotomy. Fiberoptic intubation to prevent excessive cervical extension is

recommended when clinically feasible (22).

Initial Imaging

The guidelines for the management of acute cervical spine and SCI state that in

children who have suffered trauma and have a distracting injury or pain an

anteroposterior and lateral x-ray of the cervical spine should be obtained.

Conspicuously absent is the mention of open-mouthodontoid views. Considering

the difficulty in obtaining these views in children younger than 9 years combined

with the low sensitivity of these images in detecting injury from the occiput to

C3, some experts recommend eliminating their routine use (23,24). However,

one might reconsider foregoing the standard three-view series, as the false-

negative value for a single cross-table lateral x-ray at ruling out fracture is 21%

to 26% (25). A compromise voiced by Swischuk recommends abandoning the

open-mouth view after one or two attempts if the lateral film is normal (26).

Anteroposterior and lateral x-rays of the thoracolumbar spine should be obtained

on the basis of injury, exam, and the clinician’s judgment.

Routine x-rays must often be supplemented with a fine-cut CT to evaluate

the occiput-to-C2 region. Furthermore, a CT should be obtained in all instances

of suspected injury on plain films or to supplement questionable or inadequate

x-rays at any level. Flexion-extension views may be necessary to rule out liga-

mentous instability in a patient with neck pain and no evidence of osseous injury.

Muscle spasm and pain may limit adequate movement, necessitating placement

in a cervical collar, with repeat flexion-extension views in the following weeks.

These dynamic studies can be performed with the aid of fluoroscopy and
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neurophysiologic monitoring in patients who cannot limit their movement on the

basis of pain, such as very young, uncooperative, distracted, or comatose chil-

dren (27). A greater reliance on MRI has burgeoned from the superior diagnostic

capability regarding ligamentous or neural injury, absence of ionizing radiation,

and avoidance of passive flexion or extension of the cervical spine that is nec-

essary under fluoroscopy. In particular, for the pediatric population, diffusion-

weighted imaging may be more sensitive for the diagnosis and prognosis of SCI

without radiographic evidence of abnormality (SCIWORA), as hyperintensity of

diffusion-weighted imaging may be observed in the absence of T2 signal change

within the spinal cord (28). However, even MRI lacks the sensitivity to detect all

SCIs. Up to 35% of patients with a persistent neurologic deficit can have a

normal MRI. Electrophysiologic studies or somatosensory-evoked potentials are

other diagnostic tests that can detect SCI, with a sensitivity of 88%. It is essential

to note that 12% to 15% of children with definitive signs and symptoms of SCI

can present with no evidence of SCI by imaging or electrophysiologic criteria,

highlighting the continued importance of a meticulous neurologic examination.

Of note, certain congenital diseases may predispose children to inherently

unstable spinal anatomy because of a combination of joint laxity and bony

abnormalities. Down syndrome confers a 10% to 40% incidence of atlantoaxial

and occipitocervical instability (29). The Klippel-Feil syndrome, basilar inva-

gination, and Chiari malformation are but a few disease entities with well known

accompanying spine pathology. The presence of these syndromes should raise

the suspicion of injury in patients who suffer even minor trauma. These syn-

dromes may also affect decisions regarding surgery, given the likelihood of

incipient instability.

Excluding Cervical Instability

A protocol for the clearance of the pediatric cervical spine after trauma was

developed and prospectively validated in 3065 children (30). By implementing

these National Emergency X Radiography Utilization Study (NEXUS) criteria in

communicating children who were aged 3 years or more, two or three plain-view

films +/– flexion-extension views were used to successfully clear 68% of 746

pediatric cervical spines with no late or missed injuries (Fig. 4) (31). Certain

accepted radiographic standards can be used to exclude cervical instability.

Intervertebral angulation greater than 78 at all ages, C2–C4 anterior subluxation

greater than 4.5 mm in children younger than 8 years, and anterior subluxation

greater than 3.5 mm in children older than 8 years are all considered signs of

ligamentous injury (32). A line can also be drawn that connects the anterior aspect

of the posterior arch of C1 and C3, referred to as the line of Swischuk (Fig. 1). This

line should touch or lie within 1 mm of the C2 posterior arch. In the presence of

anterior wedge compression fractures, greater than 158 of vertebral body angu-

lation is considered unstable.
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SPINAL COLUMN INJURY

Cervical spine injuries predominate in the pediatric age group, comprising well

over half of all spine trauma. A review of more than 75,000 injured children over

a 10-year period revealed a 1.5% incidence of cervical spine injury (33). Upper

cervical spine injury (C1–4) was almost twice as common, overall, although

lower cervical spine injury predominated in children who were older than

8 years, comprising 85% of the injured levels in this age group (Tables 2 and 3)

(34). The 83% of patients who presented with bony injury exhibited fractures

(67%), dislocations (27%), or both (6%).

Figure 4 Algorithm for clearing the pediatric cervical spine after trauma. Neurosurgery

consult denotes triage based on the clinicians judgment. Source: From Ref. 31.
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Craniovertebral Junction

Atlanto-occipital dislocation constitutes an avulsion of the ligamentous attach-

ments between the occiput and atlas (Fig. 5). The infantile craniovertebral junction

may be particularly susceptible to this injury because of an inherently unstable

atlanto-occipital joint. Predisposing anatomic factors include a relatively small C1

arch in relation to the larger foramen magnum, a lax condylar capsule with flat

articulating surfaces, and redundant atlanto-occipital ligaments (35). Imaging

findings include a powers ratio (the distance from the basion to the posterior arch

of C1 divided by the distance from the opisthion to the anterior arch of C1) greater

than 1, greater than 10 mm between the dens and basion, or subarachnoid hem-

orrhage at the level of the cervicomedullary junction (36). Quadriparesis and apnea

should alert physicians to this diagnosis. Halo immobilization or occipital-cervical

fusion should be performed as soon as medically feasible, usually spanning from

the occiput to C2 or C3. Atlanto-occipital dislocation was classically considered a

fatal injury, with the highest mortality rate (48%) of all cervical spine injuries (33).

With the advent of rapid triage and transport, early immobilization, and aggressive

resuscitation, increasing numbers of case reports have shown survivability after

Table 2 Injury to Vertebral Column or Spinal Cord

Injury

Level O-C4 C5-7 T1-10 T11-L1 L2-S Total

Infant 7(63.6%) 2(18.2%) 1(9.1%) 1(9.1%) 0 11(7.6%)

Toddler 15(48.4%) 5(16.1%) 3(9.7%) 2(6.5%) 6(19.4%) 31(21.4%)

School 18(60.0%) 5(16.7%) 1(3.3%) 2(6.7%) 4(13.3%) 30(20.7%)

Adolescent 27(37.0%) 10(13.7%) 9(12.3%) 4(5.5%) 23(31.5%) 73(50.3%)

Total (%) 67(46.2%) 22(15.2%) 14(9.7%) 9(6.2%) 33(22.9%) 145(100%)

Abbreviations: O, occipital; C, cervical; T, thoracic; L, lumbar; S, sacral.

Source: From Ref. 34.

Table 3 Summary of Clinical Data in 102 Pediatric Patients with Cervical Injuries at

Admission

Cervical Level

Neurological Status at

Admission Type of Injury

Age Range:

Years Upper Lower Intact

Incomplete

SCI

Complete

SCI Fx Sub

Fx &

Sub

No Fx

or Sub

birth–9 (38

patients)

31 7 16 16 6 7 15 4 12

10–16 (64

patients)

22 42 26 30 8 27 7 24 6

Abbreviation: Fx, fracture; Sub; subluxation.

Source: From Ref. 21.
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atlanto-occipital dislocation in some patients with incomplete spinal cord injury,

resulting in a good outcome (37,38).

Atlantoaxial injuries compromise the next subset of osseous injuries to the

pediatric spine. Fractures of C1 are a rare entity in children, as the cartilaginous

ring can absorb and dissipate loads without fracturing. C1 fractures in children may

present without the classic dual-ring Jefferson fracture seen in adults, instead

revealing a unilateral hinge at the synchondrosis (39). The mainstay of treatment

involves immobilization in a rigid cervical collar or halo vest. Fractures of C2 are

the most common site of fracture, usually occurring at the odontoid basal syn-

chondrosis. In young children, incomplete ossification allows this neurocentral

synchondrosis to be distracted (11,40). A true type II odontoid fracture at the

odontoid-body junction can be distinguished from a synchondrosis separation, as

the latter occurs below the level of the superior facets within the C2 body.

Reduction requires gentle extension and posterior translation, rarely necessitating

traction. The treatment of choice is rigid cervical immobilization, usually with a

halo orthosis, for 10 weeks. Success rates approach 80%. Surgery is rarely nec-

essary, although odontoid screws, transarticular screws, and posterior sublaminar

wiring have all been described in the pediatric population (24,41).

Os odontoideum represents a cryptic entity, which is defined as an ossicle

with smooth circumferential cortical margins, representing the odontoid process

that has no osseous continuity with the body of C2 (Fig. 3). While the etiology

remains uncertain, with the debate vacillating between acquired and congenital,

treatment depends upon presentation. Patients without neurologic signs or

symptoms may be followed conservatively, even in the presence of radiographic

Figure 5 Craniovertebral junction injury involving both atlanto-occipital and atlan-

toaxial dislocation. (A) Lateral cervical x-ray showing C1 distracted from C2 with the

entire C1 ring lying above the dens. (B) Cervical CT with sagittal reconstruction, again

showing distraction between the occiput-C1 and C1–C2. The basion-dens interval was 13

mm. (C) Sagittal T2-weighted MRI showing anterior and posterior hyperintensity at the

craniovertebral junction consistent with extensive ligamentous disruption.
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instability. Symptomatic patients with instability require fixation, with good

results reported from both transarticular screw fixation and posterior C1–C2 wire

fixation combined with halo immobilization (24).

Atlantoaxial rotatory subluxation is a specific variant of C1–C2 injury.

Trauma, including minor injuries, is one cause, although spontaneous displace-

ment, infection (Grisel syndrome), and tumors more commonly induce the

subluxation. These scenarios allow the anterior facet of C1 to become locked or

‘‘sticky’’ to the facet of C2, creating a spectrum of cervical rotation inhibition.

Children tend to exhibit a cock-robin appearance, with the chin rotated in one

direction and the head flexed toward the contralateral side. Displacement may

occur, whereupon there is anterior translation of the lateral mass of C1 in relation

to C2. Fielding and Hawkins classified this spectrum into types 1 through 4

(Fig. 6), ranging from no displacement of C1, 3–5 mm displacement of C1 on C2,

greater than 5 mm anterior displacement, or posterior displacement, respectively

(42). Pang et al. created a new diagnostic, classification, and treatment algorithm

on the basis of dynamic CT in three positions, which compares the orientation of

C1 to C2 with the head in the presenting ‘‘cocked’’ position, neutral nose-up

position, and maximal rotation in the opposite direction (43–45). For all patients,

Figure 6 These drawings illustrate the Fielding classification scheme for atlantoaxial

rotatory fixation. Type I demonstrates no displacement of C1, type II demonstrates 3–5

mm of anterior displacement and is associated with abnormality of the transverse liga-

ment, type III demonstrates over 5 mm of anterior displacement of C1 on C2 and is

associated with deficiency of the transverse and alar ligament, and type IV demonstrates C1

displacement posteriorly. Arrows indicate direction of movement. Source: From Ref. 15.
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immediate closed reduction with traction is recommended, followed by a cer-

vicothoracic brace. Nonreducible subluxation or repeated, failed attempts at

closed reduction with halo immobilization require posterior C1–C2 fusion. The

severity and, more importantly, the chronicity of C1–C2 fixation led to poorer

outcomes, with 6 of 29 patients requiring surgery. In another review, 6 of 20

patients ultimately required posterior cervical fusion after recurrence of the

subluxation or unsuccessful reduction, with a 100% success rate (46).

Subaxial Cervical Spine

Subaxial spine injuries tend to occur in older children and at higher levels

compared with adults because of a more rostral moment arm, located at C2–C3,

C3–C4, C4–C5, and C5–C6 at ages 0, 5, 10, and 15, years respectively (47).

Common injury patterns include vertebral body compression or facet fractures

from hyperextension or physical end plate fractures from hyperextension.

Physical fractures are unique to the pediatric population and involve separation

of the vertebral end plate from the body through the epiphysis. Fractures in which

the epiphysis is intact and separated from the metaphysis, often seen in infants

and younger children, are highly unstable and require surgical stabilization (48).

Fractures that traverse the epiphysis, which often occur in adolescents, can be

treated with immobilization. In a description of the management of 51 pediatric

patients with subaxial cervical spine injury, of the 36% who required surgery

(age range, 8–16 years), all had successful arthrodesis with an anterior cervical

discectomy and fusion, corpectomy and strut graft, posterior cervical screw

and rod fixation, or posterior wiring (49). The majority of patients (83%) were

managed via an anterior approach.

Thoracolumbar Spine

Thoracolumbar injuries in children account for less than half of pediatric spine

injuries. They are typically anterior-wedge or burst fractures from axial-loading

or three-column fractures from flexion distraction. The more common axial-

loading injury with resultant compression fracture is unlikely to cause a disc

herniation as immature spine models show the bone will fracture before the disc

fails (50). Injury to the end plate, with resultant fusion prior to the adolescent

growth spurt, can induce significant spinal deformity, particularly in areas of

multiple contiguous injuries. The long-term functional outcome appears to be

equivalent for conservative versus surgical management in adolescent burst

fracture, although nonsurgical treatment is associated with greater progression of

posttraumatic kyphosis during the first year (51).

Flexion-distraction injuries often produce Chance fractures, or transverse

fractures, through the vertebral body extending into the pedicle, typically caused

by lap belt restraint in a motor vehicle crash (Fig. 7). Standard adult management

applies, with the application of reduction, bracing in a thoracolumbar-sacral
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orthosis for two to three months, and surgery utilized as necessary in the pres-

ence of neurologic deficit or significant ligamentous injury. To aid in the

prognosis of successful bracing, one small series defined less than 208 kyphosis
as the cutoff for reliable bracing and avoidance of surgical fusion (52). Surgical

stabilization is also recommended for greater than 50% loss of vertebral body

height or lateral compression of greater than 158 (53).
Shear injuries comprise another rare subset of spinal column traumas that

often occur in the thoracic spine but may occur in the cervical or lumbar spine as

well. Violent shearing can fracture the thick, cartilaginous end plate, resulting in

a limbus or apophysial fracture. Typically seen in adolescents or young adults,

patients may present with radiculopathy consistent with a herniated nucleus

pulposus. Surgery is often required to extract the compressive fragment.

SPINAL CORD INJURY

Half of pediatric spine injuries present with evidence of SCI upon examination

(4). Much like spinal column injury, age often determines location of injury in

pediatric SCI. Most of the injuries in the younger age group involve the upper

Figure 7 L3 flexion-distraction injury with fracture extending from vertebral body into

pedicle, consistent with a Chance fracture. (A) Lateral x-ray of lumbar spine. (B) CT with

sagittal reconstruction of lumbar spine.
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cervical spine. One group reported that 79% of SCI in children younger than

9 years involved the cervical spine, as opposed to 53% of children aged 9 to

16 years (40).

The anatomic predisposition for SCI in children involves a spine that is lax

enough to be stressed without fracture, providing excessive stretch, shearing, or

transient concussion to the encased spinal cord. This hypermobility often allows

the deformed but unfractured spinal column to return to its normal anatomic

alignment. This scenario is typified by the physiologic normal variant of pseu-

dosubluxation, which allows up to 4 mm of translational gliding between C2–C3

and C3–C4 in younger children (54). It has also been shown that while the

neonatal spinal column can withstand up to 2 in of stretch without signs of

structural disruption, the spinal cord ruptures after only one-quarter inch of

stretch (55).

Spinal Cord Injury Without Radiographic Abnormality

First defined in 1982, SCIWORA is a disease entity that predated the innovation

of MRI technology (56). The syndrome described an injury to the neural ele-

ments of the spinal column, causing a motor and/or sensory deficit without x-ray

or CT evidence of vertebral fracture, subluxation, or misalignment. SCIWORA

comprises 1% to 62% of all pediatric SCI, with a more realistic estimate being

30% to 40% (4,5,21,57). SCIWORA is seen in all age groups; however, the

unique anatomy of children younger than 8 years predisposes to more severe

injury, a greater incidence, and a threefold increase in abnormal imaging by

MRI, compared with children older than 8 years (58,59). In fact, two-thirds of

SCIWORA injuries occur in children younger than 8 years (12,56). In one large

review, of those aged 0 to 9 years with spine trauma, the frequency of SCIWORA

was 42%, compared with 8% in those aged 15 to 17 years (4).

Various theories regarding the etiology of SCIWORA have been proposed.

Possible explanations include transient vascular injury or forcible extension that

results in buckling of the ligamentum flavum, axial distraction, and stretch of the

spinal cord (55,56,60).

Five consistent patterns of cord injury may be noted on MRI after

SCIWORA, consisting of complete disruption, major hemorrhage (hemorrhage

in > 50% of the cross-sectional area of the cord), minor hemorrhage, edema

only, and normal (58). All classification schemata have attempted to correlate

imaging findings with neurologic outcome; however, no large-scale prospective

classifications have been validated. In retrospective reviews, complete disruption

and major hemorrhage are always associated with a poor outcome (61), minor

hemorrhage or edema is associated with moderate-to-good recovery (62–64),

and absence of MR findings predicts complete recovery (65). Forty percent

of patients with minor hemorrhage will ultimately improve to a mild deficit,

compared with 100% improvement to mild deficit or normal in those with
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edema only. Approximately 35% of patients with clinical or electrophysiologic

evidence of SCI do not have an MRI abnormality of their cord.

Repeat imaging is recommended, as resolution of signal change predicts a

better return of function and persistence of MR abnormality is a poor prognostic

indicator (66,67). Also, early imaging may miss edema, which can take three to

four hours to manifest.

The inability to alter the outcome of patients suffering from SCIWORA

once the incipient injury took place led Pang to publish three recommendations

to improve outcome once injury had occurred. These recommendations include

ruling out overt spinal instability, identifying and inhibiting delayed neurologic

deterioration, and preventing recurrent injury (59). Prevention of delayed

SCIWORA and recurrence is of the utmost importance and may be possible with

early diagnosis and immobilization to prevent excessive spine motion. Recurrent

SCIWORA may result from noncompliance with spine immobilization or

inadequate treatment and often results in more severe deficits than the initial

injury (66,68,69). One group described a 19% recurrence during the initial two

months of follow-up, which included recommendations of rigid cervical

immobilization and avoidance of contact sports (70). Clearly defined trauma

preceded seven of the eight recurrences, and five of the seven had removed their

cervical collar. Most of the traumatic episodes were relatively trivial. These

results prompted the recommendation of strict adherence to a rigid cervical

collar for three months followed by repeat dynamic imaging, with avoidance of

all sporting activity for six months. An algorithm for the care of possible SCI-

WORA is presented in Figure 8.

Delayed presentation of SCIWORA has been noted up to four days after

injury in 22% to 27% of patients (4,5,59). These children reported transient

symptoms, including subjective paralysis, distal paresthesias, and the Lhermitte

phenomenon; these symptoms may indicate an incipiently unstable spinal col-

umn, prompting some clinicians to recommend six weeks of rigid cervical collar

bracing, even with normal imaging studies (59). The greater sensitivity of

somatosensory-evoked potentials to detect occult SCI may be helpful in this

situation, allowing cautious consideration of one to two weeks in a cervical

collar, with follow-up as espoused by Pang in the setting of fleeting symptoms

with normal imaging and somatosensory-evoked potentials. Such significant

numbers of delayed presentations have not been reproduced in other, more recent

retrospective reviews (11,12,21,56,59). The reduced incidence may be because

of more rigorous early detection and immobilization for all children with neck

pain and transient neurologic symptoms. In the guidelines for the management of

acute cervical and spinal cord injury, it currently remains an option to treat

SCIWORA with 12 weeks of immobilization, as no documented neurologic

deterioration has been reported after this rigid management (71). Conversely, no

child with SCIWORA and a normal, adequate flexion-extension x-ray, regard-

less of MRI findings, has developed spinal instability.
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Figure 8 Management algorithm for the evaluation and treatment of children with SCI.

Source: From Ref. 69 with permission.
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Injury patterns from SCIWORA include complete cord transaction and

partial cord, Brown Sequard, or central cord syndromes. Complete injuries tend

to predominate with thoracic injuries, and younger children consistently sustain

the most severe deficits (11,12,56).

Birth-Related Injuries

Patients with birth-related spine trauma comprise an often-overlooked group,

representing up to 4% of all SCIs (11). With an incidence of 1 of every 60,000

births, SCI is estimated to cause 10% of perinatal deaths (72,73). The affected

level is usually the upper cervical spine or cervicothoracic junction, resulting in

apnea, loss of deep tendon reflexes, and flaccid quadriparesis. High cervical cord

injuries are usually associated with shoulder dystocia and/or complicated vertex

deliveries necessitating forceps for rotational maneuvers (74). In utero hyper-

extension of the fetal head is another proposed mechanism of SCI, usually

associated with breech and persistent transverse lie positioning (75). Vaginal

delivery under these conditions may induce longitudinal traction of the spine

with subsequent rupture of the cord (76). In a review of the methods of delivery

for neonates with persistent hyperextension in utero, delivery via cesarean sec-

tion produced no deficits, while 21% of those delivered vaginally suffered an

SCI, leading the investigators to recommend cesarean section for all fetuses with

persistent hyperextension noted on imaging (77). One must also remember that

20% to 25% of injuries occur during uncomplicated deliveries (78). Outcome is

universally poor. No reports in the literature support a specific management;

however, spinal immobilization in suspected patients who survive is reasonable.

Child Abuse

Infants who suffer child abuse or the shaken-baby syndrome comprise a rare

subset of injured patients that may develop cord injury from the rapid oscillation

between hyperextension and hyperflexion. Most patients will present with

associated systemic injury such as traumatic brain injury or rib fractures. The

injury pattern often mimics a central cord syndrome and is considered a type of

SCIWORA, with the same treatment goals (56).

TREATMENT

Treatment of pediatric SCI is based upon immobilization to prevent secondary

injury. Cervical and thoracolumbar spine precautions include maintaining a rigid

cervical collar at all times, log rolling when mobilization is necessary, and

maintaining spinal alignment.

The only therapy that has been shown to reduce secondary injury in

clinical trials is the administration of methylprednisolone if started within eight

hours of injury. This protocol involves an initial bolus of 30 mg/kg within
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15 minutes of injury, followed by infusion of 5.4 mg/kg/hr over the following

23 hours if started within three hours of injury, or 48 hours if started after three

hours (79). While often employed, this protocol does not represent the standard

of care and has not been rigorously evaluated in the pediatric population, as

children younger than 13 years were excluded from the initial studies.

Secondary insults, including gastric ulcers, aspiration, hypovolemia, urinary

retention, and deep vein thrombosis/pulmonary embolism, can be reduced with

simple interventions such as H2-receptor blockers, early intubation and trache-

otomy, early and aggressive volume resuscitation with or without a central venous

catheter, Foley catheter, and early serial compression devices, respectively.

Most cervical injuries can be managed with a rigid cervical collar or halo

vest. Children as young as 1-year old can be managed in a halo vest by max-

imizing the number of pins to distribute cranial compression; however, com-

plication rates are high. Pin site infections, pin loosening, calvarial penetration,

and supraorbital nerve injury were noted in 68% of young children (80). The

most conservative application requires 8 to 10 pins to allow as little as 1 to 2 lb

of torque at each site. Injuries of the lower cervical and cervicothoracic spine can

be managed in customized multicomponent braces such as the Minerva, SOMI,

or Guilford brace. Thoracic or lumbar spine injuries can be managed in custom-

molded, acrylic, clamshell-style braces. Traction may be necessary to reduce

dislocations or fractures. One pound per cervical level in children younger than

4 years and 2 lb per cervical level for children older than 4 years is often

adequate (48). As few as 5% of children will fail nonoperative therapy even

though it may be initially deemed appropriate (5).

Surgical treatment should be pursued to decompress neural structures or in

the presence of gross instability, irreducible dislocations, incomplete injury with

progressive neurologic deficit, or progressive spinal deformity. Specific indi-

cations include greater than158 kyphosis, significant vertebral compression, or

ligamentous injury with facet dislocation. Approximately one-third of pediatric

spine injuries will require surgery (5,21). Surgical fusion should be confined to

the unstable segments to allow normal physiologic maturation and bone growth.

The surgical technique depends on the maturity of the spine (48). The size of the

spine in children younger than 5 years routinely disallows invasive instrumented

fusion. Posterior cervical wiring with graft onlay and rigid external immobili-

zation is often sufficient. By age 5 years, anterior cervical discectomy and fusion

is another alternative. As most cervical spine growth and elongation occurs in the

epiphysis of the end plate, complete discectomy and decortication allows sym-

metric anterior and posterior growth. By age 10 years, near-adult spine physi-

ology has been reached, allowing anterior or posterior spine instrumentation,

including screw, rod, and plate fixation, with a low risk of progressive deformity.

Surgeons should minimize exposure and manipulation of the periosteum in

adjacent segments because the highly osteogenic pediatric bone is prone to fuse

across areas of exposed periosteum; however, this provides for excellent fusion
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rates. In a review of the treatment for pediatric cervical spine trauma, it was

noted that the entire surgical cohort of 30 patients showed evidence of solid

arthrodesis within six months (21).

OUTCOMES

Outcome of SCI greatly depends on the extent of the initial insult and neurologic

status upon presentation (Table 4). Injury type does not predict outcome, only

extent of neurologic deficit. In a review of 174 pediatric patients, 77% of patients

with only a fracture were neurologically intact compared with 20% of those

patients with fracture and subluxation. Complete injury occurred in 68% of the

fracture- and-subluxation groups, compared with 27% in the fracture-only group.

SCIWORA tended to result in more severe injuries, particularly for the youngest

age group. Complete injury following SCIWORA was noted in 50% of those

aged 0 to 9 years versus 11% in those aged 15 to 17 years (4).

Complete versus incomplete injury provides a reliable predictor of recovery.

Mortality rates range from 4% to 35% overall, with an approximate threefold

increase in complete (53%) versus incomplete (16%) injury (5,21,33,81,82). The

cause of death is most often related to complications from associated injuries (such

as closed-head injury) or secondary insults (such as pneumonia and hypo-

ventilation). Patients who suffer complete injuries rarely improve or have good

outcomes, even with early stabilization and surgery. In general, surgery has not

been shown to influence neurological outcome (5). In one series, it was reported

that only one-quarter of complete patients showed any improvement (12). Con-

versely, the majority of incomplete patients experience some level of improve-

ment. Investigators reported 89% of the incomplete injury cohort experienced

measurable recovery, with most mild-to-moderate injuries regaining near complete

neurologic function (12). A follow-up to this review during the subsequent decade

reported that 83% of incomplete injuries recovered completely (21). Another study

reported similar results, with only 1 of 42 patients who suffered complete injury

regaining useful motor recovery and 1 of 26 patients with severe injury regaining

independent motor function. The most recent large review of severe SCI provides

more optimistic data. A 2004 review reported that 5 of 20 children who presented

with complete injuries eventually became ambulatory, with functional improve-

ment occurring as late as 50 weeks postinjury (83). Children may show

improvement up to two years postinjury (12).

Although the level of injury does not consistently correlate with outcome,

it does influence the rehabilitation potential. High cervical injuries understand-

ably have worse outcomes, with one report that none of 67 patients experienced a

good outcome after presenting with quadriplegia (2). The few patients with

functional outcomes had injuries below T 12 (84).

Close follow-up is also necessary to monitor for progressive spinal

deformity or syrinx formation. Cadaveric studies have shown that fractures in
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young children tend to occur through the cartilaginous vertebral end plates, thus

injuring the active growth zones (85). Destruction of these growth plates can lead

to stunted and asymmetric vertebral growth, with delayed spinal deformity

involving scoliosis, kyphosis, and exaggerated lordosis (86). Ischemic necrosis

of epiphyseal growth plates, asymmetric bone destruction, fusion between

adjacent injured segments, and imbalance of the paraspinous muscles can also

contribute to growth imbalance. Studies from the 1970s reported progressive

posttraumatic spinal deformity in 50% to 90% of patients (75,87,88). After the

advent of early stabilization and fusion, recent studies have shown that 8% to

12% of patients with severe SCI will go on to develop kyphoscoliosis (5,89). As

further proof of deformity stemming from bone disruption, SCIWORA rarely

results in progressive deformity (56).

PREVENTION

Prevention has become an important focus of pediatric spine injury. Local and

federal government-sponsored legislation and the efforts of private groups such

as ThinkFirst (a service mark of the American Association of Neurological

Surgeons and Congress of Neurological Surgeons, The ThinkFirst Foundation)

are integral to disseminating information regarding injury avoidance and child

safety. The use of seat belts, age- and weight-appropriate child seats, and pro-

tective sporting gear are but a few areas worthy of further intervention and

improvement. In a review of pediatric cervical spine injury, 81% of the injuries

caused by a motor vehicle crash involved children who were either unrestrained

or inappropriately restrained (90). In the older subset of this group, 87% were

totally unrestrained. These findings have been substantiated in the literature,

whereby adherence to age-appropriate motor vehicle restraints resulted in a

decreased incidence of cervical spine injury (91).

Future Perspectives and Evolving Paradigms

The recent past has seen a significant change in the management of pediatric

spine injury. Surgeons are gaining comfort with the use of instrumentation in this

population, with pedicle screws utilized in children as young as 8-months old

(92). Gaining considerable popularity is the use of percutaneous instrumentation

without arthrodesis as an internal, temporary brace. An example of this is per-

cutaneous pedicle screw instrumentation for a potentially unstable Chance

fracture. By avoiding decortication and bone grafting, children may have time to

heal by themselves and avoid the adverse effects of premature fusion or cum-

bersome external orthosis. The instrumentation can even be removed at a later

date to allow normal physiologic growth.

Another technique to avoid permanent instrumentation involves the use of

bioresorbable hardware. The first large-scale reviews involving resorbable cer-

vical plating systems are in publication, with MRI studies showing no evidence
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of local irritation or swelling following degradation at two years (93,94). As

evidence accrues that these systems provide equivalent fusion or stabilization

rates, their use in children will likely grow.

Pharmacologic therapy with bisphosphonates can increase bone mineral

density and reduce fracture rates in children as young as 1-month old, providing

a possible therapeutic augmentation of bone healing or fusion in the very young

who sustain spine injury (95,96). Perhaps the greatest pharmacologic benefit lies

in the potential application of stem cell therapy or granulocyte-colony stim-

ulating factor to directly repopulate or induce neuronal repair and growth fol-

lowing SCI. Both of these have been shown to improve motor outcome in animal

models following SCI (97,98). The plasticity of the pediatric immune system

may translate into safer utility of stem cell transplantation.

CONCLUSION

The pediatric spine is not simply a miniature adult spine. It is a unique dynamic

entity that requires specialized attention and treatment. The clinician must avoid

the pitfalls of misdiagnosis. Familiarization with pediatric anatomy and imaging

is essential. Treatment relies on early stabilization and immobilization. Surgical

options will continue to improve toward accommodating the smaller immature spine.

Overall, pediatric spinal trauma patients fare better than their adult counterparts.

Currently, outcomes remain most closely associated with the severity of

the initial injury. An ounce of prevention is far superior to a pound of care in

pediatric SCI. Future interventions tailored to the pediatric central nervous

system, with the aim of diminishing secondary injury combined with neuro-

augmentation to facilitate the repair or replacement of damaged neuronal tissue,

are eagerly awaited. Unfortunately, widespread application of these initiatives

remains in the distant future.
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361–362

Alcohol consumption, 196, 197

Alveolar-arterial oxygen gradients

(AaDO2), 336

American Association of Neurological

Surgeons, 305

American Heart Association

guidelines, 222–223

recommendations for blood pressure

control, 204

stroke council, 222–223, 228–229

American Heart Association/American

Stroke Association, guidelines, 134

American Spinal Injury Association

(ASIA), scores of, 376, 377, 378

21-aminosteroids. See Tirilazad

Amphetamine, 197

Amyloid, angiopathy of, 193, 194

Analgesics, 31, 238

and hypoxemia, 362

Ancrod

for ischemic stroke, 140

Anesthesia, 157

Aneurysm

ACom, 266

basilar bifurcation, 263, 265

cerebral, 239, 240, 244

endovascular therapy, 306–307

exclusion, 255–267

location, 263

MCA, 264–265

occlusion, 260

PCom, 265–266

ruptured, 263–266

surgery, 305–306

timing of treatment, 274

Aneurysmal subarachnoid hemorrhage

(aSAH)

acute, neuroprotective agents

for, 288–294
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[Aneurysmal subarachnoid hemorrhage

(aSAH)]

CT scan for, 239–241

diagnostic evaluation of, 238–239

endovascular treatment with

angioplasty, 351

LP for, 241–243

misdiagnosis of, 236–237

neurologic deterioration after, 349

NPE in a patient with, 339

symptoms of, 238, 240

Aneurysms. See Microaneurysms

Angiography

for aSAH

CTA, 246, 247

DSA, 246

MRA, 246

cerebral, 278

CT, 277

Angioplasty

cervical, 146–156

intracranial, 157–165

ANP. See Atrial natriuretic peptide (ANP)

Anterior cerebral artery (ACA), 113,

115, 176

Anterior communicating artery (ACom),

aneurysms, 266

Antibiotics

for aspiration pneumonitis, 341

for meningitis, 241

preoperative, 360

for VAP, 342

Anticoagulation, 133–140, 146–147, 209

agents, 197, 199

for cardioembolic strokes, 136–138

heparin, 134–136

Anticonvulsants. See Antiepileptic

drugs (AEDs)

Antiepileptic drugs (AEDs), 106, 304–307

Antifibrinolytics, 274

Antihypertensive agents, in ICH, 224–226

Antihypertensive Treatment of Acute

Cerebral Hemorrhage (ATACH),

trial, 224–225

Antiplatelet agents, 139

Antiplatelet therapy, 146

Antithrombotic agents, 134

Aphasic patients, 172

Apolipoprotein E gene, 194

Apoptosis. See Programmed cell death

ARCHeR. See ACCULINK for

Revascularization of Carotids in

High-Risk Patients (ARCHeR)

Argatroban

for ischemic stroke, 140

Arginine-vasopressin (AVP), receptors

for SIADH, 322–323

Arteriovenous difference in oxygen

(AVDO2), 21

Arteriovenous malformations (AVMs),

199, 200

Artery thrombosis, basilar, 139. See also

Thromboembolism

aSAH. See Aneurysmal subarachnoid

hemorrhage (aSAH)

Aspiration pneumonitis, 341

Aspirin

for cervical carotid, 146

for ICH, 213. See also Anticoagulation

agents

for intracranial arteries, 160

for ischemic stroke, 135

ATACH. See Antihypertensive Treatment

of Acute Cerebral Hemorrhage

(ATACH)

Atlantoaxial

injuries in children, 396

rotatory subluxation in children, 397–398

Atlanto-dens interval (ADI), 391

Atlanto-occipital dislocation, 395–396

Atrial fibrillation, 134, 137–138

Atrial natriuretic peptide (ANP),

in SAH, 317–318

Atropine, 149, 150

Autoregulation, cerebral, 221

AVMs. See Arteriovenous malformations

(AVMs)

AVP. See Arginine-vasopressin (AVP)

Awake intubation, 361–362

Axonal membrane, traumatic perturbation

of, 52

Axonal transport, cessation of, 51

b-adrenergic blockade, 342

Balloon angioplasty, 149–150
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Balloon pump counterpulsation,

intra-aortic, 343

Barbiturates, 34

comparison with mannitol, 32

for hypertension, 228

in ICP, 86–89, 103–104, 208, 228

Barbiturate-induced coma, 86–89

Barbiturate therapy, 86–89, 103–104

Basilar bifurcation, 256, 258

aneurysm, 263, 265

BEACH. See Boston Scientific EPI-A

Carotid Stenting Trial for High

Risk Surgical Patients (BEACH)

Bilirubin, 241, 242

Bivalirudin, 140

Black brain syndrome. See Catastrophic

edema

Blood-brain barrier (BBB), 3

breakdown of, 97

cytokines and, 98

and hyperosmolar therapy, 102

ischemic cells, 25

Blood pressure control, 147, 150

Blood pressure management

in hemorrhagic stroke, 205

in ICH. See Intracranial pressure (ICP)

BNP. See Brain natriuretic peptide (BNP)

Boston Scientific EPI-A Carotid Stenting

Trial for High Risk Surgical

Patients (BEACH), trial, 152

Boston Scientific NexStent Carotid

Stent, 152

Brain

bulk, 206

damage, 197

herniation, 3–4, 25–26. See alsoHerniation

metabolism, measurement of, 76–77

swelling. See Hyperemia

volume and ICP measurement, 69

vs. heart, 318

Brain infarction, malignant

conservative (medical) treatment

options in, 124

decompressive hemicraniectomy

in, 117–123

diagnosis of, 114–115

mild-to-moderate hypothermia

in, 124–125

Brain natriuretic peptide (BNP), 318

Brainstem, compression, 220, 229

Brain tissue oxygenation (PbtO2), 28

Brain tissue oxygenation (PtiO2), 4–6

Brain tissue oxygen tension (PbtO2) in

CBF indirect measurement, 74–75

British aneurysm nimodipine trial, 288

CABERNET trial (Carotid artery stenting

trial), 151–152

Calcium, 349

channel blockers, 380

cytoplasmic levels of, 52

electrolyte disturbances of, 328

Calcium channel antagonists

for aSAH, 288–289

Calcium channel blockers, L-type, 278, 280

Calpains, 39, 52

CARAT. SeeCerebral AneurysmRerupture

After Treatment (CARAT)

Carbamazepine

for SAH, 306

Cardiac disorders, in SAH, 342–345

Cardioembolic strokes

anticoagulation, 136–138

CARESS. See Carotid Revascularization

Using Endarterectomy or Stenting

Systems (CARESS)

Carniectomy, 8–9

Carotid arteries

angioplasty, 146–156

postoperative care, 150

procedure, 147–150

stenting, 147–150

vs. CEA, 150–152

Carotid artery angioplasty and stenting

(CAS), 145–146. See also Carotid

arteries

Carotid endarterectomy approach (CEA),

145–146

vs. CAS, 150–152

Carotid puncture, 74

Carotid Revascularization Using Endar-

terectomy or Stenting Systems

(CARESS), trial, 152–153

CAS. See Carotid artery angioplasty and

stenting (CAS)
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Ca2+ sequestration, 97–98

Caspases, 52

Catastrophic edema, 94

Catheters

antibiotic-impregnated, 27–28

EVD, 204–205

fiberoptic, 23

jugular vein, 23

licox, 28

prophylactic, 27

pulmonary artery, 340, 363

Swan-Ganz, 181, 207–208

thermistor, 182

CBF. See Cerebral blood flow (CBF)

CBV. See Cerebral blood volume (CBV)

CEA. See Carotid endarterectomy

approach (CEA)

Ceftriaxone, 341

Central herniation. See Downward

herniation

Central venous pressure monitoring, 363

Cerebral Aneurysm Rerupture After

Treatment (CARAT), study, 260

Cerebral angiography, 272, 278

Cerebral artery

ACA, 176

MCA, 174, 175

PCA, 176

Cerebral blood flow (CBF), 4–6, 87, 175,

176, 221–222, 277, 280, 288, 350

and arterial CO2, 30–31, 34

and barbiturates, 34

and CMRO2, 30

and CPP, 22, 30, 100–102

effects of sedative and analgesic agents

on, 31–32

and hypertonic saline solutions, 33

measurement of, 71–75

monitoring of, 23

and perfusion pressure, 21–22

Cerebral blood volume (CBV), 3, 7, 22

and barbiturates, 34

physical monitoring, 29–30

Cerebral edema, 173

in children, development and

management of, 96–98

CT scanning for, 175

EEG monitoring in, 183

[Cerebral edema]

ICP monitoring in, 180

management of, 1

SPECT scanning for, 178

in TBI, 7

Cerebral Embolism Study Group (CESG)

trial, 136, 137

Cerebral hemodynamics and pressors, 24

Cerebral infarctions, 113

Cerebral ischemia, 4–6, 221–222

management principles of, 23–24

monitoring of, 23

pathophysiology of, 21–23

systemic contributors to, 23

treatment of, 67

Cerebral metabolic rate of oxygen

(CMRO2), 21, 71, 87, 103, 104, 177

and barbiturates, 34

metabolic autoregulation in, 30

reduction of, 31

Cerebral metabolism, 222

Cerebral microdialysis, 28–29, 182–183

Cerebral perfusion pressure (CPP), 6–7,

205–206

and CBF, 22, 100–102

definition, 21

and hypertonic saline solutions, 33

and ICP, 26

maintaining adequate, 23

management therapies, 101–102

measurement of, 71

monitoring of, 23

and TBI management, 36

Cerebral salt wasting (CSW),

317–318, 340

treatment of, 322

vs. SIADH, 321–322

Cerebral vasospasm (CVS), 262–263, 318

Cerebrospinal fluid (CSF), 3, 57, 241

drainage, 27, 99

by ventriculostomy, 32

draining of, 69

etiology of, 24

furosemide inhibition on, 32

and ICP measurement, 69

levels, 98

solution, 76

spectrophotometry, 242
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Cerebrovascular physiology

in distinguished CBV and CBF, 22

tenet of, 21

Cerebrovascular profiles of commonly

used sedatives and analgesics, 31

Cervical carotid. See Carotid arteries

Cervical spine, 358

fractures, 362

injuries in children. See Children with

spinal column injury

pediatric, 390

CESG. See Cerebral Embolism Study

Group (CESG)

Charcot-Bouchard aneurysms. See

Microaneurysms

Chest X ray, for NPE, 338

Children

with cerebral edema, 96–98

concomitant systemic injury, 392

head:body ratio in, 391

intracranial pressure management

antiepileptic drugs, 106

and barbiturate therapy, 103–104

control, 102

decompressive craniectomy, 106–107

hyperventilation, 104–105

and mannitol, 102–103

monitoring of, 99–100

nutrition, 106

sedation and analgesia in, 103–104

therapeutic hypothermia, 105–106

propofol infusion in, 103

role of inflammation in response to, 98

role of mitochondria in response

to, 97–98

with spinal cord injury (SCI), 394–399

anatomic predisposition for, 400

birth-related injuries, 403

child abuse, 403

cost to society, 387

data, 387

diagnosis and triage in, 391–393

effect of age, 399–400

excluding cervical instability in, 393

expense of caring, 387–388

future perspectives and evolving

paradigms in, 407–408

initial imaging, 392–393

[Children

with spinal cord injury (SCI)]

management algorithm for the

evaluation and treatment of, 402

management of, 392

mechanism of injury, 388

outcomes of, 405–407

prevention, 407–408

and SCIWORA syndrome, 400

treatment of, 403–405

without radiographic abnormality,

400–403

spine anatomy, 388–391

with traumatic brain injury (TBI)

average cost of, 93

average length of hospitalization, 93

and edema, 96–97

glutamate excitotoxicity, 94–95

hyperemia, 96

management of, 96–107

models of, 94

animal, 95, 97, 98

NMDA role in, 94–96

nonaccidental, 94

noncontrast CT, 95

prevalence of, 93

recovery, 94

Chinese Acute Stroke Trial (CAST), 137

Cholesterol-lowering agents, 139

CI. See Confidence interval (CI)

Clazosentan

for aSAH, 292

Clazosentan to Overcome Neurological

iSChemia and Infarction

OccUrring after SAH

(CONSCIOUS), trial, 262

Clipping. See Surgical clipping

Clonidine, 59

CMRO2. See Cerebral metabolic rate of

oxygen (CMRO2)

CNP. See C-type natriuretic peptide (CNP)

Cocaine. See Smoking

Coil embolization, 260, 261. See also

Coiling techniques

Coiling, endovascular, 307

Coiling techniques, 256

Coma, clinical definition of, 204

Complete versus incomplete SCI injury, 405
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Computed tomography (CT), 49, 53–54

angiography, 175–176

for ICH, 193–194

noncontrast (NCCT), 176

perfusion, 175, 176

scan, for aSAH, 239–241

scanners, 174

xenon-CT, 177

Confidence interval (CI), of MCA, 276

CONSCIOUS. See Clazosentan to

Overcome Neurological iSChemia

and Infarction OccUrring after

SAH (CONSCIOUS)

Consciousness

level of, 172, 173

Contraction band necrosis, myocardial,

342–343

Contrast-enhanced ultrasonography

(CEU), 5

Corticosteroid Randomisation After

Significant Head Injury (CRASH)

trial, 377

Corticosteroids. See Glucocorticosteroids

Cortisol, 308

Coumadin

for ICH, 208. See also Anticoagulation

agents

CPP. See Cerebral perfusion

pressure (CPP)

Cranial decompression, 8–9

Cranial nerve examination, 172–173

Cranioplasty, 9, 116

Craniotomy and the volume gain, 117

Craniovertebral junction injuries, 395–398

CREST Trial (Carotid Revascularization

Endarterectomy Stenting Trial), 157

Critical carotid stenosis, 139

CSF. See Cerebrospinal fluid (CSF)

CSW. See Cerebral salt wasting (CSW)

CT. See Computed tomography (CT)

CTA. See CT angiography (CTA)

CT angiography (CTA), 246, 247

of head, 277

for ICH, 201–202

for ischemic stroke, 175–176

CTP. See CT perfusion (CTP)

CT perfusion (CTP)

for ischemic stroke, 175, 176

CT scanning, of head, 277–278

amount of blood in, 273

for intracranial hypertension, 227

C-type natriuretic peptide (CNP), 318

Cushing–Kocher response, 220

CVS. See Cerebral vasospasm (CVS)

Cyclosporin A (CsA), 55

Cytochrome c, release of, 97, 98

Cytotoxic edema, 24–25, 97, 98

and CBF, 101

DAI. See Diffuse axonal injury (DAI)

Dandy, Walter, 256

DC. See Decompressive craniectomy (DC)

DDAVP. See Desmopressin acetate

(DDAVP)

Decompressive craniectomy (DC),

106–107

adult patients, use in, 10–11

classes of, 8–9

class I data on, 2

complications after, 9–10

early or ultra-early secondary, 2, 5

and Lund concept, 7–8

ongoing trials, 11–12

pediatric patients, use in, 11

primary, 2

rationale for, 2

in severe TBI, 3–7

DEcompressive CRAniectomy (DECRA),

10, 12

Decompressive craniectomy in malignant

middle cerebral artery infarcts

(DECIMAL) trial, 120–121, 123

Decompressive hemicraniectomy, 35,

114, 359

functional outcome after, 119, 122

in ischemic stroke, 116

in malignant hemispheric brain

infarction, 117–123

mortality rate after, 118

quality of life after, 120

surgical techniques of, 116–117

Decompressive Hemicraniectomy for

treatment of malignant infarction

of the middle cerebral artery

(DESTINY) trial, 120–121, 123
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Decompressive surgery. See

Decompressive hemicraniectomy

Delayed cerebral ischemia. See DID

Delayed ischemic deficits (DID), 272, 287

cerebral angiography for, 278

history of, 272

as risk factor of vasospasm, 274

single-photon emission CT of, 277

treatment for, 278–280

Desmopressin acetate (DDAVP),

administration of, 324, 325

Dexamethasone, 309

DI. See Diabetes insipidus (DI)

Diabetes insipidus (DI), in SAH, 324, 325

DIDs. See Delayed ischemic deficits (DIDs)

Diffuse axonal injury (DAI)

after severe TBI, 51

animal model of, 52

clinical definition of, 49–50

diagnosis of, 53–54

histopathological description of, 50

pathobiology of, 51–52

treatment of, 55

Diffuse brain injuries, 20

Diffusion tensor imaging (DTI), 53, 54

Diffusion-weighted imaging (DWI), 53

diffusion of, 115

infarct volume on, 121

for ischemic stroke, 178–179

Digital subtraction angiography (DSA), 246

Diltiazem

for aSAH, 289

Distal filter protection, 156

Diuresis, for NPE, 339–340

Dobutamine

for neurogenic stunned myocardium,

343–344

Dog brain, ultrasound images, 4

Down syndrome, 393

Downward herniation, 3–4, 25–26. See

also Herniation

DSA. See Digital subtraction angiography

(DSA)

DWI. See Diffusion-weighted imaging

(DWI)

Dysautonomia

and constellation of symptoms, 55, 56

diagnosis of, 57

[Dysautonomia]

epidemiology, 55–56

pathophysiology in, 56–57

treatment of, 57–60

Dysrhythmias, 345

ECG. See Electrocardiographic

(ECG) changes

Echocardiography

neurogenic stunned myocardium, 343

Edema. See also Cerebral edema; Perihe-

matoma edema; Pulmonary edema

catastrophic, 94

cerebral, hypertonic saline in treatment

of, 102

cytotoxic, 97, 98

and CBF, 101

versus hyperemia, 96

vasogenic, 97, 98

EEG. See Electroencephalogram (EEG);

Electroencephalography (EEG)

Eicosanoids

concentrations of, 308

release of, 309

Electrocardiographic (ECG) changes

due to potassium depletion, 327

Electroencephalogram (EEG), 76, 87, 88

for detection of NCSE, 305

for detection of seizure, 304

Electroencephalography (EEG)

for ischemic stroke, 183–184

Electrolyte disorders, 315–329

in SAH, 315–319

Embolic debris, 150

Embolic protection device.

See Filter device

Emergency department (ED), 235, 236

Endothelin, 262

for CVS, 318

Endothelin-1. See Vasoconstrictors

Endothelin-1 antagonists, 292. See also

Endothelin-1 antagonists

Endothelin-1 (ET-1), for aSAH

antagonists of, 292

physiology of, 291

Endotracheal tubes

for VAP, 341, 342
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Endovascular treatment

vs. surgery, 258–259

Epilepsy, 305–307

Erythrocytes. See Red blood cells (RBCs)

ET-1. See Endothelin-1 (ET-1)

European Cooperative Acute Stroke

Study II (ECASS II) trial, 137

Evacuation. See Hematoma evacuation

EVA-3S (Symptomatic Severe Carotid

Stenosis) trial, 154–155

EVD. See Extraventricular drainage (EVD)

Excitatory amino acid receptor

antagonists, 380

Extraventricular drainage (EVD), 206, 207

catheters, 204–205

Fiberoptic intubation (FOI), 362. See also

Intubation

Fiberoptic oxygen saturation catheter, 73, 74

Fick’s equations, 21

Filter device, 148

FilterWire system, 152

FiO2. See Fraction of inspired oxygen (FiO2)

Fisher grade, 304

Fisher scale, 273

FK-506, 98

Flexion-distraction injuries, 398

Flow velocity (FV) of blood, 72

Fludrocortisone

for CSW, 322

for SAH, 310–311

Fluid boluses

for ICH, 227

Fluid replacement therapy, 363

Fluid restriction

for hyponatremia, 317, 322

[11C] flumazenil (FMZ)

binding with GABA receptor, 177

and PET, 178

Fluoroscopy, 148

FMZ. See [11C]flumazenil (FMZ)

Focal brain injuries, 20

Food and Drug Administration, 258

Fosphenytoin, 304, 305

Fourier transformation of interval

of EEG, 76

Fraction of inspired oxygen (FiO2), 338

Fraction of inspired oxygen (P/F) ratio,

338, 340

Funduscopy, for retinal hemorrhage, 238

Furosemide, 32. See also Osmotic agents

GABA. See Gamma-aminobutyric

acid (GABA)

GABA-regulating chloride channels, 87

Gag reflex, 172, 173

Gamma-aminobutyric acid (GABA), 34

Gastric antacids, 360

Gastric ulcers prophylaxis, 37

Gastrointestinal prophylaxis and

nutritional support, 36–37

GCS. See Glasgow coma scale (GCS) score

Glasgow coma scale (GCS), 172, 197

Glasgow coma scale (GCS) score, 18–19,

23, 26, 35, 67–68, 83, 100, 118,

228

Glasgow outcome scale (GOS), in SAH,

136, 309, 310

Glasgow outcome scale (GOS) score, of

aneurysms, 258

Glucocorticosteroids

administration, 277

for aSAH, 292. See also Steroids, for SAH

Glutamate

excitotoxicity, 95, 96, 97

in posttraumatic neurotoxicity, 94–96

GM-1 ganglioside, 373, 378

Goal-directed therapy, 363

GOS. See Glasgow outcome scale (GOS)

Gradient echo, 202. See also Magnetic

resonance imaging (MRI)

Guglielmi detachable coils, 265, 306. See

also Coiling

Guidelines for the Management of Acute

Cervical Spine and Spinal Cord

Injury, 373

Guidelines for the Management of Severe

Head Injury, 86–87

HAEST. See Heparin in Acute Embolic

Stroke Trial (HAEST)

Hagen–Poisieulle equation, 280

Halo immobilization, 395, 397
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Headaches. See Aneurysmal subarachnoid

hemorrhage (aSAH)

Head CT scanning. See CT scanning

Heart valves. See Prosthetic heart valves

Hematocrit. SeeHemodynamic augmentation

Hematoma, 245

evacuation, 17, 210–212

expansion, 208–209, 221

growth, 199

surgery, 229

volume, 199–200

Hemicraniectomy, unilateral, 8

Hemiparesis, 19

Hemodynamic augmentation, 280–281

Hemodynamic monitoring and management

of SCI operative, 363–364

Hemodynamic optimization, 278

Hemorrhage. See Intracerebral

hemorrhage (ICH)

Hemorrhagic infarction, 137

Heparin, 138–139

Heparin, for acute ischemic stroke

low-molecular-weight (LMWHs),

135–136

unfractionated, 134–135

vs. aspirin, 134–135

Heparin in Acute Embolic Stroke Trial

(HAEST), 135

Herniation, 29, 35, 96

brain, 3–4, 25–26, 35, 102, 107, 117, 177

with CSF block, 241

disc, 398

ICH and, 227

intracranial, 25–26, 29

subfalcine, 175

syndromes, 220, 227

tonsillar, 173

uncal, 19, 26, 107, 116, 173, 175, 181

HHH (hemodilution, hypertension,

hypervolemia) therapy. See

Hemodynamic augmentation

HHH therapy, 350–351

Hibernation phase, of CBF, 221–222

Homeostasis, of water. See Hyponatremia

Horner’s eye, 173

Hunt and Hess grades, 293, 304

for aspiration pneumonitis, 341

as risk factor of NCSE, 305

Hydralazine

for ICH, 224, 225

Hydrocephalus, 245, 247, 308, 310

acute, 228

Hyperemia, 96

Hyperglycemia, 38, 325–326

counter-regulatory hormones, elevation

of, 325

for vasospasm, 326

Hyperkalemia, 327–328, 362

Hypernatremia, 37, 323–325

causes of, 323–324

evaluation of, 324

symptoms of, 324

treatment of, 324–325

Hyperosmolar therapy, 102–103

Hyperpyrexia, 38

Hypertension, 4, 26, 102, 138, 147, 192,

195, 197, 203. See also Intracranial

hypertension (ICH)

Hypertensive hypervolemic therapy (HHT)

for ischemic stroke, 183

Hypertonic saline, 102

for hypertension, 228

solutions, 33

Hyperventilation, 104–105

for hypertension, 227, 228

in ICP management, 34–35, 206

Hypocalcemia. See Calcium

Hypocarbia, for ICP, 206

Hypokalemia, 327

Hypomagnesemia. See Magnesium

Hyponatremia, 37, 316–323

causes of, 316

euvolemic, 321

evaluation of, 319–321

hypovolemic, 321

pathophysiology, 317–318

symptoms of, 319

treatment of, 322–323

Hypophosphatemia. See Phosphorus

Hypotension

avoidance, 101

systemic, 23

Hypothermia, 228, 367

for aSAH, 294

mechanism of protection, 83

meta-analysis of multiple, 82
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[Hypothermia]

mild-to -moderate, 124–125

multicentered randomized trial in, 82

for neuroprotection, 82

for TBI treatment

benefits of, 82–83

complications, 83

controversies regarding efficacy, 84–85

indications and technique, 83

mechanism of protection, 83

therapeutic, 105–106

Hypoventilation, avoidance of, 30–31

Hypovolemia, 359

Hypoxemia

development of, 361

factors influencing, 362

Hypoxia, 23

Ibuprofen, 308

ICAD. See Internal carotid artery

dissection (ICAD)

ICH. See Intracerebral hemorrhage (ICH);

Intracranial hemorrhage (ICH)

ICP. See Intracranial pressure (ICP)

ICUs. See Intensive care units (ICUs)

Induced hypothermia (IH), 82

Induced systemic hypertension, 102

Induction in SCI surgery, 362–363

Inflammation, role of, 98

Inotropic therapy, 343

Insulin therapy, intensive, 326

Integrated management paradigm,

cornerstones of, 36

Intensive care units (ICUs), 326

for cervical carotid patients, 150

for ICH patients, 208

for intracranial arteries patients, 159

ischemic stroke

complications, 171

role of nurse, 173

ventilated patients, 183

neuroscience (NICU), 323

Interleukins, levels of, 98

Internal carotid artery dissection (ICAD),

139, 140

International Data Bank, 17

International Stroke Trial (IST), 134

International Subarachnoid Aneurysm

Trial (ISAT), 258–259, 307

International Surgical Trials in Intracer-

ebral Hemorrhage (STICH), 210

Interventionalists

vs. surgeons, 155

Intra-arterial infusions, 353

for aSAH, 289

Intracerebral hemorrhage (ICH), 134.

See also Intracranial hypertension

antihypertensive agents in, 224–226

chronic hypertension in, 220–221

clinical trials and experimental studies

of, 223–225

diagnosis, 199–204

elevations in, 205–206

epidemiology, 192

intracranial hypertension in, 227–229
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Intracranial contents, 3, 99

Intracranial hemorrhage (ICH), 175
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avoidance of, 29

Intracranial hypertension. See also

Intracerebral hemorrhage (ICH);

Intracranial pressure (ICP)

medical management of, 227–228
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and TBI management, 36
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administration, 174

Intraventricular hemorrhage (IVH), 197
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for hypertension, 227

for ischemia, 220

orotracheal, 361
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Ischemia symptomatic, 349
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in, 3
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treatment using SSEPs, 184

Ischemic stroke

anticoagulation, 133–140
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IV r-tPA. See Intravenous recombinant tissue

plasminogen activator (IV r-tPA)
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Jugular venous oxygen saturation (SjvO2), 5
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Klippel-Feil syndrome, 393
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Leukocytes, 275
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MR. See Magnetic resonance

MRA. See MR angiography (MRA)
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NIH. See National Institutes of Health (NIH)
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low CBF in, 222
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Phenobarbital, 305
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burden, 307
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of SAH, 336
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pneumonia
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See Torsade
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Pressors. See Vasopressors

Pressure autoregulation, 21–22, 71
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loss of, 25

Pressure-volume curve, 25

Primary anatomic injury, 358

Primary axotomy, 51

Primary brain injury, 17, 19–20

Primate brain injury, model of, 50

Programmed cell death, 97–98
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(DVT), 38
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Pulmonary disorders, in SAH, 337–342
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SCIWORA syndrome, 400–401, 403, 405

Secondary axotomy, 51

Secondary brain injury, 17, 20

SECuRITY Registry Trial, 150–151

Sedation, 206–207

and analgesia, 103–104

Sedative and analgesic agents effect on

ICP, 31–32

Seizure prophylaxis, 38

Seizures, 181, 304. See also Epilepsy
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Surgeons vs. interventionalists, 155

Surgery

for aneyurysm, 305–306

of brain, 229

eye, 172–173

for hematomas, 229

for hypertension, 228–229

neurological, 175

vs. endovascular treatment, 258–259, 274
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class I data on DC, 2

costs associated with, 81–82
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death rate from, 82
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epidemiology impact, 51
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T waves, cerebral, 345
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Vasoconstrictors, 275
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