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Opinion statement

The management of patients with large territory ischemic strokes and the subsequent
development of malignant brain edema and increased intracranial pressure is a significant
challenge in modern neurology and neurocritical care. These patients are at high risk of
subsequent neurologic decline and are best cared for in an intensive care unit or a
comprehensive stroke center with access to neurosurgical support. Risks include hemor-
rhagic conversion, herniation, poor functional outcome, and death. This review discusses
recent advances in understanding the pathophysiology of edema formation, identifying
patients at risk, current management strategies, and emerging therapies.

Introduction

Stroke is a major cause of mortality, and it is estimated that
large hemispheric strokes account for up to 10 % of all
stroke patients |1, 2]. The term “malignant” was first used
by Hacke et al. [3] to describe a complete infarction of the
middle cerebral artery (MCA) accompanied by space-
occupying mass effect within the first 5 days after

presentation. Malignant cerebral infarction (MCI) typically
refers to large MCA territory infarction (with or without
involvement of the ipsilateral anterior or posterior cerebral
artery territories) that presents with acute brain swelling in
the first 48 h after ictus. The resultant tissue shifts secondary
to regional changes in intracranial pressure (ICP) may lead
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to brain herniation [4]. The mortality rate in MCI can be as
high as 80 %, usually following transtentorial herniation
after development of brain edema |2, 3]. In contrast, the
average mortality rate among all ischemic stroke subtypes
is roughly 15 %, with MCA territory infarcts in general
ranging from 5 % 45 % [1, 5]. Concurrent anterior cerebral
artery (ACA) involvement may be predictive of mortality
[6]. Morbidity has not been as well documented but few
patients with MCI are likely to ever return to independent
functioning [7].

Subtotal or complete MCA territory infarctions ac-
count for approximately 10 % of anterior circulation
stroke patients [8]. Etiology may be thrombotic, embol-
ic, or secondary to an internal carotid artery (ICA) dis-
section with the occlusion typically involving the ICA or
proximal MCA [9]. The size of the resultant infarct de-
pends on the vessel that is occluded and the extent of
collateral circulation available to the ischemic territory.

Patients with proximal MCA or ICA occlusion present
awake with contralateral hemiparesis and sensory deficit
affecting face and arm with variable leg involvement. Gaze
deviation toward the side of the injury and contralateral
hemineglect are common. Dominant hemisphere infarc-
tion presents with a global aphasia. National Institutes of
Health Stroke Score is commonly 20 or higher for domi-
nant hemisphere infarcts and up to 15 or more for non-
dominant hemisphere infarcts [10]. New onset anisocoria
or hemiplegia ipsilateral to stoke should be taken as evi-
dence of transtentorial herniation until proven otherwise

Mechanism of edema formation

and should be evaluated and treated emergently. Decreased
level of consciousness may signal worsening midline shift
(notably at the level of the pineal gland) [11] or thalamic or
midbrain compression [12]. Patients with hemispheric
strokes may also develop “eye lid apraxia” or “cerebral
ptosis,” which is oftentimes mistaken for decreased con-
sciousness [13].

Similar to patients with large hemispheric strokes, pa-
tients with cerebellar strokes are also at risk for neurologic
deterioration because of development of edema. Cerebellar
stroke may be more difficult to recognize because of non-
specific complaints (eg nausea, dizziness, vertigo) and may
be missed without careful evaluation of speech, eye move-
ments, gait, and coordination. Swelling may result in pon-
tine compression and/or acute hydrocephalus because of
compression of the fourth ventricle. Unilateral hearing loss
may be detected in anterior inferior cerebellar artery infarcts
whereas intractable singultus may occur in posterior inferior
cerebellar artery infarcts [14]. Subsequent deterioration de-
pends on the size of the initial infarct volume [15]. The
initial computed tomography scan, however, may be nor-
mal in up to 25 % of patients [15, 16]. In addition to
decreased consciousness, patients with pontine compres-
sion may develop ophthalmoparesis, disordered breathing,
or cardiac dysrhythmias.

Historically, treatment of large strokes has focused
on symptom management, however, multicenter trials
are now underway examining potential interventions to
prevent the development of edema.

Dysfunction of cerebral capillaries because of ischemia and postischemic reperfusion
results in progressive alterations in blood-brain barrier (BBB) leading to formation of
ionic edema, vasogenic edema, and hemorrhagic conversion [17]. Ischemic injury
leads to altered ion gradients primarily through cessation of active transport Na-K-
ATPase channels. Passive ion transporters then allow intracellular accumulation of
sodium in neurons and glial cells resulting in cellular swelling. This is classically
termed “cytotoxic edema” [18e]. Hyperintense signal on diffusion weighted mag-
netic resonance imaging (MRI) results from this process. Endothelial cell dysfunction
follows with subsequent disruption of the BBB. Vasogenic edema then develops as
fluid leaks from the intravascular space. Patients are at increased risk of hemorrhagic
transformation after the development of vasogenic edema because of increased
permeability of the BBB [17].

Several ion channels involved in edema formation are being studied as
potential therapeutic targets. The SUR1/TRPM4 is activated and upregulated
following ischemia. This results in an influx of cations and cellular swelling.
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SUR1/TRMP4 channel activation also leads to an upregulation of matrix-
metalloproteinase-9 (MMP-9) [19]. MMP-9 is associated with endothelial dam-
age and increased vascular permeability. NKCC1, an active transported involved
with the Na-K-CI channel mediating sodium entry into cells, is activated follow-
ing ischemic injury [20]. Aquaporin-4, the most abundant water channel in the
brain, is also known to be involved in edema formation after stroke [21].

Predictors of malignant cerebral edema

Treatment

Numerous clinical and radiographic predictors of malignant cerebral infarction have
been studied, though no single marker can be relied on exclusively. A 2008 sys-
tematic review of 23 published studies found that the most significant predictors
were infarct size, involvement of vascular territories in addition to the MCA, low
perfusion in other vascular territories, and hemorrhagic transformation [22]. Clinical
characteristics that have been associated with a malignant course include younger
age [9], female sex [9, 23], systolic blood pressure >180 mm Hg [24] or history of
hypertension [25], congestive heart failure|25], coronary artery disease [26], leuko-
cytosis [25], or National Institutes of Health Stroke Score severity [27, 28]. Serum
protein S-100 [29], cellular fibronectin, and MMP-9 [30] are promising predictive
biomarkers, though at present their clinical usefulness has not been established.

Computed tomography predictors identified include hypodensity >50 % of
MCA territory on initial computed tomography [24, 25, 31], pineal displace-
ment >4 mm within 48 h of onset [32], internal carotid artery T occlusion [28,
33], combined ICA and MCA occlusion [34], involvement of vascular territory
other than MCA (eg, ACA, PCA, anterior choroidal) [25, 23], hyperdense MCA
sign [31, 35], attenuated corticomedullary contrast within 18 h of onset [35],
and perfusion deficit in >66 % of MCA territory at 6 h after onset [36]. MRI
predictors include apparent diffusion coefficient (<80 %) [28] or diffusion
weighted imaging [34] volume lesion volume >82 mL within 6 h of onset, and
time-to-peak on MRI perfusion maps >162 mL [28].

Basic support

» Patients that have large territorial strokes should be admitted to a neuro-
intensive care unit or stroke unit for close monitoring. Transfer to a higher level
center is reasonable if comprehensive care and neurosurgical intervention are
not available locally. Endotracheal intubation may be considered in patients
with decreased level of consciousness leading to hypoxia or impaired ability to
maintain a patent airway. Maintaining normocarbia is reasonable, but pro-
phylactic hyperventilation is not recommended [37].

* New or worsening cardiac dysrhythmias are not uncommon after large
ischemic stroke, especially in patients with cerebellar strokes leading to
brainstem compression or strokes involving the insular region [38]. Con-
tinuous cardiac monitoring and pharmaceutical management of arrhyth-
mias is recommended. There is insufficient data to recommend specific
systolic or mean arterial pressures, as blood pressure goals will be influ-
enced by a number of factors including whether or not the patient received
thrombolytics or endovascular treatment for recanalization. However, marked
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hypertension (SBP >220 mm Hg or DBP >105 mm Hg) is associated with
increased risk of hemorrhagic conversion [39]. Blood pressure targets will
likely be lower following thrombolytics or intervention. Labetalol, hydral-
azine, or enalapril can be considered as needed. If continuous intravenous
drip is needed, nicardipine can be titrated to blood pressure goal typically with
arange of 5 20 mg/h. Nitroprusside is generally avoided in patients with brain
injury as it may theoretically increase ICP because of cerebral vasodilation [7].
Hyperglycemia is associated with increased infarct size, worsening cerebral
edema, and increased risk of hemorrhagic transformation [40]. Hypogly-
cemia should be avoided and a recent trial demonstrated increased infarct
size with aggressive glucose control (<126 mg/dL) [41]. Current recom-
mendations are for target blood glucose between 140 and 180 mg/dL.
Aggressive treatment of fever is reasonable as hyperthermia has been
shown to increase infarct size in animal models [42] and to worsen
outcomes in neurological critical care populations [43]. Fever should
prompt evaluation for infectious or drug-induced cause. Aspiration pneu-
monia is common. Patients should have their swallow function evaluated
and be placed in semirecumbant position to reduce aspiration risk [44].
Most will likely need nasogastric tube placement for initial nutrition.

ICP monitoring

The 2013 Guidelines for early management of patients with acute ischemic
stroke recommend similar initial interventions as those used in traumatic
brain injury for the management of elevated ICP: hyperventilation, os-
motic therapy, intraventricular cerebrospinal fluid drainage, and surgical
decompression [45]. There, however, is no evidence that hyperventilation,
osmotic therapy, corticoseteroids, diuretics or glycerol, or other measures
that lower ICP alone improve outcomes in patients ischemic brain swelling
[45].

Over the last several decades, it has become increasingly apparent that
regional ICP differentials leading to displacement of midline structures (eg,
thalamus or brainstem) are more often the cause of clinical deterioration
than global elevations in ICP expected to result in downward displace-
ment. As hypoventilation and osmotic therapy work primarily on healthy
brain, this raised concerns that these types of therapies could worsen
midline shift by shrinking noninfarcted brain contralateral and leaking
into and expanding the edematous lesion [46]. While mannitol boluses
have been shown to preferentially shrink noninfarcted brain, this has not
appeared to be sufficient to worsen midline shift [47, 48].

There does not appear to be value in early ICP monitoring or
ventriculostomy in hemispheric MCI [49]. In patients with cerebellar infarct
with early edema, acute hydrocephalus may develop. Ventriculostomy is
usually accompanied by suboccipital decompression [50].

Osmotic therapy

Mannitol and hypertonic saline are the most commonly used osmotic
agents to reduce ICP. The acute effects of osmotic agents probably
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work through rheological effects drawing water out of brain cells into
the intravascular space, decreasing blood viscosity, and reducing cere-
bral blood volume [51]. However, a recent study failed to demonstrate
that either mannitol or hypertonic saline reduced cerebral blood vol-
ume [52].

Mannitol for symptomatic brain edema should be dosed at 1 g/kg repeated
every 4 6 h [53]. Mannitol has the advantage of being able to be given through
peripheral intravenous access. Potential complications include hypovolemia,
hypotension, and nephrotoxicity. It is common to monitor serum osmolality
and withhold doses if osmolality is greater than 320 mOsm, however, there is
no data to support this limit. Monitoring of the osmolar gap may be a more
appropriate target, with a closing of the gap indicating sufficient mannitol
clearance for additional dosing [54]. A recent Cochrane review did not find
sufficient support for its routine use in stroke patients, however, only three
studies were eligible for analysis [55].

Hypertonic saline is available in varying concentrations from 1.5 % to 23.4 %
with concentrations of 3 % or higher requiring central venous access to avoid
sclerosis of peripheral veins [56]. Rapid elevation of sodium in this context does
not appear to be associated with complications of rapid sodium correction in
hyponatremic patients (eg, osmotic demyelination). Hypertonic saline works
on both injured and uninjured brain leading some to speculate it may be
superior to mannitol [57]. Serum sodium levels up to 160 mmol/L may be
appropriate, though levels above that are likely associated with increased
complications including delirium and renal toxicity. Hypertonic saline may
worsen congestive heart failure.

There is limited data comparing mannitol and hypertonic saline. Similarly, it is
common to use these medications in recurrent boluses or continuous infusion
in the case of hypertonic saline without high quality evidence. As osmotic
gradients will equilibrate over time the benefits of osmotic therapies would be
expected to be transient [58]. Similarly, discontinuation of hyperosmotic ther-
apy may result in transient swelling of cells [59]. Data for a “rebound” edema is
currently lacking,

Surgical decompression

Decompressive surgery is the current definitive treatment for malignant cerebral
edema. The benefit of suboccipital decompression for patients with neurologic
deterioration after cerebellar stroke is well established. In a large series of
massive cerebellar infarcts, 40 % required surgical decompression while 17 %
were managed with ventriculostomy; 74 % of patients in this series survived
with modified Rankin scores (mRS) of 0 or 1 (able to carry out all previous
activities) [60].

Decompressive craniectomy for large hemispheric infarction has become more
common following publication of a pooled analysis [61] of three multiple
randomized controlled trials in 2007. The DECIMAL (decompressive
craniectomy in malignant middle cerebral artery infarcts) trial [62], DESTINY
(decompressive surgery for the treatment of maligant infarction of the middle
cerebral artery) trial[63], and HAMLET (hemicraniectomy after middle cerebral
infarction with life-threatening edema trial) [64] trials enrolled patients aged
18 60. The individual studies showed reduced mortality but none of them
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showed improvement in functional outcomes (defined as a mRS <3) com-
pared with medical therapy. In the pooled analysis, there was a benefit in
mortality (78 % vs 29 %), mRS <4 (75 % vs 24 %), and mRS <3 (43 % vs 21
%). The NNT for a mRS <3 was 4. In the pooled analysis, 55 % of survivors
had mRS 3 or less and 45 % had moderate or severe disability at 12 months.
Two randomized controlled trials have examined decompressive craniectomy
in patients older than 60 years of age. Both the study by Zhao et al [65] and the
Destiny-1I [66] trials demonstrated a mortality benefit and mRS <5. A potential
criticism has been that survivors may have similar functional outcomes (mor-
tality benefit without disability benefit).

The optimum clinical, radiographic, and timing cut-offs for surgery remains
controversial. Early decompression may lead to some unnecessary surgeries
while waiting for clinical deterioration may increase the likelihood for a poor
outcome. It may be possible to develop protocols that distinguish high risk
from low risk patients as evidenced by the HeADDFIRST (Hemicraniectomy
and Durotomy Upon Deterioration From Infarction-Related Swelling Trial)
trial [67]. The side of infarct should probably not affect the decision to pursue
hemicraniectomy [68].

The major hemicranectomy trials all utilized creation of a large
frontotemporoparietal bone flap followed by durotomy and duroplasty. A
bone flap of at least 14 cm is required [69]. Postoperative complications
include wound dehiscence among others. The optimum timing of cranioplasty
is decompressive hemicraniectomy is unknown. It is common for patients to
also require tracheostomy and gastrostomy [37].

Neuroprotection
Corticosteroids

Corticosteroids are not currently recommended for treatment of malignant
cerebral edema in stroke. A 2012 Cochrane review [70] did not find evidence
for survival benefit or improvement in functional outcomes in survivors. The
trials included were small, underpowered, and heterogeneous in their outcome
measurements.

Barbiturates

Barbiturates are effective in lowering ICP by lowering metabolic rate and may
have neuroprotective effects as free radical scavengers [71]. However, barbitu-
rate coma to lower ICP in large hemispheric strokes has not been shown to
improve outcome [72]. Barbiturates are not currently recommended for use in
ischemic cerebral or cerebellar edema.

Therapeutic hypothermia

Body temperature has been shown to influence outcomes in focal ischemic
stroke experimental models and acute stroke in humans. Hyperthermia is
associated with worse outcomes [73, 74], whereas a body temperature
below 36.5 °C has been associated with improved outcome and lower
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mortality [75]. At present, there is insufficient data to recommend thera-
peutic hypothermia. Prospective randomized trials are currently in process
including combining endovascular cooling with acute thrombolysis (IC-
TuS 2/3, clinicaltrials.gov NCT01123161) [76].

Glyburide

Glyburide (a.k.a glibenclamide) is a selective inhibitor of the sulfonylurea
receptor 1 (SUR1) on the SUR1/TRPM4 channel. Inhibition of this receptor
may limit edema formation by reducing MMP-9 activation. Retrospective
studies have shown that diabetic patients continued on their pre-stroke
sulfonylurea after hospitalization for acute ischemic stroke had improved
functional outcomes [77] and reduced risk of hemorrhagic conversion [78]. A
recent pilot study demonstrated reduced MRI evidence of edema and reduced
blood MMP-9 levels in acute stroke patients [79]. The Glyburide Advantage in
Malignant Edema and Stroke (GAMES-RP, dlinicaltrials.gov NCT01794182)
trial is an ongoing prospective, multicenter randomized double-blind study
evaluating glyburide in acute severe anterior circulation stroke patients. The
primary outcomes are 90-day functional outcome (mRS <4) without de-
compressive craniectomy .

MMP-9 inhibitors

MMP-9 is activated in acute stroke and promotes BBB breakdown and devel-
opment of edema. High circulating levels after stroke are associated with worse
outcomes. The antibiotic minocycline is known to inhibit MMP-9. Two small
trials demonstrated safety when used in acute stroke patients and to lower
MMP-9 levels [80, 81]. The Minocycline to Improve Neurologic Outcome in
Stroke (MINOS, dlinicaltrials.gov identifier NCT00630396) open label phase
2 trial has been completed but results have not yet been published.
Edaravone is a free radical scavenger that inhibits MMP-9 and has been
used as a neuroprotective agent in Japan and China in conjunction with IV
thrombolysis. A 2011 Cochrane review [82] found a trend toward effec-
tiveness in published studies, though there is a need for larger high quality
trials.

Progesterone

Progesterone is proposed to be neuroprotective through effects on BBB and
prevention of edema formation. A phase-II trial in traumatic brain injury
suggested mortality benefit [83]. There is no data available currently to
make recommendations in acute stroke.

Bumetanide

As mentioned above, the NKCCI transporter is up-regulated in the setting of
ischemic injury and may contribute to edema formation. Bumetanide a
small molecule with a well established safety profile , is a relatively specific
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inhibitor of NKCCI at low concentrations [84]. Trials to evaluate its effect on
brain injury including trauma and stroke are currently being designed [18e].

Ethical considerations

Conclusions

Decision making for patients with large ischemic stroke with cerebral
edema is a shared process between physicians and families. Level of
disability and perceived quality of life may not correlate. That being
said, physicians should communicate with families in an open and
honest way about prognosis. Mortality in large hemispheric strokes
remains between 20 % and 30 % despite best medical and surgical
interventions. The vast majority of survivors are markedly disabled with
approximately one-third needing continuous nursing care. Families
should be prepared for the possibility of depression, disihibition, lack
of initiative, irritability, and being wheelchair bound. A significant pro-
portion will likely need tracheostomy and gastrostomy. The outcome of
cerebellar hemispheric strokes is often good in the absence of brainstem
infarctions, making decision-making less problematic [37].

Malignant edema after ischemic infarctions is associated with significant
morbidity and mortality despite current best medical practices including
osmotic therapies and decompressive surgeries.

Medical interventions designed to lower global ICP have not been shown to
improve outcomes but may delay neurologic decline prior to definitive
(surgical) treatment.

While decompressive surgery is associated with good outcomes in
hemispheric cerebellar strokes, a survival benefit in large anterior circu-
lation strokes needs to be balanced with the likelihood of marked
disability.

Recent advances in understanding the development of edema after ischemia
are helping to identify potential targets for interventions to prevent edema
development. Of particular interest are the ongoing GAMES-RP and ICTuS 2/
3 trials looking at glyburide and hypothermia, respectively. The Neurocritical
Care Society will be issuing a guideline soon on the management of large
hemispheric infarctions.
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