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Acute ischemic stroke confers a high burden of morbidity and mortality

globally. Occlusion of large vessels of the anterior circulation, namely the

intracranial carotid artery and middle cerebral artery, can result in large

hemispheric stroke in ∼8% of these patients. Edema from stroke can result in

a cascade e�ect leading to local compression of capillary perfusion, increased

stroke burden, elevated intracranial pressure, herniation and death. Mortality

from large hemispheric stroke is generally high and surgical intervention may

reduce mortality and improve good outcomes in select patients. For those

patients who are not eligible candidates for surgical decompression either

due timing, medical co-morbidities, or patient and family preferences, the

mainstay ofmedical management for cerebral edema is hyperosmolar therapy.

Other neuroprotectants for cerebral edema such as glibenclamide are under

investigation. This review will discuss current guidelines and evidence for

medical management of cerebral edema in large hemispheric stroke as well

as discuss important neuromonitoring and critical care management targeted

at reducing morbidity and mortality for these patients.
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Introduction

Acute stroke effects ∼795,000 persons in the United States annually of which 87%

are acute ischemic strokes (1). Large hemispheric infarcts (LHI) are defined variably in

the literature but are typically thought of as infarct that involve one-half to two-thirds

of the anterior circulation territory (2–5) and comprise 7.6% of acute ischemic strokes

(6). Large vessel occlusions make up 26–38% of ischemic strokes and of these patients

22–50% will result in LHI with significant cerebral edema (7). The danger of LHI is the

formation of malignant cerebral edema (MCE), which in a fixed cranial vault, poses

a risk of further compression of normal brain tissue and herniation. Risk factors for

development of MCE include young age, higher NIHSS and size of hypoattenuation

on admission CT (8). The large majority of these patients will progress to neurologic

deterioration within 72 h of symptom onset and mortality without surgical intervention

is high at∼80% (9, 10).

In this paper we reviewed the literature from Pubmed, Google Scholar, and Medline

as well as Clinicaltrials.gov utilizing a search strategy including the keywords large
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hemispheric stroke, malignant stroke, malignant cerebral

edema, large core infarct, and hyperosmolar therapy to identify

pertinent literature. This paper will discuss the physiology

and formation of edema in LHI and the evidence behind

various treatment strategies including hyperosmolar therapies

and other pharmacologic therapies. The evidence and utility

of surgical interventions for LHI are discussed elsewhere in

this issue of Frontiers in Neurology. Prognosis and survival of

LHI are also heavily influenced by critical care management

aimed at minimizing complications such as infection and

venous thromboembolism. Advance care planning and best

communication practices in shared decision-making with

patients and families also significantly affect outcomes (11).

Pathophysiology

Cerebral edema is the pathological formation of excess

fluid in tissue surrounding an injured region of brain. In the

fixed cranial vault, edema contributes to herniation risk as it

compresses healthy brain tissue into the cistern spaces. As the

pressure in the tissue increases, it eventually will exceed the

capillary pressure further reducing capillary inflow and cerebral

perfusion (12, 13). The type of edema that forms is dependent

on the type of neurological insult and often involves multiple

processes: ionic, vasogenic, cytotoxic and hydrostatic.

At the cellular level, cytotoxic edema is the first process

to occur and sets up the gradients for development of

ionic and vasogenic edema. In healthy tissue, sodium resides

in the extracellular space and is a key ion in voltage-

dependent channels of neurons and astrocytes. Ischemia causes

a dysfunctional energy state with dysregulation of sodium

transport channels and results in loss of normal biochemical

gradients. The intracellular accumulation of sodium then

triggers an upregulation of sodium channels (12). The

sulfonylurea receptor 1 (SUR1) channel is a non-selective cation

channel and is upregulated within 2–3 h of ischemia and is a

target of therapy for MCE (14). The opening of this channel

results in a net flow of sodium to the intracellular space (15).

As the intracellular sodium concentration rises, osmotic forces

pull water into the cell via Aquaporin-4 (AQP4) channels (16).

This cytotoxic edema will lead to cellular lysis and necrotic

cell death and a resultant increase in extracellular sodium (12).

Early ionic edema is driven by the movement of water into the

sodium rich extracellular space from the intravascular space,

however the blood brain barrier (BBB) remains intact against the

movement of macromolecules during the early ischemic phase

predominated by ionic edema (12).

Disruption of the BBB is the hallmark of vasogenic

edema; however the full mechanism of injury is a point of

active research. Initial breakdown occurs between neighboring

endothelial cells when proteins like thrombin trigger endothelial

cell retraction. Up-regulation of vascular endothelial growth

factor (VEGF) in isolated perfused micro vessels contributes

to the uncoupling of tight endothelial junctions and results in

increases hydraulic conductivity (17). Matrix metalloproteinases

(MMP) are also upregulated by ischemia and contribute to

the degradation of the microvascular matrix of the basement

membrane, but the full pathway is unknown (18). MMP

inhibitors have been shown to reduce ischemia and edema

in vivo in rats (19). MMP has also been studied as a

measurable biomarker for cerebral edema (12). These pathways

promote communication between the intravascular and cerebral

interstitial space allowing water and plasma proteins to

extravagate into the cerebral interstitial space (13, 20). Several

molecular biomarkers including NEU, TNF-alpha, IL-1b, IL-6,

IL-8, IL-17, ICAM-1, VCAM-1, MPO, NE, MMP-9, miRNA,

free dsDNA, H3CIT and NETosis are under investigation

for their predictive role in MCE after LHI (Clinicaltrials.gov

NCT03703284). Recent studies have looked at the contribution

of glymphatic flow in the formation of cerebral edema. Mestre

et al. studied in vivo rat models and human autopsies and found

that CSF flow through the perivascular spaces increased within

minutes of ischemia and coincided with the onset of swelling and

brain water content (21).

Neuromonitoring

The cornerstone of neuromonitoring for cerebral edema

after LHI is the neurologic exam and neuroimaging. Many

studies have attempted to combine clinical and radiographic

factors to develop clinical prediction scores for the risk of

MCE, including the DASH, EDEMA, and E-Score (22–25). In

patients with revascularization, pre-procedure factors associated

with a higher incidence of MCE include an ASPECTS score of

<8, prolonged time to reperfusion, incomplete recanalization,

proximal internal carotid occlusion, and poor collateral

vasculature (7, 26). Admission computed tomography (CT) is

available for the majority of patients presenting with acute

stroke symptoms. Quantitative infarct volume measurements by

net water uptake (NWU) on admission CT can help identify

patients who will progress to LHI and MCE (27). Quantitative

measurements CSF volume change (1CSF) from baseline to

24 h CT can be an early indicator for risk of MCE, with 10%

change almost doubling the risk (28, 29). Combining high

risk clinical characteristics with measurements of CSF reserve,

and 1CSF perform well in predictive modeling with AUROC

0.96 (30). The Automatic PredICtion of Edema After Stroke

(APICES) trial is currently enrolling patients to evaluate the

combination of these features, as well as collateral status, clot

burden scores, and vein scores too develop a predictive model

for those at risk of developing MCE (NCT04057690). CT

perfusion is increasing in use since the recommended extended

thrombectomy window for anterior circulation strokes (31).

Blood brain barrier permeability maps calculated from initial
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TABLE 1 Properties of hyperosmolar agents for treatment of elevated intracranial pressure.

% Solution Osmolarity

(mOsm/L)

Sodium concentration

(mEq/L)

Bolus volume for

elevated ICP

Administration access

0.9% NaCl 308 154 n/a Peripheral

3% NaCl 1,026 513 250–500ml Peripheral, central, intraosseus

23.4% NaCl 8,008 4,004 15–30ml Central, intraosseus

20% Mannitol 1,100 n/a 0.25–1 g/kg Peripheral

perfusion imaging may play a role in predicting those who will

progress to MCE (32).

Invasive intracranial monitoring, though appealing, has

limited utility in LHI. Studies have demonstrated that invasive

intracranial monitoring for elevated ICP in hemispheric stroke

is limited due to separation of the intracranial compartments,

and often herniation occurs prior to elevated ICP. Therefore,

routine invasive intracranial monitoring is not recommended

(20, 33, 34). Transcranial doppler is a non-invasive option to

detect progression of cerebral edema by following trends in the

pulsatility index and also allows for calculation of CPP (27, 35).

Quantitative EEG is also an increasingly available resource,

studies have demonstrated early changes in asymmetrical EEG

suppression to potentially precede herniation by hours (36).

Hyperosmolar therapies

A common treatment strategy for elevated intracranial

pressure (ICP) due to cerebral edema is hyperosmolar agents

including hypertonic saline and mannitol. It is a common

misconception that hypertonic therapies work at the site of

edema. Hyperosmolar therapies require an intact BBB to exert

their osmotic effects, therefore are not active at the site of edema.

The changes in cerebral volume occur instead in healthy brain

tissue which subsequently results in lowering ICP (37).

Hyperosmolar therapies act by moving water across an

osmotic gradient between the cerebral vasculature and cerebral

interstitial space. The efficiency of a hyperosmolar agent

is graded by its reflection coefficient. As some agents can

permeate through the BBB into the brain parenchyma, a

reflection coefficient indicates the selectivity of the intact

BBB for these substances. A grade of 0 indicates complete

permeability and a grade of 1 indicates complete exclusion of

movement across the BBB. Hypertonic saline and mannitol

have a reflection coefficient of 1 and 0.9, respectively (38).

There is a second proposed physiologic effect that hyperosmolar

therapy reduces cerebral blood flow by augmentation of cerebral

perfusion pressure in healthy areas of brain tissue with intact

autoregulatory vasculature (39, 40). Diringer et al. evaluated

cerebral blood flow studies by PET which do not demonstrate

a reduction in blood flow, supporting the more dominant

effect of decrease brain water content as the ICP lowering

mechanism (41).

Various strategies are described for the use of hypertonic

saline including bolus therapy vs. continuous infusion, or

a combination. Available concentrations are institution

dependent. Properties of the most common concentrations

3 and 23.4% are outlined in Table 1. Mannitol 20% solution

is administered as weight-based dosing of 0.25–1g/kg, with

repeat dosing of 0.25–0.5g/kg while monitoring the osmolar

gap. An osmolar gap of >20 mOsm/kg may suggest inadequate

renal clearance and should prompt discontinuation of mannitol

(42). There are limited prospective trials evaluating hypertonic

saline as compared to mannitol in acute ischemic stroke

however some studies may suggest more rapid or sustained ICP

lowering with hypertonic saline, but neither has demonstrated

improvements in functional outcome or mortality in stroke

(42). In traumatic brain injury, there is data to support superior

ICP lowering effect of hypertonic saline without any differences

in neurologic outcomes or mortality compared to mannitol

(43, 44). Consideration of individual medical comorbidities,

contraindications, and institutional comfort typically guide

the decision of which agent is utilized. Hypertonic saline

adverse effects include transient hypotension followed by

increases in cardiac output, hyperchloremia, and pulmonary

edema (45). Some institutions may require administration

of higher concentrations of hypertonic saline via central

access or intraosseous access (46, 47). Mannitol adverse effects

include accumulation in renal failure, hypotension and diuresis

(48). Prophylactic sodium targets and prophylactic mannitol

therapy in absence of signs or symptoms of elevated ICP

have insufficient data to support preventing ICP crisis, and

may have risks of rebound intracranial hypertension in some

studies (20, 34, 49).

Glibenclamide and other
investigational therapies

The SUR1-TRPM4 protein receptor has recently emerged

as a target for prevention of MCE. The receptor, which is

upregulated in various forms of central nervous system injury

including ischemia, is implicated in the formation of astrocyte
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edema due to depolarization of the cell and influx of Na+ and

subsequent water influx via Aquaporin-4 channels (13, 50, 51).

Intravenous glibencamide binds to the SUR1-TRPM4 protein to

impair this process and acts to inhibit the secretion of MMP-9

on endothelial cells and reduce plasma MMP-9 levels in patients

with LHI (12, 13).

The GAMES-RP trial compared glibenclamide to placebo in

subjects with severe anterior circulation ischemic stroke (52).

The trial was negative with regards to the primary endpoint of

90 day mRS of 0–4 without decompressive craniectomy between

the glibenclamide and placebo groups (39 vs. 41%, respectively;

adjusted P = 0.77). Similarly, regardless of progression to

surgical intervention, there were no statistical differences in

early mortality at 7 days and 90 days, but significantly reduced

mortality at 30 days (P = 0.03). In a post-hoc analysis of patients

≤ 70 years old, there was a statistically significant decrease in

mortality at all time points (12, 13). Glibenclamide compared

to placebo was associated with a significant decrease in

radiographic midline shift and total MMP-9 (52, 53). Vorasayan

et al. evaluated the lesional NWU on CT in patients treated

with glibenclamide, and demonstrated reduced NWU (P =

0.016) in both gray and white matter, and reduced midline shift

(P = 0.016) (54). Despite these promising radiographic and

biomarker findings, glibenclamide did not reduce the use of

hyperosmolar therapy in the trial (55). The phase three CHARM

Trial is a randomized, double-blind, placebo-controlled,

parallel-group, multicenter study is currently underway

(Clinicaltrials.gov NCT02864953).

Downstream targets such as aquaporin-4 channels are also

being investigated as therapeutic modulation of cerebral edema.

Arginine vasopressin is thought to play a role in the upregulation

of these channels via the V1 receptor (56, 57). Vasopressin

antagonism with vaptan is currently being studied in cerebral

edema secondary to intracerebral hemorrhage but requires

further investigation (Clinicaltrials.gov NCT03000283).

Surgical management

Decompressive hemicraniectomy (DCHC) is the surgical

removal of the skull over the affected hemisphere to allow

for expansion of cerebral edema extracranially and lessen

the herniation risk. The full discussion regarding surgical

management of large strokes is covered elsewhere in this

issue of Frontiers in Neurology and only covered briefly

in this article. In a select patient population age 60 and

under, DCHC is associated with lower mortality (adjusted

odds ratio, 0.16%; 95% CI, 0.10–0.24) and increased chance

of favorable outcome (adjusted odds ratio, 2.95; 95% CI,

1.55–5.60). Favorable outcome was defined as mRS score ≤

3 at 6 months and 1 year with a shift toward functional

improvement (10).

Other critical care management

Common practices to reduce ICP in neurocritically ill

patients include physical maneuvers including elevation of

the head and hyperventilation. The mechanism for these

interventions decreases ICP through mechanical and structural

changes but does not have any impact on the volume of

cerebral edema or swelling. For acute elevations in ICP

concerning for imminent herniation, transient hyperventilation

to a goal PaCO2 of 25 mmHg can be temporizing until

definitive intervention (20, 58). This intervention is time limited

as prolonged cerebral vasoconstriction has been associated

with ischemia. Patients being treated for cerebral edema

should have the head of bed elevated to 30 degrees, but no

more than 45 degrees as an adjunct method for reduction

of ICP (20). Clinicians should be cognizant of prolonged

positioning in trendelenburg with the head of bed lower than

the heart or rotated as this can result in increases in ICP

from compression of cerebral venous outflow (59). Other

therapies that have been studied but demonstrated to be non-

beneficial for management of cerebral edema in LHI include

corticosteroids (60) and therapeutic induced hypothermia

(20, 33, 34).

Patients with LHI are at high risk for compromise

of their airway and at an increased risk for pulmonary

complications such as aspiration pneumonia (61). Stroke

associated pneumonia (SAP) can be a contributor to morbidity

and potential mortality in patients with large hemispheric

strokes. Early recognition and empiric antibiotic therapy based

on patient risk factors and clinical characteristics remains

the mainstay of treatment for SAP (62). Research into

potential prophylactics for SAP includes the use of Angiotensin-

converting enzyme inhibitors, propranolol, caspase inhibitors

and Cilostazol but is beyond the scope of this discussion (63,

64). For these patients, the rate of tracheostomy placement

is high even with surgical decompression, near 30–40%

(65, 66). Within the general critical care population there

have been some benefits from early tracheostomy including

fewer ventilation days and lower intensive care unit (ICU)

length of stays (67). In the neuro critical care population,

which tracheostomy is needed for orophayngeal weakness,

the SETPOINT trial demonstrated reduction in sedative use,

ICU mortality, and 6-month mortality (68). In a single center

retrospective review of malignant hemispheric stroke patients

that undergo surgical decompression, early tracheostomy was

associated with reduction in mortality, ICU length of stay,

mechanical ventilation days and pneumonia (65). The follow-

up study, SETPOINT2 was a multi-center study of 366 patients

randomized to early (4 days) vs. late (11 days) after intubation

and did not find a statistically significant difference in severe

disability (mRS 0–4) at 6 months (69). The authors did note

that the wide confidence intervals around the effect estimate
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may encompass a clinically important difference making it

difficult to exclude a clinically relevant benefit or harm from

early tracheostomy.

Early initiation of antiplatelets and chemical venous

thromboembolism prophylaxis is standard of care if not

otherwise contraindicated (31). For patients with LHI who

are potential surgical candidates, it is reasonable to defer

initiation of full dose anticoagulation until surgical intervention

has been excluded. Often this includes discontinuation of

dual antiplatelet therapies, but it is generally recommended

and safe to continue aspirin alone (33). Prophylactic doses

of heparin or low molecular weight heparin are important

to continue even in the setting of possible decline requiring

surgical intervention as the risk of DVT is high in the

stroke population (33, 70–72) and can be reversed prior

surgical interventions.

Communication and shared
decision-making

It is important to initiate early discussions with patients

and or healthcare decision makers regarding the expected

progression of cerebral edema and critical care course. As

discussed elsewhere in this issue, the beneficial window for

surgical intervention is small. The greatest potential for

surgical benefit is within 48 h of stroke onset (10, 73).

Surrogates report the time pressure associated with acute

stroke decision-making can lead to treatment or deferral

of treatment that may be inconsistent with patient values

(74). Decision-makers can benefit from early discussions

to fully clarify the risks, benefits, and set expectations for

neurological recovery prior to pressured decision-making,

especially regarding surgery. Delayed surgical intervention for

hemispheric stroke, defined as after 4 days, demonstrates

benefits in survival but more patients have significant disability

(5, 75). For patients who are initially medically managed, it

is important to communicate that surgical interventions such

as delayed hemicraniectomy, tracheostomy and gastrostomy

tube placement are life prolonging measures and do not

reverse functional disability. Clinicians should be aware of the

limitations of prognostic scales which are based on population

data and may not reflect the important outcomes or values to

the specific patient and their surrogate decision-makers (76).

Caution should also be taken by the clinician when discussing

dichotomized outcomes such as favorable vs. unfavorable, as

studies demonstrate discordance between clinician, patient

and provider perceptions of acceptable quality of life (77,

78). Early limitations, such as new do-not-resuscitate orders

changed within the first 24 h of acute brain injury led to

less aggressive care and higher mortality (79–82). Therefore,

early discussions in LHI are important in developing a shared

understanding of the values of the patient and ensuring

surrogate decision-makers are able to ask questions, reflect

on treatment options, and pursue decisions most aligned with

patient and family values.

Conclusion

Cerebral edema following large hemispheric infarct can

progress to life threatening herniation requiring medical and

surgical interventions. Some patients may benefit from early

surgical decompression, but others may not be considered

candidates due to age, delayed presentation, or medical co-

morbidities. For these patients, osmotherapy is frequently

employed for neurologic decline presumed to be due to

elevated ICP or cerebral edema. Robust data demonstrating

hyperosmolar therapy changes functional outcomes is lacking.

Glibenclamide may be a promising therapeutic option to

mitigate the progression of cerebral edema in LHI. Important

attention to critical care management can prevent or reduce

morbidity from stroke related complications.
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