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Abstract

The development of cerebral oedema after ischaemic stroke is a common and potentially devastating complication associated with in-
creased mortality and disability. Despite this, there currently exists no definitive medical treatment for cerebral oedema, and the efficacy
of commonly used agents is unclear. In recent decades there has been a significant amount of research attempting to describe the patho-
genesis of cerebral oedema in ischaemic stroke which has begun to lead to the development of new potential treatments. In this review
we will aim to, firstly, provide a comprehensive overview of the pathogenesis and natural history of cerebral oedema in ischaemic stroke,
including cellular mechanisms, breakdown of the blood-brain barrier, the role of the immune system, and potential effects of reperfusion.
We will then summarise the evidence base for currently used treatments for cerebral oedema in ischaemic stroke such as hyperosmolar
agents, as well as emerging treatments which are still under investigation. Where available, this review will highlight outcomes of clinical
trials for these proposed treatments.
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1. Introduction
Ischaemic stroke accounts for approximately 65% of

all strokes worldwide, with 7.8 million new incidences
each year [1]. Although significant advances have been
made with regard to treatment of acute ischaemic stroke
such as thrombolysis and mechanical thrombectomy, cer-
tain challenges remain. Namely, the development of cere-
bral oedema is an inevitable consequence of ischaemic
stroke and significant cause of mortality and disability.
Despite this, treatment options for cerebral oedema in is-
chaemic stroke are extremely limited. Decompressive hem-
icraniectomy remains the only intervention with a demon-
strated effect on survival in patients with cerebral oedema,
but is not routinely available, often excludes older patients
with multiple comorbidities, and carries risk of significant
potential complications [2]. There are a number of pro-
posed medical treatments for cerebral oedema in ischaemic
stroke, and some treatments (e.g., hyperosmolar agents) are
used in current practice. However, none of these treatments
has yet been shown both to reduce cerebral oedema and
improve outcome after ischaemic stroke in phase III trials.
As a result, critical appraisal of currently available medical
therapies and the development of new treatments for cere-
bral oedema in ischaemic stroke is of high importance.

This review therefore has four aims. (1) To briefly de-
scribe the clinical course of cerebral oedema after ischaemic
stroke and the factors that predict its severity. (2) To set out
the mechanisms by which it develops, including those as-

pects that remain contested. (3) To appraise the evidence
for each medical agent that has been proposed or trialled,
graded by the strength of that evidence. (4) To identify the
obstacles that have prevented translation and the steps re-
quired to overcome them.

References for this narrative review were identified
through searches of PubMed/MEDLINE, Embase and the
Cochrane Library for articles published up to July 2025,
with the search updated in August 2026 prior to final sub-
mission. The search terms used were ‘ischaemic stroke’,
‘cerebral oedema’, ‘malignant oedema’ and ‘medical man-
agement’, alone and in combination. Ongoing and unpub-
lished trials were identified by a separate search of Clini-
calTrials.gov. Further articles were identified from the ref-
erence lists of retrieved papers and from the authors’ own
files. Only articles published in English were reviewed.
The final reference list was generated on the basis of rel-
evance to the scope of this review.

2. Natural History of Cerebral Oedema in
Ischaemic Stroke

Cerebral oedema is an inevitable consequence of is-
chaemic stroke, however only a minority of patients de-
velop brain swelling of clinical significance. Malignant
cerebral oedema capable of causing a symptomatic rise in
intracranial pressure is thought to arise in approximately 1
in 10 ischaemic stroke patients, typically within the first 72
hours of stroke onset [3]. Radiological evidence of oedema
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can be evident from hours to days, typically reaching its
maximum between 48 and 96 hours post-stroke, although
both rapid clinical deteriorationwithin the first 48 hours and
delayed deterioration beyond the first week have been de-
scribed [4,5]. The clinical presentation consists of a severe
hemispheric deficit with progressive reduction in level of
consciousness, accompanied with signs of raised intracra-
nial pressure such as headache, vomiting, and pupillary
asymmetry as transtentorial herniation occurs [6]. Impor-
tantly, this can occur prior to a measurable rise in global in-
tracranial pressure. Predictors of malignant oedema include
a large infarct volume, early hypodensity involving more
than one third of the middle cerebral artery territory, early
midline shift, severe neurological impairment, and subse-
quent pneumonia. Meanwhile, brain atrophy and success-
ful recanalisation are associated with a lower risk of malig-
nant oedema [3,7]. Prognosis without swift intervention is
poor, with mortality of approximately 80% with standard
intensive-care management alone, and whilst surgical de-
compression substantially reduces this mortality, one third
of surviving patients remain severely disabled and fully
dependent on care [2]. Whilst malignant swelling is life-
threatening, sub-malignant oedema that may be clinically
silent can also have prognostic implications, with oedema
volumes as small as 11 mL independently predicting worse
functional outcome at 90 days, irrespective of final infarct
size [8].

3. Pathogenesis of Cerebral Oedema in
Ischaemic Stroke

The stages of cerebral oedema in ischaemic stroke
were first described in the 1960’s [9]. Cytotoxic oedema
is thought to begin early after ictus and occurs due to re-
distribution of water from the extracellular space into the
intracellular space, resulting in cellular swelling. This is
followed by a vasogenic phase which is characterised by
blood-brain barrier (BBB) disruption and subsequent water
influx from the intravascular space, resulting in whole brain
swelling. In the last few decades there has been a significant
improvement in our understanding of this pathophysiology,
which we will describe in further detail.

3.1 Cytotoxic & Ionic Phases

The first 24 hours following an ischaemic stroke is
predominated by the cytotoxic phase of cerebral oedema,
characterised by the swelling of neurons and glia as water
shifts from the extracellular to the intracellular space due
to intracellular Na+ accumulation [10]. This is the direct
consequence of oxygen deprivation and metabolic failure,
beginning initially with dysfunction of the Na+/K+ ATPase,
followed by increased activity of the Na+/H+ exchanger as
hypoxia causes cell acidification [11]. The resulting rise in
intracellular Na+ causes excessive cell depolarisation and
subsequent release of neurotransmitters that excite neigh-
bouring cells and further drive intracellular Na+ in a spread-

ing process known as excitotoxicity [12,13]. Further cell
injury occurs when the intracellular Na+ accumulates suf-
ficiently to pathologically reverse the Na+/Ca2+ exchanger,
causing Ca2+ influx that further injures the cell [14]. Ul-
timately, these mechanisms establish a significant osmotic
gradient that promotes massive intracellular water influx,
causing the cell to swell. In the context of an oxygen-
depleted environment, such as acute ischaemic stroke, this
process is exacerbated by intracellular accumulation of lac-
tate which also acts to draw water into the cell [15]. It is
suggested that cytotoxic oedema does not cause whole brain
swelling as there is no increase in total brain water content,
only a redistribution of pre-existing brain water from the
extracellular to the intracellular space. However, cytotoxic
oedema is the initial driver for the later osmotic forces that
lead to intravascular fluid entering the area of brain infarc-
tion and causing brain swelling.

The process of ionic oedema in ischaemic stroke was
first described in 2007 and attempted to explain how in-
travascular water can move into the brain parenchyma prior
to the onset of BBB dysfunction seen in the later vasogenic
phase of cerebral oedema [16]. Cytotoxic oedema results
in a compressed extracellular space that is relatively de-
pleted of Na+ and water, thereby establishing an electrical
and osmotic gradient that promotes Na+ and water move-
ment from the intravascular space and into the brain across
the BBB. The exact mechanisms are unclear given that the
BBB is intact at this stage and endothelial cells lack the
voltage-gated Na+ channels used by neurons and glia [17].
It is suggested that ionic oedema occurs primarily through
secondary active transport according to the gradients es-
tablished by the cytotoxic phase. One candidate for this
process is the sulfonylurea receptor 1-regulated NCCa-ATP

(SUR1-NCCa-ATP or SUR1-TRPM4), a non-selective cation
channel that is upregulated in ischaemic neurons, astrocytes
and hypoxic brain endothelium after injury [18,19,20,21].
However, when adenosine triphosphate (ATP) is depleted,
the SUR1-TRPM4 channel becomes persistently open and
allows for excess Na+ influx, making it an inadvertent fa-
cilitator of cerebral oedema in sustained ischaemia [22].
Furthermore, its existence in both endothelial and brain
parenchymal cells may at least partly explain how Na+ can
travel across an otherwise intact BBB and contribute to
ionic oedema. Secondary active transport of Na+ across the
BBB may also be promoted by the Na+/K+/2Cl- (NKCC1)
co-transporter, which has also been shown to be upregu-
lated during ischaemia, similar to the SUR1-TRPM4 chan-
nel [23,24]. The NKCC1 is also expressed on the luminal
surface of endothelial cells and on neurons, although its ex-
pression in mature astrocytes in vivo is disputed [25]. De-
spite the existence of these channels however, the specific
mechanism bywhich water follows this Na+ gradient across
the BBB is less clear. The BBB is semi-impermeable to wa-
ter, restricting passive movement to transmembrane aqua-
porin (AQP) channels. AQP4 is highly expressed on the
astrocyte foot processes that make up the parenchymal sur-
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face of the BBB and allow for water entry into the brain,
but endothelial cells do not express AQP4 nor other ubiqui-
tous CNS aquaporins such as AQP1 [26]. As a result, water
can enter the brain following Na+ influx into the intracellu-
lar space via AQP4, although the route by which water first
crosses the endothelium, and the significance of aquaporin
localisation to astrocyte endfeet, remain unclear. It should
be noted that the classification of ionic oedema also remains
debated [24,25]. Some authors argue that ionic oedema
is not a separately observable phenomenon from cytotoxic
oedema, and that SUR1-TRPM4’s time for meaningful up-
regulation would actually place the channel’s opening in the
medium term rather than the earliest phase [25]. Such ar-
guments also place greater emphasis on the movement of
cerebrospinal fluid (CSF) as an early contributor to oedema
in stroke.

The consideration of CSF raises another important is-
sue. It is now known that the brain can also participate in
fluid exchange via the glymphatic system, in which CSF
mixes with interstitial fluid and circulates through the brain
parenchyma via perivascular routes mediated by the AQP4-
expressing astrocytic endfeet of the BBB [27]. Animal
models of ischaemic stroke have demonstrated that CSF en-
ters the infarct site via the perivascular route within minutes
of arterial occlusion, thought to be triggered by spreading
excitotoxic depolarisation and subsequent vasoconstriction
that enlarges the perivascular space and promotes CSF in-
flux [28]. Although human data is lacking regarding the
role of the glymphatic system in both physiological and
pathological contexts, earlier models of cerebral oedema in
ischaemic stroke should be revised to consider the possi-
bility that CSF entry may be an important early source of
oedema prior to the vasogenic phase previously described.
Theoretically, disruption of the glymphatic system may
also impair cerebral oedema resolution. The perivascular
space not only provides an entry point for CSF but also an
exit route, but this can become disrupted when the AQP4-
astrocytic endfeet of the BBB undergo breakdown as previ-
ously described in the vasogenic phase of oedema accumu-
lation. Again, human evidence is limited and the relative
contribution of glymphatic in-flow and out-flow to the on-
set and resolution of cerebral oedema is still unknown, but
worth consideration by future research.

3.2 Vasogenic Phase

Under normal conditions the BBB is entirely or selec-
tively impermeable to most substances within the plasma.
This is achieved on the intravascular surface via endothe-
lial tight junctions, and on the intraparenchymal side by
astrocyte foot processes and pericytes wrapped around the
basement membrane [29]. The BBB begins to break down
within 3–12 hours of ischaemia onset, evidenced by the en-
try of plasma macromolecules (e.g., albumin) to which it is
usually entirely impermeable, and is grossly compromised
by 24 hours [25,30]. This marks the beginning of the va-

sogenic phase of cerebral oedema and is thought to be the
most significant stage for water entry and subsequent brain
swelling. Key mechanisms contributing to this process in-
clude endothelial and pericyte dysfunction, proteolysis, and
inflammation, the pathophysiology of which wewill review
in more detail.

3.2.1 Endothelial, Pericyte, & Astrocyte Dysfunction

It is important to highlight that the earliest sign of
BBB disruption may not be its physical breakdown, but
rather a shift in both the function and structure of endothe-
lial cells in response to ischemia. In pre-clinical studies
of ischaemic stroke, dysfunctional endothelial transcytosis
(passage of materials from the luminal surface of the cell
to the parenchymal side) has been shown to occur prior
to actual loss of the endothelial tight junctions [31]. This
process requires expression of specific proteins known as
caveolins, however mice lacking the caveolin-1 gene de-
velop greater hemispheric swelling than wild-type animals
after ischaemia, alongside reduced perivascular AQP4 ex-
pression [32]. Therefore, whilst caveolins have been pre-
viously implicated in oedema development due to their po-
tential role in dysfunctional transcytosis, reducing caveolin
activity appears to exacerbate oedema due to impairment
of AQP4 localisation and disruption of neurovascular re-
modelling following ischaemia. Research has also high-
lighted that the actin cytoskeleton of the endothelial cells
undergoes increased polymerisation as a consequence of is-
chaemia which destabilises the endothelial tight junctions
of the BBB, promoting leakage and cerebral oedema [33].
Suppression of RhoA/Rho-kinase/Myosin light chain path-
way activity and overexpression of heat shock protein 27
(HSP27) appears to have a protective effect on this process
by stabilising the cytoskeleton, and is associated with im-
proved outcomes in mice models [34,35]. However these
studies have not yet been translated to clinical settings, and
so it is unclear to what extent these processes may con-
tribute to development of cerebral oedema following is-
chaemic stroke in humans.

Meanwhile, pericytes are closely related to endothe-
lial cells and are a major component of the BBB, but
their role in the pathogenesis of cerebral oedema in is-
chaemic stroke is unclear. Pre-clinical studies have sug-
gested that pericytes, under ischaemic conditions, con-
tribute towards BBB degradation via excess capillary re-
striction [36], release of proteases [37], and promotion of
infiltration by pro-inflammatory leucocytes [38]. How-
ever, studies have shown that when pericyte-deficient mice
undergo ischaemic brain injury, they have worse cerebral
oedema than controls [39]. This suggests that whilst per-
icytes may be in some way deleterious to the BBB after
ischaemic stroke, their actions could also be protective.

Finally, astrocytes are the principal cells to swell dur-
ing the cytotoxic phase, and their endfeet, bearing AQP-4,
form the parenchymal surface of the BBB and the route by
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which water enters and leaves the tissue either via vascu-
lar or perivascular routes. They also play additional roles,
such as limiting excitotoxic injury through uptake of extra-
cellular glutamate and forming a glial scar which restricts
the spread of injury whilst impeding later repair [10].

3.2.2 Proteolysis

Inevitably, the protein matrices which make up the
endothelial tight junctions and basement membrane of the
glia limitans suffer proteolytic damage following ischaemic
stroke. Free radicals generated by ischaemic tissue cause
particular insult to the endothelial tight junctions that ordi-
narily prevent the paracellular movement of Na+ and water
into the brain [39]. There are a variety of mediators upregu-
lated in response to this endothelial damage (and ischaemic
conditions generally), which we will discuss.

Thrombin may be best known as a constituent of the
clotting cascade, but it also has pro-inflammatory action via
protease-activated receptors (PARs) which have numerous
downstream effects [40]. Thrombin is likely upregulated as
a protective mechanism to minimise bleeding and haemor-
rhagic transformation of an infarct but contributes to cere-
bral oedema by activating microglia and infiltrating neu-
trophils via PARs, which then in turn release a number of
pro-inflammatory cytokines (e.g., TNF-α, IL-1β, IL-6) that
promote BBB permeability and breakdown [41]. One par-
ticular property of these cytokines is their capacity to upreg-
ulate activity of matrix metalloproteinases (MMPs). Un-
der physiological conditions MMPs maintain, renew, and
repair the basement membrane of the BBB, but when up-
regulated in pathological conditions MMPs contribute to its
degradation [42]. In the context of stroke, MMP-9 specif-
ically has been shown to have increased concentrations in
human stroke patients, with greater concentrations being as-
sociated with more severe cerebral oedema, although evi-
dence for an association with functional outcome is mixed
[43,44]. Both MMP-3 and MMP-9 are released by mi-
croglia in response to pro-inflammatory cytokines, whilst
oxygen deprivation and subsequent depletion of ATP ac-
tivate hypoxia-inducible factor-1α (HIF-1α) which even-
tually results in activation of the constitutively expressed
MMP-2 [45]. The levels of these MMPs following stroke
also appear to correlate with timings (12–72 hours) of BBB
breakdown and onset of vasogenic oedema [46]. MMPs
can also be activated by vascular endothelial growth factor
(VEGF) which is known to be released by endothelial and
glial cells in hypoxic conditions [47]. VEGF is instrumen-
tal for angiogenesis and neuroprotection, but following is-
chaemia can increase BBB permeability primarily through
MMP activation [48]. Ischaemic stroke also inevitably re-
sults in DNA damage and release from necrotic cells, caus-
ing activation of poly(ADP-ribose) polymerase (PARP) en-
zymes which subsequently activate a range of pro-apoptotic
and pro-inflammatory pathways that further contribute to
breakdown of the BBB [49]. Of the pro-inflammatory cy-

tokines, TNF-α is particularly implicated where in vitro it
drivesMMP activity, oxidative stress, and apoptosis in cells
of the barrier [50]. Its effects are attenuated by suppression
of protein kinase C-α [51].

3.2.3 Inflammatory Cell Infiltration

Both endothelial cells and the brain’s native cells (par-
ticularly microglia) are potent releasers of cytokines when
injured by ischaemia, and this promotes entry of immune
cells into the brain’s tissue via the leaky BBB. As with
most injuries, neutrophils appear to be the early entrants
to the ischaemic brain parenchyma [52], though it is dif-
ficult to determine whether neutrophils cause BBB disrup-
tion or whether BBB disruption simply allows more neu-
trophils to enter an area of infarct. However, studies have
shown that activated neutrophils are known not only to re-
lease further pro-inflammatory cytokines but also to acti-
vate the aforementioned MMP-9 which is responsible for
BBB proteolysis [53]. A recent review of pre-clinical stud-
ies found that neutrophilia was associated with worse brain
injury in ischaemic stroke, but also that the presence of
some sub-types (i.e., ‘N2’ neutrophils) in the peri-infarct re-
gion may have protective properties [54]. These appear to
be preferentially activated by inhibition of toll-like receptor
4 (TLR4) [55] and activation of peroxisome proliferator-
activated receptor-y (PPAR-y) [56]. Microglia, the resi-
dent immune cells of the brain, have also been found to
exist on a similar biphasic spectrum of relative pro- or anti-
inflammatory activity in the context of stroke, again influ-
enced by TLR signalling [57]. Their roles in ischaemic
stroke are extensive, including cytokine release, both degra-
dation and protection of the BBB, removal of cellular de-
bris, and release of both angiogenic and neurotrophic fac-
tors required for maintenance and remodelling of the infarct
site [58]. Proposed treatments that may act on the TLR
system to allow influence over microglia and neutrophil
phenotype are yet to be identified. Regulatory T-cells are
the other major immune cell discussed with regard to is-
chaemia and cerebral oedema. Some studies have found
deleterious effects of CD4+ T-cells in mice models [59],
whereas others have found protective effects on the BBB
via inhibition of the aforementionedMMP-9-releasing neu-
trophils [60]. Authors later discovered that this protective
effect may occur via programmed death ligand-1 activa-
tion, which requires direct cell contact [61]. CD8+ T-cells
have also shown neuroprotective properties, though the ex-
act mechanism by which they are associated with reduced
infarct size in animal models is not clear [62].

3.2.4 Patient Factors & Venous Flow

There are clinical factors associated with cerebral
oedema that are intrinsic to the patient or their environ-
ment, although these are not related to BBB dysfunction
specifically but are likely implicated in vasogenic oedema.
Examples include hyperglycaemia [63], increased fluid in-
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take following stroke [64], and even exposure to air pol-
lution [65]. Anatomical factors may also contribute to
the development of cerebral oedema. As expected, hav-
ing good collateral arterial supply protects against infarct
progression [66], but cerebral oedema itself may be related
to poor venous outflow. One study found that stroke pa-
tients with relatively smaller ipsilateral dural sinuses were
significantlymore likely to experience cerebral oedema suf-
ficient to cause midline shifting [67]. Similarly, a much
larger study found that poor filling of the ipsilateral superfi-
cial middle cerebral vein is associatedwith poorer outcomes
following reperfusion therapy primarily due to the devel-
opment of cerebral oedema [68]. Conversely, normal ve-
nous outflow following ischaemic stroke is associated with
improved clinical outcomes and reduced incidence of cere-
bral oedema [69]. It is postulated that poor venous flow
results in increased venous pressure, which in turn creates
higher capillary pressures at the site of ischemia, which re-
sults in driving plasma into the brain parenchyma. Others
have suggested that restrictions in venous flow may affect
reabsorption of CSF, which influences overall brain solute
and water reabsorption which could contribute to oedema
development.

3.3 Reperfusion Phase - Iatrogenic Oedema?

With the advent of reperfusion therapies such as in-
travenous thrombolysis and mechanical thrombectomy, the
potential for ‘iatrogenic’ cerebral oedema deserves discus-
sion. In order to prevent further cell death, blood flow must
be restored in a timely fashion following ischaemic stroke.
However, logic suggests that in order for vasogenic oedema
to persist there should be a continuous driving source of wa-
ter (i.e., blood) [16]. Whilst there does exist some human
evidence that reperfusion can exacerbate cerebral oedema
[70,71] the majority of evidence for this rationale is from
experimental studies [72,73]. One study used gadolinium-
enhanced MRI to examine for hyperintense acute injury
marker (HARM) as a predictor of haemorrhagic transfor-
mation andmeasure of BBB disruption. The results demon-
strated that intravenous thrombolysis was more associated
with the presence of ‘HARM’ than endovascular treatments
[74]. This may be explained by the thrombolytics’ effect on
the coagulation cascade, which as previously discussed is
an important mediator in the activation of MMPs. Despite
this, clinical data demonstrate that successful reperfusion
through intravenous thrombolysis or mechanical thrombec-
tomy is associated with reduced severity of cerebral oedema
[75,76,77].

Another important concept in reperfusion and the de-
velopment of cerebral oedema is the ‘mismatch volume’
which refers to the relative difference on imaging between
the size of the infarct core (unsalvageable brain) and the
surrounding hypoperfused area (salvageable tissue). One
study utilising data from 415 trial patients suggested that the
benefits of reperfusion on cerebral oedema are only found in

patients with a large mismatch volume (i.e., significant sal-
vageable tissue), whereas those with small mismatch vol-
umes appear not to experience the same benefit [77]. This
suggests that the benefits of reperfusion on cerebral oedema
may come from stabilising hypoperfused areas that oth-
erwise would have continued to contribute to vasogenic
oedema. Importantly, this same study also demonstrated
that unsalvageable tissue experienced the same extent of
cerebral oedema regardless of whether or not reperfusion
was established. This is contrary to the same research
group’s earlier findings that very large infarct cores (>130
mL) can experience worsened cerebral oedema following
reperfusion, but agrees with their finding that patients with
any other infarct size did not appear to experience additional
oedema from reperfusion [71]. Since this time, two larger
studies looking at data from mechanical thrombectomy tri-
als have not only corroborated the finding that reperfusion
is associated with reduced cerebral oedema, but that this re-
duction in cerebral oedemamay be the largest contributor to
the patient’s functional improvement following reperfusion
[78,79].

3.4 Summary of Mechanisms

To summarise, there are a multitude of pathways
and processes that contribute to the formation of cerebral
oedema in ischaemic stroke and they are best visualised as
an interconnected network rather than a series of steps (Fig.
1). Whilst there is a sequential relationship seen in the de-
velopment of the cytotoxic phase that produces the gradi-
ents required for the ionic phase which in turn predisposes
to the BBB failure of the vasogenic phase, other elements do
not follow this pattern. For example, hypoxia andmetabolic
failure both drive the cytotoxic phase due to ATPase failure
and cellular acidification, but independently also promote
the SUR1-TRPM4 upregulation of the ionic phase and the
proteolysis of the vasogenic phase. This means that sim-
ply targeting the early phase of oedema will not necessar-
ily prevent the late phase from occurring if the underly-
ing ischaemia is not reversed. Similarly, there is signifi-
cant redundancy in the system with Na+ being able to drive
water influx through a number of different channels and a
variety of cell-mediated mechanisms converging on BBB
breakdown, meaning blockade of one target alone would be
likely insufficient. There also exist multiple biphasic rela-
tionships within this network. As discussed, inflammatory
cells of various types (i.e., neutrophils, microglia, and T-
cells) express both pro- and anti-inflammatory phenotypes
in different contexts and at different time points in the is-
chaemic event. Likewise, specific molecular mechanisms
such as MMPs and VEGF both promote BBB permeabil-
ity acutely during ischaemia but are vital for neurovascu-
lar remodelling and angiogenesis during recovery. AQP4
meanwhile is both the proposed entry route for a signifi-
cant amount of oedema as well as a potential mechanism
for its clearance later on.
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Fig. 1. Summary of the pathophysiology of cerebral oedema in ischaemic stroke and the sites of action of potential treatments
(pink boxes). Black arrows indicate the direction of a biochemical pathway and blue dashed arrows the direction of cerebral oedema.
Red upward arrows denote increased activity or presence and blue downward arrows decreased activity or presence. Labels on the
left indicate the compartment involved (intracellular, extracellular, blood-brain barrier, endothelial, and vascular). Figure created by
author SA using Apple Pages (Apple Inc, Cupertino, CA, USA, V14.4). NKCC1, Na+/K+/2Cl-; BBB, blood-brain barrier; MMP,
matrix metalloproteinase; PARP, poly(ADP-ribose) polymerase; VEGF, vascular endothelial growth factor; PDGF, platelet-derived-
growth factor; AQP, aquaporin; ATP, adenosine triphosphate.

Together, these relationships suggest that cerebral
oedema should be seen as a balance between multi-factorial

fluid entry and clearance rather than a strict linear cas-
cade. This has practical consequences when considering
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both therapeutic targets and timing given that interruption
of any one process can readily be overcome by another,
and that one treatment which interrupts oedema formation
may subsequently impede its resolution at a later time point.
This will be discussed in greater detail in the next section
where we will look at both existing and emerging treat-
ments.

4. Current and Prospective Medical
Interventions for Cerebral Oedema

Thus far an overview of the key mechanisms that
contribute to the development of cerebral oedema in
ischaemic stroke has been provided (Fig. 1). By under-
standing these mechanisms it is now possible to examine
where potential treatments might act to protect against
the development of cerebral oedema or provide benefit
after oedema formation. The number of existing and
proposed management options is vast, but each one
deserves individual evaluation. Where possible, we
have focussed on human randomised controlled trials
specifically, which are summarised below (Table 1, Ref.
[80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,
98,99,100,101,102,103]). Where no randomised controlled
trials have been performed, we discuss observational and
prospective studies. In some cases, no human data is
available at all and thus discussion is limited to pre-clinical
animal or in vitro studies.

Before discussing individual agents in depth, it is
worth noting the current recommendations of key guide-
lines. The American Heart Association/American Stroke
Association highlights osmotic agents as a potential short-
term medical treatment for cerebral oedema in ischaemic
stroke, whilst recognising that the potential benefits and
harms of such treatment remain unclear [104], a position
that is also shared by the Neurocritical Care Society [105].
The European Stroke Organisation recommends against
routine use of osmotic agents [106]. No medical therapy is
recommended specifically, and surgical decompression is
regarded as the only intervention that has any demonstrated
benefit on mortality and disability. This is the evidence gap
which the agents below are seeking to address.

4.1 Non-Pharmacological Interventions
4.1.1 Hypothermia

Hypothermia reduces the brain’s metabolic activity,
which in the context of hypoxia from cardiac arrest has
been shown to have protective effects [107]. However, the
potential benefit in ischaemic stroke and cerebral oedema
is less clear. It has been suggested that hypothermia may
be neuroprotective in ischaemic stroke through a variety of
mechanisms, such as promotion of cell survival pathways
and maintaining BBB integrity [108,109]. It is conceivable
that there may be an additional benefit on cerebral oedema,
but evidence from human trials is lacking. There have been
two clinical trials looking specifically into whole-body hy-

pothermia in ischaemic stroke [80,81]. Both trials showed
no difference in functional outcomes and one found worse
outcomes for cooled patients due to complications such as
pneumonia [81]. Similarly, studies looking into therapeu-
tic cooling for stroke patients who have undergone decom-
pressive hemicraniectomy have either shown no benefit or
no differences [110,111]. A recent meta-analysis concluded
that whilst hypothermia may have a positive effect, it did
not improve mortality and was associated with higher rates
of complications compared to conventional stroke treat-
ments [112]. It has been suggested that the lack of hy-
pothermia’s efficacy and its increased risks may be that it
often requires mechanical ventilation or other forms of air-
way management, which in stroke patients, who typically
breathe spontaneously, may negate any possible benefits
[113]. There is also the fact that whole-body cooling may
result in negative effects on other body systems, particu-
larly in stroke patients with significant comorbidities. Un-
fortunately, whilst selective brain cooling has been shown
to have a positive outcome in experimental animal models
[114], clinical evidence is limited to small feasibility stud-
ies, which have not demonstrated benefit on outcome or on
volume of cerebral oedema [115,116]. As such, the role of
hypothermia in cerebral oedema after ischaemic stroke is
questionable. This is also reflected in a meta-analysis per-
formed by the European Stroke Organisation which found
no evidence that hypothermia reduces death or poor out-
come in space-occupying hemispheric infarction, with the
quality of that evidence rated as very low [106].

4.1.2 Hyperventilation

Hyperventilation is thought to exert protective effects
on the hypoxic brain by preventing hypercapnia. Carbon
dioxide (CO2) is a known vasodilator, and therefore can in-
crease intracranial pressure, which could be deleterious in
the presence of cerebral oedema. However, it is now under-
stood that hyperventilation is only a short-term measure in
reducing intracranial pressure as the relative vasoconstric-
tion eventually results in cerebral hypoxia and subsequent
vasodilation [117]. In the context of ischaemic stroke, there
have been few studies investigating the role of therapeutic
hyperventilation, all conducted in the 1970s [118,119]. No
benefit was found and the intervention has not been for-
mally tested in this population since, possibly because the
notion of inducing vasoconstriction in patients with brain
hypoxia is controversial. Research suggests that hyperven-
tilation can be used as a bridging therapy before definitive
management of malignant cerebral oedema by decompres-
sive hemicraniectomy, but the rationale for this appears to
be in regard to relieving intracranial pressure via temporary
vasoconstriction rather than by actually reducing cerebral
oedema [120]. Furthermore, there is emerging pre-clinical
evidence that administration of CO2 to induce hypercapnia
may actually be beneficial in the context of ischaemic stroke
[121]. Current guidance from the European Stroke Organ-
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Table 1. Summary of clinical trials and evidence levels for interventions for cerebral oedema in ischaemic stroke.
Classification Treatment & Trials Main Findings Evidence Level

Non-pharmacological
Hypothermia
- 2 RCTs, whole-body cooling via endovascular devices

- COOL-AID trial (n = 40) found cooling is feasible in stroke patients but
was not associated with any clinical benefit [80].
- ICTuS-2 trial (n = 58) found cooling is feasible in stroke patients but was
not associated with any clinical benefit and had increased risk of
complications, particularly pneumonia [81].

- B: small RCTs only

Hyperventilation - No RCTs, data from observational or prospective studies only. - C: no RCTs

Osmotic Therapies
Hypertonic Saline - No RCTs, data from observational or prospective studies only. - C: no RCTs

Mannitol
- 1 RCT

- Single RCT from 1978 (n = 166). Found no benefit from mannitol on
survival. Did not follow up patients beyond day 10 [82].
- No data in relation to cerebral oedema.

- B: 1 small RCT

Glycerol
- 11 RCTs, all included haemorrhagic strokes.
- Also includes RCTs using glycerol with other agents (e.g.,
hypertonic saline)

- Cochrane review (n = 975) concluded that glycerol may have very small
improvement in survival in short-term but provides no benefit on long term
survival. Only 2 RCTs measured disability and found no benefit on
functional outcome [83].
- No data in relation to cerebral oedema.

- B: mixed ischaemic-haemorrhagic RCTs

Ion Channel Blockers
Glibenclamide
- 3 RCTs, 2 using IV glibenclamide, 1 using PO glibenclamide
- SE-GRACE was conducted exclusively in China.

- GAMES-RP trial (n = 86) showed no improvement in functional outcome
or mortality [84]. Secondary analysis showed improvement in surrogate
oedema markers, reduced risk of oedema-related death, but not sufficient to
improve outcomes overall [85].
- CHARM (n = 431) and SE-GRACE (n = 272) trials showed no
improvements in functional outcome or mortality [86,87]. CHARM was
terminated early due to slow recruitment during the COVID-19 pandemic
and was underpowered to make definitive conclusions.

- B: 1 phase 2 RCT, 1 phase 3 RCT terminated
early and underpowered, 1 single-region RCT

Bumetanide - Nil evidence from human studies in ischaemic stroke. - D: pre-clinical

Amiloride - Nil evidence from human studies in ischaemic stroke outside the context of
prevention.

- D: pre-clinical

MMP Blockers
Minocycline
- 6 RCTs, 1 included haemorrhagic strokes

- EMPHASIS trial (n = 1724) reported improved functional outcome on
modified Rankin scale at 90 days with oral minocycline started within 72
hours of stroke (52.6% vs 47.4%) [89].
- Meta-analysis of 5 RCTs (n = 242) reported minocycline associated with
improved Rankin scores at 3 month follow-up for ischaemic stroke subgroup
[88].
- No significant effect on neuroimaging data in the meta-analysis, suggesting
cerebral oedema not affected. Cerebral oedema was not assessed in
EMPHASIS.

- B: 1 powered single-region RCT

Novel MMP9 Blockers - Nil evidence from human studies in ischaemic stroke. - D: pre-clinical
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Table 1. Continued.
Classification Treatment & Trials Main Findings Evidence Level

Aquaporin Blockers
Novel AQP4 Blockers - Nil evidence from human studies in ischaemic stroke. - D: pre-clinical

Trifluoperazine - Nil evidence from human studies in ischaemic stroke. - D: pre-clinical

Neuroprotectors

Magnesium
- 7 RCTs, 4 registered intra-arterial trials: one completed
2020 without published results, one withdrawn, one
terminated for poor enrolment, one ongoing

- Largest trials, IMAGES (n = 2589) and FAST-MAG (n = 1700), found
no benefit of IV magnesium in stroke [90,91]. However these trials also
included haemorrhagic patients.
- Meta-analysis of 7 RCTs concluded there may be modest benefits on
Rankin scale but only in ischaemic stroke patients and should be
interpreted with caution due to low patient numbers [92].
- 4 registered intra-arterial trials: one completed 2020 without published
results [93], one withdrawn [94], one terminated for poor enrolment
[103], one ongoing [95].
- No data in relation to cerebral oedema.

- B: 2 powered RCTs in mixed
ischaemic-haemorrhagic samples

Imatinib
- 1 RCT
- 1 RCT in progress

- Phase II trial (n = 60) found improvements on Rankin scale with high
dose (800 mg OD) group associated with reduced cerebral oedema [96].
- Phase III trial awaited [97].

- B: phase 2 only

Nitric Oxide
- 4 RCTs, all included haemorrhagic strokes
- 1 RCT in progress

- ENOS (n = 4011) found no improvement overall, but subgroup analysis
showed improvement in functional outcome and mortality in group
given GTN <6 hrs from stroke [98].
- RIGHT-2 (n = 1149) reports no benefit with pre-hospital administration
[99].
- MR-ASAP (n = 380) terminated early due to safety concerns re:
haemorrhagic stroke. No benefit found for ischaemic patients [100].
- No data in relation to cerebral oedema.

- B: 2 powered RCTs in mixed
ischaemic-haemorrhagic samples

Edaravone
- 7 RCTs
- Almost exclusively studied in Asian populations.

- TASTE-SL (n = 914) reported modest but significant improvements in
Rankin score at 90 days[102].
- Other RCTs are much smaller and report no benefit when results are
pooled [101].
- No data in relation to cerebral oedema.

- B: 1 powered single-region RCT

VEGF/Anti-VEGF - Nil evidence from human studies in ischaemic stroke. - D: pre-clinical

Calcitriol - Nil evidence from human studies in ischaemic stroke. - D: pre-clinical

3-aminobenzamide/PARP Inhibitors - Nil evidence from human studies in ischaemic stroke.
- Phase II trial for JPI-289 awaited.

- D: pre-clinical

Micro-RNAs e.g., miRNA-1906, miRNA-132 - Nil evidence from human studies in ischaemic stroke. - D: pre-clinical
This table highlights randomised controlled trials (RCTs) performed exclusively in ischaemic stroke, or in mixed ischaemic and haemorrhagic stroke populations. Evidence levels: (A) One or more
adequately powered randomised controlled trials in ischaemic stroke. (B) Randomised evidence limited by small size, single region, phase 2 design or mixed ischaemic and haemorrhagic populations.
(C) No randomised trials, observational or prospective data only. (D) Pre-clinical evidence only, no human data in ischaemic stroke. These levels refer to evidence for clinical outcome and no agent has
demonstrated benefit specifically upon cerebral oedema in patients. ENOS, Efficacy of Nitric Oxide in Stroke; GAMES-RP, Safety and efficacy of intravenous glyburide on brain swelling after large
hemispheric infarction.
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isation advises against routine hyperventilation, reserving
use strictly as a short-term rescue measure in patients with
clinical signs of herniation who are awaiting surgical man-
agement [106].

4.2 Osmotic Therapies

The use of hyperosmolar substances is common in the
treatment of cerebral oedema after ischaemic stroke. The
rationale for their use is based on the principle that, as pre-
viously discussed, cerebral oedema is caused by a dysfunc-
tional osmotic gradient and so treatments to reverse this
gradient could lead to resorption of cerebral oedema into
the blood. There are a variety of hyperosmolar substances
used in osmotic therapy, but their overall and relative ef-
fectiveness is widely debated. Guidelines take a cautious
position on all osmotic therapies, advising against routine
use to reduce death or poor outcome whilst accepting a sin-
gle or a few doses as a rescue measure where there are signs
of raised intracranial pressure in those awaiting surgical de-
compression, with the choice between mannitol, hypertonic
saline, and glycerol left to local practice [104,106].

4.2.1 Hypertonic Saline

Hypertonic saline is available in multiple concentra-
tions (up to 24%). It is used frequently in neuro-intensive
care settings for management of raised intracranial pres-
sure secondary to various causes [120]. There is evidence
that doses of hypertonic saline are equally as effective as
osmolarity-matched doses of mannitol in reducing intracra-
nial pressure temporarily [122]. However, treatment re-
quires strict monitoring of serum sodium and placement
of a central venous line [123]. However, despite its ubiq-
uitous use there is a lack of high-quality data regarding
the effects of hypertonic saline in acute ischaemic stroke.
Experts from the 2020 Neurocritical Care Society’s panel
on cerebral oedema concluded that whilst there was evi-
dence that hypertonic saline could reduce intracranial pres-
sure (presumably through its effect on cerebral oedema),
there was insufficient evidence to make recommendations
on specific protocols, or on the effects on clinical outcome
[105]. A systematic review of 5 studies analysed the use
of continuous hypertonic saline in ischaemic stroke and
concluded that the potential treatment effect on intracra-
nial pressure did not translate into mortality benefit or im-
provement in neurological outcome compared to standard
medical management [124]. A follow-up study from the
same group assessed continuous hypertonic saline and ra-
diological changes specifically, and found that treatment
with hypertonic saline was associated with worsened cere-
bral oedema and no improved outcomes in stroke patients
[125]. This is a particularly important finding as most re-
search on hypertonic saline in this area did not utilise radi-
ological evidence to determine treatment effects. Recently,
a retrospective study of 175 stroke patients who received
hypertonic saline concluded that hypertonic saline was as-

sociated with worse outcomes compared to controls [126].
Experts suggest the observed results may be due to a ‘re-
bound’ oedema given that the effects of treatment on in-
tracranial pressure were temporary. Overall, there is little
evidence to support the routine use of hypertonic saline to
treat cerebral oedema caused by ischaemic stroke.

4.2.2 Mannitol

Mannitol is a sugar alcohol that acts as a powerful di-
uretic when administered intravenously, thereby reducing
total body water content and brain water content. Manni-
tol is cheap and easily available which has made it a pop-
ular choice in the management of raised intracranial pres-
sure [120] but the effects of mannitol on cerebral oedema
after ischaemic stroke are unclear. Studies have shown that
mannitol can reduce intracranial pressure in stroke patients
[127], but it may be healthy tissue rather than infarcted
oedematous tissue that is the source of water loss [128].
Furthermore, little is known about the effect of mannitol
on clinical outcomes after stroke. A 2007 Cochrane review
analysed three randomised controlled trials including a total
of 226 stroke patients that received treatment withmannitol,
placebo, or open control, and found no benefit [129]. How-
ever, it should be noted that only one of these trials included
patients with ischaemic stroke and the numbers were small.
Moreover, the studywas conducted in the 1970’s when little
was known about acute treatment or prevention, and to our
knowledge this remains the only mannitol trial in ischaemic
stroke specifically [82]. More recent prospective studies at-
tempting to elucidate functional outcomes of stroke patients
who receive mannitol have concluded that it does not im-
prove mortality or neurologic outcome [130]. It has been
suggested that the potential cause of the observed results
in mannitol studies is inter-cerebral mannitol accumulation
and rebound oedema, although this has not been analysed
prospectively [131]. Overall, there is a distinct lack of re-
search investigating the use of mannitol to treat cerebral
oedema in ischaemic stroke patients, despite its ubiquitous
use. There is one ongoing trial analysing dose-escalation
of mannitol to reduce oedema in acute intracerebral haem-
orrhage [132], and the results may inform the design for
similar trials in ischaemic stroke.

4.2.3 Glycerol

Glycerol is another hyperosmolar agent but it is less
commonly used in clinical practice. One small study utilis-
ing MRI however showed that glycerol administration does
not change tissue volume in the infarcted area [133]. A
Cochrane review analysing 11 randomised trials showed
that glycerol may improve short-termmortality after stroke,
but no effect was seen on longer-term clinical outcomes
[83]. It is important to highlight that these studies did not
use neuroimaging and so the effect of glycerol on cerebral
oedema in ischaemic stroke is unknown. Presently there
are no ongoing studies of glycerol for cerebral oedema in
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ischaemic stroke. This may be due to the fact that it is
less commonly used when compared to hypertonic saline
or mannitol.

4.3 Ion Channel Blockers

4.3.1 Glibenclamide

As previously discussed, the sulfonylurea receptor
1-regulated NCCa-ATP (SUR1-NCCa-ATP or SUR1-TRPM4)
has been implicated in the development of ionic oedema in
the context of experimental ischaemic stroke studies. Sul-
fonylureas, particularly glibenclamide (also known as gly-
buride), are inhibitors of the SUR1-TRPM4, and in an-
imal models of ischaemic stroke are associated with re-
duced oedema and infarct size [134]. Clinical data how-
ever is less encouraging. Thus far there have been three
randomised controlled trials investigating the use of gliben-
clamide in ischaemic stroke patients. The “Safety and effi-
cacy of intravenous glyburide on brain swelling after large
hemispheric infarction” (GAMES-RP) trial included 86 pa-
tients randomly assigned to a patented version of gliben-
clamide or a placebo group and found that treatment was
safe and not associated with hypoglycaemia [84]. How-
ever, there was no significant effect on primary compos-
ite outcome of mortality, disability, and need for hemi-
craniectomy. Secondary analysis of patients from this trial
suggested that whilst there were improvements in surro-
gate oedema markers (e.g., reduced midline shifting, re-
duced MMP-9 activity) however this did not translate to
improved clinical outcome [85,135]. The “Intravenous
glibenclamide for cerebral oedema after large hemispheric
stroke” (CHARM) trial included 431 patients who received
either a patented version of glibenclamide or placebo for
severe cerebral oedema. Results showed no improvement
on mortality or functional outcomes [86]. It should be
noted that this trial was stopped early due to complications
from the COVID-19 pandemic and was underpowered to
make definitive conclusions. A recent analysis combining
the GAMES-RP and CHARM trials concluded that intra-
venous glibenclamide likely had little to no effect on func-
tional outcomes following ischaemic stroke [136]. One
study used oral glibenclamide in ischaemic stroke and also
found that there was no improvement in mortality or func-
tional outcome [137]. This study led to the “Safety and Effi-
cacy of Glibenclamide Combined with rtPA in Acute Cere-
bral Ischemia with Occlusion/Stenosis of Anterior Circula-
tion” (SE-GRACE) trial investigating the use of oral gliben-
clamide in combinationwith thrombolysis but also found no
benefit with regard tomortality or disability [87]. It is worth
noting that the European Stroke Organisation appraised
glibenclamide when only GAMES-RP was available, and
rated the evidence as low to very low. The subsequent
publication of CHARM and SE-GRACE does not alter this
decision [106], and a subsequent 2025 GRADE-evaluated
meta-analysis on glibenclamide reached the same conclu-
sion [138]. Overall, based on the current evidence the use

of glibenclamide for cerebral oedema after ischaemic stroke
cannot be recommended and future trials could investigate
other sulfonylureas.

4.3.2 Bumetanide

The Na+/K+/Cl- (NKCC1) co-transporter is another
channel implicated in the development of cytotoxic and
ionic oedema [24]. There is promising evidence from pre-
clinical animal studies that bumetanide may be capable
of blocking this channel at the BBB, sufficient to reduce
oedema in ischaemic stroke [139]. However, there have
been no clinical trials in humans and so evidently more
research is needed to elucidate the potential benefits of
bumetanide.

4.3.3 Amiloride

The Na+/H+ exchanger is also known to play a role
in the accumulation of cytotoxic oedema [11] and can be
blocked by amiloride [140]. Pre-clinical in vitro and an-
imal studies suggest it may have benefit in the ischaemic
brain [51,141], however amiloride has only been studied
in humans in regards to stroke prevention, and studies are
awaited to assess its effects on cerebral oedema.

4.4 Matrix Metalloproteinase Inhibitors

As highlighted, the activation of MMPs is an impor-
tant step in BBB breakdown and subsequent formation of
cerebral oedema in ischaemic stroke [45]. Many commonly
used drugs are known to have a degree of inhibitory ac-
tivity on MMPs (particularly MMP-9) beyond their pri-
mary mechanism of activation, with two noteworthy ex-
amples being statins [142] and tetracyclines [143]. Clin-
ical data show that statin pretreatment attenuates the rise
in plasma MMP-9 that follows intravenous thrombolysis,
but this biochemical effect is not accompanied by any im-
provement in functional outcome or reduction in haemor-
rhagic transformation, indicating that suppression ofMMP-
9 alone is not sufficient to alter clinical outcome [144].
Of the tetracyclines studied, minocycline has been the pre-
ferred candidate due to its superior anti-MMP9 activity rela-
tive to doxycycline [143]. A meta-analysis of 5 randomised
controlled trials (4 ischaemic and 1 mixed haemorrhagic
and ischaemic sample) concluded that minocycline may
improve functional outcomes at 3 months after ischaemic
stroke [88]. This has since been supported by the EMPHA-
SIS trial, in which 1724 patients were randomised to oral
minocycline or placebo within 72 hours of ischaemic stroke
onset. A greater proportion of treated patients achieved
an ‘excellent’ functional outcome on the modified Rankin
scale at 90 days (52.6% versus 47.4%) with no safety con-
cerns [89]. However, the treatment effect was modest, re-
cruitment was confined to a single country, enrolled strokes
were predominantly of moderate severity, and the benefit
was attenuated when missing outcome data were handled
under a worst-case assumption. Importantly, the aforemen-
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tioned meta-analysis found no significant effect on neu-
roimaging outcomes, and cerebral oedemawas not assessed
specifically. This suggests that whilst minocycline may
have some degree of neuroprotection via MMP-9 inhibi-
tion, there remains no evidence that this translates into a
reduction in cerebral oedema, and future trials should incor-
porate radiological endpoints to address this. Further work
is also required to establish the optimal dosage. Although
novelMMP-9 inhibitors do exist and have been used in clin-
ical trials, they have thus far not been used with regard to
ischaemic stroke [145]. These compounds are likely to pro-
vide more specific and potentially more potent inhibition of
MMP-9, but at present their pharmacokinetics and safety
profile with regard to ischaemic stroke are not entirely un-
derstood and clinical stroke trials are still required [146].
For example, one pertinent question to answer is regard-
ing the timing and duration of potential MMP-9 inhibitor
treatment, as there is some pre-clinical evidence that pro-
longed use may actually interfere with neurological recov-
ery by preventing neurovascular growth [147].

4.5 Aquaporin Blockers

As discussed, AQP4 is the major aquaporin channel
implicated in the development of cerebral oedema. How-
ever, there are two major issues when it comes to block-
ing AQP4 in this context. The first is that AQP4 is ubiq-
uitously expressed across the body’s tissues and therefore
developing a drug that can selectively block AQP4 in the
brain is challenging. The second is that in the context of
oedema in ischaemic stroke, AQP4 may have both a con-
tributory and protective role [148]. It has been suggested
that AQP4 allows water entry into neurons and astrocytes
during the cytotoxic phase of oedema, but then allows ex-
cess fluid gathered during the vasogenic phase to be cleared
from the brain parenchyma [149]. As a result, the timing of
any potential AQP4 blocker needs to be carefully assessed.
At present, there are no approved direct aquaporin block-
ers for clinical use, but novel compounds (e.g., AER-271,
TGN-020) exist and have been shown to improve cerebral
oedema in preclinical models [150,151]. Trifluoperazine,
which is an antipsychotic has also been shown to partially
block AQP4 and reduce cerebral oedema in animal models
of stroke [152]. Clinical trials of these agents are awaited.

4.6 Neuroprotectors
4.6.1 Magnesium

Magnesium is a well-known neuro-protectant (e.g.,
in the treatment of pre-eclampsia), but its efficacy in is-
chaemic stroke is still under investigation. Pre-clinical
models suggest that magnesium can have beneficial effects
on cerebral oedema in stroke by attenuating excitotoxicity
via its inhibition of NMDA receptors, blockage of voltage-
gated calcium channels [153], and its antioxidant and BBB-
stabilising properties [154]. To date, two large clinical tri-
als have investigated the use of intravenous magnesium

in stroke, including 2589 and 1700 patients respectively
[90,91]. Neither trial found any benefit in functional out-
come or mortality associated with IV magnesium adminis-
tration. A meta-analysis of 7 human studies testing the use
of intravenous magnesium in acute ischaemic stroke con-
cluded that there may be modest benefit on functional out-
come, but that this must be interpreted with caution due to
low numbers of patients [92]. 4 studies have investigated
the use of intra-arterial magnesium in ischaemic stroke, two
of them in combination with other agents. One was prema-
turely terminated due to poor enrolment [154], one has been
withdrawn [94], one completed in 2020 but results remain
unpublished [93], and one is ongoing [95]. It is suggested
that an intra-arterial delivery of magnesium could be more
effective than intravenous delivery as it provides a more di-
rect route to the infarcted tissue and can easily be given at
the same time as treatment such as mechanical thrombec-
tomy [153,155].

4.6.2 Imatinib

Imatinib is a tyrosine kinase inhibitor most commonly
used in the treatment of haematological cancers. Its capac-
ity to inhibit the signaling of platelet-derived growth fac-
tor alpha (PDGF-alpha) on perivascular astrocytes has been
associated with improved BBB integrity in animal models
of ischaemic stroke [156]. A phase II trial found promis-
ing results with high-dose administration of imatinib (800
mg daily) from days 0 to 5 of an acute stroke in patients
who also received thrombolysis [96]. The high-dose pa-
tients had improved neurological outcomes, comparable to
those of mechanical thrombectomy, relative to the control
and lower-dose groups (400 mg daily and 600 mg daily), as
well as reduced volumes of cerebral oedema on neuroimag-
ing. There were no differences in the rates of haemorrhagic
conversion or other adverse events. These results are en-
couraging, however it must be noted that only 60 patients
were recruited into this study and thus larger trials of ima-
tinib in ischaemic stroke are still required to confirm its po-
tential beneficial effects. A phase III trial is currently re-
cruiting [97].

4.6.3 Nitric Oxide

Originally, nitric oxide (NO) was investigated for use
in stroke due to its anti-hypertensive properties, and there
is pre-clinical evidence that NO may reduce oedema via
a number of pathways in the early stages of stroke [157].
The Efficacy of Nitric Oxide in Stroke (ENOS) trial re-
cruited 4011 stroke patients with a systolic blood pressure
of >140 mmHg and randomly assigned to receive a trans-
dermal glyceryl trinitrate (GTN), an NO donor patch or
no treatment [98]. The trial was neutral but patients who
received GTN within 6 hours appeared to have improved
functional outcomes and reduced mortality [158]. This
finding was also observed in the “The rapid intervention
with glyceryl trinitrate in hypertensive stroke” (RIGHT)

12

https://www.imrpress.com


trial which assessed transdermal GTN in the pre-hospital
setting, although the sample size in this trial was much
smaller, only including 41 patients [159]. RIGHT showed
improved outcomes for suspected stroke patients treated
with GTN within 4.5 hours of stroke but, the results were
not replicated in the larger phase 3 RIGHT-2 trial [99]. An-
other trial, performed in the Netherlands, also tested GTN
in the pre-hospital setting, however, it was terminated early
due to safety concerns [100]. The ENOS-2 trial is currently
underway and testing GTN within 4.5 hours of ischaemic
stroke with results awaited [160]. Importantly, none of the
aforementioned trials reported the effect of GTN on cere-
bral oedema specifically.

It is noteworthy that impaired endothelial nitric oxide
synthase (eNOS) activity contributes to cerebral endothelial
dysfunction and ensuing BBB breakdown. During or af-
ter ischaemic injury, attempts to compensate by modulating
eNOS are often ineffective because NO levels fall while re-
active oxygen species rise and neutralise NO. Nonetheless,
several therapies can boost eNOS activity by enhancing
components of the Akt/eNOS/NO pathway. These include
NO donors, statins, ACE inhibitors, calcium channel block-
ers, phosphodiesterase-3 inhibitors, aspirin, dipyridamole
and ellagic acid. Many of these agents have anti-platelet ef-
fects, increase eNOS expression, or prevent eNOS uncou-
pling and tetrahydrobiopterin oxidation. As more eNOS-
modulating compounds are identified, further research is
needed to clarify how they prevent or reverse endothelial
dysfunction, BBB integrity, and cerebral oedema [161].

Several reasons account for the difficulty in trans-
lating this therapeutic target. Firstly, NO is not a single
pharmacological entity. Endothelial nitric oxide synthase-
derived NO is vasoprotective, whereas NO generated by is-
chaemia contributes to oxidative injury, so a systemic donor
cannot selectively reproduce beneficial effects and could
simultaneously drive harmful effects. Furthermore, NO-
induced blood pressure reduction in the hyperacute phase
risks compromising perfusion of the ischaemic penumbra,
and it was on these safety grounds that pre-hospital admin-
istration was halted in the trial conducted in the Netherlands
[100]. Finally, as noted above, no trial has measured cere-
bral oedema, so any anti-oedema effect remains inferred
from pre-clinical work rather than demonstrated.

4.6.4 Edaravone

Edaravone is an antioxidant capable of scavenging
peroxyl radicals, and has been approved for use in is-
chaemic stroke in Japan [162]. Pre-clinical evidence sug-
gests it may have protective effects on oedema development
[163] and a recent systematic review and meta-analysis in-
cluding 19 studies investigating the use of edaravone in is-
chaemic stroke concluded that treatment appears to have a
beneficial effect on both functional outcomes and mortality
[101]. However, the majority of these studies were obser-
vational and there was a risk of bias. When restricted to

only the 5 randomised controlled trials, the review found
that edaravone was not associated with any significant ef-
fect on outcomes. This may be because these trials were
primarily looking into safety rather than efficacy, and in-
cluded a very small number of patients. Furthermore, all
studies except one [164], were conducted in Asia (Japan,
most commonly), and so caution should be taken when ap-
plying results to other populations. Since this review, there
have been at least three further studies testing the effects
of edaravone. This includes one trial in China which re-
cruited 914 stroke patients to receive placebo or sublingual
edaravone and found that 64.4% of edaravone patients had
a modified Rankin scale of 1 or less at 90 days compared
to 54.7% in the placebo group [102]. A recent phase II trial
of 200 patients who had achieved recanalisation found that
treatment with edaravone made no difference to the Rankin
scores at 90 days [165]. There is no data on mortality, and
the rates of adverse effects were similar between the treat-
ment groups, however it should also be noted that this trial
enrolled substantiallymore patients with lowNational Insti-
tutes of Health Stroke Scale (NIHSS) scores. A large obser-
vational study of 4401 Chinese stroke patients reported im-
provements in functional outcome with edaravone but there
was no difference in mortality [166].

4.6.5 Vascular Endothelial Growth Factor (VEGF) &
Anti-VEGF

The role of VEGF in ischaemic stroke is not entirely
clear. Pre-clinical evidence seems to predominantly sug-
gest that use of anti-VEGF drugs is neuroprotective and re-
duces the development of cerebral oedema inmousemodels
of stroke [47]. One study however found that giving VEGF
early post-ischaemia worsened oedema but treatment at 48
hours was associated with improved functional outcomes
[167]. Another study has similarly shown improved func-
tional outcomes and reduced infarct volumes with intraven-
tricular administration of VEGF starting at a later time win-
dow [168]. This suggests that VEGF may not be helpful
in the initial period due to increased capillary permeability
and MMP activity but may exert protective effects in the
sub-acute phase of ischaemia. This may be due to its di-
rectly protective effects on neurons, but whether it affects
cerebral oedema is unclear [47].

4.6.6 Calcitriol
Calcitriol is the active form of vitamin D and has

been shown in multiple animal and in-vitro studies to have
protective effects on ischaemic neurons, likely through re-
duced calcium influx and antioxidant and anti-apoptotic ac-
tions [169]. Animal models of ischaemic stroke have also
demonstrated that calcitriol administration can reduce cere-
bral oedema, suggesting it may act to attenuate BBB break-
down, likely via anti-oxidant action and up regulation of
neurotrophic factors [170]. Despite this, calcitriol has not
been tested clinically, likely due to specific translational
difficulties. Calcitriol has a narrow therapeutic index, and
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the doses required to reproduce the neuroprotective effects
seen in rodents also risk hypercalcaemia in human patients
[171]. Furthermore, any trial must stratify by baseline vita-
min D status and might show benefit only in those who are
depleted. Finally, the pre-clinical evidence rests largely on
pre-treatment or immediate post-ischaemic administration,
whilst studies giving calcitriol after stroke onset have not
reproduced the benefit, representing a considerable transla-
tional gap [171].

4.6.7 3-Aminobenzamide & PARP Inhibitors

Ischaemic activation of PARP is one of the many
mechanisms thought to contribute to BBB breakdown
and subsequent development of oedema [49]. 3-
aminobenzamide is a first-generation inhibitor of PARP and
there is pre-clinical evidence that it can reduce infarct size
and neutrophil infiltration following transient focal cere-
bral ischaemia [172]. One study measuring its impact on
cerebral oedema specifically has been retracted however
[173]. The evidence for an effect on oedema comes from
later, more potent agents in the same class. In rat models
of both transient and permanent middle cerebral artery oc-
clusion, the PARP-1 inhibitor JPI-289 (amelparib) adminis-
tered two hours after occlusion reduced infarct volume and
brain swelling onMRI at both 24 hours and seven days, with
improvements in neurological function sustained to 28 days
[174]. A phase 2 trial of JPI-289 in acute ischaemic stroke
is registered, although no results have been published [175].

4.7 Micro-RNA

Micro-RNAs (miRNAs) are transcriptional regulators
of proteins, and their expression significantly changes in
response to acute stroke [176]. Multiple miRNAs have
been implicated in processes such as neurogenesis, apopto-
sis, inflammation, and angiogenesis, but importantly some
miRNAs including miRNA-1906 and miRNA-132 appear
to specifically modulate BBB degradation and the develop-
ment of oedema in ischaemic stroke [177,178,179]. Modu-
lation of these miRNAs in pre-clinical studies has shown
promise, but much more research is needed in the clini-
cal setting. Moreover, since miRNAs also play important
roles in key mechanisms associated with the pathogene-
sis of stroke, including energy failure, inflammation and
cell death, it is possible that miRNAs may serve as reli-
able blood-based markers for risk prediction, diagnosis and
prognosis of ischaemic stroke [180]. A systematic review
of 17 studies including 1443 patients found that circulating
miRNAs correlate with infarct volume in acute ischaemic
stroke, with nine indicators positively and six negatively
associated [181]. The evidence is limited however. The
correlation was contradictory across studies for the brain-
specific miRNA-9 andmiRNA-124, no study controlled for
confounding, and all were conducted exclusively in Chi-
nese cohorts. It should also be emphasised that these asso-
ciations concern infarct volume rather than oedema specifi-

cally, and no miRNA has yet been shown to predict or track
oedema formation, midline shift or malignant progression
in patients. The obstacles to therapeutic use of miRNAs are
also considerable. The primary difficulty is that a single
miRNA regulates large numbers of transcripts and may be
protective in one cell type whilst harmful in another, mak-
ing off-target effects highly likely and difficult to predict.
There is at present no validated means of confirming tar-
get engagement in patients, and sequence and target dif-
ferences between species limit what can be inferred from
rodent studies. Furthermore, oligonucleotides cannot read-
ily pass through an intact BBB, and therefore would re-
quire an additional vector for transport if being intended
for early use in stroke before the BBB has been sufficiently
degraded. For these reasons the nearer-term clinical appli-
cation of miRNAs in stroke is likely to be diagnostic and
prognostic rather than therapeutic.

5. Considerations for Future Research
Progress in the field of cerebral oedema in ischaemic

stroke has been limited not only by the underlying biologi-
cal complexities of the subject matter, but also by study de-
sign. The following sections set out the principal limitations
of the current evidence base and barriers to translation, re-
search priorities, and the problems of cerebral oedemamea-
surement and biomarker validation.

5.1 Limitation

Experimental models typically use young, healthy ro-
dents with occlusions of fixed duration, and the Stroke
Therapy Academic Industry Roundtable criteria intended to
close the gap to clinical practice have not prevented agents
from failing in patients [182]. Beyond these methodologi-
cal differences, the biology itself is highly complex. Treat-
ment timing must match the phase of oedema being tar-
geted, several targets have opposing actions early and late,
Na+ and water enter by parallel routes so that single-target
blockademay be compensated, and any anti-oedema effects
are readily diluted in trials that recruit unselected popula-
tions. Trials are also powered for functional outcome rather
than oedema, and where oedema is measured the meth-
ods are heterogeneous which limits pooling across studies
[183]. The obstacle is therefore as much one of study de-
sign andmeasurement as of pharmacology. Agents directed
at cytotoxic and ionic oedema may be given as early as
possible, including in the pre-hospital setting or alongside
thrombectomy, whereas agents directed at barrier break-
down and inflammation could be administered in the suba-
cute period. Sequential combination therapy follows from
the same logic, where pairing an agent acting on early ion
and water transport with one directed at later barrier fail-
ure and repair may produce synergistic benefit. Enrolment
should also be enriched using validated prediction models
and imaging criteria so that trials recruit patients at genuine
risk ofmalignant oedema. Accelerating translationwill also
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require change in pre-clinical work. Greater use should
be made of aged animals with relevant comorbidities, out-
comes should correspond to what is measured in patients
(for example midline shift on imaging rather than brain wa-
ter content alone), and randomisation, blinded assessment
and pre-specified analysis should be standard, with neutral
results published.

5.2 Priorities for Future Trials
Several specific trials should be prioritised, with the

most pressing gap concerning agents currently in use. An
adequately powered randomised comparison of mannitol,
hypertonic saline and standard care in ischaemic stroke,
with radiological as well as functional endpoints, is over-
due. Confirmation of the minocycline result in populations
outside the trial in which it was obtained, and with cere-
bral oedema measured, would establish whether that bene-
fit is reproducible and whether it is mediated by an effect on
swelling. The reporting of the phase III imatinib trial and of
the outstanding intra-arterial magnesium studies should be
awaited before further agents of the same class are taken
forward. Glibenclamide has repeatedly demonstrated no
clinical benefit despite multiple adequately powered RCTs,
and so value in continuing its investigation is questionable.
Multicentre pre-clinical studies, conducted in the manner
of clinical trials, would provide a more reliable estimate of
effect before human studies, and early-phase clinical trials
incorporating imaging endpoints and evidence of target en-
gagement should precede definitive trials. Finally, as in-
travenous thrombolysis and mechanical thrombectomy are
standard treatment, understanding how therapeutic reperfu-
sion alters the development of oedema, and in whom, will
be central to both clinical decision-making and the design
of the next generation of trials.

5.3 Measurement & Biomarkers
Measurement of oedema deserves equal attention. Ra-

diological measures such as net water uptake, midline shift
and displacement of cerebrospinal fluid offer direct mea-
surement of the process being treated, and their standard-
isation and validation as surrogate endpoints would allow
an anti-oedema effect to be demonstrated in smaller trials.
Consensus definitions of cerebral oedema and ‘malignant
oedema’ particularly would also make individual studies
comparable. Circulating markers such as MMP-9, miR-
NAs, and other inflammatory mediators may help stratify
patients by risk at presentation and confirm that an admin-
istered drug has engaged its intended target, information
that almost no trial in this field has collected. It should be
emphasised that no biomarker has yet been validated as a
surrogate for clinical outcome in cerebral oedema, and that
their value at present lies in patient selection and mecha-
nistic confirmation rather than as a replacement for clinical
endpoints.

6. Conclusion
Cerebral oedema is a common and potentially devas-

tating consequence of ischaemic stroke. Mild oedema may
be clinically silent but is associated with worse functional
outcome, whilst severe or ‘malignant’ oedema is a signifi-
cant contributor to overall mortality. Considerable progress
has been made in understanding its pathogenesis, however
this has not yet translated into treatment. No medical ther-
apy has demonstrated the capacity to both reduce cerebral
oedema and confer clinical benefit in human phase III tri-
als, and available treatments used in current practice lack
contemporary and adequately powered evidence. Of those
tested in humans, only minocycline, edaravone, and ima-
tinib have shown potential clinical benefit as a primary trial
outcome, but an effect on cerebral oedema itself has not
been established. Several further candidates remain un-
der investigation, but appropriately designed studies will
be needed to adequately explore their clinical potential.
Cerebral oedema evolves through overlapping phases with
distinct mechanisms, so the timing of administration and
the selection of patients at genuine risk of developing se-
vere oedema are key factors. Most importantly, oedema
itself must be measured. An anti-oedema effect cannot
be demonstrated by trials powered only for functional out-
come, and until the radiological measures of swelling are
standardised and validated, an effective treatment and an
ineffective one will be difficult to distinguish.

Key Points
• Cerebral oedema is an inevitable consequence of

ischaemic stroke and, in its most severe form, carries a
mortality of up to 80% without surgical intervention, yet
no medical treatment has been shown to reduce cerebral
oedema sufficiently to improve clinical outcome in human
phase III trials.

• Cerebral oedema develops in overlapping phases, be-
ginning with cytotoxic swelling driven by energy failure
and disrupted ion transport, progressing to an ionic phase in
which sodium and water cross an intact blood-brain barrier,
with cerebrospinal fluid entering along perivascular routes,
and culminating in vasogenic oedema once the barrier itself
breaks down.

• Blood-brain barrier breakdown is driven by multiple
mechanisms including endothelial and pericyte dysfunc-
tion, proteolysis (notably by matrix metalloproteinases),
and inflammatory cell infiltration, all of which may be tar-
gets for future treatments.

• Clinical data have demonstrated that successful
reperfusion is associated with reduced severity of cerebral
oedema, which may be a major driver of functional recov-
ery, particularly in patients with large mismatch volumes.

• Hypertonic saline, mannitol and glycerol are widely
used to treat cerebral oedema despite being poorly sup-
ported by high-quality trials, and neither hypothermia nor
hyperventilation has demonstrated clear benefit.
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• Several mechanism-targeted agents remain under
investigation, but their evaluation will require trials that
match the timing of administration to the phase of oedema
being targeted, consider sequential combination therapy,
and utilise radiological markers of cerebral oedema.
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