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Cerebral oedema: Pathophysiological mechanisms 
and experimental therapies

Shalvi Mahajan, Hemant Bhagat

He used a ‘cold injury’ model to describe the cytotoxic 
or vasogenic oedema related to cellular injury or blood 
brain barrier  (BBB) breakdown, respectively.[2] Later, 
Fishman added third type as ‘interstitial oedema’ which 
is commonly associated with hydrocephalus.[3]

CLASSIFICATION

Cerebral oedema can be classified into the following 
types:
•	 Vasogenic oedema
•	 Cytotoxic/ionic/cellular oedema
•	 Interstitial/hydrocephalic oedema
•	 Osmotic/hypostatic oedema
•	 Hydrostatic oedema.

Although most of the times brain insult involve an 
overlap of different types of cerebral oedema, one type 
can predominate over other depending on the type and 
duration of brain injury.

PATHOPHYSIOLOGY

The pathophysiology of cerebral oedema is complex 
[Figure 1]. Irrespective of the underlying cause, cascade 
of events initiate at molecular level which results in the 
accumulation of fluid in the brain’s intracellular and 
extracellular spaces. There are four fluid compartments 
in the brain‑blood  (cerebral vessels), cerebrospinal 
fluid (CSF) (ventricular system), interstitial fluid (brain 
parenchyma) and intracellular fluid (neurons and glial 
cells). These compartments are interlinked and under 
normal physiological conditions, there is tight control 
of movement of fluid and solute particles from one 
compartment to other.

INTRODUCTION

Cerebral oedema per se is not a disease entity. It is a 
clinico‑pathological state that is characterised by an 
increase in brain water content (above the normal brain 
water content of approximately 80%). It usually occurs 
in response to brain insult which is seen in a variety of 
neurological and non‑neurological conditions. Cerebral 
oedema increases brain volume. Because brain is confined 
within rigid skull, increase in brain water content 
ultimately results in raised intracranial pressure  (ICP). 
Raised ICP decreases cerebral perfusion pressure leading 
to cerebral ischemia. In addition, cerebral oedema may 
result in brain herniation due to the associated mass effect. 
Management of cerebral oedema is a great challenge for 
both the neurosurgeons and neuroanaesthetists as current 
treatment modalities are largely symptomatic. They 
range from general measures to osmotherapy, barbiturate 
coma, steroids and decompressive craniectomy. Though 
oedema‑targeted therapies are being specifically designed, 
they remain more or less as experimental models.

HISTORY

Cerebral oedema and brain oedema both are similar 
entities. However, brain oedema is commonly confused 
with brain swelling. Therefore, Reichardt used the term 
brain oedema to differentiate these two pathological 
conditions.[1] Brain swelling was believed to originate from 
cerebral vascular engorgement. Pappius (1974) defined 
brain oedema as net increase in brain water content 
which leads to an increase in tissue volume. Traditionally, 
cerebral oedema was divided into two groups by Klatzo. 
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Vasogenic oedema
This is the most common form of cerebral oedema and 
it is primarily due to the breakdown of BBB secondary 
to mechanical disruption (brain trauma, acute malignant 
hypertension, radiation) or chemical mediators (tumours, 
inflammation and infection).

BBB consists of endothelial cells, basement membrane 
and foot processes of astrocytes. Cerebral endothelial 
cells have two unique features  –  presence of tight 
junctions along inter endothelial region  (which limit 
movement of plasma protein and compounds with 
molecular weight  ‑  60,000  and high) and fewer 
caveolae  (plasmalemmal vesicles which either by 
fluid‑phase transcytosis or transendothelial channels 
allow protein passage).[4] Initially, during BBB injury, 
there is an increase in caveolae and later tight junction 
breakdown followed by endothelial cell injury. During 
BBB injury, there is an activation of glial cells. Activated 
glial cells produce various mediators such as bradykinin, 
serotonin, histamine, complement, arachidonic acid, 
nitric oxide and leucotrienes. Thus, BBB injury results in 
the movement of protein rich exudates into extracellular 
space.[5] In this type of oedema, white matter is more 
affected  (low cell density, multiple parallel axonal 
tracts and loose extracellular fluid) as compared to grey 
matter  (high cell density and multiple interconnected 
axonal tracts).

Cytotoxic oedema
This is also known as cellular or ionic oedema where 
BBB is intact. Basis of cytotoxic oedema is, ‘Cellular 
energy failure with disrupted ionic pump with anaerobic 
metabolism’ which is either due to hypoxia or ischaemia.[6] 
It is commonly seen after acute arterial infarction and 
lacunar infarcts. During cerebral ischaemia, there 
is cessation of blood flow either complete or partial 
leading to disturbance of Na‑K‑ATPase pump which 
is responsible for pumping sodium and potassium 
into extracellular and intracellular compartment, 
respectively (3Na+:2K+). To understand the pathogenesis 
of cytotoxic oedema, various models such as ischaemic 
models (focal and global) and water intoxication model 
have been described.[7] The best among them is the focal 
ischaemic model, which is being discussed here. Focal 
ischaemic model describes cessation of blood flow to 
brain. When blood flow decreases to <20 ml/min/100 g, 
there is failure of ATP dependent ionic pump. Within 
seconds of pump failure, Na+ ions get accumulated into 
intracellular compartment followed by inward water 
movement to maintain iso‑osmotic state. In addition, 
Na+  ions are accompanied by inward flow of Ca+, H+, 
HCO3

− ions and outward flow of K+ ions. These changes 
are reversible if blood is immediately restored within 
3–4 min. Beyond 6 min of ischaemia, irreversible injury 
occurs with ischaemic core formation. Ischaemic core 

is surrounded by penumbra zone where blood flow if 
restored within certain time limits (3 h), then the tissue 
is potentially salvageable.

Excitatory neurotransmitter glutamate is normally 
released in the synaptic cleft for neurotransmission and 
then immediately removed by energy dependent uptake 
pathways. During ischaemia/hypoxia, energy dependent 
pathways fail and there is accumulation of glutamate to 
toxic levels which causes abnormal surge of neuronal 
activity through N‑methyl‑D‑aspartate (NMDA), AMPA, 
metabotrophic glutamate and high affinity kinate 
receptors. Out of all these, most important is NMDA 
receptor which play central role in Ca2+  influx into 
cytoplasm. Persistently activated NMDA receptor causes 
gradual, slow but excessive rise in intracellular Ca2 ions. 
Also, activated AMPA receptors cause Na+ dependent 
depolarisation and further voltage gated Ca2 entry into 
cells. Hence, during normal and abnormal neuronal 
activity, there is cotransport of 3Na+, 1Cl−, 1H+  and 
antiport 1K+  ion per glutamate molecule along with 
water molecule. Normally, ATP‑dependent pumps 
maintain high concentration of Ca2+ in extracellular space 
compared to intracellular space. But, during energy 
depletion, this mechanism also fails. Excess intracellular 
Ca2+  causes mitochondrial swelling and further ATP 

Figure 1: Depiction of pathophysiological mechanisms of cerebral 
oedema
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production gets impaired. Thus, vicious cycle comes 
into play. Therefore, neuronal and glial cell efforts to 
maintain ionic homeostasis ultimately fails resulting 
in cellular oedema and activation of Ca2+  mediated 
intracellular secondary cascades and free oxygen radical 
productions and arachidonic acid metabolites. Normally, 
glucose is anaerobically metabolised into pyruvate and 
then it enters into Krebs cycle to produce ATPs, but 
during hypoxia, pyruvate is converted into lactate. High 
concentration of lactate further causes neuronal injury 
and promotes cellular swelling.[8]

Cellular oedema involves swelling of astrocytes, 
neurons and dendrites, but astrocytes are more prone to 
cytotoxic swelling than neurons (astrocytes are 20 times 
more in number and have ability to swell 5 times their 
normal size).[9,10] This oedema fluid is protein‑free and 
contains electrolytes.

Interstitial oedema
This type of oedema is also known as hydrocephalic 
oedema. During hydrocephalus, intraventricular 
pressure increases which cause breakdown of ventricular 
ependymal lining and hence transependymal migration 
of CSF into extracellular space.[11,12] Common causes 
include meningitis, subarachnoid haemorrhage, normal 
pressure hydrocephalus and obstructing mass in relation 
to ventricular outflow. Here, oedema fluid composition 
resembles CSF composition.

Osmotic oedema
This type of oedema is characterised by imbalance 
of osmolality between serum plasma and brain 
parenchyma. Here, cellular and BBB integrity is 
maintained. Conditions which either decrease serum 
osmolality or increase brain tissue osmolality will 
produce abnormal osmotic pressure gradient with net 
flow of fluid into the brain parenchyma. Clinically, 
most important example is syndrome of in appropriate 
antidiuretic hormone  (SIADH) secretion where 
serum hypo‑osmolality causes osmotic brain oedema. 
Other example is traumatic brain injury  (TBI) where 
necrotic tissue in contused brain is hyper osmolal and 
if reperfusion is carried out with isotonic fluid, then it 
aggravates osmotic oedema.[13] Here, oedema fluid is 
rich in electrolytes.

CLINICAL PRESENTATION
Monro‑kellie doctrine states that skull is a closed space 
with fixed volume and whenever there is increase in 
one component, brain tries to compensate by decreasing 
other component but to limited extent (CSF translocation 
or decrease in blood volume).[14] Cerebral oedema does 
not cause clinical features until it reaches to stage where 
brain compensatory mechanism fails and rise in ICP 

occur. Thus, clinical presentation is secondary to raised 
ICP, mass effects and cerebral ischemia. Clinical features 
are non‑specific and have varied presentation. These 
features may include headache, projectile vomiting, 
lethargy, altered level of sensorium, cranial nerve 
palsies  (abducent nerve palsy‑false localising sign), 
extensor plantar, hypertension, bradycardia, altered 
respiratory pattern, ultimately coma and death.

RADIOLOGICAL FEATURES
The initial investigation of choice to investigate cerebral 
oedema is a computer tomography  (CT) scan. On 
CT scan, cerebral oedema is recognised as an area of 
hypodensity or hypoattenuation or lucency relative 
to normal brain parenchyma. In addition, features of 
mass effects  –  midline shift, compressed ventricles, 
sulcal and basal cistern effacement and herniation are 
seen. The differentiation of types of oedema is done 
with the help of different sequences acquired through 
magnetic resonance imaging  (MRI). On MRI, cerebral 
oedema appears as bright signal on T2‑weighted 
image and low signal on T1‑weighted image. T1 with 
contrast helps to delineate the lesion with surrounding 
oedema (oedema does not enhance with contrast). Fluid 
attenuated inverse ratio  (FLAIR) sequences visualise 
periventricular signal abnormalities (interstitial oedema) 
by suppressing signal from CSF [Figures 2‑4]. Diffusion 
weighted and apparent diffusion coefficient sequences 
help to differentiate cytotoxic and vasogenic/interstitial 
oedema  [Figure  3].[15] The interstitial/hydrocephalic 
oedema is characteristically seen as periventricular white 
matter lucency on FLAIR in MRI sequence [Figure 4].

MANAGEMENT OF CEREBRAL OEDEMA
Following cerebral injury, consequences of cerebral 
oedema lead to unnecessary prolong hospital stay 
and add to mortality. Thus, it is imperative to treat 
cerebral oedema. Available treatment modalities involve 
step‑wise algorithmic approach. It starts with general 
measures (optimal head and neck position, adequate 
oxygenation and maintenance of normotension) to 
specific interventions (short term hyperventilation, use of 
osmotic agents, diuretics and corticosteroids). Mannitol 
and hypertonic saline form the basis of osmotherapy.[16,17] 
These agents draw fluid into the intravascular space 
via an osmotic gradient. If all these measures fail, then 
last resort is decompressive craniectomy, high dose 
barbiturates  (cerebral metabolic suppression) and 
decompressive laparotomy  (severe TBI  +  inhibitor of 
apoptosis protein  >20 mm  Hg). Currently available 
treatment modalities either remove oedema fluid 
by osmotherapy or accommodate oedema fluid by 
decreasing cerebral blood volume. None of the available 
treatment modalities target oedema formation. With 
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advancement in research field, some targets are identified 
at molecular level which helps in the oedema formation.

EXPERIMENTAL THERAPIES FOR 
CEREBRAL OEDEMA

In the last two decades, lot of emphasis have been placed 
for the search drugs which help in the prevention of 
oedema fluid formation as well as resolution of already 
formed oedema. Various mediators involved either 
in the formation or aggravation of cerebral oedema 
are identified. These mediators are arachidonic acid, 
bradykinins, Ca2+, glutamate, free oxygen radicals etc. 
Modulations of some of these mediators were found 
useful in the experimental studies but clinically no 
beneficial effects or unacceptable side effects were seen. 
In this section, we will discuss anti‑oedema drugs with 
promising results in animal studies.

NKCC1 ANTAGONISTS
NKCC1 is an intrinsic membrane protein seen at various 
sites in central nervous system (CNS) such as luminal 
surface of endothelial cells, neurons, glial and choroid 
plexus.[18] The primary function is transportation of 
Na+, K+, Cl− ions into cells (1 Na+:1 K+:2 Cl−).[19] To maintain 
electrical neutrality, Na‑K‑ATPase pump present on 
albuminal surface move sodium into extracellular space. 
In animal model, it was found that during brain insult 
there is upregulation of NKCC1 cotransporter secondary 
to increased potassium, glutamate levels  (in cortical 
neurons) and cytokines interleukin‑6 (capillaries). Since 
it is secondary, active transporter energy is provided 
by ATP for its smooth functioning; hence its increased 
activity is seen during early stages of ischaemia and 
during reperfusion phase. Bumetanide is known as high 
efficacy diuretic which belongs to sulfamoyl group.[20] 
Small size molecule of bumetanide and its good lipid 
solubility confers an ability to cross BBB. In CNS, it 
acts as NKCC1 inhibitor at low dose without causing 
diuresis.[21] Thus, these properties are utilised in various 
studies to assess its role in the treatment of various 
neurological diseases such as trauma,[22] TBI[23,24] and 
stroke  (ischaemic/haemorrhagic).[25] Role of another 
diuretic agent torsemide in decreasing cerebral oedema 
through NKCC1inhibitor was also studied.[26]

SULFONYL UREA RECEPTOR 
1/TRANSIENT RECEPTOR POTENTIAL 
MELASTATIN 4 CHANNEL INHIBITORS

Sulfonyl Urea Receptor 1/Transient Receptor Potential 
Melastatin 4  (SUR1/TRPM4) is a non‑selective 
monovalent cation channel with two important 
features.[27] First, it gets activated when intracellular 
energy is exhausted and second it needs intracellular 

Figure 4: Magnetic resonance fluid attenuated inverse ratio image 
showing hydrocephalic oedema (periventricular hyperintensity)

Figure 3: (a) Magnetic resonance-fluid attenuated inverse ratio image 
showing hyperintense lesion in left frontotemporal region. (b) Magnetic 
resonance diffusion weighted imaging showing hyperintense signal in 
left frontotemporal region (diffusion restriction) suggestive of cytotoxic 
oedema

ba

Figure 2: (a) Magnetic resonance (post-contrast) image showing 
nodular enhancing lesion in left frontal lobe. (b) Magnetic 
resonance-fluid attenuated inverse ratio image showing perilesional 
oedema suggestive of vasogenic oedema

ba
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calcium for its opening. Exhausted ATP levels results 
in the opening of these channels, sodium influx, 
membrane depolarisation and cytotoxic oedema 
formation. In animal models, it was found that 
SUR1/TRPM4 channel is normally not present, but 
whenever there is ischaemic injury  (exhausted ATP 
levels e.g.: TBI, tumours), they get transcriptionally 
upregulated.[28] Also, SUR1 is an important part of 
ATP sensitive K channels. In type 2 diabetics, second 
generation sulfonylurea inhibitors (glibenclamide) are 
used as oral hypoglycaemic agents to decrease blood 
sugar. Glibenclamide act on SUR1 regulatory subunit of 
ATP sensitive K channels in pancreas. Therefore, role of 
these drugs in the inhibition of cerebral cytotoxic oedema 
formation has been studied in animal models.[29] In a rat 
model of malignant stroke, there was 50% decreased 
cerebral oedema formation by glibenclamide and 
improvement in stroke outcome.[30] Hence, inhibition 
of this channel can offer new treatment modality to 
decrease and hence treat cerebral oedema.

VASOPRESSIN RECEPTOR ANTAGONIST
Various CNS diseases are linked with increased 
ADH levels. Increased ADH levels in SIADH causes 
anti diuresis which result in fluid retention and 
hyponatraemia. If serum sodium level is <120 mmol/L, 
there is a decrease in serum osmolality and thus water 
enters into the brain and results in osmotic oedema. 
SIADH is commonly associated with aneurysmal 
subarachnoid haemorrhage where available treatment 
modalities are fluid restriction, sodium administration 
either by enteral salt addition or by hypertonic 
saline, fludrocortisone administration. [31] Since 
each of these therapies have certain drawbacks, for 
example, fluid restriction will cause hypovolaemia 
and hence vasospasm and fludrocortisone causes 
volume overload with limited role in hyponatraemia, 
and hypertonic saline is not useful in hypervolaemic 
hyponatraemia. Normally, there are 2 types of 
vasopressin receptors present in the body. V1A 
receptors are present in smooth muscle of vessels 
while V1B is present in anterior pituitary. V2 receptors 
are primarily located in renal collecting ducts. It 
promotes free water reabsorption through cyclic 
adenosine monophosphate pathway. Conivaptan is a 
Food and Drug Administration approved vasopressin 
receptor  (V1A/V2) antagonist drug for euvolaemic 
hyponatraemia correction.[32] Antagonism of V2 
receptors promotes water excretion  (aquaresis) from 
the body without affecting serum sodium level.[33] It 
does not cause any change in blood pressure through 
V1A receptor antagonism. In various trials, it was found 
that conivaptan was effective in treating patients with 
euvolaemic or hypervolaemic hyponatraemia and raise 

serum sodium level by 6.3 and 9 mmol/L with daily 
dose of 40 and 80 mg, respectively, in neurocritical 
care units.[34,35] Very few studies were conducted in 
brain injured patients with hyponatraemia where drug 
was found useful in raising serum sodium levels and 
decreasing raised ICP after single bolus dose.[36]

AQUAPORIN4 INHIBITORS AND 
ACTIVATORS

Aquaporins (AQPs) 1, 4, 5 and 9 were found to be located 
in astrocytes in association with ependyma, neurons and 
blood vessels.[37] But among all, AQP4 is most important 
bidirectional transmembrane water channel in brain.[38] It 
acts along with inward rectifying K+ channels at astrocytic 
foot ends. AQP4 modulators play a crucial role in 
aggravation/resolution of cytotoxic and vasogenic brain 
oedema.[39,40] Various AQP4 inhibitors (brain protection 
in cytotoxic oedema) and activators (facilitate oedema 
fluid clearance in vasogenic and hydrocephalic oedema) 
have been studied in mice models,[41,42] but their role in 
humans still need further studies.

MATRIX METALLOPROTEINASE 
INHIBITORS

In various rodent models, during vasogenic oedema, 
matrix metalloproteinase (MMP) inhibitors were used 
and it was found that they restore BBB integrity in 
early phase, but not after 48 h. But, they have major 
drawback that they delayed recovery due to their role 
in angiogenesis and neurogenesis.[43,44]

VASCULAR ENDOTHELIAL GROWTH 
FACTOR INHIBITORS AND FACILITATORS

In ischaemic rodent model, administration of vascular 
endothelial growth factor‑A  (VEGF) inhibitors or 
recombinant angiopoietin 1 decreased BBB breakdown 
whereas VEGF‑B facilitators provide protection against 
BBB breakdown.[45,46] Therefore, they may play role in 
the treatment of vasogenic oedema.

ENDOTHELIN RECEPTOR TYPE B

Endothelins are vasoconstrictive peptides which exert 
their action through receptors  ‑  endothelin receptor 
type A (ETA) and ETB‑R. In CNS, ETB‑R is present on 
resting astrocytes. Stimulation of these receptors activate 
astrocytes which exert their action through production of 
MMP9 and VEGF‑A.[47,48] In mice model, selective ETB‑R 
antagonists such as BQ788 and IRL‑2500 attenuated cold 
injury‑induced BBB disruption and vasogenic brain 
oedema.[49]
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SUMMARY
Cerebral oedema, irrespective of its type, is potentially 
devastating consequence of brain injury with significant 
morbidity and mortality. The primary brain insult either 
alter membrane permeability  (BBB and neuroglial) or 
cause ionic disruption or both which ultimately result in 
perturbation of brain fluid homeostasis. Disturbances in 
the brain fluid homeostasis result in grave consequences 
due to rigid bony calvarias. Treatment of cerebral oedema 
currently resides in primitive era with only symptomatic 
management. In experimental animal models, various 
mediators and newer ion channels were found to play 
significant role in the pathogenesis of cerebral oedema. 
Pharmacological modulation of new ion channels and 
mediators helps in prevention and resolution of cerebral 
oedema in animal models. These innovations in research 
help in understanding complex molecular mechanism in 
cerebral oedema formation and provide new horizons 
in newer anti‑oedema treatment modalities. However, 
the challenge lies in translating this advancement from 
animal models to clinical settings.
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