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Acute intracerebral hemorrhage (ICH) is a devastating type of stroke worldwide. Neuronal destruction involved in the brain
damage process caused by ICH includes a primary injury formed by the mass effect of the hematoma and a secondary injury
induced by the degradation products of a blood clot. Additionally, factors in the coagulation cascade and complement
activation process also contribute to secondary brain injury by promoting the disruption of the blood-brain barrier and
neuronal cell degeneration by enhancing the inflammatory response, oxidative stress, etc. Although treatment options for
direct damage are limited, various strategies have been proposed to treat secondary injury post-ICH. Perihematomal edema
(PHE) is a potential surrogate marker for secondary injury and may contribute to poor outcomes after ICH. Therefore, it is
essential to investigate the underlying pathological mechanism, evolution, and potential therapeutic strategies to treat PHE.
Here, we review the pathophysiology and imaging characteristics of PHE at different stages after acute ICH. As illustrated in
preclinical and clinical studies, we discussed the merits and limitations of varying PHE quantification protocols, including
absolute PHE volume, relative PHE volume, and extension distance calculated with images and other techniques. Importantly,
this review summarizes the factors that affect PHE by focusing on traditional variables, the cerebral venous drainage system,
and the brain lymphatic drainage system. Finally, to facilitate translational research, we analyze why the relationship between
PHE and the functional outcome of ICH is currently controversial. We also emphasize promising therapeutic approaches that
modulate multiple targets to alleviate PHE and promote neurologic recovery after acute ICH.

1. Introduction

Intracerebral hemorrhage (ICH) is caused by the spontane-
ous rupture of small penetrating arteries or arterioles in
the brain parenchyma [1, 2]. Although it only accounts for

15-20% of total stroke incidence, ICH has a high rate of
mortality and disability [1, 3]. More than 3 million patients
worldwide develop ICH annually, with an incidence of
approximately 24.68 per 100,000 [3–5]. The global burden
induced by ICH is heavy now [6]. Once ICH occurs, blood
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will leak into the brain parenchyma, forming a hematoma
that compresses the brain and leads to neurologic deficits
[3, 4, 7]. In addition to the mass effect of the hematoma
associated with the primary injury, the subsequent coagula-
tion cascade and the degradation of the hematoma lead to
secondary damage to the surrounding brain parenchyma in
the following days or weeks [8–10]. These extra injuries
can further aggravate neurologic deficits after ICH. Further-
more, the mass effect of the hematoma combined with the
crushing impact of neurotoxicity-induced brain swelling in
the perihematomal areas can also increase intracranial
pressure (ICP), even leading to cerebral herniation or death
[3, 4]. Therefore, there is a pressing need to explore new
approaches to mitigate secondary brain damage after acute
ICH due to the limited benefits of surgical removal of hema-
tomas [3, 11].

Perihematomal edema (PHE), which is referred to as
increases in water content in brain tissue adjacent to intrapa-
renchymal hematoma, may represent a potential surrogate
marker or a simple imaging indicator to assess secondary
brain damage after ICH [12]. It has been used to assess the
efficacy of the intervention as an early endpoint indicator,
as shown in phase 1 and phase 2 clinical trials. However,
clinicians should carefully evaluate its utility, and limitations
for its clinical importance warrant further verification
[13, 14]. Although there are multiple methods to quantify
PHE, their reliability has not been thoroughly evaluated. In
addition, the predictive value of PHE on the prognosis of
ICH seems also to be inconsistent and controversial. There-
fore, it is critical to better understand the reliability of PHE
quantification methods and the clinical significance of PHE
after ICH. So far, we know that PHE develops and progresses
in several stages, each of which has significant morphological
differences along with the corresponding molecular changes
[13–17]. Evidence indicates that cerebral edema, predomi-
nantly neuronal cytotoxic edema, is not irreversible in its
early phase after stroke [18, 19]. Before we can establish the
causal relationship between the severity of PHE and the func-
tional outcomes of ICH, more studies are needed to investi-
gate the mechanism of PHE to identify therapeutic targets.
A deep understanding of the etiological factors that influence
the formation and progression in different stages of PHE can
help identify potential therapeutic targets.

In this review, we will summarize recent advances in the
staging, classification, mechanism, imaging characteristics,
and quantification of PHE. Furthermore, we will discuss
the variables that may affect the severity of PHE and the
relationship between PHE and the functional results of
ICH. Finally, we will also summarize the potential therapeu-
tic targets for PHE. Previously, the underlying mechanisms
of PHE in different stages after ICH have been documented.
To increase the clinical significance of PHE, in this article,
we include the imaging characteristics and evolution of ionic
edema and vasogenic edema in the perihematomal areas. We
emphasized the usages and limitations of different quantita-
tive methods of PHE in preclinical and clinical studies. We
also reviewed the influence of baseline variables and labora-
tory and clinical variables on PHE in animals and humans,
including imaging characteristics, cerebral venous drainage

system, and brain lymphatic drainage system. To promote
clinical transformation, we explain the reasons for the cur-
rent conflict results in the relationship between PHE and
ICH functional outcomes of ICH in this article. We analyze
which PHE quantitation method may be more promising or
reliable for ICH prediction. In preclinical and clinical stud-
ies, we also reviewed the therapeutic advances for PHE by
emphasizing dehydration therapy, clot or RBC clearance,
hemostasis and iron chelation, blood pressure control,
immunomodulatory therapy, etc. This review will help high-
light the clinical importance of PHE after acute ICH and
identify potential therapeutic targets to facilitate transla-
tional research.

2. The Time Phase and Pathophysiology of PHE

The natural evolution of PHE involves increases in the vol-
ume of edema up to 14 days or even longer in patients with
ICH [20, 21]. Furthermore, the formation and evolution of
PHE are complex and involve multiple ICH-induced patho-
physiological pathways [12]. The coagulation cascade and
hematolysis contribute to the formation of PHE [14, 22].
We will discuss the factors involved in the coagulation cas-
cade and the hematolysis response in the pathophysiology
of PHE. The evolution of PHE occurs in three distinct
phases, the pathophysiology of which is summarized in
Table 1.

2.1. Hyperacute Phase. Brain edema occurs around the
hematoma a few hours after ICH [14, 15]. The pathophysi-
ology of PHE in the hyperacute phase of ICH has not been
fully elucidated. Animal research in pigs has revealed that
the white matter adjacent to the hematoma had a greater
than 10% increase in water content (>85%) when compared
to the contralateral white matter (73%) as early as one hour
after ICH [23]. The increase in water content persisted
throughout the observed 8 hours after ICH [23]. Further-
more, fibrinogen extrusion increased significantly in one
hour in these areas, while damage to the blood-brain barrier
(BBB) was not critical during that time frame [23]. Interest-
ingly, another study in rats also revealed a quantitative asso-
ciation between protein content in edema fluid and the rate
of fluid clearance in the brain [24]. Therefore, rapid PHE
formation can be induced primarily by an increase in inter-
stitial osmotic pressure established by clot retraction and
extrusion of serum protein from the hematoma in the hyper-
acute phase of ICH [14]. Although serum albumin extrusion
can also promote cellular apoptosis [25], it is currently
unknown whether it can cause additional brain damage in
the hyperacute phase of ICH.

Regarding other possible explanations, evidence implies
that the appearance of cytotoxic or ionic edema may be asso-
ciated with extracellular accumulation of neurotoxins such as
glutamate in the hyperacute phase of ICH, as these neuro-
toxins can induce severe and permanent neurotoxic damage
[22, 25, 26]. Furthermore, a clinical study observed PHE with
magnetic resonance imaging (MRI) in 56 of 83 patients with
ICH within 6 hours after the onset of the disease. Subse-
quently, it attributed the restricted diffusion perihematomal
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area to transient oligemic and metabolic changes [27]. Using
multimodal images including diffusion-weighted magnetic
resonance imaging (DWI), apparent diffusion coefficient
(ADC) maps, perfusion-weighted magnetic resonance imag-
ing (PWI), and proton magnetic resonance spectroscopic
(MRS) images, researchers also revealed that hypoperfu-
sion in the perihematomal tissues might be caused by
reduced metabolic demand (diaschisis) rather than ische-
mia [28–31]. Therefore, it is essential to explore whether
a reduction in blood flow and energy metabolism (includ-
ing mitochondrial dysfunction and Na-ATP pump failure)
induced by the mass effect of the hematoma promotes the
formation of PHE in the hyperacute phase.

2.2. Acute Phase. The activation of the coagulation cascade
leads to clot formation by activating thrombin and fibrino-
gen, which play a role in the formation of PHE [14, 32].
Thrombin-induced PHE formation peaks at 1–2 days in
the mouse brain [22, 33]. In this phase, cellular apoptosis
or neuronal degeneration becomes increasingly evident in
the perihematomal edema zone of ICH brain [34]. Studies
have revealed that thrombin concentration was positively
correlated with the severity of edema and neurologic impair-
ment after acute ICH [14, 16]. Furthermore, thrombin
inhibition significantly mitigated PHE evolution, suggesting
that thrombin is the primary cause of early PHE [35]. The
mechanism of thrombin-mediated PHE formation may be
associated with an increase in BBB permeability after acute
ICH [14]. The changes in the structure of the BBB are closely
related to neuroinflammation after ICH [36]. There has been
evidence that indicated that the combination of thrombin
and protease-activated receptors (PAR) can upregulate the
expression of inflammatory mediators (e.g., TNF-α, IL-1β,
IL-6, IL-12, and ICAM), thus causing BBB disruption in
the acute phase of ICH [37–40]. Other important factors
mentioned as causes of vasogenic edema after ICH also
include matrix metalloproteins (MMP) and aquaporin 4
(AQP4) [41, 42]. Unlike the effects induced by the change
in water from the AQP4 channel, MMPs, including MMP-
2, MMP-3, and MMP-9, mainly promote the formation of
brain edema by degrading tight junctions and the basal
lamina proteins of the BBB after ICH [41, 42]. There is also
evidence that thrombin can directly disrupt the BBB by
increasing the expression of MMPs and AQP4 in vitro and
in vivo [43, 44]. Although it is a double-edged sword, VEGF
may also tend to aggravate the vasogenic edema in the early
stage of ICH [45, 46]. Additional evidence has indicated that
thrombin can promote the release of vascular endothelial
growth factor (VEGF) from astrocytes through the PAR-1/
p44/42 mitogen-activated protein kinase (MAPK) pathway
[47], suggesting that thrombin can also increase vascular
permeability and subsequently promote the evolution of
PHE by inducing VEGF overexpression.

Furthermore, thrombin can aggravate brain injury by
activating the complement system after acute ICH [48, 49].
Evidence has implied that thrombin-cleaved C3a and C5a
fragments increase inflammatory cell infiltration and aggra-
vate PHE [50]. Moreover, complement-mediated ICH injury
is associated with the membrane attack complex (MAC)

[22]. MAC-mediated cell lysis and the inflammatory
response further aggravate BBB leakage and promote PHE
evolution [22]. The appearance of a stable clot depends on
the interaction of thrombin, fibrinolysis factors, and platelets
[51]. Research has revealed that FXa, a fibrinolysis factor,
can also induce C3 cleavage, but no studies have investigated
the influence of FXa on PHE in the acute phase of ICH [51].
Regarding platelets, there is evidence that platelet-derived
growth factor receptor-β (TGF-β) can promote PHE by
amplifying the inflammatory response in the perihematoma
area [52]. In conjunction with the inflammatory response
induced by the coagulation cascade, increased free radical
generation promotes PHE formation [22]. Furthermore,
the coagulation cascade associated with BBB breakdown
can exacerbate the penetration of thrombin, fibrinolysis fac-
tors, platelets, and leukocyte recruitment from the blood cir-
culation into brain tissue, further aggravating PHE [39, 40].
Therefore, it is essential to further explore the effects of the
detailed mechanism of the coagulation cascade on PHE.

2.3. The Delayed Phase. Injection of red blood cells (RBC)
into the brain has been shown to fail to induce brain edema
in 24 hours, but an increase in brain edema appeared on day
3 and peaked on day 7 after injection [22]. Furthermore,
neuronal degeneration and white matter injury in perihema-
tomal tissues were prominent on day 3 or later post-ICH
[53–55]. The above changes suggest that the toxicity of the
RBC degradation products may aggravate brain injury by
promoting the formation of acute edema on days 3-5 after
ICH [22].

Studies have suggested that hemoglobin and its degrada-
tion products may play an essential role in delayed edema
formation [14, 22, 56]. Hemoglobin, an erythrocyte lysis
product, increased significantly during the first days after
ICH [57–59]. Heme from hemoglobin is metabolized to
iron, carbon monoxide, and biliverdin by heme oxygenase
(HO) [60–63]. Evidence has indicated that hemoglobin,
heme, ferrous iron, and carbon monoxide contribute to
PHE formation and early brain injury [2, 22, 64, 65].
Although studies indicated that HO-2 exerted neuropro-
tective effects after ICH, HO-1 was identified with neuro-
toxic or angiogenic properties in acute or chronic phases
[60, 61, 66–68]. Regarding the mechanisms related to
delayed PHE formation, studies have revealed that hemoglo-
bin and its degradation products promote cerebral edema by
activating, among others, the oxidative stress response and
the inflammatory response after acute ICH [22, 62].

Exceptional for the attraction and activation of
leukocytes in the blood circulation, lysis products of RBC
aggravate oxidative stress and inflammatory responses and
promote delayed PHE formation by activating astrocytes
and microglia [22, 63, 66, 69]. Although preclinical and
clinical studies have explored the clearance of RBC lysis
products on the evolution of PHE after ICH [57, 70–72],
more studies on mechanisms related to the formation of
delayed PHE will help identify potential therapeutic targets.
Furthermore, additional studies on hemolysis imaging char-
acteristics may benefit the prediction of the severity of PHE
after ICH in different phases. Animal and clinical studies

4 Oxidative Medicine and Cellular Longevity



have revealed that hemolysis can present as a non-
hypointense core in the heterogeneous background of hema-
tomas on T2∗-weighted imaging [58, 59]. Furthermore,
ICH-induced brain iron overload in the perihematomal area
can also be quantified by R2∗ magnetic resonance mapping
[73–75]. However, the above findings still need to be verified
with histological evidence.

3. The Classification and Imaging
Characteristics of PHE

The BBB consists of a continuous layer of endothelial cells
joined by tight junctions [76]. Maintaining the normal func-
tion of brain capillary endothelial cells is essential to pre-
serve the integrity of the BBB [76]. After acute ICH, ion
channels and transporters in brain capillary endothelial cells
undergo pre- and posttranscriptional changes [15]. These
changes lead to abnormal ion transport and abnormal
osmotic pressure, which ultimately facilitate the formation
of PHE [15]. Progressive endothelial dysfunction further
destroys the BBB and promotes the formation of vasogenic
edema and potentially rebleeding [15]. According to the

function of brain capillary endothelial cells, cerebral edema
can be classified as ionic and vasogenic edema after ICH
[25]. These two types of cerebral edema are continuous
pathologic changes in the hemorrhagic brain [25]. Further-
more, the time phase of these two types of cerebral edema
overlaps with cerebral edema induced by clot retraction,
thrombin, and RBC degradation products [14, 25]. The
classification and imaging characteristics of PHE are sum-
marized in Table 2 and Figure 1.

3.1. Ionic Edema. Ionic edema is a subtype of albumin-
deficient extracellular edema and has been defined indepen-
dently of cytotoxic edema [25, 77]. It has been observed in
the transition between cytotoxic and vasogenic edema after
ischemic stroke [25, 77]. Cytotoxic edema is the result of
failure of the ionic pump or the activation of selected ion
channels induced primarily by energy metabolic dysfunction
in neurons or astrocytes [78, 79]. Ionic edema refers to the
net flow of transcapillary water from the capillary lumen to
the interstitium of the brain through the endothelial cells
of the BBB [12, 78]. That is, cytotoxic edema should be clas-
sified as intracellular edema, whereas ionic edema should be
classified as extracellular or interstitial edema. Mechanism-

Table 2: The features of ionic and vasogenic edema in the perihematomal area after ICH.

Classifications Ionic edema Vasogenic edema References

Time phase
Undefined. It may appear in the hyperacute

phase or in the late phase of ICH
Undefined. It always appears in the acute

and subacute phases of ICH
[25, 77]

Mechanisms

Various ion channels and transporters in
the BBB, including Sur1-Trpm4, NKCC1,
AQP4, Na+-H+ exchanger, and Na+-Ca2+

exchanger, drive this process

Cytotoxic substances such as
inflammatory factors and free radical

metalloprotease-induced transendothelial
permeability pore formation

[79, 98]

Cellular components
in the BBB involved

Endothelial cells Mainly endothelial cells [79, 98]

BBB integrity Intact
Partially destroyed (capillaries still
maintain BBB structural integrity)

[79, 98]

Reversibility Reversible Partially reversible [79, 98]

Substances transported Na+, Cl-, and water
Na+, Cl-, water, plasma proteins, and other

macromolecules (without RBCs)
[14, 22]

Destination of
substances transported

From blood vessels to the extracellular
space of the brain parenchyma

From blood vessels to the extracellular
space of the brain parenchyma

[12, 78, 79, 98]

Imaging characteristics
(CT, T1WI, T2WI, and
FLAIR images)

It should present as a perihematomal
hypodensity seen on CT. Shows an increase

in the T2WI and FLAIR image and a
decrease in the T1WI

Similar to ionic edema [82, 84–88]

Imaging characteristics
(DWI and ADC images)

The imaging characteristics of ionic edema
in DWI and ADC images have not been
well defined. If it is similar to cytotoxic
edema, it will appear as a reduction in
signal on ADC maps but an increase in
DWI. However, the chances are high that
the imaging features of ionic edema will
resemble those of interstitial edema that
present as a normal to low signal on DWI
and a mild high signal on ADC maps

It shows a normal to low signal on the DWI
and a mild high signal on the ADC maps in

perihematomal tissue. If the imaging
features of ionic edema are finally verified
to be similar to those of interstitial edema

in perihematomal tissue, it will be
challenging to distinguish it from

vasogenic edema

[12, 14, 27, 78,
87–89]

Abbreviations: ICH: intracerebral hemorrhage; BBB: blood-brain barrier; Sur1-Trpm4: sulfonylurea receptor 1-transient receptor potential melastatin 4;
NKCC1: Na+-K+-2Cl− cotransporter protein-1; AQP4: aquaporin 4; RBCs: red blood cells; CT: computerized axial tomography; T1WI: T1-weighted MRI;
T2WI: T2-weighted MRI; FLAIR: fluid-attenuated inversion recovery image; DWI: diffusion-weighted magnetic resonance imaging; ADC: apparent
diffusion coefficient maps.
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wise, the dynamics of ionic edema is governed only by the
osmotic term in the Starling principle [14, 22]. In ischemic
stroke-induced ionic edema, the potential energy in the
transendothelial Na+ gradient generated by cytotoxic edema
drives the extravasation of electrolytes from blood vessels

[14, 22]. First, Na+ is transported by endothelial cells to the
brain parenchyma along the concentration gradient gener-
ated by cytotoxic edema, producing a nonzero osmotic driv-
ing force. Then, it drives chloride ions and water from blood
vessels to the brain parenchyma to maintain electrical and

Day 1 Day 2 Day 4 Day 7

(a)

T1WI

8 h 27 h Day 4 Day 10

T2WI

FLAIR

DWI

ADC

(b)

Figure 1: The imaging characteristics of PHE at different stages after ICH. (a) Cranial CT images on days 1, 2, 4, and 7 after acute ICH in a
patient. PHE (a rim around the hematoma indicated by yellow arrows) was not prominent on day 1 after ICH and gradually increased from
days 1 to 7 after ICH. (b) MRI characteristics of PHE at 8 hours, 27 hours, day 4, and day 10, respectively, after the onset of symptoms in 4
patients with ICH. The red arrows in the T1WI images indicate the location of the hematoma. The signal characteristics of the hematomas
changed over time in the T1WI and T2WI images after ICH, with PHE presented as a thin or wide rim with a strong signal in the T2WI and
FLAIR images in the areas surrounding the hematoma. A strong signal on the DWI image but a weak signal on the ADC map appeared in
the perihematomal area 8 hours after ICH. It may represent the appearance of ionic edema or cytotoxic edema in the perihematomal area.
However, typical imaging characteristics of vasogenic edema in the perihematomal region were observed at 27 hours, day 4, and day 10 after
the onset of the symptom. Vasogenic edema presented as a normal signal on the DWI images, and a strong signal surrounds the hematoma
on the ADC map at 27 hours, day 4, and day 10 after ICH in 3 patients. Abbreviations: CT: computed tomography; PHE: perihematomal
edema; ICH: intracerebral hemorrhage; T1WI: T1-weighted MRI; T2WI: T2-weighted MRI; FLAIR: fluid-attenuated inversion recovery;
DWI: diffusion-weighted imaging; ADC: apparent diffusion coefficient.
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osmotic neutrality, forming ionic edema [14, 22]. In other
words, the ion influx of ionic edema is mediated by the
primary and secondary active transport of Na+, Cl-, and
water. The sulfonylurea receptor 1-transient receptor poten-
tial melastatin 4 (Sur1-Trpm4), the Na+-K+-2Cl− cotran-
sporter protein-1 (NKCC1), AQP4, the Na+-H+ exchanger,
and the Na+-Ca2+ exchanger drive this process [79]. Because
the pathogenesis of ICH is different from that of ischemic
stroke, the mechanism of ionic edema after ICH should also
be characterized. Cytotoxic edema has been shown to appear
rapidly (in minutes) after interruption of cerebral blood flow
in brain ischemia [25, 77]. However, studies on whether
there is an “ischemic penumbra” in the perihematomal area
are inconclusive [80, 81]. Therefore, it is also unknown
whether cytotoxic edema will appear in the hyperacute phase
of ICH. Except for the interstitial osmotic force established
by clot retraction and serum protein extrusion from the
hematoma, the role of the hematoma mass effect-induced
reduction in blood flow and energy metabolism (including
mitochondrial dysfunction and Na-ATP pump failure)
may also warrant further exploration of ionic edema after
ICH.

The time phase and imaging characteristics of ionic
edema after ICH have not been clinically studied. However,
both cytotoxic and ionic edema are triggered by the influx
of fluid and Na+ [25]. Sur1-Trpm4, NKCC1, AQP4, the
Na+-H+ exchanger, and the Na+-Ca2+ exchanger also drive
the formation of cytotoxic edema [79]. Therefore, it is spec-
ulated that the imaging characteristics of PHE in patients
may be similar to those of cytotoxic edema within 1-3 days
[14, 27]. However, as previously illustrated, ionic edema is
also characterized by extravasation of ions and accumulation
of extracellular fluid (similar to interstitial edema) [12, 78].
Therefore, theoretically, the imaging characteristics of ionic
edema in the perihematomal area can also resemble those
of interstitial edema.

X-ray attenuation of brain tissue is directly correlated
with its water content [82]. Therefore, CT can monitor
the water content of brain tissue [82]. Cytotoxic edema
and ionic edema present as brain tissue hypoattenuation
seen on a plain computerized axial tomography (CT) scan
[83]. Brain tissue with cerebral blood flow below 10mL/
100 g × min leads to ionic edema, which is accompanied
by a decrease in Hounsfield units (HU) [82, 84]. Changes
in CT image will be visible when the CT window is 40 to
60 HU [82, 84]. Furthermore, the Alberta Stroke Program
Early CT Score (ASPECTS) was thought to be helpful for
the identification and quantification of ionic edema [82, 84].
However, all the above studies did not consider distinguish-
ing ionic edema from cytotoxic edema on CT images. Fur-
thermore, the sensitivity of CT to ionic brain edema has
not yet been determined because a reference standard is lack-
ing under clinical conditions. Regarding MRI detection, both
cytotoxic edema and interstitial edema show an increase in
T2-weighted MRI (T2WI) and fluid-attenuated inversion
recovery (FLAIR) images and a decrease in T1-weighted
MRI (T1WI) [85–88]. Specifically, cytotoxic edema shows a
reduction in signal on ADC maps but an increase in DWI.
On the contrary, interstitial edema presents a nonhigh signal

on DWI and a mild high signal on ADCmaps [87–89]. How-
ever, the characteristics of the MRI image of ionic edema in
the perihematomal area have not yet been disclosed.

Although a definitive conclusion has not been reached,
studies have been conducted on the imaging characteristics
of PHE in different stages of ICH. A study with MRI
revealed that cerebral edema in the perihematomal tissues
with imaging characteristics similar to cytotoxic edema
appeared in at least half or more of the 21 patients enrolled
within the first 24 hours. It also showed that the ADC values
decreased until day 3 and were significantly reversed from
days 3 through 7 [90]. An additional study indicated that
the mean regional ADC level after ICH was lower at seven
days than at 48 hours in perihematomal areas, suggesting
that the transition from acute to subacute phase is character-
ized by a progressive resolution of perihematomal vasogenic
edema associated with an increase in ADC values [91].
However, some studies illustrated that PHE might be cyto-
toxic or vasogenic in the hyperacute phase of ICH; it can
be vasogenic or vasogenic accompanied by cytotoxicity in
the acute phase of ICH, while it is always vasogenic in
the subacute phase in patients who underwent an MRI
scan [28–31, 92, 93]. Recently, a study suggested that
ADC values in brain tissues with ionic edema increased
in humans who underwent normobaric hypoxia [94].
Therefore, it is critical to further study whether the imag-
ing features of ionic edema are similar to cytotoxic edema
or interstitial edema in the perihematomal tissues after
ICH. The chances are high that the imaging features of
ionic edema resemble those of interstitial edema. It is also
essential to clarify further whether there is an “ischemic
penumbra” and whether cytotoxic edema can appear in the
perihematomal tissues after acute ICH, as there has been
evidence that indicates that cerebral edema in perihemato-
mal tissues with imaging characteristics of cytotoxic edema
prefers to appear in patients with larger hematomas [95].

Furthermore, evidence has indicated that a large hema-
toma can compress perihematomal tissues and reduce blood
flow in this area after acute ICH [30, 96, 97]. The ongoing
development of noninvasive imaging techniques should
focus on their ability to identify and quantify ionic edema.
Histological and imaging techniques should also explain
the reasons for the appearance of imaging characteristics
such as cytotoxic edema in perihematomal tissues after
acute ICH.

3.2. Vasogenic Edema. Vasogenic edema is characterized by
extravasation and extracellular accumulation of fluid in the
cerebral parenchyma caused by disruption of the BBB [98].
The critical difference between it and ionic edema is that
the former contains extravasated plasma proteins, while
the latter does not [98]. In vasogenic edema, penetration
holes are formed in the endothelial cells. They allow water
molecules and plasma proteins to flow into the brain paren-
chyma, while capillaries maintain their structural integrity
and prevent extravasation of RBCs [98]. Hydrostatic and
osmotic pressure also play an essential role in the formation
of vasogenic edema [98]. For example, systemic blood pres-
sure must be kept high enough to maintain brain perfusion,
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but, in excess, it will promote the formation of edema [15].
In addition, the ICP must be kept low enough to maintain
tissue perfusion, but high enough to counteract edema influx
[15]. Optimization of these parameters is a multifactorial
problem.

Animal research has revealed that vascular permeability
peaked on day three after ICH [53]. PHE also peaked on
day three and persisted for up to 7 days in experimental
ICH models [14, 53]. However, the volume of PHE mea-
sured by MRI in patients increased more rapidly in the first
two days after the onset of the symptoms and peaked toward
the end of the second week [21]. As previously illustrated,
the characteristics of vasogenic edema are similar to those
of cytotoxic edema on CT, T1WI, T2WI, and FLAIR images
[85, 86]. However, unlike the latter, vasogenic edema pre-
sents a normal to low signal on DWI and a high signal on
ADC maps, which may resemble interstitial edema in peri-
hematomal tissue after ICH [89].

The pathological process of PHE after ICH is compli-
cated and has not been elucidated. Suppose the imaging fea-
tures of ionic edema are finally verified to be similar to those
of interstitial edema. In that case, it will be plausible to
determine the time phase of ionic or vasogenic edema in
perihematomal tissues with CT or normal MRI series [77].
Additionally, PHE also manifests itself as perihematomal
hypodensity on CT images that can be difficult to distinguish
from normal tissue and other entities that are also hypo-
dense (e.g., infarction). As a result, the neuroimaging
changes seen on MRI that depict the evolution of PHE war-

rant further observation. It is also critical to explore and
quantify the cellular and molecular events underlying the
multimodal imaging changes of PHE in different phases
of ICH.

4. Quantitative Methods for PHE after ICH

As illustrated previously, PHE has been used as a promising
surrogate marker for secondary brain injury after ICH [99].
However, the clinical predictive value of PHE for long-term
functional outcomes in ICH patients has not been well
established [100]. In addition, a proven PHE detection and
quantification method can benefit the selection of treatment
regimens and the evaluation of the prognosis. The following
sections will introduce recent advances in detection and
quantification methods to evaluate PHE in preclinical and
clinical studies. The usages and limitations of different pro-
tocols for the quantification of PHE are summarized in
Table 3.

4.1. Preclinical Studies

4.1.1. Brain Water Content. The water content of the brain is
widely used as a parameter to evaluate the severity of brain
injury in animal ICH models. The percentage of brain
water content is calculated as ½ðwet weight – dry weightÞ/
wet weight� × 100% [9, 101]. It can be used to approximate
changes in brain water in different regions of the brain after
ICH in animals, including the ipsilateral and contralateral

Table 3: The merits and shortcomings of different quantitative methods of PHE after ICH.

Quantitative methods Merits Shortcomings References

Preclinical studies

Brain water content
It is widely used to assess the severity of brain
injury in animal ICH models.

It cannot accurately reflect PHE due to the
difficulty in separating the perihematomal
tissue from normal brain tissue directly.

[9, 101]

Brain swelling
It is a method most used to quantify the extent
of brain edema in animals with stable volume
of hematoma.

(i) It may be influenced by hematoma volume.
(ii) It cannot detect PHE directly and

accurately.
[9, 34, 101]

MRI image
MRI may represent the gold standard for
detecting and quantifying PHE in animals.

The access of small animals to high-field MRI
is limited.

[53, 104–106]

Clinical studies

CT and MRI images

(i) CT images can be easily acquired.
(ii) MRI may represent the gold standard for

detecting and quantifying PHE in
humans.

(iii) Based on CT or MRI images, absolute
PHE, rPHE, EED, and PHE growth rate
have been developed to quantify PHE in
humans.

(i) It is challenging to choose suitable
thresholds to outline the rim of the PHE.

(ii) Absolute PHE, rPHE, EED, and PHE
growth rate may be influenced by the
quantification time point, the size, shape,
and location of the hematoma.

[21, 108–115]

Other methods

Some noninvasive methods including midline
shift on CT or MRI images, physical
examination, and indirect estimation of ICP
may also reflect brain edema after ICH.

They are not sufficient to detect or monitor
brain edema and could not directly reflect
PHE.

[117–119]

Abbreviations: PHE: perihematomal edema; ICH: intracerebral hemorrhage; CT: computerized axial tomography; MRI: magnetic resonance imaging; EED:
edema extension distance; rPHE: relative perihematomal edema; ICP: intracranial pressure.
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hemispheres and the cerebellum [9, 101]. However, the water
content of the brain does not accurately reflect PHE due to
the difficulty of directly separating perihematomal tissue
from normal brain tissue.

4.1.2. Brain Swelling. Brain swelling is one of the most widely
used methods for quantifying the extent of brain edema in
animals. It is calculated according to the following formula:
½ðipsilateral hemisphere volume − contralateral hemisphere
volumeÞ/contralateral hemisphere volume� × 100% [9, 34,
101]. However, it cannot detect PHE directly in animals
due to issues such as brain water content measurements.
Furthermore, variation in the volume of the hematoma
can also influence the precision of this protocol.

4.1.3. MRI Image. As illustrated previously, the formation of
PHE involves an increase in the permeability of the BBB.
Although Evans blue extravasation has been widely used to
assess BBB integrity, its use is limited, especially when the
BBB remains intact in the hyperacute phase of ICH [102].
Therefore, the researchers also explored the quantitative
value of different neuroimagings for PHE. Although Gd-
based imaging (MRI and X-ray fluorescence) may help
overcome the limitations of Evans blue staining [103], these
methods also cannot be used to quantify the volume of PHE
in animals. Instead, a 3.0 T or higher field MRI routine scan
may represent an exciting means to directly measure the vol-
ume of brain edema or brain swelling in animals with acute
ICH [53, 104–106]. Compared to other methods discussed
above, the quantification of PHE volume in animals with
MRI (T2-FLAIR) images should be more intuitive and
accurate [107]. However, because of the limited access to
high-field magnetic resonance imaging for small animals,
its application in preclinical research remains limited.
Although our previous findings have shown that the maxi-
mum volume of PHE in T2-FLAIR and ADC images (on
day 3 after ICH) is consistent with the peak time point of
brain water content and Evans blue concentration (ipsilat-
eral/contralateral hemisphere) in ICH mice [53], studies on
PHE volume detection and quantification with MRI in
ICH animals are currently rare. Therefore, research should
be carried out to evaluate the efficacy of the intervention
by incorporating PHE quantified with MRI as an early end-
point indicator in ICH animals. Furthermore, the causal
relationship between PHE detected with MRI and the
long-term functional outcome may warrant further explo-
ration in ICH animals to facilitate a potential translational
possibility.

4.2. Clinical Studies

4.2.1. CT and MRI. CT and MRI are the routine diagnostic
methods used to quantify PHE in patients with ICH. PHE
is defined as the hypodensity area adjacent to the hema-
toma on a CT image [108]. It exhibits characteristic
hyperintensity on MRI (T2-FLAIR) in the perihematomal
area [21, 108].

The PHE on CT images can be delineated by highlighting
thehematomaand theedgeof thehypodensearea surrounding
the hematoma on axial slices using the software’s region of

interest (ROI, cm2) module with the semiautomated edge
detection tool or manually [108–112]. Similarly, the volume
of PHE on CT images can also be calculated manually or with
some semiautomatic/automatic computer-based methods
[113].Manual PHECTvolumetry is performed by subtracting
the ICH volume measured separately from the total lesion
volume calculated by multiplying the traced area (ROI, cm2)
by the thickness of the slice [113]. However, the low reliability
of manual CT volumetry evaluation for PHE may limit its
clinical use [112–114]. Alternatively, threshold-based semiau-
tomatic/automatic assessment is currently the method of
choice in CT-based PHE volumetric assessment. However,
the choice of suitable thresholds remains challenging because
a validation group must be established to obtain the value of
the identified HU thresholds [113]. To reduce the effort and
time of physicians to segment and calculate PHE volumes in
primary ICH patients, a study group recently proposed a deep
learning model for automatic segmentation and volume
analysis of PHE volume without setting thresholds [114]. As
previously illustrated, CT images can be easily acquired.
Therefore, the predictive value of the PHE volume detected
with these deep learning models on the prognosis and treat-
ment decisions of primary ICH patients may warrant further
exploration. Regarding MRI, an investigation has indicated
that the results of PHE measurements based on CT and MRI
were consistent [108].

Furthermore, there is also evidence that the MRI method
for the volumetric assessment of PHE is superior to CT in
the delineation of PHE due to the high contrast between
the edematous regions and the surrounding unaffected brain
tissue clinically [113]. Therefore, MRI may represent the
gold standard for detecting and quantifying PHE in humans.
The PHE volumes in the MRI images (T2-FLAIR) can be
calculated by multiplying the traced area (ROI, cm2) delin-
eated with the semiautomated edge detection tool by the
thickness of the slice [108, 115].

Based on CT or MRI images, there are a variety of estab-
lished PHE evaluation parameters, including absolute PHE,
relative PHE (rPHE), edema extension distance (EED), and
PHE growth rate [21, 111, 115]. Absolute PHE refers to
the sum of pixels surrounding the hematoma. Relative
PHE (rPHE) refers to the ratio of the absolute PHE volume
to the initial hematoma volume (rPHE = absolute PHE/
initial hematoma volume) [109–111]. Studies on absolute
PHE have indicated that more extensive hemorrhages lead
to a larger volume of PHE [21, 116]. However, rPHE showed
an inverse correlation with the initial volume of ICH, where
a small ICH produced a volume of edema relatively more
prominent than a large ICH [111]. To minimize the con-
founders caused by the volume of ICH, a recent study dem-
onstrated that the edema extension distance (EED) could
provide a better surrogate parameter in an early phase proof
of concept clinical trial testing anti-inflammatory treatments
[111]. EED is defined as the average thickness of PHE out-
side the hematoma boundary based on the hypothesis that
the inflammatory response would extend a consistent mean
linear distance-like edema from the hematoma boundary
after ICH [111]. Furthermore, EED growth, calculated at
different time points, can be used to detect PHE dynamic
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changes after ICH [115]. Although the use of EED as the pri-
mary outcome measure of edema can lead to reduced sample
size requirements to evaluate the effects of variable treat-
ment, the researchers suggested that additional confirmation
is required in further analyses [115].

Furthermore, although EED growth at different time
points was consistent with the progression of PHE in other
human studies, the irregular shape of the hematoma may
limit its use since it can only reflect the thickness of the
edema exactly when the hematoma and edema are fully
ellipsoid. As for other image markers, research has indicated
that PHE’s growth rate, known as the change in PHE volume
per unit of time, may be a more robust parameter in ICH
studies and could benefit from evaluating the mass effect
beyond hematomas [109]. Additional large-scale studies
may be necessary to justify the predictive value of the PHE
growth rate on prognosis after ICH clinically.

Currently, the notion of whether PHE is an independent
predictor of neurologic severity in human ICH has not been
well established [109]. This critical knowledge gap severely
impedes the translation of new therapies into clinics. There-
fore, it is necessary to further evaluate and compare the pre-
dictive value of various image markers on neurologic
outcomes in patients with acute ICH.

4.2.2. Other Methods to Monitor Brain Edema or PHE.
Although the midline shift on CT or MRI images may also
clinically reflect brain swelling, the considerable variation
in hematoma volume in patients with ICH limits its use
[117]. Furthermore, it cannot accurately quantify the PHE
volume. The main approaches, in addition to CT and MRI,
for monitoring brain edema or PHE include the following:
physical examination, indirect estimation of ICP (fundos-
copy, displacement of the tympanic membrane, skull
elasticity, and optic nerve sheath ultrasound), evaluation of
cerebral blood flow (transcranial Doppler and Doppler of
the ophthalmic artery), metabolic changes (near-infrared
spectroscopy), and neurophysiological studies (electrical
impedance tomography, electroencephalogram, visual
evoked potential, and otoacoustic emission) [118]. Despite
recent technological advances in various noninvasive tech-
niques to monitor ICP, the current noninvasive standard
does not replace invasive ones [119]. Since the principles
of these noninvasive measurement methods are not suffi-
cient to detect or monitor brain edema and could not
directly reflect PHE, we do not illustrate their details and
usage here.

5. Factors That May Impact PHE

According to the mechanisms of PHE formation discussed
previously in The Time Phase and Pathophysiology, the
evolution of PHE may be correlated with clot retraction,
abnormalities in electrolytes and water transportation, acti-
vation of thrombin in the coagulation cascade, and toxicity
of RBC degradation products in a different phase of acute
ICH [14, 22]. Similar to the abnormality in electrolytes and
water transportation seen in the DWI and ADC images,
research has revealed that the appearance of hematomas in

the T2∗-weighted images is heterogeneous with a non-
hypointense core that may reflect hemolysis [58]. To investi-
gate the variables that affect PHE, a clinical study deter-
mined the prevalence of early hemolysis in patients with
ICH using MRI and attempted to indirectly identify the
relationship between early hemolysis and perihematomal
edema [59]. Data suggest a linear correlation between non-
hypointense T2∗ lesions and the volume of perihematomal
edema between days 1 and 14 [59]. Consistent with the
results on the formation of PHE caused by intracerebral
infusion of hemoglobin or erythrocyte lysate, early hemoly-
sis in the hematoma occurred in humans and contributed
to the development of perihematomal edema [59, 120].
However, recent advances in other easily accessible post-
ICH variables need further exploration and will be reviewed
here.

5.1. Preclinical Studies. Studies have revealed that, although
rare, both age and gender influenced the severity of brain
edema after ICH in mice [121, 122]. Aged male animals have
more severe brain swelling [121, 122]. However, although
there is evidence that therapeutic hypothermia may inhibit
brain edema formation in animals with ICH, the significance
of increases in temperature after ICH is currently unclear
[123, 124]. However, it is unknown how genetics influences
PHE in animals with acute ICH.

Furthermore, animal variables that influence PHE for-
mation have not been studied compared to ICH patients.
Therefore, more studies should fully consider the factors
that can affect PHE formation in animals. Furthermore, it
is essential to evaluate the efficacy of the cerebral venous
drainage system and the pseudolymphatic system of the
brain in PHE. Although almost no studies have explored
the relationship between the cerebral drainage venous sys-
tem and PHE in animals, there have been studies on the
influence of the cerebral drainage venous system on PHE
in patients with ICH [125–127]. Blocking of brain lymphatic
drainage can exacerbate brain edema, neuroinflammation,
and neuronal death and cause neurologic deficits in animals
with acute ICH [128, 129]. Furthermore, the brain lymphatic
drainage system is also involved in clearing brain waste from
blood after ICH in animals [130]. Therefore, further explo-
ration of the influence of the cerebral drainage venous
system and brain lymphatic drainage system on PHE in ani-
mals may help identify therapeutic strategies for ICH.

5.2. Clinical Studies. A better understanding of the factors
that influence the formation of PHE may be helpful in the
development of potential treatment methods [131]. Unlike
animal studies, numerous clinical studies have identified
variables that may impact the evolution of PHE after ICH.
Here, we summarize the variables that can aggravate PHE
in patients in Table 4.

5.2.1. Baseline and Clinical Variables. Variations in specific
genotypes have been observed in patients with ICH
[131–134]. Genetic characteristics of the apolipoprotein E
(APOE), AQP4, tissue inhibitor of metalloproteinases 2
(TIMP-2), and haptoglobin phenotypes have been shown
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to correlate with early changes in PHE volume [131–134]. In
particular, a study indicated that in patients with a similar
volume of hematoma, the midline shift probably induced
by increased cerebral edema was more prominent in patients
with at least 1 APOE4 allele (APOE4+) than in patients with
APOE4- after acute ICH [132]. Additional studies on the
AQP4 and TIMP-2 genes revealed that the variant of
AQP4 in the rs1054827 and GC genotype at the position
TIMP-2-418 (rs8179090) promotes the formation of PHE
[133, 134]. However, studies on the impact of haptoglobin
phenotypes on PHE are currently inconsistent. A study with
166 patients indicated that the Hp 1-1 haptoglobin pheno-
type, but not the Hp 2-1 or Hp 2-2 haptoglobin phenotypes,
was associated with increased progression of PHE within the
first 96 hours [131]. On the contrary, another study with 731
patients found that the haptoglobin phenotype did not
influence the volume of PHE, the volume of ICH, or the
functional outcomes, while the HP2-1 genotype could be
associated with a lower mortality at 6 months [135]. It will
be necessary to explore further the mechanisms underlying
the association between these genotype variations and the
evolution of PHE after ICH.

Regarding other demographic or clinical variables, EED
studies revealed that PHE tended to be more severe inpa-
tients of males, older age, a higher score on the National
Institutes of Health Stroke Scale (NIHSS), a lower Glasgow
Coma Scale score, a larger volume of ICH, larger initial
EED, irregularly shaped hematoma, black hole sign, or
higher glucose concentration [111, 115, 116, 136, 137].
Meanwhile, data from the Intensive Blood Pressure Reduc-
tion in Acute Cerebral Haemorrhage Trial (INTERACT)

indicated that a history of hypertension, baseline hematoma
volume, body temperature, and time from the onset of
symptoms to CT scan were independently associated with
a relative increase in PHE in 207 patients with acute ICH
[138]. In particular, many studies implied that a large vol-
ume of ICH was correlated with the severity and progression
of PHE [115, 116, 138, 139]. Probably due to the ambiguous
effects of fever on ICH outcomes, the effects of therapeutic
hypothermia on brain edema are currently heterogeneous
in patients with ICH [123, 140, 141]. In addition to the
demographic and imaging variables discussed above, other
clinical variables may also influence the evolution of PHE
after ICH. For example, a study showed that prehospital
use of sulfonylureas predicted lower PHE volumes and lower
rPHE on admission in 317 patients with diabetes mellitus
and primary ICH [142].

Furthermore, another retrospective case-control study
that included 9 patients with basal ganglia hemorrhage
who received sulfonylurea pretreatment and 18 matched
controls obtained similar results [143]. As previously illus-
trated in The Classification and Imaging Characteristics of
PHE, systemic blood pressure (SBP) can promote the forma-
tion of edema after ICH. There were also additional studies
on the influence of blood pressure on PHE. Although no
decrease in the rPHE growth rate was observed at 24 hours
in the Antihypertensive Treatment of Acute Cerebral
Hemorrhage-2 (ATACH-2) trial, an inverse correlation
was found between the SBP at admission and absolute
PHE at 72 hours in the INTERACT trial [144–146]. More-
over, impaired blood pressure regulation measured by baro-
reflex sensitivity could also be an independent predictor of

Table 4: Variables that may aggravate PHE in patients.

Baseline variables Clinical variables Hematological characteristics Other clinical variables

Male gender and older age [115]
A higher score on the

National Institutes of Health
Stroke Scale [115]

Higher platelet count [147]

Cerebral venous drainage
system damage
(i) AIVF [125]
(ii) Negative JVR [157]
(iii) Lower CVFV [158]

Genetic characteristics
(i) APOE4+ [132]
(ii) AQP4 (rs1054827) [133]
(iii) GC genotype in the TIMP-2-418

position (rs8179090) [134]
(iv) Hp 1-1 phenotype [131]

Lower Glasgow Coma Scale
score [115]

Systemic inflammatory response
(higher neutrophil-lymphocyte

ratio) [117, 148]
Glymphatic system damage?

Higher glucose [115]
Larger initial ICH
volume [116, 138]

Higher admission hematocrit [21]

History of hypertension [138]
Irregular hematoma or black

hole sign [115, 116]
Higher admission time for partial

thromboplastin time [21]

Higher admission SBP [144, 145] Larger initial EED [115] Absence in warfarin preuse [99, 149]

Impaired blood pressure
regulation [139]

Time from symptom
onset [138]

Higher serum levels of IL-6 and
soluble CD163 [150, 153]

Higher body
temperature [123, 124, 138, 140, 141]

Absence in sulfonylurea drug
pretreatment [142, 143]

Higher serum MMP-3 or MMP-8
levels [151, 152]

Abbreviations: PHE: perihematomal edema; APOE4: apolipoprotein E; AQP4: aquaporin 4; TIMP-2: tissue inhibitor of metalloproteinases 2; Hp: haptoglobin;
SBP: systolic blood pressure; ICH: intracerebral hemorrhage; EED: edema extension distance; MMP: matrix metallopeptidase; AIVF: absent in ipsilateral
venous filling; JVR: jugular vein reflex; CVFV: cerebral venous outflow volume.
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rPHE in patients with ICH [139]. Additional studies on
demographic or clinical variables may help predict and treat
PHE.

5.2.2. Hematological Characteristics. Laboratory variables
may influence the evolution of PHE. Some studies have
observed the influence of hematologic characteristics on the
severity or progression of PHE. An investigation revealed
that the higher platelet count in the periphery was signifi-
cantly correlated with the volume of PHE within the first
24 hours after ICH in a multiple regression analysis of 80
patients [147]. Similarly, a higher neutrophil-lymphocyte
ratio was also found to represent a systemic inflammatory
response at admission and was independently associated
with PHE growth [117, 148]. Regarding variables in the coag-
ulation and fibrinolysis system, evidence revealed that higher
admission hematocrit levels and a longer partial thrombo-
plastin time were associated with more significant delays in
peak PHE and higher peak rPHE [21]. Research on
warfarin-associated ICH also indicated that prior warfarin
use was associated with a lower volume of rPHE or EED at
admission [99, 149]. It is critical to further verify the influ-
ence of the prior use of antiplatelet or anticoagulant drugs
on the growth of hemorrhage and the expansion of PHE.
Furthermore, studies on the predictive value of more easily
acquired serum biomarkers for PHE are needed, since other
studies have found that acute serum levels of IL-6, soluble
CD163, MMP-3, and MMP-8 were sensitive biomarkers to
identify patients at risk of expansion of PHE [150–153].

5.2.3. Cerebral Venous Drainage System. The cerebral venous
drainage system plays a vital role in maintaining cerebral
blood flow and physiological function of the brain [154]. It
can be divided into superficial and deep venous systems
attached to the internal jugular veins [154]. The harmony
between arterial blood flow and venous output is crucial
for brain homeostasis. There are many superficial veins,
but the three most prominent are the superficial middle
cerebral vein (SMCV), the Trolard vein (VOT), and the
Labbe vein (VOL), while the internal cerebral veins (ICV),
the Rosenthal basal veins (BVR), and the Galen veins are
important constituents of deep venous systems [155]. The
filling status of the cerebral veins can be visualized with a
specific series of CT or MRIs such as CT perfusion and mag-
netic resonance venogram in humans [125].

Venous stenosis and outflow obstruction are present in
the injured brain, probably induced by contraction of the
pericyte and deposits of erythrocytes, leukocytes, platelets,
and fibrin in the lumina of the vessel [154, 156]. Further-
more, damage to the cerebral venous drainage system has
also been attributed to hypoperfusion and venous stenosis
caused by the compressive effect of ICP [125–127]. Insuffi-
cient cerebral venous drainage has been observed in the
hemorrhagic brain. Evidence indicated that approximately
1/3 of patients with ICH had absent ipsilateral venous filling
in at least 1 of the 5 superficial or deep ipsilateral veins
(SMCV, VOT, VOL, BVR, and ICV) around six hours after
the appearance of ICH [125]. In contrast, insufficient cere-
bral venous drainage can also influence the severity of brain

injury by promoting the formation of PHE. It has been
revealed that there is a strong correlation between low perfu-
sion of the corresponding drainage area of the cerebral vein
and high rPHE 24 hours after the onset of ICH [125]. As
illustrated previously, fluids from the superficial and deep
venous systems influx into the internal jugular veins [155].
A study revealed that the volume of rPHE was significantly
higher in ICH patients with jugular vein reflux (JVR) than
in JVR-negative patients, further suggesting that damage to
the cerebral venous drainage system promotes the develop-
ment of PHE [157]. Cerebral venous outflow volume
(CVFV) can also affect the formation of brain edema in
ICH. For example, multivariate analysis showed that CVFV
was an independent factor of late PHE (at 12 ± 3 days) after
ICH [158].

The above findings suggest that there may be insufficient
cerebral venous drainage in patients with ICH. Furthermore,
they are associated with the early development of rPHE,
which may be an effective imaging indicator to predict the
risk of expansion and a potential therapeutic target in
patients with ICH.

5.2.4. Brain Lymphatic Drainage System. The brain lym-
phatic drainage system, including the glymphatic system
and meningeal lymphatic vessels, may also provide a chan-
nel for fluid influx or efflux into the brain parenchyma after
stroke [128, 159, 160]. The glymphatic system comprises the
drainage pathways of perivascular and cerebrospinal fluid,
which allow the CSF to flow into the brain parenchyma
through penetrating arterial perivascular spaces and are
facilitated by AQP4 water channels expressed in astrocyte
processes [159, 161–165]. It also has a route that drains
interstitial fluid (ISF) from the brain parenchyma to the cer-
vical lymph nodes (CLN) or the venous bed [160, 166, 167].
However, the meningeal lymphatic vessels near the
venous sinus in vertebrate brains may be a unidirectional
drainage route for cerebrospinal fluid and ISF into adja-
cent lymph nodes or the blood stream [160, 168]. Brain
edema is an abnormal accumulation of excess water in
the brain parenchyma that results in swelling of brain tis-
sue. Therefore, it is crucial to investigate the relationship
between the brain lymphatic drainage system and edema
after acute stroke.

Glymphatic and meningeal lymphatic dysfunction of the
brain has been observed in patients with ischemic stroke
[169–171]. This abnormality may promote the formation
of brain edema in some neurological disorders, including
ischemic stroke and subarachnoid hemorrhage. Mecha-
nism-wise, impairment of the perivascular pathway and dis-
location of AQP4 in the glymphatic system are involved in
the formation of edema after ischemic stroke or subarach-
noid hemorrhage [159]. Furthermore, increased ICP can
also influence edema formation by regulating meningeal
lymphatic drainage after ischemic stroke or traumatic brain
injury [159, 165, 172]. Additional studies on the role of the
brain lymphatic drainage system in the clearance of molecu-
lar waste, the maintenance of homeostasis, and immune sur-
veillance suggest that the dysfunction of the brain lymphatic
drainage system may have the ability to aggravate brain
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edema by promoting an inflammatory response in the
injured brain [159, 165, 173].

Regarding ICH, although previous studies have illus-
trated that abnormalities in the brain lymphatic drainage
system can promote the formation of brain edema in ani-
mals [128, 129], no research has provided information on
changes in the brain lymphatic drainage system and its rela-
tionship with PHE in patients with ICH [161–164]. Relevant
future studies will provide information on the mechanism of
post-ICH PHE formation. Additional studies can help to
find an imaging indicator to predict the severity of PHE in
patients with ICH. The influence of the brain lymphatic
drainage system on brain edema after brain injury is sum-
marized in Figure 2.

6. PHE and Functional Outcomes

The primary objective of most studies on the mechanisms,
diagnosis, and quantification of PHE is to seek methods to
alleviate the severity of brain injury and promote functional
recovery after ICH. Therefore, it is critical to evaluate the
relationship between PHE severity and the prognosis of
ICH. Suppose that we establish a positive correlation
between them. In that case, it will be reasonable to further
identify whether PHE can be used as a potential therapeutic
target or an endpoint indicator to evaluate the efficacy of
different interventions. We discuss recent advances in the
relationship between PHE severity and ICH prognosis.

6.1. Preclinical Studies. Evidence has indicated that the
appearance of brain edema and increased ICP could lead
to an increase in the apoptosis of brain cells, which suggests
that PHE may represent a promising surrogate marker for
the efficacy of different interventions in the severity of early
brain injury in ICH animals [13, 108, 174]. However, few
studies have explored the causal relationship between PHE
and the total volume of the lesion or the functional results
of ICH animals [53]. Due to limited access to equipment,
MRI is not commonly used to quantify PHE in ICH animals.
Accurate and reliable quantification of PHE will be crucial
for future ICH animal studies that use PHE as a surrogate
indicator of the outcome.

6.2. Clinical Studies. Neuroimages can be easily acquired in
patients with acute ICH. Clinical studies have evaluated the
predictive value of PHE on functional outcomes with neu-
roimages after acute ICH (Table 5). Regarding absolute
PHE volume, a study with 292 patients showed that the
maximum PHE volume could represent an independent
predictor of functional outcome on day 90 after ICH [100].
Furthermore, two clinical studies revealed that the high
absolute volume of PHE within 12h or on days 1-12 after
symptom onset was correlated with a negative functional
effect, representing a possible treatment target [20, 175].
Additional studies in specific patient groups (e.g., prehospi-
tal use of nonoral anticoagulants or patients with chronic
kidney disease) also revealed that an absolute increase in
PHE within 12 or 48 h after ictus was an independent

Meningeal
lymphatic
drainage

dysfunction

Impaired
glymphatic

system

Brain
parenchyma ISF/CSF CLNs/Blood

ICP

Waste
clearance

Immunocyte
accumulation

Outflow

Influx

Efflux

Brain
edema

Injured brain tissue

Brain edema

PHE in
patients ?

Figure 2: Impairment in brain lymphatic drainage and the formation of cerebral edema. The meningeal lymphatic system constitutes the
brain lymphatic drainage system in the dorsal part of the skull and the glymphatic system (a glia-dependent system of the perivascular
space) present in the brain parenchyma. The meningeal lymphatics are involved in maintaining homeostasis and immune surveillance in
the brain. The glymphatic system provides a pathway to remove interstitial solutes and wastes in the brain parenchyma. It is also a
bidirectional exchange pathway between ISF and CSF. However, the meningeal lymphatic system may only function as a drainage
pathway. The brain lymphatic drainage system is a crucial drainage route for ISF/CSF into the cervical lymph nodes (CLNs) or
peripheral blood. Brain injury may alter the drainage function of the meningeal lymphatic system and glymphatic system and
subsequently aggravate brain edema after ischemic stroke, subarachnoid hemorrhage, TBI, etc. High ICP may reduce the flow of the
lymphatic system from the ISF/CSF to the CLN or the venous sinus. Impairment in the glia-dependent system of the perivascular space,
especially dislocation of AQP4 in the endfeet of the astrocyte of the glymphatic system, can lead to an increase in ISF/CSF influx to the
brain parenchyma with a decrease in efflux from the brain parenchyma to ISF/CSF or CLN/blood. Reduction in the function of the
lymphatic and glymphatic systems can also lead to a decrease in waste clearance and an increase in immunocyte accumulation in the
injured brain. Although animal studies have indicated that brain lymphatic drainage dysfunction may facilitate the formation of brain
edema after ICH, no studies have explored its relationship in patients with ICH. Abbreviations: CSF: cerebrospinal fluid; ISF: interstitial
fluid; CLNs: cervical lymph nodes; TBI: traumatic brain injury; ICP: intracranial pressure; AQP4: aquaporin 4; ICH: intracerebral
hemorrhage.
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predictor of poor outcome after ICH [99, 176]. It seems that
the variation in time points in the acute or subacute phase
does not impact the predictive value of absolute PHE on
functional outcome after ICH. However, a single-center pro-
spective study with 133 patients suggested that the effect of
absolute PHE volume within 24h after symptom onset on
functional outcome depends on the smaller size of the hema-
toma [177]. It was found that absolute critical PHE volume
is a significant predictor of poor outcome only in patients
with ICH volumes < 30mL, suggesting that hematoma vol-
ume may affect the relationship between absolute PHE and
prognosis of ICH [177]. Furthermore, an additional study
with 342 patients with a median total lesion volume of 48
mL also indicated that the volume of PHE on a diagnostic
brain CT, taken within three days, was not independently
associated with death or dependence one year after ICH
[178]. Therefore, it may be logical to further verify the influ-
ence of the volume of the hematoma on the relationship
between absolute PHE and the prognosis of ICH in stratified
patients with small and large volumes of hematomas.

The growth of PHE measured by PHE expansion and
EED was also used to evaluate the severity of brain edema
after ICH in patients. Two clinical studies have found that
an increase in absolute PHE volume from baseline to day 3
was correlated with a poor outcome 3 months after ICH
[116, 179]. A study with 115 patients also found that the
PHE expansion rate from baseline to 72 hours was associ-
ated with poor functional outcomes after deep ICH [180].
On the contrary, the PHE expansion rate from baseline to
24 hours was associated with mortality after deep and lobar
ICH [180]. Furthermore, another study with 139 patients
revealed that a faster expansion rate of PHE 24 hours after
ICH was associated with a worsening outcome [109].

Similarly, a study with 596 patients showed that the
absolute increase in PHE within 6 to 72 hours after the onset
of ICH was associated with worse functional outcomes in
patients with basal ganglia ICH and hematomas < 30mL
[181]. Regarding EED, a large study with 1,028 cases demon-
strated that EED for 72 h is independently associated with
deteriorating neurologic deficits at 90 days [136]. Another
study that included 861 patients also found that the EED
growth rate over 72h was an independent risk factor for
mortality in patients with ICH [115]. However, a study illus-
trated that the growth of edema volume from the first MRI
on admission to 48 h was only correlated with a decrease
in neurologic status at 48 h (81 vs. 43mL, P = 0:03), but
not with the functional outcome [21]. The median ICH vol-
ume of this study is 39mL; thus, growth in PHE volume in
patients with a larger hematoma volume can predict progno-
sis. Furthermore, although most of the above findings imply
that the progression of secondary brain injury detected by
PHE growth appears to be an effective indicator of the prog-
nosis of ICH in patients, it is also essential to illustrate
whether the location of the hematomas influences the pre-
dictive value of PHE growth on the prognosis of ICH
clinically.

Regarding the relationship between rPHE and functional
outcome, a study with 38 patients indicated that rPHE at
48-72 h after ictus independently predicted early neurolo-

gic deterioration [139]. Another study also revealed that
absolute PHE and rPHE on day 3 were significantly asso-
ciated with death or dependency 90 days after ICH [138].
However, other evidence proved that baseline rPHE within
3 h after ICH onset rather than 1 and 20 h later was asso-
ciated with poor functional outcomes but did not predict
mortality [182]. On the contrary, the volume of absolute
edema predicted neither mortality nor functional outcome
in this study [182]. However, another study indicated that
an increase in absolute PHE between days 1 and 3, but not
rPHE, was predictive of in-hospital mortality in patients with
ICH [110].

Similarly, a meta-analysis of 21 studies also yielded con-
troversial values of absolute PHE and rPHE as prognostic
markers, suggesting that PHE measures and time points
and results vary in previous studies [183]. An abnormal
increase in rPHE in ICH patients with a small volume of
hematoma may explain some of the above negative findings
[111, 181]. Additionally, due to its inverse correlation with
the volume of ICH, relative PHE may not be suitable for
analysis considering the clinical impact of PHE [110]. There-
fore, more studies are needed to compare rPHE values with
absolute PHE or other measurements as prognostic markers
after ICH.

In summary, although the relationship between PHE
and the prognosis of ICH is currently controversial and
inconsistent, absolute PHE and PHE growth seem to be
more reliable for predicting the prognosis of ICH compared
to rPHE. As illustrated in Quantitative Methods for PHE
after ICH, MRI is more accurate than the CT image to detect
PHE. Most studies on the relationship between PHE and
ICH prognosis quantified PHE with CT but not MRI for
the use of MRI is limited by time-consuming, expensive fees,
and difficulty in movement of ICH patients. Furthermore,
the quantification time point, size, and location can also
influence the predictive value of PHE on the prognosis of
ICH. Therefore, it is critical to further determine the appro-
priate time point for the quantification of PHE in a unified
site such as the basal ganglia on MRI to predict the progno-
sis of patients with ICH. It is also essential to further evalu-
ate the accuracy of CT for PHE quantification by comparing
it with MRI, because CT images can be easily acquired.
Therefore, the causal relationship between PHE severity
and functional outcomes still warrants further exploration
with rigorously designed studies.

7. Potential Therapeutic Targets for PHE
after ICH

Despite recent attempts to discern the pathophysiology of
ICH [17], evidence-based therapies for ICH are not yet
available [3]. Current treatment is primarily supportive,
and the outcomes of patients with ICH remain poor [3].
As illustrated previously, the growth of PHE may aggravate
secondary brain injury and subsequently worsen neurologic
deficits [13, 14]. Although the predictive value of PHE for
the therapeutic values of different interventions in ICH still
warrants further verification, studies have tried to explore
whether brain edema, specifically PHE, could be targeted
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to promote functional recovery after acute ICH [12]. The
following section will discuss potential targets to alleviate
PHE.

7.1. Preclinical Studies. As the mechanism of PHE has been
extensively investigated in animals, almost all preclinical
studies focus on alleviating PHE by targeting factors
that contribute to the formation of PHE after acute ICH
[14, 22]. Here, we summarize the promising therapeutic
approaches targeting PHE in animals (Table 6). Unfortu-
nately, the use of high-field MRI is limited to small animals,
and alternative reliable PHE quantification tools are lacking.
Thus, studies of PHE are only broadly described.

7.1.1. Dehydration Therapy. Research has revealed that
mannitol, not furosemide, produces a dose-dependent
increase in plasma osmolality and reduced brain water
content in male Sprague-Dawley rats [184]. However, the
combination of furosemide with mannitol resulted in a
more significant increase in plasma osmolality than
mannitol alone, with a more substantial decrease in brain
water at 4 and 8 g/kg of mannitol [184]. Furthermore,
research revealed that mannitol and normal hypertonic
saline (HTS) increased plasma osmolarity 1 h after infusion
(315 ± 4:2 and 310 ± 2:0 vs. 301 ± 1:5mOsm/kg), reduced
mortality at 48 h (82, 36, and 53%, respectively), and inhib-
ited hemispheric swelling 48 h after ICH [185]. In addition
to the dehydration mentioned previously, mannitol and
HTS can also alleviate inflammatory responses by inhibit-
ing the activation of microglia/macrophages and the infil-
tration of CD45+ cells into the perihematomal tissues of
animals with ICH [185]. However, albumin also exhibits
neuroprotective capacity by mitigating oxidative stress after
acute ICH in rats [186], suggesting further exploration of
the effects of these agents on PHE, especially the effects of
mannitol and albumin warranted in both preclinical and
clinical settings.

7.1.2. Inhibition of Thrombin Activation and Clearance of
RBC Hemolysates. Thrombin activation is involved in early
PHE formation. Therefore, inhibition of thrombin activity
can mitigate PHE or early brain injury after acute ICH
[32, 37, 40]. Research has revealed that thrombin promotes
the disruption of the BBB and aggravates brain edema
through PAR (PAR-1, PAR-3, and PAR-4) and its down-
stream signaling after acute ICH [37]. There has yet to be a
study indicating that direct oral anticoagulants (DOAC) limit
thrombin toxicity in endothelial cells (of the BBB), likely by
inhibiting PAR-1 activation [187]. Furthermore, evidence
also indicated that 12-(3-adamantan-1-yl-ureido)-dodeca-
noic acid (AUDA), a selective soluble epoxide hydrolase
inhibitor, reduced microglial activation in vitro and reduced
MMP-9 activity and BBB disruption on day 1 after acute
ICH in vivo [188]. These studies suggest that thrombin may
represent a potential target for alleviating PHE after acute
ICH.

The degradation products can cause brain edema after
acute ICH [13]. However, research findings on the effects
of iron chelation on brain edema are not consistent. A study

in rats indicated that bipyridine, an iron chelator, does not
reduce brain edema or improve outcome after ICH [189].
Additional research in mice and rats also indicated that
deferoxamine (DFX), another iron chelator, does not reduce
brain swelling or brain edema after ICH [190, 191]. How-
ever, other studies found that 5-[4-(2-hydroxyethyl) pipera-
zine-1-ylmethyl]-quinoline-8-ol (VK-28) and 2,2′-dipyridyl,
two brain-permeable iron chelators, reduced the volume of
PHE and the neurologic deficit in animals with ICH
[101, 192]. Furthermore, it has been observed that, compared
to intraperitoneal injection of deferoxamine mesylate (DFO)
alone, in situ intracerebral administration of DFO-loaded
thermosensitive keratin hydrogels (TKG) effectively reduced
iron deposition and nonheme iron content, inhibited the
reactive oxygen species (ROS) production, and alleviated
brain edema [69], suggesting that TKG conjugated with per-
meable iron chelators of the brain may have translational
potential to treat iron-induced brain injury after ICH. Alter-
natively, a recent animal study also showed that inducers of
NF-E2-related factor 2 (Nrf2) and peroxisome proliferator-
activated receptor γ (PPARγ) reduced BBB permeability
and alleviated brain edema by accelerating hematoma clear-
ance after acute ICH [71]. However, another study implied
that IL-10 may enhance microglial phagocytosis for RBCs
and reduce brain edema by increasing the expression of
CD36 expression in the hemorrhagic brain of mice [57].
These findings indicate that the efficacy of inhibiting throm-
bin activation and the release of hemolysates of RBC in PHE
warrants further preclinical ICH research.

7.1.3. Inhibition or Modulation of the Inflammatory
Response. After ICH, the hemolysate-induced inflammatory
response contributes to PHE formation. Therefore, it may
be feasible to reduce brain edema by inhibiting microglial/
macrophage activation, the release of proinflammatory fac-
tors, and the chemotaxis of peripheral blood immunocytes
[10, 193]. Toll-like receptor 4 (TLR-4) can initiate an inflam-
matory response after acute ICH [193, 194]. Studies have
reported that the TLR-4 antagonist reduced brain edema
and neurologic deficits after ICH [195, 196]. Regarding
thrombin-associated inflammation, evidence shows that
adenovirus-mediated overexpression of the IL-1 receptor
antagonist attenuated brain edema formation after ICH,
perhaps by reducing thrombin-induced brain inflammation
[197]. Additional research on complement mediators
revealed that blocking the C3a or C5a receptors also reduced
the water content and alleviated neurologic deficits in hem-
orrhagic stroke [198, 199]. Furthermore, treatment with
CD47 blocking antibodies accelerated hematoma clearance
through microglia/macrophages and reduced ICH-induced
brain swelling, loss of brain tissue, and neurologic deficits,
suggesting that CD47 blockade has potential value in combi-
nation with surgical blood clot clearance [104].

Regarding immunomodulation, a previous study revealed
that intraperitoneal administration of fingolimod (FTY720,
an analog of the sphingosine 1-phosphate receptor (S1P)
(S1PR), the first generation of S1PR modulators) signifi-
cantly alleviated brain edema and improved functional
recovery of ICH mice [200]. Furthermore, siponimod
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(BAF-312), a selective antagonist of S1P receptor types 1
and 5, also increased the survival rate, alleviated PHE, and
relieved ICH-induced sensorimotor deficits [107, 201].
Mechanism-wise, additional research has indicated that
the administration of CAY10444, an S1PR3 antagonist, led
to reductions in brain edema volume, improvements in
BBB integrity, and alleviation of behavioral deficits by
inhibiting CCL2 and p38MAPK in rats with ICH [202].
Although the underlying mechanism has not been fully
elucidated, S1PR may exert its neuroprotective effects by
inducing the regulation of brain inflammation and then
mitigating secondary brain injury after ICH [107, 203, 204].
Furthermore, studies on minocycline revealed that it also
improved the consequences of ICH by preserving the integ-
rity of the BBB and attenuating neurologic deficits by
increasing the dickkopf-1 (DKK1)-Wnt1-β-catenin or the
TGF-β-mediated MAPK signaling pathways in animals
[36, 205]. Currently, immunomodulation has been sug-
gested as a promising strategy for the treatment of ICH.
The results of these studies encourage further exploration
of immunomodulators and their related drugs to promote
translation and alleviate PHE after ICH.

7.1.4. Other Therapy. Although there are some studies that
indicated that treatment with either glibenclamide or bumet-
anide does not lessen striatal edema or improve outcome
following collagenase-induced ICH in rats, most recent stud-
ies have indicated that drugs used to treat or prevent cere-
brovascular diseases, including simvastatin, rosiglitazone,
pioglitazone, glibenclamide, and nicardipine, could alleviate
brain edema after acute ICH in animals [206–213]. Further-
more, protecting and repairing injured vascular endothelial
cells may represent a potential target to inhibit brain edema
formation after ICH [214]. Research on adipose-derived
mesenchymal stem cell (ADSC) transplantation revealed
that it reduced brain edema by inhibiting inflammation
and AQP4 protein expression after ICH [215]. Although fur-
ther verification may be necessary, other research showed
that repetitive transcranial magnetic stimulation (rTMS)
reduced brain edema in ICH mice through the MAPK sig-
naling pathway [216]. Furthermore, evidence also indicates
that therapeutic hypothermia may promote behavioral
recovery by alleviating BBB disruption and reducing cerebral
edema in animals treated with ICH [140]. More animal
studies must be conducted to search for alternative treat-
ment methods for the alleviation of PHE.

Briefly, a large group of animal studies have tested the
values of different interventions on brain edema or PHE
after ICH. However, as previously illustrated at the begin-
ning of this section, most of the animal studies discussed
above evaluated PHE indirectly with histological methods,
and only a few studies detected PHE directly with MRI
images. The translational value of these animal studies still
deserves further exploration. Furthermore, age, gender, and
comorbidities (e.g., diabetes mellitus) have a profound
impact on the outcome of ICH [121, 122]. The quality of ani-
mal reporting may also be influenced by sample size, inclu-
sion and exclusion criteria, randomization, etc. [217, 218].
Based on the recommendations of the Initial Stroke Therapy

Academic Industry Roundtable (STAIR) and the require-
ments of the ARRIVE (Animals in Research: Reporting
In Vivo Experiments) Guidelines for Reporting Animal
Research in vivo [217–219], more rigorous animal studies
should be designed to further evaluate the values of differ-
ent interventions in PHE by quantifying PHE with high-
field MRI.

7.2. Clinical Studies. Clinical studies also attempted to allevi-
ate neurologic deficits by limiting secondary brain injury
after acute ICH. The efficacy of dehydration therapy, blood
pressure control, hemostasis, immunotherapy, and surgical
treatment has been tested in patients with acute ICH. We
summarize recent advances in potential therapeutic methods
to treat PHE after acute ICH (Table 7).

7.2.1. Dehydration Therapy. In addition to a reduction in
cerebral blood and cerebrospinal fluid volumes, shrinkage
of the volume of neurons and astrocytes in areas far outside
the site of injury, including the contralateral hemisphere,
can provide further compensation to counteract ICP [220].
However, once these compensations fail, additional brain
damage will occur. Dehydration therapy is used to reduce
ICP for various brain disorders. Hyperosmolar agents,
including hypertonic saline, mannitol, glycerin, fructose,
and albumin, are often used to create an intravascular osmotic
gradient for dehydration after acute ICH [221, 222]. However,
there is insufficient evidence to recommend the routine or
prophylactic use of hyperosmotic agents in ICH [3]. Hyper-
osmotic agents (mannitol or 3% normal saline) can be con-
sidered a temporizing measure to decrease ICP in patients
with ICH with clinical signs of herniation before surgical
intervention [3]. In addition, the efficacy of other dehydra-
tion agents, such as furosemide, glucocorticoid, and acet-
azolamide, has not been verified in the treatment of
patients with ICH [3]. Furthermore, the use of corticoste-
roids to reduce ICP may cause harm without proven
benefits and is therefore currently not recommended for
clinical use [3, 221]. However, the low or modest strength
of the original evidence discussed above may not reflect
the true effect of the dehydration agents, and further
research is still needed. Furthermore, there is also evidence
that brain water content in the hemorrhagic hemisphere
was not correlated with ICP in rats with ICH [223, 224].
Thus, it is also critical to further validate whether dehy-
dration therapy can alleviate the severity of PHE and
subsequently promote functional recovery in patients
with acute ICH.

7.2.2. Blood Pressure Control. It is not clear whether a
decrease in blood pressure (BP) will mitigate the secondary
brain injury from ICH. A recent study has shown that inten-
sive BP control is associated with a decreased perihematomal
edema expansion rate (PHER) at 24 hours in deep ICH,
which in turn is associated with adverse outcomes in basal
ganglia ICH but not in all deep ICH (e.g., thalamic ICH)
[144]. Another randomized controlled trial study revealed
that the volume of the hematoma at 24 hours, the volume
of PHE at 72 hours, and the NIHSS scores at 30 and 90 days
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in patients receiving intensive antihypertensive treatment
were lower than those of the placebo group, while the
Barthel scores at 30 and 90 days were higher [225]. Further-
more, a study with 635 ICH patients illustrated that
angiotensin-converting enzyme inhibitors and angiotensin
II receptor blockers reduced mortality, volume of perihema-
tomal edema, and prevalence of pneumonia in patients with
hypertension [226]. A recent guideline showed that BP to a
target of <140mm Hg systolic does not worsen neurologic
deficits compared to 180mm Hg systolic; however, no clin-
ical benefit has been established [3]. Furthermore, there is
no adequate evidence to guide the choice of initial BP-
lowering agents [3]. More research is needed to explore
the efficacy of BP control in PHE and long-term neurologic
recovery after ICH.

7.2.3. Hemostasis and Iron Chelator. Hematoma expansion
(HE) leads to adverse outcomes in patients with acute ICH
[227, 228]. Previous studies have tried to evaluate the effects
of hemostatic therapy on the expansion of hematoma and
functional recovery after ICH [227]. Most studies revealed
that hemostasis with vitamin K antagonists, fresh frozen
plasma (FFP), activated factor VII (rFVIIa), prothrombin
complex (PCC), tranexamic acid, and aminocaproic acid
targeted in the hematoma did not improve outcomes
[227, 229, 230]. However, almost no research has explored
the effects of hemostasis on PHE after acute ICH. Fur-
thermore, in a phase 2 multicenter, randomized, pla-
cebo-controlled, double-blind trial with 294 participants,
the investigators found that treating ICH patients with defer-
oxamine mesylate cannot improve the chance of a good
clinical outcome (mRS 0–2) on day 90 after the onset of
symptoms [231]. By stratifying the 294 participants into
those with a small, moderate, or large hematoma volume,
the investigators of the same trial found that a greater pro-
portion of patients treated with deferoxamine than placebo
achieved a modified Rankin scale score 0-2 among patients
with moderate hematoma volumes (10-30mL) but not in
patients with small (<10mL) or large (>30mL) hematoma
volumes [232]. Like the results on iron chelation therapy dis-
cussed in preclinical studies in this section, these findings
have important trial design and therapeutic implications for
the evaluation of iron chelator efficiency in ICH in the future.

7.2.4. Immunotherapies. In patients with minor to moder-
ately deep primary supratentorial ICH, fingolimod treat-
ment within 72 hours after the onset of the disease was
safe, reduced PHE, attenuated neurologic deficits, and
promoted recovery compared to the placebo group [233].
Another study revealed that intravenous injections of siponi-
mod were well tolerated, with safety and pharmacodynamic
profiles (e.g., absolute lymphocyte count) similar to those of
oral siponimod in healthy subjects [234]. However, the
results of a triple-blind placebo-controlled intracerebral
hemorrhage trial (NCT03338998) are not yet available. As
for other immunomodulators, studies with minocycline
revealed that although the serum level of MMP-9 tended to
be lower in minocycline-treated patients than in placebo-
treated controls, intravenous injection of minocycline did

not influence PHE or functional outcomes [235, 236]. These
findings on the effects of minocycline in patients contradict
the results in animals with ICH. However, these studies
may have type 2 errors due to their small sample sizes. Addi-
tionally, false positives may also exist in the above analysis
owing to the same issue (low statistical power from small
sample sizes). Therefore, the efficacy of fingolimod or other
immunomodulators in PHE warrants further investigation.

7.2.5. Surgical Management. Removal of the hematoma
reduces the compression effect of blood clotting and allevi-
ates the toxicity of bleeding degradation products after
ICH. Many clinical studies have evaluated the efficacy of
surgical management in acute functional outcomes of ICH
compared to conservative treatment. On the contrary, the
clinical benefit of craniotomy and minimally invasive clot
evacuation has not yet been established [3, 11]. Regarding
brain edema after acute ICH, studies on the effects of surgi-
cal treatment are also currently controversial. The results of
a previous clinical study showed that burr hole craniectomy
could reduce brain edema in patients with hypertensive
basal ganglia hemorrhage, most likely by alleviating end-
product toxicity [237]. A clinical study on decompressive
craniotomy and stereotactic aspiration also confirmed that
surgical evacuation of the hematoma could significantly
reduce the volume of the hematoma and PHE in patients
with putamen hemorrhage than in the conservative treat-
ment group [238]. However, another clinical study showed
that decompressive craniectomy only reduced the midline
shift, probably by improving the mass effect of the hema-
toma, while dramatically increasing the absolute volume of
PHE compared to conventional treatment [239]. Currently,
there is no conclusive evidence that craniotomy can mitigate
the severity of brain injury by alleviating PHE formation in
patients with ICH. Although the efficacy of minimally inva-
sive clot evacuation with stereotactic or endoscopic aspira-
tion with or without thrombolytic use is uncertain, some
studies suggest that minimally invasive approaches are
superior to craniotomy [4, 11, 240]. A study with 36 patients
revealed that minimally invasive surgery (MIS) could allevi-
ate PHE in ICH patients [241]. In another cohort study, MIS
combined with the recombinant human tissue-type plasmin-
ogen activator (rtPA) inhibited early or delayed PHE forma-
tion and reduced mortality after ICH [242]. Furthermore,
compared to the minimally invasive rigid channel (needle),
soft channel craniopuncture may be an ideal treatment to
alleviate cerebral edema after ICH [243]. More studies are
needed to determine further and compare the efficacy of cra-
niotomy and MIS in patients with ICH.

7.2.6. Other Treatments. In addition to the treatments dis-
cussed above, ICH has many other potential therapeutic
targets. Previous studies have shown that statins have vari-
ous pharmacological effects. Due to its anti-inflammatory
and neuroprotective properties, continuous use after ICH
reduced mortality at six months and improved early neurol-
ogic function. However, studies on the effect of statins on
PHE are currently inconsistent. A study with 125 ICH
patients reported a positive association between statin use
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before ICH and decreased absolute and relative perihemato-
mal edema [244]. Another study with 1,275 patients illus-
trated that statin initiation after ICH was associated with
an increase in peak PHE (β = 0:12, SE = 0:06, P = 0:008).
In contrast, continuation versus discontinuation of previous
statin treatment was not significantly related to the forma-
tion of edema (P > 0:10) [245]. A protocol has been pub-
lished to explore the clinical efficacy of pioglitazone in
PHE and hematoma resolution has been published, but the
final report has not yet been published [246]. For diabetic
patients with acute basal ganglia hemorrhage, another study
showed that pretreatment with sulfonylureas reduced PHE
upon admission [143]. In one study, researchers adminis-
tered the nonpeptide vasopressin (AVP) receptor antagonist
conivaptan to patients but did not explore whether AVP
alleviated PHE after ICH [247]. Furthermore, research indi-
cates that repeated remote daily ischemic conditioning for
7 days improved hematoma resolution and reduced rPHE
after ICH [248]. Again, although there was recurring evi-
dence of a reduction in therapeutic hypothermia-induced
edema, the effects of therapeutic hypothermia on the out-
come of patients with ICH were heterogeneous, as it is cur-
rently difficult to determine the extent of damage caused by
post-ICH fever currently [123, 140]. Therefore, researchers
should pay more attention to potential treatment strategies
targeting PHE.

Generally, the clinical condition is very complex. Like
hypothermia, if the basic theory on the relationship between
fever and ICH damage is not well established, further studies
on the therapeutic effects of hypothermia on PHE would be
futile. Currently, studies on PHE therapy in other areas,

including hemostasis and surgical management, may face
the same issues. Thus, it is critical to further analyze the rea-
sons for the inconsistent findings in animal and clinical
studies in this review. This may help us better understand
why the results of some clinical studies do not match expec-
tations. In addition, it may also benefit the further design of
clinical trials on the therapeutic values of specific interven-
tions in PHE.

8. Conclusions and Future Directions

ICH is a subtype of stroke with poor outcomes and no effec-
tive treatment. Previous studies have explored the underly-
ing mechanisms of PHE by emphasizing the role of the
coagulation cascade and hematolysis in the pathological pro-
cess of ICH. However, there is still a lack of a unified under-
standing of the classification and staging after ICH. With
different limitations or shortcomings, the results of the
PHE quantification methods were conflicting. Furthermore,
inconsistent results on the relationship between PHE and
functional outcomes can limit PHE as a surrogate marker
of secondary brain injury or as an endpoint indicator for
evaluating the effects of ICH interventions (Figure 3). The
formation of PHE requires further investigation at the
molecular, cellular, and organ levels. The time phase and
imaging characteristics of ionic/cytotoxic and vasogenic
edema warrant further exploration after ICH. The acquired
knowledge about the mechanisms of PHE formation and
the imaging characteristics of PHE will help us identify
promising cellular and molecular targets for the treatment
of ICH. Deep learning of variables that can influence the
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evolution of PHE, including sensitive serum biomarkers, will
benefit prediction of PHE expansion. Specifically, future
research should evaluate the mechanisms of the effects of
the cerebral venous drainage system and the brain lymphatic
drainage system on PHE.

Furthermore, the quantitative methods of PHE also war-
rant additional studies because there is still a lack of reliable
diagnostic and quantitative assays to evaluate PHE in ani-
mals and patients with ICH. Therefore, it is important to
evaluate the roles of PHE using the less commonly used
MRI in animals with different ICH severities and ICH sites.
It is also valuable and necessary to compare the predictive
value of PHE in functional outcomes with different PHE
measurement protocols in patients. Specifically, it will be of
great significance to establish a reliable PHE measurement
protocol based on CT images by comparing the standard
MRI protocol with CT images that can be easily acquired.
Then, more rigorous enrollment criteria (e.g., bleeding in a
specific location, hematoma volume within a particular
range, and quantification at a particular time point) could
be designed to verify the causal relationship between PHE,
brain injury severity, and functional outcomes after ICH.
Additionally, large prospective multicenter clinical trials
could be designed to evaluate the translational importance
of novel treatment strategies to alleviate PHE. Further
research will help us understand the pathological process
of ICH and identify potential therapeutic targets to facilitate
translational research.

9. Literature Research Strategy

We searched PubMed for articles published in English from
January 2017 to February 2022, using the search terms
“intracerebral h(a)hemorrhage”, “intracerebral h(a) hemor-
rhage (o)edema”, “peri-h(a) ematomal (o)edema”, “secondary
brain injury”, and “intracerebral h(a)emorrhageury outcomes
(prognosis)”. With the term “intracerebral h(a)emorrhage
(o)edema”, we found 1091 articles published in the recent five
years. 472 articles have been published in the past five years
with the terms “intracerebral h(a)emorrhage” and “secondary
brain injury”. 136 articles have been published in recent five
years with the terms “intracerebral h(a)emorrhage” and
“peri-h(a)ematomal (o) edema”. 32 articles published in the
last five years with the terms “intracerebral h(a)emorrhage”,
“peri-h(a)ematomal (o)edema”, and “secondary brain injury”.
113 articles have been published in the last five years with the
terms “intracerebral h(a)emorrhage outcomes (prognosis)”
and “peri-h(a)ematomal (o)edema”. Finally, this review
includes 151 articles published in the last five years and 108
articles published in the last three years. We also discussed
articles published before 2017 if they were considered signifi-
cant relevant to the scope of this review, especially those on
the pathophysiology of PHE and potential therapeutic targets
for PHE after ICH. However, we must acknowledge that the
limited scope of the search dates for relevant literature on
post-ICH edema may bias some areas by omitting relevant
older (and newer) literature. In Potential Therapeutic Targets
for PHE after ICH, we discuss a large number of treatment
interventions. Given the size of this review, we only briefly

described the therapeutic effects of dehydration and hypother-
mia for PHE. Some important messages regarding these may
be omitted, and it is worth further searching and evaluating
the relevant data.

Abbreviations

ICH: Intracerebral hemorrhage
PHE: Perihematomal edema
BBB: Blood-brain barrier
MRI: Magnetic resonance imaging
ADC: Apparent diffusion coefficient
PARs: Protease-activated receptors
MMP-9: Metalloprotein-9
AQP4: Aquaporin 4
VEGF: Vascular endothelial growth factor
MAC: Membrane attack complex
HO: Heme oxygenase
NKCC1: Na+-K+-2Cl- cotransporter
KCC: K+/Cl- cotransporters
FLAIR: Fluid-attenuated inversion recovery
T1WI: T1-weighted MRI
RBC: Red blood cell
rPHE: Relative PHE
EED: Edema extension distance
ICP: Intracranial pressure
SBP: Systolic blood pressure
APOE: Apolipoprotein E
TIMP-2: Tissue inhibitor of metalloproteinases 2
DOACs: Direct oral anticoagulants
DFX: Deferoxamine
VK-28: 5-[4-(2-Hydroxyethyl) piperazine-1-ylmethyl]-

quinoline-8-ol
DFO: Deferoxamine mesylate
TKG: Thermosensitive keratin hydrogels
ROS: Reactive oxygen species
Nrf2: NF-E2-related factor 2
PPARγ: Peroxisome proliferator-activated receptor γ
S1PR: Sphingosine 1-phosphate receptor
TLR-4: Toll-like receptor 4
rTMS: Repetitive transcranial magnetic stimulation
ADSC: Adipose-derived mesenchymal stem cells
PHER: Perihematomal edema expansion rate
MIS: Minimally invasive surgery
rtPA: Recombinant human tissue-type plasminogen

activator.

Data Availability

All relevant data for the five patients in Figure 1 are available
upon request from the corresponding author. No other
datasets were generated or analyzed in this review.

Consent

For the use of the images of 5 patients in Figure 1, written
informed consent was obtained from patients or their sur-
rogates according to the principles of the Declaration of
Helsinki (2008).

29Oxidative Medicine and Cellular Longevity



Conflicts of Interest

The authors declare that they have no competing interests.

Authors’ Contributions

Chao Jiang, Hengtao Guo, Zhiying Zhang, and Yali Wang
searched the related articles and wrote the manuscript. Li
Zhu, Peiji Fu, and Zhiying Zhang also searched and collected
associated papers. Shize Li and Jing Zhang prepared the fig-
ures. Jian Wang, Simon Liu, Jonathan Lai, Tom J. Wang, and
Jiewen Zhang revised the manuscript. Jian Wang and Chao
Jiang designed the review and provided supervision. All
authors read and approved the final manuscript.

Acknowledgments

This work was supported by grants from the National
Natural Science Foundation of China (81671165 to CJ), the
Program for Science and Technology Innovation Talents in
Health Commission of Henan Province (YXKC2020020 to
CJ), and the Project for Young and Middle-Aged Academic
Leaders of the Henan Province Health Commission
(HNSWJW-2020005 to CJ). This research was also sup-
ported in part by the Intramural Research Program of the
National Human Genome Research Institute, National Insti-
tutes of Health.

References

[1] B. C. V. Campbell and P. Khatri, “Stroke,” The Lancet,
vol. 396, no. 10244, pp. 129–142, 2020.

[2] W.Hua, X.M. Chen, J.M.Wang et al., “Mechanisms and poten-
tial therapeutic targets for spontaneous intracerebral hemor-
rhage,” Brain Hemorrhages, vol. 1, no. 2, pp. 99–104, 2020.

[3] A. Shoamanesh, M. Patrice Lindsay, L. A. Castellucci et al.,
“Canadian stroke best practice recommendations: manage-
ment of spontaneous intracerebral hemorrhage, 7th edition
update 2020,” International journal of stroke, vol. 16, no. 3,
pp. 321–341, 2021.

[4] Y. Cao, S. Yu, Q. Zhang et al., “Chinese Stroke Association
guidelines for clinical management of cerebrovascular disor-
ders: executive summary and 2019 update of clinical manage-
ment of intracerebral haemorrhage,” Stroke and vascular
neurology, vol. 5, no. 4, pp. 396–402, 2020.

[5] R. V. Krishnamurthi, T. Ikeda, and V. L. Feigin, “Global,
regional and country-specific burden of ischaemic stroke,
intracerebral haemorrhage and subarachnoid haemorrhage:
a systematic analysis of the global burden of disease study
2017,” Neuroepidemiology, vol. 54, no. 2, pp. 171–179, 2020.

[6] M. Zhou, H. Wang, X. Zeng et al., “Mortality, morbidity, and
risk factors in China and its provinces, 1990-2017: a system-
atic analysis for the Global Burden of Disease Study 2017,”
The Lancet, vol. 394, no. 10204, pp. 1145–1158, 2019.

[7] L. Zhu, L. Huang, A. Le et al., “Interactions Between the
Autonomic Nervous System and the Immune System After
Stroke,” Comprehensive physiology, vol. 12, no. 3, pp. 3665–
3704, 2022.

[8] C. Jiang, Y. Wang, Q. Hu et al., “Immune changes in periph-
eral blood and hematoma of patients with intracerebral hem-
orrhage,” FASEB journal, vol. 34, no. 2, pp. 2774–2791, 2020.

[9] C. Jiang, F. Zuo, Y. Wang et al., “Progesterone exerts neuro-
protective effects and improves long-term neurologic out-
come after intracerebral hemorrhage in middle-aged mice,”
Neurobiology of aging, vol. 42, pp. 13–24, 2016.

[10] X. Lan, X. Han, Q. Li, Q. W. Yang, and J. Wang, “Modulators
of microglial activation and polarization after intracerebral
haemorrhage,” Nature reviews Neurology, vol. 13, no. 7,
pp. 420–433, 2017.

[11] J. C. Hemphill, S. M. Greenberg, C. S. Anderson et al.,
“Guidelines for the management of spontaneous intracere-
bral Hemorrhage,” Stroke, vol. 46, no. 7, pp. 2032–2060, 2015.

[12] Y. Chen, S. Chen, J. Chang, J. Wei, M. Feng, and R. Wang,
“Perihematomal edema after intracerebral hemorrhage: an
update on pathogenesis, risk factors, and therapeutic
advances,” Frontiers in immunology, vol. 12, 2021.

[13] M. Selim and C. Norton, “Perihematomal edema: implica-
tions for intracerebral hemorrhage research and therapeutic
advances,” Journal of neuroscience research, vol. 98, no. 1,
pp. 212–218, 2020.

[14] N. Ironside, C. J. Chen, D. Ding, S. A. Mayer, and E. S.
Connolly Jr., “Perihematomal edema after spontaneous intra-
cerebral hemorrhage,” Stroke, vol. 50, no. 6, pp. 1626–1633,
2019.

[15] J. A. Stokum, V. Gerzanich, and J. M. Simard, “Molecular
pathophysiology of cerebral edema,” Journal of cerebral blood
flow and metabolism, vol. 36, no. 3, pp. 513–538, 2016.

[16] H. Zheng, C. Chen, J. Zhang, and Z. Hu, “Mechanism and
therapy of brain edema after intracerebral hemorrhage,”
Cerebrovascular Diseases, vol. 42, no. 3-4, pp. 155–169, 2016.

[17] H. Ren, R. Han, X. Chen et al., “Potential therapeutic targets
for intracerebral hemorrhage-associated inflammation: an
update,” Journal of cerebral blood flow and metabolism,
vol. 40, no. 9, pp. 1752–1768, 2020.

[18] C. L. Lemale, J. Lückl, V. Horst et al., “Migraine aura, tran-
sient ischemic attacks, stroke, and dying of the brain share
the same key pathophysiological process in neurons driven
by Gibbs-Donnan forces, namely spreading depolarization,”
Frontiers in Cellular Neuroscience, vol. 16, 2022.

[19] M. E. Haque, R. E. Gabr, S. D. George et al., “Serial metabolic
evaluation of perihematomal tissues in the intracerebral hem-
orrhage pig model,” Frontiers in neuroscience, vol. 13, p. 888,
2019.

[20] B. Volbers, W. Willfarth, J. B. Kuramatsu et al., “Impact of
perihemorrhagic edema on short-term outcome after intrace-
rebral hemorrhage,” Neurocritical Care, vol. 24, no. 3,
pp. 404–412, 2016.

[21] C. Venkatasubramanian, M. Mlynash, A. Finley-Caulfield
et al., “Natural history of perihematomal edema after intrace-
rebral hemorrhage measured by serial magnetic resonance
imaging,” Stroke, vol. 42, no. 1, pp. 73–80, 2011.

[22] K. Lim-Hing and F. Rincon, “Secondary hematoma expan-
sion and perihemorrhagic edema after intracerebral hemor-
rhage: from bench work to practical aspects,” Frontiers in
Neurology, vol. 8, p. 74, 2017.

[23] K. R. Wagner, G. Xi, Y. Hua et al., “Lobar intracerebral hem-
orrhage model in pigs: rapid edema development in perihe-
matomal white matter,” Stroke, vol. 27, no. 3, pp. 490–497,
1996.

[24] U. Groger and A. Marmarou, “Importance of protein content
in the edema fluid for the resolution of brain edema,”
Advances in Neurology, vol. 52, pp. 215–218, 1990.

30 Oxidative Medicine and Cellular Longevity



[25] S. Urday, W. T. Kimberly, L. A. Beslow et al., “Targeting sec-
ondary injury in intracerebral haemorrhage–perihaematomal
oedema,” Nature reviews Neurology, vol. 11, no. 2, pp. 111–
122, 2015.

[26] S. R. Archie, A. Al Shoyaib, and L. Cucullo, “Blood-brain
barrier dysfunction in CNS disorders and putative therapeu-
tic targets: an overview,” Pharmaceutics, vol. 13, no. 11,
p. 1779, 2021.

[27] T. Schneider, D. Frieling, J. Schroeder et al., “Perihematomal
diffusion restriction as a common finding in large intracere-
bral hemorrhages in the hyperacute phase,” PloS One,
vol. 12, no. 9, article e0184518, 2017.

[28] C. S. Kidwell, J. L. Saver, J. Mattiello et al., “Diffusion-perfu-
sion MR evaluation of perihematomal injury in hyperacute
intracerebral hemorrhage,” Neurology, vol. 57, no. 9,
pp. 1611–1617, 2001.

[29] P. D. Schellinger, J. B. Fiebach, K. Hoffmann et al., “Stroke
MRI in intracerebral Hemorrhage,” Stroke, vol. 34, no. 7,
pp. 1674–1679, 2003.

[30] K. S. Butcher, T. Baird, L. Mac Gregor, P. Desmond, B. Tress,
and S. Davis, “Perihematomal edema in primary intracere-
bral hemorrhage is plasma derived,” Stroke, vol. 35, no. 8,
pp. 1879–1885, 2004.

[31] J. R. Carhuapoma, P. Y. Wang, N. J. Beauchamp, P. M. Keyl,
D. F. Hanley, and P. B. Barker, “Diffusion-weighted MRI and
proton MR spectroscopic imaging in the study of secondary
neuronal injury after intracerebral hemorrhage,” Stroke,
vol. 31, no. 3, pp. 726–732, 2000.

[32] X. Han, X. Lan, Q. Li et al., “Inhibition of prostaglandin E2
receptor EP3mitigates thrombin-induced brain injury,” Jour-
nal of cerebral blood flow and metabolism, vol. 36, no. 6,
pp. 1059–1074, 2016.

[33] C. M. Liu, B. Z. Shi, and J. S. Zhou, “Effects of thrombin on
the secondary cerebral injury of perihematomal tissues of rats
after intracerebral hemorrhage,” Genetics and Molecular
Research: GMR, vol. 13, no. 2, pp. 4617–4626, 2014.

[34] C. Li, L. Zhu, Y. Dai et al., “Diet-induced high serum levels of
trimethylamine-N-oxide enhance the cellular inflammatory
response without exacerbating acute intracerebral hemor-
rhage injury in mice,” Oxidative medicine and cellular longev-
ity., vol. 2022, article 1599747, pp. 1–16, 2022.

[35] L. Li, Y. Tao, J. Tang et al., “A cannabinoid receptor 2 agonist
prevents thrombin-induced blood-brain barrier damage via
the inhibition of microglial activation and matrix metallopro-
teinase expression in rats,” Translational Stroke Research,
vol. 6, no. 6, pp. 467–477, 2015.

[36] G. Wang, Z. Li, S. Li et al., “Minocycline preserves the integ-
rity and permeability of BBB by altering the activity of DKK1-
Wnt signaling in ICH model,” Neuroscience, vol. 415,
pp. 135–146, 2019.

[37] F. Ye, H. J. L. Garton, Y. Hua, R. F. Keep, and G. Xi, “The role
of thrombin in brain injury after hemorrhagic and ischemic
stroke,” Translational Stroke Research, vol. 12, no. 3,
pp. 496–511, 2021.

[38] M. Yin, Z. Chen, Y. Ouyang et al., “Thrombin-induced,
TNFR-dependent miR-181c downregulation promotes
MLL1 and NF-κB target gene expression in human microg-
lia,” Journal of Neuroinflammation, vol. 14, no. 1, p. 132,
2017.

[39] Y. Cheng, G. Xi, H. Jin, R. F. Keep, J. Feng, and Y. Hua,
“Thrombin-induced cerebral hemorrhage: role of protease-

activated receptor-1,” Translational Stroke Research, vol. 5,
no. 4, pp. 472–475, 2014.

[40] N. A. Shlobin, M. Har-Even, Z. Itsekson-Hayosh, S. Harnof,
and C. G. Pick, “Role of thrombin in central nervous system
injury and disease,” Biomolecules, vol. 11, no. 4, p. 562, 2021.

[41] H. Wu, T. Wu, X. Han et al., “Cerebroprotection by the neu-
ronal PGE2 receptor EP2 after intracerebral hemorrhage in
middle-aged mice,” Journal of cerebral blood flow and metab-
olism, vol. 37, no. 1, pp. 39–51, 2017.

[42] P. Jia, J. He, Z. Li et al., “Profiling of blood-brain barrier dis-
ruption in mouse intracerebral hemorrhage models: collage-
nase injection vs. autologous arterial whole blood infusion,”
Frontiers in Cellular Neuroscience, vol. 15, 2021.

[43] T. Machida, F. Takata, J. Matsumoto et al., “Brain pericytes
are the most thrombin-sensitive matrix metalloproteinase-
9-releasing cell type constituting the blood-brain barrier
in vitro,” Neuroscience Letters, vol. 599, pp. 109–114, 2015.

[44] D. Gao, F. Ding, G. Lei et al., “Effects of focal mild hypo-
thermia on thrombin-induced brain edema formation and
the expression of protease activated receptor-1, matrix
metalloproteinase-9 and aquaporin 4 in rats,” Molecular
Medicine Reports, vol. 11, no. 4, pp. 3009–3014, 2015.

[45] T. Huang, B. Chen, and Z. M. Zeng, “VEGF-transfected
hBMSCs aggravate early brain edema in cerebral hemorrhage
rats,” Sichuan da xue xue bao Yi xue ban Journal of Sichuan
University Medical science edition, vol. 51, no. 5, pp. 622–
629, 2020.

[46] L. Simani, M. Ramezani, E. Mohammadi, F. Abbaszadeh,
E. Karimialavijeh, and H. Pakdaman, “Association of chan-
ged serum brain biomarkers with perihematomal edema
and early clinical outcome in primary ICH patients,” The
Neurologist, vol. 27, no. 4, pp. 168–172, 2022.

[47] S. Hu, G. Wu, J. Zheng, X. Liu, and Y. Zhang, “Astrocytic
thrombin-evoked VEGF release is dependent on p 44/42
MAPKs and PAR1,” Biochemical and Biophysical Research
Communications., vol. 509, no. 2, pp. 585–589, 2019.

[48] Y. Gong, G. H. Xi, R. F. Keep, J. T. Hoff, and Y. Hua, “Com-
plement inhibition attenuates brain edema and neurological
deficits induced by thrombin,” Acta Neurochirurgica Supple-
ment, vol. 95, pp. 389–392, 2005.

[49] K. N. Kearns, N. Ironside, M. S. Park et al., “Neuroprotective
therapies for spontaneous intracerebral hemorrhage,” Neuro-
critical Care, vol. 35, no. 3, pp. 862–886, 2021.

[50] K. Holste, F. Xia, H. J. L. Garton et al., “The role of comple-
ment in brain injury following intracerebral hemorrhage: a
review,” Experimental Neurology, vol. 340, p. 113654, 2021.

[51] U. Amara, M. A. Flierl, D. Rittirsch et al., “Molecular inter-
communication between the complement and coagulation
systems,” Journal of Immunology, vol. 185, no. 9, pp. 5628–
5636, 2010.

[52] P. Yang, J. Wu, L. Miao et al., “Platelet-derived growth factor
Receptor-β regulates vascular smooth muscle cell phenotypic
transformation and neuroinflammation after intracerebral
hemorrhage in mice,” Critical Care Medicine, vol. 44, no. 6,
pp. e390–e402, 2016.

[53] J. Yang, Q. Li, Z. Wang et al., “Multimodality MRI assessment
of grey and white matter injury and blood-brain barrier dis-
ruption after intracerebral haemorrhage in mice,” Scientific
Reports, vol. 7, no. 1, p. 40358, 2017.

[54] X. Zhu, L. Tao, E. Tejima-Mandeville et al., “Plasmalemma
permeability and necrotic cell death phenotypes after

31Oxidative Medicine and Cellular Longevity



intracerebral hemorrhage in mice,” Stroke, vol. 43, no. 2,
pp. 524–531, 2012.

[55] K. Matsushita, W. Meng, X. Wang et al., “Evidence for apo-
ptosis after intercerebral hemorrhage in rat striatum,” Journal
of cerebral blood flow and metabolism, vol. 20, no. 2, pp. 396–
404, 2000.

[56] J. Wei, N. Novakovic, T. L. Chenevert et al., “Perihematomal
brain tissue iron concentration measurement by MRI in
patients with intracerebral hemorrhage,” CNS Neuroscience
& Therapeutics, vol. 26, no. 9, pp. 896–901, 2020.

[57] Q. Li, X. Lan, X. Han et al., “Microglia-derived interleukin-10
accelerates post-intracerebral hemorrhage hematoma clear-
ance by regulating CD36,” Brain, Behavior, and Immunity,
vol. 94, pp. 437–457, 2021.

[58] G. Dang, Y. Yang, G. Wu, Y. Hua, R. F. Keep, and G. Xi,
“Early erythrolysis in the hematoma after experimental intra-
cerebral hemorrhage,” Translational Stroke Research, vol. 8,
no. 2, pp. 174–182, 2017.

[59] R. Liu, H. Li, Y. Hua et al., “Early hemolysis within human
intracerebral hematomas: an MRI study,” Translational
Stroke Research, vol. 10, no. 1, pp. 52–56, 2019.

[60] J. Wang, H. Zhuang, and S. Dore, “Heme oxygenase 2 is neu-
roprotective against intracerebral hemorrhage,”Neurobiology
of Disease., vol. 22, no. 3, pp. 473–476, 2006.

[61] J. Wang and S. Dore, “Heme oxygenase-1 exacerbates early
brain injury after intracerebral haemorrhage,” Brain: A Jour-
nal of Neurology, vol. 130, no. 6, pp. 1643–1652, 2007.

[62] N. G. Abraham and A. Kappas, “Pharmacological and clinical
aspects of heme oxygenase,” Pharmacological Reviews,
vol. 60, no. 1, pp. 79–127, 2008.

[63] N. Madangarli, F. Bonsack, R. Dasari, and S. Sukumari-
Ramesh, “Intracerebral hemorrhage: blood components and
neurotoxicity,” Brain Sciences, vol. 9, no. 11, p. 316, 2019.

[64] Z. Zhang, Z. Zhang, H. Lu, Q. Yang, H. Wu, and J. Wang,
“Microglial polarization and inflammatory mediators after
intracerebral hemorrhage,” Molecular Neurobiology, vol. 54,
no. 3, pp. 1874–1886, 2017.

[65] J. Wan, H. Ren, and J. Wang, “Iron toxicity, lipid peroxida-
tion and ferroptosis after intracerebral haemorrhage,” Stroke
and Vascular Neurology., vol. 4, no. 2, pp. 93–95, 2019.

[66] Z. Zhang, Y. Pang, W.Wang et al., “Neuroprotection of heme
oxygenase-2 in mice AfterIntracerebral hemorrhage,” Journal
of Neuropathology and Experimental Neurology, vol. 80, no. 5,
pp. 457–466, 2021.

[67] J. Wang and S. Dore, “Heme oxygenase 2 deficiency
increases brain swelling and inflammation after intracerebral
hemorrhage,” Neuroscience, vol. 155, no. 4, pp. 1133–1141,
2008.

[68] Z. Zhang, Y. Song, Z. Zhang et al., “Distinct role of heme
oxygenase-1 in early- and late-stage intracerebral hemor-
rhage in 12-month-old mice,” Journal of cerebral blood flow
and metabolism, vol. 37, no. 1, pp. 25–38, 2017.

[69] Q. Zhu, Y. Gong, T. Guo et al., “Thermo-sensitive keratin
hydrogel against iron-induced brain injury after experimen-
tal intracerebral hemorrhage,” International Journal of Phar-
maceutics, vol. 566, pp. 342–351, 2019.

[70] Z.Wang, F. Zhou, Y. Dou et al., “Melatonin alleviates intrace-
rebral hemorrhage-induced secondary brain injury in rats via
suppressing apoptosis, inflammation, oxidative stress, DNA
damage, and mitochondria injury,” Translational Stroke
Research, vol. 9, no. 1, pp. 74–91, 2018.

[71] J. Wang, G. Wang, J. Yi et al., “The effect of monascin on hema-
toma clearance and edema after intracerebral hemorrhage in
rats,” Brain Research Bulletin, vol. 134, pp. 24–29, 2017.

[72] X. Zhao, S. M. Ting, G. Sun et al., “Beneficial role of neutro-
phils through function of lactoferrin after intracerebral hem-
orrhage,” Stroke, vol. 49, no. 5, pp. 1241–1247, 2018.

[73] N. Chaudhary, A. S. Pandey, J. Griauzde et al., “Brain tissue
iron quantification by MRI in intracerebral hemorrhage: cur-
rent translational evidence and pitfalls,” Journal of Cerebral
Blood Flow andMetabolism, vol. 39, no. 3, pp. 562–564, 2019.

[74] S. L. Cao, Y. Hua, R. F. Keep, N. Chaudhary, and G. H. Xi,
“Minocycline effects on intracerebral hemorrhage-induced
iron overload in aged rats brain iron quantification with mag-
netic resonance imaging,” Stroke, vol. 49, no. 4, pp. 995–1002,
2018.

[75] N. Novakovic, Z. M. Wilseck, T. L. Chenevert et al., “Asses-
sing early erythrolysis and the relationship to perihematomal
iron overload and white matter survival in human intracere-
bral hemorrhage,” CNS Neuroscience & Therapeutics, vol. 27,
no. 10, pp. 1118–1126, 2021.

[76] R. F. Keep, A. V. Andjelkovic, J. Xiang et al., “Brain endothe-
lial cell junctions after cerebral hemorrhage: changes, mecha-
nisms and therapeutic targets,” Journal of cerebral blood flow
and metabolism, vol. 38, no. 8, pp. 1255–1275, 2018.

[77] A. Obenaus and J. Badaut, “Role of the noninvasive imaging
techniques in monitoring and understanding the evolution
of brain edema,” Journal of Neuroscience Research, vol. 100,
no. 5, pp. 1191–1200, 2022.

[78] R. M. Jha, P. M. Kochanek, and J. M. Simard, “Pathophysiol-
ogy and treatment of cerebral edema in traumatic brain
injury,” Neuropharmacology, no. 145, pp. 230–246, 2019.

[79] Y. Yao, Y. Zhang, X. Liao, R. Yang, Y. Lei, and J. Luo, “Poten-
tial therapies for cerebral edema after ischemic stroke: a mini
review,” Frontiers in Aging Neuroscience, vol. 12, 2021.

[80] N. Gomez-Lado, E. Lopez-Arias, R. Iglesias-Rey et al., “[18F]-
FMISO PET/MRI imaging shows ischemic tissue around
hematoma in intracerebral hemorrhage,”Molecular pharma-
ceutics., vol. 17, no. 12, pp. 4667–4675, 2020.

[81] Y. Liu, S. Yang, E. Cai et al., “Functions of lactate in the brain
of rat with intracerebral hemorrhage evaluated with MRI/
MRS and in vitro approaches,” CNS Neuroscience & Thera-
peutics, vol. 26, no. 10, pp. 1031–1044, 2020.

[82] R. von Kummer, I. Dzialowski, and J. Gerber, “Therapeutic
efficacy of brain imaging in acute ischemic stroke patients,”
Journal de neuroradiologie, vol. 42, no. 1, pp. 47–54, 2015.

[83] R. Dhar, G. J. Falcone, Y. Chen et al., “Deep learning for auto-
mated measurement of hemorrhage and perihematomal
edema in supratentorial intracerebral hemorrhage,” Stroke,
vol. 51, no. 2, pp. 648–651, 2020.

[84] R. von Kummer and I. Dzialowski, “Imaging of cerebral
ischemic edema and neuronal death,” Neuroradiology,
vol. 59, no. 6, pp. 545–553, 2017.

[85] S. Dehkharghani and J. Andre, “Imaging Approaches to
Stroke and Neurovascular Disease,” Neurosurgery, vol. 80,
no. 5, pp. 681–700, 2017.

[86] K. Rajamani and M. Fisher, “An overview of atherosclerosis,”
in Primer on Cerebrovascular Diseases, pp. 105–108,
Academic Press, Cambridge, MA, 2nd edition, 2017.

[87] C. L. Chen, P. H. Lai, K. J. Chou, P. T. Lee, H. M. Chung, and
H. C. Fang, “A preliminary report of brain edema in patients
with uremia at first hemodialysis: evaluation by diffusion-

32 Oxidative Medicine and Cellular Longevity



weighted MR imaging,” AJNR American Journal of Neurora-
diology, vol. 28, no. 1, pp. 68–71, 2007.

[88] D. Zanchi, M. Viallon, C. Le Goff et al., “Extreme mountain
ultra-marathon leads to acute but transient increase in cere-
bral water diffusivity and plasma biomarkers levels changes,”
Frontiers in physiology., vol. 7, p. 664, 2016.

[89] M. L. Ho, R. Rojas, and R. L. Eisenberg, “Cerebral Edema,”
American Journal of Roentgenology, vol. 199, no. 3,
pp. W258–W273, 2012.

[90] N. Li, H. Worthmann, M. Heeren et al., “Temporal pattern of
cytotoxic edema in the perihematomal region after intracere-
bral hemorrhage: a serial magnetic resonance imaging study,”
Stroke, vol. 44, no. 4, pp. 1144–1146, 2013.

[91] E. Fainardi, M. Borrelli, A. Saletti et al., “Temporal changes in
perihematomal apparent diffusion coefficient values during
the transition from acute to subacute phases in patients
with spontaneous intracerebral hemorrhage,” Neuroradiol-
ogy, vol. 55, no. 2, pp. 145–156, 2013.

[92] J. R. Carhuapoma, P. B. Barker, D. F. Hanley, P. Wang, and
N. J. Beauchamp, “Human brain hemorrhage: quantification
of perihematoma edema by use of diffusion-weighted MR
imaging,” American journal of Neuroradiology, vol. 23,
no. 8, pp. 1322–1326, 2002.

[93] K. P. Forbes, J. G. Pipe, and J. E. Heiserman, “Diffusion-
weighted imaging provides support for secondary neuronal
damage from intraparenchymal hematoma,”Neuroradiology,
vol. 45, no. 6, pp. 363–367, 2003.

[94] A. Biller, S. Badde, A. Heckel et al., “Exposure to 16 h of nor-
mobaric hypoxia induces ionic edema in the healthy brain,”
Nature Communications, vol. 12, no. 1, p. 5987, 2021.

[95] S. Stosser, H. Neugebauer, K. Althaus, A. C. Ludolph,
J. Kassubek, and M. Schocke, “Perihematomal diffusion
restriction in intracerebral hemorrhage depends on hema-
toma volume, but does not predict outcome,” Cerebrovascu-
lar Diseases, vol. 42, no. 3-4, pp. 280–287, 2016.

[96] Y. Kuang, W. Chen, K. Zheng et al., “CT perfusion imaging
evaluation on hemodynamic changes of acute spontaneous
intracerebral hemorrhage surrounding tissues,” Zhonghua yi
xue za zhi, vol. 95, no. 43, pp. 3514–3518, 2015.

[97] J. Zhou, H. Zhang, P. Gao, Y. Lin, and X. Li, “Assessment of
perihematomal hypoperfusion injury in subacute and
chronic intracerebral hemorrhage by CT perfusion imaging,”
Neurological Research, vol. 32, no. 6, pp. 642–6489, 2010.

[98] S. Michinaga and Y. Koyama, “Pathogenesis of brain edema
and investigation into anti-edema drugs,” International Jour-
nal of Molecular Sciences, vol. 16, no. 5, pp. 9949–9975, 2015.

[99] J. Nawabi, S. Elsayed, A. Morotti et al., “Perihematomal
edema and clinical outcome in intracerebral hemorrhage
related to different oral anticoagulants,” Journal of clinical
medicine., vol. 10, no. 11, p. 2234, 2021.

[100] B. Volbers, A. Giede-Jeppe, S. T. Gerner et al., “Peak perihe-
morrhagic edema correlates with functional outcome in
intracerebral hemorrhage,” Neurology, vol. 90, no. 12,
pp. e1005–e1012, 2018.

[101] Q. Li, J. Wan, X. Lan, X. Han, Z. Wang, and J. Wang, “Neu-
roprotection of brain-permeable iron chelator VK-28 against
intracerebral hemorrhage in mice,” Journal of cerebral blood
flow and metabolism, vol. 37, no. 9, pp. 3110–3123, 2017.

[102] H. L.Wang and T.W. Lai, “Optimization of Evans blue quan-
titation in limited rat tissue samples,” Scientific Reports, vol. 4,
p. 6588, 2014.

[103] C. A. Nadeau, K. Dietrich, C. M. Wilkinson et al., “Prolonged
blood-brain barrier injury occurs after experimental intrace-
rebral hemorrhage and is not acutely associated with addi-
tional bleeding,” Translational Stroke Research., vol. 10,
no. 3, pp. 287–297, 2019.

[104] C. Jing, L. Bian, M. Wang, R. F. Keep, G. Xi, and Y. Hua,
“Enhancement of hematoma clearance with CD47 blocking
antibody in experimental intracerebral hemorrhage,” Stroke,
vol. 50, no. 6, pp. 1539–1547, 2019.

[105] W. Ni, S. Mao, G. Xi, R. F. Keep, and Y. Hua, “Role of eryth-
rocyte CD47 in intracerebral hematoma clearance,” Stroke,
vol. 47, no. 2, pp. 505–511, 2016.

[106] Y. Xiong, W. Z. Zhu, Q. Zhang, and W. Wang, “Observation
of post-MCAO cortical inflammatory edema in rats by 7.0
Tesla MRI,” Journal of Huazhong University of Science and
Technology Medical Sciences, vol. 34, no. 1, pp. 120–124,
2014.

[107] T. Bobinger, A. Manaenko, P. Burkardt et al., “Siponimod
(BAF-312) attenuates perihemorrhagic edema and improves
survival in experimental intracerebral hemorrhage,” Stroke,
vol. 50, no. 11, pp. 3246–3254, 2019.

[108] S. Urday, L. A. Beslow, D. W. Goldstein et al., “Measurement
of perihematomal edema in intracerebral hemorrhage,”
Stroke, vol. 46, no. 4, pp. 1116–1119, 2015.

[109] S. Urday, L. A. Beslow, F. Dai et al., “Rate of perihematomal
edema expansion predicts outcome after intracerebral hem-
orrhage,” Critical Care Medicine, vol. 44, no. 4, pp. 790–
797, 2016.

[110] D. Staykov, I. Wagner, B. Volbers et al., “Natural course of
perihemorrhagic edema after intracerebral hemorrhage,”
Stroke, vol. 42, no. 9, pp. 2625–2629, 2011.

[111] A. R. Parry-Jones, X. Wang, S. Sato et al., “Edema extension
distance: outcome measure for phase II clinical trials target-
ing edema after intracerebral hemorrhage,” Stroke, vol. 46,
no. 6, pp. e137–e140, 2015.

[112] N. Ironside, C. J. Chen, S. Mutasa et al., “Fully automated seg-
mentation algorithm for perihematomal edema volumetry
after spontaneous intracerebral hemorrhage,” Stroke,
vol. 51, no. 3, pp. 815–823, 2020.

[113] B. Volbers, D. Staykov, I. Wagner et al., “Semi-automatic vol-
umetric assessment of perihemorrhagic edema with com-
puted tomography,” European Journal of Neurology, vol. 18,
no. 11, pp. 1323–1328, 2011.

[114] X. Zhao, K. Chen, G. Wu et al., “Deep learning shows good
reliability for automatic segmentation and volume measure-
ment of brain hemorrhage, intraventricular extension, and
peripheral edema,” European radiology., vol. 31, no. 7,
pp. 5012–5020, 2021.

[115] T. Y. Wu, G. Sharma, D. Strbian et al., “Natural history of
perihematomal edema and impact on outcome after intra-
cerebral hemorrhage,” Stroke, vol. 48, no. 4, pp. 873–879,
2017.

[116] G. Ye, S. Huang, R. Chen et al., “Early predictors of the
increase in perihematomal edema volume after intracerebral
hemorrhage: a retrospective analysis from the Risa-MIS-
ICH study,” Frontiers in Neurology, vol. 12, 2021.

[117] S. Fonseca, F. Costa, M. Seabra et al., “Systemic inflammation
status at admission affects the outcome of intracerebral hem-
orrhage by increasing perihematomal edema but not the
hematoma growth,” Acta Neurologica Belgica, vol. 121,
no. 3, pp. 649–659, 2021.

33Oxidative Medicine and Cellular Longevity



[118] F. M. Moraes and G. S. Silva, “Noninvasive intracranial pres-
sure monitoring methods: a critical review,” Arquivos de
Neuro-Psiquiatria, vol. 79, no. 5, pp. 437–446, 2021.

[119] F. Fu, B. Li, M. Dai et al., “Use of electrical impedance tomog-
raphy to monitor regional cerebral edema during clinical
dehydration treatment,” PloS One, vol. 9, no. 12, article
e113202, 2014.

[120] F. Xia, R. F. Keep, F. Ye et al., “The fate of erythrocytes after
cerebral hemorrhage,” Translational Stroke Research,
vol. 13, no. 5, pp. 655–664, 2022.

[121] G. Xi, R. F. Keep, and J. T. Hoff, “Mechanisms of brain injury
after intracerebral haemorrhage,” The Lancet Neurology,
vol. 5, no. 1, pp. 53–63, 2006.

[122] J. T. Hsieh, B. Lei, H. Sheng et al., “Sex-specific effects of pro-
gesterone on early outcome of intracerebral hemorrhage,”
Neuroendocrinology, vol. 103, no. 5, pp. 518–530, 2016.

[123] L. J. Liddle, C. A. Dirks, M. Almekhlafi, and F. Colbourne, “An
ambiguous role for fever in worsening outcome after intracere-
bral hemorrhage,” Translational Stroke Research, 2022.

[124] A. C. Klahr, C. A. Nadeau, and F. Colbourne, “Temperature
control in rodent neuroprotection studies: methods and chal-
lenges,” Therapeutic Hypothermia and Temperature Manage-
ment, vol. 7, no. 1, pp. 42–49, 2017.

[125] L. Chen, M. Xu, S. Yan, Z. Luo, L. Tong, and M. Lou,
“Insufficient cerebral venous drainage predicts early edema
in acute intracerebral hemorrhage,” Neurology, vol. 93,
no. 15, pp. e1463–e1473, 2019.

[126] Z. Si, L. Luan, D. Kong et al., “MRI-based investigation on
outflow segment of cerebral venous system under increased
ICP condition,” European Journal of Medical Research,
vol. 13, no. 3, pp. 121–126, 2008.

[127] J. M. Koovor, G. V. Lopez, K. Riley, and J. Tejada, “Transverse
venous sinus stenting for idiopathic intracranial hyperten-
sion: safety and feasibility,” The Neuroradiology Journal,
vol. 31, no. 5, pp. 513–517, 2018.

[128] X. Liu, G. Wu, N. Tang et al., “Glymphatic drainage blocking
aggravates brain edema, neuroinflammation via modulating
TNF-α, IL-10, and AQP4 after intracerebral hemorrhage in
rats,” Frontiers in Cellular Neuroscience, vol. 15, 2021.

[129] H. H. Tsai, Y. C. Hsieh, J. S. Lin et al., “Functional investiga-
tion of meningeal lymphatic system in experimental intrace-
rebral hemorrhage,” Stroke, vol. 53, no. 3, pp. 987–998, 2022.

[130] O. Semyachkina-Glushkovskaya, N. Navolokin, A. Shirokov
et al., “Meningeal lymphatic pathway of brain clearing from
the blood after haemorrhagic injuries,” Advances in Experi-
mental Medicine and Biology, vol. 1232, pp. 63–68, 2020.

[131] M. R. Halstead, W. A. Mould, K. N. Sheth et al., “Haptoglobin
is associated with increased early perihematoma edema pro-
gression in spontaneous intracranial hemorrhage,” Interna-
tional Journal of Stroke, vol. 15, no. 8, pp. 899–908, 2020.

[132] M. L. James, R. Blessing, E. Bennett, and D. T. Laskowitz,
“Apolipoprotein E modifies neurological outcome by affect-
ing cerebral edema but not hematoma size after intracerebral
hemorrhage in humans,” Journal of stroke and cerebrovascu-
lar diseases, vol. 18, no. 2, pp. 144–149, 2009.

[133] G. Appelboom, S. Bruce, A. Duren et al., “Aquaporin-4 gene
variant independently associated with oedema after intrace-
rebral haemorrhage,” Neurological Research, vol. 37, no. 8,
pp. 657–661, 2015.

[134] R. Chen, Z. Song, M. Deng, W. Zheng, J. Liu, and L. Huang,
“TIMP-2 polymorphisms define subtypes of hypertensive

intracerebral hemorrhage with distinct perihematomal edema
development patterns,” Current Neurovascular Research,
vol. 17, no. 1, pp. 44–49, 2020.

[135] I. C. Hostettler, M. J. Morton, G. Ambler et al., “Haptoglobin
genotype and outcome after spontaneous intracerebral haem-
orrhage,” Journal of Neurology, Neurosurgery, and Psychiatry,
vol. 91, no. 3, pp. 298–304, 2020.

[136] R. Hurford, A. Vail, C. Heal et al., “Oedema extension dis-
tance in intracerebral haemorrhage: association with baseline
characteristics and long-term outcome,” European Stroke
Journal, vol. 4, no. 3, pp. 263–270, 2019.

[137] I. Wagner, B. Volbers, S. Kloska, A. Doerfler, S. Schwab, and
D. Staykov, “Sex differences in perihemorrhagic edema evo-
lution after spontaneous intracerebral hemorrhage,” Euro-
pean Journal of Neurology, vol. 19, no. 11, pp. 1477–1481,
2012.

[138] H. Arima, J. G. Wang, Y. Huang et al., “Significance of peri-
hematomal edema in acute intracerebral hemorrhage: the
INTERACT trial,” Neurology, vol. 73, no. 23, pp. 1963–
1968, 2009.

[139] M. Sykora, J. Diedler, P. Turcani, A. Rupp, and T. Steiner,
“Subacute perihematomal edema in intracerebral hemor-
rhage is associated with impaired blood pressure regulation,”
Journal of the Neurological Sciences, vol. 284, no. 1-2,
pp. 108–112, 2009.

[140] T. S. Baker, J. Durbin, Z. Troiani et al., “Therapeutic hypo-
thermia for intracerebral hemorrhage: systematic review
and meta-analysis of the experimental and clinical literature,”
International Journal of Stroke, vol. 17, no. 5, pp. 506–516,
2022.

[141] L. J. Liddle, A. C. J. Kalisvaart, A. H. Abrahart, M. Almekhlafi,
A. Demchuk, and F. Colbourne, “Targeting focal ischemic
and hemorrhagic stroke neuroprotection: current prospects
for local hypothermia,” Journal of Neurochemistry, vol. 160,
no. 1, pp. 128–144, 2022.

[142] H. Irvine, S. Male, J. Robertson, C. Bell, O. Bentho, and
C. Streib, “Reduced intracerebral hemorrhage and perihema-
tomal edema volumes in diabetics on sulfonylureas,” Stroke,
vol. 50, no. 4, pp. 995–998, 2019.

[143] Z. Jingjing, Z. Jingjing, H. Bo et al., “Pretreatment of sulfonyl-
ureas reducing perihematomal edema in diabetic patients
with basal ganglia hemorrhage: a retrospective case-control
study,” Frontiers in Neurology, vol. 12, p. 736383, 2021.

[144] A. C. Leasure, A. I. Qureshi, S. B. Murthy et al., “Intensive
blood pressure reduction and perihematomal edema expan-
sion in deep intracerebral hemorrhage,” Stroke, vol. 50,
no. 8, pp. 2016–2022, 2019.

[145] S. Majidi, J. I. Suarez, and A. I. Qureshi, “Management of
acute hypertensive response in intracerebral hemorrhage
patients after ATACH-2 trial,” Neurocritical Care, vol. 27,
no. 2, pp. 249–258, 2017.

[146] J. Yang, H. Arima, G. Wu et al., “Prognostic significance of
perihematomal edema in acute intracerebral hemorrhage:
pooled analysis from the intensive blood pressure reduction
in acute cerebral hemorrhage trial studies,” Stroke, vol. 46,
no. 4, pp. 1009–1013, 2015.

[147] L. H. Sansing, E. A. Kaznatcheeva, C. J. Perkins, E. Komaroff,
F. B. Gutman, and G. C. Newman, “Edema after intracerebral
hemorrhage: correlations with coagulation parameters and
treatment,” Journal of Neurosurgery, vol. 98, no. 5, pp. 985–
992, 2003.

34 Oxidative Medicine and Cellular Longevity



[148] A. M. Gusdon, G. Gialdini, G. Kone et al., “Neutrophil-lym-
phocyte ratio and perihematomal edema growth in intracere-
bral hemorrhage,” Stroke, vol. 48, no. 9, pp. 2589–2592, 2017.

[149] J. M. Levine, R. Snider, D. Finkelstein et al., “Early edema in
warfarin-related intracerebral hemorrhage,” Neurocritical
Care, vol. 7, no. 1, pp. 58–63, 2007.

[150] M. Roy-O'Reilly, L. Zhu, L. Atadja et al., “Soluble CD163 in
intracerebral hemorrhage: biomarker for perihematomal
edema,” Annals of Clinical and Translational Neurology,
vol. 4, no. 11, pp. 793–800, 2017.

[151] M. D. Howe, L. Zhu, L. H. Sansing, N. R. Gonzales, L. D.
McCullough, and N. J. Edwards, “Serum markers of blood-
brain barrier remodeling and fibrosis as predictors of etiology
and clinicoradiologic outcome in intracerebral hemorrhage,”
Frontiers in Neurology, vol. 9, p. 746, 2018.

[152] N. Li, Y. F. Liu, L. Ma et al., “Association of molecular
markers with perihematomal edema and clinical outcome
in intracerebral hemorrhage,” Stroke, vol. 44, no. 3,
pp. 658–663, 2013.

[153] A. C. Leasure, L. R. Kuohn, K. N. Vanent et al., “Association
of serum IL-6 (interleukin 6) with functional outcome after
intracerebral hemorrhage,” Stroke, vol. 52, no. 5, pp. 1733–
1740, 2021.

[154] S. Chen, Y. Chen, L. Xu et al., “Venous system in acute brain
injury: mechanisms of pathophysiological change and func-
tion,” Experimental Neurology, vol. 272, pp. 4–10, 2015.

[155] A. O. Safadi and P. Tadi, Anatomy, Head and Neck, Cerebral
Venous System. InStatPearls [Internet], StatPearls Publishing,
Treasure Island (FL), 2021.

[156] W. Yu, J. Rives, B. Welch, J. White, E. Stehel, and D. Samson,
“Hypoplasia or occlusion of the ipsilateral cranial venous
drainage is associated with early fatal edema of middle cere-
bral artery infarction,” Stroke, vol. 40, no. 12, pp. 3736–
3739, 2009.

[157] H. Feng, H. Zhang, W. He, J. Zhou, and X. Zhao, “Jugular
venous reflux is associated with perihematomal edema after
intracerebral hemorrhage,” Bio Med Research International,
vol. 2017, Article ID 7514639, 2017.

[158] H. Feng, Z. Jin, W. He, and X. Zhao, “Cerebral venous out-
flow participates in perihematomal edema after spontaneous
intracerebral hemorrhage: a cross-sectional study,”Medicine,
vol. 97, no. 35, article e12034, 2018.

[159] S. Chen, L. Shao, and L. Ma, “Cerebral edema formation after
stroke: emphasis on blood-brain barrier and the lymphatic
drainage system of the brain,” Frontiers in Cellular Neurosci-
ence, vol. 15, p. 716825, 2021.

[160] B. L. Sun, L. H. Wang, T. Yang et al., “Lymphatic drainage
system of the brain: a novel target for intervention of neuro-
logical diseases,” Progress in Neurobiology, vol. 163-164,
pp. 118–143, 2018.

[161] E. N. Bakker, B. J. Bacskai, M. Arbel-Ornath et al., “Lym-
phatic clearance of the brain: perivascular, paravascular and
significance for neurodegenerative diseases,” Cellular and
Molecular Neurobiology, vol. 36, no. 2, pp. 181–194, 2016.

[162] A. Aspelund, S. Antila, S. T. Proulx et al., “A dural lymphatic
vascular system that drains brain interstitial fluid and macro-
molecules,” The Journal of Experimental Medicine, vol. 212,
no. 7, pp. 991–999, 2015.

[163] A. Louveau, T. H. Harris, and J. Kipnis, “Revisiting the mech-
anisms of CNS immune privilege,” Trends in Immunology,
vol. 36, no. 10, pp. 569–577, 2015.

[164] N. I. Bower, K. Koltowska, C. Pichol-Thievend et al., “Mural
lymphatic endothelial cells regulate meningeal angiogenesis
in the zebrafish,” Nature Neuroscience, vol. 20, no. 6,
pp. 774–783, 2017.

[165] J. Chen, L. Wang, H. Xu, Y. Wang, and Q. Liang, “The
lymphatic drainage system of the CNS plays a role in lym-
phatic drainage, immunity, and neuroinflammation in
stroke,” Journal of Leukocyte Biology., vol. 110, no. 2,
pp. 283–291, 2021.

[166] M. Nedergaard, “Neuroscience. Garbage truck of the brain,”
Science, vol. 340, no. 6140, pp. 1529-1530, 2013.

[167] N. A. Jessen, A. S. Munk, I. Lundgaard, and M. Nedergaard,
“The glymphatic system: a beginner's guide,” Neurochemical
Research, vol. 40, no. 12, pp. 2583–2599, 2015.

[168] G. Yankova, O. Bogomyakova, and A. Tulupov, “The glym-
phatic system and meningeal lymphatics of the brain: new
understanding of brain clearance,” Reviews in the Neurosci-
ences, vol. 32, no. 7, pp. 693–705, 2021.

[169] C. H. Toh and T. Y. Siow, “Glymphatic dysfunction in
patients with ischemic stroke,” Frontiers in Aging Neurosci-
ence, vol. 13, p. 756249, 2021.

[170] X. Zhou, Y. Li, C. Lenahan, Y. Ou, M. Wang, and Y. He,
“Glymphatic system in the central nervous system, a novel
therapeutic direction against brain edema after stroke,” Fron-
tiers in Aging Neuroscience, vol. 13, p. 698036, 2021.

[171] M. K. Rasmussen, H. Mestre, andM. Nedergaard, “The glym-
phatic pathway in neurological disorders,” The Lancet Neu-
rology, vol. 17, no. 11, pp. 1016–1024, 2018.

[172] A. C. Bolte, A. B. Dutta, M. E. Hurt et al., “Meningeal lym-
phatic dysfunction exacerbates traumatic brain injury patho-
genesis,”Nature Communications, vol. 11, no. 1, p. 4524, 2020.

[173] T. Pu, W. Zou, W. Feng et al., “Persistent malfunction of
glymphatic and meningeal lymphatic drainage in a mouse
model of subarachnoid hemorrhage,” Experimental Neurobi-
ology, vol. 28, no. 1, pp. 104–118, 2019.

[174] X. F. Yang, W. G. Liu, H. Shen et al., “Correlation of cell apo-
ptosis with brain edema and elevated intracranial pressure in
traumatic brain injury,” Chinese journal of traumatology =
Zhonghua chuang shang za zhi, vol. 8, no. 2, pp. 96–100, 2005.

[175] S. Ozdinc, E. Unlu, Z. Karakaya et al., “Prognostic value of
perihematomal edema area at the initial ED presentation in
patients with intracranial hematoma,” The American Journal
of Emergency Medicine, vol. 34, no. 7, pp. 1241–1246, 2016.

[176] A. Shirazian, A. F. Peralta-Cuervo, M. P. Aguilera-Pena et al.,
“Sustained low-efficiency dialysis is associated with worsen-
ing cerebral edema and outcomes in intracerebral hemor-
rhage,” Neurocritical Care, vol. 35, no. 1, pp. 221–231, 2021.

[177] G. Appelboom, S. S. Bruce, Z. L. Hickman et al., “Volume-
dependent effect of perihaematomal oedema on outcome
for spontaneous intracerebral haemorrhages,” Journal of
Neurology, Neurosurgery, and Psychiatry, vol. 84, no. 5,
pp. 488–493, 2013.

[178] J. J. Loan, A. B. Gane, L. Middleton et al., “Association of
baseline hematoma and edema volumes with one-year out-
come and long-term survival after spontaneous intracerebral
hemorrhage: a community-based inception cohort study,”
International journal of stroke, vol. 16, no. 7, 2020.

[179] X. N. Lv, Z. Q. Li, L. Deng et al., “Early perihematomal edema
expansion: definition, significance, and association with out-
comes after intracerebral hemorrhage,” Oxidative medicine
and cellular longevity., vol. 2021, article 6249509, pp. 1–7, 2021.

35Oxidative Medicine and Cellular Longevity



[180] Z. Grunwald, L. A. Beslow, S. Urday et al., “Perihematomal
edema expansion rates and patient outcomes in deep and
lobar intracerebral hemorrhage,” Neurocritical Care, vol. 26,
no. 2, pp. 205–212, 2017.

[181] S. B. Murthy, Y. Moradiya, J. Dawson et al., “Perihematomal
edema and functional outcomes in intracerebral Hemor-
rhage,” Stroke, vol. 46, no. 11, pp. 3088–3092, 2015.

[182] J. M. Gebel Jr., E. C. Jauch, T. G. Brott et al., “Relative edema
volume is a predictor of outcome in patients with hyperacute
spontaneous intracerebral hemorrhage,” Stroke, vol. 33,
no. 11, pp. 2636–2641, 2002.

[183] Z. Yu, L. Ma, J. Zheng, and C. You, “Prognostic role of peri-
hematomal edema in intracerebral hemorrhage: a systematic
review,” Turkish Neurosurgery, vol. 28, 2017.

[184] K. Thenuwara, M. M. Todd, and J. E. Brian Jr., “Effect of
mannitol and furosemide on plasma osmolality and brain
water,” Anesthesiology, vol. 96, no. 2, pp. 416–421, 2002.

[185] D. L. Schreibman, C. M. Hong, K. Keledjian et al., “Mannitol
and hypertonic saline reduce swelling and modulate inflam-
matory markers in a rat model of intracerebral hemorrhage,”
Neurocritical Care, vol. 29, no. 2, pp. 253–263, 2018.

[186] S. Deng, S. Liu, P. Jin et al., “Albumin reduces oxidative stress
and neuronal apoptosis via the ERK/Nrf 2/HO-1 pathway after
intracerebral hemorrhage in rats,”OxidativeMedicine and Cel-
lular Longevity, vol. 2021, Article ID 8891373, 14 pages, 2021.

[187] C. Puech, X. Delavenne, Z. He, V. Forest, P. Mismetti, and
N. Perek, “Direct oral anticoagulants are associated with lim-
ited damage of endothelial cells of the blood-brain barrier
mediated by the thrombin/PAR-1 pathway,” Brain Research,
vol. 1719, pp. 57–63, 2019.

[188] C. H. Wu, S. K. Shyue, T. H. Hung et al., “Genetic deletion or
pharmacological inhibition of soluble epoxide hydrolase
reduces brain damage and attenuates neuroinflammation
after intracerebral hemorrhage,” Journal of Neuroinflamma-
tion, vol. 14, no. 1, p. 230, 2017.

[189] J. Caliaperumal, S. Wowk, S. Jones, Y. Ma, and F. Colbourne,
“Bipyridine, an iron chelator, does not lessen intracerebral
iron-induced damage or improve outcome after intracerebral
hemorrhagic stroke in rats,” Translational Stroke Research,
vol. 4, no. 6, pp. 719–728, 2013.

[190] L. M. Warkentin, A. M. Auriat, S. Wowk, and F. Colbourne,
“Failure of deferoxamine, an iron chelator, to improve out-
come after collagenase-induced intracerebral hemorrhage in
rats,” Brain Research, vol. 1309, pp. 95–103, 2010.

[191] H. Wu, T. Wu, X. Xu, J. Wang, and J. Wang, “Iron toxicity in
mice with collagenase-induced intracerebral hemorrhage,”
Journal of cerebral blood flow and metabolism, vol. 31, no. 5,
pp. 1243–1250, 2011.

[192] H. Wu, T. Wu, M. Li, and J. Wang, “Efficacy of the lipid-
soluble iron chelator 2, 2'-dipyridyl against hemorrhagic
brain injury,” Neurobiology of Disease, vol. 45, no. 1,
pp. 388–394, 2012.

[193] H. Zhu, Z. Wang, J. Yu et al., “Role and mechanisms of cyto-
kines in the secondary brain injury after intracerebral hemor-
rhage,” Progress in Neurobiology, vol. 178, p. 101610, 2019.

[194] S. Lin, Q. Yin, Q. Zhong et al., “Heme activates TLR4-
mediated inflammatory injury via MyD88/TRIF signaling
pathway in intracerebral hemorrhage,” Journal of Neuroin-
flammation, vol. 9, no. 1, p. 46, 2012.

[195] X. Lai, Y. Xiong, J. Zhou et al., “Verbascoside attenuates acute
inflammatory injury in experimental cerebral hemorrhage by

suppressing TLR4,” Biochemical and Biophysical Research
Communications, vol. 519, no. 4, pp. 721–726, 2019.

[196] Y. C. Wang, P. F. Wang, H. Fang, J. Chen, X. Y. Xiong, and
Q. W. Yang, “Toll-like receptor 4 antagonist attenuates intra-
cerebral hemorrhage-induced brain injury,” Stroke, vol. 44,
no. 9, pp. 2545–2552, 2013.

[197] T. Masada, Y. Hua, G. Xi et al., “Overexpression of
interleukin-1 receptor antagonist reduces brain edema
induced by intracerebral hemorrhage and thrombin,” Acta
Neurochirurgica Supplement, vol. 86, pp. 463–467, 2003.

[198] M. A. Rynkowski, G. H. Kim, M. C. Garrett et al., “C3a recep-
tor antagonist attenuates brain injury after intracerebral
hemorrhage,” Journal of cerebral blood flow and metabolism,
vol. 29, no. 1, pp. 98–107, 2009.

[199] M. C. Garrett, M. L. Otten, R. M. Starke et al., “Synergistic
neuroprotective effects of C3a and C5a receptor blockade fol-
lowing intracerebral hemorrhage,” Brain Research, vol. 1298,
pp. 171–177, 2009.

[200] W. B. Rolland, A. Manaenko, T. Lekic et al., “FTY720 is
neuroprotective and improves functional outcomes after
intracerebral hemorrhage in mice,” Acta neurochirurgica
Supplement, vol. 111, pp. 213–217, 2011.

[201] T. Bobinger, T. Bauerle, and L. Seyler, “A sphingosine-1-
phosphate receptor modulator attenuated secondary brain
injury and improved neurological functions of mice after
ICH,” Oxidative medicine and cellular longevity, vol. 2020,
Article ID 3214350, 8 pages, 2020.

[202] D. Xu, Q. Gao, F. Wang et al., “Sphingosine-1-phosphate
receptor 3 is implicated in BBB injury via the CCL2-CCR2
axis following acute intracerebral hemorrhage,” CNS Neuro-
science & Therapeutics, vol. 27, no. 6, pp. 674–686, 2021.

[203] M. Bigaud, D. Guerini, A. Billich, F. Bassilana, and
V. Brinkmann, “Second generation S1P pathway modulators:
research strategies and clinical developments,” Biochimica et
biophysica acta, vol. 1841, no. 5, pp. 745–758, 2014.

[204] M. Xue and V. W. Yong, “Neuroinflammation in intracerebral
haemorrhage: immunotherapies with potential for translation,”
The Lancet Neurology, vol. 19, no. 12, pp. 1023–1032, 2020.

[205] H. Yang, X.-J. Gao, Y.-J. Li et al., “Minocycline reduces intra-
cerebral hemorrhage-induced white matter injury in piglets,”
CNS Neuroscience & Therapeutics, vol. 25, no. 10, pp. 1195–
1206, 2019.

[206] H. Kim, J. E. Lee, H. J. Yoo, J. H. Sung, and S. H. Yang, “Effect
of pioglitazone on perihematomal edema in intracerebral
hemorrhage mouse model by regulating NLRP3 expression
and energy metabolism,” Journal of Korean Neurosurgical
Society, vol. 63, no. 6, pp. 689–697, 2020.

[207] G. Wu, Y. Jiao, J. Wu et al., “Rosiglitazone infusion therapy
following minimally invasive surgery for intracranial hemor-
rhage evacuation decreased perihematomal glutamate con-
tent and blood-brain barrier permeability in rabbits,” World
Neurosurgery, vol. 111, pp. e40–e46, 2018.

[208] T. Guo, Y. Guo, Y. Gong et al., “An enhanced charge-driven
intranasal delivery of nicardipine attenuates brain injury after
intracerebral hemorrhage,” International Journal of Pharma-
ceutics, vol. 566, pp. 46–56, 2019.

[209] C. Gu, Y. Wu, Z. Fan, and W. Han, “Simvastatin improves
intracerebral hemorrhage through NF-kappa B-mediated
apoptosis via the MyD88/TRIF signaling pathway,” Experi-
mental and Therapeutic Medicine, vol. 15, no. 1, pp. 377–
382, 2018.

36 Oxidative Medicine and Cellular Longevity



[210] B. Jiang, Y. Zhang, Y. Wang et al., “Glibenclamide attenuates
neuroinflammation and promotes neurological recovery after
intracerebral hemorrhage in aged rats,” Frontiers in Aging
Neuroscience, vol. 13, 2021.

[211] T. F. C. Kung, C. M. Wilkinson, C. A. Dirks, G. C. Jickling,
and F. Colbourne, “Glibenclamide does not improve outcome
following severe collagenase-induced intracerebral hemor-
rhage in rats,” PloS One, vol. 16, no. 6, article e0252584, 2021.

[212] C. M. Wilkinson, P. S. Brar, C. J. Balay, and F. Colbourne,
“Glibenclamide, a Sur 1-Trpm 4 antagonist, does not
improve outcome after collagenase-induced intracerebral
hemorrhage,” PloS One., vol. 14, no. 5, article e0215952, 2019.

[213] C. M. Wilkinson, B. A. Fedor, J. R. Aziz et al., “Failure of
bumetanide to improve outcome after intracerebral hemor-
rhage in rat,” PloS One, vol. 14, no. 1, article e0210660, 2019.

[214] W. Li, T. Asakawa, S. Han et al., “Neuroprotective effect of
neuroserpin in non-tPA-induced intracerebral hemorrhage
mouse models,” BMC Neurology, vol. 17, no. 1, p. 196, 2017.

[215] Y. Zhang, H. Deng, Y. Hu et al., “Adipose-derived mesenchy-
mal stem cells stereotactic transplantation alleviate brain
edema from intracerebral hemorrhage,” Journal of Cellular
Biochemistry, vol. 120, no. 9, pp. 14372–14382, 2019.

[216] M. Cui, H. Ge, H. Zeng et al., “Repetitive transcranial mag-
netic stimulation promotes neural stem cell proliferation
and differentiation after intracerebral hemorrhage in mice,”
Cell Transplantation, vol. 28, no. 5, pp. 568–584, 2019.

[217] M. Fisher, G. Feuerstein, D. W. Howells et al., “Update of the
stroke therapy academic industry roundtable preclinical rec-
ommendations,” Stroke, vol. 40, no. 6, pp. 2244–2250, 2009.

[218] C. Kilkenny, W. J. Browne, I. C. Cuthill, M. Emerson, and
D. G. Altman, “Improving bioscience research reporting:
the ARRIVE guidelines for reporting animal research,” PLoS
biology, vol. 8, no. 6, article e1000412, 2010.

[219] L. J. Liddle, S. Ralhan, D. L. Ward, and F. Colbourne, “Trans-
lational intracerebral hemorrhage research: has current
neuroprotection research ARRIVEd at a standard for experi-
mental design and reporting?,” Translational stroke research,
vol. 11, no. 6, pp. 1203–1213, 2020.

[220] A. C. J. Kalisvaart, C. M. Wilkinson, S. Gu et al., “An update
to theMonro-Kellie doctrine to reflect tissue compliance after
severe ischemic and hemorrhagic stroke,” Scientific reports,
vol. 10, no. 1, p. 22013, 2020.

[221] A. M. Cook, G. Morgan Jones, G. W. J. Hawryluk et al.,
“Guidelines for the acute treatment of cerebral edema in neu-
rocritical care patients,” Neurocritical care, vol. 32, no. 3,
pp. 647–666, 2020.

[222] I. Wagner, E. M. Hauer, D. Staykov et al., “Effects of contin-
uous hypertonic saline infusion on perihemorrhagic edema
evolution,” Stroke, vol. 42, no. 6, pp. 1540–1545, 2011.

[223] R. F. John and F. Colbourne, “Delayed localized hypothermia
reduces intracranial pressure following collagenase-induced
intracerebral hemorrhage in rat,” Brain research, vol. 1633,
pp. 27–36, 2016.

[224] M. R. Williamson, C. M. Wilkinson, K. Dietrich, and
F. Colbourne, “Acetazolamide mitigates intracranial pressure
spikes without affecting functional outcome after experimen-
tal hemorrhagic stroke,” Translational stroke research,
vol. 10, no. 4, pp. 428–439, 2019.

[225] Y. Zang, C. Zhang, Q. Song et al., “Therapeutic effect of early
intensive antihypertensive treatment on rebleeding and peri-
hematomal edema in acute intracerebral hemorrhage,” Jour-

nal of clinical hypertension, vol. 21, no. 9, pp. 1325–1331,
2019.

[226] C. Zhang, J. Zhong, W. X. Chen et al., “Usage of angiotensin-
converting enzyme inhibitor or angiotensin II receptor
blocker in hypertension intracerebral hemorrhage,” Neuro-
psychiatric disease and treatment, vol. 17, pp. 355–363, 2021.

[227] C. Jiang, J. Wang, J. Wang, J. Zhang, and THE-ICH investiga-
tors, “Rationale and design of a randomized, double-blind
trial evaluating the efficacy of tranexamic acid on hematoma
expansion and peri-hematomal edema in patients with spon-
taneous intracerebral hemorrhage within 4.5 h after symp-
tom onset: the THE-ICH trial protocol,” Journal of stroke
and cerebrovascular diseases, vol. 29, no. 10, article 105136,
2020.

[228] A. M. Naidech, J. Grotta, J. Elm et al., “Recombinant factor
VIIa for hemorrhagic stroke treatment at earliest possible
time (FASTEST): protocol for a phase III, double-blind, ran-
domized, placebo-controlled trial,” International journal of
stroke, vol. 17, no. 7, pp. 806–809, 2022.

[229] N. Sprigg, K. Flaherty, J. P. Appleton et al., “Tranexamic acid
for hyperacute primary IntraCerebral Haemorrhage (TICH-
2): an international randomised, placebo-controlled, phase
3 superiority trial,” Lancet, vol. 391, no. 10135, pp. 2107–
2115, 2018.

[230] S. A. Mayer, N. C. Brun, K. Begtrup et al., “Efficacy and safety
of recombinant activated factor VII for acute intracerebral
hemorrhage,” The New England journal of medicine,
vol. 358, no. 20, pp. 2127–2137, 2008.

[231] M. Selim, L. D. Foster, C. S. Moy et al., “Deferoxamine mes-
ylate in patients with intracerebral haemorrhage (i-DEF): a
multicentre, randomised, placebo-controlled, double-blind
phase 2 trial,” The Lancet Neurology, vol. 18, no. 5, pp. 428–
438, 2019.

[232] C.Wei, J. Wang, L. D. Foster et al., “Effect of deferoxamine on
outcome according to baseline hematoma volume: a post hoc
analysis of the i-DEF trial,” Stroke, vol. 53, no. 4, pp. 1149–
1156, 2022.

[233] Y. Fu, J. Hao, N. Zhang et al., “Fingolimod for the treatment
of intracerebral hemorrhage: a 2-arm proof-of-concept
study,” JAMA neurology, vol. 71, no. 9, pp. 1092–1101, 2014.

[234] K. Shakeri-Nejad, A. Gardin, C. Gray, S. Neelakantham,
S. Dumitras, and E. Legangneux, “Safety, tolerability, phar-
macodynamics and pharmacokinetics of intravenous siponi-
mod: a randomized, open-label study in healthy subjects,”
Clinical therapeutics, vol. 42, no. 1, pp. 175–195, 2020.

[235] J. J. Chang, M. Kim-Tenser, B. A. Emanuel et al., “Minocy-
cline and matrix metalloproteinase inhibition in acute intra-
cerebral hemorrhage: a pilot study,” European journal of
neurology, vol. 24, no. 11, pp. 1384–1391, 2017.

[236] A. Y. Fouda, A. S. Newsome, S. Spellicy et al., “Minocycline in
acute cerebral hemorrhage: an early phase randomized trial,”
Stroke, vol. 48, no. 10, pp. 2885–2887, 2017.

[237] Y. Zuo, G. Cheng, D. K. Gao et al., “Gross-total hematoma
removal of hypertensive basal ganglia hemorrhages: a long-
term follow-up,” Journal of the neurological sciences,
vol. 287, no. 1-2, pp. 100–104, 2009.

[238] M. Okuda, R. Suzuki, M. Moriya, M. Fujimoto, C. W. Chang,
and T. Fujimoto, “The effect of hematoma removal for reduc-
ing the development of brain edema in cases of putaminal
hemorrhage,” Acta neurochirurgica Supplement, vol. 96,
pp. 74–77, 2006.

37Oxidative Medicine and Cellular Longevity



[239] C. Fung, M. Murek, P. P. Klinger-Gratz et al., “Effect of
decompressive craniectomy on perihematomal edema in
patients with intracerebral hemorrhage,” PloS one, vol. 11,
no. 2, article e0149169, 2016.

[240] C. Fu, N. Wang, B. Chen et al., “Surgical management of
moderate basal ganglia intracerebral hemorrhage: compari-
son of safety and efficacy of endoscopic surgery, minimally
invasive puncture and drainage, and craniotomy,” World
neurosurgery, vol. 122, pp. e995–e1001, 2019.

[241] M. E. Horowitz, M. Ali, A. G. Chartrain et al., “Definition and
time course of pericavity edema after minimally invasive
endoscopic intracerebral hemorrhage evacuation,” Journal
of neurointerventional surgery, vol. 14, no. 2, pp. 149–154,
2022.

[242] L. F. Lian, F. Xu, Z. P. Tang et al., “Intraclot recombinant
tissue-type plasminogen activator reduces perihematomal
edema and mortality in patients with spontaneous intracere-
bral hemorrhage,” Journal of Huazhong University of Science
and Technology Medical sciences, vol. 34, no. 2, pp. 165–171,
2014.

[243] L. Xia, Q. Han, X. Y. Ni et al., “Different techniques of mini-
mally invasive craniopuncture for the treatment of hyperten-
sive intracerebral hemorrhage,”World neurosurgery, vol. 126,
pp. e888–e894, 2019.

[244] N. S. Naval, T. A. Abdelhak, N. Urrunaga, P. Zeballos, M. A.
Mirski, and J. R. Carhuapoma, “An association of prior statin
use with decreased perihematomal edema,” Neurocritical
care, vol. 8, no. 1, pp. 13–18, 2008.

[245] M. I. Sprügel, J. B. Kuramatsu, B. Volbers et al., “Impact of
statins on hematoma, edema, seizures, vascular events, and
functional recovery after intracerebral hemorrhage,” Stroke,
vol. 52, no. 3, pp. 975–984, 2021.

[246] N. R. Gonzales, J. Shah, N. Sangha et al., “Design of a
prospective, dose-escalation study evaluating the Safety of
pioglitazone for hematoma resolution in intracerebral hem-
orrhage (SHRINC),” International journal of stroke, vol. 8,
no. 5, pp. 388–396, 2013.

[247] J. J. Corry, G. Asaithambi, A. M. Shaik et al., “Conivaptan for
the reduction of cerebral edema in intracerebral hemorrhage:
a safety and tolerability study,” Clinical drug investigation,
vol. 40, no. 5, pp. 503–509, 2020.

[248] W. Zhao, F. Jiang, S. Li et al., “Safety and efficacy of remote
ischemic conditioning for the treatment of intracerebral
hemorrhage: a proof-of-concept randomized controlled
trial,” International journal of stroke, vol. 17, no. 4, pp. 425–
433, 2022.

38 Oxidative Medicine and Cellular Longevity


	Molecular, Pathological, Clinical, and Therapeutic Aspects of Perihematomal Edema in Different Stages of Intracerebral Hemorrhage
	1. Introduction
	2. The Time Phase and Pathophysiology of PHE
	2.1. Hyperacute Phase
	2.2. Acute Phase
	2.3. The Delayed Phase

	3. The Classification and Imaging Characteristics of PHE
	3.1. Ionic Edema
	3.2. Vasogenic Edema

	4. Quantitative Methods for PHE after ICH
	4.1. Preclinical Studies
	4.1.1. Brain Water Content
	4.1.2. Brain Swelling
	4.1.3. MRI Image

	4.2. Clinical Studies
	4.2.1. CT and MRI
	4.2.2. Other Methods to Monitor Brain Edema or PHE


	5. Factors That May Impact PHE
	5.1. Preclinical Studies
	5.2. Clinical Studies
	5.2.1. Baseline and Clinical Variables
	5.2.2. Hematological Characteristics
	5.2.3. Cerebral Venous Drainage System
	5.2.4. Brain Lymphatic Drainage System


	6. PHE and Functional Outcomes
	6.1. Preclinical Studies
	6.2. Clinical Studies

	7. Potential Therapeutic Targets for PHE after ICH
	7.1. Preclinical Studies
	7.1.1. Dehydration Therapy
	7.1.2. Inhibition of Thrombin Activation and Clearance of RBC Hemolysates
	7.1.3. Inhibition or Modulation of the Inflammatory Response
	7.1.4. Other Therapy

	7.2. Clinical Studies
	7.2.1. Dehydration Therapy
	7.2.2. Blood Pressure Control
	7.2.3. Hemostasis and Iron Chelator
	7.2.4. Immunotherapies
	7.2.5. Surgical Management
	7.2.6. Other Treatments


	8. Conclusions and Future Directions
	9. Literature Research Strategy
	Abbreviations
	Data Availability
	Consent
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

