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Abstract: Subarachnoid hemorrhage (SAH) is a type of hemorrhagic stroke associated with high
mortality and morbidity. The blood-brain-barrier (BBB) is a structure consisting primarily of cere-
bral microvascular endothelial cells, end feet of astrocytes, extracellular matrix, and pericytes.
Post-SAH pathophysiology included early brain injury and delayed cerebral ischemia. BBB disrup-
tion was a critical mechanism of early brain injury and was associated with other pathophysiologi-
cal events. These pathophysiological events may propel the development of secondary brain injury,
known as delayed cerebral ischemia. Imaging advancements to measure BBB after SAH primarily
focused on exploring innovative methods to predict clinical outcome, delayed cerebral ischemia,
and delayed infarction related to delayed cerebral ischemia in acute periods. These predictions are
based on detecting abnormal changes in BBB permeability. The parameters of BBB permeability
are described by changes in computed tomography (CT) perfusion and magnetic resonance imag-
ing (MRI). K, seems to be a stable and sensitive indicator in CT perfusion, whereas K™ is a reli-
able parameter for dynamic contrast-enhanced MRI. Future prediction models that utilize both the
volume of BBB disruption and stable parameters of BBB may be a promising direction to develop
practical clinical tools. These tools could provide greater accuracy in predicting clinical outcome
and risk of deterioration. Therapeutic interventional exploration targeting BBB disruption is also
promising, considering the extended duration of post-SAH BBB disruption.

Keywords: Subarachnoid hemorrhage, blood brain barrier, imaging, clinical trial, early brain injury, delayed cerebral is-

chemia.

1. INTRODUCTION

Subarachnoid hemorrhage (SAH) is a type of hemorrhag-
ic stroke with high mortality and morbidity [1]. Although
mortality has reportedly decreased in recent decades [2], sur-
vivors of SAH are commonly left with severe disabilities,
cognitive deficits, and mental problems [3]. SAH is an im-
portant public health concern that warrants further explora-
tion of diagnostic methods, biopathological mechanisms,
and therapeutic targets to achieve better outcomes for pa-
tients. The pathophysiological events after SAH were divid-
ed into early brain injury and delayed cerebral ischemia. Al-
though consensus has not been reached regarding a uniform
definition of early brain injury, early brain injury was
defined roughly as any type of pathophysiological event that
occurs within 72h, other than iatrogenic brain injury, which
induces injury to the brain immediately [4]. The main com-
ponents of early brain injury include intracranial hyperten-
sion, cell apoptosis, hydrocephalus, blood-brain barrier (BB-
B) dysfunction, loss of autoregulation, and cerebral edema.
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Delayed cerebral ischemia is defined as angiographic vasos-
pasm that lasts for at least 2 hours, and is associated with the
decline of neurological function. Moreover, delayed cerebral
ischemia reportedly affects 20-30% of SAH patients [5, 6].
It was reportedly the most important independent predictive
factor of poor outcome and cognitive deficits after SAH [7,
8]. The BBB is a structure primarily consisting of cerebral
microvascular endothelial cells, pericytes, extracellular ma-
trix, and the end feet of astrocytes Fig. (1). The BBB primari-
ly functions to maintain brain homeostasis by preventing the
entry of neurotoxic plasma components, blood cells, and
pathogens from the peripheral blood [9]. An experimental
SAH model has shown that a significant increase in BBB
permeability can be observed at 24-36 hours, peaking at 48
hours, and normalizing on day 3. Several preclinical SAH
studies have demonstrated functional disruption in the BBB
[10], and it was associated with the impairment of the basal
lamina and microvasculature [11]. Recent studies aim to pre-
vent delayed cerebral ischemia by using vasospasm-reduc-
ing drugs, such as clazosentan. However, they failed to im-
prove the clinical outcomes [12, 13]. Moreover, there are
fewer studies investigating post-SAH BBB breakdown com-
pared with vasospasm [14]. This review aimed to summarize
the latest advances in clinical trials regarding SAH, as well
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as the progress made in detecting post-SAH changes in BBB
permeability on imaging. Lastly, the important role of BBB
disruption is emphasized and the recommended direction for
future studies is discussed.

2. SUBARACHNOID HEMORRHAGE (SAH)

SAH refers to bleeding within the subarachnoid space,
which exists between the arachnoid and pia, and is filled
with cerebrospinal fluid [15]. Survivors of SAH often en-
dure numerous ongoing complications, including disabili-
ties, cognitive disorders, and psychological problems [16].
SAH accounts for 3% of all strokes, and is most commonly
caused by a ruptured aneurysm [17]. Early brain injury was
first described in 2004, and is increasingly considered a criti-
cal factor in the development of delayed cerebral ischemia
and prediction of unfavorable outcomes [18, 19]. Early brain
injury include acute cerebral ischemia, energy dysfunction
following cortical spreading depolarizations, mitochondrial
dysfunction, etc [19, 20]. In recent decades, vasospasm has
been considered the primary culprit of delayed cerebral is-
chemia [21]. However, delayed cerebral ischemia is now at-
tributed to cerebral vasospasm, micro thombosis, and corti-
cal spreading depolarization [22] Moreover, delayed cere-
bral ischemia was the result of these independent courses act-
ing in concert [23]. Delayed cerebral ischemia can occur in
30% of SAH patients. The current standard prophylactic in-
tervention for delayed cerebral ischemia is limited to oral ni-
modipine and maintaining euvolemia and normal circulating
volume [24] Fig. (2).

3. BLOOD BRAIN BARRIER IN THE PATHOPHYSI-
OLOGY OF SAH

BBB maintains brain homeostasis by preventing the en-
try of potentially toxic molecules from the peripheral blood.
BBB dysfunction reportedly occurs in numerous neurologi-
cal disorders, including stroke, traumatic brain injury, intrac-
erebral hemorrhage, tumors, and neurological disorders [9,
25]. Tt consists of endothelial cells, basement membrane, per-
icytes, and astrocytic end-feet. Endothelial cells, which com-
prise the BBB, differ from peripheral vessels in several
ways, such as tight junction proteins, adherens junction pro-
teins, fewer fenestrations, increased mitochondrial content,
and pinocytosis [10, 14]. Tight junction proteins, such as zo-
na occludens-1 and zona occludens-2, connect endothelial
cells, forming a barrier that restricts the communication of
water-soluble substances between the blood and the brain
[26]. The functions of endothelial cells and astrocytes can be
integrated by pericytes through the polarization of astrocytic
end-feet. Pericyte-derived laminin also plays an essential
role in maintaining BBB integrity [27, 28]. Pericytes may be
associated with ischemic events through their effects on
BBB integrity [29]. Regarding endothelial cells, the patho-
physiological events after SAH include the contraction,
apoptosis, and the inflammatory response. These pathophysi-
ological events reportedly contribute to BBB disruption, indi-
cating the importance of endothelial impairment in BBB
breakdown [14, 30]. While microglia are not a component of
the BBB, these cells can modulate their influence on the
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BBB dynamically in central nervous system disorders [31].
According to recent reports, the microglial effects exerted
on BBB integrity are protective at the very beginning. How-
ever, the persistent existence of infection and inflammation
alters the predominant microglial phenotype, causing dam-
age to BBB integrity [32]. Moreover, there has not been a
confirmation as to when the interaction between these com-
ponents change after SAH, nor has there been confirmation
regarding the exact time course of BBB disruption. Some
studies report that the significant increase in BBB permeabil-
ity can be observed at 24-36 hours, peaking at 48 hours, and
returning to baseline on 72 hours [33]. Recent studies report
that white matter T2-hyperintensities can be detected on
MRI in mice at 4 hours post-SAH. These white matter T2-
hyperintensities correlated with the area of albumin leakage
caused by BBB disruption, suggesting that BBB disruption
occurred in the acute phase after SAH [34, 35]. There is also
evidence that shows that BBB disruption can be observed as
early as 30 minutes with two peaks: occurring 3 hours and
again at 72 hours after onset [36]. The time course of BBB
disruption still cannot be confirmed by these studies, but it is
obvious that BBB disruption is a pathophysiological change
that occurs very early and lasts for an extended period. It is
associated with brain edema [37], thrombosis [38], inflam-
mation [39], and other pathophysiological events that may
propel the development of delayed cerebral ischemia [40,
41]. The causality between early brain injury and delayed
cerebral ischemia has been widely accepted [42]. BBB dis-
ruption plays a critical role as a bridge connecting early
brain injury and delayed cerebral ischemia.

4. LATEST ADVANCEMENTS IN CLINICAL TRIALS

The latest clinical trials focus on the treatment and pre-
vention of delayed cerebral ischemia. Pharmacological
agents, including cilostazol, dantrolene, epoprostenol, and
simvastatin, have been studied. The feasibility of epo-
prostenol was preliminarily demonstrated, whereas the effi-
cacy still requires further confirmation. Research on intra-
ventricular nimodipine reveals a potential way to achieve
better clinical efficacy, as well as fewer side effects [43]. Ap-
plication of induced hypertension failed and may even lead
to serious adverse events [44, 45].

Cortical spreading depolarization could be induced and
may invade normal brain tissue in many detrimental condi-
tions, such as ischemia, hypoxia, and status epilepticus. In
addition, electrophysiological evidence proved that cortical
spreading depolarization could also be recorded in patients
with aneurysmal subarachnoid hemorrhage [46]. Resistance
vessels induced by cortical spreading depolarization can
cause abnormal perfusion. In regions with low perfusion lev-
els, such as the ischemic penumbra, this abnormal perfusion
contributes to lesion progression [46]. Cilostazol, an anti-
platelet drug and inhibitor of phosphodiesterase-3, reduced
delayed cerebral ischemia in a recent double-blind, ran-
domized controlled trial, but did not decrease cerebral vasos-
pasm [47]. Previous studies have shown that cilostazol can
reduce cerebral vasospasm and delayed cerebral ischemia,
but can also improve poor outcomes after SAH [48]. Recent-
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ly, a randomized controlled trial was carried out in Japan.
This trial aimed to study this medicine from a new perspec-
tive, through which cilostazol could alleviate delayed cere-
bral ischemia by decreasing cortical spreading depolariza-
tion [49]. The clinical trial showed that cilostazol treatment
did not significantly decrease the occurrence of delayed cere-
bral ischemia in SAH patients with clip ligation, which does
not coincide with previous studies. This result may be due to
the small sample size, which did not meet the due volume in
the initial design. However, shorter durations of depression
and lower occurrence of isoelectric cortical spreading depo-
larization were observed in the cilostazol group. Since cilos-
tazol’s abilities to reduce delayed cerebral ischemia and im-
prove poor outcomes have been proven by many previous,
convincing studies, this trial is a beneficial exploration of
the mechanism behind this therapeutic method. Further
studies with larger samples that target this mechanism will
assist us in better understanding the effects of cilostazol and
the pathophysiological changes after SAH.

A sustained increase in intracellular Ca’" levels in vascu-
lar smooth muscle cells is characteristic of vasospasm fol-
lowing SAH. This ionic disturbance is mediated by the ryan-
odine receptor [50]. Dantrolene is a ryanodine receptor
blocker with a neuroprotective effect [S1]. In a previous
SAH animal experiment, dantrolene showed not only a syn-
ergistic inhibition on vasospasm with nimodipine, but also
suppressed cerebral vasoconstriction alone [52]. Therefore,
there are high expectations regarding dantrolene and its effi-
cacy in improving clinical outcomes after SAH. A previous
pilot study reported that dantrolene might reduce cerebral va-
sospasm after SAH with a single dose of intravenous injec-
tion. Moreover, the feasibility of this treatment was prelimi-
narily confirmed in this pilot study [53]. Lately, a single-cen-
ter, randomized, double-blind, placebo-controlled prelimi-
nary trial was conducted to confirm the feasibility, tolerabili-
ty, and safety of dantrolene administered intravenously [54].
The results showed that intravenous injection of dantrolene
is tolerable, feasible, and safe. However, dantrolene did not
attenuate cerebral vasospasm outcomes and delayed cerebral
ischemia, compared with the placebo group. While this
study has drawn convincing conclusions, the report of this
work suggests that the timing of dantrolene administration is
ambiguous. An accurate and practical administration time
would be necessary, in the future, to reduce heterogeneity
among studies. This will ease clinical transformation. Since
feasibility and tolerance were confirmed, a large sample trial
aiming to explore the efficacy of dantrolene would be the
next step. It would also be an interesting direction to further
explore the synergistic effect of dantrolene and nimodipine.

Delayed cerebral ischemia was considered a major cause
of unfavorable clinical outcomes after SAH [6]. Patients of-
ten have prolonged management for SAH in the intensive
care unit because of the need to monitor for delayed cerebral
ischemia [16]. Triple-H therapy is a widespread method util-
ized. This treatment was used to alleviate delayed cerebral is-
chemia after SAH by increasing cerebral blood flow [55].
However, there was a lack of strong evidence supporting the
efficacy of this treatment. Previous studies have reported an
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additional risk of hypervolemia and an absence of benefit.
Hemodilution actually reduced cerebral oxygen transporta-
tion, though cerebral blood flow was increased [56-58].
Compared with hypervolemia and hemodilution, induced hy-
pertension is a more promising way to increase cerebral
blood flow [59]. This trial evaluated the effect of induced hy-
pertension on delayed cerebral ischemia after SAH [44]. The
results did not support the hypothesis that cerebral blood
flow can be increased by induced hypertension. However,
there might be a small effect that cannot be detected due to a
small sample volume, as discussed in the report of this
work. This is because a trend toward improved cerebral
blood flow after intervention can only be observed in the in-
duced hypertension group. Most regions with this trend have
the lowest cerebral perfusion before intervention. According
to the results, 225 to 250 patients per group would be need-
ed to differentiate overall changes in cerebral blood flow.
Therefore, a study targeting the region with the lowest perfu-
sion might be more practical because the effects of interven-
tion would be more obvious, and a smaller sample volume
would be enough to differentiate them.

No significant improvements in clinical outcomes and oc-
currence of serious adverse events were observed in the in-
duced hypertension groups [45]. The trial was prematurely
terminated primarily due to slow recruitment and a lack of
effect on overall cerebral blood flow, as reported previously.
The slow recruitment resulted from difficulty in obtaining
consent and the low occurrence rate of delayed cerebral is-
chemia. The occurrence of delayed cerebral ischemia in pa-
tients included was 16.53%, which is much lower than the
30% that was previously reported, and also lower than the
25-30% reported in the protocol of this trial [60, 61]. Regard-
ing the lack of effect on overall cerebral blood flow, many
possible explanations have been discussed in the article. The
most likely explanations include: (1)the small sample vol-
ume is unable to discover the efficacy, (2)induced hyperten-
sion is actually not effective. The former explanation could
be resolved using a large sample trial in the future, but this
trial has proven that this would be difficult to attain. Howev-
er, it could be plausible with participation from more cen-
ters, or if the trial was conducted in regions with higher
SAH morbidity. The latter was indirectly supported by the
failure of clinical trials targeting cerebral vasospasm in re-
cent years. Mechanisms, such as BBB disruption, spreading
depolarization, and micro thrombosis, may play a more im-
portant role than cerebral vasospasm alone. A recent retro-
spective analysis reported a significant decrease in mean
transit time after induced hypertension [45]. An increased
mean transit time is a parameter sensitive to cerebral hemo-
dynamic, which takes into consideration the flow and vol-
ume of cerebral blood [62]. It was associated with the devel-
opment of delayed cerebral ischemia in a previous report
[63]. Future studies may consider using the mean transit
time as a parameter to better evaluate the effect of induced
hypertension. So far, there is still a lack of sound evidence
supporting the clinical application of induced hypertension
as a treatment for post-SAH delayed cerebral ischemia.

Nimodipine is an L-type Ca®* channel antagonist recom-
mended as a standard treatment for SAH. It is the only drug



The Updated Role of the Blood Brain Barrier

proven to improve the clinical outcome of patients with
SAH [64, 65]. The acute effects of nimodipine could de-
crease mean arterial blood pressure and reduce cerebral
blood flow, depending on the plasma concentration. Howev-
er, the cerebral spinal fluid concentration of nimodipine is
still lower than the optimal therapeutic demand [66]. The re-
duced nimodipine dosage because of hypotension is detri-
mental for SAH patients, which was associated with an unfa-
vorable clinical outcome in previous studies [59, 67]. Ven-
tricular drug administration might limit the effect of ni-
modipine within the brain, avoiding the fluctuation of pe-
ripheral blood pressure, while increasing the efficacy. A ran-
domized controlled trial with 72 SAH patients was carried
out in North America. This trial attempted to determine the
safety, tolerability, pharmacokinetics, and clinical effects of
nimodipine administered via intraventricular sustained-re-
lease [43]. The results showed that the maximum tolerated
dose of intraventricular nimodipine is 800mg. The relative
risk reduction of unfavorable outcome was also observed in
intraventricular nimodipine groups compared with enteral ni-
modipine groups. The results of the trial are exciting, and
once the feasibility and efficacy of this treatment are con-
firmed in future studies, the safety concerns regarding ni-
modipine-induced hypotension can be addressed. However,
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the results should not be over-interpreted without evaluating
the limitations. All patients included in the trial had an exter-
nal ventricular drain (EVD) inserted as a standard of care.
They can only represent a selected population of patients
with SAH. Additionally, the small sample size and non-
blind design limited the strength of the results. However,
large sample sizes and double-blind designs were applied in
the latest ongoing clinical trial of ventricular nimodipine
[68]. Future studies may also consider lumbar as the method
of drug administration, which is easier to apply in clinical
practice. This will also assist in expanding the population of
subjects. The main additional risk introduced by this treat-
ment is ventriculitis/meningitis. It occurred in 5 patients
(9%) treated with intraventricular nimodipine, but there
were no cases of this occurring in the enteral nimodipine
group. Although 4 of the 5 patients eventually had a favor-
able outcome, ventriculitis/meningitis is still a serious com-
plication that cannot be ignored. According to a previous re-
port, the EVD-related infection rate ranges from 5-20%.
However, this rate can be reduced to 1.4% if an EVD care
bundle, including routine daily CSF sampling, is implement-
ed and strictly observed [69, 70]. A strict and practical proto-
col for EVD is necessary to reduce the additional risk of ven-
tricular nimodipine.

astrocyte

AN

Fig. (1). Components of blood brain barrier: Cerebral microvascular endothelial cells connected by tight junctions form the internal layer
of the microvessel wall, which is embedded in the extracellular matrix, known as the basement membrane. Pericytes insert into the basement
membrane and encircle the internal layer of microvessel wall and part of the basement membrane. The end-feet from different astrocytes cov-
er the surface of pericytes, forming the outer layer of the microvessel wall. The functions of endothelial cells and astrocytes can be integrated
by the pericyte though polarization of the astrocytic end-feet. (4 higher resolution / colour version of this figure is available in the electronic

copy of the article).
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Fig. (2). The pathophysiological events occurred after SAH. Initial injury damages brain. Increased ICP and decreased CBF leads to glob-
al ischemia, which contributes to the cytotoxic brain edema. Cell apoptosis, resulting from ischemic damage, can be observed in the vascula-
ture, hippocampus, and blood brain barrier, and was the major cell death after SAH. Apoptosis of endothelial cells results in disruption of
blood-brain barrier, which contributes directly to vasogenic brain edema. Brain edema, including cytotoxic and vasogenic, aggressively in-
creases ICP. Apoptosis of endothelial cells reduces the secretion of vasodilation factors and exposes the vessel to vasoactive and toxic
metabolites, which aggravates vasospasm. Necrosis is not the primary route of cell death in SAH, but the necrosis of smooth muscle cells par-
tially contributes to vasospasm. Cortical spreading depolarization, microthrombosis, inflammation, brain edema, and vasospasm are thought
to be a part of delayed brain injury, and may develop to delayed infarction. SAH: subarachnoid hemorrhage; CBF: cerebral blood flow; ICP:
intracranial pressure. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

Cerebral vasospasm was implicated as the primary factor
for delayed cerebral ischemia. It could influence 70% of
SAH patients in the days after ictus and was thought to in-
duce cerebral ischemia by reducing cerebral blood flow
[71]. Though the mechanisms behind this pathophysiology
event are poorly understood now, vascular endothelial cells
and smooth muscle cells appear to play an important role in
cerebral vasospasm [72]. Endothelial cells can endogenously
secrete prostacyclin, which could alleviate vasospasm by va-
sodilating, and by improving delayed cerebral ischemia by
inhibiting leukocytic adhesion and platelet aggregation, as
well as enhancing membrane stabilization [73, 74]. The ef-
fects of prostacyclin on vasospasm and cerebral blood flow
have been observed in an in vitro experiment [75]. The re-
duction of vasospasm by prostacyclin has been observed in
5 SAH patients in a previous pilot trial [76]. However,
stronger evidence supporting prostacyclin as an effective
treatment is needed before clinical application. A pilot trial
was performed in Denmark with 90 SAH patients. The trial
aimed to explore the possible effects of continuous prostacy-
clin infusion on relevant factors related to delayed ischemic
neurological deficits [77]. The results revealed that no signif-
icant difference was observed among the three groups. The
outcome of the trial included global and regional changes in
cerebral blood flow, the incidence of delayed cerebral is-
chemia, and the clinical outcome 3 months after SAH. These

disappointing results might be attributable to the fact that the
intervention was initiated at day 5, which is too late com-
pared with other effective pharmacological treatments, such
as nimodipine. However, this time point might be appropri-
ate, according to the previous study on prostacyclin. Consid-
ering the pathophysiological changes occurred almost imme-
diately after SAH, initiating continuous infusion as early as
possible might maximize the possible efficacy of prostacy-
clin. However, no sound evidence was found to support that
there were any existing beneficial effects [78]. Currently,
there is no sound evidence supporting the clinical applica-
tion of prostacyclin after SAH. The necessity of further ex-
ploration on the efficacy of prostacyclin in SAH currently
warrants reconsideration.

Statins are a type of 3-hydroxy-3-methylglutaryl co-en-
zyme A (HMG-CoA) reductase inhibitor. It reportedly in-
creases cerebral blood flow by improving endothelial vaso-
motor function [79], blocks multiple aspects of inflamma-
tion by suppressing cytokine responses, and increases nitric
oxide bioavailability by upregulating endothelial nitride
oxide synthase [79, 80]. Experimental evidence suggests
that simvastatin treatment might reduce neurological deficits
after SAH [81]. Additionally, three pilot trials have shown
that simvastatin can reduce the occurrence of cerebral vasos-
pasm and delayed cerebral ischemia after SAH [82-84]. Re-
cently, a multicenter randomized controlled double-blinded
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clinical trial was carried out to verify the superiority of high--
dose simvastatin compared with low-dose simvastatin in
SAH. However, no differences between the 80 mg simvas-
tatin group and the 40mg simvastatin group were observed.
The outcome of the trial included the incidence of delayed
cerebral ischemia and found evidence of favorable outcomes
at 3 months [85]. The trial was designed without a placebo
control group, thus, the efficacy of simvastatin cannot be
confirmed by this single trial alone. According to the report
of this work, the reasoning behind this unusual design is that
there was a previous randomized controlled trial and that has
already compared efficacy between low-dose simvastatin
and placebo. In that previous trial, it was confirmed that
there was no difference in clinical outcomes at 6 months be-
tween the 40 mg simvastatin group and the placebo group
[86]. The two trials were combined in systematic reviews
aiming to summarize the clinical trials referring to simvas-
tatin treatment after SAH [87, 88]. In addition to these two
trials, other previously conducted trials were also included.
Conclusions of the reviews showed that the application of
simvastatin showed no benefit in clinical outcome and the
occurrence of delayed cerebral ischemia. Another trial target-
ing the effects of simvastatin on cerebral blood flow and stat-
ic autoregulation did not observe a significant difference be-
tween the simvastatin group and the placebo group [89]. A
propensity analysis included 102 SAH patients. This analy-
sis reports a significant decrease in the occurrence of cere-
bral vasospasm without improvement in clinical outcome af-
ter simvastatin treatment [90]. In this analysis, simvastatin
administration was initiated within 48 hours after SAH, and
the outcome was defined as the Montreal Cognitive Assess-
ment at 3 months after SAH. This timepoint of drug adminis-
tration differed from the latest clinical trials but was applied
in a previous pilot trial. In a meta-regression analysis, there
was weak evidence supporting a dose-dependent reduction
in cerebral vasospasm, delayed cerebral ischemia, and mor-
tality associated with the application of statin after SAH
[91]. Simvastatin application of 40mg or 80mg per day
within 96 hours after SAH was proven to be ineffective in
improving delayed cerebral ischemia and clinical outcome,
but the potential benefits of statin treatment cannot be dis-
missed. Future trials should consider initiating statin applica-
tion within 48 hours, and using higher doses of the drug, if
tolerable. Increasing the drug concentration in the cerebrospi-
nal fluid by ventricular drug delivery is also an interesting
way to more ecasily observe the statin’s effects. Until now,
no sound evidence existed to support the benefits found
from simvastatin application after SAH, and simvastatin
should not be considered routine therapy.

5. IMAGING ADVANCEMENT TARGET ON BBB
PERMEABILITY ALTERATION

After the ictus of SAH, several early pathophysiological
events can be commonly observed in BBB components,
such as the endothelium. Examples of these events include
raised intracranial pressure, decreased cerebral blood flow,
and global ischemia injury [92, 93]. Apoptosis can occur in
the endothelium accompanied by increasing BBB permeabil-
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ity, which can be alleviated by apelin-13 [94, 95]. Cerebral
vasospasm also partially contributed to the dysfunction of
cerebrovascular endothelium [96]. Considering that BBB
permeability increases before vasospasm, vasospasm could
be predicted by measuring an increase in BBB permeability.
In a retrospective analysis of 83 SAH patients who were sus-
picious of having vasospasms, CT perfusion and digital sub-
traction angiography (DSA) was completed within 24 hours
[97]. BBB permeability values, cerebral blood volume, and
cerebral blood flow derived from CT perfusion in the region
of interest were obtained. Patients were classified as “no va-
sospasm”, “mild”, “moderate”, and “severe” according to
severities of vasospasm in DSA. The results showed a trend
of higher BBB permeability values in patients with higher
severity of vasospasm, but this trend was not supported by
multivariate analysis. Multivariate analysis suggests that
mean transit time, cerebral blood volume, and severity of hy-
drocephalus are predictors of increasing BBB permeability.
An increase of mean transit time was associated with both
BBB permeability and vasospasm, which indicated that the
mean transit time was a viable measurement for the patho-
physiological changes of the endothelium. DSA data ob-
tained early in the disease course and retrospective design
may limit the value of this retrospective analysis. The con-
clusions of the analysis require more prospective studies
with a broader group of patients to confirm.

Current methods to assess patients with a high risk of de-
layed infarction due to delayed cerebral ischemia are limited
by low precision and stability [98]. After assessing delayed
cerebral ischemia using parameters derived from imaging da-
ta, CT perfusion was reportedly superior to non-contrast CT
and CT angiography [99, 100]. Additionally, CT perfusion
is increasingly applied in patients with SAH because of its
increased potency and the inconsequential, additional time
needed for an examination compared with non-contrast CT
and CT angiography [101]. However, there remains a lack
of studies that describe BBB permeability alterations in pa-
tients with delayed cerebral ischemia. The permeability sur-
face-area product (PS) is a parameter derived from CT perfu-
sion. PS can indirectly measure changes in BBB permeabili-
ty and has been quantified in acute ischemic stroke [102]. A
retrospective analysis of 23 SAH patients with delayed cere-
bral ischemia revealed that PS significantly increased before
the delayed infarction occurred [103]. CT perfusion was per-
formed on days 0-3 after aneurysm rupture, and at that time,
non-contrast CT revealed that no infarction was found in all
of the patients. Regions of interest were selected by choos-
ing the regions with a delayed infarction that could not be
seen until 48h after ictus in follow-up non-contrast CT, and
contralateral corresponding control regions were determined
at the same time. CT perfusion parameters were generated
from regions corresponding to the regions of interest and
control. The results of the analysis showed that PS increased
significantly in regions of interest compared to the control,
but no differences were observed in mean transit time and
cerebral blood flow. These results indicate that PS derived
from CT perfusion may be a potential predictor for delayed
cerebral ischemia-related delayed infarction and BBB perme-
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ability. Another retrospective analysis with 50 SAH patients
of a prospective cohort was carried out in the year 2015
[104]. The CT perfusion was performed within 72 hours af-
ter the ictus of SAH. The results of this analysis indicate that
significantly higher mean transit times can be observed in pa-
tients with delayed cerebral ischemia and in patients suffer-
ing cerebral infarction in the later course of the disease.
However, an interesting fact is that the regions measured
with the highest mean transit time were inconsistent with
eventual infarction regions confirmed by discharge MRI. Be-
sides, differences in mean transit time, early cerebral blood
flow, and PS between patients with good outcome(mRS<2)
and poor outcome (mRS>2) were not observed. Additional-
ly, whether delayed cerebral ischemia and cerebral infarc-
tion occurred or not, there were no observed differences in
cerebral blood flow and PS. These results did not support
the association between BBB permeability and delayed cere-
bral ischemia or poor outcome. A possible explanation may
be that the patients have a relatively good clinical condition
(average WENS score: 2). The chosen parameters may also
contribute to the absence of this association. Parameters,
such as mean transit time and cerebral blood flow, are high-
ly dependent on hemodynamic conditions, which would in-
fluence the reliability of determining when there are abnor-
mal changes in the blood flow. An early increase in BBB
permeability was associated with global cerebral edema and
delayed cerebral ischemia in recent studies. In these studies,
BBB permeability was indicated by other parameters de-
rived from CT perfusion, with the exception of mean transit
time and cerebral blood flow [103, 105]. The perfusion defic-
its in CT perfusion were strongly associated with the devel-
opment of delayed cerebral ischemia and poor clinical out-
come in previous studies [63, 106]. Therefore, other BBB
permeability parameters from CT perfusion may provide
some predictive information for clinical outcomes. A retro-
spective cross-sectional analysis revealed the possibility of
predicting the clinical outcome of SAH patients by extract-
ing four parameters from CT perfusion. These parameters all
indicate an increase in BBB permeability [107]. Twenty-two
SAH patients were included and classified according to the
clinical outcome assessed by permanent neurologic deficits
and modified Rankin scores. All patients received perfusion
CT on days 0-3 after ictus. Increased PS and Ve, and de-
creased K, were observed in patients with unfavorable clini-
cal outcomes. These changes in parameters all indicated an
increasing BBB permeability. This recent work showed the
potential of the BBB as a biomarker for the prognostication
of SAH patients.

Global cerebral edema is the result of brief global is-
chemia and intracranial circulatory arrest caused by increas-
ing ICP at the ictus of SAH [108, 109]. Global cerebral ede-
ma consists of cytotoxic and vasogenic edema [110]. Cyto-
toxic edema refers to intracellular water accumulation gener-
ated from dysfunction of cellular homeostasis caused by
brief ischemia. Moreover, vasogenic edema was attributed
to the disruption of BBB [94, 111]. Both BBB disruption
and global cerebral edema led to excessive glutamate, which
regulated tight junction degradation and cell contraction
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[112]. Global cerebral edema was reportedly an important
risk factor for cognitive dysfunction after SAH in previous
studies [113], but the method to diagnose global cerebral
edema is difficult under the circumstances of diffuse SAH
and increased ICP [114]. Measuring BBB permeability may
be another method to detect and monitor global cerebral ede-
ma. BBB permeability parameters were extracted from the
extended CT perfusion of 22 SAH patients and retrospective-
ly analyzed. The observed results indicate that BBB permea-
bility may be a central target in exploring the potential quan-
titative imaging biomarker for detecting global cerebral ede-
ma after SAH [105]. Patients with SAH were divided into
two groups, global cerebral edema and non-global cerebral
edema, according to the non-contrast CT. CT perfusion was
performed in days 0-3 after ictus. Six parameters (K, K",
Vp, F, Ve, PS) derived from CT perfusion were chosen to
quantitatively evaluate BBB permeability differences be-
tween the two groups. The differences of parameters (K.,
K™, Vp, F, Ve) indicate a significant increase in BBB
permeability and a reduction in cerebral blood flow in pa-
tients with global cerebral edema. Of the six chosen parame-
ters, K, represents the flow that traverses the blood vessel
wall from the extravascular extracellular space to the intra-
vascular space. This parameter is independent of cerebral
blood flow, which maintains stability in low blood flow con-
ditions that are commonly seen in patients with global cere-
bral edema. This method might enhance SAH management
and improve clinical outcomes.

In MRI, BBB disruption appears with abnormal brain tis-
sue, but there was no quantitative assessment based on MRI
for evaluating BBB disruption in patients with SAH [115].
The recent clinical tools for predicting delayed cerebral is-
chemia after SAH have unsatisfactory specificity and sensi-
tivity [116]. A retrospective study semi-automatically ana-
lyzed data from MRI of 124 SAH patients at 4 time points
(2448 h, 6-8 days, 12—-15 days, and 6—12months after ic-
tus) in the Co-Operative Studies of Brain Injury Depolariza-
tions (COSBID). This study revealed the potential of BBB
disruption as a predictor for poor clinical outcomes [115].
The results showed that the volume of BBB disruption in the
brain is significantly higher in patients with disease progres-
sion. BBB disruption can be detected within 24-48h after the
ictus of SAH and can be observed in both normal and abnor-
mal brain tissue. Except for those existing in normal brain
tissue, BBB disruption was most likely found in a 1 cm ring
around the abnormal lesion. The logistic regression model
combining BBB disruption with MRI-based data has a
greater predictive value compared to the model combining
clinical data with WFNS, eGOS, or RMS. The detection of
BBB disruption in MRI requires future prospective studies
to investigate because it could be an early biomarker for pre-
dicting clinical outcome.

Since dynamic contrast-enhanced MRI was developed
by Weinberg in the 1980s, it has made great contributions to
in-vivo studies of the microvasculature [117]. Dynamic con-
trast-enhanced MRI is capable of evaluating the changes in
BBB permeability by analyzing specific parameters and
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modeling options according to previous studies [118]. A
small sample prospective study was published recently, and
it enrolled 20 SAH patients who underwent a dynamic con-
trast-enhanced MRI on day 4 after SAH. The BBB permea-
bility parameters Ve, Vp, and K™ derived from dynamic
contrast-enhanced MRI were compared among different
groups that were categorized according to their clinical out-
comes (i.e., delayed cerebral ischemia, radiological vasos-
pasm only, and no vasospasm or ischemia) [119]. Regions
of interest of dynamic contrast-enhanced MRI were placed
in standardized representative vascular territories, and the pa-
rameters were derived from these regions. The results
showed that no significant differences in Ve or Vp were ob-
served among the three groups. The results of the intergroup
analysis showed significantly higher K™ in the delayed
cerebral ischemia group compared to the radiological vasos-
pasm-only group, the no vasospasm, or the ischemia group.
The receiver operating characteristic curve illustrated that pa-
tients prone to developing delayed cerebral ischemia could
be precisely distinct from patients with better outcomes by
these parameters.

Imaging advancements on BBB disruption in patients af-
ter SAH generally aimed to explore a novel method to pre-
dict clinical outcomes, delayed cerebral ischemia, and de-
layed infarction related to delayed cerebral ischemia in the
early disease course. These new methods were achieved by
measuring the parameter changes in BBB permeability. CT
perfusion and MRI appear to be the most popular detection
method. These endeavors currently remain in the early phas-
es of exploration. Therefore, the chosen parameters may
vary. It is reasonable to anticipate that new parameters will
be introduced within the next several years. Among the pa-
rameters in the current studies, K, seems to be a stable and

sensitive mark in CT perfusion. K™ is a reliable parameter
for dynamic contrast-enhanced MRI. The prediction model
combining the volume of BBB disruption derived from MRI
and clinical data has shown better predictive value than most
tools used. Applicating the volume of BBB disruption from
CT perfusion, and predict models combining the volume of
BBB disruption with stable parameters would be a promis-
ing way to develop practical clinical tools. These tools can
be used to predict disease progression and clinical outcomes
more precisely. Considering that the BBB plays an impor-
tant role in the neurovascular unit and serves as a link be-
tween early brain injury and delayed cerebral ischemia,
more efforts should be made to investigate the potential of
therapeutic interventions targeting BBB disruption.

CONCLUSION

Clinical trials have made recent progress through ventric-
ular administration of nimodipine, which was delivered
through EVD, and may address the concerns for hypoten-
sion in the current strategy. BBB disruption is an early patho-
physiological event between early brain injury and delayed
cerebral ischemia, and it warrants more attention to the great
potential depicted in the results of recent imaging studies, es-
pecially in regard to predicting delayed cerebral ischemia
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and clinical outcomes. Exploration of therapeutic interven-
tions targeting BBB disruption is also promising when con-
sidering the extended duration of BBB disruption in the dis-
ease course of SAH.
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