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Abstract

®

Check for
updates

Cortical spreading depolarizations (SD) are strongly associated with worse tissue injury and clinical outcomes in the setting of
aneurysmal subarachnoid hemorrhage (SAH). Animal studies have suggested a causal relationship, and new therapies to target
SDs are starting to be tested in clinical studies. A recent set of single-center randomized trials assessed the effect of the
phosphodiesterase inhibitor cilostazol in patients with SAH. Cilostazol led to improved functional outcomes and SD-related
metrics in treated patients through a putative mechanism of improved cerebral blood flow. Another promising therapeutic
approach includes attempts to block SDs with, for example, the NMDA receptor antagonist ketamine. SDs have emerged not
only as a therapeutic target but also as a potentially useful biomarker for brain injury following SAH. Additional clinical and
preclinical experimental work is greatly needed to assess the generalizability of existing therapeutic trials and to better delineate

the relationship between SDs, SAH, and functional outcome.

Keywords Cortical spreading depressions - Delayed cerebral ischemia - Vasospasm - Delayed ischemic neurological deficits and

stroke - Cerebral aneurysm

Introduction

Progressive brain injury and poor neurocognitive outcomes
following aneurysmal subarachnoid hemorrhage (SAH) re-
main important problems in survivors of the disease [1].
Determinants of these outcomes are ill-defined because of
the difficulty in characterizing the syndromes of early brain
injury [2] and delayed cerebral ischemia after SAH [3], but
likely involve a combination of large- and small-vessel
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vasospasm, microthrombotic events, and inflammation [4,
5]. Furthermore, clinical studies consistently show a strong
association between the phenomenon of spreading depolari-
zation (SD) and worse outcomes following SAH [6].

SD is characterized by a massive depolarization of all cell
types and spreads through the cortex by contiguity with sur-
rounding brain tissue [7]. SDs are implicated in multiple diseases
ranging from migraine aura to acute brain injury like SAH, in-
tracerebral hemorrhage, subdural hematoma, and brain trauma
and result in a very broad spectrum of clinical symptoms [8].
Therefore, SDs occur along a continuum from short-lasting
harmless to terminal deleterious events, all of which are observed
in patients with SAH [9]. In injured brain following SAH, they
can lead to vasoconstriction and secondary injury through mech-
anisms involving decreased blood flow, increased energy de-
mand, cytokine release, and blood—brain barrier breakdown.
SDs have also been implicated as a mechanism underlying cyto-
toxic, ionic, and vasogenic edema [10-13]. Emerging evidence
has implicated a role for SD in facilitating water influx from the
cerebrospinal compartment into the tissue along the glymphatic
pathway [14]. The network of factors involving SDs and further
injury following SAH presents potential opportunities for thera-
peutic intervention.

This review will focus on clinical-translational and exper-
imental lab-based evidence on the relationship between SDs
and SAH. An overview of approaches to animal modeling of
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SAH alone has been recently described elsewhere [4]. We will
take a bedside-to-bench-to-bedside approach in describing
clinical observations, animal studies, and finally therapeutic
targeting of SDs in patients with SAH.

Methods

We performed a search in PubMed encompassing dates up
until April 24, 2019, for studies investigating SD in relation
to SAH, with the following keywords (subarachnoid hemor-
rhage OR delayed ischemic neurological deficits OR delayed
cerebral ischemia) AND (spreading depolarization OR
spreading depolarizations OR spreading depression OR CSD
OR spreading depressions).

Any observational or experimental studies on spreading
depolarization were eligible if they reported on SD in relation
to SAH. Both human studies and in vivo or in vitro animal
studies were eligible. We excluded reviews and articles not
published in English. We further checked the bibliographies
of the captured articles for potential studies missed by the
database search. Finally, we allowed for additional articles to
be added during manuscript preparation and peer review.

Results

We identified 186 articles in PubMed. After screening the
titles and abstracts for eligibility, we retrieved 143 articles.
We then excluded articles that were reviews, those that were
not in English, and those that did not attempt to detect spread-
ing depolarizations. There were 40 articles included in the
initial search, with 3 additional articles from 2019 or appro-
priate for inclusion but missed on our initial search that were
added during manuscript preparation and peer review
[15—-17]. Otherwise, the studies were published between
1971 and 2018. We organized the studies into 3 groups: clin-
ical observational, animal, and clinical treatment studies.

Clinical Observational Studies
SDs Are Associated with Worse Outcomes in SAH Patients

Our search captured 20 papers in which SDs were detected in
patients with SAH (Table 1). The majority of the studies were
prospective and included patients implanted with subdural elec-
trodes, which remain the gold standard to detect SDs. A land-
mark study published in 2006 established the clinical association
between SD and high-grade SAH and found that 72% of exam-
ined patients had SDs [18]. The authors describe several cases in
detail and found a dose dependence between the duration of
subsequent depression of brain activity and the presence of de-
layed infarcts. A subsequent study looked specifically at the
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impact of SD clusters (please see Glossary for definitions)—as
opposed to a single SD in isolation—and found that prolonged
depression during SD clusters is associated with progressive
damage [19]. The effect of prolonged depressions on worse out-
come was confirmed in additional studies [21, 23], one of which
also found an association between SDs and the development of
late epilepsy [21]. Independent of post-SD depression duration,
investigators also determined that a longer duration of the SD
itself was associated with DCI [22].

Additional studies have examined the relationship between
SDs and DCI [20] and early brain injury (EBI) [17, 24]. A case
series found that SDs were associated with DCI independent
of angiographic vasospasm [20]. This study is distinguished
by addressing a key controversy in the SAH field (i.e., is
angiographic vasospasm necessary for DCI?), mitigated an-
giographic vasospasm as a confounder by treating all patients
with surgically implanted vasodilator pellets, and focused on
the interaction between SDs and DCI in the pathogenesis of
secondary injury after SAH. Another study characterized the
electrophysiological morphology of the SD and found an as-
sociation not just with development of DCI but also with early
brain injury following SAH [24]. These and prior studies
looked at temporal associations between SDs and worse out-
comes which suggest—but cannot prove—causal relation-
ships. Although causality is difficult to establish, at a mini-
mum association studies could be harnessed to develop poten-
tially helpful biomarkers. Therefore, a study which refined the
definition of SDs to include on the extreme continuum a neg-
ative ultraslow potential validated that this ultraslow potential
is the electrophysiological correlate of cortical infarction in
patients. The authors go on to make the argument that the
presence of SDs with the negative ultraslow potential could
be used as a biomarker for infarction. In other words, SDs and
their related phenomena could be a useful biomarker for neu-
rological worsening [25].

Potential SD-Mediated Causes of Injury

Several clinical studies have sought to determine SD-
mediated mechanisms for worse outcomes following SAH.
The primary mechanisms that have been implicated involve
blood flow, oxygen availability, and altered brain metabolism
after injury. The first of these studies determined the effect of
cerebral blood flow on outcomes [26]. The normal hemody-
namic response to an SD in humans without acute brain injury
is hyperemia; however, in the setting of acute brain injury such
as SAH, investigators have found that an inverse, decreased
blood flow response is also possible [26]. Such decreased
blood flow could serve as a mechanism for ischemia and
worse outcome following SAH [36]. For example, the study
on duration of SDs discussed above also found that the longer
the SD, the more likely it was that the SD would cause re-
duced blood flow and DCI [22]. A case report building on
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these findings used a continuous measure of cerebral autoreg-
ulation and found an association between impaired cerebro-
vascular regulation and increased duration of SD-related de-
pressions [31].

Another potential mechanism of injury following SDs in-
volves oxygen availability. In addition to decreasing blood
flow, SDs can simultaneously increase oxygen demand
through the energy required to reestablish ionic membrane
gradients. Decreased oxygen supply and increased demand
can have a marked effect on total oxygen availability [37]. A
study using implanted cerebral oxygen sensors found that
clusters of SDs can decrease oxygen availability in patients
who go on to develop DCI [27]. Furthermore, investigators
used near-infrared spectroscopy in a single case report and
found that clustered SDs were associated with more hypoxic
responses as compared to single SDs [30].

Finally, there is evidence that secondary injury following
SDs may be mediated by metabolic changes in, for example,
glucose and lactate levels. One study found significant chang-
es in glucose and lactate levels, but not glutamate levels [28].
Another study involving 1 patient with nontraumatic SAH and
using a novel continuous microdialysis method observed ele-
vations in glucose and lactate levels during a presumptive SD,
but did not assess for changes in glutamate [16]. Although
there has been consistent evidence supporting the role of lac-
tate changes, the evidence for the role of glucose metabolism
remains controversial [29].

Detection Methodology

The gold standard in the clinical detection of SDs is to use
direct current-coupled (DC) recordings from implanted sub-
dural electrodes [35]. How to identify and diagnose SDs, and
why SDs cannot be detected using certain amplifiers, have
been addressed in consensus statements of the Co-Operative
Studies on Brain Injury Depolarizations (COSBID) group
[38]. Because DC recordings require specialized amplifiers
that are not commonly available at most centers, 1 study ex-
amined the sensitivity of different intracranial electrocorticog-
raphy (ECoG) frequency bands and found that modulation of
the beta frequency might be predictive for the occurrence of an
SD [34]. However, it is undoubtedly better to employ the
correct DC amplifier or to disable the filter from AC/DC de-
vices dedicated to evaluate epilepsy to better detect SDs in
humans. Additional work will be needed to determine if beta
frequency analysis will prove to be helpful in the detection of
SDs.

The development of less invasive methods would also be
helpful in expanding the number of centers that could detect
SDs. When intracranial ECoG is recorded simultaneously
with scalp EEG, correlates between the 2 modalities have
been found [32]. However, it has not yet been possible to
detect SDs with good-enough reliability with scalp EEG alone

[35]. Given these persistent challenges with surface EEG
alone—without the benefit of intracranial recordings—
investigators have developed methods to detect SDs with the
use of an intraparenchymal depth electrode inserted through a
burr hole [33]. Although still invasive, a depth electrode is
arguably less invasive as it does not require a craniotomy
and can be placed alongside other clinical probes (e.g.,
fiberoptic ICP and oxygenation monitors) through the same
burr hole. A depth electrode also allows for SD monitoring
after coil embolization. However, some might argue that depth
electrodes are invasive in different ways as insertion requires
penetration of the brain and microtrauma. Furthermore, the
smaller cortical coverage offered by depth recording likely
makes it less sensitive for SDs as compared to the broader
coverage from subdural strip recording, as evidenced by a
study demonstrating that 43% of SDs were not detected on
all leads of a subdural strip [35].

Animal Studies Involving SDs and SAH

We found 20 papers on SD and SAH in animal models
of the disease (Table 2). There were multiple species
(e.g., cat, mouse, pig, and rat) and multiple different
SAH induction methods employed (e.g., blood injection
into various compartments and endovascular perforation).
The most common species used was rat, and the most
common induction model was a SAH-mimicking model
which is described in more detail below. The animal
studies can be roughly grouped by those that observe
SDs in SAH models, explore a mechanism of injury, or
test a therapeutic intervention.

Observation of SAH and SDs in Animals

The observational studies have established that SDs fol-
lowing SAH can be detected using electrocorticography
(ECoG) [24, 39], extracellular potassium recording [40],
MRI [41, 42, 44], and cerebral blood flow and NADH
imaging [43]. These studies also determined the sequelae
of SDs in the setting of SAH by infarct volume on histol-
ogy, activity of the Na*/K* ATPase, and mortality and
functional outcomes. Notably, experimental SDs have only
been observed in the acute phase. In a study designed to
assess delayed effects, no SDs were observed during an
observation period lasting 3 days [45].

Mechanistic Studies in Animals

There have been several studies performed in rats which have
explored potential SD-mediated mechanisms of injury follow-
ing SAH. These studies have implicated nitric oxide (NO),
extracellular potassium, neurovascular coupling, ischemia,
ATPase activity, and calcium signaling in the pathogenesis

@ Springer
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of injury. Experimental work has demonstrated that SDs can
play a causal role. SDs induced with topical potassium chlo-
ride worsen tissue injury in a rat endovascular puncture model
of SAH [52].

All of the remaining mechanistic knowledge comes from
rat studies from the Berlin group using a SAH-mimicking
model consisting of artificial CSF and purified hemoglobin
with various levels of potassium that is superperfused in a
closed cranial window preparation. An early study produced
conditions that caused cortical spreading ischemia in rats—as
an analogue to DCI after SAH in humans—by elevating ex-
tracellular potassium and decreasing NO availability [46].
This study also found that the spreading ischemia associated
with the SAH model could be transformed to a spreading
hyperemia with nimodipine. A follow-up study showed that
these spreading ischemia events can lead to necrosis [47].
Building on this work, the group found that a potent endoge-
nous vasoconstrictor, endothelin-1 (ET-1), potentiates NO-
mediated spreading ischemia through vasoconstriction and
also through an effect on the sodium—potassium ATPase
[48]. Furthermore, they found that elevated potassium—
which can be present in the setting of SAH—decreases the
efficacy of SD-inhibiting drugs such as NMDA receptor an-
tagonists [49]. In subsequent studies utilizing rat and human
tissue, endothelial NO production was implicated in determin-
ing thresholds for the presence of SD [50]. There was no
difference in blood flow responses between rat and human
brains [51]. Finally, the group found that spreading ischemia
in their SAH-mimicking rat model could be mediated by the
alphal/alpha2 Na/K-ATPase and elevated intracellular calci-
um stores in multiple cell types [53].

Therapeutic Studies in Animals

Several therapeutic interventions targeting SDs have been
tested in animal models, mostly focused on the mecha-
nisms discussed above. The Berlin group demonstrated
that spreading ischemia could be transformed to hyperemia
using drugs that cause vasodilation through NO-dependent
or NO-independent pathways [54]. They also showed that
volume expansion with IV fluids and nimodipine, a calci-
um channel blocker used clinically to prevent DCI, could
antagonize spreading ischemia through effects on the mi-
crocirculation [55]. In collaboration with other investiga-
tors in a clinical-translational paper, they found that the
phosphodiesterase-3 inhibitor cilostazol could decrease
the duration of spreading ischemia in their rat model of
SAH and SDs [57]. Finally, a different group targeted
SDs using valproate and found that valproate mitigated
injury from induced SD in an endovascular perforation
model of SAH [56]. The exact mechanism of valproate’s
effect was not clear as the number of SDs was not
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significantly altered. A therapeutic role for valproate re-
mains a question for future study.

Clinical Treatment Studies

Despite associations seen in observational clinical studies and
promising animal work, there have only been 2 prospective
trials to date that targeted SDs to prevent secondary brain
injury and improve outcomes in patients following
SAH (Table 3). The other studies assessing potential therapies
are retrospective. One of the retrospective studies measured
the frequency of SDs in patients with acute brain injury, in-
cluding SAH, and found that use of ketamine was associated
with fewer SDs as compared to other sedatives [58]. Another
retrospective study looked specifically at ketamine in patients
requiring a higher level of sedation and found that the onset of
ketamine infusion was associated with a decreased incidence
of subsequent SDs [15]. A third retrospective study looked at
home medications prior to hospital admission, determined if
they fell into SD-promoting or SD-inhibiting drug categories,
and found that SD-inhibiting drugs were associated with a
reduction in DCI but had no effect on measured functional
outcomes; however, this study could not determine the actual
incidence of SDs in their patients [59]. A small prospective
randomized multiple crossover study which included 8 pa-
tients with SAH found that ketamine inhibited SDs in critical-
ly ill intubated and nonintubated patients [60] but was not able
to assess effects on functional outcomes. Finally, a random-
ized trial of 50 SAH patients with subdural electrode monitor-
ing found that the phosphodiesterase-3 inhibitor cilostazol led
to a statistically significant decreased duration of SD-induced
spreading depression times per day (adjusted 5=—252, p=

0.04) and a trend for a lower rate of DCI (odds ratio 0.27, p =

0.08) [57]. Together with another randomized trial which
found that cilostazol had a statistically significant decrease
in poor functional outcome using a dichotomized Glascow
outcome scale [61], these results are consistent with the idea
that cilostazol improves functional outcome by mitigating the
detrimental effects from SDs.

Discussion

Secondary injury remains an important contributor to worse
functional outcomes following SAH. An association between
SDs and worse injury in the setting of SAH has been well
established, and therapies designed to target SDs have shown
some promise in small randomized trials. Furthermore, SDs
can cause worse tissue injury in animal models of SAH, and
basic translational studies have been essential in developing
novel therapies for SD-mediated injury after SAH.



Spreading Depolarizations and Subarachnoid Hemorrhage

505

Clinical treatment studies of SDs following SAH

Table 3

Major findings Ref

Outcomes assessed

Comparisons

N of SAH patients

Study design

[58] Hertle et al., 2012

Ketamine blocks SD

Spreading depolarization (SD) frequency

115 (total)

Retrospective

(including isoelectric SD and cluster SD)

DCI

31 (SAH/ICH)

1194

[59] Hamming et al., 2016

Chronic use of SD-inhibiting drugs tended

Retrospective

to reduce DCI but did not result in a better

Clinical outcome 3 months after onset

clinical outcome (This study did not conduct

subdural electrode recording)
Ketamine effectively inhibits SD over a wide

[60] Carlson et al., 2018

Occurrence of SD, duration of spreading

10 (total)

8 (SAH)

Prospective, randomized,

range of doses commonly used for sedation,

depression

multiple crossover trial

even in nonintubated patients
Cilostazol decreased duration of spreading

[57] Sugimoto et al., 2018

Onset of delayed cerebral ischemia (DCI),

Cilostazol group vs

50

Prospective, randomized

0.08)

depression. There was a trend (p

for reduced DCI

infarction, angiographic vasospasm,

control group

eGOS after 6 months, occurrence of

SD, duration of spreading depression

Ketamine vs nonketamine SD frequency

[15] Santos et al., 2019

Ketamine decreased the incidence

66

Retrospective

of SDs once started

groups

Clinical Studies

There is a strong association between spreading depolariza-
tions and tissue and functional outcome in patients with aneu-
rysmal SAH. Basic preclinical studies have provided enough
evidence of potential causality to attempt translation in thera-
peutic studies involving patients with SAH. One of the most
discussed therapies to target SDs has been the NMDA recep-
tor antagonist ketamine, which decreases the incidence of SDs
[62]. There is good retrospective evidence [15, 58] and limited
prospective data [60] suggesting that ketamine has an effect
on SD, but an adequately powered randomized trial assessing
functional outcomes has yet to be performed. Another therapy
that appears promising from rat studies is valproate [56]; how-
ever, there are no focused clinical studies that we could iden-
tify that reported the effect of valproate on clinical SD metrics
or patient outcomes following SAH.

Cilostazol is a very promising SD-modulating agent [57,
61]. It is worth noting that the proposed mechanism of
cilostazol is on a decrease in brain activity depression follow-
ing an SD, rather than on the blockage of SDs themselves. In
other words, cilostazol’s effect appears to mitigate the sequela
of SDs once they have already occurred, potentially through a
mechanism involving cerebral blood flow [57]. A potential
additional area of research is on the effect of cilostazol on
neurovascular coupling. Major caveats to the cilostazol stud-
ies are that they were performed at single, albeit independent,
centers. Furthermore, the studies were performed in Japan
where the ROCK inhibitor fasudil is used prophylactically to
prevent secondary injury, instead of the calcium channel in-
hibitor nimodipine which is used in most other countries. As
with any targeted therapy, there is always the possibility that
cilostazol is acting more directly on a factor that impacts out-
come independent of SDs, and that SDs are an epiphenome-
non. Given that patients improved with cilostazol and that a
SD metric, duration of depression per SD, was identified that
improved with treatment, SDs could—at a minimum—
represent an important biomarker for therapeutic response.
However, a major barrier to the use of SDs as a biomarker is
the need for specialized, invasive neuromonitoring and expe-
rienced teams to interpret the data [38]. Invasive detection
either has to be made easier for wider adoption or a reliable
noninvasive modality needs to be developed. Both solutions
are not trivial.

There are a few potential studies that could build on the
current progress made in the field. We would suggest that a
multicenter randomized trial of cilostazol following SAH
is warranted to validate the generalizability of the promis-
ing findings seen by the 2 independent Japanese studies.
Performance of such a trial could be done without the re-
quirement to detect SDs, because a benefit on functional
outcomes following cilostazol was seen without the need
to detect SDs. However, SDs could be assessed in a subset
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of centers already accustomed to the approach to better
stratify injury severity or to potentially determine which
patient populations would be most likely to benefit from
treatment.

Randomized trials focused on SD inhibition are also war-
ranted, especially because cilostazol does not inhibit SD itself.
The most promising clinically used SD-blocking agent is ke-
tamine [62]. Because good retrospective and pilot randomized
studies have already been performed, it would make sense to
proceed with a randomized trial of ketamine that is adequately
powered to determine long-term functional patient outcomes.
Finally, there is preclinical evidence of an effect of the anti-
convulsant valproate on injury markers following SAH, but
no clinical studies reporting positive or negative results.
Therefore, any study addressing the effect of valproate in the
SAH patient population would fill gaps in our current state of
knowledge.

Mechanistic Studies

Animal models that recapitulate SDs following SAH have
been critical in assessing potential mechanisms and therapies
for persistent injury following SAH. The animal studies to
date (“Results” and Table 2) comprise the foundational work
in the field. Much attention, in particular, has been spent ad-
dressing the role of potassium and NO after SDs and SAH.
Rat studies using artificial CSF perfusates have indicated that
potassium and NO both play a role in the incidence of SDs and
affect cerebral blood flow and the degree of tissue injury.
However, basic questions are still unanswered regarding, for
example, their CSF concentrations in other models of SAH
and in humans following SDs. It is worth mentioning that
ischemia itself causes a gradual increase of interstitial potas-
sium before it causes SD [63, 64]. Therefore, increased potas-
sium concentration in the subarachnoid clot may not be nec-
essary for SD and spreading ischemia after SAH. On the other
hand, there is evidence that potassium may be elevated in the
blood clot [65]. It is also worth noting that the synthesis of NO
is oxygen-dependent [66, 67]. This could contribute to the
lack of NO after SAH, in addition to many other factors [36,
68, 69]. Another general limitation to small animal models is
that the subarachnoid space is much smaller than that of
humans. Therefore, accumulation of erythrocyte products in
the subarachnoid space is less likely in small animals than in
humans.

There are other areas that require further study. Given the
promising clinical cilostazol studies, we believe that addition-
al preclinical studies—using complementary SAH models
like endovascular perforation or blood injection—would be
useful to better understand the potential causal role of SD on
the effect of cilostazol, particularly regarding its effect on
neurovascular coupling. It will also be important to further
study the effect of SDs themselves in animal models to further
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delineate where they fall in the causal pathway. For example,
the 1 study that showed that induced SDs cause worse tissue
outcome using an endovascular perforation model in rats had
to use an invasive SD-induction method requiring drilling of a
burr hole and topical application of high-concentration KCl to
the surface of the brain. Recently, investigators have devel-
oped an approach to induce SDs noninvasively in transgenic
optogenetic mice [70]. It would be interesting to see if SDs
cause additional brain injury and behavioral changes without
the confounds from invasive induction techniques.

Another important question that animal studies may be able
to address is why patients without frank brain injury following
their hospitalization go on to have longstanding cognitive def-
icits. Human imaging studies suggest an association between
measures of functional brain network connectivity and worse
cognitive outcomes in survivors of aneurysm rupture [71, 72].
However, it is not clear if the cognitive deficits are determined
by altered functional connectivity or if functional connectivity
is an epiphenomenon. Recently, investigators have described a
mouse model of subarachnoid hemorrhage in which resting
state functional connectivity and neurocognitive behavior can
be determined with relatively high throughput [73]. They found
that SAH leads to specific deficits in functional connectivity
and cognition, but did not assess the impact of SDs. SD not
only causes spreading depression of activity but also spreading
suppression of low-frequency vascular fluctuations—the signal
on which resting state functional connectivity is based—in
humans [26]. Therefore, there may be another interesting con-
nection between functional connectivity and SD research. In
future studies, it would be interesting to determine the effect
of induced delayed SDs on injury, behavior, and functional
connectivity in a mouse model of SAH.

The pitfalls of SAH animal models have been recently
described extensively elsewhere [4]. In general, every animal
model is limited because models necessarily require abstrac-
tion and deconstruction of the factors hypothesized to contrib-
ute to the pathophysiology of a disease. Dissecting individual
factors, such as SAH, SD occurrence, and different concentra-
tions of NO, potassium, and calcium in different tissue com-
partments, for example, enables the assessment of each factor
to the whole. However, the process is intrinsically artificial,
and, in any case, there are equally vexing problems with seem-
ingly perfect models. For our purposes, it would be useful to
have access to a model (which is nonexistent) with naturally
developing aneurysms, reliable rupture rates, controllable in-
jury severity, and the occurrence of spontaneous delayed SDs
and delayed infarcts. The issue with such perfect models is
that it becomes difficult to assess the contribution of the indi-
vidual components. For example, if delayed SDs occur spon-
taneously, then a blocker needs to be applied to infer its con-
tribution. However, any therapy can have potential off-target
effects. NMDA receptor antagonists such as ketamine or
MKS801 can be used to block SDs but are also known to have
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neuroprotective effects independent of SDs. The other major
problem with seemingly perfect models is that they are still
models and may not lead to translation to humans simply by
being of a different species.

Regardless, it is helpful to consider some of the advantages
and limitations of the specific animal models used for SD and
SAH studies. The SAH-mimicking model used by the Berlin
group enables a great deal of control of the extracellular milieu
and blood products. It is ideal for determining how specific
factors can contribute to spontaneous SD occurrence.
However, the model does not reproduce the elevated ICP seen
in other SAH models. The endovascular perforation model
causes elevated ICP analogous to that seen in patients, and it
might be thought of as more natural than other models because
an artery is being ruptured, as is the case in humans. However,
endovascular perforation frequently leads to an ischemic
stroke because of occlusion from the perforating filament.
Not only does this complicate the model in that endovascular
perforation really is a SAH plus acute ischemic stroke model,
but ischemia is itself a strong inducer of SDs. Therefore, it is
not possible to determine to what degree SDs are interacting
with ischemia versus with SAH. Furthermore, the filament
that is needed for perforation can also cause endothelial dam-
age and thrombus formation that may not be analogous to
what happens in patients. Also, the injury severity with perfo-
ration tends to be highly variable. There are blood injection
models targeting anterior or posterior CSF spaces that get
around some of these issues. The advantage to injection is that
the rate of ICP rise—particularly in anterior injection
models—and volume of blood can be well controlled, leading
to titratable and more reliable injury severity. The disadvan-
tage is that injection from a needle is undoubtedly artificial
and needle insertion by itself can cause injury.

The SAH model issue is further compounded by how SDs
are modeled. Should SDs develop spontaneously in a model
or should they be induced in some way, for example, from
potassium application, ischemia, or optogenetic stimulation?
SD animal studies have only resulted in SDs observed in the
acute phase, shortly after SAH was simulated. In all the animal
models in which SDs are observed, they are only observed in
the acute phase. The one study that looked for delayed SDs
did not observe spontaneous SDs, but did find that SAH in-
fluences the frequency of delayed ischemia-induced SDs in an
injection mouse model of SAH (Table 2) [45]. It is unknown
why this is the case. However, it appears that the only way to
currently determine the effect of delayed SDs in the lab is to
induce them exogenously. It is not clear if this is a weakness or
a strength. Does exogenous SD induction make the model
unnatural, or does it allow for the abstraction needed to deter-
mine the contribution of SDs to brain injury? There is perhaps
another promising experimental model system that has not yet
been fully assessed. In the elastase model of SAH, aneurysms
are induced with injection of elastase at the base of the brain

with spontaneous aneurysm rupture within 2 weeks [74]. This
could be a promising approach to complement existing SAH
plus SD models.

Finally, it is notable that there are a limited number of
active, independent groups studying the role of SDs in SAH
patients or model systems. This may be due to high barriers for
entry given the need for invasive electrophysiology or ad-
vanced imaging approaches to detect SDs. Barriers to enter
the field have been lowered recently with validations of more
convenient noninvasive SD detection modalities [75].
Furthermore, the Co-Operative Studies on Brain Injury
Depolarizations (COSBID) consortium has been extraordi-
narily welcoming to new concepts and research groups [76].
However, there remains a continued need for a greater diver-
sity of investigators and studies for the field to further advance.

Additional Limitations

This review is limited by its narrative nature, and there is a
possibility that some studies not registered in Pubmed were not
captured by our search. We had to exhibit some judgment in
choosing the studies to include. Therefore, this paper should
not be considered a comprehensive systematic review. Rather,
we sought to perform a focused review and commentary on the
current state of the field of SDs and SAH. We further narrowed
our focus to manuscripts which studied both SAH and SD,
although studies of SDs in other disease states could inform
the role of SDs in SAH. This could be a goal of future reviews.
Finally, many of the reviewed manuscripts include studies
with less than 25 subjects which indicates that additional, larg-
er studies are sorely needed for further progress in the field.

Conclusion

There is compelling evidence that SDs are associated with
worse physiological and functional outcomes in patients with
SAH. Ata minimum, this translates to SDs being a potentially
useful biomarker for injury severity. Clinical trials and preclin-
ical animal work continue to be urgently needed to determine
where SD lies in the causal pathway of further brain damage
following SAH and, most importantly, to develop therapies to
improve patient outcomes.
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Glossary: Modified from Dreier et al. [38]

Spreading Generic term for all waves of abrupt,
depolarization sustained near-complete breakdown of
(SD) the neuronal trans-membrane ion gra-

dients and mass depolarization that
propagate at ~ 1.5 to 9.5 mm/min in
gray matter of the brain.

SD cluster The current working definition of a
cluster is the occurrence of at least 3
SDs occurring within 3 or fewer
consecutive recording hours.

Negative DC shift A characteristic, abruptly developing
negative shift of the slow potential
recorded with a DC amplifier, often
followed by a longer-lasting positivity.
The negative DC shift is necessary and
sufficient for identification of SD, and
the duration of the negativity is a mea-
sure of the local metabolic and
excitotoxic burden imposed on tissue
by SD. In recordings with an AC am-
plifier with a lower-frequency limit of
0.01 Hz, the negative DC shift is
distorted but is observed as a multi-
phasic slow potential change (SPC)
that serves to identify SD.

Negative ultraslow A very long-lasting, shallow negativity

potential of the DC potential with superimposed
SDs. Experimentally associated with
incomplete recovery of the typical ion
changes after SDs and hence with
developing neuronal injury. NUP may
indicate that only a fraction of neurons
in the tissue have repolarized at the
recording site and that the remaining
fraction is persistently depolarized.

Spreading depression SD-induced reduction in amplitudes of

of activity spontaneous activity that runs between
adjacent electrodes.
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