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The Pathophysiology of Delayed Cerebral Ischemia
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Summary: Subarachnoid hemorrhage (SAH) affects 30,000 people in the
Unites States alone each year. Delayed cerebral ischemia occurs days after
subarachnoid hemorrhage and represents a potentially treatable cause of
morbidity for approximately one-third of those who survive the initial
hemorrhage. While vasospasm has been traditionally linked to the develop-
ment of cerebral ischemia several days after subarachnoid hemorrhage,
emerging evidence reveals that delayed cerebral ischemia is part of a much
more complicated post–subarachnoid hemorrhage syndrome. The develop-
ment of delayed cerebral ischemia involves early arteriolar vasospasm with
microthrombosis, perfusion mismatch and neurovascular uncoupling, spread-
ing depolarizations, and inflammatory responses that begin at the time of the
hemorrhage and evolve over time, culminating in cortical infarction. Large-
vessel vasospasm is likely a late contributor to ongoing injury, and effective
treatment for delayed cerebral ischemia will require improved detection of
critical early pathophysiologic changes as well as therapeutic options that
target multiple related pathways.
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Each year, approximately 30,000 individuals in the United States
develop subarachnoid hemorrhage (SAH) (Bederson et al., 2009;

Labovitz et al., 2006). The case fatality rate is 25% to 35% (Feigin et al.,
2009). Significant disability develops in one of every five survivors
(Nieuwkamp et al., 2009), and cognition 1-year after SAH is impaired
in more than 20% (Springer et al., 2009). Commonly cited risk factors
for morbidity and mortality include age, clinical severity, subarachnoid
clot burden, and aneurysm size. One of the most consistent treatable
predictors of poor outcome is delayed cerebral ischemia (DCI), defined
as the development of neurologic deterioration or radiographic evidence
of ischemic infarction days after the initial SAH (Frontera et al., 2009).
Although DCI is no longer clearly associated with death (Lantigua
et al., 2015), the presence of DCI plays a central role in the persistent
cognitive, social, emotional, and functional morbidity of survivors
(Connolly et al., 2012; Etminan et al., 2013; Rosengart et al., 2007;
Schmidt et al., 2008; Springer et al., 2009).

WHAT IS DCI?
The observation that patients with SAH develop neurologic

worsening in the days after their initial hemorrhage was first made
more than 150 years ago (MacDonald, 2016). Early on, autopsy
studies and observations from cerebral angiography suggested that

ischemic infarction and narrowed cerebral blood vessels developed
in the days and weeks following SAH. In the 1970s, the time-course
of both delayed neurologic deficits (Fisher et al., 1977) and cerebral
vasospasm (Weir et al., 1978) were detailed, with a common peak
incidence of both from approximately 3 to 12 days after SAH
(Fig. 1). The weight of these associations led to a rational assumption
of causation.

It has become increasingly clear over the past 15 years that
our understanding of what happens after SAH is incomplete.
Cerebral artery vasospasm affects between 50% and 67% of patients
with SAH; 30% of patients with SAH experience neurologic decline
or silent infarcts (Dorsch, 2011). Cerebral artery vasospasm appears
to correlate with the development of ischemia (Crowley et al., 2011);
yet more than half of patients with moderate to severe vasospasm
develop no infarction. When hypoperfusion and infarction do
develop, the pattern is often diffuse and cortical, and frequently in
regions unaffected by vasospasm (Dhar et al., 2012; Neil-Dwyer
et al., 1994; Rabinstein et al., 2005). Furthermore, recent large
clinical trials have demonstrated a lack of improvement in outcome
when vasospasm is targeted, leading to a shift in thinking about the
post-SAH syndrome (Etminan et al., 2013; Pluta et al., 2009).

In 2010, a consensus statement was created that outlined
standardized definitions (Table 1) (Vergouwen et al., 2010). The
concept of vasospasm, specifically a measurable change in the
caliber of the major intracranial blood vessels, was distinguished
from the concept of delayed neurologic deficits related to ischemia (a
diagnosis of exclusion) and cerebral infarction based on more direct
radiographic evidence. These latter two are often referred to jointly
as DCI (Frontera et al., 2009). The following review will broadly
cover our evolving understanding of the complex pathophysiology
that falls under the umbrella of DCI (Fig. 2).

CLINICAL RISK FACTORS
Before SAH occurs, predisposing risk factors exist that

increase the odds for DCI. Smoking is the strongest prehemorrhage
risk factor for the development of DCI, perhaps by creating
a preexisting inflammatory state (de Rooij et al., 2013). Genetics
also play a role: carriers of polymorphisms in the genes encoding
endothelial nitric oxide synthetase and hemoglobin-clearing hapto-
globin have been implicated as risk factors for the development of
both vasospasm and DCI. A variety of additional genetic poly-
morphisms may also play a role in the development of DCI (Ducruet
et al., 2010; Rosalind Lai and Du, 2015).

ICTAL INJURY
At the onset of SAH, blood pumps from the high-pressure

arterial vascular system into the relatively low-pressure, confined
subarachnoid spaces. Cerebral perfusion pressures and blood flow
drop precipitously, leading to an initial ischemic injury termed
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transient global ischemia (Bederson et al., 1995; Sehba et al., 2012).
This circulatory arrest of the brain manifests clinically as loss of
consciousness at ictus. The subarachnoid blood subsequently settles
within the basal cisterns and spills into the ventricles, where it
impedes cerebrospinal fluid (CSF) resorption and circulation. This,
combined with direct mass effect of the blood on midbrain and
cortical structures, secondarily elevates intracranial pressure, leading
to a reduction in cerebral blood flow. Cerebral edema may be seen in
8% of patients as a result of initial brain injury and is associated with
poor functional and cognitive outcome (Claassen et al., 2002).

As a result of these sudden changes in perfusion pressure,
a hypothalamus-mediated adrenergic surge occurs (Naredi et al.,
2000), which in some patients may be associated with lung injury,
termed neurogenic pulmonary edema (Friedman et al., 2003), cardiac
injury (Naidech, 2005), or contraction-band necrosis (Lee et al.,
2006), and/or a systemic inflammatory response (Tam et al., 2010).
These systemic injuries account for some of the approximately 12%
of patients who die immediately after SAH (Connolly et al., 2012).
For those who survive, systemic injuries may synergistically worsen
hypoperfusion and hypoxia-related brain injury.

ICTUS THROUGH DAY 4: EARLY BRAIN
INJURY PERIOD

Cerebral artery blood flow is restored immediately after
hemostasis of the aneurysmal defect. Despite this, a no-reflow
phenomenon occurs in which persistent arteriolar vasoconstriction

and subsequent capillary thrombosis occur in the minutes after SAH
(Bederson et al., 1995; Hill et al., 2015). Markers of brain ischemia
are increased along with concentrations of the excitatory neurotrans-
mitter glutamate (Rostami et al., 2014; Sarrafzadeh et al., 2002).
Brain tissue hypoxia occurs (Helbok et al., 2015), probably as
a result of inadequate distal perfusion. Damage-associated pathways
become activated commensurate with the duration of lost cerebral
blood flow at ictus (Iadecola and Anrather, 2011; Povlsen et al.,
2013). Cell death pathways are also activateddmitochondrial path-
ways and caspase-dependent and independent pathwaysd
culminating in neuronal, endothelial, and glial cell death with
resulting blood–brain barrier breakdown (Cahill et al., 2006).

Arteriopathy and Perfusion Mismatch
Cerebral blood flow is carefully regulated by the neuro-

vascular unit, which comprises neurons, astrocytes, and endothelial
cells, to achieve an appropriate balance between supply and demand
in a process termed neurovascular coupling (Attwell et al., 2010).
Vasomotor tone is mediated by contractile molecules such as
endothelin-1 (ET-1) and 20-hydroxyeicosatetraenoic acid, whereas
metabolism-dependent increases in blood flow depend on endothelial
nitric oxide (NO) and epoxyeicosatrienoic acid. Neurons are
stimulated and provide NO through neuronal NO synthetase.
Astrocytes are stimulated and provide epoxyeicosatrienoic acid,
prostaglandins, and K1. Endothelial NO synthetase is stimulated by
shear flow and provides feedback inhibition. When energy needs

FIG. 1. Example of subarachnoid hemorrhage (SAH) with delayed cerebral ischemia associated with cerebral vasospasm. A 49-
year-old woman with right middle cerebral artery aneurysmal SAH. Her clinical presentation included right hemiparesis (Hunt-
Hess 3) and she exhibited thick clot on head CT in the right Sylvian stem (modified Fisher 3). Line graph y-axis demonstrates mean
blood flow velocities measured by transcranial Doppler ultrasound (TCD). The x-axis represents days after SAH. Red arrows point
to time at which each image was obtained. A, Admission CT and preclipping angiogram are shown. Initial TCDs were elevated on
the left side, which corresponded to initial clinical symptoms (B) CT and angiogram on post-SAH day 7. New left hemiparesis
developed; on angiogram, proximal (black arrowheads) and distal (white arrowheads) were noted and intraarterial verapamil was
delivered. C, CT and angiogram on post-SAH day 10. Left hemiparesis persisted and a new left hemineglect developed. CT
demonstrated evolving subcortical infarction, largely involving the subcortical white matter. Of note, TCDs began to rise on day 3
after SAH, but right middle cerebral artery velocities remained ,120 cm/seconds until day 10 after SAH, when clinical symptoms
of delayed cerebral ischemia and radiographic evidence for infarction were already present. LACA, Left anterior cerebral artery;
LMCA, Left middle cerebral artery; RACA, Right anterior cerebral artery; RMCA, Right middle cerebral artery.
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have exceeded the supply, lactate potentiates prostaglandin E2 and
adenosine is formed, increasing local blood flow in response to
metabolic need.

Early after SAH, neurovascular coupling breaks down in
favor of patchy microvascular constriction. First, microvilli form
within the endothelium, denuding the surface of important molecules
such as endothelial NO synthetase, while ET-1 and adhesion
molecules such as Intercellular Adhesion Molecule 1 are upregulated
(MacDonald, 2013; Sehba et al., 2012). Neutrophils migrate as
a result of both these adhesion molecules and thrombin-mobilized P-
selectin (Vergouwen et al., 2008). Neutrophils release glutamate
(Collard, 2002), leading to cortical hyperexcitability and an increase
in neuronal demand. The subarachnoid clot breaks down releasing
free hemoglobin, which generates superoxide radicals, peroxidizes
lipid membranes, oxidizes bilirubin, and scavenges NO (Pluta et al.,
2009; Pyne-Geithman et al., 2013). The hemoglobin-induced
oxidative stress leads to frank necrosis of smooth muscle cells
within the arterioles, which become further infiltrated by inflamma-
tory cells as a result (Pluta et al., 2009; Wan et al., 2014).

This cascade leads to increased expression of ET-1 and 5-
hydroxytryptamine (serotonin) receptors in the distal arterioles, and
a change in the balance of prostaglandins toward vasoconstriction
(Budohoski et al., 2014; Pluta et al., 2009; Povlsen et al., 2013;
Østergaard et al., 2013). 20-Hydroxyeicosatetraenoic acid is found in
CSF at higher concentrations in those with DCI and poor outcome
(Donnelly et al., 2015). Epoxyeicosatrienoic acid in CSF are also
found in elevated levels, suggesting a complementary protective role
(Siler et al., 2015). Responses to adenosine and acetylcholine are
blunted (Sasaki and Kikkawa, 2013). a1 adrenoreceptors are
upregulated, creating a heightened contractile response to pure a

agonists such as phenylephrine (Kikkawa et al., 2010). Protein
kinase C and Rho kinase are activated, in part, by oxyhemoglobin,
leading to increased activity of the myosin light chain kinase, which
phosphorylates the myosin light chain, facilitating binding of myosin
to actin, contracting smooth muscle (Pluta et al., 2009). Tyrosine
kinase pathways also downregulate voltage-gated K1 channels on
arteriolar myocytes, facilitating increased Ca21 influx and smooth
muscle contraction. The expression of a distinct R-type Ca21

channel isoform on smooth muscle membranes after SAH further
increases their Ca21 conductance membranes and renders pharma-
ceutical Ca21 antagonism aimed at L-type channels less effective
(Pluta et al., 2009). Finally, the feedback loops that help restore
normal arteriolar tone become impaired by oxidative stress, creating
sustained vasoconstriction after SAH (Kikkawa et al., 2010; Sasaki
and Kikkawa, 2013). Hyperoxia may perpetuate this response,
because exposure to iatrogenically elevated PaO2 is associated with
three times the odds for DCI (Jeon et al., 2014).

Spasm in the microvasculature has been observed during the
early brain injury period in humans (Pennings et al., 2009; Sehba and
Friedrich, 2013; Uhl et al., 2003). In part related to activated
pericytes or arteriolar smooth muscle cells, capillary flow may also
demonstrate patchy changes described as “shunting” as a result of
the inability of erythrocytes to pass through the capillary bed
(Østergaard et al., 2013). Mild capillary shunting bypasses target
tissue, inhibiting the ability of the brain to increase its oxygen
extraction, and leading to an increase in cerebral blood, or
hyperemia. Eventually, oxygen extraction is maximized and cerebral
blood flow is reduced to maximize capillary transit time. After SAH,
both hypoperfusion and hypoxia occur as oxygen reserves within
dysfunctional capillary beds are exhausted (Østergaard et al., 2013).

TABLE 1. Definitions of DCI, Infarction, and Vasospasm

Term Definition Notes

DCI
Clinical deterioration caused by

delayed cerebral ischemia (sometimes
referred to as delayed ischemic
neurologic deficits)

New focal neurological impairment May include
� Hemiparesis
� Aphasia
� Apraxia
� Hemianopia
� Neglect
� Not present immediately after aneurysmal
occlusion

Decreased GCS $ 2 points lasting .1 hour;
alternatively some use an increase of $ 2 points
on the NIHSS or use a time duration of .6 hours

� Cannot be attributed to other cause based on
clinical assessment, laboratory studies, or radiologic
evaluation

Cerebral infarction Infarction on CT or MRI ,6 weeks after SAH or
proven at autopsy

� Not present on CT or MRI 24–48 hours after early
aneurysmal occlusion
� Cannot be attributed to surgical clipping,
endovascular treatment, ventricular catheter, or
evolving intraparenchymal hematoma

Vasospasm Focal or generalized narrowing of cerebral arteries
visualized on digital subtraction angiography,
contrast angiogram CT, or based on established
mean cerebral blood flow velocity measurement
thresholds obtained by transcranial Doppler
ultrasonography

� Should not be regarded as a clinical outcome
measure

Created from Frontera et al., 2009; Vergouwen et al., 2010. Adaptations are themselves works protected by copyright. So in order to publish this adaptation, authorization must be
obtained both from the owner of the copyright in the original work and from the owner of copyright in the translation or adaptation.

CT, computed tomography; MRI, magnetic resonance imaging; SAH, subarachnoid hemorrhage; GCS, Glasgow Coma Scale score; NIHSS, National Institutes of Health Stroke
Scale score.
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In PET studies, more than half of the regions with poor perfusion
occurred without evidence of large-vessel narrowing (Dhar et al.,
2012; Minhas et al., 2003). Magnetic resonance imaging studies
demonstrate cortical laminar infarction without evidence of signif-
icant angiographic vasospasm (Weidauer et al., 2007). Computed
tomography perfusion deficits are associated with an increase in the
odds of DCI by more than 20-fold (Mir et al., 2014). An underlying
perfusion mismatch occurs after SAH, compromising the normal
supply–demand relationship crucial for neuronal function and
survival.

Coagulopathy
Microthrombi begin to form soon after SAH, when platelet

aggregates are seen tracking through intraparenchymal microvessels
and within pial arterioles (Friedrich et al., 2010; Sabri et al., 2012;
Sehba et al., 2005). These platelet aggregates form during the early
brain injury cascade, as distal microvasculature is constricted and
flow is limited. At the same time, endothelial injury exposes
collagen, von Willebrand factor and thrombin, perpetuating platelet
activation and creating a procoagulable state (Sabri et al., 2012;
Vergouwen et al., 2008). Plasminogen activator inhibitor-1 is
elevated in CSF in those with DCI (Vergouwen et al., 2008),
suggesting that the balance between fibrinolysis and fibrin formation
is shifted toward clot formation. Platelet aggregates also release
thromboxanes, which are associated with vasoconstriction (Dorhout
Mees et al., 2007). The peak period for formation of microthrombi is
approximately 48 hours in parenchymal and pial vasculature
(Naraoka et al., 2014), and the number of microthrombi has been
shown to correlate with nearby apoptotic neurons (Sabri et al., 2012).

Inflammation and Breakdown of the Blood–
Brain Barrier

As a result of astrocyte apoptosis and injuries to the basal
lamina of the arterioles (MacDonald, 2013), matrix
metallopeptidase-9 is released and the blood–brain barrier becomes
permeable (Helbok et al., 2015; Maddahi et al., 2012; McGirt et al.,
2002; Sarrafzadeh et al., 2012). Although it is not clear that blood–
brain barrier breakdown during early brain injury is associated
specifically with DCI (Murphy et al., 2015), it serves a key role in
bringing inflammatory cells into the arterial walls and into the brain
(Budohoski et al., 2014) and peaks at approximately 48 hours after
SAH (Germano et al., 2000). Leukocytes secrete further ET-1 and
create oxygen free radicals in addition to triggering cytokine release
(Pradilla et al., 2010). Inflammatory pathways, such as the mitogen-
activated protein kinase pathway, lead to inflammatory cytokine
production, are activated within the first 24 hours, and remain
strongly activated for up to 3 days (Maddahi et al., 2012).
Inflammatory cytokines such as interleukin 6 (IL-6), IL-1b, MMP-
9, and tumor necrosis factor a show increased concentration during
the early brain injury period following SAH and have been
associated with the development of fever, vasospasm, and DCI or
poor outcome (Dumont et al., 2003; Lad et al., 2012). Tumor
necrosis factor a has been implicated in plasminogen activator
inhibitor-1 upregulation and in cell death pathways (Cahill et al.,
2006; Wan et al., 2014). Brain-derived IL-6 is elevated in the
extracellular fluid in poor-grade SAH patients with DCI compared
with those without DCI (Helbok et al., 2015; Sarrafzadeh et al.,
2010). A systemic inflammatory responsedfever, elevated white
blood cell count, tachycardia, or tachypneadis observed in 87% of
patients, mostly within the first 4 days, and the burden of this

FIG. 2. The pathophysiology of delayed cerebral ischemia. CBF, cerebral blood flow; CSD, cortical spreading depolarization;
CPP, cerebral perfusion pressure; ICP, intracranial pressure; SIADH, syndrome of inappropriate antidiuretic hormone; SIRS,
systemic inflammatory response syndrome. Printed with permission from Mayfield clinic.
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inflammatory response increases the odds for DCI (Dhar and
Diringer, 2008). The systemic inflammatory response also predicts
the patients who will go on to develop seizures during the delayed
injury period (Claassen et al., 2014).

Cortical Spreading Ischemia
The presence of hemoglobin, K1, and ET-1 may precipitate

cortical spreading depolarizations (SD). SDs are waves of near-
complete sustained neuronal depolarization, usually recorded as
a slow-potential change in DC or near-DC electroencephalogram,
and are associated with breakdown of ionic gradients across neuronal
membranes, shunting or “short circuiting” of membrane resistances,
and a subsequent loss of the postsynaptic potentials that generate
typical high-frequency electroencephalograph signals (Dreier, 2011).
SDs are seen frequently after SAH with a bimodal frequency
distribution, peaking first during the early brain injury period and
again during the delayed injury period (Bosche et al., 2010; Dreier
et al., 2009; For the COSBID Study Group et al., 2013). In the
largest series of patients, 84% (21/25) had SDs. 44% (11/25)
developed DCI, and there was no correlation with the degree of
vasospasm (Dreier et al., 2012). In another series, 77% (10/13)
patients had SDs of whom 5 had DCI temporally associated with
clusters of SDs (Woitzik et al., 2012).

Histologically, the loss of ionic gradients associated with SDs
leads to neuronal swelling as water and Na1 rush into depolarized cells
(Dreier, 2011), dendritic spines lose their shape, and there is activation
of MMP-9 and breakdown of the blood–brain barrier (Gursoy-Ozdemir
et al., 2004). Regeneration of ionic gradients, and thus restoration of
neuronal functioning, is a highly energy-dependent process, and
normally requires an exaggerated vasodilatory neurovascular response
(Dreier, 2011). However, after SAH, the neurovascular responses
become inverted, characterized by arteriolar vasoconstriction and loss
of crucial cerebral blood flow (For the COSBID Study Group et al.,
2013). This is likely a result of decreased NO (Dreier, 2011) and
perhaps the presence of unique, high-amplitude Ca21 signals from the
endoplasmic reticulum of astrocytic endfeet starting 2 to 4 days after
SAH (Pappas et al., 2015). SDs after SAH are thus converted to
spreading ischemic depolarizations, creating cerebral edema and
collateral ischemic cortical injury (Dreier et al., 2000, 2009).

DAYS 5 TO 10: DELAYED INJURY PERIOD
Oxidized hemoglobin is a major contributor to the patho-

physiology of DCI. Hemoglobin from lysis of the subarachnoid clot
slowly peaks between 7 and 10 days (MacDonald and Weir, 1991).
This may be in part due to the inability of the central nervous system
to clear clotted hematoma effectively, relying on systemic clearance
mechanisms, and leaving free hemoglobin to create collateral
damage (Galea et al., 2012) even days after SAH. Probably this
potentiates many of the pathophysiologic cascades that started
during the early brain injury period. For instance, the endogenous
NO inhibitor, asymmetric dimethylarginine, is released by erythro-
cyte breakdown and accumulates between days 3 and 5, peaking at
days 7 to 9. Elevated levels of asymmetric dimethylarginine double
the odds of poor long-term outcome (Li et al., 2014). Lipid
peroxidation peaks between days 6 and 8 (Asaeda et al., 2005).
Additional hemoglobin breakdown products, called bilirubin oxida-
tion products (BOXes), affect not only vessel caliber, but also
metabolic function and neuronal signaling (Pyne-Geithman et al.,
2013). These also peak between days 3 and 8, and are elevated in the
CSF in patients with DCI compared with those without (Pyne-

Geithman et al., 2005). As the physiologic alterations associated
with small vessel vasospasm continue, larger vessels may become
progressively affected entering the delayed injury period.

Microemboli have been associated with DCI. In up to 70% of
those with SAH, microemboli can be observed using transcranial
Doppler ultrasound (Romano et al., 2002); however, these observa-
tions are not tied to the parent vessel of the ruptured aneurysm or
a vessel experiencing vasospasm. Microthrombi are seen in autopsy
as well, although only half of patients had developed signs of DCI
during their hospital course (Stein et al., 2006). These microthrombi
followed a biphasic distribution, with those who died within 4 days
and those between 7 and 14 days having the highest burden. Injuries
during the early brain injury period, including microthrombi, may
lead to later thromboembolic disease because larger vessels become
involved: endothelial platelet-activating factor and von Willebrand
factor are elevated between days 5 and 9 in plasma, tissue factor is
increased between days 5 and 9 in CSF, and delayed elevations in
D-dimer are seen after day 11 in plasma in those with DCI (Boluijt
et al., 2015; Vergouwen et al., 2008).

Prolonged, dysregulated innate immunity may be responsible
for the ongoing inflammatory response associated with DCI (Proven-
cio, 2013). CSF concentrations of IL-1 receptor antagonist and tumor
necrosis factor a are increased between days 4 and 10 after SAH and
have been linked with worsened outcome (Mathiesen et al., 1997). In
the serum, IL-6 elevations persist through days 3 and 7 in those who
develop DCI, suggesting a lack of check against the initial inflamma-
tory response to early brain injury (McMahon et al., 2013), and
increasing the odds for poor outcome (Muroi et al., 2013). Systemic
oxygen consumption and a negative nitrate balance are observed in
conjunction with the ongoing inflammatory response, and have
a significant impact on outcome (Badjatia et al., 2011, 2015). Oxygen
consumption and high-sensitivity C-reactive protein increase in
parallel, peaking between days 4 and 7 and correlating with disease
severity and DCI (Badjatia et al., 2011). High-sensitivity C-reactive
protein and tumor necrosis factor receptor-1 concentrations are
independently associated with the development of seizures, which
occur in 11% at a median of approximately 8 days from SAH
(Claassen et al., 2014; Dreier et al., 2012). Both seizures and
inflammation independently impact outcome.

Normally, cerebral autoregulation functions to deliver consis-
tent blood flow at a range of input pressures (Budohoski et al., 2013).
As such, cerebral autoregulation is distinct from neurovascular
coupling. After brain injury, cerebral autoregulation may become
impaired as a result of progressively constricted (Lam et al., 2000) or
thrombosed arterioles (Vergouwen et al., 2008), which impede
alterations in tone in response to changes in blood pressure.
Autoregulatory failure occurs between 5 and 6 days after SAH
(Jaeger et al., 2006) and in a prospective study, 61% of those with
autoregulatory failure developed DCI compared with only 11% of
those with intact autoregulation (Budohoski et al., 2012). In
a follow-up study, the combination of autoregulatory failure and
large-vessel vasospasm predicted DCI, suggesting that interplay
between these two pathologies (Calviere et al., 2015) may create
major arterial ischemic events classically termed “symptomatic
vasospasm” seen in the minority of patients with DCI.

UNDERSTANDING PATHOPHYSIOLOGY THROUGH
THERAPEUTIC CLINICAL TRIALS

The underlying pathophysiology of DCI after SAH has been
targeted through a variety of therapeutic agents evaluated in the
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TABLE 2. Selected Clinical Trials and Meta-Analyses of Agents to Prevent DCI*

Treatment Type Target n Endpoint† Result Reference

Angioplasty Single-blind RCT Prevention large-vessel vasospasm 170 Poor outcome (GOS 1–3) P ¼ 0.54 Zwienenberg-Lee et al., 2008
Antiplatelets Meta-analysis Inhibit platelet aggregation, microthrombi 997 Poor outcome (death or

dependency)
0.79 (0.62–1.01) Dorhout Mees et al., 2007

368 DCI 6 cerebral infarction 0.79 (0.56–1.22)
Cilostazol Meta-analysis Phosphodiesterase-3 inhibitor and anti-platelet;

reduction in lipid peroxidation and inflammation
259 Poor outcome (mRS 3–6) 0.57 (0.37–0.88) Niu et al., 2014

340 DCI 0.47 (0.31–0.72)
259 Cerebral infarction 0.38 (0.22–0.67)
240 Vasospasm 0.48 (0.28–0.82)

Clazosentan Meta-analysis Prevents ET-1 from binding to ETA 1,976 Poor outcome (GOS-E; death,
UWS, severe disability)

0.87 (0.74–1.02) Guo et al., 2012

1,976 DCI 0.80 (0.67–0.95)
1,588 Vasospasm 0.62 (0.52–0.72)

Ebselen Double-blind RCT Lipid peroxidation inhibitor 286 GOS P ¼ 0.31 Saito et al., 1998
Edaravone Single-blind RCT Free radical scavenger 91 DCI P ¼ 0.12 Munakata et al., 2009
Erythropoietin Double-blind RCT Anti-inflammatory, enhance oxygen delivery;

increase NO production
80 Vasospasm P ¼ 0.24 Tseng et al., 2009

Fasudil Meta-analysis Rho-kinase inhibitor; inhibits smooth muscle
contraction and cytokines IL-6, tumor
necrosis factor a

552 Poor outcome (GOS 1–3) 0.68 (0.45–1.02) Liu et al., 2012

455 Cerebral infarction 0.50 (0.34–0.76)
416 Vasospasm 0.40 (0.24–0.67)

Fibrinolytics Meta-analysis Increase clearance of subarachnoid clot 445 mRS 4–6 0.54 (0.29–1.03) Kramer and Fletcher, 2011
DCI 0.51 (0.25–1.02)

IABP Single-blind RCT Increase cerebral perfusion 71 Poor outcome (GOS) P ¼ 0.55 Bulters et al., 2013
Lumbar drainage Single-blind RCT Enhance clearance of subarachnoid clot 210 DCI 1.7 (1.1–2.6) (control vs. study) Al-Tamimi et al., 2012
Magnesium Meta-analysis Reduce excitatory toxicity, enhance

vasodilatation
2,315 Good outcome

(GOS 4–5, mRS 0–3)
1.02 (0.97–1.07) Golan et al., 2013

1,095 DCI 0.73 (0.56–0.96)
572 Cerebral infarction 0.69 (0.46–1.05)
438 Vasospasm 0.86 (0.71–1.04)

Nicaraven Double-blind RCT Free radical scavenger 162 DCI P , 0.05 Asano et al., 1996
Nicardipine Double-blind RCT Calcium channel antagonist 906 Good outcome (GOS) P ¼ 0.46 Haley et al., 1993
Nimodipine Meta-analysis Calcium channel antagonist, enhance

fibrinolysis and restores neurovascular coupling
1,279 Poor outcome (death,

UWS, severe disability)
0.62 (0.48–0.80) Jian Liu et al., 2011

1,449 DCI 0.62 (0.50–0.78)
1,366 Cerebral infarction 0.52 (0.41–0.66)
363 Vasospasm 0.18 (0.02–1.73)

Pravastatin Double-blind RCT 3-hydroxy-3-methylglutaryl coenzyme A
reductase inhibitors increase thrombolysis,
inhibit platelets, decrease cytokines, increase
blood flow

803 Good outcome (mRS 0–2) 0.97 (0.75–1.25) Kirkpatrick et al., 2014

Tirilazad Meta-analysis 21-aminosteroid; antilipid peroxidation 3,769 Poor outcome (death,
UWS, or severe disability)

1.04 (0.90–1.21) Zhang et al., 2010

3794 DCI 0.80 (0.69–0.93)

Items in bold represent statistically significant results.
*Adapted and modified from Brathwaite and MacDonald, 2014; MacDonald, 2013. Adaptations are themselves works protected by copyright. So in order to publish this adaptation, authorization must be obtained both from the

owner of the copyright in the original work and from the owner of copyright in the translation or adaptation.
†For single RCTs, only the primary end-point is reported for the purposes of this table.
DCI, delayed cerebral ischemia; mRS, modified Rankin Scale score; GOS-E, Extended Glasgow Outcome Scale score; UWS, unresponsive wakefulness syndrome; RCT, randomized controlled trial.
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context of clinical trials and meta-analyses. Primary and secondary
endpoint definitions have varied widely across trials. Functional
outcome represents the highest bar, usually measured by the
Glasgow Outcome Scale or the modified Rankin Scale. Table 2
lists selected therapeutic agents and their impact on various
endpoints.

The narrowing of the large-caliber arteries has been targeted
mechanically and pharmacologically with no clear effect on the
outcome, despite a meta-analysis of endothelin-1 antagonist clazo-
sentan that found improvements in both vasospasm and DCI (Guo
et al., 2012). The rho-kinase inhibitor fasudil similarly worked to
reduce vasospasm and cerebral infarction in a meta-analysis, but did
not improve the outcome (Liu et al., 2012). Prophylactic angioplasty
reduced the need for therapeutic angioplasty in a single-blind
randomized controlled trial (RCT), but did not improve the outcome
(Zwienenberg-Lee et al., 2008). NO donors such as sodium nitrate
(Oldfield et al., 2013) and molsidomine (Ehlert et al., 2016) are being
explored to target distal arteriopathy and perfusion mismatch.

The subarachnoid clot has been targeted to reduce oxy-
hemoglobin and other breakdown products. A recent single-blind
RCT of lumbar drainage suggested an improvement in the primary
endpoint of DCI (Al-Tamimi et al., 2012); however, a meta-analysis of
intrathecal fibrinolytic therapy showed no improvement in outcome
(Kramer and Fletcher, 2011). Quantitative radiographic analyses
suggest that the amount of blood cleared alone does not differ in
those with or without DCI (Ko et al., 2015). Several antioxidants have
also been studied, most prominent being tirilazad, a 21-aminosteroid
that acts against lipid peroxidation. In meta-analysis, tirilazad reduced
DCI but had no impact on the outcome (Zhang et al., 2010).

Therapeutic agents with multiple mechanisms of action are
logically appealing. However, statins (HMG-CoA reductase inhib-
itors) and magnesium have been evaluated as a result of their
pleiotropic activity addressing several pathophysiologic aspects of
DCI. No impact on outcome was seen for either after large phase III
randomized and controlled trials (Golan et al., 2013; Kirkpatrick
et al., 2014). A meta-analysis of cilostazol demonstrated an
improvement in outcome along with DCI and cerebral infarction
(Niu et al., 2014). Cilostazol combines a phosphodiesterase inhibitor
effect on vasomotor tone with both antioxidant and antiplatelet
effects and may warrant further investigation.

The only class I, Level of Evidence grade A therapeutic agent
recommended by the American Heart Association/American Stroke
Association for prophylactic treatment after SAH is nimodipine,
a dihydropyridine L-type calcium channel blocker (Connolly et al.,
2012). A meta-analysis found a reduction in the odds for poor
outcome of more than one third when nimodipine was administered.
Other measures such as DCI and cerebral infarction were also
improved; yet, vasospasm was not clearly impacted (Jian Liu et al.,
2011). Nicardipine, a similar calcium channel antagonist, had no
effect on outcome in an underpowered clinical trial (Haley et al.,
1993), leading to the speculation that the pleiotropic effects of
nimodipine, specifically an enhancement of intravascular fibrinolysis
(Roos et al., 2001), might have played a role. A pivotal series of
trials of locally infused nimodipine microparticles are currently
being conducted (Clinicaltrials.gov identifier: NCT01893190).

CONCLUSION
The pathophysiology of DCI starts at ictus. The delayed

ischemia that develops reflects the culmination of a variety of
complex processes including arteriolar vasospasm, perfusion

mismatch with neurovascular uncoupling, microthrombus formation,
spreading depolarizations, and inflammatory responses that lead to
neuronal injury and eventually regions of cortical ischemia. The
large-vessel vasospasm traditionally associated with ischemia after
SAH remains a prominent, measurable symptom of the post-SAH
syndrome, but is only apparent in a minority of those that experience
DCI. It is likely that large-vessel vasospasm is a late contributor to an
ongoing injury pattern that starts much earlier. Future technology to
allow detection of these critical earlier pathophysiologic changes and
therapies that simultaneously target multiple pathways holds promise
to improve patient outcomes.
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