@] Role of CT perfusion imaging in the
diagnosis and treatment of vasospasm

The current role of CT perfusion (CTP) imaging in the diagnosis and treatment of vasospasm in the setting
of aneurysmal subarachnoid hemorrhage is discussed in this article, with specific attention directed towards
defining the terminology of vasospasm and delayed cerebral ischemia. A commonly used CTP technique
in clinical practice is described. A review of the literature regarding the usefulness of CTP for the diagnosis
of vasospasm and its role in guiding treatment are discussed. Recent research advances in the utilization
of CTP and associated ongoing challenges are also presented.
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Aneurysmal subarachnoid hemorrhage (A-SAH)
is a potentially devastating condition, affecting
as many as 30,000 Americans each year [1].
According to a large multinational WHO
study, the age-adjusted annual incidence of
SAH varies by tenfold between different coun-
tries, from 2.0 cases per 100,000 individuals
in China to 22.5 per 100,000 in Finland [2].
Despite many advances in the diagnosis and
treatment of A-SAH, outcomes for patients
remain poor, with mortality rates as high as
50% and significant morbidity among many of
the survivors [1.3]. Major causes of morbidity and
mortality in the setting of A-SAH include the
development of vasospasm and delayed cerebral
ischemia (DCI), which can have the sequelae
of permanent neurologic deficit, infarction and
death 4]. In clinical practice, diagnosis is chal-
lenging because patients with cerebral vasospasm
or delayed cerebral ischemia may not necessarily
exhibit definitive clinical or radiological find-
ings. Despite these difficulties, it is critical that
the diagnosis be confirmed as early as possible,
since early diagnosis and treatment of vasospasm
or delayed cerebral ischemia reduces morbidity
and mortality in A-SAH patients [5]. Diagnosis
is usually made by clinical examination, tran-
scranial Doppler ultrasound (TCD) and digital
subtraction angiography (DSA). More recently,
CT angiography (CTA), magnetic resonance
angiography and perfusion techniques, such as
magnetic resonance perfusion (MRP) and CT
perfusion (CTP), have emerged as newer modal-
ities to assist in the diagnosis of vasospasm [6].
MRP may be performed using dynamic suscep-
tibility contrast-enhanced techniques or arterial
spin labeling techniques and has been shown to
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be useful for the early detection of ischemia in
the setting of vasospasm [7-9]. This review dis-
cusses the use of CTP to assist in the early diag-
nosis of vasospasm and DCI in order to prompt
immediate treatment.

Terminology & definitions

In recent years, the terminology of vasospasm
has been under review to more accurately define
the different aspects of this entity. The term ‘cer-
ebral vasospasm’ is commonly used to refer to
both the clinical findings of delayed onset of
neurologic deficits and the narrowing of cere-
bral vessels documented by imaging studies. The
caveat is that patients do not necessarily exhibit
both clinical and imaging findings of vasospasm,
and symptoms can be nonspecific. Thereby, sev-
eral terms have emerged to describe its various
features, such as symptomatic or clinical vaso-
spasm, angiographic vasospasm and DCI, and
infarction after A-SAH.

Recently, an expert opinion recommended
reserving the term vasospasm for patients with
arterial narrowing documented on imaging
studies [10]. Vasospasm on imaging studies is
seen as narrowing of the large- or medium-
sized intracranial arteries, affecting up to 70%
of A-SAH patients. DSA is the gold standard
for the diagnosis of vasospasm, although CTA
and magnetic resonance angiography can also be
used. Angiographic assessment of vasospasm is
both subjective and semiquantitative, relying on
the comparison of the size of the cerebral arteries
to an internal standard, such as the distal inter-
nal carotid artery or to a prior baseline study.
Severe vasospasm is defined as a greater than
50% reduction in the vessel diameter, moderate
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vasospasm as a 25-50% reduction and mild
vasospasm as a less than 25% reduction in the
vessel lumen.

Delayed cerebral ischemia is used to describe
patients who develop new focal neurological
impairment, which may include patients with
microvascular vasospasm not seen on DSA. DCI
is defined as the delayed onset of neurological
deterioration or the presence of cerebral infarc-
tion documented on imaging studies, which is
not explained by other causes [11]. DCI affects
approximately 20-30% of A-SAH patients, and
may manifest as alterations in consciousness or
clinical worsening, such as new motor neuro-
logic deficits or speech disturbance. Imaging is
performed to exclude other causes of neurologic
decline, such as aneurysm rebleeding, extra-
axial hematoma or hydrocephalus. Fever, meta-
bolic abnormality or systemic factors that may
contribute to neurologic change should also be
excluded. The absence of other factors to account
for deterioration of the patient’s neurologic status
usually prompts further evaluation with imaging
studies, such as TCD, CTA or DSA, to evalu-
ate for vasospasm. Frontera ez al. emphasize that
DCl is the most clinically relevant term because
of its strong association with poor clinical out-
come, cognitive impairment and reduced quality
of life [11].

It is important to note that the terms vasos-
pasm and DCl are related; neurologic deteriora-
tion or cerebral infarction in DCI not explained
by other causes are presumably the result of arte-
rial narrowing. Conversely, the presence of sig-
nificant vasospasm on imaging studies can result
in reduced blood flow and perfusion to a focal
region of the brain manifesting as a neurologic
deficit and/or infarction. Although several stud-
ies have shown that vasospasm documented at
imaging and DCI are not always concurrently
present in patients [4,12], these terms have been
used interchangeably, particularly in sedated
or comatose patients who cannot be evaluated
by clinical examination. In order to address
inconsistencies and prevent confusion in the
literature, an expert panel has reviewed this
terminology and provided the following recom-
mendations for research studies: DCI is defined
as cerebral infarction identified on CT or MRI,
after exclusion of procedure-related infarctions
and/or outcome measures of neurologic func-
tion showing alteration not attributed to other
causes. The term vasospasm is reserved for the
presence of arterial narrowing documented on
imaging studies [10]. These efforts are essential
to uniformly classify A-SAH patients in research
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studies and allow for the translation of research
discoveries into new clinical practice strategies
in order to ultimately prevent DCI and improve
patient outcomes.

Pathophysiology

The pathogenesis of cerebral vasospasm is com-
plex and not well understood. There is strong
evidence that cerebral vasospasm results from
prolonged smooth muscle contraction medi-
ated by the presence of subarachnoid blood. A
relationship between the volume of blood in the
subarachnoid space and the severity of vasospasm
seen at DSA has been demonstrated in a canine
model [13]. In support of this concept, Zhang
et al. found that the removal of blood clots in the
subarachnoid space reverses angiographic vaso-
spasm in an animal model using monkeys [14].
In addition, the amount of subarachnoid blood
seen on CT in patients with A-SAH correlated
with the severity of vasospasm [15]. Furthermore,
symptoms of vasospasm were attributed to brain
regions supplied by vessels that were initially sur-
rounded by a thick subarachnoid clot [15]. Risk
factors for patients developing vasospasm after
A-SAH include younger age (<68 years), cigarette
smoking, hypertension and cocaine use.

Other theories suggest that oxyhemoglobin
has a central role in the development of cerebral
vasospasm based on the premise that patients
with perimesencephalic hemorrhage from a
venous source have a significantly lower inci-
dence of vasospasm compared with patients
with A-SAH from an arterial source [16-19].
Furthermore, it has been shown that erythro-
cytes are a necessary component for vasospasm
to develop, and their most vasoactive substance is
oxyhemoglobin [17]. Oxyhemoglobin may have a
direct contractile effect on smooth muscle fibers
and may also mediate indirect effects through
mechanisms involving superoxide free radicals
and the release of vasoactive substances from the
arterial wall [16]. The production of superoxide
free radicals leads to the release of lipid peroxides,
which are capable of producing vasospasm [16].
Superoxide free radicals may also result in
reduced availability of nitric oxide, a potent arte-
rial vasodilator, resulting in smooth muscle con-
traction [20,21]. The formation of superoxide free
radicals is also associated with an alteration in
the balance between prostaglandin I, (a vasodi-
lator) and prostaglandin E, (a vasoconstrictor)
through calcium- and/or calmodulin-depend-
ent mechanisms [21]. In addition, the release of
the potent vasoconstricting factor endothelin-1
from the endothelium of the arterial wall may
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contribute to the development of vasospasm [19].
Prolonged cerebral vasospasm eventually leads
to intimal hyperplasia, media smooth muscle
cell proliferation, collagen deposition and sub-
endothelial fibrosis that may continue to com-
promise the vessel lumen [4]. In support of these
theories, treatments for vasospasm that target
these pathophysiological mechanisms have dem-
onstrated improvement in patients’ outcomes.
For example, simvastatin is capable of increasing
endothelial nitric oxide synthase activity and has
been shown to ameliorate vasospasm in mice [22].

In summary, a multifaceted and complex cas-
cade of events initiated after A-SAH ultimately
leads to vasospasm in many patients. The break-
down of blood products in the subarachnoid
space probably triggers the calcium-dependent
vasoconstriction of smooth muscle cells. This
process also involves lipid peroxides, superoxide
free radicals, endothelium-derived vasoconstric-
tors, nitric oxide and arachidonic acid metabo-
lites. Evidence also implicates disruption of the
neuronal mechanisms that regulate the vascular
tone of the vessels, and other factors that work
together to produce the clinical and radiological
entity of vasospasm [16].

CTP technique

CT perfusion is a functional imaging study of
the brain performed with cine scanning acqui-
sition during the rapid administration of a sin-
gle small bolus of intravenous contrast mate-
rial. Cine scanning is the repeated sequential
scanning through a limited region of brain tis-
sue performed during the passage of a contrast
material bolus through the cerebral vasculature
(Froures 1-4). After rapid contrast-agent injection,
there is a transient increase in the attenuation of
the brain parenchyma measured in Hounsfield
units, which is proportional to the amount of con-
trast material delivered. The change in attenua-
tion over the scanning period is represented as the
time—attenuation curve, depicting the rise and
fall in attenuation as the contrast material bolus
arrives and washes out. Time—attenuation curves
can be obtained for arterial, venous and parenchy-
mal regions of interest (Ficures 1-4). There are two
postprocessing methods that can be employed
to calculate the perfusion parameters of cerebral
blood flow (CBF), cerebral blood volume (CBV)
and mean transit time (MTT) from these data:
the deconvolution method and the maximum-
slope method. The differences in these methods
are based on their mathematical algorithms. The
most important practical difference between
these two methods is that the maximum-slope
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Figure 1. CT perfusion source images. CT perfusion was performed for the
evaluation of possible vasospasm in this 55-year-old female with ruptured left

middle cerebral artery aneurysm. The CT perfusion concept is illustrated. Multiple
sequential images are performed during the first pass of the contrast bolus through
a stationary slab of brain tissue demonstrating the baseline phase prior to arrival of
contrast, at wash-in phase of contrast arrival, at peak arterial enhancement and in

the wash-out phase of the contrast.

method requires a contrast-material injection
rate of 8 ml/s, while the deconvolution method
allows for injection rates as low as 3—4 ml/s.
Since the slower injection rate is more practical
for most patients, the deconvolution method is
more widely used in clinical practice. There are
conflicting reports regarding the potential vari-
ability in the qualitative and quantitative CTP
results based on these two methods. One recent
study showed that the deconvolution and max-
imum-slope methods yield comparable qualita-
tive and quantitative results, although a second
recent report concluded that CTP maps were sig-
nificantly different between software packages
using deconvolution and maximum-slope meth-
ods [23.24]. The deconvolution method utilizes an
ideal tissue time—attenuation curve, known as the
impulse residual function to calculate CBF, MTT
and CBV, which are also related by the central
volume principle: CBF = CBV/MTT. The accu-
racy of this method depends on the assumption of
an intact blood—brain barrier and no recirculation
of contrast material [25,26].
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Figure 2. Arterial input function and
venous output function. The arterial input
function may be chosen in the A2 segment of
the anterior cerebral artery (labeled 1) and the
venous output function in the posterior aspect
of the superior sagittal sinus (labeled 2).

At our institution, a multidetector row scanner
(Pro-16 or -64 scanners; GE Medical Systems,
Milwaukee, W1, USA) is used for CTP imaging.
Our CTP protocol includes an initial unenhanced
CT of the whole brain acquired at 5-mm collima-
tion. Immediately following, a 20-mm section is
prescribed with its inferior extent at the level of
the basal ganglia. The sections are angled to avoid
the orbits in order to minimize radiation exposure
to the lens. At this level, representations of the
anterior, middle and posterior cerebral artery ter-
ritories are included in the scanning field. A total

Figure 3. Time-density curves. Time—density
curves for the arterial input function (long
white arrow) and the venous output function
(short white arrow) are used to calculate the
perfusion maps.

Imaging Med. (2011) 3(3)

of 45 ml of nonionic iodinated contrast material
is power injected intravenously at a rate of 5 ml/s.
At 5 s after the contrast material injection, a 45-s
cine scan is acquired at one rotation per second,
80 kV, and 150 mA.

Postprocessing of the parametric maps is per-
formed on a GE Advantage Workstation using
CTP software version 3.0 or 4.0 (GE Medical
Systems), which employs a delay-insensitive
deconvolution technique and a singular-value
decomposition deconvolution algorithm. The
arterial input function (AIF) is typically chosen
in the A2 segment of the anterior cerebral artery
and the venous output function in the posterior
aspect of the superior sagittal sinus, in order to
maintain standardization in the postprocessing
technique (Ficures 1-4). The impulse residual func-
tion represents the ideal time—density curve that
would result from an instantaneous injection of
contrast material. Given that such an instantane-
ous injection is not possible in clinical practice,
deconvolution methods are used to determine the
impulse residual function, taking into account
the true injection rate, as determined by the AIF.
The perfusion values of CBV, CBF and MTT are
derived from the impulse residual function. The
venous output function allows for correction of
the arterial time—attenuation curve for the effects
of partial volume averaging [26]. It is important
to select the locations of the arterial input and
venous output functions, which yield the high-
est peak enhancement on the time—density curve
since higher peak enhancement values are asso-
ciated with a better signal-to-noise ratio on the
perfusion maps [27]. Small differences in the loca-
tion of the arterial input and venous output func-
tions within a given artery or vein can result in
variability in perfusion map quality, likely due to
volume averaging [27]. Although there is some con-
cern regarding the appropriate selection of the ATF
location, several studies have shown that there are
no significant variations in the quantitative CTP
parameters of patients with acute cerebral ischemia
when using different AIF locations [28-30]. Delay of
contrast material arrival and/or dispersion of con-
trast material have been shown to result in over-
estimation of ischemic territories in the setting of
acute infarction, but the use of a delay-insensitive
technique reduces the effect of selecting an AIF
location in a diseased vessel [30-32] .

CTP interpretation for vasospasm

& DCI

Recent studies have shown that there is an
association between angiographic vasospasm
and the presence of a perfusion deficit in the
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Figure 4. Perfusion maps. (A) Cerebral blood flow map depicts the volume of blood moving through a given volume of brain tissue

per unit time. (B) Cerebral blood volume map depicts the total volume of blood in the arteries, veins and capillaries. (C) Mean transit

time map depicts the average time of blood transit from the arterial inlet to the venous outlet.

corresponding territory. A-SAH patients with
greater than 50% angiographic narrowing of
a given vessel tend to have a perfusion deficit
with reduced CBF (Ficure 5) [4]. Dankbaar ez al.
demonstrated a correlation between the severity
of angiographic vasospasm and the degree of the
perfusion deficit. The vascular territory of the
most spastic vessel corresponded with the least
perfused region (33]. However, many patients
with cerebral ischemia or infarction in the set-
ting of A-SAH do not exhibit angiographic
vasospasm involving the large- or medium-sized
vessels (Fieure 6) [34]. A likely explanation is the
presence of vasospasm of the small arterioles.
The term microvascular vasospasm has been
used to describe patients with a perfusion defi-
cit that do not have evidence of angiographic
vasospasm involving the large- or medium-sized
intracranial arteries supplying the area of the
perfusion abnormality. Microvascular vaso-
spasm is best demonstrated in perfusion imag-
ing studies. Consequently, the introduction of
perfusion imaging, and CTP in particular, has
led to more emphasis on evaluating the cer-
ebral microcirculation at the capillary level in
A-SAH patients.

Both qualitative and quantitative data are pro-
vided by CTP for the interpretation of perfusion
abnormalities secondary to vasospasm and/or
DCI. Similar to Xenon-CT, PET and SPECT,
CTP evaluates the hemodynamic status of the
brain at the capillary level. Qualitative inter-
pretation of CTP maps relies on the compari-
son between the right and left hemispheres to
detect a focal region of abnormality. A perfusion
deficit is typically defined as a focal region of
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prolonged MTT or decreased CBE. The CBV in
this region may be increased, decreased or nor-
mal. CTP also provides quantitative data in the
form of CBF (ml/100 g/min), CBV (ml/100 g)
and MTT (s). CBF values, as measured by
CTP, have been validated by comparison with
Xenon-CT and PET. One study reported glo-
bal CBF values of 46 + 24 ml/100 g/min, and
gray matter values of 68 + 13 ml/100 g/min [35].
Another study reported that the normal range
of CBF in the cerebral cortex with vessels is
58 + 13 ml/100 g/min, in the cerebral cortex
without vessels is 44 + 7 ml/100 g/min, in deep
gray matter is 42 + 7 ml/100 g/min and in white
matter is 13 + 2 ml/100 g/min (36]. The authors
of this study acknowledge that these CTP values
are somewhat low compared with other reports,
a fact that they attribute to the age of the popula-
tion in their study, which was 67-80 years. The
normal range for CBV is 4.4 + 0.9 ml/100 g in
gray matter and 2.3 + 0.4 ml/100 g in white mat-
ter [37). The normal range of values for MTT is
less than 5 s [38,39].

Currently, there are no definitively estab-
lished quantitative threshold values for MTT,
CBF and CBV for the diagnosis of vasospasm
and DCI in A-SAH patients. In a recent study,
Dankbaar ez al. analyzed the threshold values of
the CTP parameters for the diagnosis of DCI
in A-SAH patients [40]. The investigators dem-
onstrated that prolonged MTT and decreased
CBF were the most useful metrics for diagnos-
ing DCI. Furthermore, an MTT threshold of
5.9 s or an MTT difference of greater than 1.1 s
between normal and abnormal regions were
shown to be the optimal diagnostic threshold
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Figure 5. A 66-year-old female with ruptured anterior communicating
artery aneurysm and acute subarachnoid hemorrhage. (A) Posterior-anterior
projection of the right internal carotid artery on post-hemorrhage day 1, at the time
of aneurysm coiling, shows normal caliber of the M1 segment of the right middle
cerebral artery and no evidence of vasospasm. The A1 segment of the right anterior
cerebral artery is hypoplastic (black arrow). (B) CT perfusion examination
performed on post-hemorrhage day 9, after the patient developed a left-sided
pronator drift. There is delayed mean transit time (bottom right image), decreased
cerebral blood flow (bottom left image) and preserved cerebral blood volume (top
right image) in the right middle cerebral artery territory, consistent with a perfusion
deficit (white arrows). (C) Emergent digital subtraction angiography performed just
after the CT perfusion examination shows significant vasospasm of the M1 and M2
segments of the right middle cerebral artery (black arrow). The patient was treated
with intra-arterial verapamil and experienced marked improvement, both clinically
and on post-verapamil angiography.
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values. The sensitivity and specificity were 70
and 77% for MTT, respectively. A CBF thresh-
old of 36.3 ml/100 g/min or a CBF ratio of
0.77 between abnormal and normal contralat-
eral hemisphere yielded sensitivity and specifi-
city values of 74 and 76%, and 63 and 63%,
respectively. Another study demonstrated that
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the combination of qualitative CTA findings
for arterial narrowing and an MTT threshold
of 6.4 s is the most accurate (93%) combination
of imaging findings for the diagnosis of vaso-
spasm [41]. In addition, MTT alone represented
the most sensitive parameter with a negative pre-
dictive value of 98.7% [41]. A recent meta-ana-
lysis comparing CTP with DSA in the diagnosis
of vasospasm found high diagnostic accuracy for
CTP, with 74.1% sensitivity, 93.0% specificity,
9.3 positive-likelihood ratio (LR*) and 0.2 neg-
ative-likelihood ratio (LR’). Receiver operat-
ing characteristic analysis yielded an AUC of
97 +3.0%, representing the diagnostic accuracy
of CTP. These results were considered prelimi-
nary findings derived from the current literature,
since there were few research studies that met the
meta-analysis inclusion criteria. Also, the studies
that were included varied significantly in their
methodological quality and reporting meth-
ods (42]. Other investigators have studied the
diagnostic performance of CTP by comparing
it with a clinical reference standard as opposed to
DSA. One such study using a clinical reference
standard for the diagnosis of vasospasm found
that qualitative CTP interpretation is superior to
routine noncontrast CT and CTA for vasospasm
diagnosis in A-SAH patients, with a sensitivity
and specificity of 84 and 79%, respectively [43].

Thresholds of CTP in the setting of acute
cerebral infarction may also be applicable to
A-SAH patients suspected of having vasospasm
and, therefore, knowledge of these thresholds is
also relevant. Reported optimal threshold values
for ischemic penumbra and core infarction vary
widely. This variability could be related to the
wide range of perfusion techniques and software,
the variation in statistical techniques used to ana-
lyze threshold values and the innate time depend-
ence of perfusion thresholds in the setting of acute
cerebral ischemia. One systematic review reported
CBF thresholds for the ischemic penumbra and
infarct core, as measured by MRP or PET, rang-
ing from 14.1 to 35.0 ml/100 g/min and 4.8 to
8.4 ml/100 g/min, respectively (44]. Another study
showed thata CBV value below 2.0 ml/100 g was
an accurate threshold for core infarction and that
ischemic penumbra can be determined by relative
MTT values greater than 145% of the normal
contralateral vascular territory [45]. Schaefer e al.
demonstrated that the CBF ratio between the
normal and abnormal tissue is the best param-
eter for distinguishing regions of core infarction
and ischemic penumbra [46]. In this study, areas
of brain parenchyma with a mean CBF of less
than 32% of the normal contralateral side were
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infarcted on follow-up CT or T,-weighted MRI,
whereas brain parenchyma with a CBF ratio greater
than 44% did not infarct on follow-up imaging,.
In addition, areas of brain parenchyma with a
CBV ratio less than 68% appeared infarcted on
follow-up imaging. In terms of absolute quantita-
tive values, a CBF of less than 12.7 m1/100 g/min
or a CBV of less than 2.2 ml/100 g resulted in
infarction on follow-up imaging [46]. These
results are consistent with other reports in the
literature indicating that cell death occurs when
the CBF drops below 10 m1/100 g/min, although
loss of neuronal function ensues at CBF values
below 20 ml/100 g/min [39]. CBV values less
than 2.0 ml/100 g can also be considered as
core infarction.

In summary, caution is emphasized when
using absolute quantitative CTP values for the
diagnosis of vasospasm and DCI in A-SAH
patients. Current expert opinion favors the use
of relative rather than absolute CTP values, given
the potential for variability in absolute quantifica-
tion of CTP parameters and the dependence of
these values on an appropriate but an often arbi-
trary venous output scaling factor [47). Dankbaar
et al. have demonstrated that relative threshold
values have better diagnostic properties than
absolute measurements since relative measure-
ments reduce the variability caused by the post-
processing steps [40.48]. Going forward, standardi-
zation and validation of CTP methodology and
postprocessing techniques are necessary for its
widespread implementation in A-SAH patients.

Figure 6. A 78-year-old male with a ruptured anterior communicating artery aneurysm. (A) Baseline CT perfusion on

Limitations of CTP imaging

The main practical limitations of using CTP
include placement of an 18-gauge intravenous
catheter, administration of iodinated con-
trast material and radiation exposure. Another
limitation of CTP is that it does not allow for
whole-brain coverage in a single scanning series,
although technological advances with volumetric
scanning techniques may overcome this disad-
vantage in clinical practice. Furthermore, beam
hardening artifact from adjacent bone limits
CTP evaluation of the posterior fossa.

Management decisions

Commonly used medical treatment options
for vasospasm include calcium channel block-
ade, usually with nimodipine, and hyper-
tension—hypervolemia—hemodilution therapy.
Interventional treatment options include selec-
tive and superselective infusion of vasodila-
tory substances, such as verapamil, as well as
balloon angioplasty. However, hypertension—
hypervolemia—hemodilution treatment risks
include cerebral edema, aneurysm rebleeding
and pulmonary edema, as well as potential car-
diac injury related to the use of pressor-type
medications, while interventional treatments
carry the main risks of stroke and groin com-
plications (49]. Therefore, the accurate diagnosis
of vasospasm is critical in order to avoid expos-
ing patients to unnecessary risks. CTP may be
most useful in cases where other diagnostic
tools, such as TCD and clinical examination,

post-hemorrhage day 4 was normal. (B) The patient developed symptoms of altered mental status on post-hemorrhage day 8, and a CT
perfusion was performed, which shows diffusely decreased cerebral blood flow (white arrowheads). (C) Digital subtraction angiography

was performed. Posterior—anterior projections of the cranium after right and left internal carotid artery injections show no significant

narrowing of the medium- or large-sized cerebral arteries. The constellation of these findings is consistent with microvascular vasospasm.
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are not definitive. This is often the case in many
patients with A-SAH who are intubated and/or
sedated, in whom only a limited clinical exam-
ination is possible. In addition, some A-SAH
patients may not have ideal or adequate sono-
graphic windows for reliable TCD examination.
By contrast, A-SAH patients with clear signs of
vasospasm may be better served by immediate
DSA, so as not to delay diagnosis and treat-
ment. In addition, A-SAH patients who develop
vasospasm may demonstrate early alterations in
cerebral perfusion detectable on baseline CTP
examinations performed within the first few
days post-hemorrhage (50]. The ability of CTP
to identify patients at high risk for developing
vasospasm has the potential to reduce morbidity
and mortality by prompting robust preventative
measures and early treatment.

Given that CTP provides information about
the cerebral microvascular circulation, CTP
may be best utilized in vasospasm diagnosis in
conjunction with CTA or conventional angiog-
raphy, enabling one to evaluate the entirety of
the cerebral vasculature, from the largest vessels
to the capillaries. In support of this combined
approach, one study using DSA as a reference
standard demonstrated that qualitative assess-
ment of vessel caliber on CTA combined with
CTP analysis having a corresponding MTT
threshold of 6.4 s represented the most accurate
(93%) combination of CTA and CTP for the

diagnosis of vasospasm [41].

Future perspective

The accurate assessment of the diagnostic
performance of CTP by comparing it with a
more appropriate reference standard represents
a key future goal in this research area. In the
recent special report by Vergouwen ez al., the
authors proposed using the presence or absence
of cerebral infarction on CT or MRI, as well as
functional outcome, as the two main outcome
measures in future studies aimed at investigat-
ing strategies to prevent DCI. The authors fur-
ther recommended that clinical deterioration
be used as a secondary measure of outcome,
and that angiographic findings be reserved to
discuss vasospasm. The presence of cerebral
infarction and the functional status of the
patient are of major importance in uniformly
classifying A-SAH patients in clinical trials.
However, it is also important to recognize the
value of clinical examination and imaging
findings, including DSA, in the prospective
clinical care of these patients, in order to pre-
vent DCl/vasospasm and improve functional
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outcomes in these patients. An alternative refer-
ence standard, which has been both published
and validated, recognizes the significance of
the above outcome measures by incorporating
them into a combined reference standard based
on a clinical practice approach using inten-
sive clinical monitoring and serial imaging
examinations. The strengths of this reference
standard include its applicability to the entire
A-SAH population, incorporation of the most
relevant outcome measures of cerebral ischemia
in the setting of A-SAH, thorough criteria to
exclude other potential causes and considera-
tion of response-to-treatment to determine
diagnosis [51.52]. Despite the strengths of using
this reference standard, there are no studies
published to date that assess the diagnostic
performance of CTP when compared with
such a reference standard. Such a study would
be expected to provide more robust results and
is an important area of future research efforts.

Conclusion

For those A-SAH patients who survive the ini-
tial hemorrhage, both vasospasm and delayed
cerebral ischemia may result in significant
morbidity and mortality. Currently, standard
diagnostic algorithms such as clinical exami-
nation, TCD and DSA do not always result in
timely or accurate diagnoses, and new modali-
ties are being examined for their potential to
offer a more accurate diagnostic performance.
The emerging technology of CTP imaging
provides quantitative and qualitative func-
tional cerebral perfusion information in the
form of CBF, CBV and MTT maps. Such
cerebral perfusion information has been rec-
ognized as a valuable tool for the diagnosis of
vasospasm and/or delayed cerebral ischemia.
Furthermore, CTP can be combined with
CTA in order to assess both anatomic ves-
sel narrowing (CTA) and cerebral perfusion
(CTP) during a single examination. CTP may
be most useful in cases where other diagnos-
tic tools, such as TCD and clinical examina-
tion, are not definitive, as patients with clearly
diagnosed vasospasm may be better served by
prompt treatment. Further studies are needed
to better determine the diagnostic accuracy of
CTP in the detection of vasospasm, and its role
in guiding management decisions and assess-
ing clinical outcome. The accurate assessment
of the diagnostic performance of CTP by
comparing it with a more appropriate refer-
ence standard represents a key future goal in
this research area.
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Executive summary

Introduction

= Aneurysmal subarachnoid hemorrhage (A-SAH) is a potentially devastating condition with a high morbidity and mortality rate.

= Vasospasm and delayed cerebral ischemia are major causes of both morbidity and mortality in aneurysmal subarachnoid hemorrhage
patients who survive the initial hemorrhage.

= Diagnosis of vasospasm and delayed cerebral ischemia is usually made by a combination of findings upon clinical examination as well as
from imaging studies. Early diagnosis is critical in order to reduce patient morbidity and mortality.

Terminology & definitions

= The terms ‘vasospasm’ and ‘delayed cerebral ischemia’ (DCI) are related, but should not be confused. An expert panel recently
recommended the following: DCl is defined as cerebral infarction identified on CT or MRI, after exclusion of procedure-related
infarctions and/or outcome measures of neurologic function showing alteration not attributed to other causes. The term vasospasm is
reserved for the presence of arterial narrowing documented on imaging studies.

Pathophysiology

= The pathophysiology of vasospasm is not completely understood, but there is a positive correlation between the volume of blood in
the subarachnoid space and the development of vasospasm via a complex cascade involving calcium-dependent vasoconstriction, lipid
peroxides, superoxide free radicals, endothelium-derived vasoconstrictors, nitric oxide and arachidonic acid metabolites.

= CT perfusion (CTP) technique: CTP is a functional imaging study of the brain performed with cine scanning acquisition during the rapid
administration of a single small bolus of intravenous contrast material and allows for calculation of the perfusion parameters of cerebral
blood flow, cerebral blood volume and mean transit time.

= CTP interpretation for vasospasm and DCl: CTP provides both qualitative and quantitative data for the interpretation of perfusion
abnormalities secondary to vasospasm and/or DCI. A perfusion deficit is typically defined as a focal region of prolonged mean transit
time or decreased cerebral blood flow, while the cerebral blood volume in this region may be increased, decreased or normal. Current
expert opinion favors the use of relative rather than absolute CTP values for the diagnosis of vasospasm and DCl in A-SAH patients, as
there are no definitively established quantitative threshold values.

Limitations of CTP imaging

= The main practical limitations of using CTP include placement of an 18-gauge intravenous catheter, administration of iodinated contrast
material, radiation exposure, the lack of whole-brain coverage in a single scanning series and limited evaluation of the posterior fossa.

= Management decisions: CTP may be most useful in cases where other diagnostic tools are not definitive. By contrast, A-SAH patients
with clear signs of vasospasm may be better served by immediate digital subtraction angiography, so as not to delay diagnosis
and treatment.

Future perspective

= The accurate assessment of the diagnostic performance of CTP by comparing it with a more appropriate reference standard represents a
key future goal in this research area.
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