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Subarachnoid hemorrhage related to aneurysmal rupture (aSAH) carries significant morbidity and mortality, and its treatment is
focused on preventing secondary injury.Themost common—and devastating—complication is delayed cerebral ischemia resulting
from vasospasm. In this paper, the authors review the various surveillance technologies available to detect cerebral vasospasm in
the days following aSAH. First, evidence related to the most common modalities, including transcranial doppler ultrasonography
and computed tomography, are reviewed. Continuous electroencephalography and older instruments such as positron emission
tomography, xenon-enhanced CT, and single-photon emission computed tomography are also discussed. Invasive strategies
including brain tissue oxygen monitoring, microdialysis, thermal diffusion, and jugular bulb oximetry are examined. Lastly, near-
infrared spectroscopy, a recent addition to the field, is briefly reviewed. Each surveillance tool carries its own set of advantages and
limitations, and the concomitant use of multiple modalities serves to improve diagnostic sensitivity and specificity.

1. Introduction

Subarachnoid hemorrhage (SAH) resulting from a ruptured
intracranial aneurysm affects approximately 30,000 individ-
uals in USA each year [1]. While many of these patients die
before reaching a hospital, the majority are admitted to an
intensive care unit where their clinical status can be closely
monitored. The damage created by the initial insult of an
SAH is irreversible. Therefore, treatment of SAH patients is
focused on preventing secondary injury in an effort to min-
imize morbidity and mortality. The most devastating injury
is also among the most common: delayed cerebral ischemia
(DCI). Delayed cerebral ischemia affects approximately 30%
of all SAH patients and is correlated with a poor outcome
as measured by long-term disability and mortality [2, 3].
There have been inconsistencies in the literature regarding the
definition of DCI and its frequent precursor, vasospasm. As
not all DCI is preceded by vasospasm, this has led to recent
efforts to standardize terminology. In general, vasospasm is
the result of vasoconstriction or vascular endothelial swelling
resulting in a narrowing of the intracranial arteries [4].
On the other hand, DCI is characterized by a new focal
neurological deficit, a decrease in the level of consciousness,
or radiographic evidence of new infarct [5]. Vasospasm is

a radiographic diagnosis that does not necessarily correlate
with functional outcome whereas DCI is directly related
to morbidity and mortality but may occur in the presence
or absence of vasospasm [6]. The diagnosis of vasospasm
carries significant importance, as therapy to counteract its
deleterious effects can be instituted to protect patients from
DCI.

An ideal surveillance method would provide early recog-
nition of vasospasm and allow opportunity to initiate proper
therapy prior to the development of symptoms. It would also
demonstrate a high positive predictive value so as not to
unnecessarily expose patients to the risks of triple-H ther-
apy (hemodilution, hypertension, and hypervolemia), which
carries its own inherent risks. This is especially important in
patients with particularly severe SAH in whom clinical dete-
rioration ismore difficult to detect on the basis of a neurologic
exam. This paper will explore the current armamentarium
designed for detection of vasospasm recognizing that early
intervention decreases the risk of DCI and improves overall
survival [7, 8]. Below, the authors reviewmultiplemonitoring
techniques including transcranial Doppler ultrasonography
(TCD), various CT modalities, digital subtraction angiog-
raphy (DSA), brain tissue oxygenation monitoring (BTO),
microdialysis, thermal diffusion monitoring, jugular bulb
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oximetry, and near infrared spectroscopy (NIRS) and com-
pare their relative sensitivity and specificity as they apply to
the clinical setting.

2. Surveillance Instruments

2.1. Transcranial Doppler Ultrasonography. A diagnostic
instrument that provides immediate bedside clinical infor-
mation in a noninvasive fashion is of obvious utility in SAH
patients whose clinical condition is already tenuous. The
transcranial Doppler ultrasound (TCD) is a portable and
efficient tool for determining cerebral blood flow and has
become the most widely used technique for evaluating cere-
bral vasospasm in the neurocritical care unit [9]. In a meta-
analysis by Lysakowski et al. [10], TCD reliably predicted
proximalmiddle cerebral artery (MCA) spasm in 97%of SAH
patients. Though specificity was an encouraging 99%, the
sensitivity of TCD was found to be 67%. TCD is limited in its
ability to obtain consistent measurements in centrally located
skull base arteries and several studies have revealed relatively
poor sensitivity and specificity in evaluating the anterior
cerebral artery and posterior cerebral territories [11, 12].
Despite these shortcomings, clinicians have combined several
different TCD-derived calculations to improve diagnostic
sensitivity. Gonzalez et al. [13] combined the Lindegaard ratio
(middle cerebral artery flow velocity/internal carotid artery
flow velocity) and spasm index (TCD velocity/hemispheric
cerebral blood flow (CBF)) in a retrospective mathematical
model, which increased the sensitivity to 85%, compared to
69–76% for measurements analyzed in isolation. A separate
study found that the sensitivity could be increased to 77% by
using the ratio of ipsilateral to contralateralMCAmean blood
flowvolume (mBFV) [14]. Despite its shortfalls, TCD remains
themost easily accessible andwidely used screeningmodality
available today. When used appropriately, TCD remains a
useful screening tool for vasospasm, though providers must
exercise caution when using its results to rule out patients
with vasospasm.

2.2. Computed Tomography. DSA remains the gold standard
for diagnosis of cerebral vasospasm and has the added
benefit of therapeutic capability. However, DSA is among the
most invasive modalities available for vasospasm diagnosis,
and leaves much to be desired in the hunt for a low-
risk, efficient, and rapid surveillance tool. CT angiography
(CTA) has been validated as a first-line tool to recognize
and diagnose vasospasm for several years; however, more
recently the development of CT perfusion (CTP) scans
has been proven to have more diagnostic utility [15]. The
appearance of vasospasm on CTA is highly reproducible;
however, the quality of images depends on the technique
of dye administration and the limitation of motion artifact.
Additionally, CTA tends to overestimate the size of larger
blood vessels, thereby creating a more severe appearance of
vasospasm than is actually present [12]. This can potentially
lead to detrimental effects if patients are inappropriately
subjected to triple-H therapy. Additionally, it is important to
recall that angiographic vasospasm is not directly correlated

with DCI and may occur in isolation without any adverse
clinical effects. Therefore it remains important to identify
patients in whom DCI and vasospasm are simultaneously
present, indicating they could benefit from triple-H therapy.

Recent advances in CTP imaging have produced promis-
ing results. Retrospective analysis of radiographs obtained
6–8 days after hemorrhage reveals similar sensitivity (80%
and 73%), specificity (67% and 75%), and positive predictive
value (90% and 92%) for CTP and DSA, respectively [16].
These results have been validated in a prospective trial in
which analysis of CBF and mean transit time (MTT) on CTP
were 93% and 88% accurate, respectively, in diagnosing DCI
[17]. Additionally, a meta-analysis found similar sensitivity
and specificity when comparingCTA andCTP [18]. However,
it has also been noted that the accuracy of both CTA
and DSA decreases when evaluating smaller caliber vessels.
CTP, therefore, may play a critical complimentary role in
evaluating distal vasculature. Additionally, a decrease in CBF
and prolongation of MTT on baseline CTP performed as a
baseline within 3 days following SAH have been found to
be >90% specific for the development of vasospasm [19].
Similarly, early results suggest that CTP may be a reliable
predictor of DCI. In a recent study involving 96 patients
with SAH, CTP predicted DCI with 81% sensitivity and 83%
specificity [20]. Further prospective studies are needed, but
this is a promising, relatively new technique to identify and
potentially treat the subset of patients at highest risk for
vasospasm early in their hospital course.

2.3. Other Imaging Techniques to Evaluate Cerebral Perfu-
sion. While CTP is perhaps the most commonly employed
modality, several other methods are quickly gaining rap-
port among cerebrovascular surgeons for prediction of
vasospasm. Perfusion-weightedmagnetic resonance imaging
(MRI) has been demonstrated to reveal small regions of early
ischemic injury, indicating territories suffering vasospasm
[21]. Decreases in relative cerebral blood volume (CBV) and
mean transit time on diffusion-weighted MRI assist in the
selection of patients who benefit from triple-H therapy [22].

Several older modalities, including positron emission
tomography (PET), xenon-enhanced CT (Xe-CT), and
single-photon emission computed tomography (SPECT) are
available for evaluation of brain tissue distal to vessels
undergoing vasospasm [23]. PET provides physiologic data
by demonstrating the brain’s effort to maintain an adequate
cerebral metabolic rate in the setting of SAH [24]. Evidence
established by PET shows increase oxygen extraction and
increased blood volume, seemingly related to microarterial
dilatation in the days following aneurysm rupture [25].
SPECT utilizes a glial and neuronal-metabolized radioiso-
tope to detect areas of relatively high tissue oxygen demand
[26]. Importantly, the SPECT technique is not a quantitative
measure, but rather one that relies on the relative differ-
ences in cerebral blood flow between two or more regions
[27]. Thus, diffuse or bihemispheric hypoperfusion could
be misinterpreted as a normal perfusion study, as analyzed
by SPECT [28]. Furthermore, while regions of hypoper-
fusion correlate well with ischemic deficits, the resource-
burden and low resolution relative to other technologies limit
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its widespread and routine use [29]. Another surveillance
modality relying on CT technology, Xenon-enhanced CT,
may not only identify ischemic tissue, but also has been
shown to confirm areas salvaged by medical or endovascular
intervention [30]. Upon its introduction, the primary advan-
tage of Xe-CT relative to its contemporary counterparts was
the ability to detect very early flow derangements (within two
hours or less) [31]. Today, the widespread availability of and
familiarity with CTP has rendered Xe-CT largely obsolete.

2.4. Continuous Electroencephalogram. Continuous EEG
(cEEG) monitoring is an attractive surveillance method
owing to its sensitivity in detecting cerebral ischemia and the
fact that it is currently the only widely available continuous
monitor other than the physical exam. Additionally, patients
with SAH have a 19% risk of developing seizures [32].
Continuous EEG has the added benefit of diagnosing
subclinical seizures in patients whose neurologic exam
cannot reliably distinguish seizure activity from ischemia-
related global cerebral insult.

Many EEG parameters have been employed to detect
ischemia. One prospective study of relative alpha wave
activity demonstrated that a decrease in such activity detected
cerebral vasospasm with 100% sensitivity in an average of
2.9 days earlier than TCD or angiography [33]. It was
not, however, able to differentiate decreased activity due to
vasospasm from that due to increased intracranial pressure
yielding a specificity of only 50%. Therefore, EEG may
represent a reliable screening tool, but its initial findings
must be validated by additional measures. In the absence of
confirmation of vasospasm via TCD or CTA, the low positive
predictive value leads to a therapeutic dilemma in the case
where one must decide if the elevation is an early precursor
to vasospasm that should be proactively treated or a false
positive. Utilizing quantitative analysis with cEEG allows dif-
ferentiation of vasospasm from seizure activity with variable
reliability, but generally earlier than imaging modalities such
as CT or MRI [32]. However, The labor intensive process of
applying electrodes whichmust be removed and reapplied for
CT orMRI and the difficulty of analyzing the data in real time
without an electroencephalographer at all times have limited
the widespread use of this technique. Nevertheless, cEEG is
an ideal instrument for those patients with high-grade SAH
and poor neurologic exam inwhom there is clinical suspicion
for both seizure activity and ischemia.

2.5. Invasive Tissue Monitoring: Brain Tissue OxygenMonitor-
ing andMicrodialysis. Both brain tissue oxygen (PtiO

2
)mon-

itoring and microdialysis require implantation of a probe in
a region of interest and provide data regarding changes in the
surrounding microenvironment at frequent time intervals.
In 2000, the first PtiO

2
monitoring in SAH demonstrated

lower cerebral tissue pH and higher PCO
2
compared to

controls [34], and a subsequent investigation indicated a
strong correlation between PtiO

2
and vasospasm [35]. A

separate study suggests that PtiO
2
pressure reactivity is a

reliable indicator of impaired autoregulation and, by proxy,

vasospasm effect [36]. These studies, and similar investiga-
tions involving PtiO

2
, are plagued by a small sample size—not

to mention the innate invasiveness of PtiO
2
—limiting their

universal adoption. Moreover, exploration by some of the
relationship between pressure- and oxygen-related indices of
vasospasm and clinical outcome has revealed a discordant
relationship, calling into question the utility and reliability of
PtiO
2
[37].

Cerebral microdialysis is capable of measuring local
levels of a variety of metabolic markers including glutamate
[38–40], lactate [38, 41], and glucose [41] and relating
values to areas of ischemia and clinical outcome. In one
study, microdialysis has been shown to be 89% specific for
ischemia, detecting dramatic changes in concentrations of
lactate, glucose, and glutamate levels before a patient becomes
symptomatic [42]. Higher levels of lactate, nitrite, and tau-
rine, all measured via microdialysis, are predictive of poor
neurologic outcome after SAH [43]. Despite these results, the
practical limitations of this technique have curtailed its more
widespread use. It is an invasive monitor that must be placed
in a region of brain with viable tissue near the site of rupture.
The growing popularity of endovascular treatments obviating
the dependence upon open craniotomies necessitates that the
majority of monitors be placed at the bedside where proper
placement is considerably more difficult and dangerous.
Additionally, the probe is only able to monitor a small region
of interest thus decreasing the sensitivity and limiting its
utility in monitoring a condition that can have patchy or
global effects.

2.6. Invasive Cerebral Blood Flow Monitoring: Thermal Diffu-
sion and Jugular Bulb Oximetry. Continuous monitoring of
cerebral blood flow is anothermeans to detect vasospasm and
its effects on tissue [44, 45]. While TCD can monitor this at
a discrete moment in time, reliable continuous monitors may
play a crucial role in vasospasm detection and management
as well as predicting which patients will suffer from DCI.
This can be achieved locally via thermal diffusion probes and
globally via jugular bulb oximetry.

Much like inmicrodialysis, a thermal diffusion probemay
be inserted into the brain via a burr hole into the whitematter
of a region of interest thought to be at risk for ischemia. The
probe contains 2 gold sensors; one receives the heat emitted
by the other [44]. The thermal difference between the plates
varies with theCBF.This data can be gathered continuously in
real time. Although the literature on this technique is sparse,
Vajkoczy et al. found that CBF continues to decrease after
posthemorrhage day four in patients with vasospasm even
as the CPP rises during that time [45]. In their small series,
a regional CBF of 15mg/100 g/min had 90% sensitivity and
75% specificity for vasospasm when using a single probe.
This was more reliable than TCD and detected symptomatic
vasospasm on average three days earlier than conventional
methods. Despite these promising preliminary results, the
difficulty of implanting the probe has limited its widespread
use. Additionally, like in microdialysis, a thermal diffusion
probe is able to monitor only a single region of brain and
therefore its efficacy is predicated upon appropriate selection
of a region of interest.
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Jugular bulb oximetry offers a global view of cerebral
perfusion but is less precise. This technique involves the
insertion of an oxygen saturation probe high into the
jugular vein above the facial vein, allowing sampling from
intracranial circulation [46]. The resulting venous oxygen
saturation can then be subtracted from the arterial oxygen
saturation to yield the cerebral oxygen extraction (CEO

2
or

AVDO
2
). Results from a small sample [47] suggest that this

value increases significantly more than 24 hours prior to the
onset of symptomatic vasospasm. These levels normalized
after institution of triple-H therapy and corresponded to
symptomatic improvement in patients. Additionally, subjects
who experienced clinical vasospasm had significantly higher
AVDO

2
at baseline than those who did not [47]. These pre-

liminary results seem promising but have not been validated
in larger studies. The technique is relatively simple but does
expose patients to the risk of thrombus from the catheter,
and the literature remains inconclusive on whether or not
laterality catheter placement affects the integrity of the results.

2.7. Near-Infrared Spectroscopy. The most recent advance-
ment in the evaluation of cerebral blood flow dynamics,
NIRS, utilizes near-infrared light to penetrate the skull and
provide a quantitative measurement of hemoglobin con-
centration and cortical oxygen saturation (CoSO2) in the
underlying cortex. NIRS has been shown to reliably assess
cerebral autoregulation in SAHpatients in a continuous, real-
time fashion [48–50]. In a small study by Yokose et al. [51],
a 3.9–6.4% decrease in CoSO2 in the MCA region detected
by daily measurements was found to be 100% sensitive and
85.7% specific for vasospasm confirmed with CTA. This was
considerablymore accurate than the results obtained via TCD
leading to the conclusion that this is a promising new tech-
nique that could replace TCD as the standard noninvasive
monitoring of SAH patients. Moreover, unlike TCD, NIRS
is continuous, requires little clinical attention, and is optimal
for patients whomay be agitated or otherwise uncooperative.
Despite these favorable attributes and encouraging initial
results, larger, prospective studies are necessary to validate
this technique before it can safely be adopted into widespread
use.

3. Conclusion

Overall, vasospasm and DCI remain a challenge to detect in
patients with a poor neurologic exam. The logistical difficul-
ties encountered in critically ill patients are compounded by a
body of the literature which has been plagued by inconsistent
definitions of clinical entities which make interpreting and
comparing data difficult. Older modalities such as SPECT
and Xe-CT may be impractical in today’s clinical setting;
however, their contribution to our understanding of cerebral
blood flow and metabolism cannot be overlooked. Similarly,
while PtiO

2
and microdialysis are rarely employed clinically,

they continue to play an important role in the laboratory and
promise to provide answers to remaining questions about
the cerebral microenvironment following SAH. Although
imperfect, TCD maintains a critical role in the detection of

vasospasm. Continuous EEG has demonstrated sensitivity
in detecting ischemia, though must be partnered with other
surveillancemodalities to achieve reliable clinical utility. Both
EEG and TCD may be combined with clinical exam and
increasingly with CT perfusion imaging to identify patients
who are likely to have adverse effects related to vasospasm.
Future prospective analysis should focus on the utility of
early CTP and the development of NIRS to provide early,
noninvasive detection of ischemic injury.
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