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Introduction to Subarachnoid Hemorrhage

Subarachnoid hemorrhage (SAH) is a life-threatening emergency
that occurs due to bleeding into the subarachnoid space between
the arachnoid membrane and the pia matter [1]. The annual inci-
dence of SAH in the United States is between 10-14 cases per
100,000 [2]. Clinically, SAH presents with acute onset of severe
headache that is often described as the “worst headache of life”,
nausea, vomiting, photophobia, neck pain and loss of conscious-
ness [3]. Risk factors for SAH can be divided into modifiable fac-
tors such as hypertension, smoking, heavy alcohol use and
sympathomimetic drug use like cocaine and non-modifiable fac-
tors including advanced age, female sex, specific ethnicities, prior
personal or familial history of SAH, type IV Ehlers-Danlos syn-
drome or enlarged aneurysmal diameter [2, 3]. While women
have overall higher rates of aSAH than men, one study showed
this may start to occur in women at the age of late thirties [4]. The
overall outcomes are similar between men and women [5].
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The etiology of SAH include aneurysmal rupture, arteriove-
nous malformation, trauma and secondary to other etiologies
such as anticoagulation or other types of brain injuries [3].
Common forms of subarachnoid hemorrhage include spontane-
ous aneurysmal rupture that has a prevalence of 85% of the cases
while perimesencephalic SAH constitutes about 5% of the cases.
Trauma contributes to variable rates of SAH ranging between
25-53% of traumatic brain injury patients [6—8]. The location of
brain aneurysm in cases of aneurysmal SAH (aSAH) are typi-
cally found in the anterior circulation ranging between 80-90%
of the cases. The anterior communicating artery (ACOM) consti-
tutes the most common site (35%), followed by internal carotid
artery (ICA) in 30% (main ICA, posterior communicating artery
(PCOM) and the ophthalmic artery), and middle cerebral artery
(MCA) in 22% of the cases [9, 10]. The posterior circulation
accounts for only 10-20% of cerebral aneurysms location with
the most common site being the tip of the basilar artery [9, 10].
Cerebral angiogram remains the gold standard test to detect
aneurysms in aSAH [11]. In cases of SAH that are suggestive of
aneurysmal etiology, repeating cerebral angiography is recom-
mended if the initial test was normal or equivocal for the pres-
ence of aneurysm which reduces the overall negative rate to
15.6% [12].

Aneurysmal subarachnoid hemorrhage constitutes the most
severe form of SAH. Typical complications include re-bleeding,
hydrocephalus, delayed cerebral ischemia (DCI), cerebral vaso-
spasm, seizures, chemical meningitis and bacterial meningitis in
addition to other medical complications [9]. The morbidity and
mortality of aSAH are related to these neurological complications
as well as other medical complications such as pneumonia [13].
Several scales have been created to grade the severity of aSAH
which reflects mortality or poor functional outcome. In particular,
the Hunt & Hess score is a clinical score that ranges between 1-5
based on the severity of the clinical symptoms at presentation
where grade 1 is considered asymptomatic or with minimal head-
ache while patients with grade 5 are in deep coma [14]. The mod-
ified fisher scale is another scale for predicting the risk of cerebral
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vasospasm and severity of aSAH based on the amount and distri-
bution blood in the subarachnoid space and the ventricles [15].
We will discuss in the following section cerebral vasospasm in
further details since it is the main neurological complication fol-
lowing aSAH in addition to the significant role of TCD in the
management of it.

Cerebral Vasospasm in SAH

The complications after subarachnoid hemorrhage can be divided
into three phases based on the timing of their occurrence after
SAH including the acute phase (day O — day 3), subacute phase
(day 3 — day 30) and late phase (after day 30) [16]. Cerebral vaso-
spasm is defined as a narrowing of the large and medium-sized
intracranial arteries that typically occurs in the subacute phase
(Day 3 to day 30) with a peak incidence between (7-10) days
from aSAH [16, 17]. It is considered a serious complication after
aSAH that is associated with regional cerebral hypoperfusion and
delayed cerebral ischemia (DCI). The exact underlying patho-
physiological mechanisms of cerebral vasospasm and DCI remain
unknown. However, endothelial dysfunction with reduced pro-
duction of endothelial nitric oxide and activation of endothelin-1
receptor on vascular smooth muscles resulting in vasoconstric-
tions have been implicated. In addition, oxidative stress from acti-
vation of inflammatory cascades with subsequent release of
oxygen free radicals will add further injury to the vascular smooth
muscle cells with subsequent vasoconstriction. The breakdown of
erythrocytes in the subarachnoid space could be implicated in the
initiation of these pathophysiological cascades [17, 18]. While
cerebral vasospasm is typically seen following aSAH, it still can
be seen following traumatic SAH and the incidence varies
between 19% to 68% [19]. Interestingly, the incidence of vaso-
spasm detected by TCD was higher in cases of traumatic epidural
and subdural hematomas than intracerebral or intraventricular
hemorrhage [20].



84 J. Bittar and Y. Hannawi

Detection of Cerebral Vasospasm

Several imaging modalities have been utilized in the detection of
cerebral vasospasm and associated delayed cerebral ischemia in
patients with aSAH in the neurocritical care units with variable
degrees of success. Some modalities focus on the vessel directly
such as TCD, CT angiography (CTA) and digital subtraction angi-
ography (DSA). Others utilize changes in the brain function or
perfusion as indirect surrogates for this phenomenon such as brain
tissue oxygenation monitoring (BTO), microdialysis, CT perfu-
sion (CTP), continuous electroencephalogram (cEEG), thermal
diffusion monitoring, jugular bulb oximetry and near infrared
spectroscopy (NIRS) [21]. The ideal diagnostic modality would
provide an early recognition of cerebral vasospasm before the
clinical symptoms occur in order to prevent the consequences of
vasospasm. Additional considerations include the non-invasive
nature of the technology and cost effectiveness. Digital subtrac-
tion angiography (DSA) remains the gold standard test to diag-
nose cerebral vasospasm. However, it is an invasive procedure
that may carry risk of arterial dissection or induce thrombosis
[11]. Transcranial Doppler (TCD) technology is frequently used
in the neurocritical care setting as a non-invasive modality for
bedside surveillance and early detection of cerebral vasospasm.

The Role of TCD in Cerebral Vasospasm
Detection and Management Following SAH

Transcranial Doppler measures cerebral blood flow velocity
(CBFV) in the arteries. In case of arterial diameter reduction, as
seen in cerebral vasospasm, CBFV will be increased. The magni-
tude of increase in CBFV will serve as an indirect indicator of the
severity of cerebral vasospasm [22]. Indeed, in a meta-analysis by
Kumar et al., cerebral vasospasm detection by TCD accurately pre-
dicted DCI with high sensitivity, high negative predictive value
and fair specificity [23]. However, evidence for the impact of TCD
in cases of SAH on mortality and functional outcome remains
lacking [23]. It is important to note though that there are several
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factors that may influence CBFV in addition to cerebral vasospasm
(Table 1). Hence, understanding of these factors is critical for
accurate TCD interpretation [24]. These factors include:

1. Age:

Previous studies have shown a decline in the total cerebral
blood flow with aging which has been estimated to be around
2.6 mL/min per year [25]. In association, CBFV demonstrates a
decrease with aging, in particular in people older than 60 years of
age. This has clinical significance as significant clinical vasospasm
can be seen at lower velocities compared to younger individuals.
Table 2 below lists normal reference values for CBFV across age.

Table 1 Factors influencing cerebral blood flow velocity

Factor Change in CBFV

Age Increase up 6-10 years then decrease
Sex Women > men

Pregnancy Decrement in the third trimester
Hematocrit Increase with decreasing hematocrit
PCO2 Increase with increasing PCO2

MAP Increase with increasing MAP

MAP main arterial pressure; PCO2 pressure of carbon dioxide; CBFV cere-
bral blood flow velocity

Table 2 Mean cerebral blood flow velocity (cm/s) related to age

Age Age Age

Artery 20-40 years 40-60 years >60 years
ACA 56-60 53-61 44-51
MCA 74-81 72-73 58-59
PCA

P1 48-57 41-56 3747

P2 43-51 40-57 37-47
Vertebral artery 37-51 29-50 30-37
Basilar artery 39-58 27-56 29-47

ACA anterior cerebral artery; MCA middle cerebral artery; PCA posterior
cerebral artery
Adopted with permission from D' Andrea A et al. [24]
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2. Sex and pregnancy status:

Women are known to have higher CBF values compared to
men [26]. This is attributed to several hormonal factors involving
the lower blood viscosity in women [27], effect on estrogen on the
brain leading to higher cerebral glucose metabolism [28], the
lower brain weight in women [28] and the higher systemic blood
flow in females due to higher cardiac index and lower peripheral
vascular resistance [29]. In addition, CBF tends to increase fur-
ther throughout pregnancy reaching a maximum increase of 20%
above the non-pregnant value along with decreased cerebrovascu-
lar resistance [30].

3. Fever:

Cerebral blood flow changes in response to changes in the
cerebral metabolism due to temperature variations [31].
Hyperthermia increases metabolic rate and cerebral blood flow,
whereas hypothermia does the opposite leading to decrease in
intracerebral volume and intracranial pressure [32, 33]. Patients
with SAH and cerebral vasospasm are often febrile and fluctua-
tions of CBFV in these patients could be related to body tempera-
ture variations.

4. Intravascular volume and hemodynamic factors:

Cerebral blood flow is augmented by increasing the intravascu-
lar volume as in the cases of severe anemia and insufficient deliv-
ery of oxygen to the brain in these patients [34]. Additional
medications that are used in the treatment of cerebral vasospasm
in the setting of SAH may further complicate the interpretation of
TCD in these cases. For example, vasodilators and their intra-
arterial administration such as milrinone, verapamil, nicardipine
or nimodipine are all used in the treatment of cerebral vasospasm.
They do not only increase CBF but also improve mean transient
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time (MTT) in ischemic regions in patients with aSAH induced
vasospasm [35]. Additionally, vasoactive medications are admin-
istered for the majority of SAH patients with cerebral vasospasm
to augment the cerebral perfusion and that may further increase
CBFV on TCDs by inducing further vasoconstriction of the brain
vessels. These therapeutic interventions in patients with cerebral
vasospasm may further complicate the interpretation of the TCD
findings [36].

Timing of TCD surveillance in patients with aSAH:

Studies have shown that TCD examination in the first 4 to 10 days
following aSAH can detect rapid increases in CBFV which helps
in identifying patients at risk for developing delayed cerebral
ischemia and neurological deficits [37]. Earlier application of
TCD in the first 2-5 days following SAH can also help in detect-
ing radiographic cerebral vasospasm before it becomes clinically
apparent which may help inform the treating physicians to predict
the occurrence of clinically relevant cerebral vasospasm [37, 38].
The utilization of TCD examination in the next two days follow-
ing SAH, (5-7) days, can also help in monitoring the progression
of cerebral vasospasm towards the development of delayed cere-
bral ischemia which can be utilized in planning therapeutic and
interventional studies [39]. Sloan et al. revealed that the maxi-
mum sensitivity of TCD in detecting cerebral vasospasm is at
8 days following aSAH [38]. TCD monitoring after day 12 of
SAH can reveal information about the resolution of cerebral vaso-
spasm as well as detecting late or rebound cerebral vasospasm
(late 2nd or mid 3rd week following SAH) [40]. However, it is not
necessary in the majority of cases.

Determining the severity of cerebral vasospasm by TCD:

The severity of cerebral vasospasm is classically graded into mild,
moderate and severe based on the combination of several TCD
measurements including the mean CBFV (cm/s), Lindegaard ratio
(LR) and Sviri ratio.
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1. Lindegaard Ratio (LR):

In 1976, Lindegaard et al. investigated 76 patients with known
aSAH by comparing cerebral angiogram findings to TCD results
for the diagnosis of cerebral vasospasm [41]. They identified ele-
vation in the middle cerebral artery (MCA) CBFV compared to
the CBFV in distal extracranial ICA on TCD when there was
angiographic spasm in the MCA [41]. The term “Lindegaard
index” was coined which can be calculated from the TCD by
dividing mean CBFV of the MCA by the ipsilateral extracranial
ICA CBFV to give information on the severity of MCA spasm
[41, 42]. The LR shows correlation with elevation of CBFV in the
anterior circulation. We include in Table 3 a commonly used grad-
ing scale of SAH severity based on the mean CBFV and LR val-
ues. Figures 1, 2 and 3 show examples of normal waveforms at
baseline and at time of cerebral vasospasm in aSAH.

2. Sviri ratio:

Sviri ratio can be calculated from TCD by dividing the mean
flow velocity of the basilar artery (BA) by the extracranial
vertebral artery (VA) velocity [43]. In 2006, Sviri conducted a
study of one hundred twenty-three patients with aSAH using TCD
and cerebral arteriograms. He found the BA/VA ratio to improve
the sensitivity and specificity of TCD detection of BA vasospasm.

Table 3 Grading of severity of vasospasm using transcranial doppler

Degree of middle cerebral Mean flow velocity Lindegaard
artery vasospasm (cm/s) ratio

Mild 120-149 3-6
Moderate 150-199 3-6

Severe >200 >6

Degree of basilar artery Mean flow velocity Sviri ratio
vasospasm (cm/s)

Vasospasm >70 >2
Moderate or severe vasospasm >85 >2.5

Severe vasospasm >85 >3

Adopted with permission from Samagh N et al. with permission [40]
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Fig. 1 Baseline TCD examination of the right middle cerebral artery
acquired at 50 mm depth through the temporal window in a patient with
aSAH showing mean CBFV of 78 cm/s (within normal limits)
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Fig. 2 TCD acquired in the left middle cerebral artery through a temporal
window 56 mm depth shows development of moderate cerebral vasospasm.
The mean cerebral blood flow velocity is 171 cm/s
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Fig. 3 TCD examination of the left middle cerebral artery at 50 mm depth
through a temporal window shows severe cerebral vasospasm. The mean
CBFV is now 221 cm/s

The grading of cerebral vasospasm severity according to the mean
CBFV in the posterior circulation and Sviri ratio is shown Table 3.

The reliability of TCD in detecting cerebral vasospasm:

TCD technology has been extensively utilized in the screening
and detection of cerebral vasospasm. However, questions have
been raised regarding the specificity of this study, in particular,
predicting the conversion of radiographic vasospasm to clinically
relevant vasospasm. In this section, we will present the reliability
of TCD in diagnosing cerebral vasospasm according to the most
commonly assessed intracranial vessels.

1. Anterior circulation:

In a meta-analysis of five studies involving 198 patients and
317 TCD examination comparing TCD findings to angiographic
cerebral vasospasm as a screening tool for MCA vasospasm,
Lysakowski et al. found TCD sensitivity to be 67% (95% CI 48%
to 87%), specificity of 99% (98% to 100%), positive predictive
value (PPV) of 97% (95% to 98%), and negative predictive value
(NPV) of 78% (65% to 91%) [44]. These data also suggested that
most patients who were predicted to have vasospasm on TCD did
actually have vasospasm on cerebral angiogram (high PPV) [44].
However, this study did not take into consideration the severity of
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the cerebral vasospasm on the TCD or its clinical correlates. In
summary, TCD has high predictability for MCA spasm in patients
who have a suspicion for it.

In anterior cerebral artery vasospasm, a similar meta-analysis
of 3 studies including 108 patients and 171 tests identified sensi-
tivity of 42% (11% to 72%), specificity of 76% (53% to 100%),
PPV of 56% (27% to 84%), and NPV of 69% (43% to 95%) for
TCD in comparison to diagnostic angiogram [44]. This suggests
that TCD has lower sensitivity and specificity in detecting cere-
bral vasospasm in the ACA compared to the MCA.

2. Posterior circulation:

In a study of 47 patients that included 84 TCD examinations of
the PCAs during the cerebral vasospasm risk period in compari-
son to cerebral angiography within 24 hours of the test, TCD had
sensitivity of 48%, specificity of 69%, PPV of 37%, and NPV of
78% [45]. The main false positive findings included occlusion of
the vessel which was attributed to either anatomical factors or
operator error. In another study that evaluated the reliability of
TCD in the vertebrobasilary system for the detection of cerebral
vasospasm in comparison to cerebral angiogram, TCD had sensi-
tivity of 76.9%, specificity of 79%, PPV of 63%, and NPV of 88%
[46]. They also found sensitivity of 43.8%, specificity of 88%,
PPV of 54%, and NPV of 82% for detection of vertebral artery
vasospasm by TCD [46]. This study was conducted in 64 verte-
bral arteries and 42 basilar arteries.

TCD and Cerebral Autoregulation in SAH

Cerebral autoregulation has been known since 1959 as the ten-
dency of cerebral blood flow (CBF) to remain approximately con-
stant in response to changes of mean arterial pressure (MAP) [47].
The CBF range through which autoregulation operates is typi-
cally between a MAP of 60 to 150 mmHg [48]. The assessment of
cerebral autoregulation is made by measuring the relative blood
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flow changes in response to slow changes in blood pressure which
is known as static autoregulation and by measuring the rapid
cerebral flow blood flow changes with blood pressure which is
known as dynamic autoregulation [49]. While there are currently
several tools that are utilized for determining cerebral autoregula-
tion, TCD is considered an excellent non-invasive tool for this
aim. There are several parameters that can be derived from TCD
signals which reflect the function of cerebrovascular reactivity
and autoregulation. These include analysis of CBFV waveforms,
their characteristics and relative changes in comparison to changes
of the systemic blood pressure [49, 50]. Additional maneuvers can
be applied for measuring the cerebrovascular reactivity such as
CO2 challenge [51], or the early transient hyperemic response test
through brief compression of the carotid and measuring the sub-
sequent hyperemic response of the unilateral CBFV [52]. The full
extent of cerebral autoregulation assessment by TCD is beyond
the scope of this chapter. We refer to previous excellent papers in
this area [49, 53]. The significance of assessment of cerebral auto-
regulation by TCD in subarachnoid hemorrhage has been found in
recent studies. For example, impaired early transient hyperemic
response measurement in aSAH predicted poor outcome in one
study [52]. Another study showed that impaired cerebral
autoregulation early in aSAH predicts the occurrence of delayed
cerebral ischemia [54]. The role of autoregulation assessment by
TCD in SAH is an area of future research for the utility of TCD
and advanced intracranial monitoring in the neurocritical care
unit.

A simple commonly used measure by TCD which reflects CBF
waveform characteristics is the pulsatility index (PI). This can
also be an indirect measure of the impairment of autoregulation
and it is defined as: (MCA peak systolic velocity — MCA end dia-
stolic velocity)/MCA mean CBFV [49]. Therefore, the greater
decrease in diastolic velocities relative to systolic ones, the more
increase in PI [49]. The principle reason for the increase in PI is
due to an increase in CBFV pulsation just before complete loss of
autoregulation. A strong correlation is found between PI and
intracranial pressure (ICP). In a study of 81 patients with a variety
of intracranial disorders that required intraventricular catheter
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placement (46 SAH, 21 closed head injury, 14 with other neuro-
logical disorders), a total of 658 TCD measurements were made
in parallel with ICP registrations. The study identified a strong
correlation between ICP and PI of 93.8% (correlation coefficient).
In addition, a negative moderate correlation between cerebral per-
fusion pressure (CPP) and PI was also identified (correlation coef-
ficient of —0.493) [55]. In SAH, these could constitute signs of
decreased cerebral compliance, increased cerebral edema or
development of hydrocephalus and the need for placement of
intraventricular catheter for cerebrospinal fluid placement.

TCD and Emboli Detection

TCD is a considered as a sensitive technique to detect microem-
bolic signals (MESs) which help to identify patients at high risk
for cerebrovascular ischemic events. These signals are character-
ized by unidirectional high intensity increase, short duration, ran-
dom occurrence, and a “whistling” sound on TCD [56].
Microembolic signals have been detected in a variety of cerebro-
vascular diseases that are associated with ischemic events includ-
ing carotid artery stenosis, aortic arch plaques, atrial fibrillation,
myocardial infarction, prosthetic heart valves, patent foramen
ovale (PFO), valvular stenosis, during invasive procedures (angio-
plasty, percutaneous transluminal angioplasty) and surgery
(carotid, cardiopulmonary bypass) [56]. The preferred time dura-
tion of monitoring for these MESs using the TCD varies based on
the clinical scenario. For example, monitoring for 30 minutes in
patients with implanted artificial heart valves in whom MESs can
be detected, in the vast majority of patients is enough. Extended
monitoring for patients with atrial fibrillation or carotid arterial
stenosis for more than an hour is required given the low fre-
quency of embolic signals [57]. A few small studies have evalu-
ated MESs in patients with SAH [58—60]. In these studies, MESs
were detected in up to 70% of SAH patients. These studies did
not associate the presence of MESs with the development of
cerebral vasospasm. However, in one of these studies, MESs
were independently associated with the development of ischemic
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symptoms in SAH [58]. It is important to note, however, that these
previous studies had small sample sizes and future larger studies
are needed to confirm the relevance of MEs in patients with SAH.

Conclusions

TCD offers a non-invasive methodology for assessment of patients
with SAH. It has been particularly useful in the treatment of
aSAH for the assessment of development and management of
cerebral vasospasm and it is currently considered an important
neurocritical care unit management tool in the United States.
TCD offers an additional promising technology for advanced
intracranial monitoring of cerebral autoregulation in patients with
SAH that will need to be further assessed in future clinical stud-
ies.
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