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Review Article /Brief Review

Transcranial Doppler monitoring in subarachnoid
hemorrhage: a critical tool in critical care

[Monitorage par Doppler transcvanien lovs d’une hémorragie

sous-arachnoidienne : un outil indispensable aux soins intensifs/

Andrea Rigamonti MD,*t7|| Alun Ackery Msc,|| Andrew J. Baker MD ERCPC* 11§

Purpose: To review the literature regarding the use of tran-
scranial Doppler ultrasonography (TCD) for monitoring cere-
bral vasospasm following subarachnoid hemorrhage (SAH).

Source: We searched Medline (1980 to August 2007) and
Embase (1980 to August 2007) and reviewed all relevant manu-
scripts regarding TCD and SAH.

Principal findings: Currently, the gold standard for vasospasm
diagnosis is cerebral angiography, replaceable by computed
tomography angiography, only when angiography is not avail-
able. Obviously, it is not feasible to perform such investigation
as frequently as bedside clinical assessment. Repeated clinical
assessments of a patient’s neurological status carry the prob-
lem of detecting the clinical signs and symptoms of vasospasm,
which occur only after vasospasm has already manifested its
deleterious effects on the cerebral parenchyma. Transcranial
Doppler ultrasonography is a relatively new, non-invasive tool,
allowing for bedside monitoring to determine flow velocities
indicative of changes in vascular calibre. Transcranial Doppler
ultrasonography can be useful pre-, intra- and post-operatively,
while helping to recognize the development of cerebral vaso-
spasm before the onset of its clinical effects.

Conclusion: Vasospasm following SAH is a very important
source of morbidity and mortality. Too often, the first sign is a
neurologic deficit, which may be too late to reverse. Transcranial
Doppler ultrasonography assists in the clinical decision-making
regarding further diagnostic evaluation and therapeutic inter-
ventions. When performed in isolation, the contribution of
TCD to improving patient outcome has not been established.
Nevertheless, TCD has become a regularly employed tool in
neurocritical care and perioperative settings.
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Objectif : Passer en revue la littérature concernant [l'utilisation
de I'échographie Doppler transcrdnienne (TCD) pour surveiller un
vasospasme cérébral survenu a la suite d’une hémorragie sous-
arachnoidienne (SAH).

Source : Nous avons effectué des recherches sur Medline (1980
a aodt 2007) et Embase (1980 a aolit 2007) et révisé tous les
manuscrits pertinents concernant la TCD et la SAH.

Constatations principales : A Iheure actuelle, 'angiographie
est I'étalon or pour diagnostiquer un vasospasme. Celle-ci peut
étre remplacée par I'angiographie par tomodensitométrie seule-
ment lorsqu’une angiographie n’est pas disponible. Il est évident
qu’il n'est pas possible d’effectuer de telles recherches aussi
fréquemment que les évaluations cliniques au chevet du malade.
Des évaluations cliniques répétées de I'état neurologique d’un
patient donné ont pour objectif primaire la détection des signes
et symptomes cliniques du vasospasme, lesquels ne surviennent
qu’apres que le vasospasme a manifesté ses effets nuisibles sur le
parenchyme cérébral. L'échographie Doppler transcrdnienne est un
outil relativement nouveau et non invasif qui permet un monitorage
au chevet du patient dfin de déterminer les vitesses du débit qui
indiquent les changements dans le calibre vasculaire. L'échographie
Doppler transcrdnienne peut étre utile avant, pendant et aprés
I'opération tout en constituant un outil précieux pour identifier
le développement d’un vasospasme cérébral avant que ses effets
cliniques ne se manifestent.

Conclusion : Le vasospasme d la suite d’'une SAH est une cause
majeure de morbidité et de mortalité. Trop souvent, le premier
signe visible d’'un vasospasme est un déficit neurologique, et il
pourrait étre trop tard déja pour qu'il soit réversible. Léchographie
Doppler transcrdnienne est un outil qui assiste la prise de décision
clinique concernant une évaluation diagnostique approfondie et des
interventions thérapeutiques. Il n'a pas été démontré que la TCD,
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utilisée seule, améliore le suivi des patients. Cependant, la TCD
est devenue un outil régulierement employé dans des contextes de
soins intensifs neurologiques et périopératoires.

EREBRAL vasospasm is the delayed nar-

rowing of large capacitance arteries at

the base of the brain following subarach-

noid hemorrhage (SAH), often associated
with radiographic or clinical evidence of diminished
perfusion in the distal territory of the affected arter-
ies. Cerebral vasospasm contributes to high levels
of morbidity and mortality. It may evolve anywhere
between the third and the seventh day following
the initial hemorrhage in the neural parenchyma.! A
typical course for vasospasm is for it to increase on
the fourth day after SAH, with a declining trend fol-
lowing the 14™ day.? This phenomenon is primarily
located adjacent to the initial hemorrhage, or it can
be multifocal affecting all areas of the brain. Although
the mechanism of vasospasm is not well understood,
the hypothesis is that extravasated blood from the
initial hemorrhage triggers secondary cellular mecha-
nisms. This manifests clinically as decreased cerebral
blood flow caused by arterial vasoconstriction, and
the patient exhibits evidence of delayed neurological
deficit. Several laboratories have elucidated potential
secondary mechanisms of arterial vasospasm, and
postulated mechanisms that include damage to endo-
thelial cells (reducing nitric oxide production) with
corresponding increased nitric oxide metabolites in
the cerebrospinal fluid, and the degradation of con-
tractile and cytoskeletal proteins due to increased con-
centrations of intracellular calcium.?® These complex
and multifaceted mechanisms culminate in vascular
smooth muscle contraction.

Incidence of vasospasm

Occasionally there is confusion over the word “vaso-
spasm”. The term “vasospasm” refers to the phe-
nomenon of narrowing of arteries seen after SAH.
“Symptomatic vasospasm” and “delayed ischemic
deficit” are considered as synonymous, referring to
the clinical syndrome wherein the narrowing of the
arteries is severe enough to cause ischemic symptoms.
“Angiographic vasospasm” refers to the estimation of
arterial narrowing by means of a cerebral angiography.
Delayed ischemic deficit associated with symptomatic
vasospasm usually appears shortly after the onset of
angiographic vasospasm, with the acute or sub-acute
development of focal or generalized symptoms and
signs.®”

CAN J ANESTH 55: 2  www.cja-jca.org  February, 2008

Symptomatic vasospasm occurs in 20-30% of
patients affected by SAH and leads to a 15-20% risk
of stroke or death.® Indeed, progression to cerebral
infarction occurs in approximately 50% of symptom-
atic cases; recovery without deficit in the remaining
individuals may occur despite the persistence of angio-
graphic vasospasm.®

A review by Dorsch and King reported that the
incidence of angiographic vasospasm ranges between
40 and 97% of affected individuals, with an average
of 67.3%. Their review of 38 angiographic studies,
including 2,738 cases, found the highest incidence of
vasospasm occurred between the tenth and the 17t
day post-event, with a peak at day 13. Approximately
10% of SAH patients will be permanently debilitated
and another 10% will die because of the secondary
vasospasm. The authors also believed that the higher
incidences were more accurate and, if daily angiog-
raphy were performed, the true incidence of angio-
graphic vasospasm would be closer to 100%.

Management of vasospasm

The primary SAH, and a number of secondary insults
in the post-hemorrhagic period, may equally affect the
clinical outcome. While the effects of the primary insult
are not modifiable, secondary insults, including vaso-
spasm, are potentially preventable, or at least attenu-
ated. Current prophylactic and therapeutic treatments
of vasospasm include early aneurysm closure, removal
of cisternal blood, triple-H therapy (hypervolemia,
hemodilution, and hypertension), balloon angioplasty,
and nimodipine (a dihydropyridine calcium antago-
nist).? It must be noted that triple-H therapy is not
completely safe, and its prophylactic use in patients
with SAH, without proven vasospasm, should be
applied with utmost caution. Indeed, triple-H therapy
may cause further damage and result in cerebral or
pulmonary edema, renewed bleeding in unsecured
aneurysms, hemorrhagic transformation in areas of
infarction, congestive heart failure, and myocardial
infarction. '®!! The same risks are obviously present,
even when triple-H therapy is given to patients with
proven vasospasm and delayed ischemic deficit.!? A
recent animal research and clinical intervention study
investigated the effect of the three components of the
triple-H therapy.!® This study showed that vasopres-
sor-induced hypertension caused a significant increase
in regional cerebral blood flow and brain tissue oxy-
genation (P, O,) in ten patients with subarachnoid
hemorrhage. Interestingly, this study also showed
that, while volume expansion resulted in an increase in
cerebral perfusion, hypervolemia reversed the hyper-
tension-induced increase on Py, O,.
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A recent systematic review showed that, despite
the widespread use of triple-H therapy to prevent
vasospasm after SAH, there is insufficient evidence-
based data to make recommendations for its use as a
prophylactic treatment for vasospasm.'*

Here we focus on vasospasm; but subarachnoid
hemorrhage can involve a number of secondary com-
plications other than vasospasm, including increased
intracranial pressure, hydrocephalus, re-bleeding,
ischemia, and seizures. These interconnected disease
processes make it difficult to differentiate the exact
cause of the delayed neurological deficits observed
clinically.

Detection of delayed ischemic deficit

Assessment of level of consciousness and focal deficits
provide a concise and practical method for predict-
ing the probability of a poor outcome after SAH.'®
However, clinical signs of neurological deterioration,
detected during repeated assessments, have less util-
ity in prophylactic treatment. Such signs are evident
only after the occurrence of an acute event and are
potentially not detectable due to coma, sedation, or
neuromuscular blockade.'® A recent review by White!”
evaluates the evidence for the use of transcranial
Doppler ultrasonography (TCD) in the critical care
population and describes its potential usefulness in a
number of different conditions.

The aim of this review is to focus on manuscripts
evaluating the use of TCD for monitoring vasospasm,
post-SAH, and to describe the improvements that the
use of colour- coded sonography brings to transcranial
Doppler monitoring. This relatively new diagnostic
technique appears to be an effective bedside tool for
monitoring the trend of cerebral flow velocity (index
of vasospasm), allowing patients to be cared for more
appropriately, before the onset of new neurological
deficits. We begin by very briefly describing the mul-
timodal and emerging techniques utilized to monitor
the onset and the progression of vasospasm following
SAH.

Search strategy

We searched Medline (1980 to August 2007) and
Embase (1980 to August 2007) databases. We
reviewed all relevant manuscripts relating to transcra-
nial Doppler and subarachnoid hemorrhage using the
following strategies:

Medline (Ovid)

1) Subarachnoid Hemorrhage; 2) Intracranial
Aneurysm/; 3) Rupture, Spontanecous/; 4) 2 and
3; 5) exp brain/; 6) Aneurysm, Ruptured/; 7) 5

CAN J ANESTH 55: 2 www.cja-jca.org  February, 2008

and 6; 8) Vasospasm, Intracranial/; 9) sah.tw.; 10)
Intracranial hemorrhages/ or cerebral hemorrhages/
or Vasospasm, Intracranial/; 11) 1 or 4 or 7 or 8 or
9 or 10; 12) Ultrasonography, Doppler, Transcranial /
13) ultrasonography, Doppler, color/ or ultrasonog-
raphy, Doppler, duplex/; 14) exp ultrasonography/;
15) Ultrasonography, Doppler/; 16) tcd.tw.; 17) 12
or 13 or 14 or 15 or 16; 18) 11 and 17.

Embase (Ovid)

1) Subarachnoid hemorrhage/; 2) Intracranial aneu-
rysm/; 3) Rupture/; 4) 2 and 3; 5) Aneurysm rup-
ture/; 6) exp brain/; 7) 5 and 6; 8) Brain vasospasm/;
9) sah.tw.; 10) intracranial hemorrhages/ or cerebral
hemorrhages/ or vasospasm, intracranial/; 11) Brain
artery aneurysm rupture/; 12) 1 or 4 or 7 or 8 or 9
or 10 or 11; 13) Doppler echography/; 14) echoen-
cephalography/; 15) color ultrasound flowmetry/;
16) ted.tw.; 17) 12 and 16.

Monitoring SAH vasospasm in intensive care

unit: emerging diagnostic tools

The first description of transcranial Doppler record-
ings of intracranial arteries was published in 1982.!8
Two years later, the same authors suggested the use
of TCD for the diagnosis and monitoring of cerebral
vasospasm.!? Since then, an increasing number of
manuscripts on the use of TCD for monitoring vaso-
spasm have been published. The major advantages of
TCD are as follows: it is non-invasive; it allows for
bedside monitoring; dye contrast agents are not used;
and it is less expensive overall compared to other
techniques.

Intra-arterial digital subtraction angiography, also
known as cerebral angiography, is currently the refer-
ence-standard for the diagnosis of cerebral vasospasm.
It is an expensive and invasive procedure, which does
not allow for bedside monitoring, making it difficult
to apply regularly in critically ill patients. Moreover,
cerebral angiography carries the risks of arterial dissec-
tion, renal injury, and stroke.?%2! Computed tomog-
raphy (including computed tomography angiography
(CTA) and single photon emission computed tomog-
raphy) and magnetic resonance angiography have
been utilized successfully for detecting vasospasm.
Unfortunately, considered alone, these techniques have
limited sensitivity in detecting distal vasospasm.?2-2* In
a prospective study, Anderson and colleagues®® dem-
onstrated that CTA is highly sensitive and specific in
detecting no spasm or severe vasospasm in proximal
arteries. It is less accurate for detecting mild and
moderate vasospasm in distal arteries. Digital subtrac-
tion angiography offers the advantage of a prompt
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treatment (balloon angioplasty), whereas CTA could
potentially delay treatment.

In addition to TCD, cerebral angiography, and
CTA, a variety of new techniques are emerging. These
techniques have the potential to detect SAH-induced
vasospasm earlier in the course of the disease.

Continuous electroencephalography is a non-inva-
sive bedside technique that correlates well with the
cerebral topography and allows clinicians to monitor
cerebral metabolism, seizure activity, and focal ischemia
of the brain.!%2° Using continuous electroencephalog-
raphy offers a new approach for effectively monitoring
vasospasm. Classen et al. used quantitative, continu-
ous electroencephalography to associate decreases in
alpha power/delta power ratios with delayed cerebral
ischemia in patients with low grade SAH.?” They sug-
gest that this decrease of the alpha power/delta power
ratios can lead to detection of vasospasm earlier than
with TCD, allowing a prompt therapeutic interven-
tion.?”>?® Moreover, a study by Vespa er 2.2’ showed
that a two-grade decrease in relative alpha variability
preceded documented angiographic vasospasm and
increased with resolution of the vasospasm. However,
this technique has yet to be fully validated, and prob-
lems with analysis and dependence on trained neuro-
physiologists to properly interpret the data, preclude
its widespread implementation.!%-27:22

Research in monitoring of brain tissue oxygen,
carbon dioxide partial pressure, and pH has yielded
some potentially useful tools in monitoring vasospasm
following SAH. A study by Charbel ez 2..3° demon-
strated that patients who had vasospasm following
SAH displayed increases in carbon dioxide pressure
(pCO,) and decreases in pH when compared to con-
trols. Although interesting, this study is limited by the
sample size (ten patients with SAH, three of whom
had vasospasm). Moreover, the authors did not detail
the patients’ neurological status and they did not
comment on whether they observed an arterial pCO,
difference between the two groups. Animal experi-
ments performed by Jabre ez 213! demonstrated that
occlusion of the carotid arteries (creating an ischemic
environment) resulted in a decrease in pH, as mea-
sured with the portable Khuri monitor. This research
data, although not yet clinically applicable, may lead
to the development of useful tools for the early recog-
nition of vasospasm.

Transcranial cerebral oximetry, also named near
infrared spectroscopy (NIRS), is a non-invasive tech-
nology that measures hemoglobin oxygen saturation
in the human brain. Transcranial cerebral oximetry
may detect the effect of vasospasm through the mea-
surement of impaired oxygen delivery, as NIRS mainly
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measures oxygen venous saturation.?? The utility of
NIRS alone in monitoring vasospasm is very limited,
since its clinical reliability, sensitivity, and specificity
for detecting brain ischemia has not yet been estab-
lished. However, Ekelund ¢t 2/.,%? in an observational
study of 14 patients with SAH, showed the correlation
between NIRS and TCD, and concluded that NIRS
may enhance the TCD’s reliability in detecting cere-
bral vasospasm following SAH, thus giving clinicians
a better understanding of changes in cerebral blood
flow during vasospasm.

Biochemical markers in the cerebrospinal fluid
have the potential to help in the early prediction of
vasospasm and the severity of SAH. S-100 is a cere-
brospinal fluid protein marker of axonal and neuro-
nal degeneration; and its concentrations have been
related to the severity of SAH and the outcome of
the patient’s delayed neurological deficits. It appears
that this marker will potentially help to predict which
patients will experience progressive vasospasm.!¢

Transcranial Doppler ultrasonography

Principles of TCD

First used by Aaslid and colleagues'® in 1982, tran-
scranial Doppler ultrasonography has evolved into
an effective bedside tool to follow the progression
of vasospasm. It is a non-invasive technique, which
monitors blood flow velocity (FV) in the basal cere-
bral arteries and provides useful information about
cerebral hemodynamics. Transcranial Doppler ultraso-
nography is based on the hemodynamic principle that
the velocity of blood flow in a given artery is inversely
related to the cross-sectional area of that artery. The
TCD probe emits an ultrasonic beam at a given fre-
quency f;, and speed ¢. This ultrasonic beam crosses
the skull at points called “acoustic windows”, and it
is reflected back from the moving red blood cells at
an altered frequency f. The difference in frequency
between the transmitted wave and the received wave
is called the “Doppler shift” or “Doppler effect”, and
can be calculated as:

fa=t.= 1y
The velocity » of the moving red blood cells can be
calculated as:

V=cxf, /2xf;xcosd

Where 6 is the angle between the direction of the
ultrasonic beam and the direction of blood flow.

Transcranial Doppler uses low frequency (2 MHz),
focused, pulsed wave probes to insonate the major
cerebral vessels. Transcranial Doppler ultrasound is
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FIGURE 1 Middle cerebral transcranial Doppler ultra-
sonography, as seen on M-mode transcranial Doppler
machine screen. A) The top of the screen shows the power
M-mode Doppler signal. The sampling depth is 56 mm. B)
Pulsed wave Doppler. Systolic, diastolic, and time-averaged
mean values are calculated from the flow velocity waveform.

pulsed and the time interval from pulse emission to
pulse reception can be manipulated. The time inter-
val determines the depth from which any Doppler
frequency shift is detected. Since erythrocytes move
at different speeds, the Doppler signal is a mixture of
different frequency components displayed as a graph
of a full range of velocities at a particular point of a
vessel. Therefore, with the use of spectral analysis,
three-dimensional Doppler data are presented in a
two-dimensional format (time on the horizontal axis
and velocity on the vertical axis). The brightness of
the signal on the screen represents the TCD signal
intensity (Figure 1). Systolic, diastolic, and time-aver-
aged mean values are then calculated from the FV
waveform. Since the pulsed wave TCD concentrates
the energy in the wave emission phase and spares ener-
gy during the interval phase, the pulsed-wave beam
has greater strength per wave-unit. The introduction
of colour TCD has further improved this technique
by giving colour-coding flow information to denote
the directionality of the blood flow (Figure 1). This
technology is called power M-mode TCD.

If properly performed, power M-mode TCD can
yield very accurate results on vascular flow veloci-
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TABLE I Probe direction, depth, and flow direction of
cerebral arteries in patients with normal Circle of Willis
anatomy

Probe direction Depth (mm) Flow dirvection
ACA Anterior 60-75 Away
MCA 90° 40-65 Toward
PCA Posterior 55-70 Toward

ACA = anterior cerebral artery; MCA = middle cerebral artery;
PCA = posterior cerebral artery.

ties, but it is heavily operator-dependent.3® Accuracy
is subject to a variety of factors, including the angle
between the direction of flow and the sound beam,
the insonating frequency, and the velocity of the
moving blood. Power M-mode TCD allows the
measurement of velocity, direction, and depth of the
flow signal. When performing TCD recordings, it is
essential to use the same probe, transducer, and fre-
quency at the same position and angle of insonation.
Unfortunately, it is difficult to ensure that images are
taken at the same position and with the same angle
of insonation, when repeating TCD recordings on a
daily basis, and, in particular, when different operators
are involved. Furthermore, while it is usually possible
to find the anterior, middle, and posterior cerebral
arteries through the temporal window,?* their overlap-
ping range of depth renders it difficult to distinguish
between them (Table I). Nevertheless, due to the
relatively low cost of the machine, Power M-mode
TCD is the most commonly used technique utilized
to detect vasospasm at the bedside (Figure 2).
Transcranial colour-coded duplex sonography
(TCCS) has further improved this technique by giving
a dimensional representation of the basal arteries, in
addition to the colour-coding flow information over
a grey image to denote the directionality of the blood
flow. Transcranial colour-coded duplex sonography
improves on pulsed wave TCD by allowing an opera-
tor to outline the brain parenchyma and the intracra-
nial bony structure, and to illustrate the whole course
of the main cerebral arteries (Figure 3), allowing pre-
cise measurement of the flow parameters. Transcranial
colour-coded duplex sonography makes the measure-
ment of angle of correction for flow velocities feasible
by more clearly delineating the basal cerebral arteries,
thus improving consistency and accuracy of transcra-
nial ultrasound. Indeed, the angle of insonation can
cause large errors when flow velocities are measured
without the angle correction.?® Moreover, TCCS pro-
vides a two-dimensional representation of the basal
arteries, making the single investigation more repro-
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FIGURE 2 M-mode transcranial Doppler machine.
Transcranial Doppler probe is shown in the white cir-
cle. (Property of Trauma Neuro Critical Care Unit, St.
Michael’s Hospital, Toronto).

ducible,3¢ since it ensures that changes in flow are not
due to hemodynamic changes, nor to differences in
sampling area (Figure 4). A machine able to perform
duplex sonography is required in order to perform
TCCS. Transcranial colour-coded duplex sonography
has been routinely used in our centre for vasospasm
monitoring since January 2006 (Figure 5).

Doppler indices

The transcranial Doppler provides a number of ways
to measure the flow patterns of cerebral arteries. The
main parameters are mean flow velocity (FVm), peak
systolic flow velocity (FVs), and end diastolic flow
velocity (FVd). These velocities tend to decrease as
age increases.?” These values can be used to calculate
the pulsatility index (PI = (FVs - FVd) / FVm) and the
resistance index (RI = (FVs - FVd) / FVs) of the ves-
sel. Evidence indicates that the PI has a strong correla-
tion with the intracranial pressure and it is thought to
be an indicator of resistance in the distal vasculature.3®
The RI provides the technician with another way of
measuring downstream vascular resistance. Both of
these indices tend to increase as age increases.?”

The Lindegaard index is a ratio that helps nor-
malize the flow velocities between patients. In mild
SAH-induced vasospasm, there is concern that mild
clevations of blood flow velocities may not be second-
ary to the local vasospasm, but to an increase in systemic
tflow velocities. The Lindegaard index (FV,,.,/FV,.,)
is calculated by referencing the middle cerebral artery
(MCA) FV with the FV of the extracranial, ipsilat-
eral, internal carotid artery. 3% In dealing with mild
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FIGURE 3 Transcranial colour-coded duplex sonography
image of the basal cerebral circulation in the axial plane.
Ipsilateral and contralateral anterior (ACA), middle (MCA),
and posterior (PCA) cerebral arteries are clearly visualized.

Irng Trm: 10

FIGURE 4 Transcranial colour-coded duplex sonography
image of the basal cerebral circulation in the axial plane.
During transcranial Doppler investigation, the cursor is
moved along the target artery to find the highest flow
velocity (top). Pulsed wave Doppler of the middle cerebral
artery (MCA) at the point where the cursor is positioned
(bottom). Systolic (FVs), diastolic (FVd), mean (FVm) flow
velocity, and pulsatility index (PI) at top left of the screen.

to moderate MCA vasospasm, the Lindegaard ratio
threshold of 3.6 was more accurate than using a
mean threshold velocity of 94 cm-sec™!,!® whereas a
ratio greater than 6 is indicative of severe vasospasm.
Additional experiments have been performed to mod-
ity the Lindegaard index so that it can be used when

monitoring basilar artery (BA) vasospasm.*’
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FIGURE 5 Colour-coded duplex sonography. The probe
is shown in the white circle (Property of Trauma Neuro
Critical Care Unit, St. Michael’s Hospital, Toronto).

Doppler ultrasound detects vasospasm by assuming
that an increased FV is a sign of arterial narrowing,
thus decreased perfusion. Unfortunately, TCD does
not provide estimation of cerebral blood flow and
FV measurements cannot be used as a surrogate of
cerebral blood flow.*1™#3 McGirt et al** showed that,
in nearly 70% of SAH patients, vasospasm detected
with TCD occurred, on average, 2.5 days before the
appearance of delayed neurological deficits. This sug-
gests that earlier recognition of vasospasm using TCD
could result in earlier interventional treatment, with
the potential for improved patient outcomes.**
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FIGURE 6 Position of the probe for transcranial Doppler
investigation through the temporal or the transforaminal
window and anatomical diagram of the Circle of Willis.
ACA = anterior cerebral artery; A| = pre-communicating
ACA; A, = post-communicating ACA; MCA = middle cere-
bral artery; PCA = posterior cerebral artery; ICA = internal
carotid artery.

Although it is a useful bedside tool for vasospasm
monitoring, TCD may be used to monitor a wide vari-
ety of other conditions in the brain, such as internal
carotid stenosis, intracranial arterial stenosis, artero-
venous malformations, intracranial expansive lesions,
asphyxia, brain trauma, brain death, hydrocephalus,
cerebral vasculitis, venous sinus thrombosis, sickle
cell disease, and vein of Galen malformation. 334
Transcranial Doppler ultrasonography may have a role
in “active” monitoring during procedures, such as
carotid endarterectomy, emphasizing its potential for
clinical impact.??

Transcranial Doppler ultrasonography and related
neuroanatomy

A layer of diploé between two layers of compact bone
forms the skull. The main obstacle for ultrasound
is the diploé, because of its porous structure with
many acoustic interfaces. Nevertheless, the thickness
of the two layers of compact bone affects ultrasound
absorption. Thinner areas of skull, called “acoustic
windows”, make TCD possible.
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TABLE II Blood flow velocities, pulsatility index, resis-
tance index, and diameter of basal cerebral arteries

Flow velocity (cm-sec™) Diameter
(mm)  Peak  Mean ED PI RI
ACA 80-90 50-60 30-40 0.76-0.92 0.53-0.59 1.6-2.1

MCA 90-110 55-75 35-55 0.81-0.97 0.54-0.62 2.0-4.0

PCA (P1) 66-81 42-53 26-33 0.78-0.97 0.53-0.60 2.0-3.0
PCA (P2) 68-71 42-53 26-32 0.77-0.97 0.53-0.60 2.0-3.0
Basilar 54-74 35-50 23-34 0.77-095 0.51-0.60 3.2-4.4
Vertebral 52-66 33-44 22-31 0.78-0.94 0.53-0.59 3.0-4.2*

ACA = anterior cerebral artery; MCA = middle cerebral artery;
PCA = posterior cerebral artery; P1 = pre-communicating PCA;
P2 = post-communicating PCA; ED = end diastolic; PI = pulsatil-
ity index; RI = resistance index. *Right and left vertebral arteries
usually have different size.

The temporal bone, located just above the zygo-
matic arch (Figure 6), is the most commonly used
acoustic window. This thin portion of the skull allows
an appropriate view of the flow velocities of the mid-
dle cerebral (MCA), the anterior cerebral (ACA), and
the posterior cerebral (PCA) arteries. The MCA has
two major branches (M1 and M2) and has a normal
lumen diameter of 2—4 mm. Using TCD, the MCA
can usually be found 45-65 mm away from the sur-
face, with its distal segments 45-55 mm away. After
identifying the MCA, the bifurcation of the internal
carotid artery (ICA) is found by following the vessel
toward the Circle of Willis. Its location is at the cranial
extremity of ICA where it branches into the M1 seg-
ment of MCA and the Al segment of ACA, and it is
usually identified at a depth of 60-70 mm. The flow
of MCA runs towards the surface of the temporal win-
dow (red signal), whereas the ACA, seen at the same
level as the MCA, is differentiated, because it is found
anteriorly and has flow coursing away from the tem-
poral window (blue signal). Once the ICA bifurcation
has been identified, the Al (pre-communicating) and
A2 (post-communicating) ACA segments can be rec-
ognized down to 70-75 mm. The pre-communicating
segment (P1) of PCA can be identified behind ICA
siphon at a depth of 65-70 mm from skin surface and
it appears red on colour Doppler images.

The orbital window, just over the eyelid, allows the
assessment of the ophthalmic artery FV, indicated by
a red signal found at 40-55 mm from the surface, as
well as other intra-orbital vessels.

Lastly, there is the sub-occipital or transforaminal
window, located at the level of the foramen magnum
(Figure 6). It is here where the two vertebral arteries
(VA) enter the skull and course together at midpoints
to form the BA.33 The extracranial portion of VA and
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the first portion of the intracranial VA are first identi-
fied at a depth of 55-70 mm. The BA, recognized by
its higher diastolic FV compared to VA, lies at 75-120
mm from the transducer surface. The sub-mental
window allows an expert operator to identify the fur-
thermost extracranial portion of ICA.

Each cerebral artery has a unique range of veloci-
ties, due to the normal variation in lumen diameter. In
Table II, we report the normal ranges of blood flow
values and indices of the basal cerebral arteries that
Martin et 2/*¢ published in a study performed with
TCCS. After correction for the angle of insonation, he
determined flow velocities, pulsatility, and resistance
indices in the ACA, MCA, PCA, VA, and BA in 115
volunteers.

Transcranial Doppler and vasospasm

Vasospasm is a common event after SAH, usually
occurring four to 17 days after onset of bleeding.
Mean MCA flow velocity (FVm) is directly correlated
with narrowing grade. Indeed, Sloan ez 2/*” showed
a statistically significant correlation between FVm and
the angiographic lumen diameter of MCA. Similarly,
Lindegaard et 2.3 demonstrated an inverse relation-
ship between MCA diameter and MCA FV.

A FVm, up to 120 cm-sec!, correlates with mild
angiographic vasospasm (< 25% narrowing). A FVm,
ranging between 120 and 200 cm-sec™!, corresponds
with a 25 to 50% narrowing (moderate vasospasm)
and a FVm, higher than 200 cm-sec’, is considered
severe vasospasm (narrowing > 50%).1%484 Using
similar criteria in a random selected cohort study of
50 patients, McGirt** showed that TCD defined vaso-
spasm preceded delayed neurological deficits 64% of
the time. This increase in FV, associated with severe
vasospasm, can usually be detected with high sensitiv-
ity and specificity, up to two days before symptom
onset. 19474951 A review by Bazzocchi et al.33 reported
that, for vasospasm detection, TCD sensitivity ranges
from 68-94% and the specificity is between 89-100.
In a meta-analysis recently published, Lysakowski®?
showed that TCD is not likely to indicate vasospasm
when the angiography does not show one (high speci-
ficity), and it may be used to identify patients with
vasospasm (high positive predictive value).

Ekelund et 2153 demonstrated that FVm of >120
cm-sec”! were slightly indicative of vasospasm, but they
could not demonstrate a strict correlation between
high TCD flow velocities and the occurrence of isch-
emic symptoms. Nevertheless, a rapid increase of 50
cm-sec”! or more over a 24-hr period seemed to be a
strong predictor of symptomatic vasospasm.®* Other
authors suggest that relative increases of > 25 cm-sec
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L.day™ are an acceptable warning of the development
of vasospasm.!6:>°

In a study recently published, Mascia ¢t a
showed that a MCA FVm threshold of 160 cm-sec!
discriminated between patients with, and without,
clinical vasospasm with a sensitivity and specificity
equal to 1.00. The results of this study support the
daily use of the TCD by trained operators, to provide
early identification of SAH patients at high risk of
delayed cerebral ischemia.

Krezja et al.% studied neurosurgical patients sched-
uled for cerebral angiography. They obtained angle
corrected cerebral blood FV, pre- and post-angi-
ography, from 214 patients. In this study, patients
with vasospasm were divided into two groups (mild
and moderate-severe). Krezja et al. suggested that,
although the accuracy of TCD is high in identification
of MCA spasm, standardization of FV with respect to
age and sex increases the accuracy of TCD in diagnos-
ing mild MCA vasospasm. Unfortunately, they failed
to demonstrate the same increase in accuracy in the
moderate-severe vasospasm group. Lastly, other stud-
ies have shown that patients with low flow velocities of
deep basal veins, in conjunction with raised MCA flow
velocities by TCD, appear to have worse outcomes.
Therefore, the basal vein TCD is another potential
method of measuring impending ischemic events.®”

The use of TCD in vertebro-basilar vasospasm
following SAH is a recent area of study that has not
been fully elucidated, but appears to have some utili-
ty.15:3340,58-62 Gryydies by Soustiel ef 21580 showed that
vertebro-basilar vasospasm following post-traumatic
SAH appeared to independently influence neurologic
outcome. Therefore, TCDs, and other imaging proce-
dures, may be useful to follow vasospasm progression,
with the intention of giving prophylactic treatment.
Furthermore, evidence indicated that BA vasospasm
was more common in traumatic SAH, when com-
pared to spontaneous SAH (59.7% »s 40.3%).°! When
flow velocities of the BA exceeded 85 cm-sec™!, it was
further shown that significantly more patients expe-
rienced delayed neurological deficits.®® Sviri ez al.%?
demonstrated similar results, except they found that
SAH basilar flow velocities > 115 cm-sec! resulted in
increased risk of delayed brainstem ischemia.

1.50

An approach to the use of TCD in vasospasm

Our approach to the problem of vasospasm and the
application of TCD is as follows: To begin with,
all patients at risk of vasospasm receive prophylaxis
(nimodipine and an attempt to establish a positive
sodium balance), aimed at maintaining a euvolemic
state. Patients receive regular physical examinations
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and beginning from day one, twice daily routine TCD
evaluations in order to establish baseline velocities.

If the clinical examination is normal and remains
normal, TCDs, nimodipine, and euvolemia are main-
tained. If the clinical examination becomes abnormal,
a CTA or cerebral angiogram is performed to confirm
the diagnosis. A trial of triple-H therapy (raising mean
arterial pressure, volume loading) is instituted and, if
unsuccessful, angioplasty is performed. If the physi-
cal examination is normal and TCD indices suggest
that vasospasm is likely, we increase our vigilance with
physical examinations and protocols that maintain a
positive sodium. A low threshold for CTA or angiog-
raphy is applied, and can be justified for confirming
the previously secured aneurysm.

If the physical exam is difficult or obscured, and
the TCD indices suggest the presence of vasospasm, a
CTA or angiogram is performed. If vasospasm is con-
firmed, a trial of triple-H therapy is undertaken and, if
unsuccessful, the patient proceeds to angioplasty. The
clinical grade and Fisher grade suggest a risk of vaso-
spasm and, in those who are at increased risk, TCD
indices of vasospasm (even without a change in the
physical exam) are used to progress from prophylaxis
(nimodipine, positive sodium balance) to a trial of
treatment (raised mean arterial pressure, fluid bolus-
es), while awaiting confirmation of the diagnosis.

In any scenario where triple-H therapy is being
used for demonstrated vasospasm, the degrees of TCD
indices of vasospasm (as well as the physical findings)
are used as an ongoing guide to the degree of triple-
H employed. In these ways, use of the daily TCD
has become integral to our multifaceted approach to
vasospasm detection and management.

Limitations of the TCD

Although TCD appears to be a valid tool at the
intensive care unit bedside, there are limitations that
must be acknowledged. Transcranial Doppler ultraso-
nography is highly operator-dependent. Experienced
TCD operators must be employed in order to ensure
that proper, consistent recordings are acquired from
the proper vessels and through the proper ultraso-
nography windows. Even where proper technique is
utilized, some studies refute the existence of a strict
correlation between high TCD flow velocities and
occurrence of delayed ischemic deficits, indicating
a need for further clinical evaluation.’® Moreover, a
small proportion of subjects (8%), especially women
and older patients, do not have an adequate acoustic
window.3*%3 It has even been proposed that a subop-
timal window may partially account for false negative
TCD results.?”
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Conclusions

Vasospasm following SAH is a very important source
of morbidity and mortality. Unfortunately, too often
the first sign is a neurologic deficit, which may be too
late to reverse. Transcranial Doppler is a tool which
adds to the constellation of important clinical infor-
mation aimed at early detection, early intervention,
and guiding intervention designed to prevent the
permanent, neurologic sequelae related to cerebral
vasospasm.

Transcranial Doppler is a relatively new, non-inva-
sive, bedside tool that can be used to determine flow
velocities in cerebral arteries. In turn, assessment
of these velocities contributes valuable information
regarding the diagnosis of cerebral vasospasm and,
thereby, assists in clinical decision-making regarding
the need for further diagnostic tests and therapeu-
tic interventions. The current applications must be
considered within the context of, and relationship
to, other clinical data. When performed in isola-
tion, the contribution of transcranial Doppler to
improved patient outcome has not been established.
Nevertheless, transcranial Doppler has become a
regularly employed tool in neurocritical care and peri-
operative settings.

Acknowledgement
We sincerely thank Mrs. Maria Blouin, RRT, for her
graphical support in creating the anatomical diagram
shown in Figure 6.

References

1 Dorsch NW, King MT. A review of cerebral vasospasm
in aneurysmal subarachnoid haemorrhage. Part I:
Incidence and effects. J Clin Neurosci 1994; 1: 19-26.

2 Weir B, Grace M, Hansen ], Rothbery C. Time course
of vasospasm in man. ] Neurosurg 1978; 48: 173-8.

3 Sobey CG, Faraci FM. Subarachnoid haemorrhage:
what happens to the cerebral arteries? Clin Exp
Pharmacol Physiol 1998; 25: 867-76.

4 Woszezyk A, Deinsberger W, Boker DK. Nitric oxide
metabolites in cisternal CSF correlate with cerebral
vasospasm in patients with a subarachnoid haemor-
rhage. Acta Neurochir (Wien) 2003; 145: 257-64.

5 Tani E, Matsumoto T. Continuous elevation of intracel-
lular Ca2+ is essential for the development of cerebral
vasospasm. Curr Vasc Pharmacol 2004; 2: 13-21.

6 Heros RC, Zervas NT, Varsos V. Cerebral vasospasm
after subarachnoid hemorrhage: an update. Ann Neurol
1983; 14: 599-608.

7 Kassell NF, Sasaki T, Colohan AR, Nazar G. Cerebral
vasospasm following aneurysmal subarachnoid hemor-
rhage. Stroke 1985; 16: 562-72.

CAN J ANESTH 55: 2  www.cja-jca.org  February, 2008

10

13

14

15

16

17

18

19

20

21

Mayberg M, Batjer HH, Dacey R, et al. Guidelines for
the management of aneurysmal subarachnoid hemor-
rhage. A statement for healthcare professionals from a
special writing group of the Stroke Council, American
Heart Association. Stroke 1994; 28: 2315-28.

Dorsch NW. A review of cerebral vasospasm in sub-
arachnoid haemorrhage. Part II: Management. J Clin
Neurosci 1994; 1: 78-92.

Krejza ], Kochanowicz ], Mariak Z, Lewko ], Melhem
ER. Middle cerebral artery spasm after subarachnoid
hemorrhage: detection with transcranial color-coded
duplex US. Radiology 2005; 236: 621-9.

Medlock MD, Dulebohn SC, Elwood PW. Prophylactic
hypervolemia without calcium channel blockers in early
aneurysm surgery. Neurosurgery 1992; 30: 12-6.
Shimoda M, Oda S, Tsugane R, Sato O. Intracranial
complications of hypervolemic therapy in patients with
a delayed ischemic deficit attributed to vasospasm. J
Neurosurg 1993; 78: 423-9.

Muench EM, Horn PM, Bauhuf CM, et al. Effects of
hypervolemia and hypertension on regional cerebral
blood flow, intracranial pressure, and brain tissue oxy-
genation after subarachnoid hemorrhage. Crit Care
Med 2007; 35: 1844-51.

Tregginvi MM, Walder B, Suter PM, Romand JA.
Systematic review of the prevention of delayed ischemic
neurological deficits with hypertension, hypervolemia,
and hemodilution therapy following subarachnoid
hemorrhage. ] Neurosurg 2003; 98: 978-84.
Germanson TP, Lanzino G, Kongable GL, Torner JC,
Kassell NF. Risk classification after aneurysmal sub-
arachnoid hemorrhage. Surg Neurol 1998; 49: 155—
63.

Springbory JB, Frederiksen HJ, Eskesen V, Olsen NV.
Trends in monitoring patients with aneurysmal sub-
arachnoid haemorrhage. Br J Anaesth 2005; 94: 259—
70.

White H, Venkatesh B. Applications of transcranial
Doppler in the ICU: a review. Intensive Care Med
2006; 32: 981-94.

Aaslid R, Mavkwalder TM, Nornes H. Noninvasive
transcranial Doppler ultrasound recording of flow
velocity in basal cerebral arteries. ] Neurosurg 1982;
57:769-74.

Auwnslid R, Huber P, Nornes H. Evaluation of cerebro-
vascular spasm with transcranial Doppler ultrasound. J
Neurosurg 1984; 60: 37—41.

van Gijn J, Rinkel GJ. Subarachnoid haemorrhage:
diagnosis, causes and management. Brain 2001; 124:
249-78.

Willinsky RA, Taylor SM, terBrugge K, Farb R,
Tomlinson G, Montanera W. Neurologic complications
of cerebral angiography: prospective analysis of 2,899



122

CANADIAN JOURNAL OF ANESTHESIA

22

23

24

25

26

27

28

29

30

31

32

33

34

35

CAN J ANESTH 55: 2

procedures and review of the literature. Radiology
2003; 227: 522-8.

Heiserman JE. MR angiography for the diagnosis of
vasospasm after subarachnoid hemorrhage. Is it accu-
rate? Is it safe? AJNR Am J Neuroradiol 2000; 21:
1571-2.

Jabre A, Babikian V, Powsner RA, Spatz EL. Role of
single photon emission computed tomography and
transcranial Doppler ultrasonography in clinical vaso-
spasm. J Clin Neurosci 2002; 9: 400-3.

Wintermark M, Ko NU, Smith WS, Lin S, Higashida
RT;, Dillon WP. Vasospasm after subarachnoid hemor-
rhage: utility of perfusion CT and CT angiography on
diagnosis and management. AJNR Am J Neuroradiol
2006; 27: 26-34.

Anderson GB, Ashforth R, Steinke DE, Findiay JM. CT
angiography for the detection of cerebral vasospasm in
patients with acute subarachnoid hemorrhage. AJNR
Am ] Neuroradiol 2000; 21: 1011-5.

Claassen ], Mayer SA. Continuous electroencephalo-
graphic monitoring in neurocritical care. Curr Neurol
Neurosci Rep 20025 2: 534—40.

Claassen ], Hirsch L], Kreiter KT, et al. Quantitative
continuous EEG for detecting delayed cerebral isch-
emia in patients with poor-grade subarachnoid hemor-
rhage. Clin Neurophysiol 2004; 115: 2699-710.
Claassen J, Mayer SA, Hirsch L]. Continuous EEG
monitoring in patients with subarachnoid hemorrhage.
J Clin Neurophysiol 2005; 22: 92-8.

Vespa PM, Nuwer MR, Jubasz C, et al. Early detec-
tion of vasospasm after acute subarachnoid hemor-
rhage using continuous EEG ICU monitoring.
Electroencephalogr Clin Neurophysiol 1997; 103:
607-15.

Charbel FT, Du X, Hoffman WE, Ausman JI. Brain
tissue pO,, pCO,, and pH during cerebral vasospasm.
Surg Neurol 2000; 54: 432-8.

Jabre A, Bao Y, Spatz EL. Brain pH monitoring during
ischemia. Surg Neurol 2000; 54: 55-8.

Ekelund A, Kongstad P, Saveland H, et al. Transcranial
cerebral oximetry related to transcranial Doppler after
aneurysmal subarachnoid haemorrhage. Acta Neurochir
(Wien) 1998; 140: 1029-36.

Bazzocchi M, Quain E, Zuiani C, Moroldo M.
Transcranial Doppler: state of the art. Eur J Radiol
1998; 27 Suppl 2: S141-8.

Moppett IK, Mabajan RP. Transcranial Doppler ultra-
sonography in anaesthesia and intensive care. Br J
Anaesth 2004; 93: 710-24.

Krejza ], Mariak Z, Babikian VL. Importance of angle
correction in the measurement of blood flow veloc-
ity with transcranial Doppler sonography. AJNR Am J
Neuroradiol 2001; 22: 1743-7

www.cja-jca.org  February, 2008

36

37

38

39

40

41

42

43

44

45

46

Baumgartner RW, Mathis ], Sturzeneqger M, Mattle
HP. A validation study on the intraobserver reproduc-
ibility of transcranial color-coded duplex sonography
velocity measurements. Ultrasound Med Biol 1994;
20: 233-7.

Krejza |, Mariak Z, Walecki ], Szydlik P, Lewko ],
Ustymowicz A. Transcranial color Doppler sonography
of basal cerebral arteries in 182 healthy subjects: age
and sex variability and normal reference values for
blood flow parameters. Am J Roentgenol 1999; 172:
213-8.

Bellner J, Romner B, Reinstrup P, Kristiansson KA,
Ryding E, Brandt L. Transcranial Doppler sonogra-
phy pulsatility index (PI) reflects intracranial pressure
(ICP). Surg Neurol 2004; 62: 45-51.

Lindeganrd KF, Nornes H, Bakke S, Sorteberg W,
Nakstad P. Cerebral vasospasm after subarachnoid
haemorrhage investigated by means of transcranial
Doppler ultrasound. Acta Neurochir Suppl (Wien)
1988; 42: 81-4.

Soustiel JF, Shik V, Shreiber R, Tavor Y, Goldsher D.
Basilar vasospasm diagnosis: investigation of a modi-
fied “Lindegaard Index” based on imaging studies
and blood velocity measurements of the basilar artery.
Stroke 2002; 33: 72-7.

Clyde BL, Resnick DK, Yonas HM, Smith HA,
Kaufmann AM. The relationship of blood velocity

as measured by transcranial Doppler ultrasonography
to cerebral blood flow as determined by stable xenon
computed tomographic studies after aneurysmal sub-
arachnoid hemorrhage. Neurosurgery 1996; 38: 896—
905.

Rommner B, Brandt L, Berntman L, Algotsson L,
Ljunggren B, Messeter K. Simultaneous transcranial
Doppler sonography and cerebral blood flow measure-
ments of cerebrovascular CO2-reactivity in patients
with aneurysmal subarachnoid haemorrhage. Br J
Neurosurg 1991; 5: 31-7.

Minhas PS, Menon DK, Smiclewski PP, et al. Positron
emission tomographic cerebral perfusion disturbances
and transcranial Doppler findings among patients with
neurological deterioration after subarachnoid hemor-
rhage. Neurosurgery 2003; 52: 1017-24.

McGirt MJ, Blessing RP, Goldstein LB. Transcranial
Doppler monitoring and clinical decision-making after
subarachnoid hemorrhage. ] Stroke Cerebrovasc Dis
2003; 12: 88-92.

Lowe LH, Bulas DI. Transcranial Doppler imaging

in children: sickle cell screening and beyond. Pediatr
Radiol 2005; 35: 54-65.

Martin PJ, Evans DH, Naylor AR. Transcranial color-
coded sonography of the basal cerebral circulation.
Reference data from 115 volunteers. Stroke 1994; 25:



Rigamonti et al.: VASOSPASM AND TRANSCRANIAL DOPPLER

123

390-6.

47 Sloan MA, Haley EC Jr, Kassell NF, et al. Sensitivity
and specificity of transcranial Doppler ultrasonography
in the diagnosis of vasospasm following subarachnoid
hemorrhage. Neurology 1989; 39: 1514-8.

48 Sloan MA. Detection of vasospasm following subarach-
noid hemorrage. In: Babikian VL (Ed.). Transcranial
Doppler Ultrasonography. St. Louis. Mosby — Year
Book, Inc.; 1993: 105-27.

49 Vora YY, Suarez-Almazor M, Steinke DE, Martin ML,
Findlay JM. Role of transcranial Doppler monitoring in
the diagnosis of cerebral vasospasm after subarachnoid
hemorrhage. Neurosurgery 1999; 44: 1237-48.

50 Mascin L, Fedorko L, terBrugye K, et al. The accuracy
of transcranial Doppler to detect vasospasm in patients
with aneurysmal subarachnoid hemorrhage. Intensive
Care Med 2003; 29: 1088-94.

51 Proust F, Callonec F, Clavier E, et al. Usefulness of
transcranial color-coded sonography in the diagnostis
of cerebral vasospasm. Stroke 1999; 30: 1091-8.

52 Lysakowski C, Walder B, Costanza M, Tramer M.
Transcranial Doppler versus angiography in patients
with vasospasm due to a ruptured cerebral aneurysm: a
systematic review. Stroke 2001; 32: 2292-8.

53 Ekelund A, Saveland H, Romner B, Brandt L. Ts
transcranial Doppler sonography useful in detecting
late cerebral ischaemia after aneurysmal subarachnoid
haemorrhage? Br J Neurosurg 1996; 10: 19-25.

54 Grosset DG, Straiton J, du Trevou M, Bullock R.
Prediction of symptomatic vasospasm after subarach-
noid hemorrhage by rapidly increasing transcranial
Doppler velocity and cerebral blood flow changes.
Stroke 1992; 23: 674-9.

55 Aaslid A, Huber P, Nornes H. A transcranial Doppler
method in the evaluation of cerebrovascular spasm.
Neuroradiology 1986; 28: 11-6.

56 Krejza J, Mariak Z, Lewko J. Standardization of flow
velocities with respect to age and sex improves the
accuracy of transcranial color Doppler sonography of
middle cerebral artery spasm. AJR Am ] Roentgenol
2003; 181: 245-52.

57 Mursch K, Wachter A, Radke K, et al. Blood flow
velocities in the basal vein after subarachnoid haemor-
rhage. A prospective study using transcranial duplex
sonography. Acta Neurochir (Wien) 2001; 143: 793-9.

58 Soustiel JF, Bruk B, Shik B, Hadani M, Feinsod M.
Transcranial Doppler in vertebrobasilar vasospasm after
subarachnoid hemorrhage. Neurosurgery 1998; 43:
282-91; discussion 291-3.

59 Goldsher D, Shreiber R, Shik V, Tavor Y, Soustiel JF.
Role of multisection CT angiography in the evaluation
of vertebrobasilar vasospasm in patients with subarach-
noid hemorrhage. AJNR Am J Neuroradiol 2004; 25:

CAN J ANESTH 55: 2  www.cja-jca.org  February, 2008

60

61

62

63

1493-8.

Soustiel JF, Shik V. Posttraumatic basilar artery vaso-
spasm. Surg Neurol 2004; 62: 201-6; discussion 206.
Soustiel JF, Shik V, Feinsod M. Basilar vasospasm follow-
ing spontanecous and traumatic subarachnoid haemor-
rhage: clinical implications. Acta Neurochir (Wien)
2002; 144: 137-44.

Sviri GE, Lewis DH, Correa R, Britz GW, Douville CM,
Newell DW. Basilar artery vasospasm and delayed pos-
terior circulation ischemia after aneurysmal subarach-
noid hemorrhage. Stroke 2004; 35: 1867-72.

Newell DW, Grady MS, Eskridge JM, Winn HR.
Distribution of angiographic vasospasm after subarach-
noid hemorrhage: implications for diagnosis by tran-
scranial Doppler ultrasonography. Neurosurgery 1990;
27:574-7.



