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Aneurysmal subarachnoid hemorrhage and its
accompanying sequelae are management chal-
lenges for the neurosurgeon and neurointensivist.
Transcranial Doppler ultrasonography (TCD) has
emerged as a tool used extensively by many
centers for the surveillance and monitoring of

the primary and secondary complications of SAH
is complex, and the use of appropriate tools and
diagnostic strategies is helpful. TCD has emerged
as an inexpensive, noninvasive tool used not only
for bedside monitoring of intracerebral hemody-
namic changes seen with SAH. TCD can also be

vasospasm after aneurysmal subarachnoid
hemorrhage (SAH)." The overall management of

The views and opinions herein belong solely to the authors. They do not nor should they be construed as
belonging to, representative of, or being endorsed by the Uniformed Services University of the Health
Sciences, the US Army, The Department of Defense, or any other branch of the federal government of the
United States.

@ Division of Neurosciences Critical Care, Departments of Anesthesiology Critical Care Medicine, Johns Hopkins
University School of Medicine, Meyer 8-140, 600 North Wolfe Street, Baltimore, MD 21287, USA

b Department of Neurology, Uniformed Services University of the Health Sciences, 4301 Jones Bridge Road,
Bethesda, MD 20814, USA

¢ Departments of Neurosurgery and Neurology, Johns Hopkins University School of Medicine, Meyer 8-140,
600 North Wolfe Street, Baltimore, MD 21287, USA

* Corresponding author. Department of Neurology, Uniformed Services University of the Health Sciences, 4301
Jones Bridge Road, Bethesda, MD 20814.

E-mail address: scott.marshall@amedd.army.mil

Neurosurg Clin N Am 21 (2010) 291-303
doi:10.1016/j.nec.2009.10.010
1042-3680/10/$ — see front matter © 2010 Published by Elsevier Inc.

used to evaluate other neurologic conditions
in the Neurosciences Critical Care Unit such as
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intra- and extracranial vascular stenosis, arteriove-
nous malformations, intraoperative emboli,
venous sinus thrombosis, ischemic stroke, sickle
cell disease, and brain death.>* This article
provides a brief review of the pathophysiology of
vasospasm, and other devices used to detect
vasospasm. Also reviewed are the indices and
technical aspects of TCD ultrasonography, the
interpretation of data obtained from TCD studies,
and TCD-based management algorithms for
vasospasm.

VASOSPASM AFTER SUBARACHNOID
HEMORRHAGE

The diminution of blood flow transiting through the
cerebral vasculature seen after aneurysmal SAH
due to vasoconstriction is referred to as vaso-
spasm.5>® Arterial spasm after SAH was originally
described by Ecker, and has since been the
subject of decades of laboratory research and
clinical investigation.” Various definitions of vaso-
spasm are employed, including vasospasm seen
on digital subtraction angiography or computed
tomography angiography referred to as “angio-
graphic vasospasm” and “clinical vasospasm,”
which includes “delayed ischemic neurologic
deficit” (DIND) and “delayed cerebral ischemia.”
(DCI) DIND and DCI refer to clinical signs of tran-
sient or permanent neurologic deficits occurring
remotely from the initial SAH or surgery, after other
complications of SAH potentially causing neuro-
logic deficits have been excluded.® The exact
cause of vasospasm is not clearly understood,
but it is thought that extra-arterial blood products
surrounding the arterial wall trigger a cascade of
events at the cellular level, that culminate in vaso-
constriction.”*% Other factors involved include
decreased vascular autoregulation, reversible vas-
culopathy, and relative hypovolemia.®® A further
review of the current pathophysiology of vaso-
spasm is presented in this edition of Neurosurgical
Clinics. Vasospasm occurs most intensely adja-
cent to the subarachnoid clot, but can occur
distantly from the majority of the subarachnoid
blood, and is predicted by clot volume, age, loca-
tion, and density of the SAH seen on the initial
computed tomography (CT) scan.’®' In the
past, the most likely cause of mortality after SAH
was from aneurysmal rerupture in the early period
after SAH. Due to more aggressive early surgical
and endovascular treatment of ruptured aneu-
rysms, this has now been replaced by hydroceph-
alus and vasospasm.’%13

The incidence of angiographic vasospasm after
aneurysmal subarachnoid hemorrhage has been
estimated to occur in 50% to 70% of patients

with aneurysmal SAH, with approximately 50%
of those exhibiting symptoms of clinical vaso-
spasm.™ A review of angiography studies of
more than 2700 cases of aneurysmal SAH found
the average incidence to be approximately 67 %,
with the highest incidence occurring between
days 10 and 17 after SAH."® Vasospasm classi-
cally is reported to occur from days 4 to 14 after
aneurysmal SAH, but variations on this rule
abound.”-%12-1416.17 The incidence of early angio-
graphic vasospasm, detected within 48 hours of
aneurysm rupture, occurs in 10% to 13% of SAH
patients and is associated with prior aneurysmal
SAH, large aneurysms, intraventricular hemor-
rhage, and with reduced morbidity at 3 months.'®
The impact of clinical vasospasms on outcome
has been established, with both morbidity and
mortality estimates ranging from 10% to 20%.'%1°

MODALITIES USED FOR MONITORING
CEREBRAL VASOSPASM

It should be emphasized that vasospasm is a clin-
ical diagnosis, and radiographic studies and other
markers of brain perfusion support this diagnosis
through evidence of diminished vessel caliber.
Left unchecked, patients with vasospasm may
progress from diffuse neurologic signs such as
confusion, increasing somnolence, and combat-
iveness to focal neurologic deficits suggestive of
infarction. Radiographic findings often precede
such clinical deficits, and thus offer the opportu-
nity to intervene to prevent neurologic injury. To
this effect, in 1982 Aaslid and colleagues®®?’
provided the first descriptions of the use of TCD
for such purposes, by monitoring flow in intracra-
nial arteries and later used TCD in the assessment
of arterial vasospasm. Much work has been done
on the use of this technology in the evaluation of
cerebral blood flow, due to its relative inexpen-
siveness, bedside availability, and noninvasive
nature. The gold standard for the diagnosis of
cerebral vasospasm has remained digital subtrac-
tion angiography. Because of its expense, poten-
tial for severe complications, and the need to
move the patient to the angiography suite, this
test is impractical for use as a frequent monitor
of vasospasm.?? The major advantage of angiog-
raphy is the potential for both diagnosis and ther-
apeutic intervention, discussed elsewhere in this
issue. Computed tomography angiography (CTA)
has emerged as a potentially helpful tool in the
evaluation of vasospasm, with relatively good
sensitivity and specificity for discovery of severe
vasospasm in the proximal arteries of the circle
of Willis, and with a high negative predictive
value.?®> Some have raised concern that sending



a patient who has severe vasospasm to undergo
CTA may delay definitive treatment with angio-
plasty or intra-arterial injection of antispasmodic
agents.® CTA is relatively insensitive for mild and
moderate vasospasm, and ideally requires
a baseline study early on in the course of SAH
for purposes of comparison.?* lonita and
colleagues?? reported that with strongly positive
or strongly negative TCD findings and a correlative
neurologic examination, obtaining a CTA was not
of added value in the management of such
patients. These investigators suggested that
CTA’s best role may be in a patient population
with indeterminate TCD findings and an examina-
tion suggestive of vasospasm. Magnetic reso-
nance angiography (MRA) has been used by
some to assess for vasospasm after SAH,
although it is a technology limited by logistics,
acquisition time, motion, and hardware arti-
fact.25-27 Other emerging technologies employ
an altogether different approach to the detection
of vasospasm. Perfusion imaging such as MR
perfusion, CT perfusion (CTP), single photon
emission computed tomography (SPECT), posi-
tron emission tomography (PET), and diffusion-
weighted MR imaging are being studied for
use with this indication.28-32 Of these technolo-
gies, a combination of CTA and CTP may be
useful as a second-tier diagnostic study in cases
where a high index of suspicion exists or TCDs
are not reliable.'® Continuous electroencephalog-
raphy (EEG) is also under investigation as a means
to detect subclinical cortical dysfunction related
to inadequate cerebral perfusion from vaso-
spasm. A recent study has shown this to be
a beneficial mode of monitoring SAH patients, al-
lowing for detection of subsequent vasospasm
days before the detection of abnormalities by
TCD.3334 Several logistical limitations to contin-
uous EEG monitoring preclude widespread use
of this technique currently, although further data
correlating this technique to the development of
vasospasm may make its use more widespread
in the future.

TCD has become the most common screening
tool for vasospasm monitoring due to its portability
and noninvasive nature, and ease of repeat
testing.®> Many advocate frequent TCD monitoring
with schedules ranging from every other day to
twice daily, usually starting on the first day after
SAH onset, ending with resolution of vaso-
spasm.”®>'® TCD is also recommended for
following the temporal course of angiographic
vasospasm during its peak incidence.3®

The efficacy of TCD as a monitor for vasospasm
is controversial.3” TCD is operator dependent, and
limitations of insonation secondary to adequate
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acoustic windowing restrict its use in about 8%
of patients.’?38 QOther limiting factors include the
rate of false-negative studies and variability
between technicians performing examinations.3®
These limitations may be overcome with new
TCD techniques.*®

Many studies have established TCD threshold
velocities for vasospasm diagnosis. These studies
usually incorporate TCD and angiographic
comparisons. In such work, a relationship has
been demonstrated between intracerebral vessel
diameter on angiography and velocities measured
with TCDs.*"%2 The underlying principle used for
TCD estimations of cerebral blood velocity is
based on variations of the Bernoulli equation.
The velocity of blood flow in a conduit is inversely
related to the diameter of that conduit. As the
diameter of a blood vessel decreases, the blood
velocity will increase. Although the vessel itself is
not directly visualized with TCD ultrasonography,
an indirect evaluation of the vessel diameter is
achieved using the Doppler effect by calculating
the Doppler shift, which is the difference between
the frequencies of the transmitted and received
ultrasound waves.*®>** The following equation
allows for the calculation of vessel flow velocities
and gives an indirect indication of vessel
diameter.®

f=2xfyxv/c

v=fxc/(2xf)

where fy is transmitted ultrasound frequency
(1.0-3.0 MHz in TCD)
c is velocity of sound in blood (approximately
1540 m/s)
v is velocity of blood flow.

INDICES AND TECHNICAL ASPECTS TCD
ULTRASONOGRAPHY

TCD provides several indices that are useful when
making clinical decisions regarding the manage-
ment of vasospasm in SAH patients. The flow
velocity (FV) is the most used metric and is further
defined by the mean flow velocity (MFV), the peak
systolic flow velocity (Vg), and the end-diastolic
flow velocity (V). In clinical practice, the mean
flow velocity (MFV = {Vs — V4/3} + Vy) is typically re-
ported, but additional information is used to calcu-
late the resistance index (RI) and pulsatility index
(P1). Both the Rl and PI are presumptive measures
of downstream vascular resistance, and serve as
indicators of extravascular or intracranial pressure
(equations 1, 2). Elevated Rl and Pl occur
secondary to vascular stenosis, distal vasospasm,
and elevated intracranial compliance.*®
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RI = (FVsystolic — FVdiastolic) /FVsystolic (1)

Gosling Pulsatility Index : Pl = (FVsystolic
— FVdiastolic)/MFV
(2)

The Lindegaard index (Ll) is an important
method of correcting for increases in hyperdynam-
ic systemic flow velocities, either physiologic or
induced, in patients with SAH. To calculate the
LI, the MFV of the middle cerebral artery (MCA)
is compared with an ipsilateral extracranial vessel,
namely the proximal internal carotid artery (ICA).
This ratio (equation 3) helps to distinguish global
hyperemia from vasospasm, especially in the
setting of triple-H therapy.*'

LI = MFVmca/MFVica ®3)

An understanding of normal TCD velocities is
vital to understanding TCD findings of vasospasm,
and it is recognized that each major cerebral artery
has its own range of normal values. Data from
a large study with normal volunteers has proposed
normal values for mean velocity and pulsatility
index in the anterior and posterior circulation
(Tables 1-3).“6 The velocities are reported for
men and women separately, as many of these
differences were found to be statistically signifi-
cant. FV may vary between technicians acquiring
TCD indices by as much as 7.5% on the same
day and 13.5% on different days.*” A combination
of TCD velocities, Lindegaard ratios, clinical char-
acteristics, and a spasm index (TCD velocities/
hemispheric blood flow obtained from '33Xe cere-
bral blood flow studies), called the Vasospasm
probability index, has been proposed recently.!

The combination of Fisher grade, Hunt and Hess
grade, and spasm index accurately detected clin-
ical vasospasm in 92.9%. A model that included
Fisher grade, Hunt and Hess grade, and Linde-
gaard ratio had an accuracy of 89.9% for detection
of angiographic vasospasm. This study, along with
others, suggests that the predictive value of TCD
can be improved when used with other indicators.
Another proposed “vasospasm risk index” found
that a combination of high Fisher grade, early
increase in the MCA MFV 110 cm/s or more re-
corded on or before post-SAH day 5, Glasgow
Coma Scale score less than 14, and ruptured
aneurysm of the anterior cerebral or internal
carotid arteries translated into a high probability
of identifying patients who would develop symp-
tomatic vasospasm.*&°5°

An explanation of why TCD measurements
alone may not correlate with angiographic or
symptomatic vasospasm is likely based on the
effect of decreased vessel lumen diameter on
flow resistance in different hemodynamic situa-
tions. It has been postulated that with moderate
vasospasm, cerebral autoregulation compensates
for perfusion pressure reduction in the region of
spasm (as long as arterial blood pressure [ABP]
is above the lower limit of autoregulation), and
flow velocity increases as lumen area falls, yielding
good correlation between angiographic and TCD
measured spasm.®! This situation is depicted by
region | on the Spencer curve (Fig. 1). In region I
a plateau occurs whereby volume of flow is
reduced and velocity remains high independent
of diameter. Clinical vasospasm may occur
because autoregulation is not effective. If ABP is
increased (from A to B) with hypervolemic therapy,

Table 1
Normal reference TCD values for males

MFV?
Insonated Vessel Age 20-39 Age 40-59 Age >60
ACA 54-62 51-61 45-55
MCA 66-74 62-69 55-62
PCA (P1) 48-53 41-48 40-45
PCA (P2) 43-49 40-45 39-45
Vertebral 37-43 29-36 30-35
Basilar 39-49 27-39 30-37

Abbreviations: ACA, anterior cerebral artery; MCA, middle cerebral artery; PCA, posterior cerebral artery; MFV, mean flow

velocity.
® Range in cm/s.

Data from Martin PJ, Evans DH, Naylor AR. Transcranial color-coded sonography of the basal cerebral circulation.

Reference data from 115 volunteers. Stroke 1994;25:390-6.
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Table 2
Normal reference TCD values for females

MFV?
Insonated Vessel Age 20-39 Age 40-59 Age >60
ACA 57-64 62-71 44-58
MCA 73-80 73-83 53-62
PCA (P1) 52-57 50-56 37-47
PCA (P2) 45-51 50-57 37-47
Vertebral 45-51 44-50 31-37
Basilar 51-58 47-56 29-47

Abbreviations: ACA, anterior cerebral artery; MCA, middle cerebral artery; PCA, posterior cerebral artery; MFV, mean flow

velocity.
@ Range in cm/s.

Data from Martin PJ, Evans DH, Naylor AR. Transcranial color-coded sonography of the basal cerebral circulation.

Reference data from 115 volunteers. Stroke 1994;25:390-6.

volume flow increases and ischemic symptoms
may improve, but the patient may paradoxically
have much higher TCD velocities than in a normo-
tensive setting. Here the correlation between TCD
velocity and the degree of angiographic vaso-
spasm is likely to be poor. Under conditions of crit-
ical stenosis (region lll), additional reduction in
lumen diameter results in lower TCD velocities,
and reduction of flow to critical values with resul-
tant neurologic deficits. Here TCD is unable to
provide sufficient information to assess the hemo-
dynamic state of the cerebral circulation.®’

New imaging technology available for clinical
use may make TCD more accurate and less
subject to operator error. Power M-mode (PMD)/
TCD facilitates the location of the acoustic
temporal windows and allows viewing blood flow
from multiple vessels at the same time.’
The display that is used in PMD/TCD allows for
color-coded information regarding the direction-
ality of blood flow, and this has allowed for

PMD/TCD to be the most commonly used form
of TCD performed currently at the bedside.®
Transcranial color-coded duplex sonography
(TCCS) allows 2-dimensional representation of
the large cerebral arteries in color with outlining
of parenchymal structures, in addition to color-
coded flow directionality information.® In
a prospective comparison of the accuracies of
TCCS and TCD in the diagnosis of MCA vaso-
spasm using same-day digital subtraction angiog-
raphy as the reference standard, the accuracy of
TCCS and TCD was similar, although improve-
ments in sensitivity of TCCS in detecting MCA
vasospasm was hoted.*® TCCS allowed for the
detection of vasospasm at an earlier stage and at
lower velocities (using a threshold of 120 cm/s),
which may allow for more timely interventions to
arrest the complications of vasospasm when it
occurs. At higher velocities (threshold of 200 cm/
s), conventional TCD and TCCS exhibited similar
accuracy in the detection of vasospasm. However,

Table 3
Pulsatility index normal values

Pulsatility Index

Insonated Vessel Age 20-39 Age 40-59 Age >60

ACA 0.78-0.85 0.73-0.79 0.87-0.97
MCA 0.82-0.87 0.79-0.83 0.93-1.02
PCA (P1) 0.8-0.88 0.75-0.82 0.91-1.02
PCA (P2) 0.79-0.86 0.75-0.8 0.91-1.03
Vertebral 0.79-0.85 0.74-0.82 0.89-0.99
Basilar 0.76-0.86 0.73-0.83 0.86-1.03

Abbreviations: ACA, anterior cerebral artery; MCA, middle cerebral artery; PCA, posterior cerebral artery.
Data from Martin PJ, Evans DH, Naylor AR. Transcranial color-coded sonography of the basal cerebral circulation.

Reference data from 115 volunteers. Stroke 1994;25:390-6.
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Fig. 1. “Spencer” curves (above) and volume flow as a function of lumen diameter (below) for 2 levels of arterial
blood pressure (ABP). (From Aaslid R. Transcranial Doppler assessment of cerebral vasospasm. Eur J Ultrasound

2002;16(1-2):3-10; with permission.)

the investigators were unable to recommend
universal additional capital investment of this tech-
nology by intensive care units (ICU) to routinely
perform TCCS over traditional TCD. This question
is currently being investigated.

INTERPRETATION OF DATA FROM TCD
ULTRASONOGRAPHY

TCD studies generate a great deal of information,
as they are performed daily to every other day in
the Neurosciences ICU for patients with
SAH."%16 These data can be interpreted based
on absolute criteria for vasospasm, or used to
see trends in the tempo of vasospasm over the
course of several days.®” Studies establishing the
correlation between TCD mean flow velocities
with decreases in vessel diameter on angiography
have been most convincing for examinations of the
MCA, but it is not acceptable to interpret flow
velocity as cerebral blood flow or use TCD indices
to estimate cerebral perfusion pressure.! Studies
attempting to correlate these 2 parameters of
perfusion have not been supportive.’?>* Data
comparing results of TCD and vasospasm seen
on digital subtraction angiography give estimates
for potential cutoff values for considering

vasospasm in different cerebral arteries (Table 4).
One of the most important questions regarding the
use of TCD is the proper placement of the refer-
ence standard. In the case of TCD, this concerns
mostly the MFV.

Vasospasm in the anterior cerebral artery (ACA)
may be difficult to detect with TCD, in part due to
anatomic factors.*’ In a study by Suarez and
colleagues®® of 199 SAH patients, the correlation
between elevated TCD flow velocities and symp-
tomatic vasospasm was better in either the ICA
(sensitivity: 80%; specificity: 77%) or MCA (64%
and 78%) distributions compared with the ACA
(45% and 84%).5°

To improve the sensitivity of TCD of the ACA,
Lindegaard and colleagues*' had suggested that
clinicians use both ACAs to access vasospasm
on either side, because the collateralization of
the ACAs by the anterior communicating artery
(ACom) is so prominent. In any case, sensitivity
has been a challenge in TCD studies of this vessel
to detect vasospasm, and some investigators
have suggested using not absolute velocity values
but rather a relative increase in MFVs of greater
than 50% change over subsequent examinations
or a change of 50 cm/s in MFV over a 24-hour
period.5”®8 The issue with accuracy of TCD for



Transcranial Doppler Ultrasonography

Table 4
A composite of practical MFV and other parameters from TCD ultrasound indicating vasospasm
after aneurysmal SAH
Insonated Mild Vasospasm Moderate Vasospasm  Severe Vasospasm Intracranial MFV/
Vessel MFV, cm/s MFV, cm/s MFV, cm/s Extracranial MFV
ACA ® MFV >50% increase MFV >50% increase ¢

from baseline from baseline

in 24 h in 24 h
ICA (terminal) >120 >130 [0) [0)
MCA >120 >130 >200 >3 mild?

>6 severe

PCA 0 >110 >110 0
Basilar >60 >80 >115 >3 severe®
Vertebral >60 >80 >80 o®

Abbreviations: ACA, anterior cerebral artery; MCA, middle cerebral artery; MFV, mean flow velocities; PCA, posterior

cerebral artery; ¢, limited data to guide recommendations.
@ Middle cerebral artery/extracranial internal carotid artery.

b Basilar artery/extracranial vertebral artery.
Data from Refs 22,49,51,57,62-65,71-73

the ACA may be mostly technical and anatomic,
as increasing the FV cutoff from 120 to 140 cm/s
failed to increase sensitivity for detecting vaso-
spasm in one study.®® In that article, where TCD
ultrasound was performed for 75 ACAs in 41
patients, TCD did have a specificity of nearly
100%, although in patients with postcommunicat-
ing ACA (A2 segment) vasospasm on angiography,
no abnormal findings were evident on TCD. In this
study, TCD insensitivity to angiographic vaso-
spasm was explained by aneurysm location, with
all false negatives occurring in patients with
ACom aneurysms. This finding has been demon-
strated in other studies, and is problematic given
the frequency of aneurysms in this region.%-¢1 In
addition, others have reported a higher rate of
cerebral ischemia in the setting of negative TCDs
in the ACA vascular territory, although intraopera-
tive ischemia may be confounding.®?

The best data for correlating increased MFV with
angiographic vasospasm exist for the MCA. Linde-
gaard and colleagues*’ proposed a cutoff of MFVs
of 140 cm/s for detecting vasospasm in the MCA,
based on their work with 51 patients. Langlois and
colleagues®® showed that a cutoff of 130 cm/s for
the MCA had a sensitivity of 73% and a specificity
of 100% for detecting vasospasm. In another
study of 49 patients using a cutoff of at least 130
cm/s, specificity reached 100% for finding vaso-
spasm in the MCA.%* In a larger study of more
than 100 patients, an MFV of less than 120 cm/s
was able to reliably predict absence of vasospasm
(negative predictive value of 94%) and MFV of
greater than 200 cm/s reliably predicted moderate

to severe angiographic vasospasm (87% positive
predictive value).® This study group recommen-
ded caution when interpreting intermediate veloc-
ities (ie, 120-200 cm/s). Others have used the
Lindegaard ratio (intracranial MCA MFV/extracra-
nial ICA MFV) to overcome issues related to cere-
bral hyperemia.*' Lindegaard’s original ratios
indicating vasospasm were values greater than
10 in severe cases, with normal ranges from 1.1
to 2.3 and a median of 1.7.47 A recent article
used an LI of greater than 6 to reliably predict
vasospasm in patients with clinical findings
possibly indicating ischemia.?? The LI is subject
to variability because a small decrease in the ICA
velocity may greatly overestimate the degree of
vasospasm. This variability can be minimized by
insonating the distal portion of the extracranial
ICA as close as possible to the base of the skull
(depth 40-50 mm).5"

Other helpful corrections may be to standardize
MCA MFVs to a patient’s age and sex, although
this has only been reported to have aided in the
identification of mild arterial vasospasm, and has
not been largely accepted in clinical practice.%® It
is recognized that a small percentage of patients
develop only distal vasospasm (7.5%), which
may be outside the range of TCD insonation.57-68
For this reason the M2 segments should be evalu-
ated for elevated velocities and bruits that may
indicate distal spasm.®®

ICA vasospasm in the terminal aspect of the
vessel has been studied by several investigators.
In a retrospective study, Creissard and Proust’®
reported sensitivities of 95% for the detection of
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vasospasm with an ICA aneurysm, if the MCA
(M1) and the ICA are successfully insonated. A
prospective study by the same investigators re-
ported lower sensitivities for detection of vaso-
spasm in the ICA.®' Older work with 49 patients
and 90 intracranial ICAs reported a specificity
and positive predictive value of 100% when MFV
values exceeded 130 cm/s in the intracranial
ICA.%4

Detection of vertebral or basilar artery vaso-
spasm with TCD has different criteria than for the
anterior circulation. In an article addressing the
question of posterior circulation specifically,
a cutoff velocity of 85 cm/s in the basilar artery
predicted more frequent progression to cerebral
ischemia, indicating that if this degree of vaso-
spasm was diagnosed with TCD, interventions to
reduce neurologic injury should be introduced
earlier.?? In a study correlating the relationship
between basilar artery (BA) vasospasm and
regional cerebral blood flow, the risk for delayed
brainstem ischemia increased significantly when
TCD BA FVs were greater than 115 cm/s.”
Fig. 2 shows an example of BA vasospasm on
TCD. As mentioned earlier, a modified version of
the LI for the posterior circulation is available.
This study calculated normative values for the
intracranial/extracranial vertebral artery (VA) FV
ratio (IVA/EVA) and BA/extracranial VA FV ratio
(BA/EVA), and evaluated 34 SAH patients with
TCD and CT angiography (CTA).”2 A BA/EVA ratio
of more than 2 was 100% sensitive and 95%
specific for detection of BA vasospasm. In addi-
tion, the BA/EVA ratio showed close correlation
with BA diameter and was greater than 3 in all
patients with severe vasospasm.

TCD detection of vasospasm in the posterior
cerebral artery (PCA) was studied by Wozniak
and colleagues.” The difficulty with use of TCD
for insonating the ACA and PCA was specifically
addressed in this article. In a study of 84 PCAs in
53 patients, they reported sensitivity of 48% and

specificity of 69% in technically adequate TCDs
with an MFV cutoff value of 90 cm/s. If this value
was increased to 110 cm/s, the specificity
increased to 93% with sensitivity remaining low.
A false-positive rate of 37% was attributed to
anatomic factors, including occlusion as well as
operator inexperience.”® The PCA, like the ACA,
has proven to be a difficult vessel for which to reli-
ably establish TCD criteria for vasospasm.

Although TCD monitoring of vasospasm is
usually started after aneurysm repair has
occurred, there may be a role for early monitoring
to establish increased risk of DCI. In a study of 199
patients with TCD examinations within 48 hours of
SAH onset, 38% of patients had MCA elevation
greater than 90 cm/s, which was associated with
younger age, angiographic vasospasm on admis-
sion, and elevated white blood cell count.”* DCI
occurred in 19% of these patients, which was
independently predicted by elevated admission
MCA MFV of more than 90cm/s and poor clinical
grade. These data suggest that transient vaso-
spasm during the early phase of SAH may predict
delayed arterial spasm and DCI.

LIMITATIONS OF TCD

Several factors known to affect TCD velocity
measurements that may impact assessment
during SAH include hematocrit, arterial carbon
dioxide tension, the patient’s level of conscious-
ness, and the observer’s level of experience.” It
has been suggested that because vasospasm
may be episodic, intermittent measurements may
miss episodes of vasospasm.’® One study of
continuous TCD measurement of cerebral blood
flow velocities revealed a significant moment-to-
moment variability of the MCA MFV in both
patients and volunteers, ranging from —38% to
78%, suggesting that either false-negative or
false-positive results may occur in the diagnosis
of vasospasm.’® In this study, continuous TCD

o
MEFM

Fig. 2. Basilar artery vasospasm in a SAH patient with good correlation on cerebral angiography.



monitoring did not improve upon the sensitivity of
intermittent TCD for detection of velocity evidence
of vasospasm that was confirmed by angiography.
At this time there seems to be no particular advan-
tage of continuous TCD monitoring, although
further study into how moment-to-moment vari-
ability affects detection of vasospasm has been
suggested.”’

MANAGEMENT ALGORITHMS

Our practice has evolved to use TCD ultrasonog-
raphy in all patients with aneurysmal SAH by the
performance of daily studies correlated with clin-
ical examinations and physiologic data. Patients
admitted with aneurysmal SAH are studied as
soon as possible after digital subtraction angiog-
raphy and securing of the aneurysm. In the setting
of clinical stability, TCDs are continued daily while
patients are maintained in a state of normovolemia
and normonatremia. When a patient without new
examination findings enters the window for
increased risk of developing vasospasm, if TCD
velocities increase to generally accepted levels
for vasospasm for that vessel, fluid balance is
shifted to maintaining a positive fluid state, and
serum sodium is augmented with hypertonic saline
if cerebral salt wasting develops. Patients are
allowed to autoregulate blood pressure up to
systolic pressures (SBP) of 200 mm Hg or mean
arterial pressures (MAP) of 120 to 140 mm Hg, de-
pending on the clinical status of the patient and
other existing comorbidities. The placement of
a pulmonary artery catheter or PiCCO-catheter
may also be considered to optimize cardiopulmo-
nary function and fluid management. If clinical
suspicion for vasospasm increases with either
increasing TCD values or clinical findings of poten-
tial ischemia, hypervolemic and hypertensive
therapy is begun with either phenylephrine or
norepinephrine and placement of a hemodynamic
monitor. As an alternative, dobutamine or milri-
none may be used in the setting of neurogenic
stunned myocardium to augment cardiac output.
Depending on the clinical status of the patient
and the reliability of the neurologic examination,
other diagnostic imaging protocols may then be
considered. The use of a perfusion study such as
CT perfusion may be helpful in these cases, but if
the suspicion is strong for clinical worsening then
titration of MAP or SBP goals is warranted. Cere-
bral angiography, as both a diagnostic and thera-
peutic intervention, may be performed at this
stage. TCD follow-up then may be vital in assessing
the results of therapy and, along with the clinical
examination, will aid in the timing of repeat angiog-
raphy and will guide hemodynamic management.

Transcranial Doppler Ultrasonography

OTHER USES OF TCD ULTRASONOGRAPHY

Several clinical applications of TCD exist currently
in practice. TCD ultrasonography may be helpful in
the setting of head trauma, as a marker of
increased intracerebral pressure (ICP), assess-
ment of cerebral autoregulation, brain death,
ischemic stroke, intraoperative monitoring, and
assessment of right to left shunt (ie, patent
foramen ovale).2*4378 The utility of TCD in the
Neurosciences ICU is primarily concerned with
cerebral vasospasm and occlusive intracranial
disease related to stroke, although new uses of
TCD ultrasonography as a diagnostic, and even
as a therapeutic tool, are increasing.

Evidence has emerged regarding the incidence
of vasospasm after traumatic SAH or blast-
related head injury.®%2 This incidence has been
reported to be higher in some populations with
traumatic SAH than aneurysmal SAH, a concept
that is not consistent with prior conventional
teaching regarding vasospasm.’® In a prospective
cohort study of 299 patients with traumatic brain
injury, hemodynamically significant vasospasm
in the anterior circulation was found in 44.6% of
the patients, whereas vasospasm in the BA (BA
FV >90 cm/s) or hemodynamically significant
vasospasm in the posterior circulation was found
in 19% and 22.5% of patients, respectively.®® The
most common day of vasospasm onset was post
injury day 2. Vasospasm resolved after 5 days in
50% of the patients with anterior circulation
spasm and after 3.5 days in 50% of patients
with posterior circulation spasm. It was recom-
mended that TCD monitoring be used in the
management of patients with traumatic brain
injury. The use of TCD in sickle cell disease is
widespread, and level IA evidence exists for use
as a guide to help decide timing and frequency
of transfusion therapy as a means to prevent
stroke in this population.®" Guidelines have been
published as to insonation protocols and interpre-
tation for performance of TCD in this setting in
accordance with the STOP trial.®?

The use of TCD in brain death may provide help-
ful additional information as confirmatory testing
for this clinical diagnosis. Several centers use
this as a standard practice, and recent work
showed improved results with no false positives
reported in a study of 184 patients with the inclu-
sion of transcervical and transorbital carotid inso-
nation in the brain death TCD protocol.®® TCD has
not to date been accepted as a formal ancillary
test for diagnosis of brain death.

The correlation of TCD PI and intracranial pres-
sure deserves discussion. ICP and Pl have been
shown in early work to share a direct correlation.®*
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The Pl (equation 2) as a ratio is sensitive to
changes in ICP, because downstream compres-
sion of arterioles due to high ICP will decrease
the denominator of this equation (MFV), which is
a surrogate measure of flow. This process is
a result of the increased downstream vascular
resistance created by compression of smaller
arterioles, but not of the larger insonated arteries
of the circle of Willis. Also, as increased ICP
reduces compliance of the entire system, velocity
variations due to the rigidity of arteries and
reduced diastolic flow velocities will increase the
numerator of this relationship. In turn, both of
these factors will increase the index, and may indi-
cate increasing ICP.*® Follow-up prospective
studies on this relationship have shown this corre-
lation to be significant in a mixed population of
neurosurgical patients who underwent TCD evalu-
ation with an extraventricular drain in place.*5-8°
This correlation has not gained acceptance as
a surrogate for invasive ICP monitoring, although
information provided by TCD ultrasonography
may guide decisions to place invasive extraven-
tricular drains, subdural monitors, or intraparen-
chymal monitors for suspicion of increased ICP
in patients with severe neurologic illness or
trauma.

The only current use of TCD as a therapeutic
entity involves the management of ischemic
stroke.* Patients enrolled in the Combined Lysis
of Thrombus in Brain Ischemia Using Transcranial
Ultrasound and Systemic rt-PA (CLOTBUST) trial
had increased rates of recanalization when
treated with recombinant tissue plasminogen
activator (rt-PA) and TCD ultrasound monitoring,
and showed a trend toward improved
outcomes.®¥87 Complete recanalization within 2
h after rt-PA bolus occurred in 25% of patients
treated with rtPA + TCD compared with 8%
who received rt-PA alone. This result is thought
to be due to better penetration of rt-PA into the
blood clot due to concomitant ultrasound during
clot lysis.®88° The administration of intra-arterial
(IA) contrast microbubbles together with 1A rt-PA
and continuous TCD monitoring during bridging
IA-rescue therapy for acute ischemic stroke has
also shown enhanced thrombolytic effect and
increased recanalization rates compared with
rt-PA alone.®® Intra-arterial rt-PA delivery may
also be enhanced with delivery of low-intensity
ultrasound at the site of the occlusion via the
EKOS Micro-Infusion Catheter (1 x 7-2 x 1-MHz
pulsed wave ultrasound) (EKOS catheter, IMS
trial).8% The EKOS catheter is also being tested
as an intraventricular application for enhancement
of thrombolytic treatment of intraventricular
hemorrhage (SLEUTH trial).

SUMMARY

The utility of TCD in the Neurosciences ICU has
grown substantially since its introduction in 1982.
TCD currently maintains an important role in the
day-to-day management and triage of more inva-
sive and expensive diagnostic tests and subse-
quent intervention in the setting of vasospasm
due to aneurysmal SAH. Limitations currently exist
to the use of TCD as a lone marker of radiographic
vasospasm but as the technology continues to
advance, these shortcomings may be overcome.
At this time issues remain particularly with regard
to the diagnosis of vasospasm in ACA and PCA
distribution in the presence of ACom aneurysms.
Technical advances such as Power-M mode
TCD and TCCS may help refine this test in the
future. Complete TCD evaluations, including
calculation of LI for the anterior circulation and
a modified LI for the posterior circulation, may
increase the specificity for vasospasm detected
by TCD in the setting of cerebral hyperemia. Like
many tools used in the ICU, TCD is best employed
as part of the multimodality approach that incorpo-
rates radiographic, metabolic, and clinical findings
to better manage patients with vasospasm from
SAH.
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