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Foreword
Ultrasound: a clinician's perspective

The greatest advances in understanding and treating
stroke have occurred in the past 30 years. This
progress has coincided and largely resulted from our
dramatically improved ability to diagnose stroke and
its subtypes, characterize its location and severity, and
understand its causes rapidly, accurately and in real
time. This has taken some of the charm out of clinical
stroke care as the senior readers of this book will still
remember even the most astute clinicians' conclu-
sions based on a careful history and physical exam
proven wrong at the postmortem table. But the posit-
ive benefits of technology and improved diagnostic
capability far exceed our nostalgia for the 'good old
days' when we relied mainly on our clinical acumen.
What constitutes our improved ability to diagnose
stroke? Unlike many other diseases, precise diagnosis
of stroke depends almost entirely on imaging.

Our diagnostic capability took its greatest leap
forward with the development of brain imaging, first
with X-ray computed tomography, and more recently
with magnetic resonance imaging. Brain imaging has
enabled us to quickly and accurately differentiate
between infarct and hemorrhage, determine the loca-
tion and surmise the probable cause, and establish the
age and severity of most strokes rapidly and painlessly.
Brain imaging is now the first step in stroke diagnosis
and treatment, and has been called the 'EKG of
stroke'. This technology is now available in the vast
majority of hospitals in the developed world and,
more than any other component of our clinical man-
agement, distinguishes 21st century stroke care.

Physiologic imaging developed almost concomit-
antly with structural brain imaging. Our ability to
investigate cerebral blood flow and metabolism using
radio-labeled tracers enabled us to see that acute and
chronic stroke is a dynamic and potentially reversible
process that would eventually yield to timely and pre-
cise therapeutic intervention. Pioneering studies using
xenon and positron emitting isotopes demonstrated

reduced cerebral blood flow distal to chronic extra-
cranial and intracranial occlusion or vasospasm, and,
most importantly, revealed the 'ischemic penumbra'
of reversibly damaged brain tissue in acute stroke
patients that has yielded so far to timely reperfusion
and, at least experimentally, to so called 'neuroprotect-
ive' therapies targeting downstream consequences of
interrupted blood flow. Furthermore, the linkage of
cerebral blood flow and metabolism discovered with
physiologic imaging has generated our ability to carry
out 'functional imaging'. This technology is not only
helping us understand the functional anatomy of sim-
ple and complex behaviors, but has also given visible
proof of the plasticity of brain function. This has given
a huge boost to research into treatment aimed at
amplifying stroke recovery.

Imaging the vascular bed is the third critical aspect
of stroke diagnosis. The seductive complexity of the
brain draws our attention, but the stroke clinician
must never lose sight of the fact that stroke is first and
foremost a disease of the blood vessels nourishing
that organ. Vascular imaging has been available to
clinicians longer than our ability to image the brain
parenchyma. Catheter arteriography can reveal the ana-
tomy of extracranial and intracranial occlusive disease,
aneurysms and arterio-venous malformations, and
for decades has been a standard part of the preoper-
ative evaluation of patients with severe forms of these
conditions. However, it was not until the advent of
'non-invasive' techniques, using ultrasound and more
recently magnetic resonance and CT-angiography,
that vascular imaging has become part of the routine
evaluation of all stroke patients. Such testing has
become critical to answer essential clinical questions
that impact management of every stroke patient such
as the cause of bleeding in patients with intracranial
hemorrhage, and the precise location, nature and
severity of arterial occlusion or narrowing in patients
with transient ischemic attack or ischemic stroke.
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Foreword

The advantages of ultrasound for vascular diagnosis
are well known. It is a fast, portable, non-invasive,
repeatable and inexpensive technique. The applica-
tion of ultrasound to clinical stroke care over the past
decades has revealed a number of clinical determina-
tions that are best made by this technique and that
directly impact on clinical decision-making. Among
various clinical situations, the most established ones
include:
• the early detection and characterization of extracra-

nial atherosclerosis and occlusive disease especially
at the carotid bifurcation,

• the consequences of proximal arterial occlusive dis-
ease on the distal cerebral vasculature,

• the natural history and response to treatment of
acute arterial occlusion that causes hyperacute
stroke,

• the detection of microemboli associated with car-
diac and aortic pathology and carotid artery surgical
manipulation (and perhaps gauging response to
anti-platelet therapy),

• selection of children with sickle cell disease for blood
transfusion as an effective tool in primary stroke
prevention, and

• the time course and reversibility of cerebral vaso-
spasm after subarachnoid hemorrhage.
Portable ultrasound machines and handy monitor-

ing sets made it possible to bring this technology to
the bedside and observe remarkable flow changes in
stroke patients in real time. However, the field of
ultrasonic diagnosis also has it detractors and limita-
tions. For many applications, ultrasound has not been
thoroughly tested for its utility, accuracy and validity
in multicenter studies. While the benefits of using

this methodology for the above indications, as well
as for others that undoubtedly will emerge as our
exploration of stroke disease continues, may seem
self-evident to those of us who live with ultrasound
technology and use it every day, this is not so evident
to others. Careful outcomes research investigating the
accuracy and cost benefit of ultrasound is needed to
establish the utility of this technique for any clinical
situation where we surmise that it should be routine.
Many such studies have been carried out and have
established the value of ultrasound, particularly for
the clinical issues listed above. This book should help
identify where such data exist, and more importantly,
where more data is still needed.

Finally, early ultrasound technology was indirect,
had poor resolution and had high rates of false-
positive and false-negative results. Even now, the
technique is 'operator dependent' in terms of the
accuracy and validity of its results. While, in fact, to
some extent these concerns are true of all diagnostic
imaging, these limitations have been particularly
true of ultrasound. Newer technology has provided
significant advances in this regard, but it is necessary
for each and every laboratory to maintain strict quality
control in order to maximize the information that
this powerful technology can provide. This textbook
provides a major advance in that regard. Written by
experts in the field, it will provide sonographers with
the tools needed to enhance the confidence of clini-
cians in utilizing ultrasound technology and the clini-
cians with additional information how to implement
this technology in their everyday decision-making.

James C. Grotta, MD
Houston, TX



Preface

This book is about vascular examination of patients
suffering from stroke and the relevance of this inform-
ation to management decisions. This book is for clini-
cians who are eager to learn, prepared to observe and
would not stop explorations.

Ultrasound sharpens the clinician's ear and pro-
vides a stethoscope, an observation tool. And, like a
microscope, an ultrasound probe needs a scientist
to point it in the right direction. However, to paint
a global picture, a complex ultrasound system also
needs an artist to bring the art and science of medicine
together. Ultrasound enables us to monitor the cardio-

vascular system and brain responses to treatment in
real time, a blessing on the way to develop stroke
therapies, and a handy tool to tailor treatment when
the current evidence is meager.

I am indebted to my friends and colleagues who
spent immeasurable time sharing their expertise in
this book. Working with the Stroke Treatment Team
is a thrill, and this book is the result of many observa-
tions, often at obscene hours, that made us believe that
stroke is treatable.

Andrei V. Alexandrov, MD
Houston, TX
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CHAPTER 1

Cerebrovascular anatomy and
principles of extracranial
ultrasound examination

Marsha M. Neumyer, BS, RVT & Andrei V Alexandrov, MD, RVT

Introduction

Over the past four decades, a variety of non-invasive
tests and clinical applications have been developed for
detection and monitoring of cerebrovascular disease
[1-10]. The goals of non-invasive cerebrovascular
testing are to differentiate normal from diseased arter-
ies, identify all categories of stenosis, localize the dis-
ease process including occlusions, detect progression
of disease, detect and quantify cerebral embolism,
demonstrate the morphologic characteristics of an
atherosclerotic plaque, and assess the potential of the
collateral circulation to maintain cerebral blood flow.
Although not all of these goals are currently met by a
single test procedure, a combination of extracranial
and intracranial tests can meet the demand.

Mastering cerebrovascular ultrasound requires
knowledge of anatomy, physiology of cardiovascular
and nervous systems, fluid dynamics and pathologic
changes in a variety of cerebrovascular disorders
[11-21], as well as basic ultrasound physics and
instrumentation [22-24]. These textbooks cover sev-
eral, sometimes overlapping areas that are important
in both performing the ultrasound examination and
interpreting the results.

The aim of this book is to describe the methods of
cerebrovascular ultrasound testing, practical criteria
for interpretation and relevance of these findings to
patient management. Rapid bedside evaluation by an
expert sonographer with a portable ultrasound unit is
an excellent screening test that can provide an imme-
diate impact on patient management at a lower cost

and with no time delays compared to other imaging
methods.

Skepticism towards ultrasonography [25] is based
largely on the lack of knowledge how to perform,
interpret and use the results of ultrasound tests in
research and clinical practice. In addition, the accuracy
of ultrasound testing is dependent on the skill, know-
ledge and experience of sonographers. The practice of
ultrasound (both performance and interpretation)
should be a mandatory part of the residency training
for physicians of different specialties. Sonographers
have to meet the requirements set by the board exam-
inations of the American Registry of Diagnostic
Medical Sonographers (ARDMS, www.ardms.org).
Interpreting physicians have to demonstrate com-
petence by completing the required number of
hours of continuing medical education in ultrasound
methods and supervised interpretation of a set num-
ber of cases for each imaging modality. These require-
ments are outlined in the regulatory documents of the
Intersocietal Commission of Accreditation of Vascular
Laboratories (ICAVL, www.icavl.org). The Amer-
ican Society of Neuroimaging (www.asnweb.org) also
offers a peer-reviewed multiple-choice proficiency
examination in neurosonology that covers physics,
clinical application and interpretation of the carotid/
vertebral and transcranial ultrasound methods. Fin-
ally, consistent application and local validation of
ultrasound testing and interpretation are the keys to
successful practices [26].

Unlike other current imaging tests, ultrasound offers
real-time assessment of pathophysiologic changes and
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monitoring of patients with cerebrovascular diseases.
Often, this information finds no place in clinical
decision-making because it has not been tested in
randomized clinical trials. Not everything that we do
as clinicians can or should be tested in these trials.
Ultrasound can be very helpful in clinical decision-
making if the results are provided in a timely fashion,
and the practicing physicians are prepared to use this
information to select the best management strategy,
and often to go beyond 'proven' (often meager) stand-
ards in the best interests of the patient.

Anatomy of the cerebrovascular
arterial system

When performing a vascular ultrasound examination,
one must think about generated images with respect
to transducer position, i.e. a sonographer should
'think in 3-D', or three-dimensions, about the vessel
being investigated. A sonographer should further
imagine how this arterial segment would look on an
angiogram. We strongly encourage those learning and
interpreting ultrasound to be familiar with cerebral
angiograms [11] since invasive angiography is the gold
standard for assessment of accuracy of ultrasound
testing. The following section deals with normal
vascular anatomy and common arterial variations.

The common carotid artery
On the right, the brachiocephalic (innominate) artery
arises from the aortic arch and then bifurcates into the
subclavian artery and the common carotid artery
(CCA). On the left side, both the common carotid
artery and the left subclavian artery originate directly
from the aortic arch. The CCA is easily assessable on
the neck where it runs in parallel with the jugular vein
(Figure 1.1). At approximately the level of the 4th
vertebrae, which is at the level of the upper border
of the thyroid cartilage, the common carotid arteries
bifurcate into the internal and external carotid arteries
(Figure 1.2). The carotid bulb represents dilatation at
the distal common carotid artery extending into the
proximal internal carotid artery. The carotid bulb
bears unique flow patterns yielding a boundary sep-
aration zone and its wall has numerous baro- and
chemoreceptors. The size and location of the carotid
bulb are variable.

Most atherosclerotic disease occurs at the level
of the bifurcation due to marked changes in vessel

Figure 1.1 Brightness-modulated (B-mode) image of the
common carotid artery (CCA) and the jugular vein (JV).

geometry resulting in increased shear stress, fluid
stagnation and increased particle residence time on
the posterolateral wall of the bulb [27].

The internal carotid artery
Beyond the carotid bulb, the internal carotid artery
(1CA) returns to a normal caliber (Figure 1.2) and
courses in a relatively straight line up the neck into the
skull to supply blood flow to the eye and brain. As a
rule, the ICA has no branches within the neck. After
entering the skull, the ICA makes an S-shaped curve in
the region of the carotid siphon. This is an area where
arterial wall dissections or atherosclerotic disease
may occur. The first major branch of the ICA is the
ophthalmic artery that supplies the eye. After giving
off the ophthalmic artery, the ICA branches into the
middle cerebral artery (MCA) and the anterior cereb-
ral artery (ACA), a part of the circle of Willis.

The external carotid artery
The external carotid artery (EGA) supplies the
muscles of the face, forehead and scalp. The EGA has
eight branches on the neck, arising shortly after the
bifurcation (Figure 1.2). Several of these branches, i.e.
ascending pharyngeal, facial, internal maxillary and
superficial temporal arteries, communicate via ana-
stomoses with the ICA. The occipital artery is the only
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Figure 1.2 Longitudinal B-mode image
of the internal carotid artery (ICA) bulb,
external carotid artery (EGA) and the
distal portion of the common carotid
artery.

Figure 1.3 Superimposed color flow image of the
vertebral artery (VA). Flow signals are present between
'shadows' on B-mode produced by vertebral transverse
processes (TP).

EGA branch that communicates with the vertebral
artery circulation. It is important to recognize these
branches because the EGA quite often becomes a
collateral source for blood flow to the brain when the
ICA is critically stenosed or occluded.

The vertebral artery
The vertebral arteries arise from the subclavian
arteries and pass cephalad in the neck to enter the

bony canal at the C6 vertebrae. They course through
the transverse processes of the vertebrae (Figure 1.3),
and enter the base of the skull through the foramen
magnum. At this point, the right and left vertebral
arteries join together to form the basilar artery. The
trunk of the basilar artery courses for 2-3 cm [11]
before terminating in the posterior cerebral arteries
(Figure 1.4), which make up the posterior portion of
the circle of Willis.

PCA's

/ \
Basilar
artery

distal
middle
proximal

Terminal
vertebral
artery *

Figure 1.4 Digital subtraction angiography (DSA)
demonstrates the course of the terminal vertebral, basilar
and posterior cerebral (PCA) arteries on an anteroposterior
projection.

The circle of Willis
The circle of Willis is a unique network of vessels
located at the basis of the brain that create ana-
stomoses between both terminal carotid arteries and
posterior circulation vessels (Figure 1.5). A complete
circle of Willis delivers collateral flow through the
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Terminal
VA's

Figure 1.5 A schematic drawing of the circle of Willis,
siphons and intracranial posterior circulation vessels. OA,
ophthalmic artery; ICA, internal carotid artery; AcomA,
anterior communicating artery; PcomA, posterior
communicating artery; A1, A2, segments of the anterior
cerebral artery; M1, M2, segments of the posterior cerebral
artery; P1, P2, segments of the posterior cerebral artery;
VA, vertebral artery.

anterior communicating or posterior communicating
arteries (see also Chapter 3). The first branches of the
circle of Willis include anterior, middle and posterior
cerebral arteries. These arteries have first- and second-
degree branches (i.e. Ml and M2 segments of the
MCA [11]) that along with the intracranial vertebro-
basilar system can be evaluated with cerebrovascular
ultrasound through the intact skull [5].

Components of ultrasound
examination

Continuous-wave (CW) Doppler
Dr Eugene Strandness first reported the use of a trans-
cutaneous flowmeter to evaluate occlusive arterial
disease in 1966 [1]. Extracranial carotid and vertebral
examinations using continuous-wave (CW) Doppler
were reported by Drs Merrill Spencer and Michael von
Reutern and colleagues in the 1970s [2,28]. With this
technology, one crystal continuously emits the signal
and another crystal continuously receives returned
echoes. CW Doppler displays Doppler frequency
shifts and a unidirectional analog flow signal trace
of maximum frequencies was originally created
(Figure 1.6). Current CW systems can differentiate
between positive and negative Doppler shifts and
create a bidirectional spectral signal that shows flow
direction as towards or away from the transducer.
However, CW Doppler shows no information re-
garding the structure (image) or depth from which
the signals originated. The advantage of this ultra-
sound test is its ability to display Doppler frequency
shifts from moving objects without an artifact called
aliasing (see 'The color flow Doppler image' below).
With recent development of direct imaging and
pulsed-wave Doppler methods, CW Doppler is rarely
performed and is not reimbursed in the US as a sole
test used for evaluation of the carotid vessels. Perhaps
the only remaining indications for CW Doppler for
carotid arteries are extensive (> 2 cm) shadowing of
the bifurcation, arterial lesions extending above the
level of the lower jaw, or a quick bifurcation screening
before or with (not as a substitute for) direct imag-
ing investigation. Despite recent attempts to create
portable CW Doppler technology for intracranial
vessels [29], this test cannot reliably differentiate flow
signals from different parts of the circle of Willis.
Display of flow signals from multiple vessels along the
beam path is also known as range ambiguity [30].

Figure 1.6 Continuous-wave (CW)
Doppler was first used to produce a
unidirectional analog flow signal of
maximum frequencies reflected from
moving blood.
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The B-mode image
The B-mode (brightness) image is created from the
amplitude of backscattered echo signals that are dis-
played in gray scale along beam propagation (depth)
and the length of transducer/skin interface [22-24]
(Figures 1.1 & 1.2). The gray shade of the signal on

screen displays the strength of returning echo while its
location relates to the depth of tissue reflector. Several
crystals are sequentially activated with electronic pulses
or the transducer is rotated mechanically (steering)
to create multiple scan lines. The scan lines are put
together to generate an image (or 'frame'). Since the
average speed of sound propagation in soft tissues is
1540m/s ('a mile per second'), multiple frames are
generated in a second, creating an illusion of a real-
time picture ('movie making' with ultrasound).

The maximum depth of sound penetration is deter-
mined by the emitting frequency of the ultrasound
transducer, which is usually 4-12 MHz for extracra-
nial imaging and 2-4 MHz for intracranial imaging.
Higher frequencies have smaller pulse lengths and
allow better spatial resolution but less penetration due

to increased sound scattering. Time-gain compensa-
tion (TGC) is applied to improve visualization of
structures with increasing depths of insonation. The
smallest distinguishable distance between two reflec-

tors along the ultrasound beam axis (axial resolution)
is directly proportionate to the spatial length of the
pulse. Lateral resolution (or resolution perpendicular
to the direction of an ultrasound beam) is also depend-
ent on transducer geometry since it is the highest

in the focal zone. The focal zone is determined as the
narrowest point between converging (near-field) and
diverging (far-field) parts of the ultrasound beam.
Note that an ultrasound scanner can create multiple
focal zones to optimize different parts of the image.
Therefore, linear or curved array transducers with lar-
ger surface, dynamic electronic focusing and multiple
narrow-width beams have better lateral resolution.

B-mode imaging artifacts include:
1 Shadowing (no image can be generated along ultra-
sound beam axis behind a bright reflector). Changing
transducer position and planes of insonation may

minimize shadow appearance. Shadows can originate
from perpendicular insonation of vessel walls, plaque

calcification (Figure 1.7) and transverse vertebral
processes (Figure 1.3).
2 Reverberation (multiple bright echoes that often
have regular shape and layered position are displayed

Figure 1.7 Plaque calcification produces a 'shadow' artifact
on B-mode scan, or the dark area due to poor or no
ultrasound penetration underneath a bright reflector.

along the axis of ultrasound beam when echoes
bounce many times between two strong reflectors).
3 Mirror image (a false image—also known as

phantom image or reflection artifact—is created when
obliquely scanning a strongly reflecting boundary).
Vessel visualization in transverse and longitudinal
planes often resolves confusion associated with this
artifact.

4 Plane of section (three-dimensional structure is
inadequately displayed on a two-dimensional mon-
itor). Using imagination for three-dimensional spatial
relationships, transducer position should be changed
to generate adequate sectional planes.

B-mode imaging is used to identify the carotid
and vertebral arteries, carotid intima-media complex,
atherosclerotic plaques and anatomic anomalies. B-
mode imaging can also be used to perform intracra-
nial studies where it shows contralateral skull line,
midline structures including the third ventricle, and
brain parenchymal structures [31].

The color flow Doppler image
Color-coded Doppler flow imaging (CDFI) displays
the average (or mean) shifts in the frequency of
returned echoes backscattered from moving objects,
usually red blood cells. The color scale can be manually
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Transducer surface

Figure 1.9 Color aliasing artifact in a normal vessel due to
low pulse repetition frequency settings.

No frequency shift occurs at 90 degrees
Color assignment is operator-dependent
Figure 1.8 Color Doppler flow image of the common
carotid artery.

selected ranging from two colors (red and blue) to a
rainbow palette. At least two distinctly different colors
are used to display clearly the direction of flow relative
to transducer midline (Figure 1.8). According to the
Doppler effect, objects moving towards the transducer
will increase the frequency of backscattered echoes
relative to emitted frequency and vice versa. However,
color assignments are operator dependent.

Therefore, CDFI is used to identify moving blood
and display the direction of flow. No Doppler fre-
quency shift occurs at a 90° angle between the ultra-
sound beam and moving bloodstream (Figure 1.8).
CDFI often contains artifacts:
1 Aliasing (abrupt change from the maximum veloc-
ity in one flow direction to the maximum velocity in
the opposite direction without crossing zero line). It
can be present in a normal vessel if the scale settings
are inadequately low to display flow velocity, i.e.
a sonographer uses low pulse repetition frequency
(Figure 1.9). It can also be present with maximum
scale settings in stenosed vessels due to elevated flow
velocities. Scale setting control and comparison of
vessel course and B-mode findings help to differen-
tiate imaging artifact from pathologic finding.
2 'Bleeding' (the presence of moving blood outside
the vessel). This artifact can be produced by an oblique
strong reflector (mirror image) or by tissue motion

Figure 1.10 Color bleeding, or the artificial presence of
blood motion outside the vessel.

adjacent to the vessel. In both circumstances, chang-
ing transducer position and color gain setting helps to
optimize the image (Figure 1.10).

Occasionally, CDFI may be unable to depict blood
flow since its spatial resolution is lower than B-mode
image [7]. Also, there is a trade-off between B-mode
and superimposed CDFI images: larger CDFI boxes
require slower frame rates that decrease B-mode
resolution and vice versa. CDFI may not be able to
adequately display blood flow in tortuous and deep-
located vessels as well as vessels affected by the low
flow states, i.e. near-occlusion [20]. Other forms of
flow imaging may be used in these circumstances.
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Figure 1.11 Power-mode image of the
carotid bifurcation.

The power Doppler image
Power Doppler imaging displays color-coded intens-
ities of the returned echoes that contain Doppler
frequency shifts. Unlike CDFI, power mode shows
direction-independent changes in the energy of sig-
nals backscattered by moving objects. Therefore,

power-mode images are usually created with bright-
ness-adjusted unicolor scales (Figure 1.11). Power-
mode images show the course of the vessel without
color change due to flow direction. Power mode can
be used to visualize tortuous and deep-located vessels,
branches and slow-moving blood [8,20]. 'Flashing' is
the most common artifact that is created by tissue
motion, and similarly to 'bleeding' displays artifactual
flow signals outside the vessel lumen. This can be cor-

rected by changing the gain settings and color box size.

The color velocity image
The color velocity imaging (CVI) display is similar
to CDFI; however, the color-encoded velocities are
derived from time-domain processing of returned
echo signals [32]. For example, CVI image represents
the movement of red blood cell clusters in time along
the vessel course. It allows better trade-off between
B-mode and color flow information in terms of image
resolution due to better utilization of scan lines. CVI
can also better display functional flow lumen. It is also
used in some laboratories to calculate flow volume
estimates in the carotid arteries.

B-f low and compound imaging
Brightness-mode display can also be used to generate
flow images, since moving blood changes the strength

of reflected signals relative to surrounding structures
[33]. Combined with electronic focusing and multiple
focal zones, such images can provide high-resolution
structural scans (Figure 1.2) and superimpose flow
signals in gray scale over a B-mode image (Figure 1.12).

The B-flow scans avoid aliasing and offer potentially
better trade-off between tissue motion and moving
blood signals.

Harmonic imaging
An emitted frequency of a diagnostic ultrasound
pulse wave passing through tissue can change due
to reflection off a moving object (Doppler shift) or
during faster sound transmission through fluid com-
pressed at the peak intensity of the ultrasound wave

(harmonics). This frequency change occurs mostly
during wave propagation (less during reflection). The
result is appearance of the second harmonic frequency
that is twice the emitted frequency [9]. This mech-
anism of non-linear interaction of ultrasound with
body tissues allows the use of harmonic frequencies to
image tissues with and without contrast substances,
and new-generation duplex scanners provide this
option. Potential clinical utility of harmonic imaging
in cerebrovascular ultrasound includes application
of contrast agents for tissue perfusion studies includ-
ing brain parenchyma, differentiation of a complete
occlusion from subtotal stenosis and better delineation
of plaque and vessel wall morphology [34-37].

Doppler velocity spectral display
A pulse-wave ultrasound beam can also be used to
detect Doppler shift in the returned echoes since
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Figure 1.12 B-flow, or brightness-mode
display of residual flow through the
internal carotid stenosis.

moving blood or tissues will change the emitted fre-
quency. This phenomenon is used to measure flow

velocity simultaneously with structural and color flow
imaging. To obtain velocity values close to the real
speed of blood, angle correction is applied; this is
discussed below in the 'Scanning protocol'.

Extracranial duplex ultrasound
examination technique and
scanning protocol

The extracranial duplex examination should include
transverse and longitudinal B-mode scans of the ves-
sels. Examination can start with transverse scanning
since it allows fast identification of the CCA, jugular
vein, the level of bifurcation and the presence of
atherosclerotic disease [16,18,20]. The transverse
examination begins with the most proximal segment
of the common carotid artery following its course
towards the distal portion, passing through bifurca-
tion, and ending at the level of the mandible with visu-
alization of the distal cervical segment of the internal
carotid artery (Figure 1.13). The transverse plane per-
mits appreciation of vessel diameter, presence of
pathology and anatomic anomalies. The examination
is repeated in the longitudinal plane (Figures 1.1 &
1.2), beginning again with the most proximal segment
of the common carotid artery and extending the scan
throughout the bifurcation, internal and external
carotid arteries. The vertebral artery is examined at its
origin and also in the midcervical segment of the neck

(Figure 1.3).

To optimize the gray-scale image, set the dynamic
range to 40-50 dB and the time-gain compensation

(TGC) as appropriate to the depth of the common
carotid and vertebral arteries.

Imaging in the transverse plane
1 With the patient's head turned slightly away from
the side being examined, place the ultrasound probe
low on the neck, anterior to the sternocleidomastoid
muscle, just above the clavicle. The left side of the
image should be orientated towards midline struc-
tures, i.e. trachea.
2 Locate the proximal segment of the common

carotid artery (CCA) in the transverse plane. Slowly
move the probe along the length of the CCA.
3 At the distal end of the CCA, locate the dilatation
that identifies the carotid bulb.
4 Slowly move the probe through the region of the
carotid bulb and note the bifurcation into the internal
(ICA) and external (EGA) carotid arteries.
5 Follow the course of the ICA and EGA to the level of
the mandible. Document any evidence of pathology,

vessel tortuosity and abnormal anatomy.

Imaging in the longitudinal plane
1 Return to the proximal segment of the CCA with
the ultrasound probe rotated to image in the lon-
gitudinal axis. The left side of the image should be
orientated cephalad.
2 Begin with the probe placed anterior to the ster-
nocleidomastoid muscle.
3 Image the widest longitudinal axis of the CCA by
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directing the sound beam perpendicular to the anter-
ior wall of the vessel.
4 Optimize the image so that the normal linear
reflectivity of the arterial wall is apparent.
5 Slowly move the probe along the course of the vessel
and into the carotid bulb.
6 With the distal CCA and bulb in view, slowly rock
the transducer side to side to reveal the origins of the
internal and external carotid arteries. Care must be
taken to angle the probe along the origins to avoid
transecting the views of each artery.
7 In turn, follow the courses of the ICA and EGA,
optimizing the image for accurate evaluation of
anatomy and pathology. Document any evidence of
pathology, vessel tortuosity or abnormal anatomy.

Color flow ultrasound evaluation of
flow dynamics
1 Return to the longitudinal image of the proximal
CCA.
2 Choose the appropriate color pulse repetition
frequency (PRF) by setting the color velocity scale
for the expected velocities in the vessel. For normal
adult arteries, the velocity range is usually around or
under 100 cm/s (or 2.5 kHz Doppler frequency shift).
Note that most criteria will use a 125 cm/s cut-off
for velocities elevated due to carotid stenosis. Adjust
the scale further to avoid systolic aliasing (low PRF) or
diastolic flow gaps (high PRF or filtering) in normal
vessels.
3 Optimize the color power and gain so that flow
signals are recorded throughout the lumen of the
vessel with no 'bleeding' of color into the surrounding
tissues.
4 Avoid using large or wide color boxes since this will
slow down frame rates and resolution of the imaging
system. Use color boxes that cover entire vessel diame-
ter and 1-2 cm of its length. Align the box, i.e. select
appropriate color flow angle correction, according to
the vessel geometry and course.
5 Slowly move the probe throughout the course of the
CCA, bulb, ICA and EGA.
6 Identify and record regions of flow disturbance,
inappropriately high or low velocity signals, or the
absence of flow signals.
7 To find the vertebral artery, return to the CCA
(longitudinal view, transducer position anterior to
the sternocleidomastoid muscle). Steer the color beam
towards the proximal CCA. Rock the probe slightly to

the lateral aspect of the neck to image the vertebral
artery as it courses through the transverse processes of
the vertebrae ('shadows'). 'Heel-toe' the probe above
the clavicle to image the origin of the vertebral artery
as it arises from the subclavian artery. Confirm that
the direction of flow in the vertebral artery is the same
as in the CCA.

Doppler spectral evaluation of flow
dynamics
1 Return to the longitudinal image of the CCA.
2 Use color flow image as a guide for Doppler exam-
ination (Figure 1.14).
3 Begin the examination using a Doppler sample
volume size of 1.5 mm positioned in the middle of a
normal vessel (Figure 1.14).
4 Consistently follow one of the choices for angle
correction: parallel to the vessel walls or to the color
flow jet.
5 Adjust the Doppler spectral power and gain to
optimize the quality of the signal return.
6 Slowly sweep the sample volume throughout the
length of the CCA, bulb, ICA and EGA.
7 Perform temporal artery tapping when insonating
EGA to differentiate between the EGA and ICA flows.
Also note the presence of arterial branches that may be
present at the proximal EGA stem.
8 Identify regions of flow disturbance or where flow is
absent.
9 Record flow patterns in the proximal and distal
CCA, the proximal, mid and distal ICA and the
proximal EGA at appropriate angles of insonation.

Figure 1.14 Angle-corrected velocity measurements in the
common carotid artery.
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Figure 1.15 Power-mode image of the vertebral artery
origin.

Figure 1.16 Angle-corrected velocity measurements in the
vertebral artery.

Additionally, include Doppler spectral waveforms
proximal, within and distal to all areas where flow
abnormalities were observed.
10 Locate the origin or proximal segment of the
vertebral artery (Figure 1.15). Record flow patterns,
paying careful attention to flow direction. Follow
accessible cervical segments of the vertebral artery
(Figure 1.16). Change angulation of the color box
and Doppler sample along with the course of the
artery.

Extracranial duplex examination should
provide the following data
1 Peak systolic velocity in all vessel segments.
2 End-diastolic velocity in all vessel segments.
3 Ratios of the ICA to CCA peak systolic velocities.
4 Documentation of the Doppler spectral waveform
morphology from the CCA, ICA and EGA.
5 Flow direction and peak systolic velocity of the

vertebral arteries.
6 Views demonstrating the presence and location of

pathology.
7 Images of plaque morphology and surface features.

Tips to improve accuracy
1 Consistently follow a standardized scanning protocol.
2 Perform a complete examination of the carotid and

vertebral arteries.
3 Sample velocity signals throughout all arterial

segments accessible.
4 Use multiple scan planes.
5 Take time to optimize the B-mode, color and spectral
Doppler information.
6 Videotape or create a digital file of the entire study,
including sound recordings.
7 Always use the highest imaging frequencies to
achieve higher resolution.
8 Account for any clinical conditions or medications
that might affect velocity.
9 Integrate data from the right and left carotid and

vertebral arteries.
10 Do not hesitate to admit uncertainty and list all
causes for limited examinations.
11 Expand Doppler examination to intracranial
vessels when indicated.

Tips for optimizing color flow set-up
1 According to standardized protocols, the carotid
bifurcation should be to the left of the image. This
orientation should then clearly indicate the appro-
priate direction of flow in the common carotid
artery and jugular vein. The arterial and venous flow
directions are then given color assignments with
respect to flow towards or away from the transducer.

Traditionally, flow towards the transducer is assigned
red (common carotid) while flow away from the probe
is assigned blue (jugular vein). The direction of flow
relative to the probe will change if the probe is rotated

180° or if the color box is steered in the opposite
direction, i.e. the vein will appear red while the artery
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will appear blue. When this occurs, the color should be
changed back to the original assignment to avoid con-
fusion. It must also be noted that the color will change
along the course of an artery if the flow direction varies
throughout the cardiac cycle (triphasic, to-fro) or if
the vessel changes direction relative to the orientation
of the sound beam.
2 The zero baseline of the color bar (PRF) is set at
approximately two-thirds of the range with the major-
ity of frequencies allowed in the red direction (for flow
towards the brain). This setting allows you to display
higher arterial mean frequency shifts (velocities) with-
out aliasing artifacts. You should make allowance for
some flow in the reverse (blue) direction to allow for
changes in flow direction (i.e. ICA bulb, poststenotic
dilatation). When the transducer is rotated 180°, the
color will change (note point 1 above), and the zero
baseline will shift with the color changes to accommod-
ate for flow in the forward direction. You will need to
adjust both the color assignment and the zero baseline
to the initial set-up for consistency.
3 The color PRF and zero baseline may need to be
readjusted throughout the examination to allow for
the changes in velocity that occur with tortuosity and
stenosis. It is important to adjust the PRF in the
following situations:

Examination of the carotid bulb. The color differen-
tiation scale should be set to detect and clearly
visualize the slower flow in the boundary separation
zone. The range (PRF), however, may need to be set
higher to detect increased velocities in the region
adjacent to the flow divider.
In the presence of stenosis. The color PRF should be
increased to display the high velocities and to avoid
aliasing.
In the poststenotic zone. The color PRF should be
decreased to observe the lower velocities and flow
direction changes, if any, found in the region of
turbulent flow just distal to the stenosis.
When bruits are encountered. The color PRF should
be decreased to detect the lower frequencies asso-
ciated with a bruit. Usually, the frequency of these
bruits is less than 1 kHz.
When occlusion is suspected. The color PRF should
be decreased to detect the preocclusive, low-
velocity, high-resistance signal associated with crit-
ical stenosis or occlusion and to confirm absence
of flow at the site of occlusion.

4 The color wall filter should be set as low as possible.

You should note that the color wall filter may auto-
matically increase as you increase the PRF. You may
need to decrease the wall filter manually when you
decrease the color PRF.
5 The ensemble length (color sensitivity) should be
around 12 in systems where this is an adjustable con-
trol. You can increase the ensemble length in regions
where you want more sensitive color representation.
It is important to remember that the frame rate will
decrease when the ensemble length is increased (see
also point 8 below). There are no circumstances when
the ensemble length would be decreased during an
extracranial carotid duplex examination.
6 The angle of the color box should be changed to
obtain the most acute Doppler angles between the
scan lines and the direction of blood flow. This will
result in better color display because of more suitable
Doppler angles. The angle should always be equal to or
less than 60°. Because linear array transducers are
steered at angles of 90 and 70° from the center of the
array, this may require a 'heel-toe' maneuver with the
transducer on the surface of the skin to adjust the posi-
tion of the vessel within the color box. An alternative
would be to physically change the orientation of the
transducer by 180°.
7 The desaturation of color from darker to lighter
hues on the color bar indicates increasing Doppler
frequency shifts, i.e. increasing velocities. Note that
close to the zero baseline, the colors are the darkest. As
the velocity increases, the color becomes lighter. You
should select colors so that the highest frequency shifts
in each direction are of high contrast to each other so
that you can readily detect aliasing. For example, you
could set the color selections so that low to high velo-
cities are seen as dark blue to light green to aqua in one
direction and red to orange to yellow in the opposite
flow direction. Aliasing would then appear as aqua
adjacent to yellow.
8 The frame rate should be kept as high as possible to
capture the very rapid change in flow dynamics that
occurs with stenosis, especially in the region of the
carotid bulb. Remember that frame rate is affected
by:

PRF— frame rate decreases with decreasing PRF;
ensemble length—increasing the color ensemble
length will decrease the frame rate;
width of the color box—increased width will decrease
the frame rate; and
depth—deep insonation decreases frame rate.
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9 The color box should be kept to a size that is ade-

quate for visualizing the area of interest and yet small

enough to keep the frame rate at a reasonable number,

approximately 15 or more to ensure adequate filling of

the vessel. The frame rate is usually displayed in hertz

on the monitor.

10 The color gain should be adjusted throughout the

examination to detect the changing signal strength.

If the color gain is not properly adjusted, some color

information may be lost or too much color may be

displayed. In this case, you will see color in areas where

there should be no flow. The gain should initially be

adjusted to an 'overgained' level, with color displayed

in the tissue and then turned down until the tissue

noise just disappears or is minimally present. This is

the level at which all color images should be assessed.

In situations where there is very low flow, or question-

able occlusion, an 'overgained' level may be advant-

ageous to show any flow that might be present, e.g.

total occlusion vs. a near-occlusion or critical stenosis.
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CHAPTER 2

Intracranial cerebrovascular
ultrasound examination techniques

Andrei V. Alexandrov, MD, RVT & Marsha M. Neumyer, BS, RVT

Introduction

Advances in low-frequency Doppler ultrasound as
well as imaging resolution, color flow and power
Doppler have led to the use of these technologies for
interrogation of the intracranial circulation through
intact skull. It is important for the performance of
transcranial Doppler (TCD) and transcranial color
duplex sonography (TCCS) to understand proper
patient and transducer positioning, anatomic land-
marks and appropriate scale settings, including spec-
tral analysis, gray scale and color flow information.

TCD examination technique

A single-gate spectral transcranial Doppler (TCD) was
introduced by Rune Aaslid in 1982 to non-invasively
assess cerebral hemodynamics [ 1 ]. The four 'windows'
for insonation (Figure 2.1) are temporal, orbital, sub-
occipital and submandibular [2]. The transtemporal

approach allows velocity measurements in the middle
(MCA), anterior (ACA), posterior (PCA) and com-
municating arteries [1-5]. The transorbital approach
is used to insonate the ophthalmic artery (OA) and
internal carotid artery (ICA) siphon. The suboccipital
approach allows insonation of the terminal vertebral
(VA) and basilar (BA) arteries through the foramen
magnum. The submandibular approach is used to
obtain ICA velocities as it enters the skull.

For a typical diagnostic TCD examination, use a fast
3-5-s sweep speed that allows details of the waveform
and spectrum to be seen (Figure 2.2). To shorten
the time necessary to find the window and to identify
different arterial segments with a single-gate spectral
TCD, the examination should begin with the max-
imum power and gate settings (i.e. power 100%, gate
10-15 mm) for the transtemporal and suboccipital
approaches. Although this recommendation seemingly
violates the rule of using ultrasound power 'as low as
reasonably achievable' (ALARA), it allows the time

Figure 2.1 Windows for intracranial
vessel location. There are four windows
of insonation: temporal, orbital,
suboccipital and submandibular.
(Reproduced with permission from
Alexandrov AV. Vascular Ultrasound
Today 1998; 3:141-60.)
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Figure 2.2 Pulsed-wave spectral
waveform display. Identify flow

direction, velocity scale, depth of
insonation as well as sweep speed and
power settings. Small arrows indicate
the cardiac cycle measured to calculate
the peak, mean and end-diastolic (ED)
flow velocities. PI, pulsatility index
(Gosling-King); Rl, resistance index
(Pourcellot).

necessary to find windows and to complete the
examination to be shortened, thus reducing the overall
patient exposure to ultrasound energy. The goals of a
'non-image-guided' single-gate spectral TCD examina-
tion are:
1 to follow the course of each major branch of the
circle of Willis with spectral display;
2 to identify, optimize and store the highest velocity
signals;
3 to obtain TCD spectra at at least two key points per
artery (Figure 2.3); and
4 to identify, optimize and store any abnormal or
unusual waveforms.

Transtemporal insonation steps (Figure 2.4)
Step 1 Set the depth at 50—56 mm (midpoint of the

Ml MCA segment was established at approx-
imately 50 mm depth [6]).
Place the probe at position 1 (Figure 2.1) above
the zygomatic arch and aim it slightly upwards
and anterior to the contralateral ear/window.
Find any flow signal (window), and avoid too
anterior and too posterior angulation.
Find a flow signal directed towards the probe
which resembles MCA flow. A normal MCA
flow is a low-resistance waveform (Figure 2.2)
similar to the ICA flow pattern.
By decreasing the depth, follow the signal to
the distal Ml key-point of insonation without
losing the signal. Often, a slight adjustment of
the probe angulation is needed.
Store distal Ml MCA signal at 45 mm. If
bidirectional signals are found, store the
highest-velocity signal in each direction (distal
Mi-proximal M2 branches).

Figure 2.3 Key insonation segments and depths for
transcranial Doppler examination.

Step 2 Follow the signals until they disappear at
shallow 30-45-mm depths.
Store any abnormal signal.
Return to the distal Ml MCA signal.

Step3 Follow the Ml MCA stem to its origin at
60-70-mm depths dependent on the size of
adult patient skull. Pay attention to the sound
and velocity changes since insonation of the
terminal ICA is also possible at these depths.
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Figure 2.4 Steps for Doppler examination through the
transtemporal window. Steps are represented by numbers
1 through 7. Abbreviations: dA1, distal A1 segment of
the anterior cerebral artery (flow is directed away from
transducer, ordisplayed below the baseline); dM1, distal
M1 middle cerebral artery (towards transducer, above the
baseline); pM2, proximal M2 (bidirectional, above and
below the baseline); pM1, proximal M1 MCA; tICA, terminal
internal carotid artery (both towards the transducer, above
the baseline); pA1, proximal A1 anterior cerebral artery
(away from transducer, below the baseline); P1, first
segment of the posterior cerebral artery (towards transducer,
above the baseline); P2, second segment of the posterior
cerebral artery (away from transducer, below the baseline).

Find the ICA bifurcation at approximately
65 mm (range 58-70 mm in adults) and obtain
both proximal Ml MCA and proximal Al
ACA signals.
Store a bidirectional signal of the bifurcation
(M1/A1).

Step 4 Follow the A1 ACA signal to 70 -75 -mm depths.
Store the distal Al ACA signal at 70 mm.

Step 5 Follow the distal Al ACA signal to the midline
depth range (75-80 mm). The Al ACA signal
may disappear, or a bidirectional signal may
appear at the midline depth.
Store any abnormal signals.
Return to bifurcation at 65 mm.

Step 6 Find the terminal ICA signal just inferior and
sometimes slightly posterior to the bifurcation
at 60-65 mm. If the probe is angled inferior and
anterior to the ICA bifurcation at 60-70-mm
depths, the distal part of the supraclinoid siphon
can be found through the temporal window.
Store any abnormal signal.
Return to the bifurcation at 65 mm.

Step 7 Set the depth at 63 mm and slowly turn the
transducer posteriorly by 10-30°.
Usually there is a flow gap between the ICA
bifurcation and the PCA signals.
Find PCA signals directed towards (PI) and
away (P2) from the probe at a depth range of
55-75 mm.
Store the PCA signals with the highest velocity.

Transorbital insonation steps (Figure 2.5)
Step 1 Decrease power to minimum (17 mW) or 10%.

Set the depth at 50-52 mm, place the trans-
ducer over eyelid and angle it slightly medially.
Determine flow pulsatility and direction in the
distal ophthalmic artery (OA).
Store the distal OA signals at 52 mm.

Step 2 Increase the depth to 60-64 mm and find the
ICA siphon flow signals.
The siphon signals are usually located medially
in the orbital window.
Store bidirectional signals at 62 mm (C3 or the
siphon genu).
If only unidirectional signals are obtainable,

Upper limb of the Siphon

^
C2

Figure 2.5 Steps 1-2 of Doppler
examination through the orbital
window. OA, ophthalmic artery; C2, C3,
C4, sequential segments of the internal
carotid artery. Lower limb of the Siphon
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100

Lateral (5)
\. Midline (1-4)

Transducer positions

Figure 2.6 Steps 1-6 of Doppler examination through the
foraminal window. BA, basilar artery; VA, vertebral artery.

store signals directed towards (C4 or the lower
limb of the siphon) and away (C2 or the upper
limb) from the probe.

Suboccipital insonation steps (Figure 2.6)
Step 1 Set the system back to full power.

Place the transducer at midline an inch below

the edge of the skull and aim it at the bridge of
the nose.
Set the depth at 75 mm (presumed location of
both terminal VAs and proximal BA).
Identify a flow signal directed away from the
probe, i.e. find the window.
This signal can be arbitrarily assigned to the
terminal vertebral arteries (slightly lateral probe
angulation) or the proximal basilar artery
(medial and slightly upward angulation).

Increasing the depth, follow the flow directed
away from the probe. This depth increase
presumably focuses the beam on the proximal
BA in most adults.
Store the proximal BA signal arbitrarily
assigned to a depth of 80 mm.

Step 2 Follow the basilar artery to 90 mm (mid-BA
segment).
Bidirectional signals may be found at various
depths with a low-resistance flow in the cere-
bellar arteries directed towards the probe.

Store any abnormal signals.

Step3 Follow the distal BA segment to a depth of
100 + mm until it disappears or is replaced by
the anterior circulation signals.
Store the highest-velocity signal obtained at the
most distal depth of the basilar artery insonation.

Step 4 Follow the stem of the basilar artery backwards
while decreasing the depth of insonation to
80 mm and confirm previous findings.

Step 5 Place the probe about an inch laterally to the
midline and aim towards the bridge of the
nose or slightly towards the contralateral eye.
Find the vertebral artery (VA) flow signal
directed away from the probe.
Follow the course of the terminal VA segment
intracranially from 80 mm to 40 mm.

Store the VA signals at 60 mm or at the depth
of the highest-velocity signal.

Step 6 Place the probe on the contralateral side an
inch off the midline position.
Repeat the VA examination steps for the con-

tralateral vessel from 80 to 40 mm.
Store the VA signals at 60 mm or at the depth
of the highest-velocity signal.

Submandibular insonation steps (Figure 2.7)
Step 1 Place the probe laterally under the jaw anter-

ior and medial to the sternocleidomastoid

C2

Submandibular
probe position
(lateral view)

Figure 2.7 Steps 1-2 of Doppler examination through the
Submandibular window.
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muscle. Aim the transducer upwards and
slightly medially.
Set the depth at 50 mm.
Find a low-resistance flow directed away from
the probe.

Step 2 Increase the depth from 50 to 60 mm and

decrease to 40 mm.
Store the distal ICA signal at the depth that
shows the highest-velocity signal.
At a shallow depth, perform the temporal
artery tap to differentiate from the external
carotid artery flow signals.

Practical advice
1 Avoid too anterior or too posterior angulation
of the probe at the beginning of the transtemporal
examination.
2 Do not settle on the first signal obtained. Always
keep searching for higher-velocity signals.

3 Once the highest signal is found, avoid losing sig-
nals when switching the depth of insonation: follow
the course of the arteries with slight angulation of the
probe over the same window whenever possible.
Remember the normal depth ranges (Figure 2.8) and
flow direction (Figure 2.9) for the circle of Willis of an
adult patient.

Figure 2.8 Depth ranges for insonation
of the proximal intracranial arterial
segments. Cerebral arteries: ACA,
anterior; MCA, middle; PCA, posterior.
Communicating arteries: AcomA,
anterior; PcomA, posterior. OA,
ophthalmic artery; BA, basilar artery;
tVA, terminal vertebral artery.

M2 MCA depths are less than 45 mm
** AcomA depth range is 75 - 80 mm; PcomA range is 62 -70 mm

Figure 2.9 Flow direction relative to the
transducer.

*ICA siphons have bidirectional flow signals
AcomA and PcomA flow direction depends on collaterallzation
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MFV MCA>ACA>Siphon>PCA>BA>VA

Figure 2.10 Normal transcranial Doppler
examination. Values are given as mean
flow velocity/pulsatility index. Minus
means away from the probe. Under
normal anatomic and circulatory
conditions, the middle cerebral artery
has the highest velocity values whereas
pulsatility index differences are minimal
between vessel segments.

4 Try not to take the probe off the skull until
investigation of all segments through that window is
completed.
5 Try not to lose arterial flow signals while switching
between the segments of the same artery.
6 Memorize transducer position and angulation if
patient is restless or insonation is being interrupted.
7 Use insonation across the midline to locate con-
tralateral MCA/ACA signals if one temporal window
is suboptimal, absent or not accessible.*
8 Do not overgain strong signals (background should
not contain any noise signals).
9 In the case of weak signals, boost the signal and/or
gain settings and apply manual measurements.
10 Perform a complete examination, document the
mean flow velocities, pulsatility indices and flow direc-
tion in all major arteries (Figure 2.10), and double-
check missing arterial segments.
11 Remember that vessel identification is operator

* Insonation across the midline can be difficult without
imaging. You can measure the diameter of the patient skull to
determine the midline depth. In most adults, the midline is
located between 70 and 80 mm. Once you cross the midline,
the vessel identification becomes reversed: contralateral Al
ACA is directed towards the probe (range 75-85 mm), while
others are directed away from the probe: Ml MCA (range
85-105 + mm); terminal internal carotid artery (TICA)
(80-85 mm); and P1/P2 PCA (75-83 mm). The top of the
basilar segment at midline depths and the very proximal con-
tralateral PI PCA can be directed towards the probe from the
transtemporal window.

dependent. Gain experience from studying normal
individuals and patients with angiographically
documented arterial pathology.
12 Consistently apply insonation protocol for TCD
examinations. Use notes to document information
pertinent to interpretation.

M-mode or PMD/TCD examination
technique

Transcranial power-motion mode Doppler (PMD)
was recently invented by Mark Moehring [3]. PMD,
or M-mode, simultaneously displays flow intensity
and direction over 6 cm or more of intracranial space
(Figure 2.11). An advantage offered by this mode of
insonation is display of all flow signals obtainable at a
given position and direction of the transducer. The
promise of PMD is to make transcranial Doppler (TCD)
examination easy even for an inexperienced person since
it takes a long time to acquire the skills to find windows
of insonation with a single-channel spectral TCD.

PMD is combined with a single-channel spectral
analysis in a new generation of transcranial Doppler
systems (Figure 2.11). Using a single transducer,
a clinician can search for a window of insonation
without 'blindly' choosing a depth for spectral analysis
and without relying on sound recognition/arm coor-
dination. PMD shows flow signals on a color-coded,
real-time display that may serve as a guide for proper
spectral analysis (Figures 2.12 & 2.13). A standard
PMD/TCD insonation protocol is provided below.



Figure2.11 PMD/TCDdisplay. Power-
motion mode, or PMD, display combined
with a single-channel transcranial
Doppler (TCD) spectral analysis.

Multi-depth power
motion Doppler (PMD)
display range 25-85

Single-depth spectral
Doppler trace obtained

at 50 mm

Figure 2.12 Arterial segments evaluated with PMD/TCD
through the transtemporal window. PMD displays the
length of arterial segment identified, i.e. proximal M2-M1,

MCA and the depth of spectral analysis is displayed, i.e.
40 mm. Magnetic resonance images of the circle of Willis
are provided to show location of vessel sampling (arrows).
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Figure 2.13 Insonation of the terminal vertebral and
basilar arteries. Presumed beam path and vessel sampling

depth are superimposed on a digital subtraction
angiography image (left).

Useful rules to remember
1 TCD velocities do not measure cerebral blood flow
volume. However, changes on TCD may correlate
with changes in the cerebral blood flow.
2 Cerebral blood flow and mean flow velocities
decrease with age.
3 Hypertension (including chronic) increases pulsat-
ility of flow and may increase the mean flow velocity.
4 Hyperventilation decreases the mean flow velocity
and increases pulsatility of flow.
5 Hypercapnia increases the mean flow velocity and
decreases pulsatility of flow.
6 A waveform pattern is determined by various
factors including cardiac output and blood pressure,
as well as the brain autoregulatory or vasomotor
responses and focal arterial lesions.
7 A waveform pattern can also be determined by
the downstream circulatory conditions such as loss
of autoregulation or elevated intracranial pressure
(ICP).
8 Cerebral blood flow and mean flow velocity are
inversely proportionate to vessel radius, length and
blood viscosity.
9 When homologous arterial segments are compared,
normal variations of up to 30% in flow velocities and
pulsatility indices can be expected.
10 Variations in the angle of insonation can account
for 15% and the resistance of downstream vasculature
during breathing cycles for another 15% of a normal
velocity/pulsatility difference.
11 Normal variations of up to 100% in flow velocities
between homologous segments such as PCA or VA
can be attributed to the tortuous vessel course, angle

of insonation changes, anatomic variants of the circle
of Willis and hypoplasia/atresia.
12 Anatomic variations of the circle of Willis are
common; it is normal (symmetric, with all commun-
icating arteries properly developed) in only about 20%
of patients.
13 If an intracranial artery is not found, this finding
itself does not mean that this artery is occluded.

Tips to improve accuracy
1 Perform a complete and thorough examination;
store actual sound recordings when possible.
2 Try not to lose flow signals when changing the
depth of insonation.
3 Target clinically involved arterial segment or sus-
pected level of occlusion.
4 Use headphones and the maximum pulse repetition
frequency possible.
5 To focus on a specific segment, decrease gate or
sample volume and increase gain, if necessary.
6 Avoid mirror artifacts (do not overgain, or decrease
power or sample volume) (Figure 2.14).
7 Account for medications and clinical conditions
which change flow volume/velocity.
8 Do not hesitate to admit uncertainty and list all
probable causes.
Previous studies have established normal values and
variations for depth of insonation [1,2,4—6], and a
multicenter study was performed to validate TCD
findings [7]. Some variation between the depths of
insonation can be expected due to the differences in
patient skull diameters and sample volumes used for
insonation. Regardless of which scanning protocol or
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10 At all transducer

depth ranges are adopted, a local validation of TCD
findings must be performed at each laboratory.

Transcranial color duplex imaging

Transcranial color duplex sonography (TCCS) is per-
formed with a phased array transducer. Most often
the Doppler carrier frequency is in the range of

2-3 MHz with an imaging frequency of up to 4 MHz.
It is important to optimize not only the B-mode
image, but also the color and spectral Doppler infor-
mation for accurate evaluations [8-15]. Although
TCCS provides a convenient flow map, a single-
channel spectral Doppler interrogation remains the
mainstay of diagnosis for newer transcranial ultra-
sound techniques.
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Figure 2.14 The artifact above the
baseline is produced during insonation
of a normal flow in the vertebral artery

(below the baseline) that acts as a bright
reflector on the full-power beam path.
(Reproduced with permission from
Alexandrov AV. Vascular Ultrasound
Today 1998; 3:141-60.)

Anterior/upward

Diencephalic plane Mes encephalic plane
Figure 2.15 Planes of
intracranial B-mode
examination.

The B-mode image
The anatomic landmarks vary with the acoustic win-
dow chosen and transducer angulation (Figure 2.15).

It is important to:
1 pay careful attention to the width of the sector

image;
2 optimize signal return throughout the depth of the
image using time-gain compensation (TGC);
3 place the focal zone at the level of the area of interest
or immediately inferior to this region; and
4 achieve appropriate gray-scale contrast by adjust-
ing the dynamic range so that echo intensity clearly
defines intracranial bony and soft tissue anatomy.

The color Doppler image
The color Doppler image represents Doppler-shifted
frequencies within a designated area of interest, the

color box. Quite often, the entire circle of Willis can be
displayed within the color box. If this is not the case,
the anterior (Figure 2.16) and posterior circulation
can be studied separately. It is important to:
1 optimize the color display by proper choice of

colors to represent forward and reverse flow: choose
contrasting colors to represent forward and reverse
high-velocity signals;
2 use a high frame rate because you are expecting
arterial signals with moderate antegrade velocity;
3 adjust the color gain so that the lumen of the vessels
is filled without evidence of'bleeding' of color into the
surrounding tissues;
4 change the color velocity scale pulse repetition

frequency (PRF) often throughout the course of the
examination to detect variations in velocity that occur
with vessel tortuosity, stenosis and occlusion; and

Image Not Available 
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Figure 2.16 Color Doppler flow image of
the anterior and middle cerebral
arteries. Blue, anterior; red, middle
cerebral artery.

5 keep the wall filter as low as possible so that detec-
tion of low-velocity, low-amplitude signals will not be
overlooked.

Doppler spectral analysis
The Doppler spectral display contains the diagnostic
information similar to 'non-image-guided' TCD.
However, TCCS allows angle correction and the velo-
city values will be different from a non-image-guided
TCD that assumes a zero angle of insonation [16,17].
The TCCS display should document the peak systolic
velocity, the maximum mean flow velocity, end-
diastolic velocity, the resistance index (RI) and the
pulsatility index (PI). It is important to:
1 use adequate Doppler power to allow penetration
but to limit the duration of high power use;
2 employ a low wall filter so that low-velocity, low-
amplitude signals can be detected;
3 vary the sample volume size, velocity scale and
Doppler gain to obtain characteristic and accurate
spectral information from the intracranial arteries;
4 align the angle of insonation with a longer
(0.5-1-cm) display of color jet [17];
5 correlate audible Doppler signal with the spectral
display for all accessible arterial segments; and
6 if you use TCD criteria, change the angle of inson-
ation to 0°for all vessels.

TCCS examination technique

Unlike transcranial Doppler, the TCCS examination
allows visualization of anatomic landmarks and

Figure 2.17 Three-dimensional power Doppler image of
the circle of Willis.

spatial course of the arteries that is helpful for vessel
identification. By complementing the duplex exam-
ination with color flow or power Doppler and, when
available, three-dimensional imaging (Figure 2.17),
the course of the arteries can be traced and angle-
corrected velocities determined.

The acoustic windows that are employed for TCD
are also useful for TCCS, i.e. transtemporal, orbital
and foraminal. An additional frontal window has
recently been described to insonate the origins of A2
ACA segments [18].
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Figure 2.18 Landmarks for
transtemporal B-mode examination.

Using the transtemporal approach, the examiner
should look for the petrous ridge of the temporal
bone, the cerebral falx, the supracellar cistern, the
3rd ventricle and the cerebral peduncles as anatomic
landmarks [19]. From the suboccipital window, the
examiner should find the foramen magnum and the
occipital bone. Imaging through the orbit should
reveal the globe and optic nerve. These are useful
anatomic landmarks that allow you to select trans-
ducer position over the best achievable window, op-
timize image quality and direct interrogation toward
structures that surround arteries intracranially.

Using the transtemporal window
1 The study is initiated with the patient lying in the
supine position with the head straight.
2 It is best for the examiner to sit or stand behind the
patient, with their arm or elbow resting on the pillow
beside the patient's ear.
3 Place the ultrasound transducer on the temporal
bone in the preauricular area anterior to the ear and
cephalad to the zygomatic arch. The left side of the
image should display the frontal portion of the
intracranial structures.
4 Angle the transducer slightly superiorly to visualize
the anterior cerebral circulation. You should note that
the ipsilateral anterior circulation is at the top of the
image and that you can quite often see through the
midline of the brain to visualize the contralateral anter-
ior circulation. Although infrequent in the majority
of patients, you may occasionally visualize the poster-
ior circulation as well. When this is possible, the
posterior circulation will appear to the right of the
monitor while the anterior circulation lies to the left.

5 Begin the examination at an image depth of 12-16 cm.
This will allow visualization of the contralateral skull
and interrogation of the entire intracranial field in
most adults.
6 Using B-mode imaging, you should be able to iden-
tify the lesser wing of the sphenoid bone extending
anteriorly and the petrous ridge of the temporal bone
extending posteriorly (Figure 2.18).
7 From this point, angle the transducer slightly super-
iorly to image fab: and peduncles. This will establish
the midline structures.
8 Reduce the imaging depth to 8-10 cm to study the
ipsilateral anterior circulation. Set the color controls
to allow for equal forward and reverse flow velocities
and steer the color box straight down from center.
9 Use as narrow a width of the color box as possible
to interrogate the middle cerebral artery to the level
of the bifurcation. This will increase the frame rate
and prevent aliasing of signals in normal arteries.
Although angle correction may be possible over short
segments of arteries, it is best to maintain a 0° angle of
insonation to prevent overestimation of peak and/or
mean velocities.
10 Using color flow imaging, follow the course of the
middle cerebral artery to its bifurcation. You may
need to angle the probe slightly anteriorly and super-
iorly to image the anterior cerebral artery (ACA). The
normal ACA will be displayed in blue as it courses
away from the transducer toward the midline of the
brain (Figure 2.16). The A2 segment can occasionally
be visualized extending anteriorly.
11 When sampling in the region of the bifurcation,
the terminal segment of the internal carotid artery
(ICA) can be visualized by tilting the transducer
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slightly inferiorly. Although blood flow is most
commonly toward the transducer, the flow direction
relative to the ultrasound beam can vary in this often-
tortuous segment.
12 Angle the ultrasound beam slightly posteriorly and
inferiorly to image the posterior cerebral artery (PCA)
and posterior communicating artery (PComA), if pre-
sent. This can be achieved by steering the box so that it
is positioned over the peduncles. You should note that
the PCA wraps around the peduncle. Flow towards the
transducer is commonly assigned to the PI PCA seg-
ment and flow away from the transducer is considered
to represent P2 PCA segment distal to the origin of the
PComA. Given the depth of the PCA and the relatively
low velocity, the color scale (PRF) may need to be
reduced in order to optimize the return signal. If you
are able to visualize the termination of the basilar
artery, you may be able to image both the ipsilateral
(red) and contralateral (blue) PI segments.
13 The anterior communicating artery (AComA)
cannot usually be differentiated from the neighboring
ACAs because of its small size. Keeping in mind the
anatomy and the appropriate angulation of the sound
beam relevant to the axis of the vessels, you should be
able to image the functioning PComA, which is of
longer length, as it connects the anterior and posterior
segment of the circle.

Using the suboccipital window
1 Have the patient sit up on a chair or lie on their side
with the head tilted forward ('bring your chin to your
chest') to image the vertebral and basilar arteries. This
creates an easily accessible acoustic window between
the cranium and the atlas of the vertebral column. The
transducer should be placed slightly to the right or left
of midline with the beam angled toward the bridge of
the nose. The first structure that you will encounter is
the large anechoic foramen magnum. Surrounding
this you will see the brightly echogenic rim of the
occipital bone. Blood flow will normally be away from
the transducer in the vertebral arteries and a Y-shaped
color flow image of the vertebrobasilar junction can be
visualized at 6-8 cm depth (Figure 2.19).
2 Examine Doppler spectra of the vertebral arteries
along their course to the confluence forming the basi-
lar artery. You may see the posterior inferior cerebellar
arteries (PICAs) branching from the vertebral arteries.
Because these small branches course toward the trans-
ducer, they should appear in red. It is important to
standardize your imaging protocol so that, if you

Figure 2.19 'Y'-sign. Color Doppler flow image of the
vertebral confluence and the proximal basilar artery.
(Image courtesy of Dr Eva Bartels.)

cannot image both vertebral arteries together, the
right and left vertebral arteries always appear in the
same location on the color flow image. It is our custom
to orientate the transducer so that the right vertebral
artery appears to the right of the image and the left
vertebral to the left of the image.
3 From the level of the vertebral arteries, angle the
transducer slightly inferiorly and superiorly to visual-
ize the basilar artery (BA). The BA is most commonly
imaged at a depth of 7-11 cm [ 19]. You may have to
point the transducer upwards to image the distal por-
tion of the BA up to its bifurcation using the foraminal
approach. Since color flow depth range may be less
than B-mode, a single-gate spectral Doppler interro-
gation of the distal BA depth may be performed with-
out a color box. Note that this portion of the BA can be
visualized using the transtemporal approach or with
the help of ultrasound contrast substances.

Using the orbital window
To access the ophthalmic artery (OA) and the carotid
siphon, the transorbital window should be chosen.
Because the sound beam is passing through a fluid-
filled chamber at relatively high acoustic output
levels, there is legitimate concern for ocular damage
due to heat absorption and cavitation. It is very im-
portant to know the Food and Drug Administration
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(FDA)-approved guidelines for choice of transducer
and power settings for the ultrasound systems that
you are using for transorbital studies and to adhere to
these guidelines. The current FDA derated maximum
acoustic output levels for ophthalmic imaging are a
spatial peak temporal average (SPTA) intensity of
17mW/cm2 and a mechanical index (MI) of 0.28.
Transorbital insonation steps are as follows.
1 The ultrasound probe is placed over the closed
eyelid, which is covered with acoustic gel. The patient
is asked to look inferiorly and toward the contralateral
side. It is important to standardize your scanning pro-
tocol so that the nasal aspect of the eye corresponds
to the orientation marker on the probe. This is kept
constant for both the right and left eyes.
2 The globe appears as a dark anechoic structure in
the center of the image. The optic nerve appears as an
anechoic tube extending from the globe into the far
field of the image (Figure 2.20). The distal portion of
the ophthalmic artery will appear slightly medially at a
depth of 3-5 cm. Blood flow is normally directed
toward the transducer with relatively high resistance
compared to intracranial vessels. You will note sharp-
ened peak systolic and slightly lower diastolic flow
components (Figure 2.20).
3 The carotid siphon can be imaged at a depth of
6-7 cm. The direction of blood flow will vary with the
segments interrogated (parasellar, genu, supraclinoid).
Flow signals are bidirectional at the genu, toward the
sound beam in the parasellar segment and away from
the sound beam in the supraclinoid segment.

Using the submandibular window
During a routine extracranial cerebrovascular exam-
ination, the cervical portion of the internal carotid
artery (ICA) can be imaged to the level of the ramus of
the mandible. To access the segment of the ICA distal
to this level, place the transducer at the angle of the
mandible and angle it toward the head and slightly
medially. The distal ICA can be imaged at a depth of
3-6 cm with flow away from the transducer. To apply
the Lindegaard ratio [20], a measurement of the ICA
flow should be taken at 0° angle of insonation.

Advantages of TCCS over non-imaging
techniques
With transcranial imaging, the examiner is able to
visualize anatomic landmarks and spatial relationship
of the vessels that can be used for identification of the

arteries in the circle of Willis (see Chapter 3). This
leads to increased confidence in the accuracy of the
examination. The course of tortuous arteries can be
followed, arterial branching can be identified, and the
terminal vertebral arteries can be differentiated (left and
right) leading to positive evaluation of the basilar artery.
Using color flow imaging, the examiner is able to detect
regions of disturbed flow, and immediately suspect
focal stenosis or occlusion, arteriovenous malform-
ations or large aneurysms. The study can be comple-
mented with power Doppler and three-dimensional
reconstruction to assure complete evaluation of all
segments of the circle of Willis. Additionally, when
performed in combination with extracranial duplex
evaluation, this technology has enhanced our clinical
approach to patients presenting with acute stroke and
has a potential to increase our ability to differentiate
between ischemic and hemorrhagic stroke [21].

Limitations of TCCS
To ensure a complete and accurate examination, the
sonographer must use his or her knowledge of
intracranial anatomy and complete a single-gate spec-
tral analysis even without complete color visualization
of the circle of Willis. In other words, spectral analysis
must be performed at depths that may contain arterial
flow signals even if these segments are not or only poorly
visualized with color flow imaging. It is particularly
applicable to vessel tortuosity when an out-of-plane
position may result in no color flow signal, yet an
attempt must be made to detect flow in this area. It
must be kept in mind that several ultrasound tech-
niques are being used to create the gray-scale image
of the intracranial anatomy, the color flow image of
the cerebral vasculature and the spectral display of
flow patterns in the intracranial arteries and veins. It
places high demand on frame rate and processing
capacity of the duplex scanner. Because the bone in
the region of the transtemporal window will attenuate
the ultrasound beam, TCCS offers fewer successful
non-contrast-enhanced studies compared to the non-
imaging TCD techniques. TCCS should not be used as
a screening test for cerebral aneurysms [22,23]. Fur-
thermore, fewer diagnostic criteria are available for
detection and grading of intracranial disease with
TCCS [24,25]. Although TCCS allows assessment of
intracranial veins, thrombosis and arteriovenous mal-
formations [26-28], the reliability and clinical utility
of TCCS in this setting is still unknown.
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Although the advantages of transcranial color flow
imaging compared to the non-imaging studies are re-
cognized, current high-resolution duplex ultrasound
systems do not facilitate portable bedside evaluations
as yet. Recognition of imaging artifacts and complete
Doppler spectral interrogation are the keys to reducing
operator-dependent failures of TCCS.
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CHAPTER 3

Eva Bartels, MD & Andrei V Alexandrov, MD, RVT

Introduction

Sir Thomas Willis, in his landmark book published in
1664, described the anatomy of basal intracranial ves-
sels (Figure 3.1). In the first half of the 20th century,
Egar Monis introduced invasive cerebral angiography
that enables the visualization of these arteries in
humans and still remains the gold standard for other
imaging modalities. Recent technology advances in

computed tomography (CT) and magnetic reson-
ance (MR) imaging allow non-invasive and three-
dimensional reconstruction of these vessels.

Transcranial color flow imaging with ultrasound
provides a fast way to visualize the spatial course and
flow direction in the arteries of the circle of Willis in
a two-dimensional plane image in real time. A three-
dimensional reconstruction of ultrasound data is also
possible with newer generations of duplex scanners

Figure 3.1 Sir Thomas Willis (1621-75), an English
physician, anatomist and physiologist. He was Professor
of Natural Philosophy at Oxford, England, 1660-75. Willis
studied the anatomy of the central nervous system and
the circulation of the blood. His landmark text, Cerebri
Anatome. 1664, was reproduced many times and
developed into a pocket-size standard textbook for
medical students. Photos of the portrait and drawing of
the brain were made by Dr Alexandrov at the Tirgu Mures
Library in Romania. The textbook contains remarkable
drawings by Sir Christopher Wren, a famous architect of

the 17th century. Sir Thomas Willis described the arterial
circle at the base of the brain and its function. He was the
first to use the term 'reflex action'. Willis attempted to
correlate the knowledge of anatomy, physiology and
biochemistry with clinical findings in neuropathology.
Willis proposed that the choroid plexus was responsible for
the absorption of cerebrospinal fluid. Later, in DeAnima
Brutorum, 1672, he proposed that the corpus striatum
received all sensory information, while the corpus callosum
was associated with imagination and the cerebral cortex
with memory.
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that allow such data acquisition. Although transcra-
nial color duplex sonography (TCCS) is not yet readily
available at the bedside in most institutions, rapid
development of digital and computer-based ultra-
sound technologies will soon make a fast three-
dimensional assessment of the circle of Willis a reality.

This chapter offers self-assessment material to
determine recognition of basic color flow transcranial
findings. These patterns are helpful in recognizing
normal anatomy and typical artifacts. Correct answers
and discussion points are provided at the end of the
chapter.

Questions

Question 1. Identify the arteries and brain structures
shown in Figure 3.2.

Question 2. The change in color assignment of the
distal middle cerebral artery (MCA) flow (location 1,
Figure 3.2) represents:
A Aliasing
B Range ambiguity
C Stenosis
D Tortuousity
E Reversal

Question 3. Figure 3.3 provides keys to vessel iden-
tification using transcranial color flow imaging. The
appearance of the distal right MCA in a color flow
image in Figure 3.3 is likely due to:
A Range ambiguity
B Branching
C Vasodilatation
D Arteriovenous malformation
E Aneurysm

Figure 3.2 Color flow image of the circle
of Willis. See Question 1 and answer for
explanation.

Figure 3.3 Color flow appearance of
the proximal arterial segments with
temporal insonation. See Question 3
and answer for explanation.
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Figure 3.4 Color flow examination
through the suboccipital window. See
Question 4 and answer for explanation.

Figure 3.5 Color flow imaging of the
basilar artery. See Question 6 and
answer for explanation.

Question 4. Figure 3.4 shows suboccipital TCCS
examination through the foramen magnum. Identify
the arteries numbered on Figure 3.4.

Question 5. As shown in Figure 3.4, changes in the
basilar artery diameter are due to:
A Stenosis
B Compression
C Tortuosity
D Low flow
E Atresia

Question 6. Figure 3.5 shows a color flow-guided
Doppler interrogation of the mid-to-distal basilar
artery segment. The depths of visualization of the
basilar artery are 75-92 mm. The Doppler gate is
placed at 92.8 mm. The color flow image of the verte-
brobasilar system shown in Figure 3.5 is called:

A Mosaic pattern
B To-and-fro flow
C Slosh phenomenon
D Double lumen sign
E Y-sign

Question 7. As shown in Figure 3.6, the proximal
basilar artery is found at the depth of 67 mm. The
Doppler spectrum shows arterial flow pattern. In
Figure 3.6, identify the artery interrogated with
Doppler gate.
A Posterior inferior cerebellar artery
B Anterior inferior cerebellar artery
C Superior inferior cerebellar artery
D Terminal right vertebral artery
E Right posterior cerebral artery
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Figure 3.6 Angle-corrected velocity
measurement through the foraminal
window. See Question 7 and answer for
explanation.

Correct answers

Question 1. Matching correct answers are:
1 Distal Ml MCA
2 P1 posterior cerebral artery (PCA)
3 Contralateral PCA
4 Al anterior cerebral artery (ACA)
5 A2ACA
6 Contralateral A1 ACA
7 Contralateral MCA
8 Brainstem
The key to vessel identification in this image is to
orientate yourself in the image. First, recognize that
the top of the image sector represents the area where
transducer is applied to the temporal bone window.
White dots on the sector margins represent depth
of insonation scale with 1-cm units. Color flow
assignment is provided in the color bar scale in the
left portion of the screen. Therefore, each color flow
signal can be interpreted as to its depth location and
flow direction towards or away from the transducer.
Finally, visual recognition of a typical distribution of
the branches of the circle of Willis represents the
major advantage of TCCS.

Question 2. Correct answer is D.
There are two areas of color flow changes in the MCA.
The first area is located at its proximal portion and
represents aliasing likely due to relatively low color
flow velocity scale. Note that in this area the color
changes abruptly from light red to green and this is
consistent with the wraparound phenomenon in max-
imum Doppler frequencies, i.e. aliasing. The second

area is in the distal MCA portion (location 1) and the
color changes from dark red to dark blue. In other
words, the color flow assignment changed by crossing
the baseline. This happens with the tortuous course
of the vessel or bidirectional flow at arterial bifurca-
tions where one vessel is continuing its spatial course
towards the transducer and another one is directed
away from it.

Question 3. Correct answer is B.
The distal MCA appears to increase its diameter and
the origin of two vessels can be visualized. This is
a normal appearance of the M2 MCA subdivision
where both M2 branches are still directed towards the
transducer. The second best answer is range ambiguity
since the wavelength of a 2-MHz Doppler carrying
frequency is 0.77 mm, that is, comparable to the
MCA dimensions. Some scatter of ultrasound can be
expected, leading to artifactual appearance of color
flow vessel edges. Therefore, current TCCS technology
may not be used to measure MCA diameter with the
precision necessary to calculate percentage stenosis or
flow volume. Finally, an arteriovenous malformation
(AVM) should be considered as a part of the differen-
tial diagnosis since it may result in the appearance of
relatively large vessels at the level of the proximal
MCA. Spectral Doppler interrogation (either at 60° or,
preferably, at 0° angle of insonation) of suspicious
areas may provide further information.

Question 4. Matching correct answers are:
1 Left vertebral artery (VA)
2 Right VA
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3 Basilar artery
4 Cerebellar branch
5 Cerebellar branch
This image represents a normal appearance of the ter-
minal VA junction and basilar artery stem. These ves-
sels are very tortuous and sometimes only segmental
assessment is possible. The main advantage of TCCS is
direct visualization of the terminal VAs, side-to-side
differentiation and differentiation of the terminal VA
and proximal BA segments as well as terminal VA
portion that is not possible with TCD.

Question 5. Correct answer is C.
The basilar artery can be found with a suboccipital
transducer position and ultrasound beam direction
towards the bridge of the nose. The distal basilar artery
climbs along the brainstem and pons to branch off
at the level of the cerebral peduncles. This spatial
course produces a substantial change in the angle of
insonation and out-of-the-plane vessel position that
lead to changes in the velocity and vessel diameter
measurements. Finally, the basilar artery seems to
increase its diameter on color flow image at the points
where cerebellar arteries branch off its stem.

Question 6. Correct answer is E.
This image represents a classical flow pattern called
the 'Y'-sign that describes a normal junction of the
terminal vertebral arteries. This is not an image of a
double lumen flow since both proximal flow signals
are of equal velocity and continuation that implies

equal resistance to flow in both vessels. The term
'double lumen' usually refers to a pathologic con-
dition, for example, with arterial dissection where one
color jet represents a true lumen and another one indi-
cates the false lumen, usually with a decreased and/or
high-resistance flow pattern.

Question 7. Correct answer is B.
This image shows a branch of the basilar artery that
has flow direction towards the transducer. This color
flow pattern indicates a cerebellar branch. The pos-
terior inferior cerebellar artery (PICA) usually arises
from the terminal VA segment as it is clearly visualized
on the image proximal to the vertebral junction. The
anterior inferior cerebellar artery (AICA) arises from
the proximal basilar artery stem. In order to decide
which part of the basilar artery was imaged, the depth
indicating the proximal basilar artery is given. Since
the basilar artery is at least 2 cm long in most adults,
the color flow image represents a branch that origin-
ates within 1 cm of the basilar artery origin, thus
representing the AICA. Ideally, to clearly differentiate
between the AICA and the superior cerebellar artery
(SCA), an image of the distal basilar artery should
be obtained, showing either the presence of another
more distal branch or at least the extent of the basilar
artery stem. The SCA usually branches off the distal
basilar artery before the PI posterior cerebral artery
origin. However, SCA detection requires high resolu-
tion TCCS equipment and is operator dependent.
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CHAPTER 4

Integrated assessment of systemic
and intracranial hemodynamics

Anne W. Wojner, PHD, CCRN

Introduction

Hemodynamics is a term used to describe the flow
of blood through the vascular system. The measure-
ment and augmentation of hemodynamics requires an
understanding of complex physiologic mechanisms
that foster systemic autoregulation, the body's ability
to adjust blood flow despite marked changes in arter-
ial blood pressure. Autoregulation is dependent upon
complex mechanisms that enable rapid detection of
flow alterations coupled with multisystem responses
that aim to maintain optimal perfusion, especially to
critical organ systems. Chief among these mechanisms
is augmentation of myocardial performance through
intrinsic and extrinsic means.

Today, an understanding of systemic hemody-
namic principles coupled with a sound understanding
of safe augmentation measures is essential to the
neuroscience clinician. Management of many neuro-
vascular conditions often hinges on augmentation
of systemic hemodynamic parameters to enhance
intracranial blood flow, perfusion and brain tissue
oxygenation. The coexistence of cardiac conditions
such as acute myocardial ischemia or infarction,
coronary artery disease, cardiac valvular anomalies
and dysrhythmias frequently challenges safe augmen-
tation of systemic flow parameters in neuroscience
patients; yet, the heart and systemic vasculature may
be enslaved to drive intracranial perfusion when the
clinician safely and accurately uses technology and
clinical skills to continuously monitor the effects of his
or her care.

This chapter will examine principles associated
with systemic and intracranial hemodynamics and the
methods commonly used in a critical care setting to

assess hemodynamic function. Correlated continuous
monitoring of systemic and intracranial hemody-
namics provides a means for ongoing assessment of
circulatory adequacy, perfusion and overall tissue
oxygenation, promoting sound clinical management
of complex flow-related issues. The chapter will con-
clude with case studies in correlated assessment and
management of neuroscience patients.

Principles of blood flow

The circulatory system is a closed circuit made up of
two major components, the systemic and pulmonary
circulation. An understanding of blood flow through
these circuits must be supported by discussion of the
physical characteristics of blood, and the interrela-
tionship of pressure, resistance and flow. Manipulation
of pressure and resistance variables within the cardio-
vascular system directly affects blood flow parameters,
and serves as the basis for clinical hemodynamic
augmentation.

Blood viscosity is primarily determined by hemato-
crit, the percentage of blood that is made up of cells.
An increase in hematocrit results in an increase in
friction between successive layers of blood, slowing
down its propagation velocities and amplifying the
pressure necessary to drive blood through the sys-
temic circulation. When combined with reduced
internal vessel diameter, an increase in blood viscosity
may significantly impair blood flow.

Flow of blood through vessels is primarily deter-
mined by two factors:
1 differences in pressure (PL - P2) between the two
ends of a vessel; and
2 vascular resistance to flow.
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Ohm's law is often used to describe flow through the
vascular system. Simply put, it states that blood flow is
directly proportional to the pressure difference, but
inversely proportional to the resistance:

blood flow = A pressure •*• resistance.

The amount of muscle tension within the vascular
bed necessary to maintain specific flow pressures
varies significantly. The law of Laplace describes this,
stating that the muscle tension (T) needed to main-
tain a specific pressure (P) is reduced as the radius (R)
is decreased:

P=TIR.

The smaller the blood vessel diameter, the less ten-
sion is required to maintain a given pressure within
the vessel [ 1 ]. Applied to human anatomy, the degree
of wall tension necessary to maintain perfusion pres-
sure in the aorta would be approximately 10 000 times
that necessary to maintain pressure within a capillary
bed.

Resistance, or impediment to flow, cannot be
measured directly, and is derived by measurements
of blood flow and pressure difference within a vessel.
Varying degrees of resistance occur in vessels through-
out the body. Resistance is a product of changing
vessel diameters coupled with proportional increases
in blood viscosity, as well as the cross-sectional area of
vascular beds. The resistance associated with changes
in vessel diameter affects the movement of blood flow
through a phenomenon known as streamlining or
laminar flow [ 1 ]. Laminar flow describes the parabolic
movement of blood in layers within a blood vessel;
the layer closest to the vessel wall moves at the slowest
velocity, while larger vessels with multiple layers
exhibit increased rates of flow at the core of the vessel.
Turbulent flow occurs when blood moves at the
same time in a cross-wise and streamlined fashion.
Turbulence is typically the product of obstructions to
flow, passage of blood over a rough surface, or a sharp
change in the direction of flow; it results in an eddy
current, with an increase in friction and resistance.

Poiseuille's law is often used to describe the impact
of resistance on blood flow; it states that the flow (Q)
of a fluid through a tube is directly proportional to the
pressure difference that exists between two ends of a
tube (Pj - P2) to the fourth power of the radius of the
tube (r4), and is inversely proportional to length of
the tube (L) and the viscosity of the fluid (n):

Q = TC(P! - P2)r
4/8Ln

where K/8 serves as a proportional geometric value [ 1 ].
Poiseuille's law illustrates how resistance increases

in direct proportion to viscosity and vessel length, but
decreases in direct proportion to vessel diameter and
pressure gradient; in other words, the diameter of a
blood vessel is the most significant contributor of all to
the rate of blood flow through a vessel.

The interrelatedness of these concepts in the pro-
duction of varying rates of blood flow can be illus-
trated by changes in arterial pressure. An increase
in arterial pressure increases the force propelling
blood and also distends vessel walls, thereby reducing
vascular resistance; the result is an increase in blood
flow. Similarly, a drop in arterial pressure results in
reduced forward flow secondary to a decrease in vessel
diameter from reduced arterial stretch, accompanied
by an increase in resistance to flow; blood viscosity
further contributes to a decline in flow during low
pressure states as sluggish movement fosters clumping
of cells and additional flow resistance.

The cardiac cycle

The cardiac cycle represents the sequential electrical
and mechanical events that occur within a single heart
beat, namely systole and diastole. At normal heart
rates approximately two-thirds of the cardiac cycle
consist of diastolic events, allowing for muscle relaxa-
tion and filling of the ventricles. Figure 4.1 illustrates
the events of the cardiac cycle and corresponding pres-
sure changes associated with blood flow through the
heart.

Ventricular systole consists of three phases.
In phase 1, also known as isovolumetric contraction, the

ventricles begin the process of contraction, building
wall tension against closed semilunar (aortic and
pulmonic) valves. The increase in pressure inside
the ventricles causes the atrioventricular (mitral
and tricuspid) valves to snap closed.

In phase 2, also known as rapid ventricular ejection,
ventricular pressures exceed those within the aorta
and pulmonary arteries, causing the semilunar
valves to open as well as ejection of blood under
intense pressure.

During phase 3, the reduced ejection phase, blood
ejection slows considerably and intraventricular
pressures drop sharply as contraction ends, causing
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Ejection

Isometric -
contraction

Protodiastole Isometric relaxation

"— Aortic pressure

Electrocardiogram

Figure 4.1 Electrical and mechanical events of the cardiac
cycle. Note the interrelationship of the electrical and
mechanical events in the cardiac cycle including heart

sounds recorded by phonocardiogram and intraventricular
volumes. From [1].

the semilunar valves to close when aortic and pul-
monary artery pressures again exceed those within
the ventricle.

Under normal resting conditions ventricular systole
results in a stroke volume of approximately 70-80 mL,
constituting about 60% of left ventricular end-
diastolic volume [2].

Right ventricular (RV) and left ventricular (LV)
performance differs significantly during systole due to
the physical structure of these very different pumps.
The RV exhibits a large surface area capable of moving
like a bellows to promote swift ejection of blood to
the low-resistance pulmonary system. Because muscle
lengthening and shortening are less important con-
tributors to RV contraction, changes within the pul-
monary bed that increase resistance are likely to stifle
ventricular performance, producing reduced RV out-
put and a back-up in intracardiac right heart preload
to the systemic venous circulation. The LV has a

relatively small surface area and is capable of reducing
and increasing its internal chamber circumference
through muscle shortening and lengthening [2].

Application of the law of Laplace to LV perform-
ance demonstrates that wall tension is minimized as
chamber size (radius) decreases; in patients exhibiting
LV dilatation and hypertrophy, significant wall tension
is required, amounting to intense myocardial oxygen
consumption. A similar clinical picture is illustrated
through examination of the process of volume load-
ing; when intraventricular preload exceeds an optimal
level, the resulting ventricular dilatation requires
significant wall tension to maintain optimal chamber
pressures and forward flow into the high-resistance
aorta. The result of significant ventricular dilatation,
whether due to excessive fluid hydration, pathologic
dilatation or hypertrophy, is often the same: congest-
ive failure with backflow to the pulmonary bed and
pulmonary edema.
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Ventricular diastole consists of four phases.
In phase 1, also called isovolumetric relaxation, ventri-

cular pressure drops dramatically without a change
in volume. When ventricular pressure decreases
below that within the atria, the atrioventricular
valves open, initiating the next phase.

In phase 2, also called the rapid filling stage or the
early diastolic filling phase of the ventricles, the
low intraventricular pressures present in phase 2
produce a phenomenon known as diastolic suction
or recoil, which contributes to rapid blood flow and
ventricular filling. When tachycardia is present,
diastolic suction/recoil plays a significant role in
maintaining ventricular filling despite a shortened
filling time.

In phase 3, the period of diastasis is initiated when
blood flow ceases and is marked by an equalization
of ventricular and atrial pressures. When the dia-
stolic phase is shortened due to an increase in heart
rate, phase 3 may not be present as the process
continues on to phase 4.

In phase 4, also called the period of atrial contraction
or late ventricular diastole, heart rate, PR interval
length and atrial preload determine the amount
of blood that fills the ventricles during atrial kick.
Under normal resting circumstances, preload con-
tributed through atrial kick will not greatly affect
overall ventricular volumes; but, in periods of
stress, loss of atrial kick through processes such as
atrial fibrillation may result in a decrease in vent-
ricular preload by as much as 18% or more [2].
The arterial system should be viewed as a pressure

reservoir that is capable of converting intermittent
systolic and diastolic pressures into relatively con-
stant flow through the Windkessel effect [1,3]. This
effect describes the arterial system's ability to receive
pulsatile energy transmission from the heart during
systolic ejection and convert this to continuous pul-
sating waves that foster movement of blood through
the systemic circulation. Distensibility is the primary
factor responsible for maintaining the Windkessel
effect's pulsatile transmission; the greater the dis-
tensibility or elasticity of the arterial system, the
better the blood flow throughout the circuit. Dis-
tensibility and the subsequent elastic recoil of arterial
vessels provides for constant forward flow during
the diastolic phase of the cardiac cycle, thereby
reducing systemic vascular resistance (SVR) and the
workload of the heart during systole. As elasticity is
reduced through processes such as atherosclerosis
or chronic hypertension, resistance to flow from the
left heart during systole increases, prompting the
need for greater wall tension and an increase in LV
workload.

Figure 4.2 represents an arterial waveform with the
phases of the cardiac cycle identified. As noted previ-
ously, the arterial system is capable of maintaining a
constant pressure within the vascular system, despite
the dynamic events of the cardiac cycle. Because this
constant pressure is a more accurate portrayal of
physiologic systemic arterial pressure, calculation and
assessment of mean arterial pressure (MAP) serves as
a more reliable marker of systemic arterial pressure
[1,2]. MAP was first calculated by recording the area

II

Figure 4.2 Phases of the cardiac cycle arterial waveform.
Key to arterial waveform: 1, isovolumetric contraction;
2, peak systolic pressure (PSP); 3, reduced systolic ejection;
4, dicrotic notch; 5, end-diastolic pressure (EDP). Note:

measurement of arterial pressure is performed by taking
PSP over EDP; arterial pressure = 160/80 mmHg; mean
arterial pressure (MAP) measured by area under the
waveform (107 mmHg).
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under the arterial pressure curve and dividing the
area by the concurrent time period. A more simplistic
calculation of MAP is:

MAP = (systolic pressure - diastolic pressure) -s- 3
+ diastolic pressure.

It is important to note that, as the pulsatile wave
is transmitted across the arterial bed, systolic peak
pressures may rise by as much as 20-40 mmHg from
baseline aortic root pressure, due to an increase in
resistance and arterial pulse pressure.

Pulse pressure, or the difference between systolic
and diastolic pressures, may be used to assess arterial
capacitance [2]. Normal pulse pressure is approxim-
ately 50 mmHg. In the absence of sepsis accompanied
by low diastolic pressures, significant elevations of
pulse pressure above this point signify reduction in
arterial compliance due to processes such as athero-
sclerosis and/or chronic hypertension, and are
associated with increased LV workload due to high
resistance to flow. Because arterial compliance directly
affects LV workload and the amount of resistance to
blood flow during LV systole, pulse pressure may also
be used to reflect stroke volume, the amount of blood
ejected with each ventricular contraction. When it
is used in this manner, the clinician must critically
examine not only systolic and diastolic arterial pres-
sures but also changes in other accompanying
parameters to determine the underlying cause.

For example, a narrowed/decreased pulse pressure
occurs in both hypovolemic and cardiogenic shock
signifying decreased cardiac output in the face of elev-
ated SVR; this finding is typically accompanied by low
systolic pressures, a normal or often elevated diastolic
pressure, an increase in heart rate and delayed cap-
illary refill. Distinct changes in pulse pressure may also
be detected in septic shock; pulse pressure may widen
or elevate signifying high cardiac output and low
SVR, and is accompanied by low diastolic pressures
reflective of vasodilatation.

Arterial perfusion and
venous return

Within the microcirculation, much of the arterial pres-
sure head dissipates allowing for sufficient pressure
gradients to promote forward flow. Dilatation and
constriction of precapillary sphincters, thoroughfare
channels and arterioles promote precise control of

blood flowing through capillary networks to match
cellular metabolic needs. Diffusion is primarily pro-
moted by solute concentration and pressure gradients.
According to the Starling equilibrium, filtration and
reabsorption across capillary walls depend on the
interrelation of four forces:
1 capillary pressure of approximately 30 mmHg
which exerts a force to promote filtration through
capillary walls;
2 interstitial fluid pressure of approximately 3 mmHg
which through maintenance of a slightly negative
pressure pulls fluid into the interstitial space;
3 interstitial fluid colloid osmotic pressure of approx-
imately 8 mmHg which promotes osmotic fluid shifts
into the interstitium; and
4 plasma colloid pressure (oncotic pressure) of
approximately 28 mmHg which promotes capillary
reabsorption [ 1 ].
Other factors affecting the exchange of substances
across the capillary wall include viscosity of the filtrate
and the integrity of the capillary wall.

The venous system serves as a volume reservoir of
variable capacity as well as a conduit system for blood
flow. Right atrial pressure or central venous pressure
(CVP) is regulated by the following three contributing
factors:
1 total blood volume;
2 the heart's ability to optimally pump blood; and
3 the capacitance of the venous system.
Under normal circumstances atmospheric pressure
approximates CVP (CVP = 0). An increase in total
blood volume, reduced left and/or right ventricular
pump performance or maximized venous capacitance
will result in an elevated CVP.

Intrinsic cardiac determinants of
blood flow

Cardiac output (CO) is defined as the amount of blood
that is pumped by the left ventricle into the aorta
each minute. Normally in adults, the volume of blood
pumped by the left ventricle each minute is 4-8 L,
with an average cardiac output of approximately
5 L/min. Cardiac output varies according to body size;
because of this, cardiac index (CI) is a measure that is
used to estimate the proportion of blood flow to body
surface area (BSA):

CI = CO/BSA.
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Normal values for CI are 2.8—4.2 L/min/m2; an
average CI for a healthy 70-kg male is approximately
3 L/min/m2.

Cardiac output is calculated as:

CO = heart rate x stroke volume.

Stroke volume (SV) is the amount of blood ejected
from the left ventricle with each contraction. Stroke
volume is calculated as:

SV = left ventricular end-diastolic volume -
residual left ventricular blood volume.

The residual left ventricular blood volume is deter-
mined immediately following systole. The average adult
exhibits a stroke volume of 60-100 mL/ventricular
contraction [3,4].

The CO equation (heart rate x SV) highlights the
dependency of CO on heart rate and factors that
influence stroke volume, namely preload, contractility
and afterload. To maintain CO within an adequate
range, heart rate and/or stroke volume must re-
spond through adjustment of contractile rate or the
amount of blood filling the left ventricle for ejection.
Spontaneous electrical pacemaker activity, termed
automaticity, normally controls adult heart rate in
the sinoatrial (SA) node at a rate between 60 and
100 beats per minute. A decrease in CO produces a
rapid, dynamic response in heart rate in an attempt
to maintain adequate systemic blood flow.

Heart rate augmentation produces distinct pro-
cesses that may enhance or exacerbate a decline in
myocardial performance. Increased heart rates pro-
duce an increased cellular influx of calcium into the
sarcoplasmic reticulum resulting in an improved
myocardial contractile function. This process is called
the Treppe phenomenon, and is capable of offsetting
the reduction of left ventricular diastolic filling time
occurring in tachycardia [2,3]. As heart rates increase
beyond those typical of SA node-mediated responses,
diastolic filling time declines sharply; combined with
a rise in metabolic substrate production, contractile
function is sharply diminished, producing a decrease
in CO.

Preload. The term preload is defined as the volume
of blood distending the left ventricle at the end of
diastole (end-diastolic volume—EDVol). Since EDVol
exerts a pressure within the ventricular system, the
term end-diastolic pressure (EDP) is also used to

reflect preload [1—4]. Preload is determined by the
following three factors:
1 total blood volume/venous return;
2 vascular resistance/capacitance; and
3 myocardial contractility.
Heart rate influences left ventricular preload as EDVol
is dependent on the time devoted to diastolic filling
which shortens in proportion to increases in heart
rate. For example, at a heart rate of 70 beats/min,
diastole represents about 60% of the cardiac cycle,
resulting in optimal end-diastolic filling, but at a heart
rate of 200 beats/min, diastole comprises only 35% of
the cardiac cycle [3].

Contractility. Left ventricular contractility or pump
strength is the terminology used to reflect myocardial
muscle shortening and the development of muscle
tension. A number of extrinsic factors contribute
to myocardial contractility, termed positive inotropic
agents. These substances include:
1 intrinsic circulating sympathetic amines and other
synthetic inotropes;
2 thyroid hormone; and
3 minerals such as calcium and magnesium.
The Frank-Starling law [5,6] (also called the length-
tension relationship) describes the relationship be-
tween preload and resulting contractile force, relating
muscle fiber lengthening to the development of ten-
sion. Simply stated, optimal myocardial tension is
the product of optimal muscle fiber lengthening;
lengthening of left ventricular muscle fibers by EDV
is directly proportionate to the amount of tension
and subsequent contractile force that is produced
during systole. Figure 4.3 illustrates the relationship

Figure 4.3 Relationship between preload and contractility.
Note myocardial stretch and resulting contractile force in
response to preload pressure.
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between preload (muscle lengthening) and myocardial
contractility. The normal adult left ventricle responds
optimally to EDV between 10 and 12 mmHg, pro-
ducing a corresponding myocardial fiber length of
2.2 jam [3]; pressures exceeding this are associated
with a decrease in the interdigitation of actin and
myosin filaments, with a reduction in contractile site
activation (descending limb of the Frank-Starling

Afterload. Left ventricular afterload refers to wall
tension, and reflects the SVR in the aorta that the
ventricle must overcome to eject its volume [3,4].
An important distinction must be made between left
ventricular afterload and SVR. Afterload itself cannot
be measured directly in clinical practice, but what is
known is that ventricular wall tension must rise to a
level that will allow forward flow through the resist-
ance of the systemic arterial bed beyond the aortic
valve. During early systole, this is accomplished by
building wall tension with the aortic valve in a closed
position in phase 1 of ventricular systole (isovolu-
metric contraction); this phase represents the point of
the cardiac cycle responsible for more than 50% of
myocardial oxygen consumption [ 1,3]. Once wall ten-
sion has been optimized and intraventricular pressure
significantly rises, the aortic valve opens, enabling for-
ward thrust of blood into the arterial system. Because
SVR represents the amount of resistance that the
ventricle must build tension against to enable forward
flow, SVR serves as a calculated clinical measure that
may be used to reflect left ventricular afterload.

Similar to left ventricular afterload, right ventricu-
lar afterload is reflected in the calculated measurement
of pulmonary vascular resistance (PVR) [3]. Because the
pulmonary vasculature is normally a low-resistance
system, right ventricular afterload is usually an
insignificant contributor to overall myocardial oxygen
consumption.

Factors capable of influencing left ventricular
afterload include a variety of systemic conditions
including body temperature, hypertension, altered
aortic distensibility due to atherosclerotic changes,
blood viscosity and alterations in vascular resistance
due to bacterial endotoxins and severe immune sys-
tem responses with significant histamine release.
Intrinsic cardiac contributors to afterload include
structural alterations such as aortic valve stenosis.

Contributors to right ventricular afterload include

entities that produce pulmonary hypertension such as
chronic obstructive pulmonary disease, pulmonary
embolism and use of positive end-expiratory pres-
sure mechanical ventilation settings. Similar to the
left heart, an intrinsic cardiac contributor would be
pulmonic valve stenosis.

Arterial blood pressure (ABP) is derived from CO
and SVR, and intrinsic mechanisms exist to maintain
ABP when CO or SVR become altered. Under most
circumstances CO and SVR have an inverse relation-
ship. When cardiac output falls due to reduced con-
tractility or preload values, SVR will increase in an
attempt to maintain ABP within normal parameters.
Because of this, use of ABP for rapid detection of clin-
ical changes often provides poor clinical information,
as blood pressure may appear normal in the face of
early clinical deterioration. When SVR increases due
to a primary reduction of contractility, compromised
left ventricular function precludes an ability to over-
come the increased resistance, stifling forward flow
even further. In this scenario, use of medications or
devices that reduce SVR may be beneficial, such as
sodium nitroprusside in combination with a positive
inotropic agent and/or intra-aortic balloon counter-
pulsation [7]. Similarly, when CO falls due to signi-
ficant blood loss (alterations in preload), SVR will
again increase to maintain ABP; once circulating
blood volume is replaced, SVR returns to normal.
In sepsis or meningitis, SVR is often significantly
reduced, resulting in low vascular resistance to left
ventricular outflow. The ventricle compensates with
increases in CO often above normal values, and
transcranial Doppler often shows a general velocity
increase above normal values with low-resistance
waveforms. When preload is adequately maintained
in this scenario, use of pressors to maintain ABP can
often be entirely avoided.

Calculation of SVR requires measurement of the
following variables: mean arterial pressure (MAP),
right atrial pressure (RAP or CVP) and CO. The
formula for SVR is:

SVR = (MAP - RAP) X 80 - CO.

Calculation of PVR requires measurement of
pulmonary artery mean pressure (PAM), pulmonary
artery wedge pressure (PAWP) and CO. The formula
for PVR is:

PVR = (PAM - PAWP) x 80 - CO.
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Table 4.1 Reflexes influencing vasomotor response.

Reflex Anatomic location Cardiac/vasomotor response

Bainbridge reflex

Baroreceptor reflex (Marey's law

of the heart)

Chemoreceptors

Right atrium of the heart;

accelerator receptors

Aortic arch and carotid sinus

Aortic arch and carotid bodies

Tachycardia initiated by increased right atrial

pressure with receptor distension

Increased arterial pressure stimulates vagal

fibers which produces bradycardia and

reduced ventricular contractility

Hypoxia, hypercapnia and/or acidosis stimulate

receptors to produce tachycardia

Neuroendocrine mediation of
cardiac output

The autonomic nervous system plays an important
role in augmenting heart contractility, preload and
afterload. Vagus nerve fibers innervate the SA node
and atrioventricular (AV) conduction tissue. When
stimulated, parasympathetic fibers result in reduced
SA node automaticity, prolongation of impulse con-
duction time through the AV node and decreased
ventricular contractile force [ 1,2].

Sympathetic nerve fibers are prevalent throughout
the myocardium and the arterial vascular system.
Sympathetic ^-receptors within the myocardium
increase the rate of firing of the SA node, conduction
velocity and myocardial contractility when stimulated
by intrinsic sympathetic amines such as norepine-
phrine, epinephrine and dopamine [1,2]. Stimulation
of (3j-receptors may produce an increase in CO up
to 20-30% from baseline, primarily as a result of
inotropic augmentation [2]. Sympathetic fi2-receptors
within vascular smooth muscle produce vasodilata-
tion when stimulated by selective adrenergic agents,
reducing LV afterload to enhance forward flow.
Stimulation of a^-receptors, also located in vascular
smooth muscle, results in vasoconstriction [ 1,2 ].

Within the central nervous system, the pons and the
ventrolateral medulla both play a role in cardiac and
vasomotor function. Stimulation of pressor regions
within the brainstem produces an increase in heart
rate, contractility and blood pressure. When the de-
pressor regions are stimulated, profound bradycardia
associated with a reduction in myocardial contractility
and blood pressure may result. Cortical, limbic and
hypothalamic-mediated responses to environmental
stimuli may also have a profound influence on

myocardial performance [1,2]. Table 4.1 identifies a
number of reflexes that influence vasomotor response.
Cardiac and respiratory reflexes are very closely related;
a decrease in pH associated with an increase in -Paco2

results in vasodilatation, while an increase in pH with
a decrease in Paco2 typically produces some degree of
vasoconstriction.

Vasodilatation leads to:
1 decrease in peripheral resistance;
2 decrease in flow pulsatility; and
3 increase in blood flow velocity.
Vasoconstriction leads to:
1 increase in peripheral resistance;
2 increase in flow pulsatility; and
3 decrease in blood flow velocity.

Hormones may also contribute to alterations in
myocardial performance and circulatory mechanisms.
Antidiuretic hormone (ADH or vasopressin) may be
released from the posterior pituitary in response to
decreases in CO associated with a presumed need for
volume. In addition to promoting water reabsorption,
ADH also possesses potent vasoconstrictive proper-
ties. Atrial natriuretic factor (ANF), which possesses
both salt- and water-excreting properties, may also be
released in response to significant atrial muscle fiber
stretch associated with hypervolemia [ 1,2]. Despite its
salt- and water-wasting properties, clinical studies
have demonstrated the main benefit of ANF release to
be associated with arterial and venous vasodilatation,
which foster reduction of preload and afterload [8,9].
Aldosterone release is also stimulated by a decrease in
CO promoting increased renal tubule reabsorption of
sodium and water [1,2].

Microcirculatory flow mechanisms are also medi-
ated by neural control systems. Local blood flow
is regulated through arteriole resistance vessels and
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mechanisms that augment changes in venous capacit-
ance and return. Vasodilating and vasoconstricting
prostaglandins also play a role in the augmentation of
peripheral circulation, as do endothelial factors such
as nitric oxide (NO) which may enhance vasodilata-
tion in response to a number of triggers [ 10].

Bedside assessment of systemic
hemodynamics

Assessment of systemic hemodynamic parameters
necessitates measurement and interpretation of both
non-invasive data from the clinical examination and,
when possible, invasive data collected from monitor-
ing technology. For the purposes of this chapter, data
specific to those affecting stroke volume and systemic
tissue oxygenation will be reviewed; combining these
data with those obtained from EGG monitoring and
the general physical examination provides an overall
picture of systemic hemodynamic status which may be
used to direct hemodynamic augmentation.

A common but inappropriate practice of accepting
values from the numeric display of a bedside monitor,
instead of those determined by reading a static graph
paper tracing, often places the clinician at risk of mis-
interpretation of hemodynamic data [3,4,11,12]. All
bedside monitor values must be verified against those
produced on a graphic strip, as bedside monitors do
not always provide accurate waveform values, despite
their use of respiratory algorithms. This is especially
true when respiratory artifacts and/or abnormal wave-
form morphology related to intrinsic pathology are
present. If the clinician is able to simultaneously freeze
the EGG and hemodynamic waveform on the bedside
monitor, use of a cursor to accurately determine wave-
form values may be substituted for a paper strip [11,12].

As mentioned earlier, stroke volume is derived from
three primary contributors, preload, contractility and
afterload. Measures of preload consist of both non-
invasive data as well as those obtained through central
monitoring systems. Perhaps one of the most under-
valued measures of preload and one that is generally
simplistic, is determination of jugular venous pressure
(JVP). Because of the proximal location of the right
internal jugular vein, measurement of pressures there
directly reflect right atrial pressure [3]. To measure
JVP, follow these steps:
• Position the patient at a 45° angle with the head and

neck in a neutral aligned position.

• Compress the jugular vein at the point just above the
clavicle; release pressure and observe filling of the
venous column—if it fills from the top, measurement
of JVP will not reliably estimate cardiac preload.

• Identify the following reference points: the top of
the fluid column (the meniscus)—reference point;
and the angle of Louis (sternal angle)—zero point.

• Measure the vertical distance between the angle of
Louis and the meniscus; because the sternal angle
lies 5 cm above the right atrium, add the number of
cm of JVP elevation above the angle of Louis to 5 to
calculate an estimation of CVP.
Additional assessments related to JVP inspection

include noting the presence of Kussmaul's sign and
assessment of hepatojugular reflex. To assess presence
of Kussmaul's sign add the following steps to the
procedure listed above:
• Have the patient take a deep breath.
• Observe movement of the meniscus (or the top

filling point of the jugular vein) on inspiration.
• Determine a decrease or increase in the filling level.
Normally on inspiration, intrathoracic pressure
decreases, resulting in a decrease in the meniscus
level. Kussmaul's sign reflects a pathologic increase in
meniscus level on inspiration related to decreased
cardiac compliance from processes such as congestive
failure or cardiac tamponade [3]. Assessment of hepa-
tojugular reflex involves the addition of the following
steps to the procedure:
• Ask the patient to breathe normally.
• Apply pressure to the right upper quadrant of the

abdomen for 10s; note a rise in JVP filling level and
assess whether the rise is sustained throughout the
application of pressure, or is transient despite pres-
sure application with a return to prepressure levels.

Normal findings should include a transient rise of JVP
with a return to normal level while pressure continues
to be applied. A sustained elevation of JVP throughout
the pressure application process signifies a significant
increase in LV preload, except in the presence of
RV infarction [3]. Lastly, while JVP reflects preload,
the clinician assessing JVP data must consider the
dynamic interplay between preload, contractility and
afterload to correctly determine the meaning of
preload elevations.

Invasive hemodynamic monitoring modalities are
often useful in the assessment of preload and other
variables associated with stroke volume. Normal val-
ues and formulas for invasive cardiac indices are listed
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Table 4.2 Invasive cardiac parameters: formulas and normal values.

Adapted from Whalen DA, Kelleher RM. Cardiovascular patient assessment. In: Kinney MR, Dunbar SB, Brooks-Brunn JA,

Molter N, Vitello-Ciccciu JM, eds. AACN Clinical Reference for Critical Care Nursing, St. Louis: Mosby, 277-318.

in Table 4.2. Insertion of a CVP line or pulmonary

artery (PA) catheter provides the clinician with an

improved ability to directly measure preload para-

meters in an accurate manner. Because invasive

catheters require use of transducers to convert mech-

anical pressures to numeric data, it is important to

make note of principles associated with transducer

maintenance and monitoring.

1 A fluid interface between catheter and transducer

coupled with non-distensible, stiff tubing must be

maintained to promote accurate transmission of pres-

sure waves; clinicians must ensure systems are bubble

free and supported by pressure that prevents a back-

up of blood into the line. Secondly, the phlebostatic

axis, measured at the level of the tricuspid valve, pro-

vides the only known place in the body where central

pressures are not influenced by hydrostatic pressure.

Because of this, transducer systems used to measure

pressures within the heart and arterial system must be

leveled and zeroed to atmospheric pressure at the

phlebostatic axis to ensure accuracy in measurement.

The phlebostatic axis is located at the 4th intercostal

space or at the point of half the anterior/posterior

diameter of the chest, when the patient is placed in

a supine position between 0 and 60° head of bed

elevation [3].

2 An important point must be emphasized here due

to a practice often observed in neuroscience units of

moving the arterial pressure transducer to the level

of the foramen of Monro. This practice originated as

a method that aimed to approximate MAP within the

brain for use in the calculation of cerebral perfusion

pressure (CPP); it is not based on physiologically

sound principles of hemodynamic monitoring given

the actual location of the catheter in the peripheral

arterial bed, coupled with the complex hemodynamics

of the intracranial arterial system which can in no way

be measured by a simple adjustment of transducer

height. Placement of the transducer zero point at

any level other than the phlebostatic axis will result

in only one finding: distorted pressure values that are

not accurate and meaningful in the course of clinical

management.

3 To ensure accuracy in invasive hemodynamic

measurements, the transducer/monitoring system's

dynamic response should be tested. Dynamic response

Image Not Available 
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Figure 4.4 Square wave test with
optimal response. Steps to assess square
wave: 1, fast-flush system and release;
2, count number of small boxes occurring
before return of waveform; 3, divide
number of small boxes into paper speed
(25 mm/s). Note: One small box before
return of waveform; 25/1 = 25 Hz. Ideal
frequency response = > 25 Hz.
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is the ability of the system to reproduce accurately
variations in pressure occurring within the vasculat-
ure. It is tested through performance of a fast flush
and assessed by the square wave produced. Figure 4.4
provides an example of the correct response to fast
flushing of the catheter. Testing of dynamic response
prevents misinterpretation of data obtained from
invasive catheters in that overdampened waveforms
will underestimate systolic pressures and overestimate
diastolic pressures, while spiked, underdampened wave-
forms typically overestimate systolic pressures [11,12].
4 Interpretation of invasive hemodynamic data should
be performed with caution. Measurements of pressures
within the thoracic cavity are subject to the influence
of respiration and pressure changes occurring with the
respiratory cycle. The point of end-expiration pro-
vides the only time during the respiratory cycle that is

minimally influenced by changes in intrathoracic

pressure [3,4,11,12], making measurement at this
point critical to the determination of accurate data. In
patients breathing without mechanical ventilation,
end-expiration is generally the high point on a wave-
form just before the inspiratory dip as illustrated in

Figure 4.5. But, in patients receiving positive pressure
mechanical ventilation, end-expiration may be meas-
ured at different points on a waveform depending on
the ventilator settings and the presence or absence of
spontaneous respiratory effort (Figure 4.6). Use of
simultaneous end-tidal CO2 monitoring (capnography
or partial end tidal CO2, PETCO2) assists with rapid
and accurate detection of end-expiration in patients
receiving mechanical ventilation [ 12].

Direct measurement of CVP can be performed
through placement of a catheter into the right atrium,

End-Expiration

Inspiration
Figure 4.5 End-expiratory measurement in a patient

spontaneously breathing without mechanical ventilation
(central venous pressure (CVP) waveform). Key for CVP
waveform: 1, A-wave at end-expiration. Note:

Measurement of CVP is performed by taking the mean
of the A-wave; CVP = 10 mmHg; measurement taken at
incorrect point on waveform would have underestimated
CVP at 5-7 mmHg.
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PAP waveform; balloon inflated with migration to PAWP waveform

Figure 4.6 End-expiratory measurement in a patient on
positive pressure mechanical ventilation (pulmonary artery
pressure (PAP) and pulmonary artery wedge pressure

(PAWP) waveforms). Key for PAP waveform (left): 1, peak
systolic pressure (PSP); 2, end-diastolic pressure (EDP). Note:
Measurement of PAP is performed by taking PSP over EDP
at end-expiration; PAP = 42/28 mmHg; measurement

during inspiration would have overestimated pressures at
45/32 mmHg. Key for PAWP waveform (right): 3, A-wave.

Note: Measurement of PAWP is performed by taking the
mean of the A-wave; PAWP = 22 mmHg; measurement
during inspiration would have overestimated pressure at
28 mmHg.

Figure 4.7 Central venous pressure (CVP) waveform. Key
for CVP waveform: 1, A-wave; 2, C-wave; 3, V-wave.

Note: Measurement of CVP is performed by taking the
mean of the A-wave; CVP = 16 mmHg.

or by insertion of a pulmonary artery (PA) catheter
with measurement of central pressures from the prox-
imal port. Normal CVP varies from 2 to 6 mmHg;
Figure 4.7 illustrates a right atrial waveform obtained
by CVP catheter. Note the distinct waveforms that
reflect specific events in the cardiac cycle. The A-wave
reflects right atrial contraction, while the C-wave
occurs with closure of the tricuspid valve, and the V-
wave reflects atrial filling and bulging of the tricuspid
valve during right ventricular contraction. Normally,
the A-wave is the most prominent wave present, while
the C-wave may be absent entirely [11,12]. A very
large V-wave is often suggestive of tricuspid valve
regurgitation and can be further assessed by ausculta-
tion of a systolic ejection murmur at the 4th inter-
costal space left sternal border.

Pulmonary artery wedge pressure (PAWP) is another
measurement of preload, and provides a more accurate

picture of LV end-diastolic volume than measures
taken within the right atrium (Figure 4.8). The waves
present in the PAWP waveform are of similar mor-
phology to those in the CVP waveform, but reflect left
heart processes; the A-wave represents left atrial con-
traction, the C-wave occurs with mitral valve closure,
and the V-wave reflects atrial filling and bulging of the
mitral valve during left ventricular systole [11,12].
Similarly, a giant V-wave is often associated with
mitral valve regurgitation and is typically accompan-
ied by a systolic ejection murmur at the cardiac apex.
Normal PAWP pressure is between 4 and 12 mmHg
[3]. The presence of giant V-waves often causes clini-
cians to misinterpret left atrial waveforms as pul-
monary artery waveforms, but can be easily identified
with EGG correlates as a pathologic waveform.

Figure 4.7 identifies the correct technique for meas-
urement of right atrial pressures, which consists of
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PAP waveform; balloon inflated with migration to PAWP waveform.

Figure 4.8 Pulmonary artery pressure waveform (PAP)
and pulmonary artery wedge pressure (PAWP) waveform.
Key for PAP waveform (left): 1, isovolumetric contraction;
2, peak systolic pressure (PSP); 3, reduced systolic ejection;
4, dicrotic notch; 5, end-diastolic pressure (EDP).

Note: Measurement of PAP is performed by taking PSP
over EDP; PAP = 42/29 mmHg. Key for PAWP waveform
(right): 6, A-wave; 7, V-wave. Note: Measurement of
PAWP is performed by taking the mean of the A-wave;
PAWP = 27 mmHg.

averaging the peak and lower values of the A-wave.

Using the EGG for correlation, the A-wave is found

after the P-wave, while the V-wave occurs after the T-

wave, but before the P-wave on the EGG; to easily find

the V-wave on a right atrial waveform, limit assess-

ment to the components of the waveform occurring
within the TP interval on the EGG. A similar process is

used to measure left atrial waveforms obtained by PA

catheter in the wedge position. Because of an increase

in electrical-mechanical delay, the A-wave on a PAWP

waveform is usually found at or just after the QRS

complex, while the V-wave occurs in close proximity

to the P-wave on the EGG (Figure 4.8). When patho-

logic conditions are present that distort or eliminate

entirely the production of an A-wave (e.g. tricuspid or
mitral stenosis; dysrhythmias producing loss of atrio-

ventricular synchrony, including pacemaker gener-

ated rhythms; atrial fibrillation), right and left atrial

pressures may be read at the Z-point, which correlates

with the end of the QRS complex on the EGG [11,12].

Pulmonary artery end-diastolic pressure (PAEDP)

may also be used as a measure of preload (Figure 4.8).

Because the volume of blood at the end of diastole

in the pulmonary artery represents the volume that

will ultimately fill the left heart, a relationship between

PAEDP and PAWP exists. In the absence of pul-

monary hypertension, there should be no more than a

6 mmHg difference between PAEDP and PAWP, with

the PAEDP running only slightly higher than wedge

[3,4]. Because of this constant relationship, use of the

PAEDP as a substitute for PAWP is standard practice

in many critical care units, lengthening the life of the

catheter's balloon and preventing the need for catheter

replacement due to balloon rupture. Normal PAEDP

pressures run between 5 and 15 mmHg [3]; the wave-

form is read just before the systolic upstroke at the end
of diastole when ventricular filling is complete.

As stated earlier, preload is affected by not only

total blood volume, but also the pumping ability of

the heart. Often with significant deterioration in myo-

cardial contractility, preload may become elevated

without the addition of fluid to circulatory volume.

Hence, preload alterations may reflect indirectly poor

myocardial contractility. Likewise, significant LV or

RV afterload may directly alter preload values second-

ary to an inability of the ventricle to overcome high
resistance to forward flow; preload elevates as flow is

stifled.

Measurement of contractility as a contributor to

stroke volume has been debated by clinicians for many

years. Use of calculated variables such as ejection frac-

tion (EF) measurements are often considered helpful

by clinicians, yet others criticize these values as indirect

calculated measures of contractility. Normal values

for LVEF and RVEF are 60-75% and 45-50%, respect-
ively. The bottom line is that no measure exists today

to directly determine contractile force in real time.

Because of this, some practitioners prefer to simply

infer contractility from variables that can be measured

directly such as CO or CI and preload parameters [3,4].
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Measurement of afterload also relies on use of cal-
culated variables derived from an equation which is
an algebraic reformulation of Ohm's law [3]. Because
ventricular afterload may not be measured directly,
calculated SVR and PVR serve as a reflection of the
resistance that the ventricles must overcome to eject
their volume. Both SVR and PVR provide the clinician
with an estimate of just how hard the ventricle must
work to generate wall tension and pressures that will
foster forward flow through the semilunar valves.

Increases in SVR have to be examined critically to
determine their relationship with other hemodynamic
parameters. Because an increase in SVR will occur in
response to a decrease in CO/SV, the clinician must
critically analyse the precise cause of SVR alterations
to determine the necessary clinical action. Similarly,
augmentation of SVR with pressor therapy to drive up
perfusion pressures must be cautiously undertaken;
the effect of significant LV afterload on CO and preload
cannot be underestimated, especially in the face of
occult or known cardiac dysfunction. Significantly
low SVRs are often associated with conditions such as
sepsis or systemic immune response syndrome (SIRS)
that trigger events that produce widespread vasodilat-
ory processes. Normally SVR values are 900-1600
dynes/s/cm~5 [3,4].

Alterations in PVR may occur in relation to therap-
ies or pathologic conditions that produce pulmonary
hypertension. The normal range for PVR is 155-255
dynes/s/cm~5 due to the normally low-pressure
pulmonary system [3,4].

Perhaps the most useful parameter to measure in
the patient requiring invasive hemodynamic monitor-
ing is continuous mixed venous oxygen saturation,
or Syo2. Data relative to body needs in oxygen supply
and demand are provided by PA catheters capable of
measuring Svo2. These data are so important that one
could argue the logic behind only placing PA catheters
capable of providing these data continuously. Oxygen
saturation of hemoglobin in the pulmonary artery is
presented by digital display; because the pulmonary
artery represents the terminal point before the blood
can be reoxygenated, measurement of oxygen satura-
tion provides information on tissue uptake or the
oxygen extraction demands of the body [3,4,11,12].

Four variables are essential to the assessment of
Svo2:
1 cardiac output (CO);
2 hemoglobin;

3 arterial oxygen saturation; and
4 tissue oxygen consumption.
Delivery of oxygen, or oxygen supply, is dependent
on CO, hemoglobin and arterial oxygen saturation,
whereas Svo2 reflects tissue oxygen consumption. When
tissue oxygen needs increase, the first compensatory
measure exerted by the body is an attempt to increase
CO. A second compensatory measure is an increase in
tissue extraction, which occurs when CO changes are
insufficient to meet tissue oxygenation needs [11].

Decreases in Svo2 may be brought about by a num-
ber of clinical phenomena that may insult oxygena-
tion and cardiac performance in an occult manner.
Chief among these are patient positioning, movement
and activities of daily living which may challenge an
already compromised cardiopulmonary system [3].
Real-time measurement of Svo2 enables assessment of
the effect of these phenomena on tissue oxygenation
supply and demand, promoting improved patient
outcomes. Measurement of Svo2 along with other
hemodynamic variables enables clinicians to fully
gauge the need for specific therapies to augment the
oxygen supply and demand equation. Normal Svo2 is
60-80%; significant changes in Svo2 of 5-10% or more
for greater than 5 min warrant close clinical investigation
to ensure optimal tissue oxygenation [3,11].

The use of non-invasive CO monitoring remains
controversial. Thoracic electrical bioimpedance is one
example of a measure of CO obtained by placement of
external electrodes. The electrical impedance change
in blood flow through the thoracic aorta is analysed
producing an estimate of SV; the device multiplies
the SV by heart rate to derive CO; EF can also be
calculated [3]. Unfortunately, only a 'fair' to 'satis-
factory' relationship has been measured between
bioimpedance CO values and those obtained through
PA catheter [13]; limitations include the potential for
incorrect electrode placement, overestimation of CO
during vasopressor therapy, aortic insufficiency and
hypovolemia, and underestimation of CO during
sepsis or hypertensive episodes [3]. Given these limita-
tions, the usefulness of bioimpedance CO measures in
neuroscience patient management is doubtful at best.

Relationship between systemic
and intracranial hemodynamics

The brain is metabolically dependent on a continuous
supply of oxygen and glucose which are delivered at a
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Figure 4.9 Intracranial pressure (ICP) waveform. ICP
waveform with respiratory fluctuation; note drop
in pressure due to decreased cardiac output during
inspiratory phase. Unlike thoracic pressures which
fluctuate artificially with intrathoracic respiratory
pressure changes, measurement at end-expiration is
not used in the calculation of ICP, as both inspiratory

and expiratory pressures reflect actual pressures
generated within the cranium that vary with fluctuations
in cardiac output. Key to ICP waveform: P1, peak systolic
pressure; P2, tidal wave; P3, end-diastolic pressure.
Note: ICP is measured at the point of P2; inspiratory
and expiratory P2 measurements are averaged;
ICP = 26mmHg.

rate of approximately 750 mL/min or 15% of the total
CO. Resting cerebral blood flow (CBF) is relatively sta-
ble despite changes in CO, body position and arterial
blood pressure; it amounts to approximately 50 mL
per 100 g of brain tissue per minute [1]. Focal changes
in CBF correlate with metabolic demands, in that
activity in specific brain regions is accompanied by a
focal increase in blood flow secondary to autoregula-
tion. When autoregulatory processes are functional,
the brain is capable of producing varying levels of arter-
ial perfusion pressures across a wide range of systemic
arterial pressures. When autoregulation is dysfunc-
tional, brain perfusion pressures become dependent
on systemic hemodynamic flow parameters.

The Monro-Kellie hypothesis, which was originally
postulated in the 1800s [ 14], describes the relationship
of the skull and its contents to pressure dynamics.
Intracranial contents (brain tissue, blood and cereb-
rospinal fluid) interact dynamically and exert a con-
stant pressure with the skull by their volume; the skull
itself is incapable of expanding in size, so that changes
in the volume of any one of the intracranial contents
requires a compensatory change in the volume of
another. Under normal circumstances, the dynamic
compliant interaction between the intracranial con-
tents ensures constancy of intracranial pressures (ICPs)
within the normal parameters of 0-15 mmHg [15],
making the brain a low-pressure, low-resistance system.
When ICP is elevated, the brain's resistance to flow
is increased significantly, making critically important
the maintenance of optimal systemic hemodynamic
performance to ensure brain tissue perfusion.

Direct measurement of intracranial pressure (ICP)
can be performed using a variety of systems, the most
reliable of which is the intraventricular catheter. Because
the ventricles are fluid-filled reservoirs, transmission
of intraventricular pressure waveforms to bedside
monitoring systems provides an ability to view in
real time the relationship of systemic hemodynamic
flow parameters to intracranial pressure dynamics.

Figure 4.9 represents an intraventricular pressure
waveform in a patient with normal intracranial com-
pliance. Note the similarities in waveform morpho-
logy to an arterial waveform; this effect is produced by
arterial pulsations transmitted through cerebrospinal
fluid (CSF) that are subsequently superimposed on
the ICP waveform. In particular, note the components
reflective of the three phases of ventricular systole,
namely isovolumetric contraction, rapid ventricular
ejection and reduced ventricular ejection, as well as
ventricular diastole. Discrete pressure points (P}, P2,
P3) define specific points on the ICP waveform that
can be related to the cardiac cycle.
Pj is referred to as the percussion wave and relates to

the point of peak systolic pressure.
P2 is called the tidal wave and relates to the reduced

systolic ejection phase of the cardiac cycle on an
arterial waveform, terminating in the dicrotic
notch. P2 is used to reflect intracranial arterial
autoregulation of flow in that a progressive upward
movement of P2 towards Pp or complete loss of P2

indicates reduced arterial compliance.
P3 is initiated immediately following the dicrotic

notch on the arterial waveform, which signifies
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closure of the aortic valve and the onset of ventri-
cular diastole.
Cerebral perfusion pressure (CPP) is a measure

that reflects the difference in arterial in-fiow and
venous outflow, typically calculated by subtracting
mean venous pressure (MVP) from MAP. Calculation
of CPP is performed using a modified equation that
substitutes ICP for MVP as the chief resistance factor,
producing the following equation:

CPP = MAP - ICP.

Optimal CPP is defined as a pressure greater than
or equal to 70 mmHg [15]. Reduction in CPP causes
the rate of intracranial arterial vasodilatation to
increase logarithmically. Because autoregulation is an
energy-dependent response, sustained periods of oxy-
gen deprivation will devastate the response, making
perfusion solely dependent on the balance between
MAP and ICP.

Use of the ICP waveform to reflect arterial blood
flow through the intracranial circuit requires correla-
tion of the events of the cardiac cycle depicted on
the ICP waveform with changes in the waveform
morphology. The reduced ventricular ejection phase
correlates with the point on the ICP waveform associ-
ated with the P2 waveform; forward flow during this
less dynamic phase of the cardiac cycle is normally
augmented by changes in arterial compliance sec-
ondary to autoregulation. P2 likely reflects an auto-
regulatory 'bounce' associated with varied perfusion
pressures in highly elastic arterial vessels. But, in
the case of atherosclerosis, chronic hypertension or
increasing ICP, P2 may be lost or approximate Pj as
the ability for elastic recoil or expansion with varying
flow rates may be significantly reduced or lost entirely.
As ICP continues to increase, the passive intracranial
blood flow occurring during ventricular diastole
meets progressively higher degrees of resistance to
flow, resulting in loss of a discrete diastolic flow
pattern. The overall result of significantly elevated
ICP pressures is a flattening of the ICP waveform
accompanied by distortion or loss of discrete pressure
waves.

As mentioned previously, the hemodynamic pres-
sure measurements originating within the thoracic
cavity are subject to the influence of inspiratory and
expiratory changes and must be measured at end-
expiration to ensure accuracy. While inspiratory and

expiratory changes often influence the pattern of ICP
waveforms, these changes reflect real pressure effects
and should be taken into consideration when deter-
mining pressure values. Because of its significance as a
marker of intracranial arterial compliance, measure-
ment of ICP at the point of P2 has most commonly
been advocated, although many practitioners simply
calculate a mean pressure using peak systolic and end-
diastolic pressure points.

Similar to the use of Svo2 as a marker of systemic
tissue oxygenation, neuroscience practitioners use
jugular venous oxygen saturation (S- o2) to reflect global
brain tissue oxygen consumption. Normal S-o2 is
between 55 and 70% [16]. In the absence of a sudden
increase in the fraction of inspired oxygen concentra-
tion or anemia, S- o2 levels greater than 75% reflect a
state of hyper emia, although discrete areas of ischemia
may still be present within the brain. This is a sig-
nificant limitation of S- o2 monitoring, in that focal
ischemic findings tend to be blunted by global oxy-
genation measures. When S- o2 levels are less than
55%, a state of oligemia is present.

An advantage to the use of S- o2 is the ability to
calculate additional intracranial oxygenation values,
including cerebral metabolic rate (CMRO2) and global
cerebral oxygen extraction ratio (O2ER). Table 4.3
provides the formulas used for oxygenation calcula-
tions that may be used to fine-tune systemic flow
parameters to enhance brain tissue oxygenation.
Figure 4.10 provides an example of systemic augmen-
tation measures that may be used to enhance brain
tissue oxygenation based on S• o2 and ICP data.

The transcranial Doppler (TCD) waveform should
be compared to the ICP values at a closed drainage
position as well as to the morphology of the ICP wave-
form. Furthermore, TCD waveforms and velocity
data should be reviewed in relation to systemic and
intracranial hemodynamic parameters. TCD velocit-
ies are not the measurement of CBF, and therefore
TCD can provide only indirect evidence as to whether
any given therapy is successfully enhancing brain
tissue perfusion. Depending on the underlying patho-
logy (e.g. ischemic vessel thrombosis, subarachnoid
hemorrhage with vasospasm, or increased ICP sec-
ondary to traumatic brain injury or intracranial hem-
orrhage), TCD waveform analysis in combination
with assessment of intracranial and systemic hemody-
namics can provide important information related to
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Table 4.3 Cerebral oxygenation calculations.

Value Formula

Arterial oxygen content saturation (Cao2)

Jugular venous oxygen content saturation (Cjvo2)

Arteriovenous jugular oxygen content difference (AVjDo2) 3.5-8.1 mL/dL

Cerebral extraction of oxygen (CEo2) 24-42%

Cerebral metabolic rate (CMRO2)

Global cerebral oxygen extraction ratio (O2ER)

1.34 x Hgb x Sao2 + 0.0031 x Pao2

1.34 x Hgb x Sjvo2 + 0.0031 x Pjvo2

CBF x /AVjDo2

100
5a°2-Sjv02/Sa°2

Alternative formula:

Hgb, hemoglobin; Sao2, arterial oxygen saturation; Pao2, partial pressure of arterial oxygen; Sjvo2, jugular venous oxygen

saturation; P.vo2, partial pressure of jugular venous oxygen; CBF, cerebral blood flow.

Figure 4.10 Algorithm for oxygenation

and intracranial pressure (ICP)

management.

Insert ventriculostoroy
&

SjvO2 catheter

Oligemia Hyperemia
(ICP > 20 mmHg & SjvO2 < 55%) (ICP > 20 mmHg & SjvO2 < 70%)

1 Treat ICP (ventricular drainage; sedation; neuromuscuJor
blockade; tnannitol, etc.)

2 Assess need for transfusion to optimize oxygen carrying

1 A»s«S» systemic oxygenation; consider decreasing FiO:

and/or decreasing PaCCK to achieve intracranial oxygen

medications with hyperdynamic effects to achieve

nined
in'lity

3 Balance
by

safe augmentation of cardiac performance and arterial
pressure.

A number of therapeutic modalities may be used
to augment brain tissue perfusion, including (Xj-
and/or l 2-adrenergic agents such as phenylephrine,
dopamine and dobutamine, as well as volume infu-
sion, and in special circumstances intra-aortic balloon
pump counterpulsation. Prescribed without complete

knowledge of cardiac performance limitations and
specific intracranial flow needs, these measures may
produce significant harm, instead of therapeutic
benefit. The case studies below provide an opportun-
ity to utilize both systemic and intracranial hemody-
namic data to direct a plan of care aimed at enhancing
brain tissue perfusion.



58 PART II Hemodynamicprinciples

A DO2 arteriovenous jugular oxygen content. Continued
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Interpretation
ICP responded to mansitol and n^rr^aB»a4Qn of
CO2. TCD showed an aaprownKfltiai flowpiisatil-
ity (piilsatility index rattgrO.S-1,2). Sy^ernk henio-
dynamjcs improved with whose itifosbn and
administration of ptj-adrefflsygie ageiitiSVRdecreased
in response to improved yolmrHe7<»ntiactilty ratio.
Irap£«W€d CPP reflected in increased S^o2,

* Mamtaia PAWP at 14-16 mmHg; monitor uri-
nary volitnte froltt mannitol and dopauanergic
«flfect& ̂ f 4opamiae infusion and replace intravas-
calftj' volume as necessary.

* Maintain MAP between 90 and 100 aajiHg with
volmne and dopaniine

* Repeat systemic hemodynamics for significant
change in status.

Case 2
Diagnosis, Subarachnoid hemorrhage, postoperative
Day 4 (67-year-old femaie> spontaneously breathing
via nasal cannula at 2L/mia; vasospasra treated
with hypervolemia and phenylephrine wsoprejssor
therapy), ,

attery (MCA) vasdspasm> maprfiani rttesaa flow
velocity 190 cm/s»Lindepirdratkj 5,2'

parameters and oxygen calculations
Parameter Data

Core temperature
Heart rate

Arterial pressur* (MAP)

36.2 *C
121beats/min

Cawttac index
Stroke volume
Stroke volume index

CVP

PAP

PAWP

SVR

s\mi

3.4 t/min
2.0tAnln/m2

54^2

ICP
CPP

39%
46%

ICP/CPP are kce^ptrfHte S^Oj ^obal brain
tissue oxygen consuSoftion* but not discrete
oxygen deficits which may be a^ccurring in the left
MCA territory dae 10 î BiOsqjism* MyocardM
performance is sabopiNteial due to ̂ high pretoaHd
pressures with oyeydjsbentisoa ̂  ̂ e left ventricle
and increased SVR dae tot»0th;redltcrton o£€Q and
direct vasoeonstiic^op secosdary to ^j-idferiefijc
therapy. Systemic ̂ sue oxy^»ti6rt reduced due to
poor rnyoeardial perj^rmaace (increased demand
with decreased supply), coupled with pulmonary
infiltrates due to volanie load,

Diuresis with loroseraid? %> reduce PAWP to
12-44 m«il|g:î i |«-evaluat« s^terflie heraody-
namic arameters, 4rac|«iajg ca?i»c toferance of

Cardiac output
Cardiac index

Stroke vofwime
Stroke volttme Jndex

CVP

PAP

PAWP

SVR

SVRf

43/17
14 mmHg

Continued overleaf
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cardiac output and reduce left

deflation. Key to IABP waveform:

188-

Continued
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CHAPTER 5

Practical models of cerebral
hemodynamics and waveform
recognition

Andrei V. Alexandrov, MD, RVT

Introduction

Any single rule invoked to explain hemodynamics of
the living brain is too simplistic or will often be proven
wrong by clinical experience. To analyse the real-time
flow information provided by ultrasound, a clinician
often has to put together a practical model of several
hemodynamic principles that will best explain the
findings. When multiple explanations exist, the sim-
plest, yet sufficient model is usually the right answer.
Before making a diagnosis of pathologic changes, seek
physiologic explanation in cardiovascular, respiratory
and hematologic functions that always interplay and
have a broad range of compensatory capacities. This
chapter provides description of basic hemodynamic
principles and easy-to-remember practical models
that can help with interpretation and differential
diagnosis.

Waveform recognition and proper description of
flow findings are also essential skills for test perform-
ance and interpretation. This chapter will further
guide through the basic process of identifying Doppler
settings and waveform components and will provide
examples of typical waveforms and flow findings.
Illustrations contain typical waveforms found during
transcranial Doppler (TCD) examinations. Interpreta-
tion and discussion of these findings and differential
diagnoses are provided in the text.

Flow resistance

Brain function requires continuous flow through the
cardiac cycle, and therefore to maintain the flow, the

resistance should be low in diastole. As Billy Joel said,
'You can't go the distance with too much resistance'.

To create a positive diastolic flow, a pressure gradi-
ent should exist [1] between the arteries entering the
brain and veins exiting the intracranial space. Pressure
gradients determine blood flow rates. To promote
antegrade flow, they exist between the common and
internal carotid arteries (ICAs), between the ICA and
middle cerebral artery (MCA), etc. Changes in these
pressure gradients can open collaterals of the circle of
Willis. The flow rate, or the flow volume per unit time,
directly depends on the pressure difference described
in the Hagen-Poiseuille law:

_7t(P1-P2)r4

Flow rate =

where Pl is the pressure at the beginning and P2 the
pressure at the end of the flow system, r is the radius of
the lumen, 71 is a constant, r\ is the fluid viscosity and L
is the length or distance that flow has to travel between
the pressure points.

The Hagen-Poiseuille law does not take into
account stretching of blood vessels in response to
pressure or volume changes.

The flow rate is directly proportionate to the pres-
sure difference and inversely proportionate to the
resistance (or the energy loss required to propel fluid
over the distance between the pressures). Resistance,
therefore, is:

Resistance = K
8/7!

K- is a constant > 1 representing energy loss necessary

62
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to develop an optimal flow profile in a vessel (i.e.
parabolic flow). In the distributing arteries of the body,
the diameter of branching vessels and the geometry of
bifurcations introduce even greater energy losses.

Resistance can be changed by vasomotor activity.
For example, arterioles can vasodilate to attract more
collateral flow with increasing degree of a proximal

occlusive disease.

Practical models

Arterial Pco2 T

Arterial Pco2 1

Degree of stenosis T

Degree of stenosis =

Arteriole diameter T

Arteriole diameter i

Blood viscosity =

Blood viscosity t

Resistance -I

Resistance t

Length of stenosis =

Length of stenosis T

=> M1 MCA velocity T

=> M1 MCA velocity 1

=> Resistance T

=> Resistance T

t, Increase; =, unchanged; I, decrease.

Although there is a linear relationship between viscos-
ity and resistance, blood generally behaves as a non-
Newtonian fluid [2]. Blood viscosity changes with

velocity gradient, heart rate, vessel geometry, hema-
tocrit, temperature and shear stress [2] .

average pressure remains the same, the V2 velocity
should increase by an amount inversely proportionate
to the reduction in the vessel lumen area:

Flow velocity

In a vessel with straight walls and no bifurcations (an
oxymoron in the brain vasculature), the flow velocity
and cross-sectional area are linked in a 'continuity
principle' [1]:

Al x Vl = A2 x V2

.e* V2

Note that the highest velocity exists at the exit from
a focal stenosis. Since fluid is non-compressible, if

Flow acceleration begins at the stenosis entrance
where the pressure energy of flow (i.e. blood pressure)
is converted into kinetic energy producing increased
velocities. This conversion of energy is described by
the Bernoulli effect:

where p is the density of blood. However, blood
velocity changes with increasing degree of stenosis
are more complex, i.e. the velocity is inversely propor-
tionate also to the linear and cubic function of the
residual lumen. The correlation between velocity
and stenosis was described by Spencer and Reid [3]
(see Chapter 6).

Practical models

Degree of stenosis T

Degree of stenosis =

Degree of stenosis =

Blood viscosity =

Blood viscosity i

Blood viscosity =

Length of stenosis =

Length of stenosis =

Length of stenosis T

=> Velocity T

=> Velocity T

=> Velocity -I

Turbulence

The laminar structure of a normal parabolic blood
flow can be disturbed by a sudden expansion of the
vessel diameter, by excessive flow acceleration at the
stenosis or, sometimes, by hyperemia (increased flow
volume in a normal vessel or collateral channel).
Turbulence refers to formation of vortices, swirling

currents in various directions that disrupt the laminar
boundary layers. Turbulence further contributes to
energy losses along the vascular tree. The appearance

of turbulence at a certain velocity threshold is deter-
mined by the Reynolds number (Re):

„„_ 2rvP
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In other words, the higher the Reynolds number (i.e.
> 2000-2200 in a vessel with smooth walls) for a given
velocity v, the higher the propensity to turbulence [ 1 ].
This propensity increases with higher density of blood
and lower blood viscosity. A turbulent flow flattens
the velocity profile (the higher the Reynolds number,
the flatter the velocity profile).

Turbulence disrupts the relationship between pres-
sure and flow described by the Hagen-Poiseuille law
and the correlation between the degree of stenosis and
velocity.

Spectral Doppler waveforms provide general evid-
ence for the disturbance of flow; however, the wave-
forms do not provide quantitative measurements of
turbulence. Several flow changes can be found simult-
aneously in a vessel that contains turbulent flow:
low-frequency systolic bruits and bidirectional noise,
flattening of the waveform and appearance of a 'plug-
like'flow [1].

Moreover, according to Kontos [5], to calculate flow
volume through an intracranial vessel, its diameter
should be precisely measured at the time of velocity
assessment, and this cannot be accomplished with
current ultrasound methods.

However, TCD can easily quantify the response of
cerebral vessels to carbon dioxide. Markus described a
simple measurement of the MCA velocity response to
30 s of breath-holding [7] termed the breath-holding
index (BHI)

BHI = MFVbaseline -MFV 100

MFVU seconds of breath-holding

where MFV is mean flow velocity. Silvestrini et al.
prospectively evaluated BHI in case-controlled studies
and showed that impaired VMR can help to identify
patients at higher risk of stroke who have asymp-
tomatic carotid stenosis or previously symptomatic
carotid occlusion [8,9].

Practical models Practical model

Velocity t Blood Degree of

viscosity = stenosis T

• Turbulence T

Velocity = Blood Degree of => Turbulence 1

viscosity T stenosis =

Vasomotor reactivity (VMR)

Cerebral blood flow (CBF) rates change with vasodil-
atory or constricting stimuli that affect the diameter
of brain resistance vessels. As a rule, the smaller the
diameter of the arterial branches, the greater the
capacity of these vessels to constrict or dilate. These
changes also directly affect the velocity and waveforms
in the proximal branches of the circle of Willis. The
middle cerebral artery (MCA) velocity changes by
3-4% per mmHg change in end-tidal CO2 [4].
However, it is important to remember that:

flow velocity ̂  CBF.

Although the velocity is not flow volume [5], Newell
and Aaslid state that the flow velocity can reflect CBF
and the velocity change can be proportionate to the
changes in CBF if:
1 the angle of insonation remains constant;
2 the perfused territory remains the same; and
3 the effect of only one stimulus is observed [6].

Blood Blood Degree of => Vasomotor

viscosity = pressure = stenosis? reactivity i

Decreased VMR suggests failure of collateral flow to
adapt to the stenosis progression.

Cerebral autoregulation

A change in perfusion pressure leads to a proportion-
ate change in flow volume. The brain, however, de-
veloped an intrinsic mechanism that adjusts the vascular
resistance to maintain CBF constant in the physiologic
range of blood pressure (BP) (50-150 mmHg for nor-
motensive individuals) [ 10]. Ciller et al. showed that a
BP decrease of 30 mmHg caused compensatory dilata-
tion of the Ml MCA segment by 4% and M2 MCA
segment by 20% [4]. Autoregulation guards the brain
with the continuous supply of water, glucose and oxy-
gen necessary for its function. Both VMR and autore-
gulation coexist and override each other when invoked
by various stimuli. As a result, complex dynamic
changes in the waveform shape and velocity values can
be observed in a short time with breathing cycles,
changes of cardiac output, coughing, sneezing, etc.

Autoregulation also decreases distal resistance to
flow in the long term when a proximal arterial
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obstruction develops. When autoregulation has
already set the cerebral vessels to maximal dilatation,
no vasomotor response is induced by breath-holding,
and any significant drop in BP, blood oxygenation or
dehydration can cause hypoperfusion or ischemia

[11].
Cerebral autoregulation can be accomplished

through a fast-acting myogenic mechanism to imme-
diately compensate for changing perfusion status [ 10].
The Bayliss effect (myogenic mechanisms) postulates
that smooth muscles of the resistance vessels respond
to changes in the transmural pressure to increase or
restrict the incoming flow. A long-term regulation of
CBF is likely corrected by various metabolic mechan-
isms and vasoactive substances providing feedback
and regulatory action. Regardless of the priority of
each mechanism or the existence of other mechanisms
(i.e. neurogenic, etc.), cerebral autoregulation can be
disturbed by head trauma or cerebral ischemia, and
its non-invasive measurement with ultrasound is still
being developed.

embolus can lodge in the distal vasculature and spread-
ing tissue edema can change overall resistance to flow.
The key to interpreting a variety of cerebrovascular
ultrasound findings is to put together the previous
hemodynamic models with flow changes observed at
bifurcations and check for flow diversion pathways to
compensate for obstructive lesions.

Practical model of an acute distal Ml MCA
occlusion

Al AC A Perforators M2MCA

TIC A Ml MCA Clot

Arterial bifurcation and flow
distribution

Arterial stenosis or occlusion display flow features
predicted by the principles governing resistance and
velocity only when the lesion is single, short in length
and located at segments with no bifurcations. The
brain attempts to compensate for arterial lesions by
utilizing multiple bifurcations and regulatory mech-
anisms that redistribute flow around the obstruction.
To bring the flow around the lesion, the brain vessels
neighboring the obstruction dilate to create a pressure
gradient between the proximal open vessel and the
vessels distal to the obstruction. This pressure gradient
is responsible for the collateral flow through a com-
petent circle of Willis that can maintain an ICA
occlusion symptom free in some patients.

As a general rule, a collateral channel opens when a
lesion is located proximal to its origin, and a pressure
gradient develops between the donor arteries and the
recipient vessels.

Several factors can disturb the regulatory mechan-
isms and the ability of brain vasculature to maintain
adequate perfusion. Systemic blood pressure and
cardiac output may decrease, the patient may become
dehydrated, platelet function may be activated, an

Velocity

(branching

vessel)

Reasons

Collateral

channels

Velocity (stem

with bifurcations) =

Low-resistance

bifurcations

Velocity

(at the clot)

Increased

resistance

In the case of a distal Ml MCA occlusion, the ante-
rior cerebral artery (ACA) can serve as a flow redistri-
bution channel to deliver blood to the MCA territory
via transcortical collaterals. The lenticulostriatal arter-
ies, or perforators may also serve as a low-resistance
channel that can deliver blood to the internal capsule
and more distally via the ascending branches. These
flow phenomena may account for variable stroke
severity with the distal Ml MCA occlusion and
relatively normal or slightly decreased proximal Ml
MCA velocity (see also 'Select clinical applications and
clinical vignettes').

These simple models can help in memorizing the
effects of the most important factors that determine
velocity and pulsatility of flow. Flow models that are
invoked to explain actual flow findings should be
corrected with respect to patient condition, vital signs,
medications and waveform morphology.
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Practical models

Blood viscosity T

Blood viscosity i

Acute BP T

Acute BP i

Chronic BPt

Chronic BP 4

Cardiac output T

Cardiac output t

Cardiac output t

Cardiac output T

Degree of stenosis T

Degree of stenosis ~L

Length of spasm T

Length of spasm i

BP =

BP =

Blood viscosity =

Blood viscosity =

Proximal stenosis (none)

Proximal stenosis (none)

Blood viscosity =

Blood viscosity =

Blood viscosity =

Blood viscosity =

Length of stenosis =

Length of stenosis =

Degree of spasm =

Degree of spasm =

Stenosis (none or =)

Stenosis (none or =)

Stenosis (none)

Stenosis (none)

Spasm (no)

Spasm (no)

Spasm (yes)

Spasm (yes)

BP =

BP =

BP =

BP =

TCD

=> Velocity 4, PI T

=> Velocity?, PI 4

=> Velocity t, PI T

=> Velocity i, PI i

=> Velocity t, PI t

=> Velocity 4, PI = or i

=> Velocity t, PI T

=> Velocity T, Pli

=> Velocity T, PI T

=> Velocity T, PI U

=> Velocity T

=> Velocity 1

=* Velocity = or 4

=> Velocity = or T

Condition

Dehydration, pulmonary

shunt

Hydration, anemia

Hypertension

(effect of dopamine)

Hypotension, collapse

Effect of chronic

hypertension

Congestive heart failure

Normal autoregulation

(liver failure)

Altered autoregulation

(head trauma)

HHH therapy (success)

HHH therapy (failure)

Focal stenosis progression

Focal stenosis regression

Diffuse vasospasm

Focal vasospasm

t, Increase; =, unchanged; 1, decrease; PI, the pulsatility index (Gosling); HHH, hypertension-hemodilution-hypervolemia.

How to read waveforms

The flow waveform represents time dependence of
blood flow velocity on cardiac activity [12]. Waveform
recognition during Doppler examination starts with
hearing the flow signal followed by visual analysis of
the signal appearance on screen. Steps to optimize
flow signals depend largely on this immediate recogni-
tion of the waveform and sonographer skills. Reading
any ultrasound findings starts with orientation on
screen and identification of machine settings. For
Doppler examination, these simple and essential com-
ponents include:
1 transducer and sample volume (gate) positioning;
2 flow direction;
3 angle of insonation;
4 scale settings; and
5 sweep speed.
For the purposes of this chapter, all Doppler record-
ings were obtained with a large (13-mm) sample vol-
ume at assumed zero angle of insonation. Flow signals
towards the probe are displayed above baseline with a
constant sweep speed. Scale settings, gain and baseline
position were adjusted when necessary.

First, using the following five steps, identify the
components of a cardiac cycle (Figure 5.1):
1 beginning of systole;
2 peak velocities during systole (peak systole);
3 diacrotic notch (closure of the aortic valve signall-
ing the beginning of diastole);
4 end-diastolic velocities (end-diastole); and
5 the shape and magnitude of flow deceleration during
the cardiac cycle.

Second, determine whether the measurements
provided by automated software or manual place-
ment are representative of the waveforms found.
Doppler flow signal optimization is checked by the
following:
1 signal-to-noise ratio (i.e. background should contain
no or minimal noise);
2 envelope (or waveform follower) does not over- or
underestimate velocities;
3 scale settings are adequate to display maximum
velocities;
4 baseline (zero line) is positioned to avoid aliasing or
sufficiently separate signals;
5 signal intensity is equal during recording sweep.

Third, the waveform recognition will depend on
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Figure 5.1 Keys to waveform
presentation.

How to Read Waveforms?
Velocity Scale (em/»)

Baseline- ̂

Background
with no noise

Signal Intensity
«JB)|

I - beginning of systoli; 2 - peak systoli; 3 - ciaoobc notch; 4 - end dkstoli
Distances:

1-2 systolic acceleration; 2-3 late systolic deceleration, 3-4 diastolicdeceleration

identification of the following components of an
optimized Doppler signal:
1 early systolic upstroke (sharp or slow, delayed);
2 late systolic and diastolic deceleration (continuous,
stepwise or flattened);
3 shape of the waveform (smooth, sharpened or
flattened);
4 systolic/diastolic velocity difference (flow pulsatility);
and
5 other components of the Doppler spectrum (bruit,
spectral narrowing, embolic signals, etc.).

Specific waveforms

Normal findings

Case history. An asymptomatic 32-year-old man with
arterial blood pressure 130/80 (Figure 5.2).

Interpretation. This waveform shows a sharp systolic
flow acceleration and stepwise deceleration with posit-
ive end-diastolic flow. The end-diastolic velocity falls

between 20 and 50% of the peak systolic velocity val-
ues, and this finding indicates low resistance to arterial
flow.

Case history. An asymptomatic 32-year-old man with
arterial blood pressure 130/80 (Figure 5.3).

Interpretation. This recording shows a bidirectional
signal with simultaneous sharp systolic upstrokes and
similar stepwise deceleration in both flow directions.
Both waveforms show low-resistance flow patterns
obtained at the ICA bifurcation.

Increased pulsatility of flow

Case history. A 65-year-old man with a new onset
aphasia and chronic hypertension (Figure 5.4).

Interpretation. The waveform above baseline has a
rapid systolic upstroke and a rounded peak systolic
complex followed by a stepwise flow deceleration. The
end-diastolic velocities below 30% of peak systolic val-
ues indicate relative increase in flow resistance. If flow

Figure 5.2 A low-resistance
unidirectional flow signal.
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Figure 5.3 A low-resistance bidirectional
flow signal.

Figure 5.4 Increased resistance to flow
with chronic hypertension.

pulsatility is relatively similar in branching and con-
tralateral vessels, a pulsatile waveform with normal or
elevated mean flow velocity indicates normal vessel
patency at the site of insonation and is not suggestive
of a distal arterial occlusion. A weak flow signal below
baseline in Figure 5.4 is not optimized and measure-
ments are erroneous.

The effects of chronic hypertension on intracranial
Doppler recordings may include:
1 increase in flow pulsatility [13] (pulsatility index
values of > 1.2 at the University of Texas STAT
Neurosonology Laboratory); and
2 relative mean flow velocity increase above age-
expected values.

Kidwell et al. showed that a relative increase in the

Gosling pulsatility index above 1.17 correlates with
the presence of silent brain damage on MRI in patients
with chronic hypertension [ 14].

Case history. A 37-year-old man with closed traumatic
brain injury (TBI) and intracranial pressure 52 mmHg
(Figure 5.5).

Interpretation. The flow signal above baseline shows
sharp systolic upstrokes followed by sharp decelera-
tion indicating an overall increased resistance to flow.

Despite elevated pulsatility index (PI) in a young
individual free of chronic hypertension (PI = 1.2), this
high resistance waveform in the middle cerebral artery
indicates normal patency of its proximal segment.
This patient with traumatic brain injury (TBI) had

Figure 5.5 A complex waveform
indicating flow to both high- and
low-resistance vascular beds.
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intracranial pressure of 52 mmHg that produced
increased resistance in the distal vascular bed. Elevated
pulsatility index values were observed in patients with
increased intracranial pressure [15]. The Doppler
spectrum shows sharpening of the waveform due to
faster flow deceleration. At the same time, the wave-
form above baseline also has a substantial diastolic
flow indicating that some of this flow may be directed
to a low-resistance vascular bed. This can happen in
patients with TBI because both edematous (bruised)
and normally perfused tissues may be present within
the MCA territory. Furthermore, brain areas may
be present with disturbed autoregulation or unequal
distribution of ICP and mass effect. The waveform
above baseline resembles a common carotid wave-
form because the CCA supplies both low- and high-
resistance vascular beds.

The flow signal below baseline has a low-resistance
flow pattern flow seen in a vein. A loud thump-like
early systolic sound (circled) is present due to vessel
wall motion. This bright reflector disturbs spectral
analysis and causes the envelope to spike (marked
with *) leading to errors in automated velocity and
pulsatility measurements below baseline.

Case history. A 35-year-old man with subarachnoid
hemorrhage (Grade II, Day 2) and liver failure
(Figure 5.6).

Interpretation. Both waveforms above and below the
baseline have sharp systolic upstrokes and an abrupt
flow deceleration. These pulsatile waveforms with
the end-diastolic velocities within 20-25% of peak
systolic values indicate high resistance to arterial flow.
The difference in automated calculations of PI (PI below
baseline is higher than above baseline) is attributable
to the weakness of the signal directed away from the
probe and the underestimation of the diastolic velocity
by the envelope (last full cycle on the right).

This patient with subarachnoid hemorrhage has an
even more pulsatile waveform (PI = 1.7). The differ-
ential diagnosis includes increased intracranial pres-
sure, vasospasm and systemic conditions. Although
hydrocephalus can be expected to develop by 48 h
after the bleeding, this patient has normal ICP values
(continuous ventricular drainage and invasive ICP
monitor) at the time of TCD examination. A
vasospasm that may produce these waveforms at Ml
and Al segment origins should affect both MCA and
ACA territories and this will be an unlikely event on
Day 2. Finally, the patient does not hyperventilate
since he is alert and breathing room air at a normal
pace. In this case, increased PI values and a sharp pul-
satile waveform are seen due to autoregulatory vaso-
constriction of the distal arterial bed in response to
spontaneously increased cardiac output (cardiac
index = 7) in a young patient with liver failure.

Case history. A 42-year-old woman with closed traum-
atic brain injury (Figure 5.7).

Interpretation. The waveforms above baseline show a
regular heart rate with variable velocities (sharp sys-
tolic upstrokes, stepwise deceleration, low resistance).
Marked velocity fluctuations can spontaneously oc-
cur every four cardiac cycles due to breathing. A cycle
with the highest velocities (*) can be used for manual
calculations.

Flow velocity and pulsatility fluctuations can also
be caused by altered autoregulation (the patient has
traumatic brain injury) and changes in the intracra-
nial pressure. Blood flow velocity measurements can
also be partially affected by changes in the angle of
insonation (transducer positioning and, to a lesser
degree, vessel pulsation and motion). Changes in
flow pulsatility and waveform shape, as seen in this
patient, are unlikely to be affected by the angle of
insonation.

Figure 5.6 Increased pulsatility of flow
at a bifurcation.
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Figure 5.7 Variable velocity and
pulsatility.

Figure 5.8 Extrasystole.

Irregular heart rhythm

Case history. A 54-year-old man with an acute small
cortical stroke and left ventricular hypertrophy (LVH)

(Figure 5.8).

Interpretation. Waveforms above and below the base-
line have sharp upstrokes, arrival of maximum systolic
velocities towards the end of systole and stepwise flow
deceleration. The end-diastolic velocities fall below
30% of peak systole due to irregular heart rate: this
also affects estimation of flow resistance (increased

values of PI calculated with envelope tracings) from
only 2-5 cycles' averaged values. A single cycle may be
selected for manual measurements.

Measurements that are affected by irregular heart
rate include:

1 velocity (underestimation); and
2 pulsatility (overestimation).

A prolonged pause between cardiac contractions (seen
in the second cycle, Figure 5.8) leads to lower than
usual end-diastolic velocities that artificially decrease
the velocity and increase pulsatility index values.
Avoid including in measurements the compensatory
pauses after extrasystole; or, if extrasystoles are too
frequent, a higher number of cardiac cycles should be
averaged using slower sweep speeds or manual meas-
urements of the highest velocity cycle should be used.

Case history. A 60-year-old woman with recent transient
ischemic altack (TLA) and atrial fibrillation (Figure 5.9).

Interpretation. Waveforms towards the probe have
irregular arrival of cardiac cycles with sharp upstrokes

Figure 5.9 Atrial fibrillation.



CHAPTER 5 Practical models of cerebral hemodynamics 71

and variable velocities. As a practical rule, a cycle with
the highest velocities (marked as *) can be used for
manual calculations. However, estimation of flow
resistance and representative mean velocity is difficult
since the pulse rate and cardiac output are affected.

This a typical waveform obtained from a patent
middle cerebral artery in a patient with atrial fibrilla-
tion. This waveform can be easily recognized if there is
no cardiac cycle similar to the other. Yet, overall it is a
low-resistance flow recording since end-diastolic
velocity exceeds 30% of peak systole during every cycle
taken separately. PI values are overestimated since
the envelope recognizes maximum peak systole and
minimum end-diastole taken from separate cycles.
Although averaging of 20 cardiac cycles may provide
more representative velocity and pulsatility index val-
ues, it is impractical and difficult to accomplish. A less
scientific but practical solution is to use manual meas-
urements taken from a cycle with the highest peak
and end-diastolic measurements that are often repres-
entative of a more synchronized cardiac contraction
with better cardiac output. This approach also short-
ens time of examination and introduces a consistent
way of recording velocities for serial studies.

Changes in the systolic flow acceleration

Case history. A 67-year-old man with resolving MCA
stroke and carotid occlusion (Figure 5.10).

Interpretation. The waveform above baseline shows a
delayed systolic flow acceleration, flattened systolic
complex and slow diastolic deceleration. End-
diastolic velocities above 50% of peak systole indicate
very low flow resistance. This waveform is called a
'blunted' flow signal.

This waveform shows a delayed systolic flow accel-
eration that can be found in a patent vessel distal to a

high-grade stenosis or occlusion [16]. The MCA usu-
ally receives either collateral flow around or residual
flow through the ICA lesion and, in order to attract
more flow, compensatory vasodilatation occurs to
reduce overall resistance to flow (low (1.0 - 0.6) or very
low (< 0.6) PI values). When these 'blunted' wave-
forms (with MFV generally above 20 cm/s) are found
unilaterally, it is a sign of a proximal (ICA or terminal
ICA) hemodynamically significant obstruction. If a
delayed systolic flow acceleration is found in both
internal carotid branches and the basilar artery, it may
be a sign of reduced cardiac output (i.e. congestive
heart failure).

Case history. A 73-year-old man with MCA stroke and
carotid occlusion (Figure 5.11).

Interpretation. The waveform above baseline has an
upward systolic upstroke. This waveform has to be
compared to a non-affected vessel in order to decide
if only a slight delay in systolic acceleration is present.
In any case, this is not a blunted signal since a clear
systolic complex is visualized.

This waveform shows only a slight delay in the sys-
tolic flow acceleration and a clear systolic complex.
This type of flow acceleration can be found in patients
with or without hemodynamically significant prox-
imal arterial obstruction. When found at the MCA
origin or just posteriorly to a 'blunted' MCA signal,
this waveform may be attributable to the posterior
communicating artery or the posterior cerebral artery
with a normal systolic flow acceleration in the
presence of an ICA obstruction.

Collateralization of flow

Case history. A 70-year-old woman with a recent TIA
and carotid occlusion (Figure 5.12).

Figure 5.10 A blunted signal.
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Figure 5.11 Slightly delayed systolic flow
acceleration.

Figure 5.12 Flow diversion.

Interpretation. This tracing displays a bidirectional sig-
nal with normal systolic upstrokes. The waveform
below baseline shows higher velocities and lower resist-
ance to flow. This may represent flow diversion to a
branch directed away from the probe.

This bidirectional signal represents a typical finding
at the MCA/ACA bifurcation with flow diversion to
the ACA being present. When the ACA becomes the
donor vessel for the anterior cross-filling to compens-
ate for a contralateral carotid obstruction, the ACA
starts to supply both A2 segments and often the con-
tralateral MCA via contralateral Al segment reversal.
This cross-filling may manifest on the donor site as the
mean flow velocity difference ACA > MCA and pul-
satility index ACA < MCA due to compensatory flow

volume increase and vasodilatation. It is important to
optimize both MCA and ACA signals to make sure
that maximum Doppler shifts are compared at these
vessels and not between the terminal ICA (TICA) and
ACA. Simultaneous display of the terminal ICA/ACA
signals may yield similar velocity differences due to a
suboptimal angle of insonation with the TICA.

Aliasing and signal optimization

Case history. A 72-year-old man with a recent TIA and
a moderate proximal carotid stenosis (Figure 5.13).

Interpretation. This recording shows a waveform
that exceeds one half of the velocity scale (i.e. an arti-
fact called 'aliasing'). Both envelopes show automated

Figure 5.13 Aliasing.
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recognition of the velocity values that are erroneous.
This waveform also contains a low-frequency bidirec-
tional signal heard as a bruit (circled).

This waveform is a typical pulse wave Doppler arti-
fact [17]. This artifact inappropriately displays, or cuts
off, the systolic frequencies from the top or the bottom
of the spectral display. There is often an overlap in
maximum velocities between the flow signals towards
and away from the probe. This artifact is linked to a
pulsed Doppler system handicap in velocity detection
posed by the half of pulse repetition frequency (PRF)
threshold (or the Nyquist limit) [17]. Steps to optimize
this signal should include:
1 adjustment of the velocity scale to maximum
possible values;
2 moving baseline ('drop the baseline', or converting
the recording into a unidirectional display); and
3 reducing sample volume or gate (this may help
to focus the beam at one vessel thus avoiding or
reducing the impact of aliasing on the velocity
measurements).

Case history. A 68-year-old man with a recent MCA
stroke and MCA stenosis (Figure 5.14).

Interpretation. This waveform is an optimized signal
with high velocities, bruits, normal systolic accelera-
tion and low-resistance flow pattern. Background

contains no noise and the envelope shows a good
automated waveform tracing. Other data are needed
to confirm whether this is a stenotic signal, i.e. focal
changes in velocity along the MCA stem and compar-
ison to the contralateral MCA velocity values.

Differential diagnosis includes a compensatory
velocity increase if another large vessel lesion is pre-
sent. From a single depth tracing in the intracranial
vessels, it is impossible to tell whether this waveform
represents a focal significant velocity increase due to
stenosis, or it represents hyperemia with collateraliza-
tion of flow. Shown in this figure, the MCA flow
signal with a mean flow velocity of 117cm/s was
found at the site of a 50% MCA narrowing unilateral
to the hemisphere affected by an ischemic stroke. If
found contralateral to a proximal ICA obstruction,
similar velocity findings may represent Ml MCA
stenosis or flow diversion. A focal MCA stenosis is
likely to be found if the distal Ml MCA velocity decel-
erates by more than 30%.

Case history. A 59-year-old man with an acute stroke
and carotid occlusion contralateral to the side of
insonation (Figure 5.15).

Interpretation. This tracing displays a bidirectional
signal with minimal aliasing. Both waveforms show
normal systolic upstrokes, bruits and low resistance

Figure 5.14 A stenotic signal.

Figure 5.15 Aliasing or optimized
signal?
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patterns. Envelopes indicate reasonable signal opti-
mization. Other data are needed to determine whether
this is a compensatory or stenotic velocity increase.

This recording shows that bidirectional signals
with elevated velocities may not be completely sep-
arated by adjustment to the maximum velocity scale
values, yet both signals are reasonably optimized
for measurements. These signals are both abnormal
in terms of being above the age-expected velocities,
and further adjustments of Doppler setting may
insignificantly improve the velocity values obtained at
bifurcation. The waveforms were found at the ICA
bifurcation contralateral to a complete proximal
ICA occlusion mostly indicating laminar flow (note
changes in the intensity spectrum of the MCA wave-
form above baseline) and bruits at bifurcation due to
compensatory flow diversion. In acute ischemic
stroke, the abrupt development of carotid thrombosis
may cause a significant flow diversion and opening of
collateral channels. This process may result in acutely
elevated velocities in the donor vessels followed by
velocity decrease in the subacute and chronic phases
when stroke is completed or vessel dilatation is
accomplished.

Case history. A 42-year-old woman with subarachnoid
hemorrhage (Day 8) (Figure 5.16).

Interpretation. This simultaneous display of four
waveforms is due to a large sample volume (or gate)
of insonation of 13 mm. Marked as (1), the highest
velocities were likely found in a segment with maximal
narrowing; (2) shows elevated velocities in another
segment with less narrowing; (3) hyperemic signals
likely in a proximal vessel; and (4) branch signals.

The differential diagnosis includes the presence of a
mirror artifact and hyperemia.

This is a complex recording obtained in a patient
with subarachnoid hemorrhage who developed a

severe MCA vasospasm. The use of a large (13-mm)
sample volume may produce simultaneous display of
waveforms detected at different arterial segments (i.e.
terminal ICA, proximal Ml, mid-Mi MCA or neigh-
boring segments with different patency). Although
the highest velocities in waveform (1) are likely
attributable to the site of maximum vasospasm (the
mean flow velocity of 295 cm/s), the presence of
mirror artifact [18] and hyperemia (as a potential
cause of it being a bright reflector) should be excluded
using the Lindegaard ratio [19]. The signal-to-
noise ratio appears to be optimized, i.e. no noise in
the background. This patient was on hypertension-
hemodilution-hypervolemia (triple H) therapy and
hyperemia was mostly ruled out by the Lindegaard
ratio of 10 (see also Chapter 6).

Severe stenosis, acute thrombosis and occlusions

Case history. A 65-year-old man with an acute stroke
and carotid thrombosis unilateral to the site of
insonation (Figure 5.17).

Interpretation. This tracing displays a loud bidirectional
bruit with a turbulent high-velocity signal of a stenotic
origin. Minimal aliasing is present. The envelope
above baseline indicates weak peak systolic tracings
that lead to underestimation of the velocity increase.

Similar waveforms can be found at a severe stenosis
with turbulent flow when a sample volume is positioned
slightly off the vessel segment that has the highest-
velocity jet. Remember that the highest-velocity jet can
usually be found at the exit of a focal stenosis. By itself,
this waveform is already diagnostic, showing that some
flow velocities were lost to turbulence and the peak
velocity values maybe decreasing as disease progresses
towards near-occlusion. Velocities taken from such
waveforms usually underestimate the highest velocity
and this may affect grading the severity of a lesion.

Figure 5.16 Increased velocities,
multiple waveforms and severe
vasospasm.
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Figure 5.17 Turbulence, bruits and
velocity underestimation.

Figure 5.18 Continuous bruit and
delayed systolic flow acceleration.

Figure 5.19 A weak signal.

Case history. A 76-year-old man with a recent TIA
(Figure 5.18).

Interpretation. This tracing displays a turbulent signal
of variable intensity with bidirectional bruits. This
waveform can be found in a poststenotic segment. The
peak systolic complex is not clearly visualized since a
laminar flow profile is not re-established yet [ 1 ].

This waveform that contains bruits of variable
intensity and incomplete spectral velocity tracing
should alert the sonographer to expand the search
for the highest-velocity jet and to suspect a subtotal
stenosis with bruits of prolonged duration.

Case history. A 71-year-old woman with an ACA
territory stroke and a proximal moderate carotid
stenosis (Figure 5.19).

Interpretation. This tracing shows a bidirectional sig-

nal with a low-resistance waveform above baseline
that is optimized and has a slightly delayed systolic
upstroke. A high-velocity weak signal below baseline
(marked as *) is not optimized since overgaining does
not change the signal-to-noise ratio and measure-
ments are erroneous.

This recording shows a weak signal suspicious of a
focal velocity increase in a branching vessel (below
baseline). If a stenosis is located deep in the intracra-

nial vasculature (i.e. depths of insonation 65 mm or
more), sound attenuation and limited pulse repetition
frequency may preclude its definition and measure-
ment. Increasing gain may help to visualize the wave-
form but may be insufficient (as in this case) for
automated tracings since the signal-to-noise ratio in a
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Figure 5.20 A branch occlusion.

Figure 5.21 A minimal signal (systolic
spike).

weak stenotic signal is low and remains unaffected.
Reducing the sample volume to focus on this specific
signal may also reduce sensitivity of Doppler if burst
pressure is reduced. If waveforms presented in this
case are detected, use manual measurements to quan-
tify velocity increase. The use of power M-mode-
guided TCD spectral assessment may lead to the sites
of disturbed signals [20], and the use of contrast-
enhanced ultrasound agents [21] may help to avoid
this technical problem.

Case history. A 75-year-old man with an M2 MCA
occlusion and ICA occlusion (Figure 5.20).

Interpretation. A low-resistance waveform above base-
line has a short systolic upstroke and flattened systolic
complex. Comparison with a non-affected vessel will
help to determine whether this is a blunted or damp-
ened signal (see flow grading criteria in Chapter 10).
A high resistance minimal signal below the baseline
has no end-diastolic flow.

This recording shows a complex signal that can be
obtained in the intracranial vessels at the site of or
just proximal to an arterial occlusion, affecting for
example the M1-M2 MCA bifurcation. An arterial
occlusion can produce a variety of residual flow signals
[22] (see Chapter 10 & Part V). These waveforms can

be recognized by abnormal appearances of the systolic
complex and end-diastolic flow compared to the
unaffected side, including absent end-diastolic flow.
Nevertheless, changes in flow pulsatility and velocity
are often accompanied by signs of flow diversion or
compensatory velocity increase, and these findings
point to hemodynamic significance of suspected
arterial obstruction.

Case history. A 62-year-old woman with an Ml MCA
occlusion (Figure 5.21).

Interpretation. This is a minimal bidirectional signal
with no end-diastolic flow. This waveform can be rep-
resentative of a residual flow signal around MCA clot
if collaborated by additional findings indicating occlu-
sion at this location. Bruits and vessel intercepting at a
nearly 90° angle should be considered as a possible
explanation.

This recording shows a systolic spike (or a minimal
residual flow signal) obtained at the site of an acute
MCA occlusion. In this case, systolic spikes with low
velocities and bruit-like appearance are seen followed
by periods with no diastolic flow indicating very high
resistance to flow and abolishment of brain perfu-
sion, at least during diastole. Generally, flow signals
obtained at near-90° angles have some recognizable
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Figure 5.22 An oscillating or
reverberating flow signal.

waveform components and the waveforms extending

into diastole can be slightly improved by reangulation

of a transducer.

Circulatory arrest

Case history. A 41-year-old woman with TBI and

clinical progression to brain death (Figure 5.22).

Interpretation. Both waveforms represent an ex-

tremely high resistance to flow. Marked as (1), flow

signals above baseline represent sharp spikes with

abrupt flow deceleration to zero at the time of closure

of the aortic valve and no positive end-diastolic flow.

Marked as (2), the same blood pool reverses its direc-

tion during entire diastole producing the sign of flow

reverberation or oscillation.

In this case, an extremely high resistance to flow

precludes brain perfusion [15,23-25]. This waveform

was observed in a patient who developed massive

brain swelling with progression into cerebral circulat-

ory arrest. If reverberating flow is found in both prox-

imal MCAs and the basilar artery, it predicts the

absence of brain perfusion that can be demonstrated

by nuclear cerebral blood flow studies. Hemodynam-

ically, this waveform indicates that all blood that

passed through the sample volume towards the brain

in systole was pushed out of the distal vasculature

in diastole resulting in no flow passage to brain

parenchyma.
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CHAPTER 6

Diagnostic criteria for
cerebrovascular ultrasound

Andrei V. Alexandrov, MD, RVT & Marsha M. Neumyer, BS, RVT

Introduction

Laboratory accreditation, such as that offered by
the Intersocietal Commission for the Accreditation
of Vascular Laboratories (ICAVL, www.icavl.org),
requires documentation and consistent application
of the diagnostic criteria for interpretation of cere-
brovascular studies [ 1 ]. The diagnostic criteria in this
chapter represent a summary of previously published
criteria for extra- and intracranial ultrasound and
those internally generated by the STAT Neuroson-
ology Service, UT-Stroke Treatment Team and the
Vascular Laboratory, PennState University College of
Medicine, Milton S. Hershey Medical Center. These
criteria can be used as a template to establish and
accredit a vascular laboratory; however, any ultra-
sound laboratory should perform local validation of
the accepted criteria [1]. We also review pertinent
correlative imaging tests and their clinical applicability.

The required diagnostic criteria for cerebrovascular
ultrasound include [1,2]:

1 normal extracranial and intracranial findings;
2 carotid stenosis and plaque formation;
3 carotid occlusion and dissection;
4 vertebral artery stenosis or occlusion;
5 intracranial arterial stenosis;
6 arterial spasm;
7 hyperemia;
8 collateral flow patterns and flow directions;
9 cerebral embolization;

10 increased intracranial pressure;
11 cerebral circulatory arrest;
12 intracranial arterial occlusion; and
13 subclavian steal syndrome.

Normal extracranial and
intracranial findings

Laminar flow
Under normal conditions, when blood flows at a
steady rate through a long, smooth vessel, it flows in
streamlines, i.e. laminae, or layers, with the fastest-
moving cells flowing in the center of the bloodstream
[3] (Figure 6.1). Cells adjacent to the arterial wall
experience inertial pull and shear stresses [4] as they
rub against the wall and cells moving in neighboring
layers. Blood flow velocities will be quite slow adjacent
to the wall, and both forward and reverse flow can be
seen. This velocity gradient and low frequency spec-
trum is detected when the Doppler sample volume is
placed near the vessel wall. Therefore, a sample vol-
ume comparable to or larger than vessel diameter can
display spectral broadening in a normal vessel with
laminar and undisturbed flow because the velocity
gradient through the entire vessel lumen is sampled
(Figure 6.1). For example, all normal transcranial
Doppler recordings have spectral broadening since
sample volume of > 3 mm covers the entire middle
cerebral artery stem. Therefore, we no longer use
the term 'spectral broadening' as an independent
diagnostic criterion for disease without other direct
imaging findings.

Arterial wall pulsation
Systolic ejection of blood occurs at the highest blood
pressure, and the arterial wall moves outward during
this phase of the cardiac cycle. This expansion of
the vessel lumen occurs due to compliance of the
vessel wall, and the energy stored in the vessel wall
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Larger gate shows spectral
broadening due to sampling

of the near-wall flow

Figure 6.1 Laminar flow. Arrows represent velocity vectors. Faster moving blood is present in the midstream of parabolic flow.

determines the so-called compliance flow [5]. During
the deceleration phase of systole, the arterial wall
moves inward, forcing the layers closer together. This
inward movement and crowding of the cell layers

causes the cells to move at a narrow range of velocities
in the center stream. During diastole, the resting phase
of the cardiac cycle with the lowest blood pressure
values, the cells are spinning around, with their

movement between layers expressed as a spectrum
of low flow velocities. Pressure gradient along the
vessel length determines the so-called resistance flow.
Therefore, during outward vessel wall pulsation, the
laminae move apart, allowing forward flow to occur
with little or no disruption. Thus, arterial flow wave-
forms represent the sum of resistance and compliance
flow [5]. Accurate depiction of a disturbance of the
arterial wall pulsation on a B-mode image may be the
first indirect sign of arterial obstruction.

Normal flow in the common
carotid artery
Approximately 80% of the blood flow from the
common carotid artery (CCA) will enter the low-
resistance vascular circulation of the brain and eye,
resulting in 300-400 mL being delivered to the brain
via each internal carotid every minute [6]. For this
reason, the CCA waveform will largely mimic the
flow patterns in the internal carotid artery (1CA).

This is evidenced by positive diastolic flow (above
the zero baseline) associated with flow to the low-
resistance circulation of the ICA. Like the external

carotid artery (EGA), the common carotid artery will
demonstrate the sharp systolic peak, rapid systolic
deceleration and relatively low diastolic flow typical of
the high-resistance external carotid artery flow pattern
(Figure 6.2).

Normal flow in the internal
carotid artery
Due to cerebral autoregulation and low vascular resis-
tance in the brain, the Doppler spectral waveforms
from the ICA show a quasi-steady flow pattern with
constant forward diastolic flow, also described as a
low-resistance flow pattern. There is rapid systolic
upstroke, often with somewhat rounded peak at sys-
tole, and stepwise deceleration during diastolic run-
off. This low-resistance flow pattern can be present
even with a high-grade carotid stenosis (Figure 6.2).

Each ICA carries approximately 40% of the total

cerebral blood flow volume [6]. The ICA flow stream
adjacent to the flow divider will accelerate faster than
the EGA and move cephalad throughout the cardiac
cycle to meet the demands imposed by cerebral
autoregulation. The geometry of the bulb results in
retrograde movement of cells toward the opposite wall
and oscillatory forward and reverse flow patterns,
resulting in separation of the flow stream [7]. Flow is
slower on the wall opposite the flow divider and there-

fore blood particle resident time may be increased,
one of the theories supporting the pathophysiology of
atherogenesis on the posterolateral wall of the bulb [8]
(Figure 6.3).
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spectral
narrowing

temporal
artery tap

The 1C A waveform displays low resistance
flow even with significant stenosis. If the
Doppler sample was placed just distal to the
site of maximal stenosis, "spectral narrowing'
can be detected.

The EC A waveform shows high resistance
flow and this vessel is identified by either
visualization of branches or temporal artery
tapping.

The CCA waveform has signatures of flows
to bom carotid systems. The CCA has a sharp
systolic complex and continuous diastolic
run-off.

Figure 6.2 Carotid waveforms.

Figure 6.3 Flow separation in the internal carotid artery
bulb. Doppler spectrum shows a complex low-frequency
waveform with phases of reversed flow direction.

Normal flow in the external
carotid artery
The EGA feeds the high-resistance vascular bed of
the muscles of the face, forehead and scalp. This
high resistance is expressed by the classic signature
waveform demonstrating rapid systolic upstroke,
rapid deceleration, sometimes with a brief flow rev-
ersal during aortic valve closure, and a low diastolic
flow velocity. Note that younger individuals may have

relatively low-resistance flow signatures in the EGA.

The EGA flow waveform changes with rhythmic
tapping on the preauricular branch of the temporal
artery in most individuals [9] (Figure 6.2). However,
we do not recommend carotid compression tests
to differentiate between the ICA and EGA, nor
to determine collateral channels with intracranial

examination.

Normal flow in the vertebral artery
The vertebral artery (VA) supplies a low-resistance
system of the brainstem and the vessels of posterior
cerebral circulation. Both vertebral arteries deliver
approximately 20% of total cerebral blood flow [6].
Like the ICAs, the vertebrals also have a low-resistance
waveform profile; however, blood flow velocities in
the VA are generally lower than in the anterior
circulation vessels [6].

Often, there is a marked difference in flow velocities
between the two vertebral arteries that may be
attributable to dominance and/or hypoplasia of one of
the vessels. An atretic vertebral artery may have a more
pulsatile waveform with lower flow velocities. It is
important to measure arterial blood pressure on both
arms, and under normal conditions the difference

between arms should not exceed 10 mmHg.
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Normal intracranial flow findings
Transcranial Doppler (TCD) or duplex examination
may reveal a broad range of findings including differ-
ent waveforms in the anterior and posterior circula-
tion vessels, flow pulsatility and velocities. This variety
can be attributed to a number of factors including
the anatomy of the circle of Willis, side differences
in the angle of insonation, velocity modulation with
breathing cycles and autoregulatory responses, as
well as cardiac output and effects of chronic hyperten-
sion. Therefore, the absolute velocity values have less
significance compared to the abnormal waveform
recognition, asymmetry of intracranial findings and
interrelationship of flow findings between the vessels.

Previous studies have established normal ranges for
TCD measurements and analysed the value of differ-
ent parameters and indices [10-15]. Based on this
information, the STAT Neurosonology Laboratory at
the University of Texas adopted the following criteria
for normal transcranial Doppler examination [2].
1 Good windows of insonation, all proximal arterial
segments found. 'Not found' does not mean occluded
since atresia of intracranial arterial segments is
common as well as suboptimal windows and angles
of insonation.
2 Direction of flow and depths of insonation in adults
are as shown in Table 6.1.
3 The difference between flow velocities in the
homologous arteries is less than 30%: 15% is attri-
butable to the difference in angle of insonation and
another 15% to breathing cycles. However, posterior
cerebral and vertebral arteries may have 50—100% dif-
ference due to dominance, hypoplasia and tortuous

course. Similarly, M2 and Ml MCAs may have up to
100% variation in velocity dependent on tortuosity.
4 A normal M1 MCA mean flow velocity (MFV) does
not exceed 170 cm/s in children with sickle cell disease
and 80 cm/s in adults free of anemia or subarachnoid
hemorrhage.
5 A normal velocity ratio: MCA > ACA > siphon >
PCA > BA > VA. Velocity values can be equal between
these arterial segments or sometimes exceed by 5-10
cm/s, i.e. ACA > MCA, or BA > ICA, likely due to the
angle of insonation or common anatomic variations.
6 Patients free of hypertension while breathing room
air have a positive end-diastolic flow velocity (EDV)
of approximately 25-50% of the peak systolic velocity
(PSV) values and a low-resistance pulsatility index (PI)
of 0.6-1.1 in all intracranial arteries. A high-resistance
flow pattern (PI>1.2) is seen in the ophthalmic
arteries (OAs) only.
7 High-resistance flows (PI > 1.2) can be found in
patent cerebral arteries with aging, chronic hyper-
tension and increased cardiac output, and during
hyperventilation.

Normal intracranial waveforms were presented in
Chapter 5. Figure 6.4 illustrates the range of pulsatility
index of Gosling and King [16] that can be found in
the arteries supplying the brain. Note that wide varia-
tions in the velocity and pulsatility of flow can be found
under normal and abnormal circulatory conditions.

Besides PI, the resistance to flow can be expressed
using the resistance index (RI) described by Pourcellot
[17]. This index is calculated as the ratio of (PSV-
EDV)/PSV with normal values below 0.75. There is a
controversy as to which index better describes the

Table 6.1 Normal depth, direction and mean flow velocities at assumed 0° angle of insonation of the arteries of the circle

of Willis.

Artery

M2 middle cerebral artery

M1 middle cerebral artery

A1 anterior cerebral artery

A2 anterior cerebral arteryt

Internal carotid artery siphon

Ophthalmic artery

Posterior cerebral artery

Basilar artery

Vertebral artery

Depth (mm)

30-45
45-65
62-75
45-65
60-64
50-62
60-68
80-100+
45-80

Direction

Bidirectional

Towards

Away

Towards

Bidirectional

Towards

Bidirectional

Away

Away

Children*

< 1 70 cm/s

< 1 70 cm/s

< 1 50 cm/s

N/A

< 130 cm/s

Variable

< 100 cm/s

< 100 cm/s

< 80 cm/s

Adults

< 80 cm/s

< 80 cm/s

< 80 cm/s

< 80 cm/s

< 70 cm/s

Variable

< 60 cm/s

< 60 cm/s

< 50 cm/s

* Values are given for children with sickle cell anemia.

t A2 ACA can be found through the frontal windows with transcranial color-coded sonography (TCCS) in select patients [19].
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Figure 6.4 Pulsatility index (Gosling).
PI = (PSV - EDV)/MFV. Normotensive
individuals have Pis in the range of

0.6-1.1 while breathing room air.

PI = 0.3

EDV>5Q%

Table 6.2 The risk of stroke and the severity of carotid stenosis in symptomatic patients in the NA5CET trial [21].

ICA stenosis (%)* Medical group (%) Surgical group (%) NNT

70-99
50-69
<50

26.1

22.2

18.7

12.9

15.7

14.9

8

15

26

* ICA stenosis is expressed as percentage diameter reduction of the residual lumen on digital subtraction angiography

measured by the North American (N) method.

Medical group received antiplatelet therapy to prevent stroke; surgical group underwent carotid endarterectomy within

6 months after transient ischemic attack or minor stroke.

NNT, number of patients needed to treat to prevent one stroke.

resistance to flow since PI may be more influenced by
cardiac output while RI is more reflective of the distal
resistance [18]. We prefer to use mostly the pulsatility
index since at our laboratory we have validated our
criteria for a broad range of PI values.

Carotid stenosis and
plaque formation

The risk of ischemic stroke increases proportionately
to the severity of carotid stenosis (Table 6.2), and ran-
domized carotid endarterectomy (CEA) clinical trials
have shown that patients with severe carotid stenosis
benefit from CEA combined with medical therapy
compared to medical therapy alone [20-22].

Since less invasive interventions to prevent stroke
such as angioplasty and stenting are emerging [23], it
is extremely important to carefully apply the results
of the clinical trials into practice to minimize risks
associated with CEA. These steps include risk factor
assessment and application of the specific methods
of measuring carotid stenosis in patient selection for
surgery. In clinical practice and laboratory accredita-

tion, angiography is used as a gold standard for evalu-

ation of ultrasound performance and sonographers
should be familiar with its methods and pitfalls.

In reality, surgeons may select patients based on
carotid duplex results alone without angiographic

control [24]. These ultrasound laboratories have to

rely on stenosis assessment by a surgeon who deter-
mines the residual lumen size during plaque removal
and this information is often submitted for accred-
itation without standardized methods of measuring
percentage stenosis. In fact, the true standard for meas-
uring anatomic arterial stenosis is the planimetry of
an atherosclerotic plaque removed en bloc at surgery
[25,26] (Figure 6.5). Although impractical in the
clinical setting, this standard is used as a research tool

providing the measurement of carotid stenosis and
plaque composition.

To perform carotid plaque planimetry [25], the
specimen is placed in formalin, which decalcifies the
plaque and induces uniform shrinkage by 11-13%.
Then the plaque is fixed and sliced into transverse
cuts to visualize the plaque internal structure and the
residual lumen (Figure 6.5). The area of the tightest
residual lumen (Sj) and the area of the entire lumen

(S2) are measured using software for calculation of the
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Residual
lumen

Total
vessel

Figure 6.5 Digital subtraction
angiography and plaque planimetry.
S, is the area of the tightest residual
lumen, and S2 is the area of the entire
plaque cross-section.

area of irregular-shaped objects. The anatomic stenosis
is calculated using the formula:

stenosis = (1 - x 100%.

This method was employed in validation studies
to assess the accuracy of digital subtraction angiogra-
phy (DSA) and ultrasound for measuring carotid
stenosis [25,26]. Overall, DSA tends to underestimate
anatomic stenosis when angiographic measurements
are compared to plaque planimetry [25,26] .

The advantages of carotid plaque planimetry in-
clude accurate assessment of the area, or anatomic
stenosis; and direct visualization of plaque surface
configuration and its internal structure. To its dis-
advantage, the method is time-consuming, and it
provides a post factum measurement of the stenosis.

Carotid stenosis measured
by angiography
Randomized trials [20-22] used DSA as the diagnostic
test to measure the degree of carotid stenosis ex-
pressed as the percentage linear diameter reduction
of the vessel determined by strict and specific meth-
ods. To apply these methods, only one view of the
tightest residual lumen (d) should be selected and the
measurement sites (n) should be chosen differently for
each method (Figure 6.6). The stenosis is calculated
using the formula:

ICA diameter reduction = ( 1 - din) x 100%,

where d and n are the diameter measurements made
on a hard copy in mm.

The North American (N) method, or the 'distal'
degree of stenosis, was used in the Asymptomatic
Carotid Atherosclerosis Study (ACAS) and the North
American Symptomatic Carotid Endarterectomy
Trial (NASCET) and refers to the distal ICA as the
denominator n [27]. The measurement is made using
a jeweler's eye-piece and calipers at the segment of the
far-distal ICA with parallel walls beyond poststenotic
dilatation (Figure 6.6).

The advantages of the N method include: its
widespread use; the availability of validated diagnostic
criteria for ultrasound screening; and firm prognostic
data regarding the risk of stroke and benefit of CEA
[28]. The disadvantages include: the underestimation
of the degree of carotid stenosis by 15-25% compared
to other angiographic methods and area estimates; the
interobserver variability of up to 30% for the values
determined for the same angiogram; and the distal
ICA disease or collapse and its obscuration with EGA
branches in 10-20% of consecutive angiograms [28].

The European (E) method, or the 'local' degree of
stenosis, was employed in the European Carotid
Surgery Trial (ECST) and requires drawing an imagin-
ary outline of the ICA bulb to estimate the normal
dimensions of the vessel at the site of the tightest
narrowing [21]. Although there is no objective way
to decide where exactly the normal vessel wall is sup-
posed to be on the DSA image, the E method has a
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Figure 6.6 Angiographic methods of
measuring carotid stenosis.

CSI

NASCET trial used the "N", or
North American, or "distal" method

ECST trial used the "E", or European,
or "local" method

CC and CSI are experimental methods
that use CCA diameter as denominator

d - diameter of the tightest residual
lumen

Stenosis = (1 - d/n) x 100%

good reproducibility between experienced observers
and provides stenosis values closer to anatomic steno-
sis than the N method. For instance, a 70% N stenosis
is equal to 84% E stenosis and 90% area stenosis [25].
This is largely due to the fact that ICA bulb diameter
estimate is greater than the diameter of the distal
ICA in the normal vessel and its segment beyond the
stenosis (Figure 6.6).

The advantages of the E method include: a good
reproducibility despite its subjective nature; estima-
tion of the stenosis closer to area values; widespread
use; and firm prognostic data regarding the risk of
stroke and benefit of CEA [28]. The disadvantages
include: the subjective nature (guesswork) of the
bulb diameter estimation; and dependency on the
interpreter's experience [28].

The common carotid (C) method was developed to
avoid the subjective nature of the E measurement
[29]. The denominator n is derived from the disease-
free distal CCA diameter which is usually well opacified

and unobscured by arterial branches (Figure 6.6).
In cases where the distal CCA is diseased, the CCA

3-5 cm proximal to the bifurcation may be used [30]
to estimate the widest normal ICA bulb diameter (ICA
bulb =1.18 proximal CCA diameter) [31]. Both CCA
sites [29,30] offer comparable diameter reduction
estimates.

The advantages of the C method are: the reliability
of the CCA as the measurement site since it is rarely
(< 3%) affected by atherosclerosis; values close to the
E method and area stenosis; the discrepancy between

observers is the lowest (< 15%); and it is applicable
to most consecutive angiograms [28,30]. The dis-
advantages include: infrequent use; fewer prognostic
data available [29]; and only a few correlations with
ultrasound are available [32].

These methods of measuring carotid stenosis
represent indices rather than a precise measurement
of disease severity since they are based on the diameter
reduction estimates derived from only one angio-
graphic projection. The residual lumen asymmetry is
most common with mild to moderate carotid stenoses
which, together with imaging artifacts and operator

dependency, account for most of the discrepancies
with other imaging modalities. Agreement between
all three angiographic methods can be achieved [29],
and the percentage stenosis measurements are the
closest for the high-grade carotid stenoses [33]. Before
magnetic resonance angiography (MRA), contrast-
enhanced CT angiography (CTA) and ultrasound
can supplant DSA, these imaging modalities have to
be compared against DSA [34-36] to ensure that a
non-invasive work-up allows prediction of the specific
DSA stenosis measurements with a clinically accept-
able level of accuracy relevant to the equipment and
observers employed. It is necessary to perform this self-
assessment validation study at each individual institu-
tion for MRA and CTA as well as for ultrasound.

Although the same methods of measuring carotid
stenosis can be applied to non-invasive angiographic
images, tight and tortuous residual lumen, turbu-

lence and slow near-wall and poststenotic flows can
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produce artifacts with MRA. MRA overestimates the
degree of carotid stenosis compared to DSA when
both are measured by the same method [34,35].

The discrepancy increases with moderate to mild
carotid stenoses and arises from the differences in the
residual lumen and turbulent flow visualization. The
presence of a flow signal void due to turbulence or
slow flow may lead to underestimation of the residual
lumen with MRA, thus increasing the ratio with the
local or distal denominator. However, a flow 'gap'
(which appears as a segment of the vessel completely
free of signal with reappearance of the signal distally)
indicates greater than 60% N stenosis with sensitivity
of 91% and specificity of 97% [37]. Further improve-
ment in image resolution is necessary for MRA to
achieve the precision comparable to that of DSA in
measuring the residual lumen and normal vessel
diameters. Despite these shortcomings, the meta-
analysis of published series [38] showed that MRA has
sensitivities of 0.82-0.86, specificities of 0.89-0.94,
and the composite receiver-operator curve (ROC) areas
of 0.91-0.92 similar to that of ultrasound when com-
pared to DSA. MRA offers an advantage of a complete
extra- and intracranial examination compared to
ultrasound. A combination of carotid ultrasound and
MRA is safe and it has sufficient accuracy compared
to DSA in patient selection for CEA [39]. Since most
outpatients with a history of transient ischemic attack
undergo MRI/MRA, a combination of non-invasive
screening with ultrasound and MRA appears the most
common clinical pathway for patient selection. In
laboratories with validated and accurate ultrasound
screening, MRA offers minimal additional informa-
tion for measuring the proximal ICA stenosis [40].
Some physicians reserve the use of DSA only for
patients with discrepant ultrasound and MRA results.

The agreement between CTA and DSA in quantify-
ing the degree of carotid stenosis was about 80-95%
[41-43]. The limiting factors are plaque calcification,
the thickness of tissue slices and imaging artifacts.
Interpretation of CTA relies on good quality three-
dimensional reconstruction and expertise in reading
two-dimensional source images. In addition to MRA
and CTA, ultrasound helps to determine extent and
composition of atheromatous plaque, and offers a
non-invasive real-time tool for patient follow-up.
The advantages of both MRA and CTA include non-
invasiveness; repeatability; and lower costs compared
to DSA. The disadvantages include: imaging artifacts;

inapplicability in selected patients; interinterpreter
variability; overestimation of the carotid stenosis;
and lack of validation in randomized trials. With these
shortcomings, a local validation of the non-invasive
angiographic techniques is as desirable as the quality
control for ultrasound screening. The caveats in
measuring carotid stenosis are known [44], and strict
requirements for research study analysis [45] and
everyday measurement and reporting [27] should be
followed.

Carotid stenosis measured
by ultrasound

B-mode imaging of carotid plaques
B-mode imaging was applied to evaluate patients with
carotid disease to directly visualize plaque burden
[46]. Using B-mode, a normal arterial wall can be
visualized and early stages of carotid atherosclerosis
can be detected, including intimal-medial thickening
(IMT), fatty streak or soft plaques (Figure 6.7), and
small non-stenosing plaques (Figure 6.8). As the
plaque grows, it protrudes into the vessel lumen and
the percentage diameter reduction of the vessel can
be measured in the absence of shadowing and if the
near-wall positioning of the sound beam is avoided.
Percentage diameter reduction can be best measured
on the longitudinal views in the presence of a plaque
that causes less than 50% diameter reduction. The

Figure 6.7 Diff iuse thickening of the intima-media
complex, hypoechoic plaque or fatty streak. The B-mode
image shows early signs of atheromatous disease affecting
distal common carotid artery. Arrows show subintimal lipid
deposits that form so-called 'fatty streak'.
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Figure 6.8 Non-stenosing plaque. A
high-resolution B-mode scan of the
bifurcation shows a small round plaque
at the internal carotid artery origin that
slightly elevates intima likely without
causing any significant stenosis. This
finding needs to be confirmed by color
flow imaging and Doppler examination.

longitudinal views have to be compared with cross-
sectional views to avoid false-positive results with
near-wall beam position and overestimation of plaque
protrusion. Validation studies and the impact of B-
mode measurements were summarized in a consensus
statement [47].

When plaque is documented, the morphology of
the lesions can be characterized based on acoustic
properties on a B-mode image. A plaque description in
the report should include its:
1 location;
2 length;
3 composition; and
4 surface of the lesion.
Plaque location and length are given in the context of

the artery or segments affected, including the length of
the plaque in cm. Plaques longer than 2 cm, particu-
larly with extensive shadowing, may lead to difficulties
with grading severity of carotid stenosis since the
velocity is inversely proportionate to the lesion length.

Plaque composition is assessed for its:
1 echogenicity (brightness);
2 texture;
3 extent; and
4 edges.

Plaque echogenicity can be described using a variety of
terms and, recently, computer-assisted techniques
were tested to minimize interobserver discrepancies
[48-59]. To ensure consistent grading of plaque
echogenicity, the B-mode image should be optimized
so that the patent segment of the vessel that contains
moving blood should be dark and have no reflections
between the vessel walls. Color information should
be discarded due to B-mode/color trade-off and

particularly if a digital analysis of the image is sought.
If the echoes are uniform throughout all regions of
the plaque, it is considered to be acoustically homo-
geneous (Figure 6.9). A heterogeneous plaque has

mixed areas of brightness and variations in texture
(Figure 6.10). B-mode imaging is ideally suited to

determine whether or not atherosclerotic plaques
are acoustically homogeneous or heterogeneous.

Clearly, homogeneous plaques are most likely to
be purely cellular in nature with little evidence of
complication as determined by the presence of
calcification, significant cholesterol deposition or
hemorrhage. These lesions are commonly associated
with intimal hyperplasia.

The presence of an acoustically heterogeneous

plaque, however, signifies that the atherosclerotic pro-
cess has become complicated. The difficulty remains
in determining the correlation between heterogene-
ous plaques as identified by B-mode ultrasound and
their ability to subsequently produce stroke symp-
toms. A heterogeneous plaque, without acoustic
shadowing, most commonly signifies a fibrofatty
lesion. The presence of calcifications usually leads to

shadowing (Figure 6.10).
Fischer [59] describes pathologic changes that occur

in carotid atherosclerotic plaques as:
1 neovascularity;
2 calcification;
3 intraplaque hemorrhage;
4 ulceration; and
5 thrombosis.
Ultrasound assessment of heterogeneous plaque
provides evidence for some of these processes. As
plaques age and organize, they may acquire calcium
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Figure 6.9 Homogeneous plaque.
A concentric plaque is present on both
sides of the longitudinal arterial
projection. Plaque texture is uniform
through its length and is moderately
echogenic.

Figure 6.10 Heterogeneous plaque. The
B-mode image of the internal carotid
artery (ICA) bulb shows a plaque with
areas of increased and decreased
echogenicityas well as shadowing at the
distal wall. Plaque appearance may also
produce an impression of a concentric
lesion or complete occlusion. This image
can be caused by a plaque of only mild
or low moderate stenosis since the
imaging plane shows near-wall
structures in the ICA bulb. Note that the
distal ICA walls are not parallel (out of
the image plane).

deposits that reflect ultrasound resulting in acoustic
shadowing. This may prevent visualization of the
arterial segment lying beneath the shadow. Anechoic
or hypoechoic regions within the plaque may repres-
ent hemorrhage, lipid deposits or necrotic regions
[60], and a hypoechoic plaque may predict higher
risk of stroke independently of the degree of carotid
stenosis [49,51,53,55]. The higher the degree of
carotid stenosis, the more likely the plaque will appear
heterogeneous and almost all pathologic changes can

be present [59].
The surface of plaques can be characterized as

smooth or irregular. Surface irregularity on ultra-
sound may suggest potential ulceration [61] and

thrombogenic surface by exposing the lipid core to
blood flow [59]. Characterization of the surface of

lesions requires assessment at multiple image angles.
It is difficult to visualize the plaque surface of a hetero-
geneous [62,63] and low echogenic plaque, even using
the edge-enhancing techniques or gray-scale median
[64]. The application of color [65,66] or B-flow or
power Doppler [67] may help to delineate the residual
lumen, but a trade-off between the color flow and B-
mode imaging may preclude precise measurements
and may fail to identify ulcerations [68]. Another
uncertainty arises when slow flow or flow reversal are
seen along the edges of a long and irregular plaque.

This may be attributable to poststenotic dilatation or
large ulceration with a crater filled with moving blood.
Therefore, there is little correlation between angio-
graphic, ultrasonographic and pathomorphologic
definition of plaque ulceration [60,62,69]. Several
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factors affect this agreement, including definitions
and size of ulceration, superimposed thrombi and
image projection. While in certain circumstances B-
mode ultrasound may also be useful for identifying
areas of loss of endothelial integrity, the highly sub-
jective nature of this observation renders it unsatis-
factory for routine use. Future applications include
three-dimensional and four-dimensional real-time
ultrasound measurements of plaque mobility and flow
interfaces [70,71].

The advantages of B-mode grading of the carotid
stenosis include the quantification of early atheroscle-
rotic changes; visualization of the plaque structure
and extent; and the possibility of 'on-site' diameter
reduction measurements (the site similar to the E
method). The disadvantages include common imaging
artifacts (inappropriate gain settings, shadowing due
to calcium deposition and scattering); and the inability
to differentiate fresh clot from moving blood.

Color-coded flow imaging of carotid stenosis
Color Doppler flow imaging (CDFI) can help to
identify vascular structures and the residual lumen
[72,73]. However, CDFI alone should notbe used for
grading carotid stenosis since it displays the mean fre-
quency shift and is therefore more prone to aliasing
with inappropriate velocity scale settings (Figure 6.11)
compared to angle-corrected velocimetry. On trans-
verse images, CDFI can also demonstrate the residual
lumen and area stenosis [66,74], but precise measure-
ments are difficult due to the same trade-off between
the gray-scale and color flow imaging modes as well
as the sound scattering at vessel walls. The dimension
of color flow residual lumen changes significantly

between systole and diastole. CDFI is used to identify
vessel abnormalities and the tightest residual lumen,
and to adjust the Doppler angle for pulse-wave
velocimetry [72,75]. Power mode can also be used for
the same purposes and may offer an advantage of
flow display regardless of its direction and velocity
values [76] (Figure 6.12).

Angle-corrected Doppler velocimetry
in carotid stenosis
The velocity is inversely proportionate to the radius of
the residual lumen, stenosis length, blood viscosity
and peripheral resistance [77,78]. The peak systolic
velocity (PSV) is inversely proportionate to the linear,
squared and cubic functions of the residual lumen
radius [32], resulting in a complex polynomial curve
of the third order which demonstrates this relation-
ship (Figure 6.13). The ICA velocity starts to slowly
increase when the carotid atheroma reduces the resid-
ual lumen diameter by 15-30% and the area by 30%
or more [32,77,78]. However, only when atheroma
results in a 50% diameter reduction of the ICA,
focal flow disturbance is associated with the angle-
corrected PSV of > 125 cm/s (or frequency shift equal
to or greater than 4 kHz) in the residual lumen [47,
77] (Table 6.3). This frequency/velocity threshold is
commonly used in various criteria for grading carotid
stenosis and may be modified if collateralization of
flow is present [79,80].

Further velocity increase compensates for blood
flow volume until it reaches approximately 60-80%
diameter or 84-90% area stenosis (Figure 6.13).
Typical changes in systolic and diastolic velocities as
well as Doppler spectra are shown in Figure 6.14.

Figure 6.11 Color Doppler flow image
of internal carotid artery stenosis. The
velocity scale settings are low, leading
to aliasing at multiple sites. However,
relatively low PRF allows better
delineation of plaque edges and the
color flow appearance can guide the
angle-corrected Doppler velocimetry.
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Figure 6.12 Power-mode image of
carotid stenosis. This image illustrates
the change in vessel diameter and flow
orientation along the stenosis and in the
poststenotic area. The power image
identifies the exit from the stenosis
where the angle-corrected Doppler
velocimetry should yield the highest
velocity values.
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Spencer and Reid showed correlation
between flow velocity, flow volume
and degree of stenosis in an axis-
symmetric flow model.
Initial increase in flow velocity
compensates flow volume. When
flow volume starts to fall between 60
and 80% diameter reduction, stenosis
becomes hemodynamically
significant.
In reality, the length of stenosis,
blood viscosity, blood pressure,
presence of multiple lesions, etc.,
affect this correlation.

Figure 6.13 The relationship between arterial stenosis, flow and velocity.

Besides the diameter reduction, the axis asymmetry
and length of the stenosis will result in flow volume
reduction along the path of the lesion, and will deter-
mine the hemodynamic significance of the stenosis
[77]. Therefore, although uncommon, flow volume
reduction may occur with elongated stenoses of less
than 70% (diameter measurements). Decreasing flow
volume through a long and resistant lesion is respons-
ible for the secondary and indirect flow changes, such

as velocity deceleration, blunting of a poststenotic
waveform and development of collaterals.

The advantages of Doppler velocimetry include:
the direct physiologic measurement of flow accelera-
tion at the stenosis site; its widespread use; and the
availability of validated diagnostic criteria. The dis-
advantages include: operator dependency (angle of
insonation, experience); velocity changes due to car-
diac output, bilateral stenoses, flow volume reduction,
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Normal -< 30% stenosis

PSV - < 125 cm/s; EDV < 40 cm/s

No spectral broadening

30-49% stenosis

PSV - > 125 cm/s; EDV < 40 cm/s

Focal flow disturbance

50-69% stenosis

PSV- > 125 cm/s; EDV > 40 cm/s

Focal flow disturbance

70-90% stenosis

PSV- > 250 cm/s; EDV - > 100 cm/s

Focal acceleration; turbulence

91-99% stenosis

PSY - very high or very low

EDV — very high, very low, or none

100% stenosis (Occluded)

No flow by spectral, color or power

CCA diastolic flow to zero;

CCA pulsatility asymmetric

Figure 6.14 Peak systolic, diastolic and Doppler spectra with varying degrees of carotid stenosis. These criteria were
developed and validated at the Vascular Laboratory, Hershey Medical Center.

Table 6.3 The Society of Radiologists in Ultrasound Consensus Criteria for Carotid Stenosis. Panelists included: Andrei

Alexandrov, J. Dennis Baker, Carol Benson, Edward Bluth, Barbara Caroll, Michael Eliasziw, John Gocke, Edward Grant

(Chairman), Barbara Hertzberg, Gregory Moneta, Laurence Needleman, Sandra Katanick, John Pellerito, Joseph Polak,

Kenneth Roll, Douglas Wooster, Eugene Zeirler.

Stenosis range N method

Normal

<50%

50-69%

70-near occlusion

Near occlusion

Occlusion

ICA PSV

< 125 cm/s

< 125 cm/s

125-230 cm/s

> 230 cm/s

May be low or

undetectable

Undetectable

ICA/CCA PSV ratio

<2.0

<2.0

2.0-4.0

>4.0

Variable

Not applicable

ICA EDV

< 40 cm/s

< 40 cm/s

40-1 00 cm/s

> 1 00 cm/s

Variable

Not applicable

Plaque

None

< 50% diameter reduction

> 50% diameter reduction

> 50% diameter reduction

Significant, detectable lumen

Significant, no detectable lumen

etc.; and equipment dependency (carrier frequency,
beam geometry, etc.).

The peak systolic velocity (PSV) is mainly a func-

tion of the radius of the residual lumen as well as
length of the stenosis and cardiac output. A variety of
circulatory conditions influence the flow volume and
velocity in CCA and ICA. In practice, individual varia-
tions of PSV and their influence on grading carotid
stenosis can be reduced if the highest peak systolic
velocities in the ICA and CCA are used to calculate the
ICA/CCA PSV ratio [81]. The highest PSV, color flow
definition of the residual lumen and ICA/CCA ratio,
followed by the B-mode findings, form the basis for
ultrasound grading of carotid stenosis [47,82-87].

Society of Radiologists in Ultrasound
consensus criteria for carotid stenosis
measurements with duplex
A multidisciplinary panel of experts was invited by the
Society of Radiologists in Ultrasound to attend a 2002
consensus conference on diagnostic criteria to grade

carotid stenosis with duplex ultrasound. The Consensus
Panel determined a set of criteria most suitable for grad-
ing a focal stenosis in the proximal ICA (Table 6.3). It

is recommended to use these criteria if a laboratory is
new and seeking a set of most applicable criteria for
prospective validation. If a laboratory has previously
developed a set of their own criteria, validated them
and continues to successfully use them in clinical prac-
tice, then there is no need to change diagnostic criteria.

Validation of ultrasound
measurements of carotid stenosis
The three validated criteria for greater than 50% N

carotid stenosis include [47]:
1 maximum peak systolic velocity (PSV) or Doppler
frequency shift;
2 ICA/CCA ratio; and
3 B-mode measurements of diameter reduction.
These criteria were validated in several studies with
good and excellent accuracy parameters [47]. This
fact may partly be attributable to a publication bias
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towards carefully evaluated series, and the reported
accuracies may not necessarily reflect the performance
of these criteria in common practice. Nevertheless,
published validity of these criteria and the experience
of many sonographers indicate that an accurate and
consistent grading of the carotid stenosis is possible if
both the operator and technical aspects of vascular
imaging are standardized through a prospectively
established protocol and ongoing quality control.

In order to locally apply any published criteria, the
following information should be available from the
source:
1 type of equipment;
2 carrier frequency for Doppler velocimetry, i.e.
4-7 MHz;
3 scanning parameters such as pulse repetition frequency
set at the highest value; sample volume of 1.5 mm;
high pass filters used to detect slow poststenotic flow
and maximum frequencies in severe stenosis, i.e. 50
and 100 Hz; Doppler angle equal to or less than 60°;
4 angiographic method of imaging as gold standard,
i.e.DSA,MRAorCTA;
5 measurement method employed, i.e. N, E or C
methods; or residual lumen measurements during CEA.
To locally validate any diagnostic criteria, a compar-
ison of the screening test (ultrasound) against the
best available gold standard (i.e. DSA) must be
made (Table 6.4), and the sensitivity, specificity and
positive and negative predictive values should be
calculated using the following formulae:

sensitivity = (A/A + C) x 100%;

specificity = (D/D + B) x 100%;

positive predictive value = (A/A + B) x 100%;

negative predictive value = (D/D + C) x 100%;

accuracy = (A + D)/(A + B + C + D) x 100%;

where A, B, C and D are given in Table 6.4. As a rule,
ultrasound and angiography should be performed
closely in time to avoid the influence of intraplaque
hemorrhage, thrombosis or stenosis regression. The
interpreters should be 'blinded' to the results of
another test and ideally a prospective data collection
needs to be employed.

A more precise validation may require an ROC
analysis [83] which examines the trade-off between
sensitivity and specificity for certain diagnostic
thresholds. For example, a low PSV threshold of 4 kHz

Table 6.4 A 2 x 2 table for the calculation of accuracy

parameters.

Diagnostic test

Screening test

Disease +

Disease -

Disease +

A

C

Disease -

B

D

The validity and predictive value of the screening test

against the best available gold standard are calculated

from true-postitive (A), false-positive (B), false-negative (C)

and true-negative (D) values (see the text for formulas).

will have the best sensitivity of > 95% but a poor
specificity of < 70% to predict > 50% N stenosis. A
high PSV threshold of > 8 kHz for the same degree of
stenosis will have moderate sensitivity of approxim-
ately 80% but the highest specificity exceeding 95%.
Similar correlations are applicable to PSV thresholds
expressed in cm/s [82]. Usually at least 100 observa-
tions (two measurements of the left and right carotids
per patient) are required for this analysis and, to fur-
ther avoid biases, measurements that represent mild,
moderate and severe carotid stenoses are necessary. In
the landmark studies [82,83], the PSV and ICA/CCA
ratio thresholds were determined for > 70% N stenosis
and, to translate the final results from the NASCET
trial, additional ultrasound criteria for stenoses greater
than 50% diameter reduction compared to the distal
ICA should also be employed [47,86]. Note that the
50% N stenosis corresponds to 70-75% E or C stenosis.

Validation of ultrasound criteria
for different scanners
This kind of validation study is particularly difficult
since different scanners used in the same laboratory
have different Doppler carrying frequencies and
transducer configurations [88]. The steps to validate
criteria for different scanners should include:
1 identifying the reference scanner (usually the most
used or previously validated machine);
2 establishing velocity difference between the scanners
(use the same patient and normal controls);
3 establishing consistent scanning protocol between
users and scanners;
4 prospectively comparing several studies obtained
on each scanner to angiography;
5 making adjustments to local diagnostic criteria, if
necessary.
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These validation steps are particularly important in
the laboratories with multiple sonographers and scan-
ners. Technical supervision by a senior sonographer
should provide ongoing quality control of scanning

protocols and improvement of scanning techniques of
new sonographers.

Since ultrasound results change with different
equipment and variable circulatory conditions, diag-
nostic criteria should encompass prediction of the
stenosis range, i.e. 50-69% as opposed to a '62.5%
stenosis' measurement at ultrasound.

Additional difficulties in grading severity of carotid
stenosis arise when a discrepancy is found between
standard velocity criteria and B-mode and color flow

findings. Note that velocities are a complex function
of the entire residual lumen, whereas B-mode and
color images are at best two-dimensional estimates
of the same structure. New imaging techniques allow
a three-dimensional reconstruction of structural and
flow images and the value of this technology is being
tested [70,71]. The diagnostic criteria should also
include definitions for hemodynamically significant
lesions as well as for grading bilateral and tandem

lesions. These additional criteria are discussed below.
Hemodynamically significant ICA lesions can be pre-

sent with or without significant PSV increase. They
are termed 'significant' since they cause a poststenotic
drop in flow volume equivalent to or greater than 80%
diameter stenosis on the Spencer curve (developed for
axis-symmetric and focal stenoses). The development
of such a significant blood pressure gradient requires
compensation via distal vasodilatation and develop-

ment of collaterals. In human carotid arteries, hemo-
dynamically significant ICA lesions are usually in the
70-99% diameter reduction range by the NASCET
method or appear as elongated stenoses of variable
diameter reduction, tandem lesions, near-occlusions
or occlusions. Often, these lesions can only be dis-
covered using indirect criteria for grading carotid
stenosis. The indirect criteria for hemodynamically

significant carotid stenosis include [89-97]:
1 decreased end-diastolic flow velocity in the CCA

and/or ICA in the presence of a distal lesion;
2 color flow findings such as narrow and elongated
residual lumen;
3 reversed flow direction in the ophthalmic artery;
4 anterior cross-filling via anterior communicating
artery;

5 posterior communicating artery flow;

6 increased flow pulsatility in the unilateral CCA;
7 decreased flow pulsatility in the unilateral MCA;
8 abnormal flow acceleration and pulsatility trans-
mission index (unilateral MCA).

Although infrequently present with less than 70% N
stenosis, the indirect criteria may help to detect severe
or hemodynamically significant carotid stenosis when
the velocity and gray-scale findings are insufficient for
diagnosis.

Postcarotid endarterectomy
assessment and carotid stents
B-mode imaging of carotid arteries reconstructed
after successful carotid endarterectomy [98] or stent-

ing [99] show changes in the vessel wall consistent
with suture placement or stent material. Particular
attention should be paid to inspection of the wall
changes at the edges of carotid reconstruction where
incomplete plaque removal and residual stenosis can
be found. Color flow images demonstrate flow that
fills the entire lumen. Angle-corrected velocity meas-
urement may show values above normal through
the reconstructed part of the vessel likely due to flow

remodeling [98,99].
Our criteria for patent stents include:

1 stented area shows no deformities and the vessel has
parallel walls;
2 no plaque protrusion into the vessel lumen is seen
at the proximal and distal ends of the stent;
3 color flow fills the entire stent lumen;
4 peak systolic velocity throughout the stent area is
less than or equal to 150 cm/s.

Our criteria for stent deformity or restenosis include:
1 B-mode evidence for equal to or greater than
30% narrowing of the stent/vessel lumen (note that
if a calcified plaque is present outside the stent with
parallel walls, it may produce shadowing and false
impression of vessel narrowing);
2 focal velocity increase at the point of maximal
narrowing greater than 150 cm/s and prestenotic (or
prestent) to stenotic segment PSV ratio of l/> 2;
3 additional evidence of plaque or thrombus forma-
tion at the site of stent deformity or at the proximal or
distal ends of the stent (note that low velocities and
high-resistance waveforms can be found with a sub-
total obstruction of the stent).
Our criteria for stent or postsurgical occlusion include:
1 B-mode evidence of hypo- or hyperechoic filling of
the reconstructed vessel lumen;
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2 no flow signals can be obtained at the longitudinal
and transverse views of the reconstructed vessel;
3 high resistance prereconstructed vessel or CCA
signals.

Grading bilateral carotid stenosis
The severity of bilateral disease is difficult to grade due
to compensatory flow increase in one of the carotid
arteries or flow volume diversion into posterior circu-
lation. The range of stenosis and relative contribution
of compensatory flow should be mentioned for each
artery. If both carotids have abnormally high peak sys-
tolic velocities, this may lead to overestimation of the
stenosis if the velocity criterion is not adjusted to
higher values [100] or it is used alone [87]. The follow-
ing parameters may help to identify the more severely
stenosed side:
1 high ICA/CCA ratio on the side of maximum stenosis;
2 low ICA/CCA ratio on the side of compensatory
velocity increase;
3 collateralization of flow on TCD from the side with
compensatory velocity increase toward the side with
maximum narrowing;
4 reversed ophthalmic artery flow on the side of
maximum stenosis;
5 abnormal poststenotic waveforms (blunted wave-
form, extremely turbulent flow, dampening of flow);
6 ultrasound estimates of flow volume reduction on
the side of maximum stenosis.

Tandem carotid lesions
Tandem lesions in the carotid artery can lead to
increased risk of perioperative stroke [101], and distal
lesions may change after flow is reconstituted in the
proximal ICA [102]. Recent analysis of published
series suggested that tandem lesions do not affect
hemodynamics as a simple summation of separate
degrees of stenosis [ 103]. Ultrasound diagnosis of tan-
dem lesions should therefore include careful evalua-
tion of carotid duplex results for subtle signs of distal
obstruction to flow. This may occur in the CCA if the
first or second lesion, or a combination of the two,
are hemodynamically significant. Often, evaluation
of periorbital flows and intracranial vasculature us-
ing transcranial Doppler is required to demonstrate
hemodynamic significance of lesions distal to the field
of extracranial duplex [90,94,96]. These tests are of
particular value when only moderate ICA stenosis is
found proximally and more severe distal lesion cannot

be studied directly. The report should specify all
arterial segments affected, with the range of stenosis
estimated for each lesion.

Our criteria for tandem carotid lesions in an adult
patient include:
1 decreased or absent ICA end-diastolic velocity
despite relatively low proximal ICA lesion severity;
2 pulsatile poststenotic ICA waveform on one side;
3 relatively low ICA PSV despite the high grade of
lesion severity estimated from color and B-mode
findings;
4 contralateral or posterior compensatory velocity
increase discordant with the severity of a proximal
ICA stenosis;
5 stenotic flow signatures and MFV > 80 cm/s, or
absent ICA siphon signal through the orbit unilateral
to a proximal ICA lesion;
6 anterior cross-filling or posterior communicating
artery flow discordant with stenosis severity in the
proximal ICA; and
7 stenotic flow signatures and MFV > 80 cm/s in the
terminal ICA through the transtemporal window.
The diagnosis of a hemodynamically significant, bilat-
eral or tandem carotid lesion becomes more certain if
more than one of the above-mentioned criteria are
found. Sometimes, particularly in younger patients,
these flow abnormalities can be very subtle, and often
the presence of just one abnormal finding raises sus-
picion. Since ultrasound is a screening test, different
levels of certainty should be reflected in the report, i.e.
possible, probable or definite presence of an ICA
lesion and its severity.

The most confusing situation, i.e. a discrepancy
between ultrasound and angiographic results, often
occurs due to time delays between ultrasound and
angiography. In our experience in stroke patients,
the closer both tests are performed to the onset of
symptoms the greater the agreement can be expected
between them. We repeat ultrasound on admission to
scheduled surgery, if more than 3 days have elapsed
since angiography.

Factors that can lead to discrepant duplex/
angiography results include:
A Patient
1 Arterial occlusion, clot propagation and recanal-
ization.
2 Intraplaque hemorrhage.
3 Growth of collaterals.
B Technique
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1 Use of different scanners.
2 Single-projection measurements.
3 Time delays between tests.
C Operator

1 Inconsistent scanning protocol.

2 Application of uniform criteria for different scanners
without local validation.
3 Limited angiographic views and insufficient selective
vessel studies.

Carotid artery occlusion
and dissection

With current technologies, it is difficult to be certain
of the diagnosis of a complete carotid artery occlusion
based on ultrasound findings without invasive angio-
graphic confirmation. In fact, when a patient appears
to have complete occlusion at first-ever carotid ultra-
sound examination, a 'benefit of the doubt' should be

given by reporting occlusion or 99% stenosis. If there
is a minimal residual lumen and flow in the distal ICA,
this can change patient management, i.e. surgery or
stenting may be possible. It is preferable to obtain
angiographic confirmation for complete ICA occlu-

sion. The diagnostic accuracy of ultrasound in differ-
entiation of complete occlusion from subtotal stenosis
may be improved with contrast agents and sensitive
flow imaging techniques [ 104-107].

The following criteria for carotid artery occlusion
were derived from multiple studies [79,108-121] and
our own observations:
1 absent flow signal in the distal ICA on flow imaging
and spectral analysis;

2 high resistance 'stump' waveform with absent
or reversed end-diastolic flow just proximal to the
flow void area or structural lesion in the ICA
(Figure 6.15);
3 drumbeat sounds of lesion motion and vessel wall
covibration (usually systolic spikes of low frequency)
(Figure 6.15);
4 decreased arterial wall pulsations on B-mode
compared to contralateral side; and
5 delayed systolic flow acceleration, blunting of the

MCA waveform, or evidence of flow diversion to a
branching vessel (i.e. EGA) and/or collateralization of
flow via OA, anterior communicating artery (AComA)
or posterior communicating artery (PComA).
In the absence of a structural lesion in the proximal
ICA and bifurcation, the absence or reversal of the

Figure 6.15 Drum-like waveforms with internal carotid
artery occlusion, (a) Minimal early systolic spike; (b) systolic
spike followed by vessel motion during closure of the aortic
valve; (c) sharp systolic spike with no diastolic flow.

diastolic flow in these segments should raise high
suspicion of a distal ICA occlusion [ 122].

In a patient with new-onset stroke symptoms or a
recent TIA, ultrasound can detect an acute thrombosis
or an embolus in the ICA [123-126]. This can be
suspected:
1 when flow signal void is found over a lesion with
hypo- or anechoic intraluminal appearance (possible
fresh clot on B-mode);
2 when there is high velocity in the EGA indicating
flow diversion;
3 in the presence of intracranial collaterals; and
4 when microemboli are found in the MCA unilateral
to ICA lesion and symptomatic brain side.
An acute thrombosis associated with carotid plaque
usually shows an underlying atheroma that may be
hyperechoic and have shadowing, whereas an acute
embolus from the cardiac source may appear mostly

hypoechoic and mobile [123,125,126].
Dissection of the ICA can be detected sonographic-

ally despite its common location at the entrance to
the skull since a descending intimal flap and hemody-

namic effects of an upstream lesion can be demon-
strated [127-142]. ICA dissection can be suspected
when:
1 an intimal flap is visualized in the ICA with abnor-
mal flow waveforms (differentiate B-mode artifacts
caused by jugular vein or other bright reflectors);
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2 high resistance pulsatile flow signals are found in
the ICA bulb without evidence for an atheromatous
lesion;
3 two waveforms are identified in the ICA: normal
(flow directed towards true lumen) and high-
resistance signal with reduced velocity (false lumen);
4 reversed OA and other intracranial collaterals are
found in the presence of a normal extracranial exam-
ination; and
5 microemboli are found in the MCA unilateral to a
suspected carotid lesion.
Non-invasive diagnosis of ICA dissection is difficult
since most of these lesions have variable locations
often involving distal ICA at the entrance to the skull
[143,144]. The diagnosis is often based on indirect
evidence of the distal ICA lesion and may be imposs-
ible until the dissection becomes hemodynamically
significant or descends to the field of insonation.
Patient history often points to trauma, neck mani-
pulation, neck pain or episodes of excessive coughing
or sneezing with respiratory infection, etc. [ 145-147].

ICA dissections can recanalize, and this process can
be documented angiographically and monitored with
ultrasound [129,133,148-151]. Ultrasound criteria
for recanalization of previously dissected carotid artery
include:
1 recovery of end-diastolic flow in the distal ICA (low
resistance flow);
2 return of normal systolic flow acceleration in the
MCA without collateralization of flow; and
3 return of normal siphon and OA signals.

Vertebral artery
stenosis or occlusion

Most vascular laboratories simply determine the pres-
ence and direction of blood flow in the midcervical
vertebral artery (VA) without an extensive exploration
of the VA origin and its terminal portion. Compared
to carotid imaging, fewer validation studies are avail-
able for detection and quantification of the VA lesions
[152-168]. However, VA stenoses, occlusions and
dissections are increasingly being recognized as poten-
tial causes or risk factors for posterior circulation
ischemia [152,162,169]. VA stenosis occurs more
often in V3-V4 segments, followed by the origin of
the vertebral artery (VO), and midcervical section
(V1-V2) [170]. Direct assessment of the V3 segment
with ultrasound is not possible [170]. Therefore, the

diagnosis of vertebral obstruction at this level is based
on finding indirect proximal signs (i.e. increased
flow pulsatility and different waveforms between two
sides) or distal signs (poststenotic turbulence, blunted
waveform). Diagnostic criteria for direct assessment
of the V4 segment will be presented below in the
section on the criteria for 'Intracranial stenosis'.

During extracranial duplex examination, the
assessment of the vertebral artery should include scan-
ning the midcervical portion and attempts to visualize
the proximal VA and its origin whenever possible.
Diagnostic criteria for VA stenosis derived from
previous studies [152-168] and our own experience
include:
1 focal significant PSV velocity increase with a ratio
between prestenotic and stenotic segments of l/> 2;
2 presence of a structural lesion, turbulence or
spectral narrowing; and
3 indirect pre- or poststenotic signs (abnormal
pulsatility and waveforms).
Our criteria for VA stenoses do not include a PSV
cut-off since tortuosity of the proximal VA segment,
compensatory velocity increase with ICA lesions [171]
and VA dominance may produce relatively high veloc-
ities. The keys to diagnosis of the VA stenosis with
> 50% diameter reduction are the terms 'focal' and
'significant'. The velocity increase should be found
over a relatively short (usually 1-2 cm) segment of the
VA with normal or decreased pre- and poststenotic
velocities. This increased velocity should at least
double the velocities found in other segments of the
same VA. A hypoplastic VA is more likely to have low
velocity and greater pulsatility over longer arterial
segments particularly with changes in hemorheology
[172].

Derived from previous studies [152-168], diagnostic
criteria for VA occlusion include:
1 flow void area and absent pulsed Doppler signals in
a segment or entire VA stem;
2 hypoechoic vessel lumen (acute and subacute
occlusion); and
3 hyperechoic vessel lumen (chronic occlusion).
Occasionally, a segmental VA occlusion can be found
[173] due to tremendous capacity of the vertebral
artery to compensate via muscular collaterals. In
these cases, patent distal and particularly terminal VA
segments are found carrying antegrade low-resistance
flow, often with delayed systolic upstroke. The latter
should be differentiated from a proximal lesion of
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the subclavian artery. Therefore, incomplete assess-
ment of the VA stem can miss a short segmental
occlusion.

Intracranial stenosis

Middle cerebral artery (MCA) stenosis
Primary findings include a focal significant mean flow
velocity increase (MFV > 80 cm/s), and/or peak sys-
tolic velocity increase (PSV > 140 cm/s), and/or inter-
hemispheric MFV difference of > 30 cm/s in adults
free of abnormal circulatory conditions [14,174-185].
A proximal M2-distal Ml MCA stenosis is present
if the velocity increase is found at 40-50 mm [186].
A proximal Ml MCA stenosis is usually found at
55-65-mm depths in adults [187]. Chimowitz et al.
in the prospective part of the Warfarin Aspirin
Stroke and Intracranial Disease (WASID) Study [188],
adopted criteria that an MCA MFV > 100 cm/s
indicates > 50% Ml MCA diameter reduction. To
improve the predictive value of 100 cm/s threshold,
use the ratio with a homologous or a proximal MCA
segment of > 2 [183]. A > 70% MCA stenosis will
produce a stenotic/prestenotic ratio of 3/1 or greater
(Figure 6.16).

If anemia, congestive heart failure and other
circulatory conditions associated with elevated or
decreased velocities are present, then a focal MFV dif-
ference of > 30% between neighboring or homo-
logous arterial segments should be applied. Adult
patients with anemia or hyperthyroidism often have
MCA mean flow velocities in the range of 60-110 cm/s.
In children with sickle cell disease an MCA MFV of

up to 170 cm/s is considered normal [12,189] (see
Chapter 7).

A stenosis in the middle cerebral artery may be also
suspected if indirect flow disturbances are detected
by TCD. These important additional findings may
include:
1 turbulence, or disturbed flow distal to the stenosis;
2 increased unilateral anterior cerebral artery (ACA)
MFV indicating compensatory flow diversion [184,
185]. This finding may also indicate Al ACA or an
ICA bifurcation stenosis with a side-to-side ACA MFV
ratio > 1.2;
3 a low-frequency noise produced by non-harmonic
covibrations of the vessel wall and musical murmurs
due to harmonic covibrations producing pure tones;
and
4 microembolic signals found in the distal MCA.
If FVs are increased throughout the Ml MCA stem,
the differential diagnosis includes MCA stenosis, ter-
minal ICA or siphon stenosis, hyperemia or compen-
satory flow increase in the presence of contralateral
ICA stenosis, ACA occlusion or incorrect vessel
identification.

MCA subtotal stenosis or near-occlusion
A critical stenosis produces a focal FV decrease or
a 'blunted' MCA waveform with slow or delayed
systolic acceleration, slow systolic flow deceleration,
low velocities and MFV MCA < ACA or any other
intracranial artery [ 190,191 ].

Decreased or minimal flow velocities with slow sys-
tolic acceleration can be found due to a tight elongated
MCA stenosis or thrombus causing near-occlusion, or

Velocity measurements indicate a > 50% Ml MCA stenosis
(MFV 184 cm/sec, mid Ml MVF / prox Ml MVF ratio is 4).

Angiogram shows a high grade mid Ml MCA stenosis.
Figure 6.16 A severe M1 middle cerebral artery stenosis. Although validated velocity criteria indicate > 50% MCA stenosis,
other signs suggest in fact > 80% lesion: increased end diastolic velocity and flow diversion to ACA.



100 PART III Criteria for interpretation

A MCA thrombus

Figure 6.17 Acute M1 MCA near-occlusion, (a) digital
subtraction image of residual flow around 'sausage'-like
thrombus in the MCA. (b) Spectral analysis shows a
dampened residual flow signal in the proximal M1 MCA at
the depth of 60 mm. M-mode displays this signal as a high
resistance antegrade flow signature at 60 mm. M-mode
displays other vessels including low resistance flows in both
ACAs at the depths of 62-85 mm, low resistance flow to a
branch of the M1 segment at the depths of 50-60 mm

a proximal ICA obstruction [90,91,93]. The 'blunted'
waveform is common in patients with acute ischemic
stroke, particularly in those presenting with a hyper-
dense MCA sign on non-contrast CT scan or a flow
gap on MRA (Figure 6.17; also see the criteria for
'Arterial occlusion').

A false-positive diagnosis of MCA subtotal
stenosis can occur because of problems with vessel
identification and a suboptimal angle of insonation.
Incorrect probe angulation and shallow insonation
usually lead to these errors. To confirm the presence of
a flow-limiting lesion, branching vessels need to
be evaluated. Note that an M1-M2 MCA subtotal
stenosis is usually accompanied by flow diversion to
the ACA and/or compensatory flow increase in the
PCA indicating transcortical collateralization of flow
[190,191].

Anterior cerebral artery (ACA)
Primary findings in an ACA stenosis include a focal
significant ACA FV increase (ACA > MCA) and/or

(either early anterior temporal branch or perforators), and
antegrade residual flow signal in one of the M2 branches at
the depths of 30-40 mm. (c) Spectral TCD findings include
a blunted right M1 MCA signal, a 2:1 left to right MCA MFV
ratio, compensatory velocity increase in the right ACA
(R ACA MFV > L MCA MFV), and a normal left MCA systolic
flow acceleration. MRA shows a flow signal void due to
slow and diminished flow in the mid-M1 segment with
some flow reconstitution in the distal branches.

ACA MFV>80cm/s, and/or a > 30% difference
between the proximal and distal ACA segments,
and/or a > 30% difference compared to the contralat-
eral ACA [14,190]. Collateralization via the AComA
can be excluded by a normal contralateral ACA
flow direction and the absence of stenotic signals at
75 mm. Usually, an Al ACA stenosis can be detected
at 62—75 mm.

The differential diagnosis includes anterior
cross-filling due to proximal carotid artery disease
[114,116,120]. Additional findings may include tur-
bulence and a flow diversion into the MCA and/or
compensatory flow increase in the contralateral ACA.

Decreased or minimal flow velocities at the Al ACA
origin may indicate a suboptimal angle of insona-
tion from the unilateral temporal window, an atretic
or tortuous Al ACA segment and Al ACA near-
occlusion. Since the A2 ACA segment cannot be
assessed directly by TCD, its obstruction can be sus-
pected only if a high-resistance flow is found in the
distal dominant Al ACA segment (70-75 mm).



CHAPTER 6 Diagnostic criteria for cerebrovascular ultrasound 101

Common errors include incorrect vessel identi-
fication (terminal ICA vs. ACA) and velocity under-
estimation (suboptimal angle of insonation, poor
window, weak signals).

Terminal ICA and ICA siphon
The paracellar and supraclinoid ICA segments are
difficult to examine in their entirety. An orbital
examination may reveal stenotic flow directed to-
wards or away from the probe at 58-64 mm in adults.
The terminal ICA bifurcation is located at 60-75 mm
from the transtemporal window. A terminal ICA/
siphon stenosis produces a focal significant MFV
increase ICA MFV > 70 cm/s, and/or an ICA > MCA,
and/or a > 30% difference between arterial segments
[14,192].

The differential diagnosis includes moderate proxi-
mal ICA stenosis and/or compensatory flow increase
with contralateral ICA stenosis. Additional findings in
the presence of an ICA stenosis may include turbu-
lence, blunted unilateral MCA, OA MFV increase
and/or flow reversal with low pulsatility. The ICA
siphon MFVs may decrease due to siphon near-
occlusion (a blunted siphon signal), or distal
obstruction (i.e. MCA occlusion or increased ICP).

Common errors include vessel identification (MCA
vs. ICA), deep (> 65 mm) transorbital insonation and
collateralization of flow misinterpreted as an arterial
stenosis.

Posterior cerebral artery (PCA)
A PCA stenosis produces a focal significant FV
increase resulting in a PCA MFV > ACA or ICA;
and/or a PCA MFV > 50 cm/s in adults [14,193].
The PCA is located at 58-65 mm; the PI segment
is directed towards the probe, the P2 segment is
directed away from the probe. The differential diagno-
sis includes collateral flow via the PComA and siphon
stenosis. Using transcranial duplex imaging, it may be
possible to differentiate PCA stenosis from collateral-
ization of flow using the peak systolic velocity [194].
Additional findings may include turbulence and a
compensatory flow increase in the MCA.

Common sources of error include unreliable vessel
identification, the presence of an arterial occlusion
and a top-of-the-basilar stenosis.

include a focal significant velocity increase where a
MFV BA > MCA or ACA or ICA, and/or MFV BA
> 60 cm/s in adults, and/or there is > 30% difference
between arterial segments [14,165,195-197]. Although
the depth range for basilar segments varied between
previous studies [195,196], it is also dependent on the
size of the neck and skull, and the technician's ability
to insonate the distal basilar artery with failure rates
far less than 30% [196]. Our depth criteria are the
following: the proximal basilar artery is located at
> 75 mm, the mid-BA segment is located at 90 mm,
and the distal BA is found at 100 mm in most adults
[ 187,198]. The differential diagnosis includes terminal
VA stenosis if elevated velocities are found proxim-
ally. If elevated velocities are found throughout the
BA stem, the differential diagnosis includes compen-
satory flow increase. With the latter, VA FVs are also
elevated.

Basilar artery subtotal stenosis or near-occlusion pro-
duces a focal FV decrease (< 30% difference between
arterial segments and/or BA < VA) resulting in a
blunted waveform [190,193,199]. The differential
diagnosis includes fusiform basilar artery with or
without thrombus since enlarged vessel diameter may
reduce flow velocities. If end-diastolic flow is absent,
the differential diagnosis includes BA occlusion.

Additional findings may include:
1 turbulence and disturbed signals distal to the
stenosis;
2 compensatory flow increase in VAs and posterior
inferior cerebellar arteries (PICAs) indicating cerebellar
collateralization; and
3 collateral supply via PComA(s) to PCA(s) and
reversed distal basilar artery.
Common sources of error include tortuous basilar
('not found' does not always mean obstructed), elon-
gated BA obstruction and distal BA lesions that were
not reached by TCD insonation. Application of power
Doppler, ultrasound contrast and duplex imaging
may help detection of the distal basilar segment, tortu-
osity and distal branches [200,201]. Also, a collateral
flow from the posterior to anterior circulation in the
presence of carotid lesions may increase flow velocity
changes associated with mild stenosis and/or tortu-
osity. In the case of flow collateralization, the domin-
ant vertebral artery velocities are also increased [171].

Basilar artery (BA)
Primary findings in the presence of a BA stenosis

Terminal vertebral artery (VA)
Primary findings with intracranial VA stenosis include
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a focal significant velocity increase [165] where MFV
VA > BA, and/or MFV VA > 50 cm/s (adults), and/or
there is > 30% difference between VAs or its segments
[2,14]. A terminal VA stenosis may also present as a
high-resistance (PI > 1.2) flow in one of the vertebral
arteries, and/or a blunted or minimal flow signal
[ 199 ]. The terminal VA is found at 40 -75 mm, depend-
ent on the size of the neck and skull. To detect > 50%
intracranial stenoses, the peak systolic velocity criteria
were also developed for angle-corrected duplex ultra-
sound of the vertebral and other intracranial arteries
[202].

The differential diagnosis includes proximal BA
or contralateral terminal VA stenoses and a compen-
satory flow increase in the presence of a contralateral
VA occlusion or carotid stenosis [ 171 ].

Additional findings may include:
1 turbulence or disturbed flow signal distal to the
stenosis;
2 a compensatory flow increase in the contralateral
vertebral artery or its branches (cerebellar collaterals);
and
3 low BA flow velocities (hemodynamically signi-
ficant lesion, hypoplastic contralateral VA) and low-
resistance flow distal to stenoses (compensatory
vasodilatation).
Common sources of error include a compensatory
flow increase due to hypoplastic contralateral VA,
low velocities in both VAs due to suboptimal angle
of insonation, extracranial VA stenosis or occlusion
with well-developed muscular collaterals, elongated
VA stenosis/hypoplasia and incorrect vessel identific-
ation, e.g. posterior inferior cerebellar artery.

Arterial stenosis: summary
An intracranial stenosis should be suspected when the
normal hierarchy of flow velocities is disrupted, i.e.
MCA > ACA > ICA > PCA > BA > VA by the mean

flow velocity difference greater than 20% between
these arteries, i.e. BA > MCA and focal velocity eleva-
tion (Table 6.5). TCD can reliably detect stenoses
located in the Ml MCA, ICA siphon, terminal vertebral
arteries, proximal basilar arteries and PI PCA. The
reported sensitivity ranges are 85-90%, specificity
90-95%, positive predictive values (PPV) 85%, negat-
ive predictive values (NPV) 98%, with lower accuracy
parameters for the posterior circulation. TCD sensit-
ivity for measuring velocity without aliasing is limited
in patients with deep (> 65 mm) stenoses due to
low pulse repetition frequency of TCD instruments
[13,14,203]. Stenoses of M2, A2 and P2 segments are
difficult to find due to suboptimal angle of insonation
or unknown location. Intracranial collaterals and
hyperemia may mimic stenotic flow.

Arterial vasospasm and hyperemia

Arterial vasospasm is a complication of subarachnoid
hemorrhage (SAH), which becomes symptomatic in
more than 25% of patients leading to a delayed ischemic
deficit (DID) [204]. DID usually occurs when vasospasm
results in a severe (< 1 mm) intracranial arterial
narrowing, producing flow depletion with extremely
high velocities [205]. Vasospasm may affect proximal
stems and distal branches of intracranial arteries,
with the most common locations being the MCA/
terminal ICA, bilateral ACA and basilar artery [206].
Vasospasm may coexist with hydrocephalus, edema
and cerebral infarction. The differential diagnosis
with TCD should always consider the hyperdynamic
state that we will refer to as hyperemia. Hyperemia
may be induced by spontaneous cardiovascular
responses to SAH or induced by hypertension-
hemodilution-hypervolemia (HHH) therapy [207].
Although inadequate, the term 'hyperemia' is used to
describe velocity changes on TCD. The flow velocity

Table 6.5 Maximum mean flow velocity thresholds (assumed zero angle of insonation) for a focal intracranial arterial
stenosis on transcranial Doppler.

Artery

M1-M2 middle cerebral artery
A1 anterior cerebral artery

Internal carotid artery siphon
Posterior cerebral artery
Basilar artery

Vertebral artery

Depth (mm)

30-65

60-75
60-65
60-72
80-100+

40-80

Velocity (cm/s) Velocities for WASID > 50% stenosis

>80

>80

>70

>50

>60

>50

> 100 cm/s (in addition, use 1/2 ratio)
N/A

> 90 cm/s (in addition, use 1/2 ratio)
N/A

> 70 cm/s (in addition, use 1/2 ratio)
> 70 cm/s (in addition, use 1/2 ratio)
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Table 6.6 Transcranial Doppler criteria for grading proximal middle cerebral artery (MCA) vasospasm.

Mean flow velocity (MFV) (cm/s)

<120
>80

>120
>120
>120
>180
>200
>200
>200
>200

MCA/ICA MFV ratio

<3

3-4

3-4

4-5

5-6

6

>6

4-6

3-4

<3

Interpretation

Hyperemia

Hyperemia + possible mild spasm

Mild spasm + hyperemia

Moderate spasm + hyperemia

Moderate spasm

Moderate-to-severe spasm

Severe spasm

Moderate spasm + hyperemia

Hyperemia + mild (often residual) spasm

Hyperemia

measured by TCD is not a direct measurement of
cerebral blood flow volume [208]. However, focal or
global velocity changes can help differentiate between
spasm and hyperemia. Both conditions may coexist,
since most SAH patients with spasm routinely receive
HHH therapy.

Although quantitative criteria have been studied
extensively, grading vasospasm severity is difficult,
and the interpretation of TCD findings should be
individualized. Daily TCDs may detect considerable
flow velocity and pulsatility changes that should be
related to the patient's clinical condition, medications,
blood pressure, time after Day 0 and intracranial pres-
sure (ICP) findings.

Proximal vasospasm in any intracranial artery
results in a focal (or diffuse along one or two branch-
ing segments) elevation of MFVs without parallel FV
increase in the feeding extracranial arteries (intracra-
nial/extracranial vessel ratio > 3). Distal vasospasm in
any intracranial artery may produce a focal pulsatile
flow (PI > 1.2) indicating increased resistance distal
to the site of insonation. No MFV increase may be
found since vasospasm is located distal to the site of
insonation [209]. Additional findings may include
daily changes in velocities, ratios and Pis during the
first 2 weeks but particularly pronounced during the
critical Days 3-7 after the onset of SAH.

MCA-specif ic criteria (see Table 6.6)
The MCA findings on TCD have been most rigorously
validated and correlated with the diameter of the
residual lumen on DSA [205,210-213]. According to
Lindegaard, MCA MFV > 200 cm/s predicts a residual
lumen of 1 mm or less [205]. The differential diagno-
sis includes hyperemia, combination of vasospasm

Table 6.7 Predictors of adverse outcomes in patients with

subarachnoid hemorrhage: transcranial Doppler findings

indicating vasospasm progression and intracranial pressure

(ICP) changes.

Parameter Values

Velocity Early appearance of MCA MFV> 180 cm/s

Rapid (> 20% or + > 65 cm/s) daily MFV

rise during critical Days 3-7

Ratio MCA/ICA ratio > 6

Pulsatility Abrupt appearance of high-resistance

PI > 1.2 due to increased ICP (hydrocephalus)

Appearance of PI > 1.2 due to distal spasm

MCA, middle cerebral artery; MFV, mean flow velocity;

ICA, internal carotid artery; PI, pulsatility index.

and hyperemia in the same vessel, residual vasospasm
and hyperemia. Unlike focal atherosclerotic lesions,
vasospasm may affect longer segments of the terminal
ICA and MCA. Vasospasm may be unequally dis-
tributed along the MCA stem and branches. However,
the presence of hyperdynamic cardiovascular state
and HHH therapy may promote high velocities even
in the presence of severe spasm affecting multiple
segments.

Prognostically unfavourable findings on TCD are
summarized in Table 6.7. These criteria were modified
from a review by Sloan [204].

Criteria for vasospasm in other
intracranial arteries
Grading vasospasm severity in arteries other than the
MCA is difficult [204,214]. Sloan suggested reporting
vasospasm in these arteries as possible, probable
and definite [204] (Table 6.8). The key indicator of
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Table 6.8 Sloan's optimized criteria for grading vasospasm (VSP) in intracranial arteries.

Artery/mean flow velocity Possible VSP* Probable VSP* Definite VSP*

Internal carotid artery

Anterior cerebral artery

Posterior cerebral artery

Basilar artery

Vertebral artery

>80
>90
>60
>70
>60

>80
>90
>80

>130
>120
>90
>100
>90

* After hyperemia has been mostly ruled out by the focal velocity increase and by the intracranial artery/extracranial ICA

ratio > 3 except for posterior circulation vessels.

Optimized criteria were modified from the review by Sloan [204].

a significant vasospasm is a focal, asymmetric and
disproportionate velocity increase that may occur in
an artery distant from the aneurysm site or blood clot
collection on CT. The differential diagnosis includes
hyperemia and its combination with vasospasm in
these arteries.

An ongoing individual correlation of DSA with
same-day TCD findings may improve the accuracy of
TCD in detecting vasospasm onset. A focal and dis-
proportionate to therapy increase in flow velocities
indicates the development of vasospasm. For example,
an MCA MFV increase by +50 cm/s may indicate
20% diameter reduction of the vessel, and since FV is
inversely proportionate to the vessel radius, a 30%
diameter reduction usually doubles the velocity on
TCD [215]. Therefore, TCD may be more sensitive
to intracranial artery diameter changes than angio-
graphy, particularly in the early phases of spasm devel-
opment. Since TCD is a screening tool, the criteria
should be adjusted to a higher sensitivity to detect
any degree of vasospasm in order to institute HHH
therapy. At the same time, higher specificity threshold
should be used for severe vasospasm to minimize the
number of false-negative angiograms, particularly if
TCD is used to select patients for angioplasty.

In our experience, vasospasm that affects the basilar
artery stem, PCAs or ACAs may cause compensatory
velocity increase in the MCAs with low Lindegaard
ratios. Therefore, a complete daily TCD examination
may reveal more significant hemodynamic changes
that can be used to identify patients with spasm in
arteries other than the MCA.

Hyperemia
Hyperemia is suspected with elevated velocities in
the intracranial and feeding extracranial vessels
(Table 6.6). Hyperemic changes on TCD are common

in patients with SAH receiving HHH therapy. The use
of the Lindegaard ratio [212] and new flow and area
indices [216] may help to minimize false-positive
TCD results and better predict the diameter of the
residual lumen on angiography.

Otherwise, hyperperfusion syndrome may develop
after carotid endarterectomy or angioplasty due to
limited or impaired capacity of the brain to regulate
restored blood flow volume [217-220]. Patients
frequently experience headache and seizures. TCD
often shows > 30% increase in MCA MFV unilateral
to the reconstructed carotid artery and low-pulsatility
waveforms compared to the contralateral side, indicat-
ing decreased capacity of distal vasculature to regulate
the re-established flow volume. Pulsatility index may
decrease > 20% compared to the contralateral side.
These changes can often be found during surgery
immediately after cross-clamp release. Spencer
diagnosed hyperperfusion when the MCA MFV is 1.5
times the precross-clamp values and persists at that
level without corrective measures [221 ].

Collateral patterns
and flow direction

TCD can directly detect the following collateral
channels [222-226]:
1 anterior cross-filling via the anterior communicating
artery;
2 posterior communicating artery; and
3 reversed ophthalmic artery.
The intracranial collateral channels are dormant under
normal circulatory conditions. A collateral channel
opens when a pressure gradient develops between the
two anastomosing arterial systems. TCD can detect
some of these collateral pathways: reversed OA, ante-
rior cross-filling via AComA, and PComA flow either
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Figure 6.18 A reversed ophthalmic
artery (OA). Collateral flow via reversed
OA (arrow) has a low-resistance
pulsatility index (0.58) and flow
direction away from the probe
(inverted image).

to or from the anterior circulation [222-226]. Flow
direction will depend on the direction of collateraliza-
tion. When present, collateral flow patterns rarely
imply anatomic variants but, most often, the presence
of a flow-limiting lesion proximal to the recipient
arterial system and the origin of the collateral channel.

The direction of flow indicates which arterial sys-
tem is the donor (the source of flow) and which is the
recipient (the collateral flow destination) [14]. TCD
provides information on functioning collateral chan-
nels and direction of collateral flow. An expanded
battery of TCD parameters may be used to refine the
evaluation of the severity of ICA lesions, particularly
when multiple lesions are found or the applicability of
other tests is limited due to the presence of the distal
ICA lesions [94,96].

Reversed ophthalmic artery
Primary findings. An abnormal OA signal includes
low-pulsatility flow directed primarily away from the
probe via a transorbital window at 50-62-mm depth
(Figure 6.18). Check vessel identification since an
ICA siphon flow signal can mimic reversed OA in the
presence of low-velocity OA signals.

Additional findings may include no substantial
difference in MFVs detected in the OA and siphon;
high velocities in the ICA siphon suggesting either a
high-grade proximal ICA and/or siphon stenosis; and
no flow signals at depths > 60 mm suggesting an ICA
occlusion.

Interpretation. If the reversed OA is the only abnor-
mal finding, this indicates possible proximal ICA
occlusion or severe stenosis. Occasionally, this may be
the only sign of an ICA dissection or occlusion. If a
reversed OA is found with a delayed systolic flow
acceleration in the unilateral MCA, there is a probable
proximal ICA occlusion or severe stenosis. If a reversed
OA is found with at least one other collateral channel

(anterior cross-filling, or PComA) there is a definite
proximal ICA occlusion or high-grade stenosis.

Common sources of error include shallow or deep
OA insonation, ICA dissection with considerable
residual flow, terminal ICA occlusion distal to the OA
origin and retrograde filling of the ICA siphon with
normal OA direction. Furthermore, a normal OA
direction does not rule out proximal ICA obstruction.

Anterior communicating artery
Collateral flow through the AComA cannot be reliably
distinguished from the neighboring ACAs due to
the smaller AComA length and diameter compared
to a large sample volume. Therefore, we report the
anterior cross-filling via AComA as opposed to the
velocity and direction of flow in the AComA itself.

Anterior cross-filling:
1 elevated Al ACA MFVs on the donor side present-
ing as ACA > MCA and/or donor ACA MFVs > 1.2
times greater than contralateral ACA;
2 possible stenotic-like flow at 70-80 mm directed
away from the donor side; and
3 a normal or low MFV in Al ACA of the recipient
side with or without Al flow reversal (Figure 6.19).
The differential diagnosis includes distal Al ACA
stenosis, and compensatory flow increase if one Al
segment is atretic. Identification of the reversed Al
segment depends on the skill of the operator.

Interpretation:
1 If only elevated donor ACA velocities are found,
the differential diagnosis includes Al ACA stenosis
and atresia of the contralateral Al segment. With
the latter, the donor Al segment supplies both A2
segments (may be present in normal individuals
due to anatomic variations of the circle of Willis
as well as in patients with ICA or MCA obstructive
lesions).
2 If an elevated donor ACA velocity is found with
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RACA
inverted

Recipient side:
delayed systolic upstroke
reversed ACA and

^ stenotic signal at
.- midline depths

Figure 6.19 Anterior cross-filling via anterior
communicating artery (AComA). Transcranial Doppler
shows elevated velocities in the contralateral ACA > MCA
(upper left Doppler spectra) of the donor site and elevated
velocities at midline depths with reversed unilateral A1

stenotic flow at midline depths, the differential diag-

nosis includes distal Al stenosis, ICA siphon stenosis
and cross-filling via the AComA.
3 If an elevated donor ACA MFV is found with a
reversed contralateral Al, this indicates probable
proximal ICA stenosis.
4 If an elevated donor ACA MFV is found with

stenotic-like flow at midline depths and a reversed
contralateral A1 ACA, there is a definite proximal ICA

stenosis or occlusion.

Posterior communicating artery
The PComA connects the posterior and anterior
cerebral arterial systems and can be detected by TCD
since it usually has a considerable length > 5 mm and a
favorable angle of insonation. When functioning, it
maybe detected as a flow signal consistently present at
varying depths from 60 to 75 mm via the transtempo-
ral approach. Under normal conditions, this area has

ACA flow direction (lower right spectra). Bidirectional
stenotic flow signals at midline depth likely include
AComA and proximal A2 ACA flows (arrows). Recipient
MCA has delayed systolic flow acceleration and a blunted
flow signal (upper right image).

no detectable flow when the sonographer switches

from the ICA bifurcation posteriorly to locate the
PCA. The direction of flow in PComA corresponds to
collateralization: anterior to posterior collateral flow is
directed away from the probe, whereas the posterior to
anterior collateral flow is directed towards the probe.
Vessel identification is difficult since the PComA and
PCA are prone to anatomic variations.

Collateralization via PComA. Flow signals directed
either away from or towards the probe with posterior
angulation of the transducer over the temporal win-
dow are consistently found at 60-75 mm (Figure 6.20).
The velocity range is similar to or higher than those
detected in the Ml MCA and ICA bifurcation
(anterior to posterior collateral flow), or basilar artery
(posterior to anterior collateral flow). A possible
stenotic-like flow signal may be found at 60-75 mm
with similar probe angulation. The differential
diagnosis includes the terminal ICA or PCA stenoses.
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Figure 6.20 Collateralization of flow via posterior
communicating artery (PComA). PComA has an MFV that is
usually greater than the velocity in the recipient artery

Cerebral embolization

Ultrasound can detect embolism in real time [227],
and TCD can detect this process in the cerebral vessels
[221,228,229]. TCD is used to monitor carotid
and cardiac surgery, angioplasty/stenting and stroke
patients with presumed cardiac or arterial sources for
brain embolization. Some institutions use TCD as
an established monitoring tool, and some still regard
this application as investigational.

The microembolic signals (MES) detected by TCD
are asymptomatic since the size of the particles
producing them is usually comparable to or even smaller
than the diameter of brain capillaries [230]. However,
the MES cumulative count is related to the incidence
of neurophycologic deficits after cardiopulmonary
bypass [228,231,232] and stroke after carotid end-
arterectomy [221,229,233-235], and the signific-
ance of MES as a risk factor for ischemic stroke is
emerging.

It is important to know how to detect and identify
MES. Occasionally, a sonographer may be the only

where the delayed systolic flow acceleration can also be
found. Lower left PMD-TCD image shows top of the basilar
bifurcation into P1 PCA segments at midline depths.

witness to cerebral microembolization during a
routine examination and this finding may suggest a
vascular origin of the neurologic event and point to
the potential sources of embolism (heart chambers
and septum, aortic arch, arterial stenosis or dissection)
[236-243].

Strict standards should be followed when an inter-
preter documents and reports microemboli on TCD
[244]. The gold standard for MES identification still
remains the on-line interpretation of real-time, video-
or digitally taped flow signals [244-246]. The spectral
recording should be obtained with minimal gain at a
fixed angle of insonation with a small (< 10 mm) sam-
ple volume. The probe should be maintained with a
fixation device during at least 0.5-1 h monitoring. The
use of a two-channel simultaneous registration and a
prolonged monitoring period may improve the yield
of the procedure. Multigated or multiranged registra-
tion at different insonation depths may improve dif-
ferentiation of embolic signals from artifacts. Like in
fishing, using multiple lines may yield a better catch
during the same period of time.
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Figure 6.21 Microembolic signals. The
consensus definition is provided in the
text. A single-gate spectral transcranial
Doppler recording of the middle
cerebral artery flow shows multiple
high-intensity transient and primarily
unidirectional signals after intravenous
injection of agitated saline in a patient
with right-to-left cardiac shunt.

According to the International Cerebral Hemody-
namics Society definition [247], microembolic signals
(MES) have the following characteristics (Figure 6.21):
1 random occurrence during the cardiac cycle;
2 brief duration (usually< 0.1 s);
3 high intensity (> 3 dB over background);
4 primarily unidirectional signals (if fast Fourier
transformation is used); and
5 audible component (chirp, pop).

According to Ringelstein and the international
panel of experts [244], quality control of studies that
report microemboli should include documentation
of the following 14 parameters: ultrasound device;
transducer frequency, type and size; insonated artery;
insonation depth; algorithms for signal intensity
measurement; scale settings; detection threshold; axial
length of sample volume; fast Fourier transform (FFT)
size (number of points used); FFT length (time); FFT
overlap; transmitted ultrasound frequency; high-
pass filter settings; and the recording time. There is
an agreement that no current system of automated
embolus detection has the required sensitivity and
specificity for clinical use. Therefore, the interpreting
physician has to review every stored signal, listen to
the sound characteristics, determine the difference
between the signal and background (dB), and attempt
to determine the source of microemboli.

Increased intracranial pressure (ICP)

A normal low-resistance intracranial waveform is
detected by TCD since the brain is a low-resistance
vascular system with normal or low ICP values. When
ICP increases up to the diastolic pressure of the resist-
ance vessels, EDV decreases and flow deceleration
occurs more rapidly, and the changes on TCD are
noted with ICP values of 20 mmHg or higher
[248-258]. The following changes can be observed
on TCD with increasing ICP:

1 end-diastolic velocity decrease;
2 pulsatility index increase (PI > 1.2 for previously
normotensive young individuals);
3 resistance index increase;
4 shortening of the trans-systolic time; and
5 decrease in peak and mean flow velocities.
When ICP becomes greater than diastolic blood pres-
sure but less than systolic pressure, the result is either a
triphasic waveform as seen in the peripheral arteries,
or a sharply peaked systolic signal and an absent end-
diastolic component. Further increase in ICP may lead
to cerebral circulatory arrest (Figure 6.22).

Increased ICP may result in high-resistance
waveforms: PI > 1.2, decreased or absent EDV, and
triphasic or reverberating flow. We use the following
algorithm that may help to differentiate among the
mechanisms of increased resistance to flow.
If PI is > 1.2 and positive end-diastolic flow is present
A in all arteries: hyperventilation; increased cardiac
output, hypertension; increased ICP;
B unilaterally: compartmental ICP increase; stenoses
distal to the site of insonation;
C in one artery: distal obstruction (hypoplasia, spasm,
stenosis, edema).
If PI is > 2.0 and end-diastolic flow is absent
A in all arteries: arterial occlusion; extremely high
ICP; possible arrest of cerebral circulation;
B unilaterally: compartmental ICP increase, occlusion
distal to insonation site;
C in one artery: distal obstruction (occlusion, severe
spasm, edema).

Cerebral circulatory arrest

Progressive elevation of ICP due to brain edema or
mass effect produces stepwise compression of small
and large intracranial arteries eventually leading to
cerebral circulatory arrest (Figure 6.22). A prolonged
absence of brain perfusion can be detected using
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CPP>ICP ICP<20 ICP>20 ICP > 20 = DiastolicBP

4.5

CPP<ICP CPP < ICP CPP «ICP No flow

Figure 6.22 Increased ICP and cerebral circulatory arrest. ICP, intracranial pressure; CPP, cerebral perfusion pressure.

oscillating (reverberating) flow pattern, systolic spike
or absent flow signals [259-271], and this process
will lead to brain death [272]. TCD is a reliable tool
to confirm cerebral circulatory arrest with accuracy
parameters close to 100% at experienced centers
[259-271].

Based on previous published studies, reviews and
criteria [259-272], and our own clinical experience,
we developed the following algorithm if cerebral circu-
latory arrest is suspected:
1 Document arterial blood pressure at the time of
TCD examination.
2 Positive MCA or BA end-diastolic flow = no
cerebral circulatory arrest.
3 Absent end-diastolic flow = uncertain cerebral
circulatory arrest (too early or too late).
4 Reversed minimal end-diastolic flow = possible
cerebral circulatory arrest (continue monitoring).
5 Reverberating flow = probable cerebral circulatory
arrest (confirm in both MCAs at 50-60 mm and BA at
80-90 mm, then monitor arrest for 30 min).
TCD cannot be used to diagnose brain death since
this is a clinical diagnosis [272]. TCD can be used to
confirm cerebral circulatory arrest in adults and chil-
dren except in infants less than 6 months [259-271].

TCD can be used to monitor progressive flow changes
towards cerebral circulatory arrest. Once a reverberat-
ing signal is found it should be monitored for at least
30 min in both MCAs and BA to avoid false-positive
findings. Also, avoid insonation of bifurcations, i.e.
MCA/ACA, since bidirectional reverberating signals
may overlap creating an illusion of positive EDV.

A transient cerebral circulatory arrest can occur in
patients with SAH and head trauma due to A-waves of
ICP. TCD can also be used to determine the appropri-
ate time for other confirmatory tests (i.e. to minimize
studies with residual cerebral blood flow), and to dis-
cuss the consequent issues with the patient's family.

Arterial occlusion

The diagnosis of acute intracranial arterial occlusion
with TCD is more complex and yields more informa-
tion about intracranial thrombus than described
in previously published criteria [176,273-279]. Unlike
chronic complete occlusion, acute arterial occlusion is
a dynamic process associated with residual flow and,
at times, only partial flow obstruction. It is probably
best to call acute occlusion as "lesion amenable for
intervention" in acute stroke patients.
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The operator must be experienced, and the best
results are usually obtained for the Ml MCA, terminal
ICA/siphon and basilar artery. The main requirement
is a good window of insonation and to prove this,
other patent arteries should be identified through the
same approach, or a contrast agent should be used.
Besides no detectable signals at the site of complete
occlusion or velocity asymmetry between the homo-
logous segments on TCD in acute ischemic stroke
[176,273-279], a variety of flow signals around the
thrombus (Figure 6.23) can be detected [280]. To
determine the presence of an acute arterial occlusion,
it is extremely important to depart from a simplistic
concept of asymmetry in flow velocities between
affected and non-affected sides. An acute lesion may
represent a complete occlusion, subtotal stenosis or
partial yet hemodynamically significant flow obstruc-
tion. Instead of relying on velocity measurements, the
TCD examiner should pay attention to flow wave-
forms, and signs of flow diversion or collateralization.
This approach leads to a greater yield of abnormal
TCD findings that are highly predictive of the pres-
ence of a thrombus at urgent angiography [190,281 ].

To achieve better sensitivity to slow and weak flow,
a single-gate spectral TCD system should be set at
maximum allowed power and a large (12-15 mm)
sample volume. A power motion Doppler/TCD
system should be set at the depth range of presumed
arterial occlusion and a small (3 mm) spectral TCD
sample volume. In approximately 75% of cases with
acute intracranial occlusion, some residual flow
signals can be detected from presumed clot location
[280,281]. Waveform morphology discloses more
information about clot location, hemodynamic
significance of obstruction and resistance in the
distal vasculature than velocity difference by itself.
Moreover, if the MCA on the affected side has a MFV
of 30% or less than the non-affected side and it also
has delayed systolic flow acceleration, these findings
point to a proximal ICA obstruction and not necessar-
ily the MCA lesion [199]. Further waveform analysis
of the distal MCA and PCA is required to establish
the presence of an additional lesion in the MCA.
Waveform analysis also allows determination of pos-
sible patency of small perforating arteries in the prox-
imal MCA stem [282]. This finding is often helpful in
explaining distribution of the neurologic deficits in
the acute stroke patient. Demchuk et al. developed the
thrombolysis in brain ischemia (TIBI) flow grading

system (Figure 6.23) to predict the success of intra-
cranial clot lysis and short-term improvement after
ischemic stroke [280]. The definitions are provided
below. For more information see Chapter 10.

An acute occlusion is more likely to be found with
recent stroke symptoms or fluctuating neurologic
deficits and signs of flow diversion and elevated veloc-
ities in the branching vessels. A chronic occlusion is
often associated with well-developed major collateral
channels and lower velocities.

Based on the previous studies [176,273-279] and
our own correlations with invasive angiography,
Demchuk et al. described detailed criteria for intracra-
nial occlusions on TCD [280,283]. For the diagnosis of
MCA occlusion, the abnormal waveforms have to be
found between 40 and 65 mm via the transtemporal
approach (Figures 6.24-6.26).

Secondary findings are:
1 flow diversion/compensatory velocity increase in
the unilateral ACA and/or PCA;
2 no flow signals from the ACA and ICA with PCA
flow identified (possible 'T'-type terminal ICA occlusion
(Figure 6.26));
3 diastolic flow and overall velocity decrease from the
TICA to the distal MCA.
These findings help to localize MCA occlusion, i.e.
M2 MCA, distal Ml MCA, proximal Ml MCA with
or without residual flow to perforators, or extending
from the TICA (Figures 6.24-6.26). If findings are
uncertain or multiple lesions are suspected, these
findings need to be confirmed by insonation across
the midline from the contralateral temporal window
when time permits (see also fast track insonation
protocol).

With intracranial or terminal ICA occlusion (Cl-
C2 segments), the abnormal waveforms are found
at 62-70 mm via the transorbital approach. For ex-
ample, with ICA occlusion above the origin of the
ophthalmic artery, a high-resistance or dampened ICA
siphon signal can be found transorbitally (Figure 6.27).
The hallmark of an isolated distal ICA occlusion is the
presence of patent MCA signals (normal or blunted)
throughout M 1-proximal M2 stems and the presence of
collateralization of flow indicating a hemodynamically
significant lesion in the ICA.

With a proximal ICA occlusion, the most common
findings include a blunted MCA signal and reversed
OA (Figure 6.28), or absent orbital signals from the OA
and ICA siphon. TCD by itself cannot differentiate
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Figure 6.23 Thrombolysis in brain ischemia (TIBI) residual flow grades. (Reprinted with permission from the Health Outcomes
Institute, the Woodlands, TX.)

Image Not Available 
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ICA bif 65 mm Mid Ml MCA 50 mm Early & Late Arterial Phases -> Post IA lysis

Midline 80 mm

T1BI Grade 3 Dampened
signals and flow diversion

Figure 6.24 Different levels and residual signals with MCA
occlusion, (a) TIBI blunted and minimal signals correlation
with early and late angiographic phases showing acute

mid-M1 MCA occlusion. (b)TIBI dampened flow signal in a
patient with acute thrombus in M2 MCA subdivision.
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1. Blunted proximal-to-mid Ml MCA signal with positive end-diastolic flow which indicates flow diversion to perforators,
2 Blunted proximal Ml MCA signal with positive end-diastolic flow;

MFV ACA » MCA with decreased resistance to flow indicate flow diversion and possible transcortical collateralization;
3. Normal contralateral MCA signals.

Figure 6.25 A common appearance of an acute proximal
M1 middle cerebral artery (MCA) occlusion. Since the
residual flow appears to be present up to the mid M1 MCA
depths, differential diagnosis includes a subtotal stenosis.

In the case of an acute obstruction with fresh clot, the
residual flow signals may change rapidly and will depend
on recanalization or reocdusion processes. (Reprinted with
permission from Demchuk era/. [283].)

1. Absent Ml MCA, Al ACA and
suprachnoid siphon signals,

2. Normal OAflow;
3. PCA > contralateral MCA signal

4. Contralateral MFV ACA > MCA;
PIACA<MCA;

5. Distal Al ACA with abnormally
high velocities and low PI
indicating partial anterior cross-
filling

Figure 6.26 Carotid 'T'-type occlusion on transcranial Doppler. (Reprinted with permission from Demchuk eta/. [283].)
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ICA siphon
MFVL<R
PI L>R
OA antegrade
rev. LACA

Figure 6.27 Intracranial internal carotid
artery occlusion (C1-C2 segments). TCD
shows antegrade flow in the left OA and
dampened TIBI grade 3 signals in the
left TICA through the orbital window
compared to contralateral side. DSA
shows anterior cross-filling with early
mass-effect (left image), and diminution
of flow in C2 segment distal to the OA
origin (right image).

Figure 6.28 Proximal internal carotid artery (ICA) occlusion.
The most common site of a proximal ICA occlusion is its
extracranial portion particularly at the level of the bulb
(bottom left DSA image). If only transcranial Doppler is
performed without angiographic correlation, the location
of a hemodynamically significant ICA obstruction can only
be reported as proximal to the ophthalmic artery origin.
Correlation with direct extracranial ultrasound imaging
studies is necessary to determine the presence of an

occlusion or a hemodynamically significant stenosis in the
proximal ICA. 1 blunted signal in the MCA unilateral to ICA
occlusion; 2 reversed ophthalmic artery (inverted image);
3 contralateral ACA > MCA indicating collateralization of
flow via anterior cross-filling; 4 unilateral P1 PCA or PComA
flow (normal systolic flow acceleration, MFV PCA > MCA
suggesting functional PComA or transcortical
collateralization of flow).
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complete ICA occlusion from hemodynamically
significant proximal high-grade stenosis, and direct
carotid examination should be employed to answer
this question. TCD can help to determine an extension
of the proximal ICA occlusion into the supraclinoid
siphon or terminal ICA, tandem MCA/ICA lesions
and the presence of collateral channels.

Secondary findings for any ICA occlusion site include:
1 collateral flow in the PComA and/or cross-filling
via the AComA;
2 contralateral ICA compensatory velocity increase; and
3 possible frequent microemboli in the unilateral
TICAorMCA.

With an occlusion in the basilar artery, the abnormal
waveforms are found at 80—100+ mm via the trans-
foraminal approach (Figure 6.29). Arbitrarily, the
proximal BA is located at 80 mm, the midbasilar at
90 mm and the distal at 100+ mm depth.

Secondary findings may include;
1 a flow velocity increase in one or both VAs or PICAs
indicating cerebellar collateral flow;

2 a high-resistance flow signal in one or both VAs
indicating proximal BA occlusion;
3 a high-resistance flow signal at the origin of the BA
indicating distal BA occlusion;
4 retrograde (low-resistance, stenotic) flow towards
the probe at the top of the BA (proximal BA occlusion
collateralized via PComAs);
5 functional PComAs with flow directed away from
the probe via the temporal window; and
6 low distal BA velocities with top-of-the basilar
occlusion.

TCD diagnosis of distal basilar occlusion or sub-
total stenosis without obvious PComA or cross-
cerebellar flows is particularly challenging [284,285].
CT angiography or three-dimensional contrast-enhanced
transcranial Doppler or duplex imaging with color
and power modes maybe techniques of choice if distal
basilar occlusion is suspected [284-286]. Special cau-
tion must be paid to the situation when only relatively
low distal BA velocities are found without any other
abnormal findings.

Figure 6.29 Basilar artery occlusion. Top left DSA image
shows reversed filling of the distal basilar from carotid
injection in a patient with right-sided hemiparesis and total
NIHSS score of 11 points. Top right image shows reversed
flow in the top of the basilar with response to carotid
artery vibration. Bottom right DSA image shows occlusion

of the proximal basilar and the left terminal vertebral
artery in the presence of an artetic right VA (image not
shown). Bottom middle image shows reverberating flow
pattern in the left terminal VA. Bottom right graph of the
circle of Willis summarizes flow findings.
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Figure 6.30 Terminal vertebral artery occlusion due to
dissection at the skull entrance in a 22-year-old man
complaining of dizziness and headache after lifting a heavy
object. Top left DSA image shows retrograde filling of the
left terminal vertebral artery and posterior inferior
cerebellar arteries from the right VA injection. Upper
middle image shows low-resistance flow at the junction of
the vertebral arteries and the proximal basilar (PMD depth
range 65-85 mm), low resistance inverted spectral

waveform and high resistance systolic spikes directed
towards the probe in reversed left terminal VA. Top right
DSA image shows tapering of the left VA flow with
dissection at the skull entrance. Bottom left image shows
low resistance flow in the right VA upon entering
intracranial space. Bottom right image provides a close-up
of a high resistance minimal flow signal in the reversed part
of the left terminal VA just distal to its occluded segment at
the atlas loop.

The diagnosis of vertebral artery (VA) occlusion
is difficult to establish using TCD alone since an
extracranial segmental occlusion may be present
[287]. The most accurate diagnosis with TCD can be
made for a terminal VA occlusion [156]; however, the
sensitivity of abnormal flow findings is only about
60% [283,287,288]. Normal intracranial TCD exam-
ination cannot completely rule out VA occlusion,
particularly with a proximal location of a segmental
and collateralized VA occlusion, or hypoplasia [288].
Figure 6.30 shows terminal VA occlusion. Secondary
findings may include normal flow signals directed
towards the probe on the side of occlusion indicating
collateralization of flow from the other side and filling
ofPICAs.

Subclavian steal syndrome

Subclavian steal is a hemodynamic condition of
reversed flow in one vertebral artery to compensate
for a proximal hemodynamic lesion in the unilateral
subclavian artery [289]. Thus, blood flow is diverted
or 'stolen' from the brain to feed the arm. Subclavian
steal is usually an accidental finding since it rarely pro-
duces neurologic symptoms. If the patient is asymp-
tomatic, it is called 'subclavian steal phenomenon'
and it usually indicates a widespread atherosclerosis
in aortic branches. If symptoms of vertebrobasilar
ischemia are present, it is called 'subclavian steal syn-
drome' [289].

Subclavian steal is well studied with ultrasound
[290-311]. When steal is present at rest, the main
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Figure 6.31 Subclavian steal:
hemodynamic pathway and waveform.

Brain

Arm

Alternating flow signal
in the right vertebral

artery at rest

findings include a difference in blood pressure between
arms of > 20 mmHg and, usually, systolic flow reversal
(alternating flow signal or absent diastolic flow) in the
'stealing' vertebral artery as well as a low-resistance
flow in the donor artery (Figure 6.31). Right-to-left
subclavian steal is found in 85% of cases due to the
anatomic differences in the origin of these arteries.

If the BP difference between the arms is 10-20 mmHg
and the steal waveforms are not present at rest, or flow
reversal is incomplete, the hyperemia test should be
performed to provoke the steal and to augment flow
reversal. The cuff should be inflated to over systolic
BP values and flow reduction to the arm should be
maintained for about 1-1.5 min (maximum 3 min,
if tolerated by the patient). This duration of arterial
compression produces ischemia in the arm. The cuff
should be quickly released and any augmentation of
flow should be monitored by TCD. Once the cuff is
released, the blood flow enters tissues with increased
metabolic demand produced by a short period of
ischemia. Greater demand for blood flow augments
the steal and alternating flow can be visualized for a
short period of time in the recipient vertebral artery.

The final interpretation
The final interpretation of a non-invasive ultrasound
examination should contain, at a minimum:
1 date of the examination;
2 clinical indications;
3 a description of the test that was performed;
4 a statement of the data obtained;

5 reasons for limited evaluation (if not complete);
6 interpretation of the ultrasound examination data;
7 a comparison with results from previous examina-
tions; and
8 clinical implications of this study.
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CHAPTER 7

TCD and sickle cell disease

Fenwick T. Nichols III, MD, Robert}. Adams, MD &
Anne M. Jones, RN, BSN, RVT, ROMS

Introduction

Children with sickle cell disease (hemoglobin SS, or
HbSS) have a significant stroke risk, with 11% of all
HbSS patients developing ischemic stroke before
the age of 20 [ 1 ]. These strokes primarily result from
stenosis or occlusion of the distal intracranial internal
carotid arteries (ICAs, Figure 7.la) and/or proximal
middle cerebral arteries (MCAs, Figure 7.1b). Many
of these patients develop moya-moya phenomenon
(Figure 7. Ic), or a network of small collateral vessels to
compensate for the ICA occlusive disease. In Japanese,
'moya-moya' means 'a puff of smoke'. This is how
these small arteries appear on digital subtraction
angiography in most advanced cases.

Several studies have demonstrated that transcranial
Doppler (TCD) can be used to identify those children
with sickle cell disease who are at increased risk
of stroke [2,3]. Based upon these data, the Stroke
Prevention in Sickle Cell Disease (STOP) trial was
undertaken to identify children at high risk of stroke
[4]. One hundred and thirty children were entered
into the trial who had the time-averaged mean of the
maximum (TAMM) velocities of > 200 cm/s in one or
both of the MCAs or terminal ICAs at baseline TCD.

Two points must be emphasized:
1 Entry criteria for STOP required that children with
HbSS had TAMM (not peak systolic, Figure 7.2) veloc-
ities > 200 cm/s in the MCA, and/or terminal internal
carotid arteries (TICA) recorded on two separate

A B

Typical angiographic findings
in children with HbSS:
A - terminal ICA stenosis
B - TICA / M1 MCA stenosis
C - moya-moya type small

collateral vessels.

Figure 7.1 Arterial lesions and collaterals in children with sickle cell disease.
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CW/JS.

Peak Systole

Figure 7.2 Time-averaged mean of the maximum (TAMM)
line placement. This is the spectral outline as traced by the
Vmax or waveform follower. The TAMM line is placed so

that the area under the Vmax trace above the TAMM line
(labelled 'x') is equal to the area below the TAMM line
above the l/max trace (labelled 'y').

occasions separated by at least 2 weeks. A non-
image-guided 2 MHz TCD was used with assumed 0°
angle of insonation. The decision to require an initial
examination and a subsequent confirmatory exam-
ination was made to avoid many transient physiologic
variables affecting flow velocity.
2 Stroke risk was determined by velocities > 200 cm/s
in the terminal ICA and/or MCA. There are no data
on the stroke risk for high velocities in other vessels
(anterior (ACA) or posterior (PGA) cerebral arteries);
however, high velocities in these vessels are usually
associated with stenosis in the terminal ICA or MCA.

Therefore, discovery of high ACA or PCA velocities
should prompt earlier repeat examinations in an
effort to identify a missed terminal ICA and/or MCA
stenosis.

Children who met these entry criteria were ran-

domized to receive either transfusion or standard care.
Over an average follow-up of about 20 months, there
was one stroke in the 63 children randomized to trans-
fusion and 11 strokes in the 67 children randomized

to standard care. These results indicate a greater than
90% relative risk reduction in stroke incidence in the
treated population [5]. As a result of these findings,
the National Institutes of Health released a clinical
alert on September 18, 1997, which stated: 'The
STOP Trial confirmed that TCD can identify children
with sickle cell anemia at high risk for first-time
stroke. Since the greatest risk of stroke occurs in early

childhood, it is recommended that children of ages 2-
16 receive TCD screening. Screening should be con-
ducted at a site where clinicians have been trained to

provide TCDs of comparable quality and information

content to those used in the STOP trial and to read
them in a manner consistent with what was done
in STOP . . . It is recommended that centers that wish
to start screening children with sickle cell anemia
for stroke risk do studies to compare their current
equipment with STOP trial TCD equipment.' The
STOP TCD scanning protocol is slightly different
from that used for routine clinical TCD examinations.
This chapter will describe the STOP scanning and
reading technique, and discuss the rationale for its
modifications. Readers interested in additional back-
ground information on TCD use in sickle cell disease
are referred to the references at the end of this chapter.

How to perform TCD in children

The TCD technique used to examine children is
similar to that used on adults [6]. However, there are
several important differences that must be recognized
in order to properly perform and interpret TCD

examinations. Children have smaller head diameters
and higher normal flow velocities than adults. Those
with HbSS have even higher flow velocities secondary
to anemia. The TCDs performed as part of the STOP
trial were very focused examinations specifically adapted
for children. A brief overview will be presented to pro-
vide some background as to why certain modifications

were made in the examinations for these children.
TCD is a non-image-guided vascular examination

in that there is no B-mode or color flow map to iden-
tify the insonated vessel and its location. Therefore it is
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Table 7.1 Expected arterial depths (in mm) for different head diameters. Depths of insonation are given for ipsilateral

transtemporal window of insonation.

Head diameter (cm)

12

13

14

15

MCA

30-54

30-58

34-62

40-66

MCA-1

30-36

30-36

34-40

40-46

ICA bifurcation

50-54

52-58

56-64

56-66

ACA

50-58

52-62

56-68

56-72

PCA

40-60

42-66

46-70

50-70

MCA, middle cerebral artery; MCA-1, MCA subdivision 1; ICA, internal carotid artery; ACA, anterior cerebral artery; PCA,

posterior cerebral artery.

important to pay attention to the relative position and
angulation of the probe, the depth of insonation and
the direction of flow. Failure to do so can result in
misinterpretation of the examination.

Children generally have thinner skulls than adults,
so rather than the usual small and difficult-to-find
ultrasonic window of the adult, the examiner may
be faced with a plethora of windows. In general, the
windows that lie closer to the ear, in the posterior
portion of the temporal window, are preferable to
those that lie more anteriorly. If the probe is placed

in the more anterior portion of the transtemporal
windows, it has to be angled further posteriorly to
insonate any vessel. The circle of Willis is not large,
and it is easy to insonate either more posteriorly or
more anteriorly than intended when an unfamiliar
window is used.

Since the circle of Willis is small and the windows
are usually good, it is better to use a small sample
volume to avoid recording flow in adjacent vessels.
The signal displayed on the screen represents any flow
signal within the sample volume and is not necessarily
located at the exact depth displayed on the screen.
The depth displayed on the screen is the depth at the

midportion of the sample volume length. The sample
volume width varies with the depth of insonation,
being narrowest at the focal zone of the probe, and
being somewhat wider at greater or lesser depths.
With a 10-mm sample volume (length), the depth of
insonation extends from 5 mm shallower to 5 mm
deeper than the depth indicated. In a child's small
circle of Willis, a 10-mm sample volume may result in

unintended insonation of other arteries. This maybe a
particular problem when the anterior transtemporal
window is used, and the probe is angled posteriorly
to evaluate the PCA. A 10-mm sample volume may
cross both the MCA and the PCA, making it difficult

to ascertain the source of the Doppler signal. The
STOP protocol specified a sample volume of 6 mm to
increase confidence in the site of insonation. Decreas-
ing sample volume length does reduce the power,
but this usually is not a problem in children since
less power is needed to penetrate their thinner skulls.

Children have smaller heads than adults, and con-
sequently the depths at which vessels are identified dif-
fer (Table 7.1). If adult depth measurements are used
as a basis for vessel determination serious errors may
occur. Measuring the bitemporal diameter is helpful.
The examiner can use either obstetric calipers or the
instrument used by optometrists to determine head

width when fitting eye glasses. The bitemporal skull
diameter is taken by measuring the distance between
the two posterior transtemporal windows. If the
child's bitemporal head diameter is 13 cm, then the
midline is at 65 mm, and the ICA bifurcation will be
found at a depth of about 55 mm. If the probe is
angled posteriorly, a bidirectional signal at 65 mm
would represent the top of the basilar with flow into
both PCAs; if the probe is angled anteriorly, a bidirec-
tional signal at the midline could also represent both
ACAs. For comparison, in a patient with a bitemporal
diameter of 15 cm, a bidirectional signal at 65 mm
would be identified as the ICA bifurcation.

In smaller head diameters, the ICA bifurcation
generally lies 5-15 mm off the midline (usually about
8-10 mm). In a patient with a 13-cm bitemporal
diameter, the ICA bifurcation will be found at a depth

of 52-60 mm. The PI PCA segment can be insonated
from the midline depth (65 mm) to a depth of at least

50 mm, and frequently to a depth of 45 mm. This
results in potential vessel identification problems, in
that flow towards the probe at a depth of 55 mm could
be in either the MCA or PCA. In order to verify that
the flow towards the probe arises from the MCA, it is



136 PART IV Ultrasound in stroke prevention and treatment

crucial to insonate to as shallow a depth as possible. In
a 13-cm diameter head, the MCA should be able to be
tracked to depths of 30-35 mm, and should always be
tracked to at least a depth of less than 40 mm. If flow
towards the probe can be insonated from a depth of

30 mm, and tracked in 2 mm increments to a bidirec-
tional signal at 55-mm depth, then the examiner can
be confident that the vessel is the MCA. In addition,
once the ICA bifurcation is identified, it is important
that the examiner then angle the probe posteriorly and
insonate the PCA. The PCA can then be tracked to the
midline, with detection of bidirectional flow at the top
of the basilar. If all of the above can be carried out,
then the examiner can be confident of an accurate
examination.

There is another source of bidirectional signals that
is occasionally misidentified as the ICA bifurcation.
These bidirectional signals can be found at MCA
branch sites, either the anterior temporal artery or an
early MCA bifurcation. If the head diameter nomo-
gram is used (Table 7.1), the depth of the bidirectional
signal from an MCA branch will be shallower than
that expected for the ICA bifurcation.

The STOP protocol requires the MCA signal be

tracked and recorded in 2-mm steps from its shallow-
est depth to the ICA bifurcation. The signal should be
optimized at each site of insonation. The ACA signal is
recorded ~ 4 mm deeper than the ICA bifurcation.
The distal ICA signal is recorded ~ 4 mm deeper than
the ICA bifurcation or with a slightly downward probe
angulation at the depths of ICA bifurcation. Then the
probe is angled posteriorly and the PCA is recorded at
2-mm increments from its shallowest depth to the top

of the basilar (Table 7.1).

Due to collateral flow patterns established in re-
sponse to hemodynamically significant stenoses in
children with HbSS, it is particularly crucial to differ-
entiate the MCA from the PCA. With progressive
stenosis of the distal ICA, proximal ACA and/or MCA,

PCA flow becomes one of the major collateral sources
to leptomeningeal collaterals which then supply the
distal MCA and/or ACA. In this situation, the PCA is
readily insonated because of its high flow volume. The
MCA may not be as easily detectable due to a high-
grade stenosis or occlusion; therefore it can be easy to
misidentify the PCA as the MCA unless a thorough
detailed examination is performed.

Early in our use of TCD (before development of

the STOP protocol), we examined a child with HbSS
and moya-moya phenomenon. The PCA's strong
signal was misidentified as the MCA and we assumed
that the PCA could not be insonated. Angiography
revealed a virtually absent MCA, with high volume
flow through the PCA. With subsequent modifica-
tion and close adherence to our scanning protocol,
we developed very reproducible examinations, which
correlate well with angiographic findings.

Factors influencing cerebral blood
flow velocities

The STOP protocol is driven to determine the highest
TAMM velocity (not peak systolic) in the MCA or
terminal ICA. Because the absolute TAMM velocity is
important for study classification, it is also important
to recognize the physiologic, anatomic, technique and
equipment variables that may affect cerebral blood
flow (CBF) and flow velocities (Table 7.2).

Table 7.2 Physiologic variables affecting cerebral blood flow (CBF) and time-averaged mean of the maximum (TAMM).

Variable

Age

Hematocrit

Oxygen

C02

Body temperature

Glucose

Alteration

Increase

Decrease

Increase

Decrease

Increase

Increase

Decrease

Increase

Decrease

Effect on TAMM

Decrease

Increase

Decrease

Increase

Minimal decrease

Increase

Decrease

Increase

Increase

Causes of alteration from baseline

Normal aging; decrease in CBF

Bone marrow failure; hemolysis; splenic sequestration; blood loss

Blood transfusion

Sickle chest syndrome; pneumonia

Oxygen administration

Sleep; breath-holding; sedation

Hyperventilation; crying

Fever of any cause

Hypoglycemia
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Physiologic factors
TCD measures the velocity of blood flow, which is
determined by the volume of flow over time and the
luminal area of the artery. There are a number of
factors influencing the volume of flow, the primary
determinants being tissue requirements for oxygen
and glucose delivery. Listed below is a brief overview
of the various factors influencing cerebral blood flow
volume.
1 Age. Cerebral blood flow is highest around the age
of 4 years (about 85 cc/100 g tissue/min), and then
declines to approximately 65 cc/100 g tissue/min at
the age of 20 and to about 35 cc/100 g tissue/min at the
age of 85. In addition to this gradual decline in CBF
with increasing age, there is a slight increase in arterial
diameter with increasing age. The net effect is that
blood flow velocities are highest around the age of
4 years, and then decrease thereafter.
2 Hematocrit. This is a major determinant of oxygen
delivery. Mild degrees of anemia do not have any
significant impact on CBF, but more severe anemia
causes a measurable increase in total CBF. In order to
maintain adequate oxygen delivery as the hematocrit
decreases, the CBF must increase. Once the hemat-
ocrit is below 30 there is a reliably detectable increase
in CBF, and consequently in blood flow velocity.
Sickle cell patients typically have a hematocrit of 18-25,
so their CBF is higher than that of age-comparable
children with normal hematocrit. The TAMM for
an otherwise normal 8-year-old HbSS patient with a
hemoglobin of 7 and a hematocrit of 21 is approx-
imately 140 cm/s. In those unusual situations of elevated
hematocrit there maybe a decrease in CBF, sometimes
due to excessive oxygen delivery or hyperviscosity.
3 Carbon dioxide. Arterioles on the brain surface are
the resistance vessels and are important in cerebral
blood flow regulation. These arterioles respond to
changes in CO2. They dilate in response to increases
in carbon dioxide, allowing blood to flow more
easily, thus enhancing CBF. For every 1 mm increase
in CO2, there is a 2-4% rise in CBF. Carbon dioxide
plasma concentration increases in several situations,
including lung disease, breath-holding or CO2 admin-
istration. If the patient goes to sleep there may be a
2-5 mm rise in CO2, resulting in an increase in CBF
and blood flow velocity. Because of this potential
sleep-induced velocity increase, children should not
be allowed to sleep during the examination. The arte-
rioles decrease in diameter with the lowering of CO2,

causing an increased resistance to flow, and decreased
CBF and TAMM. As CO2 decreases occur with hyper-
ventilation and crying, TCD examinations should be
avoided in these situations.
4 Oxygen. Hypoxia produces an increase in CBF
in order to maintain oxygen delivery. Patients with
pneumonia or other causes of lowered oxygen levels
will have a compensatory increase in their CBF.
5 Hypoglycemia. Patients who are hypoglycemic will
have a compensatory increase in CBF to increase
glucose delivery to the brain. Usually, this is only
a minor phenomenon and does not cause a CBF
increase unless the glucose is less than 40 mg%.
6 Fever. Fever increases CBF by about 10% for every
degree Celsius of temperature increase, so febrile
patients will have elevated CBF and TCD velocities
relative to their baseline.
7 Blood pressure. Within a broad range, the cerebral
arterioles respond to changes in blood pressure to
maintain a constant CBF volume. This phenomenon,
referred to as autoregulation, generally prevents
minor changes in blood pressure from affecting
CBF. However, there are limits to autoregulation.
This mechanism will fail when the blood pressure is
severely elevated or depressed in acutely ill patients,
significantly altering CBF.
8 Cardiac output. Under normal physiologic condi-
tions, cardiac output is stable and is not a factor in
CBF. However, in states of severely decreased cardiac
output, such as cardiomyopathies or severe aortic
stenosis, the CBF may fall. Cardiac arrhythmias may
also decrease cardiac output, so third-degree heart
block, or supraventricular or ventricular tachycardias
may result in decreased CBF. Aortic valvular insuf-
ficiency may alter cardiac output as well, resulting in
altered waveforms and possibly decreased CBF.
9 Proximal arterial obstruction. If there is a severe
stenosis (> 80%) affecting the source of blood to
the artery being evaluated (e.g. an arterial stenosis
proximal to the point of insonation), there may be
a decrease in volume flow through the artery being
evaluated. The severe stenosis prevents adequate flow
volume delivery (resulting in lower velocity) with a
low-resistance waveform. With more severe proximal
stenosis, the upstroke of the waveform will become
rounded.
10 Distal arterial stenosis. Severe arterial stenosis
distal to the point of insonation causes decreased
volume flow through the artery. Flow at the site of
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insonation will likely have decreased velocity with
a high-resistance waveform. Increased intracranial
pressure will have an effect similar to distal arterial
stenosis, producing increased resistance to flow at the
arteriolar level.
11 Rhythmic oscillations. Normal individuals have
periodic variations in MCA velocity occurring every
30-180 s, producing up to a 15% increase in velocity.
12 Arteriovenous malformations (AVMs). AVMs have
no capillary bed and cause minimal resistance to flow.
Insonation of a feeding artery to an AVM will demon-
strate a high velocity (because of high-volume flow)
with a very low resistance signal.

The STOP TCD examinations should be carried
out when the child is at a 'steady state.' Although it is
frequently easier to study patients when they are in
hospital, many of the reasons prompting admission
alter CBF. To apply STOP trial results, we do not
recommend examining a child who is acutely ill, as
fever, hypoxia, hypocarbia and worsened anemia may
all transiently increase the TAMM, possibly resulting
in a TAMM > 200 cm/s. (STOP study randomization
required two TCD examinations > 200 cm/s, separ-
ated by at least 2 weeks, to avoid such problems.)
Transfusion will decrease TAMM for several weeks,
until the hematocrit returns towards its usual level.

Anatomic variables
1 The arteries may be very tortuous, making it
difficult to obtain an optimal angle of insonation in
these arteries. This may be partly addressed by probe
manipulation.
2 Multiple transtemporal windows may be present
and used, making examination difficult and operator
dependent.

Technique and equipment variables
In general, routine clinical TCD examinations are
used to detect and roughly quantify areas of stenosis.
The sonographer's efforts are directed at the recogni-
tion of an abnormal area, and not necessarily the
precise quantification of its severity (except in broad
terms). There are several differences between routine
clinical TCD examinations and the STOP protocol-
based TCD examination. The STOP study used an
exacting TCD scanning protocol to create a very
focused reproducible examination because, based
upon the Medical College of Georgia (MCG) patient
cohort and STOP data, patients with TAMM velocities

> 200 cm/s had a significantly increased stroke risk
which could be decreased by transfusion. Therefore,
the goal of the STOP TCD examination is to obtain the
highest possible TAMM velocity in the MCA and/or
terminal ICA and allow its reproducible measure-
ment at follow-up. To help sonographers obtain
these velocities, several modifications were made to
the routine clinical TCD examination. The section
below deals in detail with these variables.

Optimizing the angle of insonation
Since TCD is a non-image-guided technique, no
correction to the angle of insonation can be applied to
the kHz Doppler frequency shift detected during this
study. As is well known, when the angle of insonation
becomes larger than 15°, the kHz shift for a given
velocity begins to decrease. In duplex Doppler exam-
inations, the angle of insonation can be registered by
the sonographer, so that the computer can calculate
the actual velocity of flow. In TCD, the computer
assumes that the angle of insonation is ideal, so that
TCD cannot overestimate the velocity of flow. If the
angle of insonation is 0°, the TCD-calculated velocity
is accurate. If the angle of insonation is > 30°, the cal-
culated velocity will be falsely low. In order to obtain
the highest TCD velocity possible, it is necessary to
attempt to optimize the angle of insonation by aiming
the ultrasound beam directly down the barrel of the
artery being insonated. Because the proximal MCA
may have one or more curves, the examiner may
have to angle (or even move) the probe as the depth
of insonation is changed in order to optimally align
the ultrasound beam with the vessel as the MCA stem
is tracked. Children generally have generous or large
acoustic windows, making it easier to make these
adjustments. We have found that when the sono-
grapher uses the STOP TCD protocol, the velocities
recorded are typically higher than those recorded as
part of a routine clinical examination.

Optimization of the Doppler signal (Table 7.3)
This includes recognition of the audible and visual
clues indicating local high-velocity flow, as well as
making appropriate scale and gain settings. As noted
above, part of signal optimization is accomplished
by proper transducer positioning and minor probe
manipulation to achieve the best angle of insonation.
STOP TCD sonographers were trained to recognize
visual clues of local high-velocity flow, such as
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Table 7.3 Transcranial Doppler optimization.

1 Focused examination, meticulous tracking of the middle
cerebral artery course and terminal internal carotid
artery.

2 Probe manipulation, angling or sliding to optimize angle
of insonation.

3 Careful attention to audible cues of high velocity:
'hissing', turbulence (prompts more detailed search for
high velocity).

4 Correct scale settings.
5 Sharpest waveforms.

6 Best signal-to-noise ratio.
7 Careful examination for the highest velocity.

turbulence and sudden cut-off of the waveform, plus
audible clues of high velocity that may not be dis-
played visually on the TCD monitor. The sonographer
should be able to identify characteristics of a high-
velocity signal, and recognize high frequencies in the
background of the audible signal that may not be dis-
played on screen. Turbulence (high amplitude, low-
frequency/velocity, bidirectional signal that occurs at
peak systole) is another audible clue to local stenosis.
If the examiner hears either a high-frequency Doppler
signal and/or significant turbulence, a very careful
search for high velocities should be performed. It is
possible to have a well-defined waveform displayed
on the screen, but to hear a higher velocity in the
background that is not displayed. In this situation,
with probe manipulation, the higher-velocity signal
can almost always be identified and displayed.

Visual display of the waveform
The examiner should also pay close attention to the
visual image of the Doppler waveform. The goal is
to obtain the 'cleanest', sharpest and highest-velocity
signal. The examiner must locate the area of the
highest velocity and then make every effort to obtain
a well-defined waveform with a sharp upstroke and a
sharp systolic peak. Then the examiner must focus on
making the minuscule movement necessary to obtain
the highest velocity at the depth being evaluated. It is
a common occurrence to identify a region of high
velocity, but to fail to obtain the highest velocity at the
site because not enough time was spent optimizing
the signal.

In clinical TCD studies, once a pathologically
high velocity has been identified, most sonographers

tend not to spend much time attempting to further
optimize the waveform and peak velocity as it does
not matter to clinical decision-making whether a child
has a TAMM velocity of 150 or 190 cm/s, i.e. normal
and conditional STOP values.

Waveform follower
The function of the waveform follower, or envelope, is
closely tied to signal strength, optimization and gain
settings. Most TCD equipment has been designed so
that there is a waveform follower that will track the
highest velocity displayed (Vmax) that is above the zero
line (or baseline). This waveform follower is the bright
white outline that tracks the top of each of the wave-
forms. Some of the TCD units will also track the
highest-velocity signals below the zero line. The wave-
form follower tracks the highest velocities, which are
then used to determine the TAMM. If there is too
much noise in the background, or a signal that is not
strong enough for the waveform follower to recognize,
the strongest signals with highest and lowest velocity
amplitude will be tracked resulting in either too high
or too low mean velocity measurements. As the veloc-
ities measured by the waveform follower are used to
compute the peak systolic, mean and end-diastolic
velocities, as well as the pulsatility and resistance
indices, it is important that the displayed signal be of
adequate quality for accurate tracking by the wave-
form follower. If the signal-to-noise ratio is poor, the
computer velocity measurements may be inaccurate,
and these cannot be used to apply STOP trial criteria.
Thus it is important to obtain as high a signal-to-noise
ratio as possible.

Instrument settings
If the gain is set too high, there will be too much back-
ground noise, and the Vmax waveform follower will
not be able to separate the actual waveform from
the noise. In addition, it may sometimes result in the
development of a 'mirror image' display of the wave-
form. Simply decreasing the gain will usually resolve
these problems.

The velocity scale should be set so that the wave-
form fills about 0.5-0.75 of the scale to avoid aliasing.
On occasion this is not possible, but every effort
should be made to achieve this. In otherwise normal
pediatric sickle cell patients, the TAMM velocity for
the MCA is usually around 140 cm/s, so as a starting
point the velocity scale should be set to display at
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least 200-250 cm/s peak values in one direction. If
the scale is set too low, 'wrap around' will occur, and
accurate velocity measurements cannot be made. If
the scale is set much too low, the velocities will com-
pletely fill the screen, and no measurable signal will
be recognized.

STOP TCD scanning protocol

1 The transtemporal head diameter is measured and
recorded.
2 Nomogram for expected depths for patient's head
diameter is reviewed.
3 The sample volume is set to 6 mm.
4 The velocity scale is set to 200-250 cm/s.
5 The anterior TCD examination begins:

(a) The anterior temporal window is identified.
(b) The MCA signal is acquired.
(c) The MCA is tracked to as shallow a depth as
possible; for most children, this should be to a
depth less than 40 mm (in STOP this depth was
referred to as Ml MCA, indicating the shallowest
depth of the MCA that could be recorded).
(d) The TCD signal is optimized and recorded.
(e) The MCA stem is then 'tracked' by advancing
the sample volume by 2-mm increments, optimiz-
ing and recording the signal.
(f) The MCA is 'tracked' (recording in 2 mm
increments of depth), to the internal carotid (ICA)
bifurcation, where there is a bidirectional signal
(flow towards the probe is the MCA and away is the
anterior cerebral artery). This signal is recorded
as bifurcation (BIF).
(g) The anterior cerebral artery (ACA) is tracked
to 4-6 mm deeper than the ICA bifurcation, and
recorded as ACA.
(h) The sample volume depth is then returned to
the ICA bifurcation, the probe is angled slightly
inferiorly, the depth increased by 4-6 mm, and the
Doppler flow velocity waveforms in the distal ICA
are recorded, labelled as dICA.
(i) The sample depth is then returned to the ICA
bifurcation, and the probe is angled slightly post-
eriorly until the posterior cerebral artery (PCA)
is detected. The sample volume depth is then
decreased to the shallowest depth at which signal
can be detected.
(j) This PCA waveform is then recorded as PCA.
The PCA is tracked (like the MCA in 2-mm

increments, and labelled as PCA) to the midline,
where bidirectional flow is identified and recorded
as the top of the basilar (TOB).
(k) The opposite side is then examined (through the
transtemporal window), and recorded using this
same technique.

6 Posterior examination. This was performed as per
standard TCD scanning protocol. As stenoses only
very rarely affect the vertebrobasilar system in children
with sickle cell disease, high velocities here were gen-
erally secondary to increased volume flow (collateral-
ization of flow).
7 Ophthalmic TCD. This was not part of the STOP
protocol, as small children will not generally lie quietly
for a transorbital examination. However, infrequently,
some abnormalities can be identified by this examina-
tion (see below).

Reading STOP TCD

The TCD unit used at participating centers in the
STOP trial was a Nicolet TC 2000 model that can
perform postprocessing, including adjustments of the
gain settings and zero line. Reading of the STOP TCDs
was standardized so that all readers set the gain and
zero line to the same levels before reading the veloc-
ities. The computer-generated waveform follower
(Vmax) was used to help adjust the gain. The gain was
increased or decreased until the waveform follower
accurately tracked the highest identifiable velocity
profile, but did not identify background noise as signal
and 'spike' off the waveform. If there was signal that
had aliasing, the baseline was adjusted to minimize the
aliasing.

Most modern TCD equipment has software that
will permit measurement of the TAMM and post-
processing of the digitally stored audio signal (i.e.
soundtracks). The computer calculates TAMM from
the velocities registered by the waveform follower
(^max) mat tracks the highest velocities over time.
If the waveform follower is accurately tracking the
highest velocities, then the computer-calculated
TAMM may be used.

Unfortunately, when there is a poor signal-to-noise
ratio, the waveform follower may not accurately track
the highest velocities, resulting in over- or underest-
imation of the TAMM. For STOP, the TAMM was
measured using a visually guided technique. The gain
was adjusted, usually by increasing the gain, to the



CHAPTER 7 TCD and sickle cell disease 141

point that the waveform follower began to misidentify
background noise as signal (the waveform follower
would 'spike' off the waveform to noise that was
misidentified as signal). The gain was then decreased
to the level just below the development of 'spiking'.
A cursor was then brought up onto the screen, and
the TAMM measured by visual placement of the
cursor.

Visual determination of the TAMM can be done
reproducibly and accurately after some practice. The
easiest way to explain this is to look at the waveform as
if it were a mountain range with peaks (systolic) and
valleys (diastolic). If you wanted to level the moun-
tains you would draw a line across the waveforms
so that if the peaks (the areas under the curve, above
the line) were pushed over they would fill the valleys
(the area below the line and above spectral outline,
Figure 7.2). A reader can rapidly acquire the skill to
accurately make this reading by doing direct com-
parisons between the computer-generated TAMM
and the visually determined TAMM. In general, the
TAMM lies at the 'shoulder' of the waveform. To
minimize the effects of minor changes in velocity from
irregular heart rhythm, the reader should attempt to
read the TAMM across at least three waveforms.
Correct and incorrect TAMM placements are given in
Figures 7.3-7.6.

Using this visually guided technique, blinded
repeat readings were within < 5% of the original
velocities. As noted above, all STOP velocity criteria
are based on TAMM. There are a number of other
possible mean velocities that can be calculated. None
of them are the same as TAMM. These other mean
velocities include (but are not limited to) the instan-
taneous mean, the time average of the mean and the
intensity-weighted mean. Some centers have used
the following rapid calculation to arrive at the mean:
add one-third of the peak systolic velocity and two-
thirds of the end-diastolic velocity. We compared
this calculation with the measured TAMM, and have
found that this calculated mean velocity dose not
match the TAMM, and is almost always lower than
the TAMM.

STOP criteria and the risk of stroke
in children with HbSS

The TCD examination as performed by the STOP pro-
tocol is driven to obtain the highest absolute TAMM

velocity. Using the STOP TCD protocol it was found
that children with HbSS with TAMM > 200 cm/s in
the terminal ICA and/or MCA were at significantly
increased risk of ischemic stroke and that blood
transfusions decreased this risk. The TAMM velocity
cut-off point of 200 cm/s was based on the Medical
College of Georgia (MCG) Cohort Stroke Risk
Model described by Robert Adams in 1992-96 [2,3].
This cut-off was also employed in 5000 screening TCD
examinations performed on the 1934 children in the
STOP screening phase [2,3].

In the MCG Cohort, children with TAMM veloc-
ities in the terminal ICA and/or proximal MCA
of > 200 cm/s had a 13% per year incidence of stroke.
In the STOP trial, children with velocities > 200 cm/s
had a 10% per year incidence of stroke [7]. The
Cooperative Study of Sickle Cell Disease collected data
on 4082 sickle cell disease patients and demonstrated
a risk of stroke in the pediatric sickle cell disease
population of 0.5-1% per year [1]. The much higher
incidence of stroke in the STOP study demonstrates
that TCD can identify those at much greater risk
of stroke. Stroke risk was looked at for all 1934
children screened for STOP: based on the first TCD
results, with 36 months of follow-up, those with
TAMM < 170 cm/s (STOP 'normal' velocities) had
a 99% stroke-free survival rate; those with 170-
199 cm/s (STOP 'conditional' velocities) had a 97%
stroke-free survival rate; and those with > 200 cm/s
(STOP 'abnormal' velocities) had an 83% stroke-free
survival rate.

However, not all strokes were predicted by TCD.
This may be related to other mechanisms of stroke
(dissection, embolism, hypercoagulable states, small
artery infarction) or to timing of TCD performance in
relation to stroke development, or to failure to detect
a stenosis by TCD. TCD has demonstrated itself to be
a very useful tool for identifying patients with HbSS
at high risk for future development of stroke, and can
be used to identify those children who benefit from
prophylactic transfusion.

Further guidelines on TCD performance using
STOP study protocols were recently published [8],
and a modest underestimation of velocities by tran-
scranial color Doppler imaging (TCDI) compared to
TCD measurements was established [9,10]. If TCDI
is used, scanning protocols should be modified to
obtain comparable measurements to STOP TCD
instruments [9,10].



Figure 7.3 TAMM measurements. Upper spectrum: the
TAMM line has been incorrectly placed resulting in too high
a velocity (205 cm/s). Middle spectrum: the TAMM line has
been correctly placed, with correct measurement of

velocity (174 cm/s). Bottom spectrum: the TAMM line has
been incorrectly placed, resulting in too low a velocity
measurement (148 cm/s).
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Figure 7.4 This is a well-defined waveform, with gain
appropriately set. This demonstrates the correlation
of computer-measured TAMM with the TAMM line.
Upper spectrum: abnormal TCD study of the MCA at

44-mm depth. Lower spectrum: TAMM line has been
correctly placed, measuring 216 cm/s. Same study
measured by the computer using the waveform follower,
with 217 cm/s.

Frequently asked questions
about STOP

Question 1. What are the indications for TCD use in
children with sickle cell disease?
Answer 1. TCD is used to screen children with hemo-
globin SS between the ages of 2 and 16 years who have
not suffered a stroke to identify those at risk for stroke.

Question 2. What are the STOP criteria for classi-
fication of TCD examinations?

Answer 2. STOP classification:
Normal: TAMM velocity < 170 cm/s
Conditional: TAMM 170-200 cm/s in the MCA
and/or terminal ICA; TAMM > 170 cm/s in the
PCAorACA
Abnormal: TAMM > 200 cm/s in the MCA and/or
terminal ICA
Inadequate: absent/poor acoustic window.

All studies are performed in patient's baseline 'steady
state'. Do not perform studies when patient is acutely
ill.
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Figure 7.5 Incorrect computer-based TAMM measurement
was obtained in the MCA at 42-mm depth (upper
spectrum). The waveform follower (Vmax) is not tracking
the velocity profile; it is incorrectly registering the
'wrapped-around' signal as part of the waveform,
resulting in a computer-measured velocity that is too
high (251 cm/s), and incorrectly classifying this study as

abnormal. Lower spectrum shows correct baseline
adjustment for the same Doppler signal presented above.
On this measurement, the baseline has been adjusted so
that the aliasing no longer interferes with computer
measurements. The waveform follower now accurately
tracks the highest velocity of the velocity profile and
correctly measures velocity at 183 cm/s.

Question 3. If a patient has one abnormal examina- Answer 4. 85% of patients who had one abnormal

tion, when should a confirmatory (repeat) examina-
tion be performed?
Answer 3. At least 2 weeks after the initial examina-
tion. This minimizes the risk of transient elevations of

TCD-measured velocities.

TCD examination had a second examination that
confirmed the abnormal velocity. Almost all of
the children who had an initial examination with

> 220 cm/s had a second examination that was
abnormal.

Question 4. If I have a child with one abnormal TCD

examination, what are the chances that the child will
have a second abnormal examination?

Question 5. What should be done when a child has
had two STOP TCD examinations with MCA or

terminal ICA TAMM velocities > 200 cm/s?



Figure 7.6 The upper spectrums show incomplete
sampling. These waveforms demonstrate how a thorough
examination of the MCA is necessary to identify the highest
velocity. In this patient the velocities at 40 mm (upper
spectrum) and 50 mm (middle spectrum) were in the
normal range, i.e. 156 cm/sand 161 cm/s. A more detailed

search using different aspects of the temporal window and
probe manipulation demonstrated that at 44 mm there
was a velocity more than 30 cm/s higher than that
measured at 40 or 50 mm. This measurement led to
reclassification of TAMM as high conditional, i.e. 193 cm/s.
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Answer 5. Patients with two abnormal studies should
be offered transfusion therapy to decrease their stroke
risk.

Question 6. What is the significance of the high

velocities?
Answer 6. Most of the abnormal velocities correlate
with the presence of a local stenosis. Some children
with abnormal velocities have normal MRAs of the
intracranial circulation. These children are also at
increased risk of stroke compared to the children with
'normal' velocities. It may be that the high velocity
flow sets the stage for the subsequent development
of stenosis, or that it is somehow associated with the
process that triggers the stenosis.

Question 7. What should we expect if we screen our
pediatric sickle cell population with TCD?
Answer 7. STOP TCD examinations using the protocol
described in this chapter were performed on children
between the ages of 2 and 16 years with sickle cell dis-
ease in 13 centers in North America. The percentages
of normal, conditional, abnormal and inadequate
examinations were remarkably consistent across all

sites: 70% of all the TCD examinations were classified
as normal; 15% of all examinations were classified
as conditional; and 10% of all examinations were
abnormal. Only 5% were considered inadequate.

Question 8. What about TCD in sickle cell patients
who have had a stroke?
Answer 8. All of the above STOP information relates
to screening children who have not had a clinically

recognized stroke to identify those who are at high

risk for stroke development. Once stroke develops,
TCD assumes less importance. Most hematologists
will begin transfusion therapy in these children once
they develop stroke. Children with HbSS who have
suffered a stroke may have ICA or MCA occlusions, so
that the MCA on the affected side may be absent, or
demonstrate very low velocities, rather than elevated
velocities. There is not a precise cut-off, but TAMM
velocities of less than 75 cm/s in non-transfused HbSS

patients are very low, and raise concerns about severe
proximal stenosis.

Question 9. What about TCD of the ophthalmic
artery in children with sickle cell disease?
Answer 9. TCD examination of the ophthalmic

arteries was not part of the STOP protocol, so there
are no STOP data to directly apply to this question.
However, this examination may demonstrate several
abnormalities:
(a) If the patient has developed transdural collaterals
from the ophthalmic to the intracranial arteries (usu-
ally ACA branch), flow in the ACA will demonstrate
a low-resistance pattern rather than its usual high-
resistance pattern. This is usually a late phenomenon
in the development of the moya-moya pattern.
(b) If the ICA distal to the take-off of the ophthalmic
is examined, abnormal high-velocity flow may be
detected, as this is a frequent site of stenosis of the ICA.
(c) Reversal of flow in the ophthalmic artery is almost

never seen in these patients. The stenotic lesions are
almost always distal to the take-off of the ophthalmic
artery, so that it cannot provide collateral flow.

Question 10. Can you provide information about the
incidence of high velocities by age?
Answer 10. The highest velocities were found in
younger children. Abnormal velocities by age are
distributed as follows:
2-8 years 10.9%
9-12 years 9.7%

13-16 years 6.5%.
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CHAPTER 8

Cardiovascular risk factors
and carotid ultrasound

Joseph F. Polak, MD, MPH

Introduction

Ultrasound is a technology well suited to the study
of atherosclerosis. This non-invasive technology can
be used to gauge the severity of carotid stenosis with
the aid of Doppler waveform analysis and evaluate
the extent of atherosclerotic changes on gray-scale
(B-mode) ultrasound images.

Other chapters review how carotid ultrasound
measurements relate to the presence of clinically overt
cerebrovascular disease and how this technology can
help identify candidates for carotid endarterectomy.
This chapter will briefly review how Doppler velocity
measurements have also been used to evaluate the
presence of surgically correctable lesions in asymp-
tomatic individuals. The value of ultrasound for eval-
uating atherosclerotic disease goes further. Gray-scale
ultrasound images can map out moderately severe
(< 50% diameter stenosis) plaque deposits or be used
to measure the diffuse thickening of the carotid wall
referred to as intima-media thickness (IMT). These
ultrasound measures of atherosclerosis in a given indi-
vidual parallel the amount and extent of exposure to
cardiovascular risk factors. The extent of atheroscle-
rotic change seen on ultrasound images is associated
with the likelihood of future cardiovascular events
such as stroke or myocardial infarction.

This chapter will conclude by showing how carotid
ultrasound measurements of IMT can be used to
quantify subclinical disease in the asymptomatic indi-
vidual and to measure the response to therapeutic
interventions aimed at reducing the risk of future
cardiovascular events.

Doppler ultrasound and screening
for significant carotid stenosis

Performance of Doppler ultrasound in
multicenter clinical trials
The use of carotid ultrasound to detect the presence
of 'significant' disease in asymptomatic individuals is
an example of a 'screening' strategy. When used for
this purpose, a Doppler velocity parameter is selected
and a threshold is set in such a manner as to define
a 'significant' lesion. Individuals with a significant
lesion have measured Doppler velocities above the
selected threshold. The accuracy of the diagnostic
parameter, as an example, a peak systolic velocity
above a certain value, is determined by comparison to
a gold-standard measurement that quantifies disease
predicted by the ultrasound test. Arteriography serves
as this gold standard. As this Doppler velocity cut-off
point is applied to examining a group of individuals,
comparisons to a gold standard and to outcomes can
then be used to determine overall efficacy. Efficacy is,
however, very dependent on disease prevalence, i.e.
the proportion of individuals who have a significant
lesion in the group being studied.

The Asymptomatic Carotid Atherosclerosis Study
(ACAS) Trial was a multicenter trial that started
enrolling participants in the 1980s [1]. Carotid ultra-
sound played a pivotal role in ACAS since it was used
to select potential candidates for enrolment in the
trial. The strategy adopted by the designers of the trial
was to use Doppler velocity measurements to identify
individuals with a stenosis of 60% diameter or more.
The investigators used carotid Doppler ultrasound
as a screening test but with the intent of insuring
that almost all individuals who went on to carotid

148
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arteriography and surgery would have a lesion of at least
60% in their carotid artery. For this reason, the selected
Doppler velocity threshold was set to a high enough
value that 95% of selected individuals would have a
lesion causing a diameter narrowing of 60% or more.

The ACAS trial showed an advantage for surgical
intervention as compared to medical therapy for
patients who had at least a 60% internal carotid artery
stenosis [1]. In ACAS, the measured specificity of
carotid ultrasound was above 97% [2]. Carotid ultra-
sound was, however, used according to a very strict
protocol and quality control. In order to qualify,
centers had to show evidence of a strong correlation
between Doppler measurements and the results of
carotid arteriography for 50 carotid arteries. Early
results showed marked variations between centers [2],
with some centers having diagnostic performance
worse than what would be expected through random
measurements (Figure 8.1). The diagnostic perform-
ance of carotid Doppler ultrasound improved with
better instrumentation and greater care applied to the
imaging protocol [3]. These results are very different
from those reported for the centers participating in
the NASCET study [4]. The sensitivity and specificity
of carotid ultrasound in NASCET were 68% and
67% when retrospectively compared to central angio-
graphic reading for carotid stenoses of 70% or more.
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Figure 8.1 Given a specificity of 90% (chance of overcalling
a stenosis less than 60% to be greater than 60%), the
sensitivity of Doppler ultrasound machines evaluated in the
later part of the 1980s showed inconsistent diagnostic
performance.

This result, while it applies to a-one-for-all-devices
peak systolic velocity (PSV) threshold for symp-
tomatic individuals enrolled in the NASCET study,
is an unacceptable performance for a screening test.
The results of the carotid Doppler ultrasound studies
performed without validation in the NASCET study
generated some controversy. Certain methodologic
issues played a role in the poor diagnostic perform-
ance of Doppler ultrasound. Because of the absence of
any quality assurance program, variations in patient
selection and in imaging device types and perform-
ance, and differences in the imaging protocols [4-6]
likely contributed to the poor results reported for
Doppler ultrasound. The obvious remedies would
have included the use of a standard imaging protocol,
a certification program for qualifying both sono-
graphers and laboratories, the implementation of a
quality assurance/improvement by a central coordi-
nating/training center and adoption of locally validated
screening criteria.

A central coordinating center was used by ACAS to
gather the ultrasound data. In ACAS, however, carotid
artery Doppler velocity measurements for grading
carotid artery stenosis severity failed to show a scaling
effect. The scaling effect can be looked at as means
of verifying the value of a measurement method for
predicting outcomes. For example, results of the
NASCET study published in 1991 showed a scaling effect
between the arteriographic measurement of carotid
stenosis and the benefits of surgery (Figure 8.2). The
greater the degree of stenosis, the greater the benefit
of surgery. This can be interpreted to indicate that
the risk of a future stroke increases with the degree of
stenosis as measured by arteriography. In NASCET,
the degree of carotid stenosis measured by Doppler
velocity estimates did not relate to the benefit of
surgery [4]. In ACAS, carotid ultrasound measure-
ments did not show an association with the risk of
a future stroke despite the implementation of a stand-
ard imaging protocol. However, it is possible that this
may represent a selection bias in the way that these
asymptomatic individuals were selected for the ACAS
study since arteriographic estimates of carotid stenosis
also did not show a scaling effect in this trial. The
asymptomatic patients had very few events in the
ACAS trial (1-2% of stroke risk per year in surgical
and medical arms), and the benefits of surgery were
not related to the severity of stenosis as measured on
the arteriogram [ 1 ].
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Figure 8.3 The presence of neurologic symptoms was
associated with the degree of stenosis as measured with
carotid ultrasound in the Cardiovascular Health Study.

Doppler ultrasound measurements relate to the risk
of stroke.

It is hard to reconcile these reports from large mul-
ticenter studies with the reports coming mostly from
single academic centers that show carotid Doppler
velocity measurements to have high sensitivity and
specificity (Table 8.1). Differences in imaging devices
or imaging protocols likely had an effect on diagnostic
performance of Doppler ultrasound in multicenter
studies [6-8]. The paper by Kuntz et al. has shown
that variability exists at the level of individual labor-
atories and for different imaging devices. The question
remains whether Doppler ultrasound can be imple-
mented at the level of more than one center and
whether, with proper quality assurance protocols,

Epidemiologic studies and
quality assurance
The answers to some of these issues can be extracted
from an epidemiologic study: the Cardiovascular
Health Study (CHS) [9]. This multicenter study
looked at 5888 individuals aged 65 years or more in
four communities in the US. The centers participating
in this study used carotid Doppler velocity measure-
ments in an attempt to measure the severity of carotid
disease. An increased risk of having stroke or transient
ischemic attacks was associated with the degree of
stenosis (Figure 8.3) measured by Doppler ultrasound
[10]. The risk of stroke (Figure 8.3) was much greater

Table 8.1 Doppler velocity cut-off points for determining 70% or more stenosis of the internal carotid artery (ICA)

consistent with NASCET [44].

Author

Huninketa/. [5]
Monetaefa/. [45]
Faughteta/. [46]
Nealeera/. [47]
Hood era/. [48]
Carpenter eta/. [49]

Chen eta/. [50]

Parameters)

ICAPSV>230cm/s

ICA/CCA PSV ratio > 4.0

ICA PSV > 1 30 cm/s and ICA EDV > 1 00 cm/s

ICA PSV > 270 cm/s and ICA EDV > 1 10 cm/s

ICA PSV> 130 cm/s and ICA EDV> 100 cm/s

ICA PSV > 210 cm/s or

ICA/CCA velocity ratio > 3.0

ICA PSV> 125 cm/s and ICA EDV> 135 cm/s

yAccuracy (% )

Sensitivity 80, specificity 90

Sensitivity 91, specificity 87

Sensitivity 81, specificity 98

Sensitivity 96, specificity 91

Sensitivity 87, specificity 97

Sensitivity 94, specificity 77

Sensitivity 91, specificity 78

Sensitivity 76, specificity 93

PSV, peak systolic velocity; EDV, end-diastolic velocity; CCA, common carotid artery.
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Figure 8.4 The risk of developing a stroke was shown to be
directly associated to the blood flow velocity of the internal
carotid artery in the Cardiovascular Health Study.

in subjects with velocities above 250 cm/s (75%
stenosis) than for individuals with stenosis of 50-75%
(Doppler velocities between 150 cm/ s and 225 cm/s)
[10]. In addition, Doppler velocity measurements
made in asymptomatic individuals were directly asso-
ciated with the risk of a future stroke [11]. A semi-
linear association was seen between Doppler velocities
and incident stroke: the higher the measured Doppler
velocity, the greater the chance of experiencing a sub-
sequent stroke (Figure 8.4) during a 5-year follow-up
[11]. However, the prevalence of individuals with
blood flow velocities above 150 cm/s, i.e. the equiva-
lent of a 50% diameter stenosis, was less than 5% in
individuals who had no evidence of cerebrovascular
symptoms (Figure 8.5) when they were evaluated with
Doppler ultrasound [11].

The difference between the results of the CHS study
and the results of NASCET and ACAS are, in part,
explained by a very strict protocol and quality assur-

ance program used in the CHS. The CHS study
was conducted in individuals aged 65 years or more
located in four very distinct geographical regions
of the US. All sonographers used the same imaging
device, were trained in the same imaging protocol,
and were given feedback as to their technique during
review of their images at a central reading center [12].

The selection of the ultrasound imaging device took

place by comparing instruments from six different
companies. This comparison included imaging of

200

cm/s

300 400

Figure 8.5 The proportion of individuals with 50% internal
carotid artery stenosis was low (less than 5% in participants
of the Cardiovascular Health Study). All individuals were
aged 65 years or more and, for this figure, none had
symptoms of cerebrovascular disease.

gray-scale phantoms, Doppler velocity phantom
measurements and imaging of the same two subjects.
Images obtained from all ultrasound devices were
then reviewed by the six members of an Ultrasound
Committee. The evaluation included image quality,
focusing capability of the device, magnification factors,
Doppler beam and gray-scale steering of the ultra-
sound image. In addition, color Doppler imaging was

used as a guide for the Doppler velocity evaluations.
Sonographers were trained for 2 days in a curriculum
that reviewed the basics of carotid ultrasound, Doppler
hemodynamics and specifics of the imaging device
control panel. The trained sonographers then had to
submit certification examinations that were reviewed
by a co-investigator. Once certified, the sonographers
were continuously informed of the quality of their

examinations. Trained readers reviewed images under
the supervision of the co-investigators and reported
on the quality of the examinations.

Gray-scale (B-mode) imaging of the
extent of atherosclerotic plaque
Much attention has been focused on the measurement
of atherosclerotic plaque when determining whether a
lesion is significant from the perspective of surgical
interventions. However, stenotic lesions causing a

50% or more diameter stenosis have a prevalence of
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less than 10% in the general population, while most
lesions, if present, cause 50% or less diameter narrow-
ing [10]. The emphasis then shifts towards a more
global evaluation of the extent of carotid artery disease
and possible associations with cardiovascular risk
factors.

Gray-scale imaging alone, without the use of duplex
or color Doppler ultrasound, has been shown to have a
low sensitivity and specificity for grading the severity
of carotid disease as compared to arteriography and
pathology [13]. While Doppler velocity evaluations
circumvent this problem in diagnostic accuracy,
the gray-scale information on the carotid ultrasound
imaging can still be used to evaluate the severity of
carotid artery disease, especially for lesions of less
than 50% diameter stenosis (where Doppler velocities
are less than 150cm/s). Plaques of low echodensity
(hypoechoic or echolucent) have typically been
underestimated by gray-scale imaging alone. With
color Doppler imaging, the likelihood of such errors
decreases [ 14]. The carotid ultrasound protocol of the
Cardiovascular Health Study had readers blinded to
the subject being studied. The degree of atheroscle-
rotic plaque was subjectively quantified as absent
(0%), 1-24% diameter narrowing, and 25-49% diam-
eter narrowing if the Doppler velocity is less than
150 cm/s. For velocities above 150 cm/s but less than
250 cm/s, the lesion was graded as 50-74% diameter
stenosis narrowing. For velocities above 250 cm/s, the
stenosis was graded as 75-99% stenosis. It is under-
stood that subtotally occluded carotid arteries can
show low-amplitude blood flow signals whereas
totally occluded arteries have no detectable Doppler
flow signals [10]. Totally occluded carotid arteries are
distinguished from subtotally occluded arteries with
the aid of color Doppler imaging.

This semiquantitative scale shows an association
with cardiovascular risk factors: the higher the cat-
egory of plaque formation, the more an individual has
cardiovascular risk factors. This observation has been
made in both the Cardiovascular Health Study and the
Framingham Heart Study [10,15]. Greater degrees of
carotid narrowing are also associated with a higher
likelihood of clinically manifest cardiovascular disease
[10,16].

Cardiovascular risk factors
and subclinical disease
Where did the expression 'cardiovascular risk factors'

come from? After the end of World War II, public
health was mostly focused on infectious diseases.
In the late 1940s, a well-focused effort was directed
towards understanding the factors responsible for the
apparent epidemic of cardiovascular diseases in the
US population. The ground-breaking Framingham
Study was an example of a well-coordinated effort to
measure various health parameters in a large subur-
ban population [17]. The defined cohort, made up of
volunteers, was then followed in time. With the devel-
opment of cardiovascular events such as myocardial
infarction and strokes, a database relating these events
to certain parameters such as blood pressure and
cholesterol levels was established. With time, these
data generated enough events to indicate that major
culprits for incident cardiovascular events included
diabetes, smoking, high blood pressure and elevated
cholesterol levels. These measures became recognized
as risk factors for cardiovascular events and therefore
risk factors for cardiovascular disease.

Cardiovascular risk factors have been identified by
discovery of their association with the likelihood of
developing a stroke or myocardial infarction. Plasma
cholesterol levels, for example, are known to be a
risk factor for myocardial infarction. The recognition
that high levels of cholesterol in the blood were a risk
factor came from studies that compared individuals
who developed clinically overt cardiovascular events,
stroke or myocardial infarction, to those who did not.
In doing so, cholesterol levels were recognized as
increasing the likelihood of cardiovascular events.

Cardiovascular risk factors include age, gender,
diabetes, history of cigarette smoking, hypertension
and plasma cholesterol levels (LDL-cholesterol in a
positive fashion and HDL-cholesterol in a protective
fashion). These risk factors can be further refined to
include pack-years smoked, actual level of systolic
blood pressure (in a positive fashion) and diastolic
blood pressure and further lipoprotein subsets such as
Lp(a) or apo-protein B.

The presence of carotid artery disease has served as
a surrogate endpoint for the evaluation of the effects of
cardiovascular risk factors. In the Framingham Study,
a value of a 25% diameter stenosis in the internal
carotid artery has been used as a cut-off point for
identifying individuals with atherosclerotic disease
[18,19]. This cut-off point has been used to study the
effects of specific risk factors or risk-factor exposure
over time in large populations. Data from Selhub etal.
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[18] showed the strong association between homocys-
teinemia and the presence of lesions greater than 25%
in the internal carotid arteries. In a publication by
Wilson et al. [19] the presence of focal lesions in the
carotids, with greater than 25% stenosis, was associ-
ated with the time course of exposure to different risk
factors. The study by Wilson et al. clearly showed
strong associations of the time exposure to different
cardiovascular risk factors, mostly smoking and blood
pressure, than with a single ultrasound measurement.

The presence of relatively small focal carotid lesions
in the carotid system can therefore serve as a surrogate
for the determination of atherosclerotic burden in
individuals. These measurements are semiquantit-
ative and subjective, yet can serve as a powerful
non-invasive tool for determining the effects of risk
factor exposure on the arterial system.

Plaque characterization
Early surgical series showed that the appearance
of endarterectomy specimens correlated with the
appearance on B-mode ultrasound, hypoechoic areas
representing areas of hemorrhage [20-22]. These early
studies on carotid plaque characteristics were biased
to patients with high degrees of stenosis and therefore
quite large plaques. The main focus of the ultrasound
examination was confirming whether or not a plaque
was 'dangerous' and at high risk for causing a cere-
brovascular event. Studies also focused on the con-
tour of the plaque and the capacity of ultrasound for
detecting ulcerations [22,23]. The accuracy of ultra-
sound in such cases seems marginal, given the low
accuracy for detecting ulcerations. In addition, since
the patients are likely to be symptomatic, the severity
of carotid stenosis is still the most important variable
associated with the risk of stroke.

The concept of a vulnerable plaque in the coronary
artery system has, over the years, come to be recog-
nized as a major cause of acute myocardial infarction.
According to this theory, a lipid-laden plaque will
abruptly rupture into the coronary artery lumen,
exposing its components to blood. Acute thrombosis
would immediately take place, occluding the artery
and causing a myocardial infarction. This theory is
supported by observations showing that half of the
plaques likely to rupture and cause thrombosis of
the coronary arteries cause less than 50% diameter
narrowing. Until they cause the first myocardial
event, these lesions are asymptomatic and, according
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Figure 8.6 The relative risk of developing a stroke with an
identified hypoechoic plaque is at least as significant as
having a carotid stenosis of 50% or greater. In addition,
traditional risk factors do not seem to be as important in
their ability to predict incident strokes.

to recent observations with intravascular ultrasound,
relatively echolucent. This process of rupture of a
lipid-laden plaque (relatively hypoechoic on ultra-
sound imaging) is also believed to apply to the
carotid system. The presence of hypoechoic carotid
plaques has been related to abnormalities on com-
puted tomograms of the brain [24]. A longitudinal
prospective study has recently shown that hypoechoic
lesions are also associated with the likelihood of future
strokes in individuals who are asymptomatic at the
time of their ultrasound examination [25]. Results
of this study showed that hypoechoic plaque was a
risk factor for incident stroke (Figure 8.6), a risk factor
at least as important as carotid stenosis of 50% or
more [25].

Although quantitative approaches for measuring
plaque density are under investigation, plaque char-
acterization has normally been done using a qualitative
scoring system:
Type 1: hypoechoic, or echolucent, plaque that con-

tains homogeneous distribution of echoes (with
the exception of an echogenic rim thought to
represent a fibrous cap), as shown in Figure 8.7.

Type 2: hypoechoic, or echolucent, plaque that con-
tains a heterogeneous distribution of echoes (50%
or more of the plaque has hypoechoic elements).

Type 3: hyperechoic, or echodense, plaque that
contains a heterogeneous distribution of echoes
(50% or more of the plaque has hyperechoic
elements).
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Figure 8.7 The near wall of the internal
carotid artery sinus (bulb) shows a
hypoechoic plaque with a rim of
increased echoes. This is typical of a
hypoechoic plaque.

Figure 8.8 The far wall of the proximal
internal carotid artery shows a dense
(echogenic) plaque with strong signals.
This is typical of a hyperechoic plaque.

Type 4: hyperechoic, or echodense, plaque that
contains a homogeneous distribution of echoes
(the plaque is made up completely of hyperechoic
elements), as shown in Figure 8.8.

Type 5: calcified plaque that contains acoustic shad-
owing sufficiently extensive to preclude evaluation
of the plaque characteristics.

The relative echogenicity of the plaques is deter-
mined by the closeness to the echoes within blood

(hypoechoic) and those of the surrounding soft tissues
(hyperechoic).

These metrics of carotid artery disease are currently
qualitative or even semiquantitative at best. There

are, however, simpler quantitative measures of the
effects of atherosclerosis and risk factors that can
be quantified on ultrasound images. The future of
carotid ultrasound seems to be for quantitative
measurements of carotid wall thickness.
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IMT workstation (CHS)
I Common Carotid "LCC'

Figure 8.9 This image from a carotid ultrasound
workstation shows an image with focus on the far wall of
the common carotid artery. Wall thickness is measured as

the distance between the leading edge of the
lumen/intima interface to the media/adventitia
interface.

Quantitative measures of carotid
artery wall thickness

In 1986, a group of investigators pointed to a strong
association between the presence of atherosclerosis
and an ultrasonographic measurement of the thick-
ness of the aortic wall. This measurement was also
performed for the carotid artery wall and was shown
to correlate with the presence of cardiovascular risk
factors (hypercholesterolemia and smoking) [26,27].
The measurement consists of determining the dis-
tance between the leading edge of the lumen-to-wall
interface of the artery and the interface between the
media and adventitia on the artery wall (Figure 8.9).
The combined width of this anatomic region is
denned as the intima-media thickness (IMT).

Since its first evaluation in vitro, measurements
of intima-media thickness have also been applied to
large population groups. The first two studies to look
at this in a systematic way were the Atherosclerosis
Risk in Communities (ARIC) [28] and Kuopio heart
studies [29]. Both studies showed clear associations
between the presence of focal lesions in the internal
carotid artery and more diffuse thickening of the

arterial wall. Individuals with larger IMTs (or thicker
inner layers of vessel walls) had greater numbers of
cardiovascular risk factors than individuals with
thinner walls.

The Cardiovascular Health Study took these
measurements further and evaluated the presence of
intima-media thickness within the common carotid
as well as in the internal carotid arteries. These studies,
with currently more than 10 years of follow-up, clearly
show the very strong cross-sectional relationships
between risk factors and the extent to which the wall
of both the common and internal carotid arteries
thickens [30]. Whereas common carotid artery wall
thickening is a more diffuse process, the internal
carotid artery wall thickness is a sonographic meas-
urement of carotid plaque thickness and cholesterol
deposition. As such, increased internal carotid IMT
corresponds to increased degrees of carotid artery
stenosis. It is therefore not surprising that measure-
ments of internal carotid artery wall thickness cor-
relate to the extent of subjectively graded percentage
stenosis [ 10]. There is, however, an issue of differences
in the definition of plaque and wall thickness. The
size of a plaque is typically measured from the internal
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elastic media to the lumen, whereas the ultrasound
measurement of wall thickness is carried out from the
external elastic media to the lumen.

Cross-sectional relationships between the IMT
measures have further been explored and form the
basis of an overall measure of subclinical cardiovascular
disease [31].

IMT and prediction of incident events
IMT measurements performed in different popula-
tion groups have now shown predictive power for
incident events: IMT is a marker for future myocardial
infarction as well as for stroke. A paper by O'Leary
et al. in 1999 [32] showed a clear-cut scaling effect as
well as excess risk with increasing thickening of the
internal carotid artery and the common carotid artery
as well as for a combined score adding measurements
from the common and the internal carotid arteries
(Figure 8.10). The predictive power of IMT measure-
ments for stroke or myocardial infarction has also
been observed by other investigators [33,34].

The technical requirements needed to perform IMT
measurements are demanding.

Description of an IMT
measurement protocol
IMT measurements are made at the level of the com-
mon carotid artery as well as in the proximal internal
carotid artery. One protocol, used in the ARIC study,
includes a sampling of the common carotid artery,
and a separate sampling at the level of the common

carotid bifurcation (so-called bulb) and proximal

internal carotid artery. The protocol used for the
Cardiovascular Health Study uses one view of the
common carotid artery and three projections of

the proximal internal carotid artery (to include the
so-called carotid bulb). Both protocols share the fact
that all imaging is done in a longitudinal plane and
that the flow divider and the carotid bulb serve as
anatomic markers for location of the measurements.
Typically, 1-cm segments are measured in the distal
common carotid artery and in the proximal internal
carotid artery (bulb).

The ultrasound device and the expertise of the
sonographer are important factors for obtaining pre-
cise wall thickness measurements. Comparing the
results of the Cardiovascular Health Study to ARIC
shows site-specific acquisition of data in greater than
97% of instances for the CHS protocol [30]. For the
ARIC study, data completeness for the common
carotid artery was 79%, dropping to 41% in the proximal
internal carotid artery [35].

A high-resolution transducer of at least 5 MHz or

higher imaging frequency is used. The ideal imaging
device has not been formally identified. Different
investigators have used imaging devices made by
different ultrasound companies.

Image analysis and IMT
as a measure of atherosclerotic burden
The simplest methodology for measuring wall thick-
ness is the use of calipers to measure IMT directly
from either a hard copy image or a digital image.
Measurements made on digital images are superior to
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Figure 8.10 This figure shows the
incident rate for stroke in individuals
without evidence of cerebrovascular
disease at a baseline visit. The relative
risk of a stroke or myocardial infarction
increases with the wall thickness of the
common carotid artery (CCA) or of the
internal carotid artery (ICA), or with the
combined measurement of the CCA and
ICA wall thickness.
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measurements made on hard copy images, and more
modern ultrasound devices give better measurements
than the older generation of devices [36]. Although
electronic calipers can be used to obtain IMT values,
this approach is not as reliable as the use of a special-
ized workstation and sampling of a large number of
points along the artery wall. Use of digital calipers
on the ultrasound screen shows some relation to
cardiovascular risk factors but is not as precise as
measurements made using more sophisticated imaging

algorithms [37].
The ARIC, CHS and Tromso investigators used

specialized algorithms to measure IMT [12,38,39].
This approach decreases the variability and there-
fore increases the precision of IMT measurements.
This translates into an increase in statistical power
for detecting associations with risk factors in smaller
groups of subjects. Ideally, with sufficient precision,
the measurement may become precise enough to be
used as a screening variable at the level of the indi-
vidual patient. The traditional method of reviewing
carotid images relies on human readers to review
images, to identify the interfaces and to draw the con-
tours of the wall interfaces. This approach has given
support to the concept that IMT measurements are a
measure of subclinical disease [40] and are predictive
of future cardiovascular events [32]. Human readers
also permit the inclusion of measurements of IMT in
the internal carotid artery. The association between
risk factors and IMT are different for measurements
made in the common carotid as compared to the
internal carotid artery [ 11,30,41 ]. In addition, internal
carotid artery IMT measurements had predictive
power for the IMT measurements made in the com-
mon carotid artery [32]. This implies that a baseline
evaluation of the IMT of the common and the internal
carotid arteries gives a better baseline estimate of risk
for future cardiovascular events than a measurement
made solely in the common carotid artery.

Image analysis and IMT as a measure
of progression of atherosclerosis
Edge detection algorithms can also be applied to the
processing of digitally stored carotid images. How-
ever, the performance of these edge detectors has been
well evaluated for the far wall of the common carotid
artery. No solid data exist for the application of this
technology to either the near wall of the common
carotid artery or the internal carotid artery. Phantom

studies have shown some increase in the precision of
IMT measurement as compared to data from human

readers [42].
High-precision IMT measurements with edge

detectors have found application in the serial
measurement of wall thickness changes over time.
Measurements using sophisticated edge detectors can
track the progression or regression of atherosclerotic
disease in the common carotid artery [43]. The
beneficial effects of different drug therapies such
as the 3-hydroxy-3-methyl-glutaryl-coenzyme A

(HMG-CoA) reductase inhibitors have been clearly
documented with IMT measurements. IMT increases
by 0.02 mm/year in non-treated controls whereas
regression of 0.01 mm/year has been shown for
subjects treated with Lovastatin. While edge detector
measurements work well for carotid IMT measure-
ments, regression of wall thickness, believed to rep-
resent regression of atherosclerosis, has also been
shown for IMT measurements using human reader-

traced interfaces.
Carotid IMT measurements are one of the most

powerful measurements of subclinical cardiovascular
disease. With improvements in technology and
improved edge detector software, a precise estimate
of the atherosclerotic burden in individual patients

seems likely in the near future.

Carotid artery protocol
used at the Framingham Study

Initial scan
The purpose of the initial carotid artery scan is to
orientate the sonographer to the anatomy of the
carotid arteries. The transducer is held transverse and

slowly swept up the neck towards and beyond the
carotid bifurcation. The sonographer identifies a lat-
eral plane where the internal jugular vein lies above
the carotid artery. The sonographer should identify

the distal common carotid artery, the carotid bulb,
and the internal and external carotid arteries. Pulsed-
wave and color Doppler are used to distinguish be-
tween the internal and external carotid arteries. The
two internal anatomic landmarks, the initial dilatation
that marks the origin of the carotid bulb and the most
caudal end of the flow divider, should be identified.
Color Doppler is used to aid in the placement of
the range-gated pulse Doppler sample volume. The
sonographer should identify the site of maximal wall
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thickening in the near or far wall of the bulb and
internal carotid artery during the initial scan. Beam
steering should be used as it will help optimize inter-
faces by placing the echo signal at more of a right angle
to the target.

Directed imaging
Obtain from the right and left sides:
1 two images: two lateral views of the distal common

carotid—at peak systole and then at end-diastole;
2 two images: a lateral view of the carotid bulb and a
second view at the site of maximal thickening in the
carotid bulb, whether it be at any of the following
imaging planes:

(a) antero-oblique
(b) lateral
(c) posterio-oblique;

3 two images: a lateral view of the internal carotid
artery and a second view at the site of maximal thick-
ening in the internal carotid artery, whether it be at
any of the following imaging planes:

(a) antero-oblique
(b) lateral
(c) posterio-oblique;

4 a Doppler waveform and a peak systolic velocity in
the internal carotid artery/bulb.
A lateral view is denned as a longitudinal image, 45° to
the horizontal with the subject's head rotated 45° away
from the side being imaged.

The three projections or scanning angles for images
taken at the site of maximal thickening are the antero-
oblique, lateral (45°) and posterio-oblique.
(a) Antero-oblique: the arch on the surface of the
neck from the midline (trachea) to over the edge of
the sternocleidomastoid muscle (from -10° to 35° to
the vertical).
(b) Lateral (45°): the arch along the lateral surface of

the neck, from 35° to 80° to the vertical. The stern-
ocleidomastoid muscle can be palpated beneath this
portion of the skin's surface.
(c) Posterior oblique: the arch from 80° to 135° to the
vertical. The probe almost always lies just behind the
posterior margin of the sternocleidomastoid muscle.

The final 45° of a complete 180° arch are not avail-
able since the patient's position and the distance to the
artery from the back of the neck preclude scanning in
that plane. The first 10° of the arch from the midline

due to the trachea, therefore each of the three scanning
arches covers a 45° segment of the neck's surface. The

precise angle of the probe head should not overly con-
cern the sonographer. Since the target is the carotid
artery, once the probe is placed on the appropriate
segment of the neck's surface, the scanning angle
defines itself in the process of optimizing the image.

Summary

The role of carotid ultrasound is about to expand
beyond that of a diagnostic test that is efficiently used
in symptomatic patients, or even one where carotid
Doppler ultrasound can be used to identify the asymp-
tomatic patient with a high-grade carotid artery stenosis.

Gray-scale imaging of early plaque deposition and
wall thickness is applicable to the majority of individ-
uals with milder forms of atherosclerosis. Using IMT
measurements, individuals who have suffered changes
related to exposure to cardiovascular risk factors can
now be identified. These individuals may profit from

drug interventions and lifestyle modification at a stage
early enough so that atherosclerotic changes can at
least stabilize and possibly regress. The major limita-
tions to the generalized application of this technology
are the need for quality assurance protocols and
measurement technologies that go beyond the scope
of most diagnostic vascular laboratories. While the
implementation of quality imaging for Doppler
ultrasound evaluation of significant stenosis is
demanding, high-resolution gray-scale imaging of
the carotid wall requires even greater care.
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CHAPTER 9

Carotid and vertebral duplex
scanning in secondary stroke
prevention and stenting

Charles H. Tegeler, MD e^ Disya Ratanakorn, MD

Introduction

Stroke is the third leading cause of death in the US and
is a major cause of disability in the elderly [ 1 ]. Of all
strokes, about 80-85% are ischemic infarction and
15-20% are hemorrhages [2-4]. The appropriate pre-
vention and treatment of ischemic infarction requires
detection of the underlying ischemic mechanism in
each patient individually. Thus, neurovascular ultra-
sound plays a particularly important role in patients
with ischemic stroke. Carotid and vertebral duplex
and transcranial Doppler ultrasonography are non-
invasive methods providing a quick, safe, accurate
and cost-effective way to evaluate the vascular system
for potential ischemic causes. This chapter will cover
clinical indications and principles of interpretation
of carotid and vertebral duplex scanning, cerebrovas-
cular stenting, integrated use, case illustrations and
poststudy questions.

Carotid duplex scanning

Carotid duplex scanning is a non-invasive method
used to evaluate extracranial carotid arteries, provid-
ing real-time anatomy and hemodynamic informa-
tion about these vessels. The main reason to perform
color-coded duplex scanning in a patient with an
ischemic stroke is the detection and quantification of
atherosclerotic carotid artery disease. A > 50% carotid
stenosis may be responsible for up to 25% of all
ischemic strokes. Therefore, carotid duplex is con-
sidered to be the initial vascular evaluation of choice

for patients who present with cerebrovascular disease.
Other clinical indications include:
1 serial follow-up of known cerebrovascular disease,
i.e. moderate carotid stenosis;
2 preoperative evaluation of patients with other
vascular disease such as coronary artery disease and
peripheral vascular diseases, and neck bruits;
3 postoperative follow-up after carotid endarterectomy
and carotid stenting; and
4 assessment of pulsatile neck masses or other
abnormal structures such as grafts.
Carotid duplex scanning may also be used as a
screening tool for early atherosclerosis, evaluating
intima-media thickness measurement in asymptomatic
patients with risk factors for stroke.

Carotid duplex interpretation regarding carotid
stenosis is based primarily on the hemodynamic
information (blood flow velocities) provided by the
duplex Doppler portion of the study. This involves
image-guided placement of the Doppler sample
volume, with angle correction, to obtain flow velocity
information. Parameters frequently evaluated for
the Doppler spectral velocities include the peak sys-
tolic and end-diastolic velocity, the ratio of velocities
in the internal carotid artery (ICA) and common
carotid artery (CCA), side-to-side differences, direc-
tion of flow and characteristics of the velocity
waveform. These data correlate best with the percent-
age linear stenosis on angiography, and are key for
clinical decisions regarding management with medi-
cations, surgery or intravascular intervention. The
Doppler data also provide insight into the condition
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of vessels both proximal and distal to the portion
insonated.

The carotid duplex examination also uses informa-
tion from the B-mode and color flow imaging part of
the examination. This includes measurements of the
intima-media thickness and plaque size; location and
characteristics of plaque; anatomic variations such
as tortuosity, and high and low carotid bifurcation;
anatomic abnormalities such as dissection, aneurysm
and intraluminal thrombus; slow flow in the vessels
described as spontaneous echo contrast; and radial
or longitudinal pulsation during the cardiac cycle

of carotid arteries. A complete report usually also
describes anatomy and hemodynamics of extracranial
vertebral arteries, abnormalities in the internal jugular
vein and carotid body and thyroid and other neck
masses, also commenting on abnormal blood pressure
or cardiac rhythm.

In the Neurosonology Laboratory at Wake Forest
University School of Medicine, we report plaque sizes
as minimal (> 1.0-2.0 mm), moderate (> 2.0-4.0 mm)
and large (> 4.0 mm). The characteristics of plaques
reported include regular, irregular or ulcerated
surface; echogenicity of plaque compared to the
media-adventitia signal (anechoic, hypoechoic,
echogenic or hyperechoic plaques); the texture of
plaque (homogenous, heterogeneous, intraplaque
hemorrhage); and the presence of calcification and
acoustic shadowing.

Our Neurosonology Laboratory has developed and
validated the following criteria for grading carotid
stenosis (Table 9.1) to predict the North American
(NASCET) percentage diameter reduction measure-
ments. When examination is performed by trained
sonographers using a standard protocol, and with
ongoing quality assurance, this approach can reach
90% sensitivity and specificity for identification of
clinically relevant carotid stenosis. Similar results

have been demonstrated by other laboratories [5-8].
The negative predictive value of the test is also high

(95%). Limitations to the use of color-coded duplex
ultrasound for carotid artery disease include:
1 a high carotid bifurcation;
2 very short neck;
3 extremely deeply located and /or tortuous vessels;
4 extensive (> 2 cm) acoustic shadowing; and
5 poor patient cooperation.

Vertebral duplex scanning

Vertebral duplex scanning is a non-invasive method

used to evaluate extracranial vertebral arteries, pro-
viding anatomic and hemodynamic information
about those vessels. Using techniques similar to those
described above for the carotid arteries, the pre-
and interosseous cervical segment C5-C6 part of the
vertebral arteries can be insonated in 96-100% of
cases, whereas the origin of the vertebral arteries can
be insonated in 81-92% of cases on the right and in
65-86% of cases on the left [9,10].

Posterior circulation ischemia is quite common,
particularly in the elder patient, and abnormal
hemodynamics in the vertebral and basilar arteries
can also affect hemodynamics observed in the carotid
systems. Vertebral duplex scanning should be
included as a routine part of carotid duplex ultra-
sonography. In addition, vertebral duplex provides
not only information about the portion insonated
directly, but indirect information about the proximal

and distal vessel segments. Clinical indications for
vertebral duplex include posterior circulation stroke
or suspected transient ischemic attack, vertebral artery
stenosis or occlusion, vertebral artery dissection,
vertebral/subclavian steal syndrome, and unexplained
anterior circulation stroke which may be caused by
basilar-vertebral-subclavian steal syndrome.

Table 9.1 Flow velocity criteria used for grading carotid stenosis in the Neurosonology Laboratory at Wake Forest

University School of Medicine.

Percentage diameter stenosis PSV (cm/s) EDV(cm/s) ICA/CCA ratio

0-49
50-74
75-94

95-99

Occlusion

<140
>140

>140

Variable

No flow

<40

Variable

No flow

<2

>2

>3

Variable

Not applicable

PSV, peak systolic velocity; EDV, end-diastolic velocity; ICA, internal carotid artery; CCA, common carotid artery.
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Parameters for interpretation of vertebral duplex
scanning usually include the presence and direction of
flow, peak systolic and end-diastolic flow velocities,
Doppler spectral waveform characteristics and the
luminal diameter of the vessels. These parameters are
evaluated to identify vertebral stenosis or occlusion,
vertebral/subclavian steal and vertebral artery dis-
section, and to suspect vertebral hypoplasia. There
are no established criteria for grading various degrees
of extracranial vertebral artery stenosis. Nevertheless,
the average normal peak systolic velocity is approx-
imately 40-50 cm/s in the interosseous segment and
approximately 64 cm/s at the vertebral artery origin
[9,10].

Vertebral artery duplex scanning is very useful in
the evaluation of subclavian steal syndrome which
can be demonstrated by early systolic deceleration,
alternating flow or total reversed flow direction of the
Doppler spectral waveform at rest in the ipsilateral
vertebral artery, representing different stages of sub-
clavian steal syndrome. A latent subclavian steal
phenomenon can be suspected when a potentially
'stealing' vertebral artery has an early systolic flow
deceleration and a second peak velocity (Figure 9.1).
A so-called 'hyperemia' test can be performed to
provoke steal and induce flow reversal (Figure 9.1).
Ischemia induced by inflation of the blood pressure
cuff and physical exercise of the ipsilateral arm creates

an increased metabolic demand and vasodilatation.
Upon cuff release, vertebral duplex can uncover or
confirm a steal phenomenon. Monitoring of the
intracranial ipsilateral vertebral artery and basilar
artery during such physiologic or evoked flow testing
can help to identify patients with a true intracranial
vertebral-basilar steal who may have a greater need
for vascular intervention.

Carotid endarterectomy and
cerebrovascular stenting

Since stroke remains the third leading cause of death
in the US, prevention is of paramount importance.
Many new stroke cases are due to carotid artery
stenosis or obstruction [11], so carotid endarterec-
tomy (CEA), carotid angioplasty (CA) and carotid
artery stenting (CS) may play important roles in
stroke prevention. Three major randomized clinical
trials have established the efficacy of CEA in prevent-
ing stroke compared to antithrombotic therapy in
both symptomatic patients (NASCET and ECST) with
> 50% stenosis and asymptomatic patients (ACAS)
with > 60% carotid artery stenosis [12-14]. The great-
est benefit of CEA is seen in patients with severe symp-
tomatic carotid stenosis of > 70% while the clinical
relevance of CEA in an asymptomatic patient is not as
widely accepted.

Figure 9.1 Vertebral duplex ultrasound shows systolic
deceleration in the velocity spectral waveform present at
rest, suggesting a latent subclavian steal (left image). A
blood pressure cuff was inflated to suprasystolic values and

suddenly released to perform hyperemia testing. After cuff
release, a systolic flow reversal with a lower diastolic
velocity was detected inducing a subclavian steal
phenomenon (right image).
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The NASCET trial enrolled only 0.3% of patients
who underwent CEA in North America in the same
time period. In the NASCET study, the incidence of
major stroke, myocardial infarction or death in the
surgical group was 3.1%. In ACAS, there was a 2.3%
incidence of perioperative stroke or death, and a half
of these complications were attributable to invasive
cerebral angiography.

Due to patient selection in carotid endarterectomy
trials, CEA was not performed in patients with high
surgical risk for perioperative morbidity and mortal-
ity, including patients with simultaneous severe
cardiac and cerebrovascular disease or other medical
illness. In these patients CA and CS offer a possible
alternative [11,15-17]. In patients with stenoses
located in the distal ICA, restenosis after CEA,
and severe carotid artery stenosis or carotid artery
aneurysm caused by carotid artery dissection, CA and
CS can also be used as an alternate therapy [ 18-20].

One study showed that elective carotid stenting in a
high-risk group of patients for CEA, including 107
patients with 126 carotid arteries bearing a significant
stenosis, percutaneous CA and CS was feasible. This
study showed a low incidence of major stroke or death
at 30 days (2.4%), low restenosis rate (4.9%) in those
patients evaluated using cerebral angiography at
6-month follow-up, and low repeat intervention rates
and no strokes during the follow-up period [16].
Furthermore, CA and CS can be used in the more
distal part of the carotid artery, unlike CEA which can
be performed only in the extracranial portion of the
carotid artery. Finally, the quality of carotid stents and
methods of stent deployment are constantly evolving,
and these procedures become increasingly safe as
clinical experience advances our understanding and
techniques.

A randomized multicenter trial comparing per-
cutaneous carotid stenting with CEA (CREST) is
now underway that will compare equivalence of these
procedures as well as their efficacy relative to each
other. Until these results become available, CA and CS
should be presented to potentially eligible patients
as experimental procedures. It is paramount that a
prospective institutional registry be established since
there is a definite learning curve resulting in an
improved safety profile over time. The use of CA or
CS should be restricted to those patients who have
consented to an Institutional Review Board (IRB) or
ethics committee-approved protocol.

The role of cerebrovascular venous stenting has
been previously described in two patients with cerebral
venous occlusive disease of the major dural sinuses
and high-pressure gradients across the stenoses.
Cerebral venous stenting was successfully performed
with substantial improvement of the venous stenosis,
and substantial reversal of the pressure gradients after
venous stent placement [ 19].

Non-invasive ultrasound testing permits visual-
ization of vascular morphology and quantification
of carotid artery stenosis, as well as characterization
of hemodynamic effects. Carotid duplex scanning
has been used for vascular evaluation before and
serially after CA and/or CS in extracranial carotid
artery stenosis, cervical carotid artery dissection and
aneurysm [11,17,20,21]. Carotid duplex scanning
allows visualization of the atherosclerotic lesions
treated with stents and quantification of intraluminal
blood flow velocity. It also allows identification of
transient vasospasm, local thrombosis or dissection
of the internal carotid artery at the distal end of the
stent, even in the presence of normal findings on
repeat cerebral angiography [ 17].

Integrated use of carotid and
vertebral ultrasound

The decision regarding whether to investigate patients
with, or at risk for, stroke or transient ischemic attack,
and what tests to utilize, including neurovascular
ultrasound, should be based on some key principles
outlined as follows.
1 Will additional diagnostic testing, by ultrasound or
any other techniques, help with the diagnosis, or affect
the clinical management decisions for that specific
patient? If not, then additional testing would have
little clinical value, and need not be done. This is in
accordance with the principle of respect for patient
autonomy, e.g. a terminally ill patient with a 'do not
resuscitate' (DNR) level 1 order. However, a harmless
ultrasound test may be used to identify the pathogenic
mechanism of stroke and thus provide information to
explain to a patient's relatives why and how stroke
happened. Disclosure of this information to relatives
may have humanitarian value and can be obtained
inexpensively and in a respectful manner with bedside
ultrasound.
2 In most patients, additional testing is indicated.
There are multiple techniques from which to choose,
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all having roughly comparable accuracy. It is prefer-
able to choose the safer, non-invasive, less expensive
method initially, reserving the more costly, invasive or
risky procedures for those that really need them. This
is consistent with the principles of 'first, do no harm'
and of'adequate allocation of resources'. For example,
in preparation for CEA, the choice of diagnostic
testing often depends on the surgeon's preference and
the accuracy of a non-invasive laboratory. Increasing
numbers of surgeons are willing to operate based on
the results of a non-invasive ultrasound test combined
with magnetic resonance angiography, and some cen-
ters will operate based on color-coded carotid duplex
alone. In such cases, carotid angiography is reserved
for cases having inconclusive or conflicting results on
non-invasive testing [22-24].
3 Decisions as to which test to use must be indivi-
dualized for each patient, and for the local resources
and expertise available. The accuracy and complica-
tion rates of the laboratories performing all diagnostic
procedures should also be available if requested by the
referring physician or the patient. This is in accord-
ance with the principle of an informed consent. In
addition to the routine quality assurance measures of
sensitivity, specificity and accuracy, one measure of
the quality of an ultrasound laboratory is whether it
has been accredited by an outside organization, such
as the Intersocietal Commission for the Accreditation
of Vascular Laboratories (ICAVL). Another measure
of quality is whether the personnel, including both
the sonographers and the medical staff, are certified
[25-27]. Several sonographer certification programs
are available, and a physician certification in neuro-
sonology is available through the American Society of
Neuroimaging (www.asnweb.org).

We currently use ultrasound as the initial test of
choice to evaluate the cerebral vessels and circulation
in patients with cerebrovascular disease (Table 9.2).
We often use magnetic resonance angiography or
computed tomography (CT) angiography as a cor-
relating non-invasive method, and reserve contrast
angiography for those patients in whom non-invasive
results are inadequate or conflicting, or where the
patient is being selected for stenting [28]. We are
often asked to perform serial follow-up carotid duplex
scanning after CEA and stenting. The timing of
carotid duplex follow-up after CEA varies between
centers; however, in a patient who remains asymp-
tomatic after surgery it can be suggested as follows:

Table 9.2 Impact of extracranial color-coded carotid duplex
scannning in diagnosis and management of patients with
stroke in clinical practice at Wake Forest University School
of Medicine.

Extracranial color duplex scanning results

No stenosis (< 50%)
Medical treatment
Repeat study optional

50-75% stenosis
Medical treatment

Repeat 6-12 months
Study OA or ACA flow direction, and VMR

75-95% or 95-99% stenosis
Consider for CEA
Probable MRA or angiography
Study OA or ACA flow direction, and VMR

If candidate for delayed CEA treatment with AC and repeat
sono prior to delayed CEA and angiography

If not CEA candidate, medical treatment

Occlusion

Medical treatment
Study OA or ACA flow direction, and VMR
If technically poor, MRA or angiography

If ongoing symptoms, repeat sono, test reserve

If ongoing symptoms for any severity of stenosis, consider
embolus detection.

If > 75% stenosis, especially if ongoing symptom, consider
cerebral vasoreactivity.

Consider agitated saline study for PFO in any patient with
transient ischemic attack/stroke, especially those with no
other identified cause.

AC, anticoagulant; ACA, anterior cerebral artery; CEA,

carotid endarterectomy; MRA, magnetic resonance

angiography; OA, ophthalmic artery; PFO, patent foramen

ovale; VMR, vasomotor reactivity.

1 at 4 weeks;
2 at 6-12 months; and
3 every year or two thereafter.

The aims of repeated carotid testing after CEA are to:
1 look for carotid restenosis or occlusion on the side
of intervention; and
2 monitor postoperative changes or disease progression
on the non-operated side.

In CEA patients who have perioperative stroke
or other associated complications, carotid duplex
scanning is often performed immediately to look
for intraluminal thrombus, intimal flap, incomplete
plaque removal, carotid artery dissection and soft
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Right distal ICA PSV 120 cm/s
Right proximal ICA 469 cm/s
RCCA flow volume 118 ml/min
RICA/CCA PSV ratio 1:>4

Left proximal ICA 185 cm/s
LCCA flow volume 425 ml/min
LICA/CCA PSV ratio 1 :<3

Figure 9.2 An 86-year-old white male with hypertension,
coronary artery disease, carotid stenosis and
hypothyroidism was evaluated for syncope following a
blackout episode. Carotid duplex ultrasound showed a
severe stenosis (75-95%) in the right internal carotid artery
(ICA). (a) Carotid color duplex ultrasound study with very
high velocities (469 cm/s systolic, 222 cm/s diastolic) at the
point of aliasing at the exit of the right ICA stenosis. The
following steps can be used to further optimize, or 'clean
up' the recording: (i) balance transducer position with
patient breathing to achieve a steady intensity of the
Doppler spectrum; (ii) use a small (< 1.5 mm) gate to focus
on the jet exiting the stenosis and to avoid spectral
broadening; and (iii) replay the Doppler signal to select a
representative sweep with the highest systolic and diastolic
frequencies, (b) A color flow jet and Doppler spectrum

were obtained just distal to the right ICA stenosis. This
recording showed lower peak systolic velocities (120 cm/s)
indicating poststenotic flow deceleration as well as
turbulence and waveform dampening. Further steps to
optimize this recording should be: (i) decrease Doppler
gain; (ii) balance transducer to achieve stable insonation
depth and to avoid tissue motion artifacts; and (iii) use a
small gate to decrease the impact of tissue motion and flow
reversal at the poststenotic dilatation if the signal-to-noise
ratio is low. (c) Carotid duplex shows moderately increased
velocities of 185 cm/s in the left ICA. If applied without
correction to the ICA/CCA peak systolic velocity (PSV) ratio,
these velocities alone indicate a 50-75% stenosis by the
Wake Forest University criteria. However, if the right ICA
has a greater than 80% stenosis, if a left-to-right anterior
cross-filling via the anterior communicating artery is (cont'd)
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Figure 9.3 A 70-year-old woman presented with left-sided
weakness and near-syncope episode following right carotid
endarterectomy. Carotid duplex ultrasound shows
occlusion of the right carotid system, (a) Longitudinal
B-mode image of the right common carotid artery (CCA)
with thrombus partially filling the lumen (right image),
(b) Longitudinal B-mode image of the distal CCA,

tissue hematoma which may compress the vessels.

These findings might prompt repeat surgery or a
change in postoperative management. In CA and CS,
the same protocol is usually applied.

We always attempt to perform both carotid and
vertebral duplex scanning in patients sent for carotid
duplex ultrasonography. We also use volume flow
rate measurements in the common carotid artery,
obtained with the color velocity imaging technique, to
help in differentiating between collateral circulation
or hyperperfusion and true stenotic flow in question-

able cases. We also perform vertebral duplex studies
with ischemic blood pressure cuff testing, often with
additional evaluation of the intracranial vertebral
and basilar artery flow velocities and directions, in all
patients suspected of subclavian steal syndrome.

For the accuracy of interpretation, color-coded
carotid and vertebral duplex findings are reviewed in
all studies. At our laboratory, studies are videotaped
for same-day review and interpretation by the medical

bifurcation, internal carotid artery and external carotid
artery, showing lumen-filled hypoechoic echoes suggesting
occlusion from thrombosis (left image), (c) Spectral Doppler
of the right CCA showing low velocity and alternating flow
pattern indicating more distal high-grade stenosis or
occlusion (insert, right image, white arrow points to the
CCA segment sampled).

staff. A study performed for an acute patient will

be read by a staff physician shortly after completion.
Finally, we advocate evaluation of the extracranial
(carotid and vertebral color duplex) and intracranial
(TCD or TCI) cerebral arteries as part of a complete
neurovascular ultrasound examination. This provides
a more complete assessment and understanding of
the overall cerebral circulation, and the combination
yields more clinically useful information than one or
the other test performed alone.

Several typical carotid and vertebral duplex findings
are provided in the case examples outlined below.
Interpretation of ultrasound findings is given in figure
legends.
1 Severe carotid stenosis (Figure 9.2).
2 Intraluminal thrombus on carotid duplex post CEA

(Figure 9.3).
3 Subclavian steal and CCA steal with innominate
artery stenosis (Figure 9.4).
4 An ulcerated plaque (Figure 9.5).

(cont'd) present, and the left ICA/CCA PSV ratio is less than
3, all of these findings should be interpreted as 30-59%
left ICA stenosis. An additional dimension in grading the
ICA stenosis can be added by utilizing the flow volume
measurements, (d) The right common carotid artery (CCA)
volume flow rate proximal to the severe ICA stenosis was
118 mL/min. This flow rate is significantly decreased
compared to a normal range of 300-400 mL/min in an
unobstructed CCA. (e) The left CCA volume flow rate was
425 mL/min. This value, in the presence of elevated peak

systolic velocities, indicates compensatory velocity increase
rather than bilateral severe ICA stenoses. This finding is
common in the CCA or ICA contralateral to a severe ICA
stenosis. If a single-vessel, single-projection carotid
angiogram shows a 70% stenosis contralateral to a severe
carotid lesion, the information about flow volume rates is
helpful to identify which carotid is more stenosed and
which one still carries some collateral flow as well as to
explain the discrepancy between ultrasound and
angiography in terms of estimated percentage stenosis.
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Figure 9.4 A 44-year-old male admitted
for subarachnoid hemorrhage, with
incidental finding on carotid duplex of
innominate artery stenosis. RVA, right
vertebral duplex shows manifest steal
with total flow reversal; RCCA rest, right
common carotid artery (CCA) color
duplex shows systolic deceleration as
with a latent steal; RCCA cuff off, right
CCA color duplex after cuff release
during ischemic cuff test shows
alternating flow pattern with some
actual reversal confirming latent steal;
RICA, right internal carotid artery duplex
shows a low-velocity signal with low
pulsatility and a very low resistance
appearance to the velocity waveform;
RECA, right external carotid artery (ECA)
duplex shows flow reversal in the ECA at
rest; LVA, left vertebral duplex shows
normal waveform with mildly increased
velocity.

Figure 9.5 A 38-year-old woman with
recurrent transient ischemic attacks
(TIAs). B-mode image shows moderate
and mostly hypoechoic plaque in the
region of the bifurcation, with surface
irregularity and possible crater in the
ulcer formation. A color flow image
insert shows flow reversal into the
apparent crater (blue), confirming that it
is indeed open to the lumen. Color flow
scale setting is +28 cm/s. The finding of
flow reversal within the plaque defect
rules out an intraplaque hemorrhage
since this is open to flow and there is
no a membrane covering it. To further
confirm the embolic nature of TIAs and
link them to an ulcerated plaque, an
embolus detection with TCD can be
performed for 1 h in the right middle
cerebral artery or bilaterally. If the test
is positive (i.e. unequivocally showing
several embolic signals), this patient
may be a candidate for carotid
endarterectomy or stenting, particularly
if TIAs continue to occur despite
maximum medical therapy, i.e.
aspirin plus plavix or aggrenox.
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CHAPTER 10

Acute ischemic stroke

Andrew M. Demchuk, MD,FRCPC & Andrei V. Alexandrov, MD,RVT

Introduction

Intravenously administered tissue plasminogen act-
ivator (TPA) has been proven an effective therapy for
ischemic stroke if initiated within 3 h from symptom
onset [1]. Roughly 50% of patients treated with TPA
recover in 3 months. The other 50% remain disabled
or die [1]. Why 50% of the treated population does
not benefit remains unclear. The likely explanation
lies in the heterogeneity of ischemic stroke and the
possibility of late and ineffective recanalization. Dif-
ferent treatment approaches may be needed depending
on the location of arterial occlusion and the severity
or extent of ischemic tissue damage. Ultraearly
neuroimaging may provide crucial information to
deal with this heterogeneity and enable therapy to
be properly tailored for the individual patient. For
example, recent evidence suggests early reperfusion
is the key to thrombolytic benefit [2-4]. Yet only
a few studies have attempted to monitor whether
such a key event occurs in the early stages of acute
stroke [2,4,5]. The future development of reperfusion
strategies for acute stroke will require information
about the status of arterial occlusion, collateral perfu-
sion and extent and severity of ischemia in the earliest
stages of treatment [3,6].

Computed tomography (CT) is the current stan-
dard imaging study in acute stroke to differentiate
hemorrhagic from ischemic events. It can also provide
some information regarding the extent and severity
of ischemic injury by visualization of early ischemic
changes that can be present at very early time points
from symptom onset. The Alberta Stroke Program
Early CT Score (ASPECTS) [7] helps to assess several
brain regions that may be affected by ischemia (Fig-
ure 10.1). Hyperdense artery (HD) signs such as the
HDMCA involving the middle cerebral artery (MCA)

stem and the M2 MCA 'dot' sign [8] involving distal
branches give some clues to location of occlusion and
clot burden (Figure 10.2).

Early CT findings quantified using the ASPECT
score can help predict complications, prognosis and
likelihood of benefit with thrombolytic therapies [7];
however, CT alone does not provide definitive infor-
mation regarding location of arterial occlusion as
well as its persistence minutes and hours after TPA
bolus. CT angiography (CTA) and magnetic resonance
angiography (MRA) are modalities available to assess
vessel patency in acute stroke [9,10]. However, CTA
is limited by the requirement of contrast load and
time delays needed for expert interpretation of source
images and a three-dimensional reconstruction. MRA
often demonstrates flow gaps with turbulence, high-
grade stenosis, near-occlusion as well as occlusion.
MRA cannot reliably identify reversed flow direction
in the carotid or vertebrobasilar arteries unless special
sequences are applied. Finally, neither imaging method
offers the potential for continuous real-time monitor-
ing of arterial patency. MRA is also limited by expense
and the need for patient cooperation. Although critics
state that magnetic resonance imaging (MRI) is the
future of stroke investigation [11], the reality is that
MRI is readily available to only a very small number of
stroke patients and is not well tolerated in a significant
number of stroke patients.

Transcranial Doppler (TCD) has the advantages
of being inexpensive, portable and non-invasive
and requiring minimal patient cooperation; however,
TCD has not been widely accepted for use in acute
stroke. The major criticism of TCD is the belief that
TCD is too operator dependent to be applied to acute
stroke decision-making. This chapter will outline the
growing evidence that TCD is an excellent bedside
tool to assess the cerebral vasculature in acute stroke.
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Figure 10.1 The Alberta Stroke Program
Early CT Score (ASPECTS) was developed
as a systematic tool to assess axial planes
of ultraearly CT scans in acute middle
cerebral artery (MCA) strokes. ASPECTS
requires a 10-point assessment of at least
four slices showing basal ganglia and
four slices showing hemispheric cortex.
The diagram indicates these regions as:
C, caudate head; 1C, internal capsule; L,
lentiform nucleus; I, insular ribbon; M1,
anterior MCA cortex; M2, MCA cortex
lateral to the insular ribbon; M3,
posterior MCA cortex; M4, M5 and M6,
anterior, lateral and posterior MCA
territories, respectively, approximately
2 cm superiorto M1, M2 and M3 aspects
and rostral to basal ganglia. Lower
two rows of images demonstrate early
involvement of the lentiform nucleus
(L, solid arrow) and caudate head
(C, solid arrow) with a total ASPECTS
score of 8 points. Dotted lines indicate
potential involvement of the M5
region and may be overinterpreted.

10 Point ASPECTS scoring scale

Figure 10.2 Hyperdense artery signs on a
non-contrast CT scan. If present
unilaterally, these signs indicate a
thrombus in the M1 MCA segment (left
image) or M2 subdivision (right image). Hyperdense Ml MCA sign
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The chapter will also outline some specific situations
where this modality can be helpful to the clinician now
and in the future.

Fast-track insonation protocol:
key to acute stroke TCD

In an effort to develop a method of rapid TCD
evaluation and interpretation, a fast-track insonation
protocol was developed [12]. Using such a protocol,
emergency room TCD studies could be completed
and interpreted within minutes at the bedside by the
treating clinician, nurse or technologist. This protocol
should be used only by experienced TCD users with
knowledge of the clinical status of the patient. The
choice of fast-track insonation steps is determined
by a presumed arterial territory affected by ischemia
based on clinical information. For example, if MCA
symptoms are present, insonation begins with locat-
ing the MCA on the non-affected side to establish the
presence of a temporal window, normal MCA wave-
form and velocity range. If time permits, insonation
of the circle of Willis on the non-affected side should
also provide the depth and velocity range for the Ml
and M2 MCA segments and the internal carotid artery
(ICA) bifurcation. Next, the MCA on the affected side
is located with insonation starting at the mid-Mi
MCA depth range, usually 56-58 mm. The waveform
and systolic flow acceleration are compared to the
non-affected side. If a normal MCA flow is found, the
distal MCA segments are insonated (range 40-50 mm)
followed by the proximal MCA and ICA bifurca-
tion assessment (range 60-70 mm). If a 'blunted'
waveform or no signals are found at 56-58 mm, the
proximal MCA and ICA bifurcation are insonated
before the distal segments. The absence of MCA
flow signals can be confirmed by insonation across
the midline from the contralateral window (depths
80-100 mm) when feasible. The ophthalmic artery
(OA) flow direction and pulsatility is determined next
on the affected side at depths of 52-58 mm followed
by the ICA siphon assessment via the transorbital
window at depths of 60-64 mm. The basilar artery
(BA) is insonated next to determine whether compen-
satory flow velocity increase or a stenosis is present.
Insonation of the vertebral arteries (VAs), OA and
ICA on the non-affected side, as well as posterior cere-
bral arteries, is performed whenever time permits.
Most studies can be accomplished within minutes

and often while other patient assessment is ongoing,
resulting in no time delays to treatment [ 12].

Yield and accuracy of TCD

Several studies have evaluated the utility of digital
subtraction angiography (DSA), CTA, MRA and
ultrasound in the acute stroke setting [9,10,12-16].
DSA showed complete arterial occlusion in 76% of
acute stroke patients within 6 h of symptom onset
[13]. Burgin et al. showed that a non-imaging, non-
contrast-enhanced TCD had a sensitivity of 91% and
a specificity of 93% compared to angiography for
MCA occlusion vs. complete recanalization in patients
receiving thrombolysis for ischemic stroke [17].
Based on previously published studies defining vari-
ous locations of arterial occlusion, our group further
developed a set of detailed diagnostic criteria and
determined their accuracy parameters for the pres-
ence and location of a proximal intracranial arterial
occlusion on TCD and described specific flow findings
associated with intracranial occlusions [18,19].

Urgent evaluation of patients with acute ischemic
stroke offers a high frequency of abnormal TCD find-
ings such as occlusion, intracranial clot dissolution,
distal embolization, reocclusion and stenosis [ 12,16,20].
There is no point in delaying bedside vascular assess-
ment with TCD since this information can be espe-
cially useful at the time of initial clinical assessment of
an acute stroke patient. The usefulness of this inform-
ation depends on the treating physician's approach
to the stroke patient and available choices between
various, often experimental, treatment protocols.

We performed TCD in 130 consecutive patients in
the emergency department at the time of admission
neurologic examination and CT scanning [12].
Without contrast enhancement, insonation via the
trans-temporal window was not possible in 15% of all
patients. Despite this, overall TCD accuracy for occlu-
sion, stenosis and normal vessel patency was 88%
compared to angiography. TCD showed a proximal
intra- or extracranial occlusion in 69% of thrombolysis-
eligible patients within the first 6 h compared to 24%
in those outside the window for thrombolysis and 0%
in patients who spontaneously resolved their deficits.
TCD was normal in 65% of patients with acute
transient ischemic attacks (TIAs) [ 12].

The clinical value of this information is twofold.
First, TCD evidence of occlusion helps to identify
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Figure 10.3 Typical spectral Doppler findings with acute
M1 MCA occlusion. Transcranial Doppler shows residual

flow signals at presumed thrombus location in the M1
MCA. SFA, systolic flow acceleration.

patients with acute focal neurologic deficit of an
ischemic nature, and in some instances failure to
identify occlusion helps to support a differential
diagnosis; i.e. the presence of a pure motor syndrome
and normal TCD will identify presumed lacunar
syndrome, or in the presence of a headache and
motor deficit, normal TCD can help suspect complic-
ated migraine, or a functional nature of the deficit,
etc. Second, the location of arterial occlusion on TCD
(specific segment such as M2 or Ml MCA, terminal
ICA, proximal vs. distal basilar artery) can help explain
the distribution of the neurologic deficit since TCD
also shows major collateral channels available to
compensate for occlusion. This information helps to
suspect large vessel occlusion and select the next
most efficient step in ordering further diagnostic or
interventional procedures despite relatively low stroke
severity score and/or the clinical presence of a lacunar
syndrome or relatively mild stroke severity. The pres-
ence and persistence of a large vessel occlusion or
stenosis in patients with acute and spontaneously
resolving deficits also point to a greater likelihood
for clinical deterioration within the next 24 h [21].
These situations are described in detail in the section
on specific clinical applications.

TCD occlusion criteria

The most important role of TCD in acute stroke is the
determination of the presence and location of arterial

occlusion [12,19] as well as of residual flow signals
around the clot [22]. One of the great challenges
of applying TCD to diagnose occlusion is the reliance
on a complicated series of flow findings in different
vessels and different depths to determine which artery
is affected. To simplify this interpretation we have
developed occlusion criteria based on the differ-
ent flow findings of each intracranial vessel [19,22]
and the extracranial internal carotid artery [23].
Figure 10.3 illustrates the criteria for a proximal
MCA occlusion. The main flow finding associated
with any occlusion directly assessable by TCD is
an abnormal waveform at presumed clot location
(see also Chapter 6 and Acute Tandem Occlusion,
p. 237). Also, an acute MCA occlusion produces flow
diversion to neighboring or branching vessels, and
increased flow velocity can be found in the anterior
cerebral artery (ACA) in approximately half of these
cases [19].

These detailed diagnostic criteria were prospect-
ively applied in 190 patients with symptoms of cere-
bral ischemia who also had MRA or conventional
angiography at a median time of 1 h after TCD exam-
ination [18]. A total of 48 occlusions were identified
by TCD, resulting in an accuracy of 92% compared
to MRA or conventional angiography. Sensitivity
for each individual occlusion site was above 90% with
proximal ICA and MCA occlusions. Vertebral artery
or basilar artery occlusion had lower sensitivity
(56-60%). If TCD is normal there is at least a 94%
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chance that angiographic studies will be negative [ 18].
This level of accuracy particularly for the anterior cir-
culation occlusion allows the need for an immediate
angiography to be ruled out in the presence of acutely
normal TCD findings.

TCD grading system to
measure residual flow

Coronary angiography is the mainstay vascular
imaging test for acute myocardial infarction. The
'thrombolysis in myocardial infarction' (TIMI), an
angiographic residual flow classification developed
by cardiologists, provides significant insight into how
quickly and effectively coronary thrombolysis can be
accomplished [24-26]. Generally, higher amounts of
residual flow around the clot predict better success of
coronary thrombolysis. TIMI principles of residual
flow classification were applied to cerebral angio-
graphy in the Prourokinase in Acute Stroke Trial
(PROACT) [27], and this terminology is often used to
describe flow findings at diagnostic cerebral angio-
graphy. Several angiographic classifications specific
for brain vessels are being developed. Unlike in the
coronary vessels, ultrasound assessment of brain
vessels offers a unique opportunity to focus on the
clot location and monitor flow signal around it due
to minimal vessel motion. We therefore sought to
develop a flow grading system for TCD to measure
residual flow analogous to TIMI. We introduced this
residual flow grading classification, called the throm-
bolysis in brain ischemia (TIBI) flow grades [22]. The
TIBI classification grades blood flow into six groups.
Grade 0 is absent, grade 1 minimal, grade 2 blunted,
grade 3 dampened, grade 4 stenotic and grade 5
normal waveform (see Figure 6.23 in Chapter 6; for
more information see Chapter 6 and Acute Tandem
Occlusion, p. 237). The TIBI flow grade can be
measured in all vessels with particular attention to the
region at or just distal to the presumed site of arterial
occlusion. This emergent TCD TIBI classification was
evaluated in 109 patients treated with intravenous
TPA [22]. Baseline TCD examination revealed a close
correlation between pre-TPA National Institutes of
Health Stroke Scale (NIHSS) scores and TIBI flow
grades. Pre-TPA NIHSS scores were higher in TIBI
grade 0 flow (median 20 points) than TIBI grade 5
flow (median 10 points). TIBI flow improvement to
grade 4 or 5 occurred in 35% of initial grade 0 or 1 and

52% of initial grade 2 or 3 patients (our recent analysis
of 75 patients with Ml or M2 MCA occlusions
also showed that patients who had some residual
flow signals were twice as likely to experience early
recanalization with TPA therapy). At 24 h, the NIHSS
scores were higher in follow-up TIBI grade 0 or 1 flow
(median 20 points) than TIBI grade 5 flow (median
5 points). TIBI flow recovery correlated with NIHSS
score improvement. NIHSS improved a median of
10 points if TIBI flow recovered from 0-1 to 4-5. Lack
of flow recovery predicted worsening or no improve-
ment. In-hospital mortality was 22% in patients with
pre-TPA TIBI flow grades 0-1 and 5% in patients with
pre-TPA TIBI flow grades 2-3 for anterior circulation
occlusions [22].

TCD monitoring

Prolonged TCD monitoring for emboli detection and
vasomotor reactivity assessment has been performed
for years without any evidence of harmful effects.
No adverse biologic effects have been documented for
the frequencies and power ranges used in diagnostic
ultrasound if applied according to safety guidelines
[28]. Previous work with TCD monitoring has shown
that evolution of the MCA occlusion can be followed
in real time [15,29], and the recanalization process
measured [30]. TCD can identify the residual flow
signals to and around the clot [22], the beginning
and speed of clot lysis and the timing and amount of
recanalization [30]. Specific TIBI waveform changes,
flow signal intensity and velocity improvement as well
as embolic signals have been described during mon-
itoring of thrombolysis or spontaneous recanalization
[15,17,20,29,30]. Obtaining continuous information
about the status of an arterial occlusion in acute stroke
has the potential to be very helpful in further decision-
making with thrombolytic therapy [31], particularly if
a combined intravenous/intra-arterial drug delivery
proves effective [32]. We have developed and valid-
ated detailed recanalization criteria that help deter-
mine the beginning, duration, timing and amount of
recanalization in real time [30]. These examples are
given in the Arterial Recanalization and Dramatic
Recovery from Stroke section of the Select Clinical
Applications, p. 242.

In patients with acute MCA occlusion treated with
intravenous TPA, post-treatment TCD was compared
with DSA or MRA [17]. Complete occlusion was
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Figure 10.4 Criteria for a persisting (complete or partial)
occlusion and complete recanalization after thrombolysis
for ischemic stroke.

defined by absent or minimal TCD signals, partial
occlusion by blunted or dampened signals, and
complete recanalization by normal or low-resistance
stenotic signals implying unobstructed flow distal to
any residual lesion (Figure 10.4). Angiography was
evaluated with the TIMI grading scale. Twenty-five
patients were studied with TCD performed at 12 h and
angiography at 41 h after stroke onset. Although per-
sistent partial occlusion on TCD had high sensitivity
of 100%, TIBI criteria for TIMI grade II flow had a low
positive predictive value of 44%, most likely due to
time delays between TCD and angiography as well as
rapid evolution of partial occlusion with sluggish flow.
On the other hand, TCD predicted the presence of
complete occlusion on angiography (TIMI grade 0 or
I) with high specificity (100%). TCD also accurately
predicted angiographic findings of complete MCA
recanalization with a sensitivity of 91% and specificity
of 93% [17] (Figure 10.5).

Combined diagnostic TCD and CT
to guide stroke therapy

Currently we combine the strengths of careful CT
scan evaluation [33] with TCD information. A com-
bination of urgent CT and bedside TCD scanning
has never resulted in delays of thrombolytic therapy
administration. Our pilot studies showed that these
modalities can identify the target population for intra-
arterial thrombolysis [17] by screening out patients
with no proximal occlusion [22]. Future studies will
focus on identification of candidates for mechanical
clot disruptive interventions and neuroprotective
therapies.

Patients with persisting occlusion are at a high
risk of poor outcome and may require additional
and more aggressive measures than a simple intra-
venous injection of TPA [31]. Also, patients may
experience reocclusion [34] leading to deterioration
following improvement [35], and do poorly without
additional interventions (see Arterial Reocclusion and
Deterioration Following Improvement in Specific
Clinical Applications, p. 251).

We also hypothesize that thrombolysis is of limited
value and may be dangerous if, in the presence of
persisting cortical syndromes, TIBI flow is normal
and no proximal occlusion is identified [22]. In our
prospective observational series of 109 TPA-treated
patients, 17% had no identifiable occlusion, and symp-
tomatic hemorrhage rate in these patients was 26%
[22]. These findings may indicate that recanalization
has already occurred without early recovery of tissue
function, and providing additional TPA to freshly
infarcted tissue may be deleterious. Note that in this
relatively small study group no hemorrhages occurred
if patients had pure motor weakness and normal pre-
TPATCD.

Similarly, if the CT scan shows extensive early CT
changes with proximal arterial occlusion on TCD that
did not open rapidly, less benefit from thrombolysis
can be expected, while the risk of symptomatic intra-
cerebral hemorrhage is probably mounting with late
recanalization. In addition, neuroprotective trials
have been uniformly negative due to misadventures in
developing effective human doses and identifying the
appropriate time window and patient population for
treatment. TCD therefore has given us an opportunity
to start to explore the utility of real-time monitoring
of arterial occlusion in acute ischemic stroke.
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Figure 10.5 Correlation of TIMI and TIBI grading systems.

One of the most difficult patient populations to
manage are those who deteriorate following improve-
ment (DPI) during their first days of hospital admis-

sion [36]. Recent findings indicate that most DFIs
occur in patients who resolved their symptoms but
continue to have a proximal intra- or extracranial
obstruction on TCD [21,35]. If TCD was performed
within the first 6 h after symptom onset, 62% of
patients with occlusion on TCD experienced DPI
compared to 4% if TCD was normal [21]. With
this information, one may consider close patient
monitoring and aggressive management of the fol-
lowing parameters: blood pressure, cardiac output,
head position, continuous hydration and selective use
of heparin and other agents to prevent blood clotting.
These examples are provided in Arterial Reocclusion

and Deterioration Following Improvement in Spe-
cific Clinical Applications, p. 251. Clearly, a nihilistic
approach to these patients is unsatisfactory and
should be replaced by individualized assessment of

vessel patency, brain perfusion status and manage-
ment of the cardiovascular system.

Another exciting area of therapeutic intervention
for ischemic stroke is the use of TCD for tailoring the
type of thrombolytic delivery strategy. Recent evid-
ence suggests a potential benefit from local delivery
of thrombolytics via an intra-arterial approach as an
alternative or addition to systemic thrombolysis in
patients with MCA occlusion [27,32]. The difficulty
with intra-arterial therapy is excessive use of diag-
nostic angiography to find patients with clot location
eligible for intervention if patient selection is based
only on clinical and CT findings [27]. Recent studies
suggest that pretreatment NIHSS scores are sensitive
to any clot presence but fail to identify specific clot

location [37]. Furthermore, post-TPA-infusion NIHSS
scores become less sensitive to clot presence, most
likely due to recanalization that has not yet resulted
in apparent clinical change [37]. Overall, an NIHSS
score > 10 points readily identifies patients with
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increasing thrombus burden [32], while TCD differ-
entiates clot location, and this combined informa-
tion can effectively reduce the number of negative
angiograms, thereby limiting the potential for com-
plications from this procedure in some patients and
improving overall costs of intra-arterial treatment.

Another exciting potential role for TCD is patient
selection for a combined approach of intravenous and
intra-arterial lytic delivery that promises even higher
recanalization rates and greater potential benefit for
the patient [32]. This has created considerable debate
as to whether one or even both therapies should
be initiated in a specific situation. TCD is an ideal
tool that clinicians can use themselves as a bedside
aid in this decision-making. At our centers in Calgary
and Houston, we initiate intravenous TPA using the
National Institute of Neurological Disorders and Stroke
(NINDS) rt-PA Stroke Study protocol in eligible
patients irrespective of the TCD results. However, we
quickly perform TCD examination before TPA bolus
to identify clot presence (if any) and location. If a
proximal MCA occlusion is identified, the vessel is
monitored during the entire infusion and up to 2 h
after bolus, when feasible. Since 75% of early recanal-
izations are expected to occur within the first 60 min
after TPA bolus [38], an experienced sonographer can
determine persisting occlusion with great certainty
towards the end of a full-dose TPA infusion. If there is
no substantial clinical improvement and TIBI flow
grades remain unchanged towards the end of TPA
infusion, the patient is taken for urgent diagnostic
angiography and possible intra-arterial thrombolysis
since these patients have poorer outcomes if persisting
thrombus is left untreated (also see section on Arterial
Reocclusion in Specific Clinical Applications, p. 251).

Therapeutic TCD

Recanalization is not achieved in a significant portion
of coronary artery occlusions using systemic throm-
bolysis alone [31], and even lower recanalization rates
have been previously demonstrated with intravenous
thrombolysis in ischemic stroke. Del Zoppo et al.
showed that only 26% of intracranial occlusions
lyse partially or completely after 1 h of intravenous
duteplase infusion [39]. In the PRO ACT II trial, only
4% of MCA clots showed complete TIMI III recanal-
ization when urokinase was infused at the clot surface
fo r lh [27 ] .

Clinical benefit from thrombolysis is closely related
to achieving early recanalization. Experimental evid-
ence suggests that ultrasound enhances thrombolysis
and increases the lytic effect of TPA, particularly if
used in low MHz-kHz frequency range [40-51].
Fundamental studies by the group led by Charles
Francis and by other centers showed that ultrasound
exposure causes various changes such as reversible
disaggregation of uncrosslinked fibrin fibers, micro-
cavity formation in the shallow layer of thrombus,
increase in the enzymatic transport of TPA improving
its uptake and penetration of TPA into clots as well as
residual flow enhancement with microstreaming and
vessel dilatation. The effect on lysis does not appear to
be mediated by thermal or cavitational effects if the
mechanical index is kept below 1.

Even using 2 MHz frequency and power output
under 750 mW, transcranial Doppler transmits some
amount of ultrasound energy to the intracranial
vessels, raising the possibility that this diagnostic
modality could also enhance TPA activity [52]. Recent
in vitro studies showed that 1 h of 1 MHz TCD helped
TPA to recanalize 90% of clots compared to a 30%
rate when TCD exposure was limited to 30 min [53].
Critics may point to the fact that TCD delivers insuffi-
cient energy to the clot due to tremendous attenuation
of ultrasound through the skull bone and that lower
frequency/low power insonation better accelerates
TPA-mediated thrombolysis. Some energy is deliv-
ered through the skull to the clot/residual flow inter-
face, since we successfully detect returned signals that
display residual flow and recanalization. Grolimund
studied transmission ultrasonic energy (2 MHz TCD)
through the temporal bone at an average power of
135 mW [54]. He found that most skulls (with tempo-
ral window present) allowed transmission of at least
10% of beam energy. The maximum portion of energy
successfully transmitted through the temporal bone
was 35%. In our clinical studies, we use 2 MHz TCD
beams with acoustic output powers in the 128—750 mW
range. Also, the above-mentioned experiments by
Francis' group suggested that the ideal frequency for
ultrasound-mediated thrombolysis appears to be the
1-2.2 MHz range since kHz and MHz frequencies
offer different mechanisms by which they potentiate a
TPA effect.

Even if enhancement of TPA-associated clot lysis is
minimal with 2 MHz standard TCD, it still deserves a
randomized trial since TCD can be used for diagnostic
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purposes and subsequently to monitor recanaliza-
tion. If non-invasive diagnostic monitoring also has
a small but independent additional effect on TPA
action, TCD may help patients to achieve earlier and
possibly safe recanalization. TCD may thereby prove

useful to dose-control other TPA-enhancing agents
and determine the time window to infuse other medi-
cations, as well as monitor the effect of other devices
and frequencies.

We hypothesize that continuous 2 MHz TCD
energy transmission may promote thrombolysis by
simply exposing more clot surface to residual flow.
When the worst residual flow signal is identified using
TIBI grades, the ultrasound beam is usually focused at
the intracranial clot location and its interface with
surrounding, often minimal, blood flow. The ability of
TCD to detect these signals indicates that ultrasonic
energy was delivered to the clot, and this energy was
scattered, absorbed and partially reflected at the
interface since clot and moving blood have differ-
ent impedances. The pressure gradient created by
an ultrasound wave gives an opportunity for more
TPA molecules to bind with clot fibrinogen sites,
microstream along clot structures, and therefore
to achieve faster recanalization without stronger

mechanical vibrations, disruptions and temperature
increases that may be possible with kHz frequencies or
any frequency beams with a mechanical index above 1.

Our pilot clinical study assessed whether such a
therapeutic effect is possible in stroke patients [4].
Stroke patients receiving intravenous TPA were mon-
itored during infusion with portable TCD. Residual
flow signals were obtained from the clot location
identified by TCD. Forty patients were studied with a

mean baseline NIHSS score of 19. TCD monitoring
occurred for the duration of TPA infusion. Recan-
alization on TCD was found at 45 ± 20 min after TPA
bolus. Recanalization was complete in 12 (30%) and
partial in 16 (40%) patients. Dramatic recovery dur-
ing TPA infusion (NIHSS score < 3 points) occurred
in 8 (20%) patients, all with complete recanalization.

Lack of improvement or worsening was associated
with no recanalization, late recanalization or reocclu-

sion on TCD. Improvement by > 10 NIHSS points
or complete recovery was found in 30% of all patients
at the end of TPA infusion and in 40% at 24 h.
The unusually high frequency of 'on-the-table' TPA
responders and a high rate of early complete recanal-
ization raised the possibility that ultrasonic energy

transmission by TCD was facilitating more rapid
thrombolysis [4]. These preliminary data have pro-
vided the enthusiasm to develop a proper phase II
randomized controlled trial, called CLOTBUST, to
assess whether such therapeutic effect is clinically
relevant. A small positive randomized trial has
recently been completed with transcranial duplex
technology [55].

Conclusion

TCD is an evolving acute neurovascular ultrasound
technique that has both diagnostic and even therapeu-
tic potential. Validated occlusion criteria and TIBI

classification of residual flow have set the stage for the
further development of this technique in acute stroke.
Newer equipment using modern digital technology
will simplify bone window determination, thereby
easing operation for less experienced sonographers.
Given the widespread availability of this equipment,
increased use of this modality in acute stroke is
expected.
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CHAPTER 11

Cerebral vasospasm after
subarachnoid hemorrhage

David W. Newell, MD & Andrei V. Alexandrov, MD, RVT

Introduction

Cerebral vasospasm is a delayed sustained contraction
of the cerebral arteries, which can be induced by blood
products that remain in contact with the cerebral
vessel wall following subarachnoid hemorrhage (SAH)
[1,2]. Vasospasm is a common complication of SAH
which is often responsible for delayed ischemic neuro-
logic deficits (DINDs) in these patients [1-4]. The
most common cause of SAH is the spontaneous rup-
ture of cerebral aneurysms [5-7]. However, SAH can
also occur from other causes such as head injury and
following neurosurgical operations for other lesions,
and these hemorrhages can also lead to vasospasm. A
more in-depth understanding of cerebral vasospasm
has been possible through the development of non-
invasive diagnostic techniques such as transcranial
Doppler (TCD) [8,9] and techniques to measure cere-
bral blood flow [10—12], as well as from experimental
models of vasospasm [13-15]. The pathophysiology
of vasospasm and the role of TCD and blood flow
studies in the diagnosis and management of patients
with cerebral vasospasm will be discussed.

Biologic and physiologic aspects
of vasospasm

Hemoglobin and other products from the breakdown
of blood around the outside of the cerebral vessels can
enter the vessel walls and induce biochemical changes
leading to sustained muscular contraction, and also
structural changes of the vessel characterized by colla-
gen deposition [2]. Contractile and structural changes
result in severe narrowing of the cerebral arteries that
in turn can produce increased vascular resistance in

the conducting vessels and secondary decreases in
cerebral blood flow. Vasospasm most frequently
occurs in the basal cerebral vessels as they course
through the basal cisterns, which parallels the typical
deposition of blood following rupture of aneurysms
[4]. Occasionally, vasospasm can be found in the more
distally located cerebral vessels, depending on the
location of aneurysmal SAH and the location of the
blood deposited around the vessels. The location and
extent of the subarachnoid bleeding is determined
by a non-contrast computed tomographic (CT) scan
of the head (Figure 11.1). CT scans can be graded for
the presence of blood using the Fischer grades [16]
described in Table 11.1. The location and the thick-
ness of the blood clots deposited in the subarachnoid
space have predictive value for the risk of vasospasm
and subsequent development of delayed ischemic
deficits [4,16].

Vasospasm following SAH will occur and cause
some degree of vessel narrowing in most patients
[1,2,4,17,18]. The clinical severity of SAH measured
with Hunt-Hess grades [19] (Table 11.2) or the
Glasgow Coma Scale [20,21], clot burden and hydro-
cephalus on CT [22] and velocity changes on transcra-
nial Doppler [23] is generally predictive of vasospasm
development and progression to delayed neurologic
deficits.

The majority of these patients however, do not
develop vessel narrowing to the point of reducing
blood flow to ischemic levels. Most patients will there-
fore only sustain transient mild or moderate narrow-
ing of the cerebral vessels and undergo spontaneous
resolution without development of DIND. Severe
vasospasm will cause greater vessel narrowing with
reduction of blood flow to ischemic thresholds and
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Figure 11.1 CT appearance of
subarachnoid hemorrhage (SAH) and
aneurysm location, (a) Illustration of
a CTscan of the head (upper images)
in a patient following a recent SAH
illustrating thick vertical layers of blood
(arrows) in the intrahemispheric and
left Sylvian fissure, placing the patient
at risk for vasospasm in these locations,
(b) Angiogram in the same patient
(lower images) showing a posterior
communicating artery aneurysm before
(left frame, arrow) and after clipping.

Table 11.1 Fisher grades of subarachnoid hemorrhage

(SAH) on computed tomography (CT) scans.

Grade CT demonstration of SAH

1 No blood detected

2 Diffuse or vertical layers < 1 mm thick

3 Localized subarachnoid clot or layers
> 1 mm thick

4 Intracerebral or intraventricular clot with
diffuse or no SAH

Table 11.2 Hunt-Hess classification of subarachnoid

hemorrhage.

Grade Description

I Asymptomatic, or mild headache with mild
nuchal rigidity

II Moderate or severe headache, nuchal rigidity,
no neurologic deficit other than nerve palsy

III Mild focal deficit, drowsiness or confusion

IV Stupor, moderate to severe hemiparesis,

possible early decerebrate rigidity and

vegetative disturbances

V Deep coma, decerebrate rigidity, moribund

appearance

development of delayed ischemic neurologic deficits
[24]. The onset of DIND indicates that compensatory
mechanisms including recruitment of collateral cir-
culation, autoregulation of the cerebral blood flow
and increases in the oxygen extraction fraction are no
longer adequate to provide sufficient blood flow.

Clinical and diagnostic features of
DIND and vasospasm

The diagnosis of delayed ischemic neurologic deficit
is generally made on clinical grounds, when a patient
develops a new neurologic deficit, which is not ex-
plained by other causes. Delayed neurologic deteriora-

tion in patients with SAH can occur from causes other
than vasospasm, including hydrocephalus, edema,
hemorrhage, sepsis, electrolyte disturbance or seizures.
Clinical suspicion of DINDs due to vasospasm is usu-
ally triggered by either a decreased level of conscious-
ness or focal neurologic signs including speech deficits
or weakness. Vasospasm causing frontal lobe ischemia
may present as confusion, agitation, apathy or elec-

trolyte disturbances. A so-called cerebral salt wasting
syndrome, or unexplained increase in urinary output

after SAH [25,26], may precede the onset of neurologic
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deficits. Ischemic symptoms in the posterior circula-
tion may be associated with a decreased level of
consciousness and breathing abnormalities, or can be
subtle and can include diplopia and other brainstem
signs such as decreased gag reflex.

Ancillary diagnostic studies including CT scanning,
TCD and blood flow measurements have a role in sup-
porting the diagnosis of DIND since there is uncer-
tainty in some cases whether the degree of vasospasm
present in a patient is responsible for the clinical
symptoms. The CT scan can rule out hydrocephalus,
edema or hemorrhage as a cause for new neurologic
deficits. It is also useful to ascertain whether a
new infarct is present, using CT, before proceeding
to endovascular therapy such as angioplasty [27]
since the presence of significant infarction has been
associated with increased complications following
angioplasty with or without papaverine [28-31 ].

Post-traumatic vasospasm, or vasospasm following
head injury, is now increasingly recognized as a clin-
ical entity with potentially significant consequences
[32-34]. Following trauma, bleeding in the subarach-
noid space can leave blood deposited around the basal
cerebral arteries, and can lead to delayed cerebral
vessel narrowing and ischemia. Martin et al. suggested
that patients with significant post-traumatic SAH
be examined frequently by TCD for the presence of
vasospasm as well as hypo- or hyperperfusion states
after brain injury [35].

The use of transcranial Doppler
and cerebral blood flow studies
for vasospasm

TCD had one of its first applications in the
identification of cerebral vasospasm after SAH [8,9].
TCD can be used to detect vasospasm, and the amount
of blood on the CT scan correlates with the degree of
subsequent velocity elevations [23]. Although TCD
does not allow measurement of cerebral blood flow
(CBF) [36,37], numerous studies have shown that
TCD can be useful in detecting and monitoring the
degree of vasospasm following SAH, in following
the time course of spasm, and also for evaluating the
effects of treatment for vasospasm used alone or in
conjunction with CBF studies [38-42].

The degree of vasospasm in the basal vessels is
inferred from the amount of acceleration of blood
flow velocity through the vessels as they become
narrowed [38] (Figure 11.2, Table 11.3). As a practical
matter it is always important to obtain baseline
TCD measurements in patients with SAH and to fre-
quently (daily or every other day) repeat examinations
throughout the hospital stay. Lindegaard et al. [38]
showed that vasospastic middle cerebral arteries usu-
ally demonstrate velocities greater than 120 cm/s with
velocity being inversely related to arterial diameter,
and that velocities greater than 200 cm/s are predictive
of a residual middle cerebral artery (MCA) lumen

Figure 11.2 Proximal middle cerebral
artery vasospasm. A left internal carotid
angiogram (upper images) showed
the middle cerebral arteries before
(left frame) and after (right frame)
the onset of vasospasm. Transcranial
Doppler recordings (lower images) of
the corresponding left middle cerebral
blood flow velocities at baseline (left
frame) before the onset of vasospasm
and after development of severe spasm
(right frame).
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Table 11.3 Stages of vasospasm.

Vessel narrowing TCD velocity CBF DIND

Stage I T

Stage 11 TT

Stage III ttt

Stage IV TTTT

T « No
TT <=> No
TTT II No
TTTT or TTT Ul Yes

T, mild; TT, moderate; TTT, severe; TTTT, very severe;

<=>, no change.

TCD, transcranial Doppler; CBF, cerebral blood flow; DIND,

delayed ischemic neurologic deficit.

This table shows relative changes in vessel narrowing, TCD

velocities, CBF and delayed neurologic deficits according to

the progressive stages of vasospasm.

diameter of 1 mm or less. Note that a normal MCA
diameter is approximately 3 mm.

Single photon emission computed tomography
(SPECT) is one of several methods that can be used
to evaluate regional cerebral blood flow in patients
with vasospasm following SAH [41]. Other methods
for evaluating blood flow include xenon computed
tomography (Xe-CT) [37], radioactive 133Xe with
external detectors, positron emission tomography
(PET), and either thermodilution or laser Doppler

cortical flow probes. The information gained from
CBF methods can be complementary to information
provided by TCD and the neurologic examination,
and can be helpful in deciding on different treatment
regimens in patients following SAH [42]. However,
TCD mean flow velocity measurements do not
allow calculation of cerebral blood flow volume and
should not be substituted for CBF measurements
[36,37,43,44]. TCD velocity information is helpful to
predict the degree of vessel narrowing, spasm progres-
sion or regression and compensatory vasodilatation.

The changes in velocity on TCD have been corre-
lated with vessel narrowing measured using angio-
graphy, and the best correlations are in the MCA
[38,39]. Sloan et al. evaluated the sensitivity and
specificity of TCD for vasospasm in the MCA and the
vertebrobasilar system [45,46]. It is recommended
that the extracranial internal carotid artery velocity
be recorded also when assessing anterior circulation

vasospasm due to the fact that increased or decreased
velocities can also be caused by blood flow changes, i.e.
hyperdynamic state with hypertension-hypervolemia.
By recording velocity in the MCA and internal carotid
artery (ICA), a Lindegaard ratio [47,48] between the

mean flow velocities (MCA/ICA) can be calculated
which may help to differentiate spasm severity and rel-

ative contribution of hyperemia (see also Chapter 6).
Vasospasm can be limited to distal vascular dis-

tributions in a relatively small percentage of cases and
can be missed by TCD [49]. Although transcranial
Doppler is insensitive for detecting far-distal vaso-
spasm (i.e. M3, or distal M2 MCA), distal spasm
affecting proximal M2 segments of the MCA can be
detected (Figure 11.3). Far-distal spasm can often be
predicted by the distribution of blood in more distal
locations on the initial CT scan following SAH. Newell
et al. reported that isolated distal vessel spasm causing
significant neurologic deficit is unusual after SAH
but does exist [49]. Cerebral blood flow methods
such as xenon CT or SPECT are useful to confirm this

diagnosis.
We employ TCD to perform daily monitoring in

patients with SAH preoperatively and in the post-
operative period. The routine use of blood flow studies
may also be helpful in guiding therapy for vasospasm.
Yonas et al. utilized CBF measurements with Xe-CT
and have documented decreased cerebral blood flow
specific to territories supplied by vasospastic vessels
[43]. When combined with routine TCD detection
of vasospasm, Xe-CT CBF or SPECT evaluation may
prove valuable in determining which patients will
ultimately benefit from angioplasty, and may also be
useful to predict when earlier intervention during the
asymptomatic period might be beneficial. Moreover,
CBF imaging techniques such as Xe-CT and SPECT
assess tissue perfusion, which complements the
assessment of vessel diameter provided by TCD.

Options for treatment of
vasospasm

Various medications have been evaluated in human
clinical studies for their effect on reducing ischemic
complications from vasospasm [3,30,31,50]. Calcium
channel blockers, which are cerebral selective, have
been shown to be effective in improving outcome after
SAH and are now routinely used [51,52].

Another therapy which is routinely employed for

the prevention and treatment of ischemic deficits fol-
lowing SAH is triple H therapy which denotes induced
hypertension, hypervolemia and hemodilution [50].
The triple H (HHH) therapy utilizes crystalloid and
colloid solutions as well as vasopressors to increase
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Figure 11.3 M2 middle cerebral artery
(MCA) vasospasm. A left internal carotid
angiogram showed improvement in
vessel diameter after balloon
angioplastyfor a severe proximal M1
MCA vasospasm (see Figures 11.1 & 11.2).
Transcranial Doppler showed mean
flow velocities of 97 cm/s in the M1 MCA
after angioplasty (upper waveform),
and M2 MCA mean flow velocities of
258 cm/s (lower waveform), indicating
development of spasm in more
distal branches.

blood pressure. Therapies including HHH therapy and
calcium channel blockers are often not completely
effective in eliminating delayed ischemic neurologic
deficits from cerebral vasospasm. Endovascular
therapy using angioplasty and/or papaverine offers
an additional modality for treatment in patients with
vasospasm.

Zubkov first reported the use of endovascular
techniques to mechanically dilate vasospastic cerebral
arteries in a series of patients [27]. These encourag-
ing results established that mechanical dilatation of
cerebral arteries affected by vasospasm can result in
a sustained treatment effect and thereby may benefit
patients who are affected by cerebral ischemia from
vasospasm. Subsequent reports from the US verified
the findings of Zubkov and led to the further develop-
ment of balloon angioplasty for the treatment of
vasospasm [28,29].

Treatment of vasospasm with papaverine has
also been recently employed with renewed interest
for treatment of distal spasm that cannot be directly
reached by balloon-carrying catheters. Presently,
papaverine and balloon angioplasty are the most com-
mon endovascular therapies being employed in the
treatment of cerebral vasospasm [30,31]. Papaverine

infusion is accomplished using small repeated injec-
tions with a superselective catheter positioned just
proximal to the affected area of a vessel using an
infusion of 300 mg per side, or 600 mg total dose.
Balloon angioplasty is performed also using trans-
femoral catheterization with a road mapping imaging
technique available for accurate balloon placement.
A soft silicone microballoon catheter is used and is
introduced just proximal to the spastic segments.
Papaverine can also be used as an adjunct to facilitate
dilatation of vessel segments prior to the introduction
of the balloon catheter. The balloon is inflated under
low pressure multiple times while advancing it into
the spastic segments. Careful attention is paid not to
pass the catheter into a branch or a small vessel and

not to overinflate the artery past the original diameter,
which will minimize the risk of vessel rupture.

Angioplasty in the anterior circulation can be
performed in the supraclinoid carotid arteries and
proximal middle cerebral arteries including the M2
branches. Angioplasty can also be performed in both
vertebral arteries, the basilar artery, proximal post-
erior cerebral arteries and, occasionally, the proximal
superior cerebellar arteries. The anterior cerebral

artery system has not previously been accessible for
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balloon angioplasty, but recent advances in catheters

make it possible to dilate the Al segments in some

patients.

Elliott et al. have observed relative improvements

in CBF, using SPECT at 24 h following treatment

of vasospasm, with balloon angioplasty significantly

more often than with papaverine infusion [53]: 71%

of vessel segment territories demonstrated improved

CBF at 24 h following balloon angioplasty while only

31% of vessel segment territories showed improve-

ment within 24 h following papaverine infusion.

These results are consistent with TCD observations

that balloon angioplasty is superior to papaverine

infusion when used alone for the treatment of prox-

imal vasospasm. TCD can be used to monitor flow

velocities at the site of angioplasty to document sus-

tained effect of the interventional procedure.

Recent studies also showed that TCD and other

variables can monitor HHH therapy and predict

outcomes after SAH [54,55].

Conclusions

The occurrence of stroke and permanent ischemic

brain damage from cerebral vasospasm continues to

be a clinical problem in patients following SAH and

is a potentially preventable or reversible condition.

Prompt recognition and treatment of this condition

in part depends on accurate diagnosis that can be

facilitated using TCD and cerebral blood flow studies.

Although asymptomatic patient selection for early

angioplasty to prevent the onset of DIND remains

controversial, TCD can be used to:

1 detect asymptomatic vasospasm onset;

2 follow spasm progression and facilitate HHH

therapy;

3 identify patients with severe vasospasm;

4 monitor the effect of therapies and interventions; and

5 detect spasm resolution.
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Select clinical
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This section provides a brief overview of several clin- patient management. The doctors acknowledged in
ical situations when cerebrovascular ultrasound gave this section were my colleagues who directly particip-
important clues to pathogenesis of patient symptoms ated in caring for the patients described or performed
or provided valuable information that changed research studies focusing on these problems.
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Typical MCA/TICA vasospasm
after subarachnoid hemorrhage

With MarcMalkoff, MD

Introduction

The following case illustrates a typical course of trans-
cranial Doppler (TCD) velocity changes in a patient
who develops a unilateral (TICA/middle cerebral
artery (TICA/MCA) vasospasm. Other scenarios of
vasospasm development including locations in the
anterior cerebral arteries (ACAs) and basilar artery
are given in subsequent sections.

Besides large vessels, patients dying from acute
vasospasm also had morphologic changes in small
arteries, capillaries and veins at autopsy [1]. TCD
offers a non-invasive tool to detect changes in large
arteries before spasm becomes symptomatic [2].
TCD has the highest-accuracy parameters for
vasospasm located in the MCA [2-6], and the
Lindegaard ratio should be used to optimize spasm
detection and its differentiation with global perfusion
changes [7]. Although studies of nimodipine, a
calcium channel blocker, report its effect on morbid-
ity and mortality but not spasm incidence after sub-
arachnoid hemorrhage (SAH) [8-10], the use of this
medication may change flow parameters detected
by TCD [11]. In this situation, the Lindegaard ratio
should still provide supportive data for vasospasm
development or progression despite relatively low
velocities [7].

Case presentation

A 47-year-old white female was transferred from a
community hospital to our neurointensive care unit
(NICU) within 24 h after a sudden onset of the most
severe headache of her life. On examination, she was
alert and orientated and had no focal neurologic

deficits. Computed tomography (CT) scan showed a
diffuse collection of blood mostly in the supratentor-
ial subarachnoid spaces, particularly the right Sylvian
fissure (Fisher grade II SAH). She had a clinical
Hunt-Hess grade II SAH, and diagnostic digital
subtraction angiography (DSA) on the day of admis-
sion showed no detectable aneurysm and no early
vasospasm.

Diagnostic considerations

Clinical examination and head CT are consistent
with a non-traumatic SAH. Although DSA showed
no intracranial aneurysm that could have been the
source of bleeding, vasospasm can be expected to
develop in the TICA/MCA distribution because of
blood collection in the Sylvian fissure [1]. Baseline
TCD was performed as soon as feasible after ventri-
culostomy to obtain normal velocity ranges with
decompression and in close time interval with
diagnostic DSA.

Ultrasound findings

Daily TCD monitoring was initiated in the NICU
starting on the day of headache onset (Day 0).
TCD showed a normal range of velocities in the
anterior and posterior circulation vessels on Day 0,
with a modest velocity increase and a slight decrease
in pulsatility indices after surgical clipping of the
aneurysm (Figure 1). Daily TCD follow-up showed
gradual increase in the right MCA velocities from
74 cm/s postoperatively to 220 cm/s on Day 6 fol-
lowed by right MCA velocity decrease after balloon
angioplasty.
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9 10 11 Figure 1 Mean flow velocities in internal
carotid arteries and middle cerebral
arteries.

Interpretation
Baseline TCD on Day 0 showed normal velocities.
TCD findings on Day 1 indicate flow velocity increase
and pulsatility decrease, most likely due to hydration
and decompression associated with surgical clipping of
the aneurysm. Day 3 was the first day of a low-moderate
MCA spasm on TCD based on standard criteria for
the MCA mean flow velocity and the Lindegaard
ratio. Day 6 was the first day of a severe MCA spasm on
TCD. Ultrasound findings on Day 7 showed velocity
decrease after successful balloon angioplasty. TCD
on Days 8-10 showed further velocity decrease with
no significant spasm. Grading of vasospasm was
performed using the mean flow velocities (MFVs) and
Lindegaard (MCA/ICA MFV) ratios derived from the
previous studies [2-6,11] and outlined in Chapter 6.

Correlative imaging
Repeat DSA on Day 7 showed a severe right MCA
vasospasm and moderate vasospasm in the right ter-
minal ICA and the right Al ACA (Figure 2). Balloon
angioplasty of the right terminal ICA and the Ml
MCA segment was performed (Figure 2). A four-

vessel diagnostic DSA was also repeated at this time
and it showed no detectable aneurysm.

Differential diagnosis
This patient had no aneurysm on both baseline and
repeat angiograms, yet this patient is still at risk of
developing vasospasm due to blood collection in the

Sylvian fissure [1]. The TICA/MCA vessels are most
often affected by vasospasm after a non-traumatic
SAH [ 1,4]. The absence of detectable aneurysm makes
'across-the-board' administration of HHH therapy
problematic in such cases since with higher blood
pressure there is a chance of rebleeding due to rupture
of presumably existing, thrombosed and undipped
aneurysm [12,13]. TCD monitoring provides the tool
to detect whether any spasm develops and to select
patients for interventional procedures [14,15] and/or

moderate HHH therapy in these circumstances.
The velocity difference between Day 0 and Day 1

(not shown) may also be attributable to a slow
development of hydrocephalus and its alleviation
by decompression after ventriculostomy. If ventricu-
lostomy is not performed on admission or subsequent
stay in the NICU, hydrocephalus may develop in some

Before After

Balloon-angioplasty
with ia papaverine

Figure 2 Balloon angioplasty with intra-
arterial papaverine.
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of these cases and, if ICP increases above 20 mmHg,
it may produce a gradual decrease in mean flow
velocities and an increase in flow pulsatility [ 16]. This
commonly happens at Days 2-3 after headache onset.

Initial increase in velocities and elevated (> 100 cm/s)
velocities bilaterally on later days may be related
to 'hyperemia' with hematocrit values < 27% [17].
In this case, the Lindegaard ratio remains low,
i.e. < 3. TCD findings on Day 5 indicate progression
to a high-moderate MCA vasospasm (MFV 189 cm/s,
Lindegaard ratio 5.3) and represent the first unfavour-
able prognostic sign for development of symptomatic
vasospasm [18—20]. However, TCD monitoring of
patients with SAH should not be limited only to MCA
and ICA velocities since vasospasm may affect the
TICA, ACA and other vessels. If vessels other than the
MCA are affected, the MCA may have a compensat-
ory velocity increase in the 100-180 cm/s range with
relatively low ratios that may be misleading as to
spasm localization and its severity (see Bilateral ACA
Vasospasm and Multiple Vessel Vasospasm sections,
p. 195 and p. 198).

Balloon angioplasty may restore the MCA patency
but the velocity may not return to normal values [21].
This may happen due to flow reorganization through
the MCA with postischemic hyper emia and dysauto-
regulation in the presence of hydration and hyperten-
sion therapy, if continued. Elevated ICA velocities
with low Lindegaard ratios indicate persistent effect of
angioplasty in terms of lumen restoration, but low
pulsatility indices may indicate postischemic hyper-
emia and distal vasodilatation [21]. Continuing TCD
monitoring after successful balloon angioplasty with
papaverine may show transient velocity changes and
redevelopment of spasm in some patients [22,23].
Interpretation of TCD velocity data throughout the
monitoring period should be made with caution, par-
ticularly with regard to patient age [24].

Management

The patient did not undergo surgical clipping since
no aneurysm was found. Oral nimodipine was admin-
istered. After TCD showed the development of low-
moderate vasospasm on Day 3, a pulmonary artery
(PA) catheter was placed and moderate HHH therapy
(mostly fluid balance and mean arterial pressure
maintenance at 100-110 mmHg) was initiated.
Despite this effort, TCD showed increasing MCA

velocities with increasing Lindegaard ratios through
Day 6. When TCD showed severe MCA vasospasm
(MFV > 200 cm/s, Lindegaard ratio > 6), a repeat
angiogram was scheduled for the following day
since the patient did not show any focal neurologic
deficits at this point. However, the interventional
radiologist was informed that, in the event of neuro-
logic deterioration, an urgent catheter angiography
and angioplasty might be required before Day 7.

DSA on Day 7 confirmed the presence of a severe
MCA vasospasm, and balloon angioplasty of the right
Ml MCA was performed. Intra-arterial papaverine
was injected in the right M2 and Al ACA segments but
no angioplasty was performed since the degree of
vasospasm in these vessels was moderate. There was
a good distal contrast opacification of the A2 ACA
and the contralateral ACA was largely unaffected.
The four-vessel diagnostic angiography showed no
detectable aneurysm on Day 7.

TCD monitoring showed a decrease in the MCA
mean flow velocities and low Lindegaard ratios after
angioplasty. Moderate HHH therapy was stopped and
the PA catheter was removed on Day 8. TCD monitoring
was discontinued on Day 11.

Follow-up

The patient was transferred from the NICU on Day 10.
She returned to work 4 months after this episode.
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Bilateral ACA vasospasm after
subarachnoid hemorrhage

With Joseph Nates, MD, FCCM

Introduction

Vasospasm in the anterior cerebral arteries (ACAs)
typically develops after rupture of the anterior com-
municating aneurysm [1-10]. It manifests as bilateral
narrowing of the Al ACA segments leading to frontal
lobe ischemia. This is often difficult to recognize in
drowsy patients, and may cause paraparesis in severe
cases [11]. Subtle signs such as cerebral salt wasting
syndrome and development of confusion can indicate
the development of frontal lobe ischemia along with
more obvious signs such as leg-greater-than-arm
paresis, diplegia, akinesia and abulia [9,11-15]. How-
ever, akinesia and abulia may develop due to hydro-
cephalus and subarachnoid blood collection without
ACA vasospasm.

Transcranial Doppler (TCD) has limited sensitivity
for Al ACA vasospasm and may not be able to detect
any flow changes if spasm is located at A2 segments
[ 1-10]. However, a complete insonation protocol and
assessment of changes in the middle cerebral artery
(MCA), Lindegaard ratio for MCA hyperemia [16]
and PCA flow velocity/pulsatility may unmask distal
and significant ACA vasospasm. This section illus-
trates a typical bilateral Al ACA vasospasm after rup-
ture of the anterior communicating artery aneurysm.

Case presentation

A 42-year-old white female was transferred from a
community hospital to our neurointensive care unit
(NICU) within 24 h after a sudden onset of the most
severe headache of her life. On examination, she was
alert and orientated and had no focal neurologic
deficits. CT scan showed a round-shaped clot between
the frontal poles as well as a diffuse collection of blood
in the supratentorial subarachnoid spaces (Fisher grade

III subarachnoid hemorrhage). She had a clinical Hunt-
Hess grade II subarachnoid hemorrhage (SAH), and
diagnostic digital subtraction angiography (DSA)
on the day of admission showed a 6-mm anterior
communicating artery aneurysm.

Diagnostic considerations

Clinical examination and head CT are consistent with
a non-traumatic SAH. DSA showed an aneurysm at a
typical location and subsequent vasospasm develop-
ment can be expected in the ACA distribution.
Baseline TCD was performed as soon as feasible to
obtain velocity correlation with diagnostic DSA.

Ultrasound findings

Daily TCD monitoring was initiated in the NICU
starting postoperatively. Mean flow velocities (MFVs)
in the anterior and posterior circulation vessels on
Day 1 ranged from 35 to 86 cm/s with pulsatility
indices of 0.6-0.9. Daily TCD follow-up showed
gradual velocity increase in both ACAs and the
right MCA velocities up to 188, 204 and 164 cm/s
accordingly on Day 7 (Figure 1). Right MCA/ICA
MFV ratio was 2.5, and the left MCA velocity was
55 cm/s.

Interpretation

Baseline TCD on Day 1 showed detectable flows
in both Al ACAs and normal range of the mean
flow velocities. Ultrasound findings on Day 7 showed
abnormal velocities suggesting high-moderate or
severe vasospasm in the ACA distibution. Abnormal
right MCA MFV and low Lindegaard ratio suggests
compensatory velocity increase in the right MCA.
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Left Right

ACA MFV 204 PI 0.4ACA MTV 188 PI 0.61

ICA MFV 70 Lindegaard Ratio < 1 ICA MFV 65 Lindegaard Ratio 2.5
Figure 1 Transcranial Doppler findings in a patient with bilateral anterior cerebral artery vasospasm.

Correlative imaging

Repeat DSA on Day 7 showed a bilateral 'spear-
headed' Al ACA vasospasm more severe in the
right ACA, and a mild narrowing in the right terminal
internal carotid artery (TICA) compared to baseline
DSA images. A four-vessel diagnostic DSA was also
repeated at this time and it showed successful clipping
of the anterior communicating artery aneurysms as
well as no other detectable aneurysm.

Differential diagnosis

This patient had an aneurysm at a typical location
that was the most likely source of subarachnoid
hemorrhage. This patient was at risk of developing
vasospasm due to medium grades of SAH severity
and clot burden on CT in a typical location. On Day 4
the patient was noted to be confused, and vasospasm
development was suspected.

TCD findings on Day 7 indicate progression to a
high-moderate or severe ACA vasospasm or the devel-
opment of a moderately severe right TICA vasospasm.
The latter can produce abnormal right ACA/MCA
velocities and elevated left ACA velocities if the
contralateral side becomes involved in compensatory
flow redistribution similar to anterior cross-filling

with ICA obstructions. However, a significant right
TICA spasm in this case can be ruled out by a low
Lindegaard ratio of 2.5. If both ACAs become affected
by significant vasospasm, the remaining pathway to
compensate for these lesions is to deliver blood flow
via transcortical collaterals from the MCA and PCA
territories. TCD may provide indirect signs of this
process by showing elevated M1-M2 MCA velocities
with low Lindegaard ratio and low pulsatility indices
suggesting hyperemia and distal vasodilatation. Taken
together with clinical findings, these MCA/PCA
velocity changes may sometimes be the only sign of
significant A2 ACA vasospasm. Differential diagnosis
also includes bilateral ACA vasospasm and mild MCA/
TICA spasm that cannot be ruled out completely, yet it
may have less clinical significance.

Management

The patient underwent craniotomy and surgical
clipping of the aneurysm on Day 1 after SAH.
Moderate hypertension-hemodilution-hypervolemia
(HHH) therapy (mostly fluid balance and mean
arterial pressure maintenance at HOmmHg) was
initiated on Day 4 after TCD detected right ACA and
MCA velocity increase above 120 cm/s. TCD showed
a further velocity increase that disproportionately
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affected both ACAs compared to MCAs. A repeat

angiogram on Day 7 confirmed the presence of a bilat-

eral ACA, and balloon angioplasty of Al segments was

performed. Intra-arterial papaverine was injected in

the A2 segments but no angioplasty was performed

since the degree of vasospasm in these vessels was

mild and moderate. There was a good distal contrast

opacification of the A2 ACA.

Follow-up

TCD monitoring showed a decrease in the ACAs

and right MCA mean flow velocities to 95-130 cm/s

range after angioplasty. Moderate HHH therapy was

stopped on Day 8. Her confusional state resolved by

Day 9. TCD monitoring was discontinued on Day 10,

and the patient was transferred from the NICU on

same day. She returned to work 5 months after this

episode.
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Multiple vessel vasospasm after
subarachnoid hemorrhage

With loannis Christou, MD

Introduction

Most studies of transcranial Doppler (TCD) perform-
ance in vasospasm detection have focused on the
middle cerebral artery (MCA), terminal internal
carotid artery (TICA), anterior cerebral artery (ACA)
and vertebrobasilar arteries [1-5]. Fewer data are
available for posterior cerebral artery (PCA) vasospasm
[6], and grading the severity of multiple vessel spasm
remains uncertain. Further issues that may complicate
vasospasm detection, follow-up and grading are:
1 involvement of distal branches not directly accessible
by TCD [3];
2 late, bimodal or recurrent vasospasm development

[7];
3 superimposition of flow changes due to infections
that may complicate prolonged ICU stays in severe
subarachnoid hemorrhage or HHH therapies [8]; and
4 development of hydrocephalus, anemia and
myocardial dysfunction.

Case presentation

A 5 5-year-old white female was admitted to hospital
12 h after a sudden onset of the most severe headache
of her life. On examination, she was alert and orient-
ated and no focal neurologic deficits were found. A
Hunt-Hess grade II subarachnoid hemorrhage (SAH)
was suspected. Computed tomography (CT) scan
showed diffuse collection of blood in the subarach-
noid spaces and basal cisterns (Fisher grade II SAH).
The patient was admitted to the neurointensive care
unit (NICU), and baseline TCD was performed prior
to diagnostic angiography.

Diagnostic considerations

Clinical examination and head CT are consistent with

a non-traumatic SAH. Digital subtraction angio-
graphy (DSA) was performed next. Baseline TCD
was performed as soon as was feasible to obtain
velocity correlation with diagnostic DSA.

Ultrasound findings

A single-channel TCD was performed in the NICU.
TCD showed a normal range of velocities in the
anterior and posterior circulation vessels. The right
vertebral artery had an alternating flow signal with
a high-resistance spike directed towards the probe
(Figure 1). The left vertebral artery had a low-
resistance antegrade flow, while its branch (likely
posterior inferior cerebellar artery, PICA) had a much
higher flow resistance. The basilar artery (BA) had a
normal flow direction and low-resistance flow.

Interpretation

Baseline TCD showed no evidence of vasospasm or
global increase in flow pulsatility. A left-to-right steal
phenomenon and high-resistance flow in a cerebellar
branching artery were noted and the neuroradiology
service was informed of these findings.

Correlative imaging

DSA showed a left PICA aneurysm that received
flow from a reversed right terminal vertebral artery
(VA) (Figure 2). This flow reversal was likely respons-
ible for the 'steal-like' appearance of the VA flow
signals. The terminal right VA and PICA appear
smaller in diameter than the donor left vertebral
artery. Aneurysm detection was not possible from
a proximal right VA injection due to its uniformly
small diameter extracranially and the first left VA
injection did not clearly show the aneurysm. The

198
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Left Right

Figure 1 Baseline transcranial Doppler
findings before diagnostic angiography.

Figure 2 Transcranial Doppler
waveforms, retrograde filling of the
right vertebral artery and posterior
inferior cerebellar artery aneurysm.

interventional neuroradiologist knew about the
steal phenomenon detected by TCD and repeated
selective left VA injection with more volume of
contrast. The aneurysm was clearly visualized dur-
ing late arterial phase in the contralateral cerebellar
hemisphere.

Differential diagnosis

This is a relatively uncommon location for an intra-
cranial aneurysm; however, no other aneurysms were

found with a four-vessel DSA. The smaller diameter
of the right VA and PICA may be attributed to
hypoplasia since it is uncommon to see vasospasm
as early as Day 1 after SAH and there were no focal
velocity elevations in the terminal VAs. Also, this
patient did not have a complete steal towards the sub-
clavian artery and her right VA was barely visible at
its proximal portion extracranially. This flow pattern

likely existed even before the hemorrhage, since a
selective left VA contrast injection opacified both
cerebellar hemispheres.
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Management

The patient underwent craniotomy and surgical clip-
ping of the aneurysm on Day 2 after SAH. Repeat TCD
examination showed no steal-like flow waveforms
in the posterior circulation. Instead, a low-resistance

flow towards the transducer was found at the depths
of the terminal right VA suggesting transcerebellar
collateralization of flow. Daily TCD monitoring
started on Day 3, and on Day 5 it showed no evidence
of proximal spasm and hyperemic flow velocities
(range 77-104 cm/s) throughout the circle of Willis
(Figure 3). TCD monitoring continued after the 2nd
week after SAH since the patient continued to have
severe headache and slowly developed even higher

velocities. She received HHH therapy during the
observation period. On Day 16, she became drowsy
and her velocities reached maximum observed values:
ACA 222 cm/s, PCA 130 cm/s, BA 109 cm/s (Figure
4). Note that the patent vertebral artery and both
MCAs had elevated velocities: LVA 82 cm/s, LMCA
103 cm/s and RMCA 132 cm/s. The left VA had
elevated velocities because it was the main supply of

the posterior circulation flows in a patient receiving
HHH therapy, and therefore its absolute velocity is
high and a modified Lindegaard index for basilar
vasospasm is falsely low in this situation [4,5]. The
finding of bilaterally elevated MCA velocities and low
Lindegaard ratios may reflect compensatory velocity

increase and it may sometimes be the only indirect
evidence of the vasospasm in the basilar artery. Based
on clinical and TCD findings, the decision was made
to repeat DSA.

DSA was performed on Day 16 after SAH. The
anteroposterior projection did not show any right
ACA spasm (Figure 5) due to overlapping vessels. The
neuroradiologist was informed about abnormal TCD
findings in the right ACA (MFV 222 cm/s), and

several additional oblique shots were performed that
helped to visualize a severe right Al ACA spasm at its
origin (Figure 5, arrow). However, relatively good
contrast opacification of the distal ACA was seen
despite this narrowing.

The basilar artery and left PCA had moderately
severe vasospasm that involved the entire basilar
and PI stems (Figure 6). This length of arterial

Left Right

MCA MFV 104 PI 0,7

1C A 52 ratio 2
Inver ted signal

MCA MFV 92 PI 0.9

ICA 50 ratio < 2

BA MFV 77 PI 0.7
Figure 3 Hyperemic changes on transcranial Doppler.
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Left Right
EH B A C H

MCA MFV 103 PI 1.0
1C A 42 ratio < 3

PI PC A 130/0.8

ACAMFV222PI0.5
•. 3*- s nt*

MCA 132/0.9

BA MFV 109 PI 0.9
Figure 4 Abnormal transcranial Doppler velocities in multiple vessels.

Figure 5 Projection-dependent digital
subtraction angiography findings.
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Figure 6 Basilar artery vasospasm (right)
compared to baseline image (left).

narrowing resulted in relatively low TCD velocities in

these vessels.

A successful balloon angioplasty was performed for

the basilar artery up to the distal portion. Intra-arterial

papaverine was administered for the PCA and ACA

spasm locations.

Follow-up

The next day TCD showed decrease in the mean

flow velocities: ACA 150 cm/s, PCA 92 cm/s, MCAs

102-107 cm/s. The basilar artery velocity decreased

to 90 cm/s representing hyperemic flow with a

basilar-to-vertebral velocity ratio of less than 1/1.5.

The patient had no neurologic sequelae and she was

transferred out of the NICU on Day 18 after SAH. At 6

months, she remained free of focal neurologic deficits.
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Cerebral circulatory arrest

With Sergio Calleja, MD

Introduction

Brain death is a clinical diagnosis [ 1 ] and transcranial
Doppler (TCD) can be used as a confirmatory tool
[2,3]. Although TCD detection of oscillating flow
pattern in major intracranial arteries may yield
accuracy parameters close to 100% at experienced
centers [3-5], false-positive TCD findings may occur
and a subsequent nuclear flow scanning may reveal
some residual parenchymal flow. Although this discre-
pancy may not affect the grave prognosis of patients
with the clinical appearance of brain death, a more
careful and often extended TCD examination should
be performed to avoid these false-positive results.

Case presentation

A 39-year-old woman was admitted to the neuroin-
tensive care unit (NICU) with the diagnosis of Hunt-
Hess grade IV subarachnoid hemorrhage (SAH). On
Day 3 she was intubated and wide dilated pupils were

noted on Day 4. Clinical examination on Day 5 was
consistent with brain death.

Diagnostic considerations

Patients with severe grades of SAH have overall poor
prognosis and increased mortality due to develop-
ment of coma, vasospasm and hydrocephalus. These
patients may progress to severe spasm and brain
infarction before Day 7. TCD was ordered to confirm
brain death after the clinical examination showed no
brainstem reflexes and failed apnea test.

Ultrasound findings

As shown in Figure 1, TCD was performed according
to our standard protocol for evaluation of patients
with brain death. It includes assessment of the
mid-Mi middle cerebral artery (MCA) flow and the
proximal basilar artery flow. All three segments had
reverberating (or oscillating) flow patterns.

Figure 1 Spectral transcranial Doppler
and M-mode findings in both M1 MCA
stems and the proximal basilar artery in
a patient with clinical examination
consistent with brain death.

Left A 39 year old woman, grade IV SAH
Day 5 clinical exam shows brain death

Right
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Left PICA Infra-tentorial Positive EDV VCHOUS
Supra-tentorial Venous Return and M2 Branch Flow

Figure 2 Spectral transcraniaI Doppler
(TCD) and M-mode findings showing
residual flow to the posterior inferior
cerebellar artery (bottom left image
insert), and positive venous return due
to antegrade flow in an early M2 MCA
branch (M-mode, bottom right image).
These findings help explain a
discrepancy between nuclear cerebral
blood flow test and initial TCD
examination.

Interpretation
TCD examination of both Ml MCAs and the proximal
basilar artery was consistent with cerebral circulatory
arrest at the blood pressure values of 125/60 mmHg.

Correlative imaging
Nuclear flow scan was performed at the bedside
30 min later with patient blood pressure remaining
stable. It showed residual parenchymal perfusion of

supratentorial structures and cerebellar hemispheres.

Differential diagnosis
At this point, incomplete arrest of cerebral circulation
was diagnosed. Since the patient had non-traumatic
SAH, and no surgical clipping was performed, there
was no reason to suspect decompression as a possible
cause of residual flow. The Camino catheter showed a
minimally pulsatile waveform with intracranial pres-

sure values of 95 mmHg in closed position. There was
no cerebrospinal fluid draining in open position. All
these findings suggest that residual flow seen on the
nuclear flow scan occurred despite increased intra-
cranial pressure exceeding cerebral perfusion pressure.

Management
Repeat TCD was ordered to identify the reason for
false-positive findings and to detect possible sources
of the residual parenchymal flow. A recommendation

was made to hold the organ-harvesting protocol
until confirmation of a complete cerebral circulatory
arrest.

Follow-up
TCD examination was performed shortly after the
nuclear flow scan and it was expanded to the MCA
branches, terminal ICAs and terminal vertebral
arteries. TCD showed a high-resistance waveform
with positive diastolic flow in the posterior inferior
cerebellar artery (PICA) and a detectable venous
return in the Sylvian fissure from a transtemporal
window (Figure 2). These findings indicate that the
patient was evaluated early into progression of the
cerebral circulatory arrest. Even though the proximal
basilar artery was already affected by oscillating
flow, the arrest of infratentorial circulation was still
incomplete since the terminal vertebral artery branch
(PICA) still had a positive diastolic flow. The arrest
of supratentorial circulation was also incomplete

since detectable venous return was found through the
temporal window. It may occur if the MCA has early
branches that are not yet affected by oscillating flow,
or flow cessation is incomplete in the ACA or PCA.
In this case, M-mode TCD shows a high-resistance
systolic signal in the M2 MCA on the side of venous
return (Figure 2, bottom right insert). Therefore,
TCD examination in patients with brain death can
be broadened by application of M-mode Doppler

to examine branch segments in addition to major
targets.
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However, the presence of reverberating flow signals

in the proximal MCAs and basilar artery over 30 min

indicates irreversible ischemia to vital centers and

grave prognosis. The impact of detection of residual

parenchymal flow in this case was to delay organ har-

vesting by 12 h. Repeat TCD and nuclear flow scans at

this time showed no positive diastolic flow or venous

return and no parenchymal residual flow.
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Anatomic variation
or a hemodynamically
significant lesion?

With Eva Bartels, MD

Introduction

Sonographers and interpreting physicians usually
have no problem recognizing clearly abnormal flow
findings such as peak systolic velocity (PSV) of
300 cm/s in the proximal internal carotid artery
(ICA) with carotid stenosis, or alternating flow
signal in the vertebral artery with subclavian steal.
These findings have excellent accuracy parameters
in predicting pathologic findings on angiography
[1-3]. However, in many patients ultrasound shows
changes in flow velocity or waveforms, or on color
flow images that are of marginal clinical significance, if
any. This is the area where sonographers' experience
and interpreters' knowledge become very important.
In these cases, ultrasound interpretation will benefit
from additional information that should be made
available, i.e. clinical findings, magnetic resonance
imaging (MRI) or computed tomography (CT) results
or previous angiography, etc. This section illustrates
clinical decision-making in a patient with 'soft' ultra-
sound findings.

Case presentation

This is a 65-year-old man who complains of newly
developed several dizzy spells during the past month.
He has experienced brief episodes of dizziness,
lightheadedness and unsteadiness when rising
quickly from a chair or when turning his head. Risk
factors include chronic hypertension and smoking
(he quit 3 years ago). He has not previously had a
stroke or heart attack and his MRI brain scan was
unremarkable.

Diagnostic considerations

Besides common causes of dizziness such as inner
ear disease and syncope, the patient history points to
a recent process linked to blood pressure, postural
changes and neck rotation. Screening for an underly-
ing vascular disease in the vertebrobasilar distribution
seems justified.

Ultrasound findings

As shown in Figure 1, his terminal left vertebral
artery has normal-flow waveforms and velocities
(upper image and spectrum). Note that the velocity
values were obtained using angle correction. His
extracranial right vertebral artery has a high-resistance
waveform (middle image and spectrum) with end
diastolic flow being present but with low diastolic
velocities. The transcranial color imaging (TCI) study
shows flow in the right posterior communicating
artery directed towards posterior circulation (bottom
image). No focal extra- or intracranial stenoses were
found and the rest of the ultrasound examination was
unremarkable.

Interpretation

A high-resistance flow in the right vertebral artery is
due to probable hypoplasia, dominant left vertebral
artery, and functioning right posterior communicat-
ing artery (PComA).

Correlative imaging

MR angiography showed a small caliber of the entire
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Figure 1 Duplex findings in the intracranial portion of the
left vertebral artery (upper image); cervical portion (C5-C6
segments) of the right vertebral artery (middle image); and
a functional right posterior communicating artery (A.Co.P)
(bottom image).

right vertebral artery with no areas of flow void and a
normal patency of the left vertebral artery. Posterior

communicating arteries were present bilaterally. No
previous strokes were visualized in the posterior cir-
culation territories. Mild periventricular white matter
changes were noted.

Differential diagnosis

A hemodynamically significant obstruction of the ver-
tebral artery can produce a high-resistance waveform

proximal to the lesion. Occlusions or dissections of the
vertebral artery (VA) can be segmental with reconsti-
tuted flow in the terminal portion [4-10]. Note that
terminal right VA flow is seen on the upper duplex

image.
Hypoplasia of the vessel wall is a morphologic

diagnosis, and in the clinical setting the term usually
refers to a benign and uniform vessel narrowing. A
small caliber of the entire vessel can produce a high-
resistance waveform [4,6,9,10]. Doppler findings in
this case are more consistent with hypoplasia since

blood flow was found in all accessible extra- and
intracranial segments of the right vertebral artery with
similar waveforms as shown in the middle spectrum.
Since no previous ultrasound examination is avail-
able, it is impossible to determine whether the patient

had this condition before symptom onset (anatomic
variation) or symptoms developed after new flow
changes in the right vertebral artery.

The presence of a functional PComA may indicate
hemodynamically significant obstruction in the dom-
inant vertebral artery. However, in this case, the left
vertebral artery has a low-resistance waveform and the
basilar artery is filled with normal flow direction. The
presence of a PComA may simply be attributable to

the variable anatomy of the circle of Willis, when the
posterior cerebral artery (PCA) may originate from
the ICA (so called 'fetal' origin) [11]. The finding of a
functioning right PComA may speculatively be
attributed to:
1 transient compressions of the dominant left verte-
bral artery by an osteophyte with neck movement; or
2 to compensate for flow decrease in the posterior

circulation with postural changes.
To confirm the first hypothesis, the PCA can be
monitored using a headframe-fixed transcranial
Doppler (TCD) transducer (Figure 2) [12]. The sec-
ond hypothesis can be investigated using TCD mon-
itoring with tilt table testing that may reveal a variety
of responses, including mean flow velocity reduction
or abnormal vasoconstriction [13-17].

However, the posterior circulation symptoms may
also develop not only in patients with obstructed
vertebral arteries (due to atherosclerosis or healing

dissection or hypoplasia) but also in those who have
recently switched their blood pressure-lowering
medications and have lower than usual BP values. This
patient had a BP of 165/95 prior to the time when
the primary care doctor changed his medications
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Left. P2 PCA

•36/0,7 -17/0.9

Figure 2 Sequential motion-mode and spectral transcranial
Doppler recordings from P2 posterior cerebral artery
during a true positive test for vertebral artery compression

with head turning. Numbers indicate mean flow
velocities/pulsatility (Gosling & King) indices. Arrow
indicates head turn.

and achieved BP values of 150/85. The symptoms of
dizziness and lightheadedness started a week later.
Other factors such as reduced cardiac output, dehy-
dration, etc. may also contribute to development of
these symptoms.

Management
A recommendation was made to optimize antihyper-
tensive medication, including potentially switching
back to the ACE inhibitor and diuretic that the patient
was receiving prior to symptom onset, a combination
previously shown to be effective in reducing stroke
risk [18]. The patient also started to take a low-dose
aspirin daily.

Follow-up

Systolic and diastolic arterial BP values re-established
at 160/90 mmHg, achieving approximately 10/5 mmHg
BP reduction and the episodes of dizziness became less

frequent. The blood pressure was cautiously lowered
further over several months to achieve 140/90 mmHg
values without further symptoms.
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Subclavian steal

With Fahmi Al-Senani, MD

Introduction

Subclavian steal can be found in older patients with
widespread atherosclerosis [1-3]. It manifests with
an alternating flow signal in one of the vertebral
arteries at rest (Figure 1) or can be augmented during
hyperemia cuff test [1—5]. Since Subclavian steal is
rarely symptomatic, most patients have antegrade
low-resistance flow in the basilar artery [5-7] despite
flow reversal in one of the terminal vertebral arteries
(Figure 1). The low-resistance flow in the basilar
artery comes from the donor vertebral artery that
feeds both the brain and contralateral arm.

Case presentation

An 86-year-old white female with past medical history
of hypertension, coronary artery bypass surgery and
peripheral vascular disease has been followed for
several years in an outpatient clinic and vascular
laboratory. She has 30-49% bilateral carotid stenoses
and subclavian steal present at rest. After leaving her
at home alone for a weekend, her relatives find her
weak and confused and bring her to the emergency
room. Upon arrival, the patient was afebrile and free
of chest pain, and a 12-lead electrocardiogram (EGG)
was normal. At examination, she is drowsy and has a

Figure 1 Color duplex findings in subclavian steal.
(Upper images) Transcranial duplex findings in the left
and right terminal vertebral arteries. (Lower images)

Extracranial duplex findings in midcervical segments of the
vertebral arteries. (Images courtesy of Dr Eva Bartels.)
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Figure 2 Computed tomography, magnetic resonance
imaging and transcranial Doppler findings in an

new-onset hemianopsia. A non-contrast computed
tomogram (CT) shows an ischemic stroke with
hypoattenuation of brain tissues in the left occipital
lobe (Figure 2, image 1).

Diagnostic considerations

Clinical examination and head CT are consistent
with a 24-48-h-old cortical cerebral infarct in the
left occipital lobe. The stroke pathogenic mechanism
is probably embolic, either from an atherosclerotic
lesion in the basilar or vertebral artery (artery-to-
artery embolism) or from another source, i.e. heart or
aortic arch. Bedside ultrasound was ordered to rapidly
determine patency of the basilar artery as well as to

monitor for emboli, and to confirm steal pattern.

86-year-old white woman. See text for case presentation
and interpretation of findings.

high-resistance waveform with flow direction towards
the probe was found in the right vertebral artery.

Interpretation

TCD interpretation:

1 Irregular heart rhythm (paroxysmal atrial
fibrillation?).

2 Multiple brain microemboli detected in the verte-
brobasilar system with frequency of up to 12/min.
These emboli likely originate from a proximal source
(likely heart) since emboli were heard in the left
vertebral and both carotid arteries.
3 No evidence for a stenosis in the basilar artery stem.
4 A left-to-right subclavian steal phenomenon present

at rest.

Ultrasound findings

A single-channel non-image-guided transcranial
Doppler (TCD) was performed on admission. TCD
showed transient episodes of irregular heart rhythm.
Multiple (up to 12/min) embolic signals (Figure 2,
image 3, white arrows) were heard during routine
TCD examination. The basilar artery had a low-

resistance flow with unremarkable velocities. A

Correlative imaging

Magnetic resonance angiography (MRA) shows no
flow in the right vertebral artery due to its reversed
direction (note that venous flow is subtracted with
time-of-flight MRA unless special sequencing is em-
ployed). The terminal left vertebral artery and basilar
artery have areas of attenuated signal likely due to

artifacts and suboptimal image reconstruction.
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Differential diagnosis

Just after clinical examination and head CT scan, TCD
provided real-time evidence of brain embolization,
confirming that our patient had an embolic stroke.
The presence of emboli in both carotid and poster-
ior vessels points to the heart as the likely source.
Transient episodes of irregular heart rhythm were not
picked up on admission EGG. By chance, a sono-
grapher witnessed paroxysms of atrial fibrillation that
directed clinicians to prompt evaluation of the heart
as an embolic source.

Other mechanisms such as artery-to-artery em-
bolism were mostly ruled out by normal examination
of the entire basilar artery stem. Carotid duplex helped
to rule out the left vertebral stenosis at origin (data
not shown). A hemodynamic stroke mechanism can

also be excluded for the following reasons. In accord
with previous studies [8,9], subclavian steal in our case
appears to be a harmless phenomenon since it has
existed for years, is present at rest and can unlikely
result in a pie-shaped unilateral cortical infarction.

Management

Our patient presents outside of a conventional
window for interventions for stroke and her CT scan

shows hypodensity that precludes tissue rescue with
thrombolysis. However, efforts should be focused
on early institution of secondary stroke prevention.
Although the International Stroke Trial showed a very
low early recurrent stroke rate of 2% within the first
2 weeks of hospital admission [10], our patient may
have endocarditis that is associated with a high recur-
rent stroke rate if left untreated [11,12]. An urgent
echocardiogram was performed next that showed pre-
viously unrecognized endocarditis. Note that elderly
patients may develop endocarditis without fever and
complaints of chest pain, and stroke may herald the
existence of infective endocarditis [11].

Follow-up

Anticoagulation is not indicated in patients with native
valves [11-13]. After a course of antibiotic therapy to
control infection and reduce the rate of recurrent stroke

[11-13] was completed, Holter monitoring showed
no paroxysms of atrial fibrillation and repeat TCD mon-
itoring showed no circulating emboli. She continues

to have hemianopsia; however, her daily activities have
returned to prestroke level. She takes daily aspirin and
is scheduled for follow-up Holter monitoring.
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Carotid dissection

With Marc Malkoff, MD

Introduction

Arterial wall dissection leads to subintimal hemor-
rhage, or intramural hematoma, with varying and
often progressive degrees of flow obstruction due
to compression of the true lumen and expansion of
the false lumen [ 1 ]. Dissections of the extracranial
carotid artery occurred with an annual incidence of
3.5/100 000 in a community-based population study
[2]. However this number may be higher if non-
disabling clinical manifestations and improvements
in neuroimaging methods are taken into account.
Dissections have variable clinical presentations, rang-
ing from neck pain or headache, transient monocular
blindness, partial Homer syndrome, lower cranial
nerve palsies, pulsatile tinnitus or subjective bruits to
acute debilitating strokes [3-9]. Dissections affecting
the carotid and vertebral arteries and less frequently
the aortic arch and its proximal branches are recog-
nized as an important mechanism of ischemic strokes,
particularly in the young [ 10]. Several etiologic theor-
ies have been proposed, including genetic predisposi-
tion for spontaneous dissections with such conditions
as fibromuscular dysplasia and Marfan's syndrome;
however, the trauma and mechanical stress to the
arterial wall are important variables that lead to some,
if not most, of detectable dissections [1,11-16].
Most arterial dissections heal spontaneously over
time; however, anticoagulation is often used in these
patients, and recently arterial stenting was imple-
mented to restore patency of the true lumen early after
the onset of stroke symptoms [1,17-20].

Cerebrovascular ultrasound examination in pati-
ents with suspected arterial dissection at various
locations in the carotid and vertebral arteries may
reveal [21-28]:
1 direct visualization of a 'double lumen' and
corresponding spectral waveforms;
2 eccentric and elongated thrombus formation;

3 indirect signs of an arterial obstruction distal or
proximal to the site of insonation including abnormal
waveforms and oscillating patterns;
4 microembolic signals and flow diversion signs; and
5 an absence of atheromatous disease that may
explain the above-mentioned findings.

Case presentation

A 42-year-old white male smoker was brought to the
emergency room 24 h after onset of headache, rest-
lessness and gradual development of left-sided weak-
ness. On examination, he was alert and orientated and
neglected his left body side. He had gaze preference
and left-sided hemiparesis (arm > leg) with a National
Institutes of Health Stroke Scale (NIHSS) score of
12 points. Non-contrast computed tomography (CT)
showed a hyperdense right middle cerebral artery
(MCA) with hypodensities in the right parietal and
temporal lobes and an Alberta Stroke Program Early
CT Score (ASPECTS) [29] of 4 points.

Diagnostic considerations

Clinical examination and head CT were consistent
with an acute ischemic stroke. He had a hyperdense
MCA sign on CT that suggested the presence of
thrombus in the right Ml MCA [30]. His stroke
was severe and correlated with the presumed level
of intracranial arterial obstruction. No thrombolytic
therapy could have been administered in this patient
due to the time of onset outside any thrombolytic
treatment window and the presence of hypodensity on
the CT scan.

An accelerated large vessel atherosclerotic disease,
carotid dissection, hypercoagulable state, paradoxical
embolism and drug abuse are the usual suspected
stroke mechanisms in young patients [31]. Gradual
deficit onset is unlikely in an embolic stroke. Carotid
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Figure 1 Carotid duplex (left image) and digital subtraction angiography (right image) in a stroke patient with an NIHSS

score of 12 points.

duplex ultrasound was performed next in the

emergency room.

Ultrasound findings
An extracranial examination of the right internal
carotid artery (ICA) with a linear dual-frequency
transducer (3-10 MHz, Sonosite, Bothell, WA) showed
the following transverse image (Figure 1, left image).
No flow signals were identified on power mode in a
branching vessel of a larger caliber compared to two

smaller vessels on the same scanning plane.

Interpretation
Although the size of the arteries may not be used as a
criterion to differentiate the external from the internal
carotid artery, the observed flow void was present
during the entire cardiac cycle, indicating occlusion in
the larger vessel. This finding corresponds to a severe

stroke in the right ICA distribution with MCA occlu-
sion. Since no atherosclerotic plaque was found at the
level of bifurcation, carotid duplex is consistent with
distal ICA obstruction due to dissection, intracranial
ICA occlusion or embolus.

Correlative imaging
Digital subtraction angiography (DSA) was performed

1 h after carotid duplex examination and it showed

tapering of the ICA lumen with a complete occlusion
of the right distal ICA. A false lumen with subintimal
thrombus was descending to the level of the bulb
(Figure 1, right). DSA also showed a proximal right
Ml MCA occlusion (not shown).

Differential diagnosis
The absence of an atheromatous plaque at the ICA
bulb on ultrasound suggested either a distal ICA dis-
section, an intracranial ICA occlusion or an embolic
occlusion. The latter is less likely to produce gradual
symptom onset. A distal ICA atheromatous occlusion
or carotid dissection at the entrance to the skull was
therefore suspected. Additional ultrasound examina-
tion revealed flow reversal in the ophthalmic artery,
pointing to occlusion location between the ICA bulb
and the knee of the ICA siphon. A careful history
was obtained from relatives regarding any trauma

or mechanical stress to the head and neck. It turned
out that the patient had undergone a lengthy dental
surgical procedure 2 days prior to symptom onset. His
neck was hyperextended for about 2 h during dental
surgery.

Based on carotid duplex screening and clinical
information, DSA was performed next to confirm the
presence and extent of carotid dissection as well as the
degree of arterial obstruction.
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Management
This patient presents outside a conventional window

for intravenous thrombolysis for stroke. A large hypo-

density on CT scan makes spontaneous hemorrhagic

transformation very likely [32]. If heparin is admin-

istered, and bleeding occurs, heparinization can be

blamed by the principle 'guilt by association'. Urgent

stenting of the true lumen is an experimental revascu-

larization procedure [19] that may be very risky in the

setting of completed acute infarction. Hypothermia

and decompression [33,34] are two potential ex-

perimental options that may be considered in this

situation.

After discussion with the family about the potential

risks and benefits of these procedures, it was elected

not to perform any of these interventions, and the

patient was admitted for observation to the Stroke

Unit. He did not receive heparin acutely, and he did

not develop brain herniation. He was discharged

home with an NIHSS score of 10 points on warfarin

(target international normalized ratio (INR) 2-2.5).

He is being cared for by his family, and remained dis-

abled with a Rankin score of 3 at 3 months' follow-up.
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Carotid thromboembolism

With Ken Uchino, MD

Introduction

Embolism from a proximal source can occur in the
setting of atrial fibrillation, myocardial infarction,
aortic arch atheroma, right-to-left shunting and other
probable sources [ 1 ]. Most emboli pass through pre-
cerebral vessels to lodge in the intracranial vasculature
causing perfusion failure. Occasionally, however, a
large thrombus may obstruct the proximal internal
carotid artery (ICA) and its more distal fragment may
propagate to the middle cerebral artery (MCA), causing
neurologic deficits of variable degrees [2].

Urgent carotid revascularization was proposed
as a potential intervention for crescendo transient
ischemic attack (TIA) or stroke in evolution, but it
appears risky in patients with acute cerebral ischemia
[3,4]. Intravenous anticoagulation may be initiated
early in stroke patients with atrial fibrillation without
large evolving infarctions [5-8].

Case presentation

A 42-year-old black woman was brought to the
emergency room 16 h after onset of headache and left-
sided weakness. On examination, she was alert and
orientated and neglected her left body side. She had
gaze preference and left-sided hemiparesis (arm > leg)
with a National Institutes of Health Stroke Scale
(NIHSS) score of 12 points. Non-contrast computed
tomography (CT) shows hypoattenuation in the right
MCA territory and an Alberta Stroke Program Early
CT Score (ASPECTS) [9] of 5 points.

Diagnostic considerations

Clinical examination and head CT are consistent
with an acute ischemic stroke. No thrombolitic ther-
apy could have been administered in this patient due

to time of onset and the presence of hypodensity on
the CT scan.

She developed her deficit abruptly and an embolic
stroke mechanism was suspected. Transcranial
Doppler (TCD) and carotid duplex ultrasound were
performed next in the emergency room.

Ultrasound findings

TCD showed a blunted TIBI flow grade II signal in the
right MCA and left-to-right anterior cross-filling via
the anterior communicating artery. An extracranial
examination of the right ICA with a linear dual-
frequency transducer (3-10 MHz, Sonosite, Bothell,
WA) showed the following images (Figure 1). The
right ICA bulb was filled with an axis-asymmetric
intraluminal mass with homogenous and slightly
hypoechoic structure. Locations 1, 2, 3 and 4 indicate
velocity sampling along the right ICA and common
carotid artery (CCA). Doppler examination showed
normal velocity range with slight delay in systolic flow
acceleration in the right ICA just distal to the lesion.
Right external carotid artery (EGA) and contralateral
carotid examinations (Figure 1) were unremarkable.

Interpretation

Carotid ultrasound showed a thrombus in the right
ICA bulb causing a hemodynamically significant
obstruction to flow. Collateral supply was present
through the anterior communicating artery, and no
proximal MCA occlusion was found at 16 h after
stroke onset.

Correlative imaging

Magnetic resonance angiography (MRA) was per-
formed 1.5 h after carotid duplex examination and
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Contra-lateral side

Figure 1 Duplex ultrasound findings in a stroke patient
with an NIHSS score of 12 points. The upper images
illustrate findings in the right bifurcation and the common
carotid artery. The numbers 1, 2, 3 and 4 indicate locations
where spectral Doppler waveforms were obtained:
1, proximal internal carotid artery (ICA); 2, distal bulb;
3, proximal bulb; and 4, midportion of the right common

carotid artery (CCA). The angle correction in the ICA,
transverse projection of the right ICA and the right
external carotid artery (ECA) waveforms are shown in the
bottom left set of images. The left CCA, left ICA bulb and
left ECA waveforms as well as longitudinal B-mode and
power-mode image of the left bifurcation are shown in
the bottom right set of images.
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it showed a small ICA lumen at the level of the
bulb and reconstituted distal ICA and MCA flows.
Transesophageal echocardiography and other tests did
not reveal possible sources of embolism. Coagulation
work-up was unremarkable.

Differential diagnosis

The lesion appearance on B-mode scan is typical of
an intraluminal thrombus. The crescent-moon-like
appearance of the residual lumen and the asym-
metric non-circumferential lesion make atheroma
an unlikely diagnosis. Furthermore, the intraluminal
lesion was moving with arterial wall pulsations, and
this real-time observation makes the diagnosis of a
fresh thrombus more likely. Atheromatous lesions of
this size should decrease vessel wall pulsations and be
present on near and far vessel walls.

Management

This patient presents outside a conventional window
for intravenous thrombolysis for stroke. Despite the
evidence of a thrombus in the ICA bulb, anticoagula-
tion with heparin was not initiated due to a large
hypodensity on CT scan. Urgent carotid embolectomy
or stenting, hypothermia and decompression were
potential experimental options that were discussed
with the patient and family who elected not to have
any of these interventions performed. The patient was
admitted for observation to the Stroke Unit. She did
not develop brain herniation. Repeat carotid duplex
examination before discharge showed normal vessel
patency.

Follow-up

Her NIHSS score was 9 points at 1 week after stroke.
She takes aspirin and slow-release dipyridamole [10].

She remains disabled with a Rankin score of 3 at
1.5 months' follow-up, and is being cared for by her
family.
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Monitoring carotid
endarterectomy

With Anthony Estrera, MD

Introduction

Carotid endarterectomy (CEA) was introduced by
Eastcott [1], and its efficacy and durability were
established in two large randomized trials for symp-
tomatic patients with carotid stenosis [2,3]. The
number needed to treat to prevent one stroke is 8/1 for
symptomatic patients with > 70 carotid stenosis, and
15/1 for those with 50-69% stenosis [4]. In asymp-
tomatic patients, the overall risk of stroke is low, i.e.
2% per year, and CEA offers a small protection by
reducing it to 1% per year if complication rate from
angiography and surgery is < 2% [5]. Perioperative
complications from CEA in symptomatic patients
amounted to 6.5% in the NASCET trial [6] and are
even higher in general practice [7].

Non-invasive monitoring of CEA can identify
patients developing ischemia during surgery. Cerebral
blood flow measurements [8,9], electroencephalogra-
phy (EEC) [9-14], evoked potentials [15,16], cerebral
oximetry [17,18], direct stump pressure measure-
ments [19,20] and ultrasound [21-25] can be used
for this purpose. If CEA is performed under local
anaesthesia, patient status can also be checked with
repeat clinical examinations [26]. EEC and cerebral
oximetry are very sensitive to the development of cere-
bral ischemia even before clinical changes become
apparent [9-18]; however, these methods can miss
ischemia, particularly with general anesthesia [27,28],
and are limited in their ability to determine the mech-
anism by which ischemia develops. Ultrasound can
provide sensitivity equal to EEC to detect cerebral
ischemia [28], and demonstrates in real time the
mechanism by which ischemia has developed, i.e.
embolism, hypoperfusion, thrombosis or hyperperfu-
sion [29]. Although multicenter randomized trials
of monitoring techniques targeted to reduce perioper-
ative stroke or transient ischemic attack (TIA) are

lacking, several prospective studies showed very low
complication rates with monitoring compared to his-
toric controls [29-32], and a single-center random-
ized trial investigated reduction of microemboli after
CEA as a surrogate marker for the risk of perioperative
stroke [33,34]. A theoretical case presented below
demonstrates a variety of previously reported typical
transcranial Doppler (TCD) findings during CEA
[21-25,28-32], their online interpretation, and
responses to prevent possible complications.

Case presentation

A 68-year-old man with a past history of hyperten-
sion, smoking and leg claudication had a sudden onset
of slurred speech and right arm weakness lasting for
10 min with complete resolution. On examination,
he has no neurologic symptoms. Carotid ultrasound
showed an 80% left internal carotid artery (ICA)
stenosis and a 30% right ICA stenosis. Magnetic
resonance imaging (MRI) showed no diffusion abnorm-
alities, and MR angiography showed a flow gap in the
left ICA bulb.

Diagnostic considerations

Clinical examination and vascular imaging studies are
consistent with a severe carotid stenosis in a patient
with recent TIA. The motor symptoms and possible
speech impairment point to left hemispheric TIA.
This patient appears to be an appropriate candidate
for left carotid endarterectomy, and CEA under
general anesthesia is scheduled.

Ultrasound findings preclamp

The left middle cerebral artery (MCA) flow signals
were identified with TCD at a depth of 55 mm and a
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TCD Monitoring During Carotid Endarterectomy
cm/s

Wound prep
Pre-Clamp

Clamp-on Shunt-on

K
Clamp-off

Wound closure

Blunted waveform Velocity decrease
Delayed systolic upstroke <30% pre-clamp

Normal waveform Emboli
Sharp systolic up-stroke "HITS"

Hyperemic flow signal
> 1.5 times pre-clamp

High resistance signal
PI> 100»/o of pre-clamp

Figure 1 Composite sketch of MCA velocity and signal intensity changes during CEA.

2-MHz transducer was fixed for continuous

monitoring using a Marc series headframe (Spencer

Technologies, Seattle, WA). Ultrasound findings are

summarized in a graph (Figure 1) where solid black
lines identify waveforms detected during uncom-

plicated course of the CEA and grey lines indicate

flow changes that necessitate correction. The inter-

pretation of TCD findings provided below, differen-

tial diagnosis and possible corrective measures were

derived from previous publications [21-25,28-33].

During wound preparation and left carotid expos-

ure, TCD monitoring showed a blunted left MCA flow

signal and numerous embolic signals of short duration

and variable velocities.

Interpretation, differential diagnosis
and management
TCD showed a delayed systolic flow acceleration in the

MCA ipsilateral to a severe carotid stenosis since this

is a flow-limiting lesion and the MCA is dilated in an

attempt to attract collateral flow.

The differential diagnosis includes:
1 Vessel misidentification, i.e. terminal ICA or poster-

ior cerebral artery (PCA) vs. MCA flow detection if

sample volume is 10 mm or greater and transducer

angulation is not slightly upwards and anterior.

2 ICA stenosis progression if a presurgical TCD

showed normal systolic flow acceleration in the MCA.

If a blunted flow signal was present on baseline TCD

and a reduction of the MCA flow velocities was noted,

this finding could be attributable to the changes in the

angle of insonation and cerebral blood flow reduction

due to general anesthesia.

3 Waveform/velocity changes due to lowering of

blood pressure and decrease in cardiac output/brain

metabolic demand with general anesthesia.

TCD also showed numerous embolic signals before

surgical dissection of the carotids. The differential

diagnosis includes:
1 Spontaneous embolization from the active carotid

plaque since in patients with symptomatic carotid

stenosis TCD can detect on average four embolic

signals per hour in the MCA unilateral to a severe

symptomatic ICA stenosis [35].
2 Spontaneous embolization from a proximal source,

i.e. artificial heart valves, heart chambers or aortic

arch atheroma. In this situation, an assessment of the

contralateral MCA flow signals may reveal similar or

higher rates of embolic signals [36,37] unrelated to the

carotid stenosis or surgical maneuvers.

3 Embolic signals that appear in relation to surgical

maneuvers. For example, skin preparation, surgical

skin dissection and carotid exposure may cause

mechanical compression of very soft plaques and

dislodge microparticles from the plaque surface or

pre-exposed core [29]. In this case, nurses and sur-

geons may consider more gentle skin and wound

preparation and modification of carotid exposure tech-

niques. This observation maybe particularly useful for

surgical residents in training.



222 PART V Select clinical applications and vignettes

Ultrasound findings with carotid
clamping

The left MCA flow waveform and velocity did not
change after carotid cross-clamping, and several
embolic signals were detected at and in a few seconds
after cross-clamping.

Interpretation, differential
diagnosis and management
No change in the flow velocities after cross-clamping
can be expected if the MCA unilateral to the severe
carotid stenosis is not dependent on the residual flow
through the lesion and collateralization of flow occurs
through the communicating arteries. However, the
differential diagnosis should include erroneous vessel
identification, e.g. PCA, that will not show significant
changes with carotid clamping.

The appearance of several embolic signals can also
be expected since clamping may dislodge microparti-
cles due to mechanical stress to the vessel wall. The
worrisome explanation may be that the clamp was
not advanced distally enough to compress the vessel
beyond the edge of carotid plaque. Nevertheless, these
embolic signals represent microscopic particles that
probably do not cause any detectable damage unless
they are too numerous and are associated with a
significant velocity decrease.

TCD can also detect a significant drop in the unilat-
eral MCA velocity (red line). This flow phenomenon
can be expected in patients whose MCA flow is still
dependent on the residual flow through the proximal
carotid stenosis, particularly if an 'isolated MCA' is
present. These flow findings can be expected if presur-
gical angiography showed the absence of intracran-
ial collaterals with an incomplete circle of Willis
('trapped' MCA). The differential diagnosis includes:
1 Blood pressure (BP) drop. Arterial BP reading or
assessment of the contralateral MCA waveform can
help to identify this reason.
2 Transducer displacement. Therefore the use of a
firm and reliable fixation device is of paramount
importance.
A flow velocity decrease on TCD can be transient,
therefore requiring no immediate corrective action.
Although it usually takes just a few seconds, it may
take up to 2 min for the MCA flow velocity to recover
after cross-clamping due to recruitment of additional
collaterals [38].

A TCD velocity decrease is considered significant
if it falls below 30% of the preclamp values [29]. To
trust the numeric output of a TCD unit, the flow signal
should be optimized, and the online readings should
be taken at the end of the sweep. If flow signals are
weak, the sonographer should know how to measure
the velocity manually, calculate the mean flow velocity
values, and quickly estimate the velocity change.
Experienced observers can estimate the velocity
change by visual inspection of the real-time display,
and some surgeons would prefer to see the display
or to have this information available for them as
soon as possible.

A TCD velocity decrease below 30% of the
preclamp value may be dangerous for the patient if it
persists over 2 min. This velocity drop indicates:
1 lack of collateral recruitment [29,38]; or
2 a significant decrease in cerebral blood flow
since the angle of insonation has remained constant
[29,39,40].
This information can be helpful to identify potential
candidates for selective shunting.

Although studies have shown that placement of
shunts during every surgery may result in lower
complication rates, data are yet insufficient to deter-
mine whether selective or routine shunting result in
improved outcomes [41 ]. In this case, the information
presented below can help to identify problems with
shunt function during CEA.

Ultrasound findings
after shunt placement

Shunt insertion resulted in left MCA flow velocity
increase and improved systolic flow acceleration. A
few embolic signals were also detected.

Interpretation, differential
diagnosis and management
TCD showed improvement in the early systolic
flow acceleration since the shunt delivers blood flow
using a unilateral carotid artery and the hemisphere
becomes less dependent on the collateral flow. TCD
findings of increased flow velocities are likely associ-
ated with higher flow rate through the MCA since the
angle of insonation remained unchanged.

TCD also showed several embolic signals during
and after shunt placement. The differential diagnosis
includes:
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1 Harmless air microbubbles since shunt placement
introduces minuscule amounts of air into the arterial
tree and these bubbles are so small in size that they
can pass through the brain circulation into the venous
collectors without causing detectable brain damage.
2 Particulate embolization with plaque fragments
or microthrombi that may originate from or form at
the shunt edges during its preparation and insertion.
Shunt placement may also cause a small mechanical
stress to the vessel wall or to the plaque edges if present
at the site of insertion.
3 Spontaneous embolization from a proximal source
that could have been present before surgery.
Since embolic signals were not associated with a signi-
ficant velocity decrease, their size was likely too small
to cause any significant obstruction to flow and no
immediate action is required. However, persistence of
multiple emboli without any proximal source includes
the following differential algorithm:
1 Shunt placement still allows air entrance into the
circulation. Tightening of vessel wall incision around
shunt insertion sites maybe considered.
2 The distal shunt edge may be dislodging plaque
components if a distal plaque formation is present.
Distal ICA inspection maybe performed.
3 The distal shunt position may cause turbulence with
formation of microcavitation bubbles. Shunt align-
ment with the vessel and its position may be revised.
4 Shunt placement reintroduces a greater flow
volume into the distal ICA and this flow may be dis-
lodging microparticles, particularly if distal or intra-
cranial ICA disease is present.

During shunting, TCD can show a sudden velocity
drop below preclamp values (red line). The differential
diagnosis for this finding includes:
1 Transducer displacement. The sonographer should
pay attention to changes in patient head position and
surgical manipulations to make sure that these flow
findings are not due to an artifact.
2 Blood pressure drop. Use arterial blood pressure
reading to identify this mechanism.
3 Kink of the shunt. A surgeon may have repositioned
the shunt and this may cause the shunt lumen to
embed into the vessel wall. A simple shunt reorienta-
tion over the surgical field may restore the flow.
4 Shunt thrombosis. Despite its rare occurrence, this
possibility should be considered since the motionless
blood in the shunt cannot be distinguished from
the moving blood with a simple visual inspection. If

shunt thrombosis is present, its patency should be
quickly restored to avoid distal hypoperfusion and/or
embolization.

Ultrasound findings after shunt
and cross-clamp removal

The left MCA flow velocity immediately increased to
above preclamp and on-shunt values. Over the next
minute, the flow velocities gradually decreased by
approximately 50%, and stabilized at values within a
30% difference from the contralateral side (data not
shown).

The waveform showed vertical systolic upstroke, i.e.
normal flow acceleration. Several embolic signals were
detected within the first 2 min of cross-clamp release.

Interpretation, differential
diagnosis and management
TCD showed a transient hyperemic response after
normal flow was re-established in the carotid artery.
Usually there is a short phase of decreased flow velo-
cities associated with shunt removal, and a transient
velocity increase can be expected after clamp removal.

If the velocity increase is > 1.5 times the preclamp
values, it may indicate hyperperfusion [29]. If this
velocity increase persists over 2 min without a trend
towards velocity decrease, the differential diagnosis
includes:
1 a benign finding, if overall mean flow velocity does
not exceed 80 cm/s or 130% of the contralateral side;
2 velocity increase with blood pressure increase due
to passive autoregulation; or
3 potential development of the hyperperfusion syn-
drome, if the velocity increase persists for over 2 min.
Potential measures that can be used to prevent hyper-
perfusion early after cross-clamp release include:
1 hyperventilation or increased oxygenation;
2 pharmacologic blood pressure decrease; and
3 partial ICA cross-clamp and slow release.
The latter measure can be used to temporarily limit
the incoming flow and slowly increase its amount over
time, and thus to 'remind' the brain to autoregulate
the incoming flow.

TCD often detects emboli early after cross-clamp
release. The presence of embolic signals may be
attributable to the following sources:
1 air microbubbles, trapped or introduced by
manipulations with shunt and cross-clamp removal;
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2 spontaneous emboli from a proximal source; or

3 particulate emboli, originating at the incompletely

removed plaque edges or thrombus in the ICA.

It can be expected that several emboli (usually

microbubbles) will be detected upon cross-clamp

release. After spontaneous embolization from a

cardiac or aortic source has been excluded, the

persistence of frequent emboli is worrisome. If the

continuing presence of emboli is associated with

re-establishment of a blunted MCA waveform or

a significant velocity decrease, surgical revision is

warranted. If these TCD findings were obtained after

wound closure, i.e. in the recovery room, a duplex

ultrasound examination of the extracranial carotids

can be performed to detect the presence of a fresh

thrombus in the ICA.

Shortly after cross-clamp release, TCD can show a

spiky high-resistance signal in the MCA (red line)

[31]. This is an abnormal waveform that indicates

high resistance to flow at the site or just distal to

insonation depth. The abrupt appearance of this flow

signal is rare and indicates thromboembolism in the

MCA. In this situation, an urgent angiography may be

performed to visualize the site and extent of occlusion

and this patient may be a candidate for an experi-

mental intra-arterial intervention, i.e. thrombolysis,

mechanical clot disruption or removal.

Follow-up

This patient underwent successful and uneventful

left carotid endarterectomy. Repeat carotid duplex 2

weeks after surgery showed no residual stenosis in the

left ICA, and a mild (approximately 30%) right ICA

stenosis. Repeat duplex examinations were scheduled

at 1 month and 6 months after surgery. The patient

receives aspirin 350 mg [42] and clopidogrel 75 mg

daily [43], and remains asymptomatic during follow-

up. However, the safety of combining aspirin and

clopidogrel has come into question with the results of

the CURE trial [44,45].
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Brain retroperfusion

With Zsolt Garami, MD & Hazim Safiy MD

Introduction

Three primary mechanisms cause injury to brain
tissues after cardiac and aortic operations:
1 'mechanical' injury from cerebral embolism;
2 blood flow alterations leading to reperfusion injury;
and
3 environmental, pharmacologic and patient-related
factors influencing postoperative state [ 1 ].

Besides other methods that extend safe circulatory
arrest, i.e. cerebroplegia, antegrade perfusion via the
innominate artery and hypothermia, retrograde cere-
bral perfusion (RCP) was initially suggested to reverse
massive air embolism [2] and later developed to
maintain cerebral blood flow during surgical repairs
involving the aortic arch [3]. Recently, a transven-
ous brain retroperfusion procedure was also applied
in acute ischemic stroke in an attempt to reverse
ischemic damage [4].

At surgery, RCP is performed during profound
hypothermic circulatory arrest that by itself offers
neuroprotection [5]. When added to profound hypo-
thermic circulatory arrest, RCP significantly reduced
neurologic dysfunction providing superior brain
protection [6-8]. The mechanisms by which RCP
may offer additional neuroprotection include:
1 brain oxygenation;
2 removal of toxic metabolites;
3 a more even and extensive cooling of brain tissues;
4 protection against reperfusion injury; and
5 time extension of safe circulatory arrest [4,6,7].
To deliver blood to the brain in a retrograde fashion,
the superior vena cava is cannulated and connected
to a bypass machine. In a few seconds on bypass, a
trickle blood flow appears from the brachiocephalic
arteries descending to the aorta. It has been a matter
of controversy as to whether this blood reaches the
brain tissue or is being shunted from venous collectors

to large intracranial arteries. Without ultrasound
monitoring, it is not clear how the bypass pressure and
flow volume settings should be adjusted to achieve
blood flow delivery to the brain since electroen-
cephalography (EEC) shows no cerebral electrical
activity due to hypothermia. It has also been a matter
of controversy as to whether capillary bed is perfused
during RCP [9,10].

Although transcranial Doppler (TCD) cannot dir-
ectly access parenchymal perfusion of the brain, it can
detect typical flow reversal in the proximal middle
cerebral artery (MCA) in animal models of RCP [11].
In humans, the TCD beam can be steadily focused
on the M2 or Ml MCA and the direction of flow in
these segments can change with effective retroperfu-
sion [12-15]. However, failure to reverse flow on TCD
occurred in up to 40% of patients undergoing RCP in
previous studies [12-15]. Perhaps this lack of flow
reversal on TCD should be used to change or optimize
perfusion settings to achieve flow reversal in basal
cerebral arteries.

We routinely monitor aortic surgeries with TCD
and detect flow reversal in the M2-M1 MCA segments
during RCP. We were able to achieve a 100% detection
of flow reversal in MCAs in the presence of temporal
windows, and in other arteries if these windows were
absent [16]. If no reversal was achieved with initial
low-volume RCP, the volume was raised up to 600 cc
until flow reversal was detected by TCD. The following
case illustrates intraoperative flow findings.

Case presentation

A 70-year-old man with a past history of hyper-
tension, atrial fibrillation and leg claudication had
continuing episodes of chest pain. The aortocor-
onary angiography showed a large ascending aorta
aneurysm.
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Diagnostic considerations

Clinical examination and angiography are consistent
with an ascending aortic aneurysm that necessitates
surgical repair. In order to protect the brain and
maintain the bypass of blood, brain retroperfusion

and hypothermia to 15 °C was administered. EEC
showed progression to electric silence with decreasing
temperature. After isolectric EEC was obtained, RCP
was initiated for the duration of surgical repair of the
ascending aorta.

Ultrasound findings

TCD showed a low-resistance flow towards the trans-
ducer in the MCA before bypass initiation (Figure 1,
upper left image). The first aortic cross-clamp pro-
duced a cluster of embolic signals (Figure 1). Note that
more signals are seen on M-mode display than on a
single-channel TCD since M-mode simultaneously
displays several vessels and shows emboli course in
both time and space. The MCA flow signal intensity
increases during bypass initiation (Figure 1) since a

Pre-Bypass First Clamp On Bypass Initiation Clamp Release

M2 Bypass Flow Arrest Pump On M2 Reversal veins

MCA/ICA

Figure \ Prebypass (upper left image) flow has a low-
resistance signature on the M-mode transcranial Doppler
(TCD) that also shows antegrade M2, M1 MCA flows as well
as the A1 ACAs' flow. The artifact at the end of the sweep is
caused by electrical cautery.

'First clamp-on' image displays multiple embolic signals
in both MCA and ACAs. Note that M-mode provides tracks
of emboli in time and space. Emboli can be mapped to the
arterial branches they pass by depth and direction as well
as time delays along the horizontal axis. M-mode display
yields more emboli than a single-gate spectral TCD.

'Bypass initiation' image shows changes in systolic
acceleration towards non-pulsatile perfusion as well as
changes in flow signal intensity due to introduction of a
new pool of blood with different impedance.

'Clamp release' image shows a shower of emboli
(mostly air microbubbles) passing towards the brain.

'M2 bypass flow' (lower left image) is a non-pulsatile
antegrade flow at the 30-40 mm depths with
transtemporal insonation. During induction of a complete
arrest of cerebral circulation, M2 flow signals disappear on

M-mode display first since at any given depth M-mode is
less sensitive than a single-gate spectral TCD display. The
flow signals on spectral TCD disappear last, indicating a
complete arrest of cerebral circulation with bypass pump
being turned off.

After the pump has been turned on (arrow), flow signals
appear in the M2 MCA approximately 5 s later. The flow
direction is reversed, implying that this flow has reached
the MCA by retrograde filling of its branches from the
venous circulation. The 5-s delay may be caused by the
time necessary to fill up the veins since these vessels have
the greatest intracranial compartmental capacity to
accommodate for flow volume. The reversed flow signals
are much weaker in intensity and have slower velocities
since these parameters are indirectly proportionate to the
flow volume which is reduced during retroperfusion.

Finally, a low-intensity retrograde flow establishes
through the M1 MCA (bottom right image), and a
diagram illustrates the passage of blood from venous
collectors to the proximal intracranial arteries of the
circle of Willis.



Brain retroperfusion 229

new pool of blood with different impedance is
being introduced into the circulation. The aortic
clamp release produced a shower of embolic signals
that likely represent air microbubbles (Figure 1, upper
right image).

The bottom row of images (Figure 1) shows M2

MCA flow on normal bypass, during hypothermia
and cessation of antegrade perfusion (Arrest) followed
by initiation of brain retroperfusion and subsequent
reversal in flow direction. Note that reversed flow
appears 5-10 s after the retroperfusion pump has been
turned on and this flow has decreased signal intensity
compared to antegrade prearrest flow.

Interpretation

TCD showed flow reversal in the M2 MCA upon
initiation of RCP. This flow appeared within a few
seconds' delay after the retroperfusion pump was
turned on. This is likely due to the time necessary to fill
intracranial veins that normally hold 70% of the total
cerebral blood flow volume. After the veins are filled, a

trickling flow establishes towards the arteries and it
becomes detectable as a reversed M2-M1 flow signal
with slower velocities and less intensity due to the low

volume of retrograde moving blood.

Correlative studies

EEG showed no neuronal activities when brain
temperature reached its hypothermic target and no
activity was also detected during retroperfusion, even
in the presence of detectable and reversed MCA flow.

to the maximum compartmental capacity in order
to establish retrograde flow. Once established, this
flow becomes sensitive to head positioning since
gravitational force may be working against brain
retroperfusion.

TCD detection of multiple embolic signals during
bypass surgery has been studied extensively [17-20].
The cannula and bypass blood may contain numerous
air microbubbles detectable by TCD. Their appear-
ance correlates with surgical manipulations and
quality of filtering systems. The size of these bubbles
has been shown to be small enough to pass through
brain vasculature without causing harm. However, a

cumulative number of these embolic signatures may
be related to neuropsychologic deficits after bypass
surgery. Also, brain embolization with lipid aggreg-
ates may be responsible for small capillary-arteriolar
dilatations (SCADs), and these microcirculatory
lesions may be the pathomorphologic substrate of
neurologic dysfunction after bypass surgery [18,19].
Since TCD cannot yet differentiate gaseous from solid,
particularly lipid, emboli, the value of merely emboli
counting remains uncertain.

Management

During surgery and brain retroperfusion the pump
volume settings were increased to 600 cc when
reversed TCD flow signals appeared and remained
stable through the procedure. Head positioning be-
low 0° was performed for a brief period of time and
the MCA flow recovered upon return to the supine
position.

Differential diagnosis

Detection of reversed MCA signals is not attribut-
able to artifact or venous flow since the interface
and angle of insonation did not change during the
observation period. The reversed MCA signals have
appeared between 10 and 20 s after RCP initiation,
which is earlier than previously reported [15]. The
MCA velocity and strength of reversed MCA signals
changed in response to pump volume settings and

head positioning (data not shown). TCD signals
tended to disappear when volume (not pressure) of
retrograde-infused blood decreased and when the
patient's head was placed below 0°. These findings
point to the significance of filling the intracranial veins

Follow-up

This patient underwent successful surgical repair of
ascending aortic aneurysm and recovered without
signs of stroke. He remained symptom free at a follow-
up visit 1 month after surgery.
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Introduction
Intracranial stenotic lesions are increasingly recogn-
ized as a significant risk factor for ischemic stroke, and
genetic predisposition of certain ethnic groups has
been described [1-3]. Several velocity thresholds were
previously proposed to identify a significant middle
cerebral artery (MCA) stenosis [4-7]. These criteria
include, but are not restricted to, mean flow velocity
(MFV) of lOOcm/s, MFV of 120 cm/s and peak
systolic velocity (PSV) of 140 cm/s. A single velocity
threshold does not account for obvious effects of age
and hematocrit on velocity. Therefore, in addition to
the highest velocity value, we suggest using a ratio
between this velocity and the velocity in a homologous
vessel or a non-affected segment of the same vessel [8].

As a rule for a vessel with straight walls, a 50%
diameter reduction doubles the velocity and a 70%
stenosis triples the velocity at the exit of stenosis
compared to a prestenotic segment (Figure 1) or to the
contralateral side.

Chimowitz et al. in the Warfarin Aspirin Stroke in
Intracranial Disease (WASID) trial identified a sig-
nificant MCA stenosis at 50% diameter reduction or
greater [9,10]. The Stroke Outcomes and Neuroim-
aging (SONIA) project prospectively validates MFV

Stenosis and Flow Velocity
30% 50% 70%

&>

V,: V2 < 1 : 2 V,: V2 = 1 : 2 V,: V2 = 1 : 3

TurbulenceLaminar or
disturbed flow

Disturbed flow
Bruit

Figure 1 The relationship between pre- and poststenotic
velocities in a vessel with straight walls and no bifurcations.

thresholds for transcranial Doppler (TCD) to achieve
a greater than 80% positive predictive value of
ultrasound screening (E. Feldmann 2001, personal
communication). Wong and colleagues are using PSV
cut-offs in their prospective studies [3]. The following
examples illustrate false-positive and true-positive re-
sults of ultrasound screening for > 50% MCA stenosis.

Figure 2 shows TCD findings in a 71-year-old
hypertensive female 2 days after ischemic stroke in the
right MCA that resulted in hemiparesis. If a 100-cm/s
MFV threshold is applied alone, TCD indicates a 50%
right MCA stenosis. An angiogram shows some degree
of a proximal Ml stenosis but not sufficient to
measure a 50% diameter reduction using the WASID
method. According to the WASID method [9,10], the
diameter of the residual lumen should be measured
using high-precision calipers on a hard copy angio-
graphic film. Then, a normal or reference diameter has
to be measured in one of the three following locations
(Figure 3). This location has to have a normal vessel
segment with parallel walls and free of atheroma. If
location 1 is affected, then the observer selects location
2. If location 2 is also affected, only then is location 3
used:
1 same artery proximal to the stenosis;
2 same artery distal to the stenosis;
3 feeding artery.

As presented in this case (Figures 2 & 3), TCD showed
an abnormal result for a 71-year-old patient with a
stroke. The source of false-positive TCD findings is
transient velocity increase due to recanalization and/
or hemodilution and anticoagulation that this patient
received in hospital. Often, velocities decrease after
the 1st week of stroke and a follow-up TCD may show
different results. Also, digital subtraction angiography
may underestimate stenosis severity since only one pro-
jection was used and a normal Ml segment proximal
to the lesion was not available for calculations. A com-
parison of the residual lumen to the second-choice
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106.1 0.37

RMCA : LMCA ratio 1.3 :1
0.97 61.9 O.S9

Figure 2 A false-positive transcranial Doppler diagnosis of middle cerebral artery stenosis of > 50% by the WASID criteria.

WASID Measurements
Intracranial Stenosis (IS)

IS = [l-(d/n)]xlOO%

Diameter measurements:
d - narrowest residual lumen
n normal vessel

Choice I: proximal (same vessel)
Choice 2: distal (same vessel)
Choice 3: proximal (feeding vessel)

This case IS = 40% (choice 2)

Figure 3 WASID measurements of intracranial stenosis.

measurement (Ml distal to the lesion) yields only a
40% diameter reduction. Nevertheless, the Ml lesion
appears not to be hemodynamically significant since

there is a good and rapid contrast opacification of the
distal MCA branches and there is no blunting of the
distal MCA waveform and no signs of flow diversion
to the anterior or posterior cerebral artery (ACA or
PCA)onTCD.

Transcranial color sonography (TCCS) can also
be used to detect MCA stenosis [11]. As shown in
Figure 4, courtesy of Dr Eva Bartels, a focal velocity

elevation may present with color aliasing even with
high color flow scale settings. In this case, color flow
pulse repetition frequency is set at 80 cm/s and the

mean flow velocities in the MCA exceed this thresh-
old. This change in color can be easily identified by
the examiner and will help guide spectral Doppler
interrogation. If angle correction is applied, then the
velocity value detected by TCCS will be higher than
those measured by TCD. Very few angle-corrected
diagnostic criteria are available for TCCS studies of
intracranial disease [11]. To apply TCD criteria to
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Figure 4 Transcranial color-coded
duplex findings indicating
approximately 50% M1 middle cerebral
artery stenosis. A zoomed image (right)
illustrates color aliasing and angle
correction. (Image courtesy of Dr Eva
Bartels.)

A 50% MCA Stenosis

TCCS, a 0° angle should be used. In this case (Figure 4),
MFV was measured at 100 cm/s when a 0° angle was
applied. Regardless of angle correction, the velocity
ratio of 2.1 in this case points to approximately 50%
MCA diameter reduction (comparison to a proximal
right Ml MCA segment and contralateral side).

Color appearance of the MCA flow cannot be used
to measure percentage stenosis since the reduction in
vessel size can be produced not only by the lesion itself
but also by out-of-scanning-plane vessel position due
to a tortuous course of the MCA. Also, color flow
image may leave an impression of no diameter reduc-
tion due to overgaining and bleeding artifact as well as
relatively comparable size of the wavelength and vessel
dimensions and sound scattering at the vessel walls.

TCCS can identify which MCA segment (distal Ml
or M2) is affected. Color flow imaging clearly shows
the proximal, middle and distal portions of the Ml
MCA segment and the origins of the M2 branches.
Without imaging, uncertainty arises due to variability
of head sizes and vessel location. Using TCD for an
average-size adult patient, we arbitrarily assign the
proximal Ml MCA lesions to depths of 65-55 mm,
mid-to-distal Ml at 55-45 mm [12] and M2 sub-
division branches at depths less than 45 mm. If a
stenotic signal is found at 65-60-mm depth, the dif-
ferential diagnosis includes the terminal ICA stenosis
and collateralization of flow through the posterior
communicating artery or ACA flow reversal.

A single-gate TCD can miss MCA stenoses located
in the M2 segments, particularly if insonation depths
were limited to 65-45 mm. An example of a stenosis
located at shallow depths and visualization of asso-
ciated turbulence with M-mode TCD are shown in
Figure 5.

Case presentation

A 47-year-old white male with past medical history
of hypertension, smoking and diabetes presented to
the emergency room at 45 min after sudden onset of
left-sided weakness. On examination, he is alert and
shows no signs of neglect. He is plegic on his left side
and the NIHSS score is 8. A non-contrast computed
tomography (CT) scan is normal, and the ASPECTS
score is 10. The risks and benefits of intravenous
tissue plasminogen activator (TPA) therapy are being
explained to the patient. During this, the patient
spontaneously starts to move his left extremities,
regaining full strength at 1 h after the onset of symp-
toms. In 2 min, he starts to complain of inability to
move his left arm and leg again. After a short period
of weakness, he regains full strength again, and this
fluctuation of his deficit occurs several times over a
span of 10 min.

Diagnostic considerations

Clinical examination and head CT are consistent with
an acute and potentially reversible ischemic event. The
patient was a candidate for intravenous TPA therapy
before spontaneous improvement. Subsequent deter-
ioration makes him eligible for thrombolysis again;
however, the risk-to-benefit ratio of thrombolysis in
patients with crescendo transient ischemic attacks
(TIAs) is unclear. Furthermore, the symptoms of pure
motor weakness may be psychogenic or, in the case of
cerebral ischemia, the stroke pathogenic mechanism
may be lacunar or due to a thrombus in a large vessel.
Lesion localization is also uncertain, i.e. anterior vs.
posterior circulation vessels. Bedside ultrasound was
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Appearances of Severe MCA Stenoses
Single Channel

265.2 184.1 D.64 146.6 D.45

44.9 0.94 32.4 D.57

Motion Mode Doppler

"Flapping Thrombus" in Post-Stenotic MCA Dilation

Figure 5 Severe MCA stenoses may have focal significant
elevation of velocities as shown in top left case using
single-channel TCD instrument. M1 MCA MFV is 184 cm/s vs.
45 cm/s at M1 origin (ratio 4.1). Top right case illustrates
severe M2 MCA subdivision stenosis with bruit and focal
velocity elevation at 42 mm. Both single-channel and
M-mode studies demonstrate significant elevation of MCA
end-diastolic velocities indicating the severity of arterial
narrowing above 80% diameter reduction. Bottom series
of images illustrate TCD findings in a patient presenting
with acutely resolving left-sided weakness and

reverberating flow signal in the M1 MCA (bottom left
image). During each cardiac cycle, 7-9 flow reverberations
are present indicating that a mobile lesion in the M1
MCA is acting like a valve. This flow signature was likely
produced by a 'flapping' thrombus trapped in a post-
stenotic dilatation demonstrated by DSA (bottom middle
image) shortly after recanalization was completed and a
residual severe proximal MCA stenosis has been identified
as the likely source of thrombosis. All cases have evidence
of flow diversion to ACA indicating hemodynamic
significance of MCA stenoses.

ordered to rapidly determine patency of the right

middle artery as the most likely vessel to be affected.
The aim was to perform TCD during redevelopment
of symptoms since at this time TCD may yield
different results.

Ultrasound findings

A single-channel non-image-guided TCD was per-
formed when the patient redeveloped left-sided
weakness. TCD showed a focal velocity increase in the

proximal-to-middle portion of the right Ml MCA

with MFV of 215 cm/s at the depth of 55 mm (Figure
6, upper images). Clusters of multiple embolic signals
(Figure 6, upper Doppler spectrum) were heard dur-
ing routine TCD examination. These signals were too
numerous to count and they caused marked inter-
ference with the spectral velocity analysis. However,
each embolic signature had a short duration and

high intensity and was uniformly slow moving (note
clusters in the low-frequency range). This type of
embolism appearance in real time has been described
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Pre-thrombolysis TIBI grade 4 above, After 1,000,000 units of urokinase
ACA>MCA and TIBI grade 3 below no MES, higher pros MCA MFV

Figure 6 Severe M1 MCA stenosis and clusters of
microembolic signals (MES) in a patient with crescendo
TIAs. Upper image show single-channel recording of focal
significant elevation of M1 MCA velocities and clusters of
MES moving slowly through the sample volume (high
intensity, short duration, unidirectional signals near
baseline). Bottom left DSA image shows severe M1 MCA
stenosis and obstruction of the M2 subdivision flow due to

artery-to-artery embolism. Bottom left TCD spectra shows
dampened proximal M1 MCA signal and flow diversion to
ACA prior to intra-arterial procedure. Bottom right TCD
spectra shows increase in the proximal M1 MCA MFV and
persistence of flow diversion to the ACA after successful
intra-arterial thrombolysis of distal occlusion with
urokinase. Bottom left DSA image shows residual
severe M1 MCA stenosis after distal thrombolysis.

by Siebler et al. and Segura et al. in the setting of MCA
stenosis and focal MCA symptoms [ 13,14]. Wong and
his group also reported embolic signals at the site just

distal to the MCA stenosis and observed velocity
changes as the embolus was dislodged from the lesion
surface [15]. The low spectral frequency and curtain-
like appearance of embolic signals in our case indicate
active emboligenic surface associated with a signific-
ant MCA narrowing.

Interpretation

A severe (> 80% diameter reduction) mid-Mi right
MCA stenosis with continuing unstable clot dissolu-
tion presenting with clusters of high-intensity embolic
signals and flow diversion to the right ACA.

Correlative imaging
Digital subtraction angiography (DSA) was per-

formed 50 min later and it showed a severe mid-Mi
MCA stenosis and TIMI grade I occlusion of the M2

branches (Figure 6).

Differential diagnosis

TCD provides evidence for an ischemic nature of the
recurrent neurologic deficit and points to a high-grade
stenotic lesion in the MCA as the source of artery-to-
artery embolization. This lesion may be atherosclerotic
or embolic in origin. The absence of embolic signals in
the contralateral MCA makes a proximal source of em-
bolization (i.e. heart) unlikely. The absence of emboli
in the right TICA and the proximal Ml MCA indicates
a focal mid-M 1 MCA lesion as a source of embolization.

Management

Although our patient presents within a conventional
window for intravenous thrombolysis with TPA and
each new episode of focal weakness makes him eligible
for this therapy, insight into the underlying patho-
genesis made us consider urgent diagnostic angio-
graphy as the next most appropriate step. DSA will
help to select patient treatment dependent on the nature
of the lesion, i.e. a thrombus, atheroma or dissection.

DSA showed a high-grade Ml MCA stenosis likely of
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atherosclerotic origin and thrombi in the M2 MCA

branches. Intra-arterial urokinase was administered

and TIMI grade III recanalization was achieved

(Figure 6). The patient was offered an experimental

angioplasty for the residual mid-Mi MCA stenosis

which he declined.

Follow-up

At the time of diagnostic DSA the patient again had

hemiplegia. After thrombolysis he regained strength

and no symptom recurrence was noted in the next

48 h. Repeat TCD showed an MFV of 184 cm/s with

ratio > 4 consistent with a > 80% residual MCA stenosis.

No embolic signals were detected distal to the stenosis

at 24 h, 48 h and discharge. After 4 days on heparin,

the patient was offered to start taking coumadin which

he declined. He left hospital without neurologic deficit

and started to take 350 mg of aspirin daily.

The decision to offer heparin and coumadin was

made since a greater than 50% MCA stenosis bears at

least a 7% per year risk of stroke in a retrospective

WASID study [9]. More recent prospective studies

support these findings and put a significant intracra-

nial stenosis along the line of other major risk factors

for stroke [16,17]. The question whether anticoagula-

tion or antiplatelet therapy is efficacious in secondary

stroke prevention will be answered in a randomized

phase of the WASID study. The use of low-molecular-

weight heparinoids is promising for early treatment

and secondary stroke prevention in the patient

population with high prevalence of intracranial

disease [18], and this approach is being tested in

an ongoing FISS-TRIS randomized trial (R. Kay,

personal communication). There are also preliminary

data that statins help reduce severity of the MCA

lesions on MRA and possibly the number of recurrent

strokes attributable to the artery-to-artery embolism

(K. S. Wong etal. 2002, unpublished data).
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Introduction

Previously proposed criteria for intracranial occlu-
sions mostly focused on the absence of flow signals at
presumed thrombus location and/or velocity asym-
metry between homologous segments, i.e. middle
cerebral arteries (MCAs) [1-8]. A complete arterial
occlusion should produce no detectable flow signals,
and this is particularly true when a chronic proximal
internal carotid artery (ICA) occlusion is evaluated
with Doppler ultrasound. However, with acute
occlusion by an embolus or in situ thrombosis, some
residual flow to or around the thrombus may exist
due its irregular shape, relatively soft composition
and systolic pressures that cause additional distension
of arterial walls. An acute occlusion may therefore
present with a variety of waveforms on transcranial
Doppler (TCD) representing this residual flow [9].

In cardiology, the thrombolysis in myocardial
infarction (TIMI) flow grading system was developed
to assess the residual flow with invasive angiography
[10]. The amount of residual flow predicts success of
coronary thrombolysis [11] since tissue plasminogen
activator (TPA) binds to fibrin sites at the clot surface
and increasing amounts of residual flow bring more
TPA to the clot. Unlike coronary arteries that are small
and move considerably with heart contractions, the
proximal branches of the circle of Willis are more
steadily positioned and can be easily targeted with
ultrasound [12]. We have developed the thrombolysis
in brain ischemia (TIBI) flow grading system to evalu-
ate residual flow non-invasively [9] and monitor
thrombus dissolution in real time [13,14]. The TIBI
system expands previous definitions of an acute arter-
ial occlusion by focusing the examiner's attention on
relatively weak signals with abnormal-flow waveforms
that can be found along arterial stems filled with
thrombi [9,13]. TIBI flow grades correlate with stroke
severity and mortality as well as the likelihood of
recanalization and clinical improvement [9].

Acute arterial occlusion is a dynamic process since
thrombus can propagate, break up or rebuild within
seconds or minutes, thereby changing the degree of
arterial obstruction [15-17]. When we use the term
acute occlusion, we mean that there is a hemodynam-
ically significant obstruction to flow and these ultra-
sound findings suggest that if an urgent angiography is
performed, it will likely show an arterial lesion that
may be amenable to intervention. Furthermore, ultra-
sound may suggest that more than one occlusion is
present in the same patient, e.g. tandem lesions in the
ICA and MCA [ 18], or vertebral and basilar artery.

Bedside ultrasound examination in acute cerebral
ischemia can help to:
1 identify flow obstruction or thrombus presence;
2 determine thrombus location(s);
3 assess collateral supply;
4 find the worst residual flow signal; and
5 monitor recanalization and reocclusion.

Case presentation

A 65-year-old white male with past medical history
of previous myocardial infarction, hypertension and
smoking presented to the emergency room at 90 min
after sudden onset of left-sided weakness. On exam-
ination, he is alert, orientated and follows commands.
He has a partial gaze preference and left-sided hemi-
paresis (arm > leg) with a National Institutes of
Health Stroke Scale (NIHSS) score of 5 points. Non-
contrast computed tomography (CT) shows a slightly
hyperdense distal right MCA with no early ischemic
changes in brain tissue with an Alberta Stroke
Program Early CT Score (ASPECTS) of 10 points [19].
A decision to initiate standard intravenous TPA
therapy was made according to the NINDS rt-PA
Stroke Study criteria [20], and irrespective of the pre-
TPA TCD results presented below. A TPA bolus is
given at 122 min after stroke onset. At the end of TPA
infusion, his NIHSS score is 2 points.
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Left

Non-affected side

Right

1 Affected side

Figure 1 Transcranial Doppler waveforms in a patient with acute tandem ICA/MCA occlusion.

Diagnostic considerations

Clinical examination and head CT are consistent with

an acute and potentially reversible ischemic event
[19,20]. The patient is a candidate for a standard
intravenous TPA therapy within the first 3 h after
stroke onset since he has an NIHSS score of 5 points
without signs of symptom resolution [20]. He has a
hyperdense MCA sign on CT that suggests the pres-
ence of thrombus in the distal Ml MCA or M2 subdi-
vision [21]; however, the severity of stroke is relatively
mild for this level of obstruction. Gaze preference
and weakness distribution indicate cortical location
of ischemia while involvement of the right MCA

usually produces lower NIHSS scores compared to the
same lesions in the left MCA. In other words, there is
no clinical indication that his clot burden may be far
greater than just an MCA branch. Bedside ultrasound
was ordered to rapidly determine whether any prox-
imal occlusion was present, and whether other flow
findings such as an early and partial recanalization, the
distal MCA clot location, higher TIBI grades of resid-
ual flow, and flow diversion may explain his relatively

low NIHSS score [18].

Ultrasound findings

A single-channel TCD showed a minimal mid-Mi
flow signal at the depth of 50mm (TIBI grade 1,

Figure 1), positive diastolic flow in the proximal MCA,
and a stenotic flow signal with harsh systolic bruits at
the depths of the terminal ICA, posterior communic-

ating and posterior cerebral arteries. No flow signals
were obtained from the right siphon and ophthalmic
artery through the transorbital window. On the con-
tralateral side, TCD showed flow diversion to the
anterior cerebral artery (ACA) (mean flow velocity
(MFV) MCA < ACA; pulsatiliry MCA > ACA).

Interpretation

TCD showed:
1 an acute right M1-M2 subdivision occlusion
with patent proximal right Ml MCA segment at
perforators;
2 a hemodynamically significant, possibly acute right
ICA obstruction likely extending from the neck; and
3 functioning collateral channels including left-
to-right anterior cross-filling via the anterior com-
municating (AComA) and the right posterior
communicating arteries.

Correlative imaging

Digital subtraction angiography (DSA) was per-
formed 2 h after TPA bolus and it showed an occlu-
sion of the right ICA at the bulb and patent proximal
right Ml MCA filled through intracranial collaterals.
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There was a blush of contrast to the perforating
arteries. A partial distal Ml MCA occlusion was seen
with TIMI grade II flow. Despite tandem occlusions,
there was a good accumulation of contrast in the right
MCA territory during the capillary phase.

Differential diagnosis

TCD findings may also be produced by an MCA or
terminal ICA occlusion with pre-existing atretic
unilateral Al ACA. In the latter case, one might expect
to find a partial anterior cross-filling via AComA to
supply both A2 ACA segments that existed before
acute occlusion. The incomplete circle of Willis does
not usually lead to the MFV increase to stenotic values,
and the contralateral ACA > MCA MFV findings sug-
gest either a suboptimal angle of insonation, i.e. com-
parison of TICA and ACA velocities, or at least partial
anterior cross-filling. If no isolated MCA or ACA
stenosis is present, it is possible to rule out the poten-
tial technical error of sampling TICA instead of MCA
by comparison of the highest ACA and the highest
MCA velocities at depths other than ICA bifurcation.
The ACA velocity usually exceeds MCA velocities by
10-20% or more when it supplies more than just A2
ACA territories [1,2,6].

The presence of a stenotic signal in the terminal
ICA may indicate the development of a new collateral
channel as well as some residual stenotic flow around
thrombus in the terminal ICA. A positive diastolic
flow at the Ml MCA origin suggests flow to the nearest
bifurcation, and perforating arteries originating from
the Ml stem before M2 branches. This finding of
positive diastolic flow at Ml origin often helps to
explain paresis (as opposed to plegia) in the arm and
leg in the presence of tandem ICA/MCA occlusion.
TCD and DSA findings correlate well and explain
relatively low NIHSS scores in patients with tandem
ICA/MCA occlusions [ 18].

The proximal right ICA occlusion may be acute or

chronic. The presence of the Ml subdivision occlu-
sion and stenotic terminal ICA signals suggest acute
carotid thrombosis with Ml MCA embolization
from a more proximal lesion. Other findings that
can strengthen this hypothesis include TCD detection

of emboli in the carotid branches and fluctuating
patency of the MCA. Carotid duplex may show a

hypoechoic intraluminal zone on B-mode with no
color or Doppler flow signals, and tenuous residual

flow in the proximal ICA. These findings would favor
an acute proximal ICA occlusion with pre-existing
atheromatous disease.

Management

This patient presents in a conventional window for
intravenous thrombolysis for stroke. Intravenous
TPA may lyse distal M1/M2 MCA occlusions but is far
less successful in dissolving thrombus in the proximal
ICA [22,23]. Lower NIHSS scores and early recovery
are related to collateralization of flow and resumption
of the MCA flow in patients with tandem occlusions
[18,23]. Our data also indicate that TCD shows flow
signal improvement in only 10% of ICA occlusions
treated with intravenous TPA, and that complete ICA
recanalization is rare without intra-arterial interven-
tion [23]. Therefore, TCD screening of patients with
tandem occlusion may help to find patients suitable
for combined intravenous/intra-arterial thrombolysis

if this strategy proves successful in clinical trials [24].
Besides thrombolysis, this patient needs careful

monitoring of blood pressure, fluid regimen and
patency of the proximal MCA since the presence of a
proximal ICA obstruction may lead to reocclusion
and deterioration following initial improvement

[16,17,25].
TCD cannot differentiate a complete ICA occlusion

from a high-grade stenosis [26]. After receiving sys-
temic thrombolytic therapy, this patient is a candidate
for early diagnostic angiography to determine the
degree and nature of the proximal ICA obstruction. A
complete occlusion can be differentiated from near-
occlusion if a catheter is placed at the bulb and con-
trast is injected directly at the obstruction site. If some
residual flow is present in the ICA, this patient may be
a candidate for intra-arterial thrombolysis, new ex-
perimental clot-disrupting devices and angioplasty of
residual stenosis [27]. If a severe residual ICA stenosis

is found after thrombolysis, this information is helpful
to tailor secondary stroke prevention strategies, e.g.
carotid endarterectomy. This patient may also be a
candidate for early anticoagulation and/or stenting if
these modalities prove effective in future clinical trials.

Follow-up

This patient improved by the end of TPA infusion (no
gaze preference, full leg strength and a total NIHSS
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score of 2 points). Partial MCA recanalization with

TIMI grade II flow was seen at 2.5 h after TPA bolus.

Invasive angiography also showed a complete proxi-

mal ICA occlusion at the bulb. Repeat CT at 20 h

after stroke onset showed no hemorrhagic transform-

ation or hypoattenuation in the right MCA territory.

Intravenous heparin was started 24 h after TPA bolus,

even though this indication has not been confirmed

or disproved in randomized clinical trials [28]. A

weight-based nomogram can be used for this purpose

that allows fewer mistakes in dose adjustments

[29]. Repeat TCD at 48 h showed complete distal

MCA recanalization and intracranial collateral flow

compensating for ICA occlusion. Heparin was dis-

continued on Day 4 after symptom onset. He was

discharged home on aspirin combined with slow-

release dipyridamole and pravastatin. His modified

Rankin score at 3 months was 0.
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Arterial recanalization and
dramatic recovery from stroke

With Robert A. Felberg

Introduction

Arterial recanalization indicates successful thrombol-
ysis and often precedes early clinical improvement in
ischemic stroke [ 1-6]. Together with clot dissolution,
the timing of recanalization determined in vitro repre-
sents an outcome measure of thrombolysis when clot
is exposed to tissue plasminogen activator (TPA) with
or without externally applied ultrasound [7-10]. This
is often determined as the time of complete clot disso-
lution with washout to distal vasculature and veins. In
human stroke, the timing of maximum completeness
of recanalization on transcranial Doppler (TCD) cor-
relates with clinical recovery as predicted from animal
models [11]. However, recanalization is a process that
often begins many minutes before restoration of cere-
bral blood flow [12] since TPA binding and activity on
the clot surface are proportionate to the area exposed
to blood flow. Once recanalization starts, clot softens
and partially dissolves, allowing some (often minimal)
residual flow improvement. This flow brings more
TPA to bind with fibrinogen sites. This continuous
process facilitates clot lysis and improves residual flow
until the clot breaks up under the pressure of arterial
blood pulsations [12]. Therefore, the speed of clot
lysis can be measured through the duration of flow
improvement assessed by the thrombolysis in brain
ischemia (TIBI) residual flow signals [13] and other
parameters such as intensity of flow signals, appear-
ance of microembolic signals, velocity and pulsatility
changes, etc. [12]. The speed of recanalization in
human stroke is associated with early improvement
and long-term outcome [12,14]. The speed, timing
and amount of recanalization are several parameters
of thrombolysis that can be determined with online
ultrasound monitoring.

To measure the speed and completeness of intra-
cranial clot lysis, it is important to determine the

beginning of arterial recanalization using the five
parameters (Figure 1):
1 waveform change by > 1 TIBI residual flow grade
(e.g. absent to minimal, minimal to blunted, etc.
signal improvement);
2 appearance of embolic signals (transient high-
intensity signals of variable duration);
3 flow velocity improvement by > 30% at a constant
angle of insonation;
4 signal intensity and velocity improvement of vari-
able duration at constant skull/probe interface and
gain/sample volume/scale settings; and
5 appearance of flow signals with variable (> 30%)
pulsatility indices and amplitude of systolic peaks.

Once the recanalization process has started, TCD
can detect the arrival of the highest TIBI flow grade that
will indicate completion of recanalization (Figure 2).

Using these sonographic parameters, TCD can
measure the:
1 beginning;
2 duration (or speed);
3 timing to maximum completeness; and
4 amount of arterial recanalization (complete,
partial, none).
In patients who experience partial or complete throm-
bus dissolution, arterial recanalization can be classified
as [12] (Figure 3):
1 sudden (abrupt appearance of a normal or stenotic
low-resistance signal);
2 stepwise (flow improvement over 1-29 min); and
3 slow(> 30 min).
In patients receiving intravenous thrombolysis, recanal-
ization began at a median time of 17 min and reached
maximum TIBI flow grades at 35 min after TPA bolus,
with mean duration of recanalization of 23 ± 16 min.
In this study [12], recanalization was sudden in 12%,
stepwise in 53% and slow in 35% patients. At 24 h,
80%, 30% and 13% of patients in these respective
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Figure 1 Signs of the beginning and
continuation of arterial recanalization:
1 waveform improvement by 1 or more
TIBI residual flow grade: the first set
illustrates flow changes from a minimal
to blunted waveform (appearance of
positive end-diastolic flow and rounded
systolic complex);
2 appearance of embolic signals: the
second set of waveforms illustrate
dampened and normal flow signals with
multiple transient high-intensity signals
of variable duration with characteristic
chirp or pop-like sounds (arrows);
3-4 flow velocity improvement by 30%
or more or the signal intensity
improvement: this set shows flow
tracing obtained at a constant angle of
insonation with mean flow velocity
improvement from 15 cm/s to 30 cm/s
preceded by the improvement in the
strength (brightness) of the residual
flow signal (middle set);
5 appearance of flow signals with
variable (> 30%) amplitude of systolic
peaks and pulsatility: a turbulent high-
frequency, high-resistance stenotic flow
signal (bottom left); variable velocities
with transient appearance of flow in a
branching vessel below the baseline
(arrow) (bottom right).
(From Alexandrov AV et al. [12], with
permission.)

Figure 2 Sequential flow changes with complete MCA
recanalization during systemic thrombolysis. (Reproduced
with permission from Demchuk AM eta/. Circulation 2000;
100: 2282-2283.)

Frame 1 A minimal flow signal in the proximal MCA
at the time of intravenous rt-PA bolus (13 : 02).

Frames 2-3 Early restoration of flow signals with
increasing frequencies and microembolic signals
after 30 min of continuous intravenous rt-PA infusion
(arrow).

Frame4 A turbulent stenotic signal with audible chirping
components suggesting continuing clot dissolution.

Frame 5 Hyperemic flow with velocities elevated above
age-expected values and relatively low pulsatility
(Gosling-King pulsatility index 0.73) indicating distal
vasodilatation.

Frame 6 Hyperemic flow with velocities elevated above
age-expected values and normal pulsatility (Gosling-King
pulsatility index 0.93) showing a proximal MCA reperfusion
with distal vasomotor response.

Image Not Available 

Image Not Available 
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Figure 3 Speed of arterial recanalization.
I Sudden recanalization (abrupt appearance of normal or
stenotic low-resistance signal), (a) Transcranial Doppler
(TCD) shows minimal signal in middle cerebral artery (MCA)
at time of tissue plasminogen activator (TPA) bolus, (b) At
31 min after bolus, first improvement in signal intensity
was noticed and marked as 'beginning' of recanalization.
(c) In less than 5 s, first low-resistance signal was detected
with normal waveform and 30 s later (d), strong normal
flow velocity signal was detected. Recanalization started at
31 min after TPA bolus, its duration was 35 sand timing
of complete recanalization of distal M1 MCA segment
(TIMI grade III equivalent) was 32 min after TPA bolus.
II Stepwise recanalization (flow improvement over
1-29 min). (a) TCD shows minimal signal in mid- to distal
M1 MCA at time of TPA bolus, (b) Nine minutes later, TCD
shows first improvement in amplitude of systolic velocities
(beginning of recanalization); however, absence of end-
diastolic velocities still indicates minimal TIBI flow signal
and persisting occlusion, (c) At 14 min, positive end-
diastolic flow is detected with rounded systolic shape
of waveform (TIBI blunted signal) with flow improvement
by 1 TIBI grade. Note high-intensity bruits during each
cardiac cycle with possible embolic signals, (d) At 16 min,
TCD shows high-resistance turbulent stenotic signals with
elevated and variable systolic velocities that are replaced by
normal waveforms at 18 min. (e) At this point, TCD findings

indicate that M1 MCA patency at site of insonation is
restored. Further improvement in flow velocity, pulsatility
and strength of signal was detected between 18th and
20th minutes after bolus (f), indicating continuous
flow recovery, presumably due to distal clot migration
beyond M2 MCA bifurcation. TCD shows beginning of
recanalization at 9 min, duration of 11 min, and timing
of complete (TIMI grade III equivalent) recanalization at
20 min after TPA bolus.
Ill Slow recanalization (30-60 min). (a) At time of TPA
bolus, TCD shows minimal flow signal at M1 MCA origin
(above baseline) and flow signal below baseline from
proximal A1 anterior cerebral artery (ACA) with mean flow
velocity of 24 cm/s. (b) At 12 min after bolus, slow positive
end-diastolic flow appears in proximal M1 MCA, indicating
beginning of recanalization. Decrease in ACA flow signal
may indicate clot movement or break-up at its proximal
part. Variable M1 MCA and A1 ACA flow velocities with
dampened TIBI flow grade are seen during next 40 min
(c) with arrival of dampened flow signal with highest
mean flow velocity of 28 cm/s and improved A1 ACA
velocities of 54 cm/s at 54 min after TPA bolus (d). TCD
findings indicate beginning of recanalization at 12 min,
duration of 42 min, and timing of partial (TIMI grade II
equivalent) recanalization with continuing flow diversion
to ACA at 54 min after TPA bolus. (From Alexandrov AV
eta/. [12], with permission.)

recanalization groups had NIHSS scores of 0-3 points.
Slow or partial recanalization with dampened TIBI flow
signals was found in 53% of patients with total NIHSS
scores > 10 points at 24 h. Complete recanalization
occurred faster (median 10 min) than partial recanal-
ization (median 30 min), most likely due to changing
velocities and intensity of flow signals in the latter group.

Therefore, rapid arterial recanalization is associated
with better short-term improvement, mostly likely

because of faster and more complete clot break-up
with low resistance of the distal circulatory bed. Slow
(> 30 min) flow improvement and dampened TIBI
flow signals are less favorable prognostic signs. This
information on TCD may help with selection of
patients for additional pharmacologic or interven-
tional treatment [12].

Recanalizations that occur between 5 and 7 h after
cardioembolic stroke may lead to symptomatic

Image Not Available 
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Figure 4 Blunted signal with mean flow velocity of 50 cm/s
indicating complete M1 MCA recanalization with persisting

proximal ICA occlusion. DSA image shows a TIMI grade III
flow in the M1 MCA through the anterior cross-filling.

hemorrhage [15]. Figure 2 shows a complete stepwise
Ml middle cerebral artery (MCA) recanalization at
5.5 h after stroke onset that preceded rapid clinical
deterioration due to massive intracerebral hemor-
rhage leading to death within 24 h after stroke onset.

It is important to remember that TIBI grades 2-3
indicate partial and TIBI grades 4-5 indicate complete
recanalization compared to angiography [16]. Note
that normal or increased diastolic flow velocities in
patients with stenotic signals indicate low resistance in
the distal circulatory bed and unobstructed distal con-
trast opacification (TIMI grade III flow equivalent
[17]). A blunted signal with mean velocities usually
exceeding 20 cm/s can be seen in patients with com-
plete MCA recanalization but persisting proximal ICA
occlusion (TIMI grade III flow equivalent) (Figure 4).

Acute stroke patients receiving standard intra-
venous TPA therapy have been noted to occasionally
experience early dramatic recovery (DR.) that shortly
follows early recanalization [18]. We define DR as an
improvement by > 10 NIHSS points or an improve-
ment to < 3 NIHSS points at the end of the hour-long
infusion [19]. We also extended clinical and sono-
graphic monitoring time up to 2 h after TPA bolus

since the neurologic deficit often continues to evolve
during the 2nd hour after bolus with reocclusion [20].

In our study [21], DR was observed in 12/53 (22%)

TPA-treated and TCD-monitored patients. The DR
group and non-DR group had equivalent age (68-70
years) and baseline NIHSS score (median score of 18

points). The time to bolus showed a non-significant
trend towards earlier treatment in the DR group (DR
114 ± 44 min vs. non-DR 127 ± 30 min, NS).

The residual flow impairment due to MCA occlu-
sion by TCD TIBI criteria was equivalent at baseline.
At the end of infusion, TCD flow grades were
significantly improved in the DR group (DR 3.9 ±1.4
vs. non-DR 2.5 ± 1.7, P = 0.01). Approximately 70%
of patients with early complete recanalization experi-

ence DR and this benefit is sustained at 3 months in
two-thirds of patients.

At the end of infusion, the DR group showed a
significant improvement in NIHSS scores (DR 4 ± 5
vs. non-DR 16 + 7, P < 0.001). This difference was still
seen at 24 h (DR 4 ± 6 vs. non-DR 15 ± 9, P < 0.001).
Patients who experienced a DR during TPA infusion
sustained this benefit at long-term follow-up of
> 3 months (modified Rankin scores DR 2 ± 2.5 vs.
non-DR 4.2 + 4.5,? = 0.03).

There was a consistent pattern and time course
of recovery observed during the infusion. Certain
deficits recovered early during infusion and had a
complete recovery in > 50% of patients. Gaze devia-
tion recovered first, followed by sensory recovery and
motor leg strength recovery. Arm motor strength
recovery occurred next, but was often incomplete at
the end of infusion.

Certain deficits showed a tendency to improve late
in the infusion and often had only a partial improve-
ment. These included facial motor strength and
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Figures Stepwise recanalization of the M1 MCA segment with dramatic recovery during TPA infusion.

Figure 6 Delayed recanalization of ICA occlusion after
successful treatment with intravenous TPA. DSA image
shows formation of multiple small channels that carry
antegrade flow to the siphon.

aphasia. Dysarthria tended not to improve by the end
of infusion [21].

The consistent time course and pattern of DR is
intriguing. These patients all had MCA syndromes
with TCD-confirmed occlusions pretreatment. Topo-
graphically, only 2/12 DR patients had occlusion of
the terminal ICA (TICA). All others had patent anter-
ior cerebral arteries (ACAs) with occlusion located in
the proximal M1/M2 MCA segments by our TCD cri-

teria. As the clot lyses, a stepwise return of flow from
the proximal to distal MCA is observed, leading to
TIBI flow grade improvement. This predictable and
measurable event suggests two alternative theories as
to the mechanism of early DR [21].

The first of these models involves restoration of col-
lateral flow during clot dissolution or clot migration

to distal branches similar to the phenomenon previ-
ously observed at angiography by Minematsu et al.

[3]. They observed migration of an MCA embolus
followed by clinical improvement similar to DR and
termed it a 'spectacular shrinking deficit'. The deficits
that recover early (gaze deviation, leg strength and
sensory loss) are cortically represented in regions
abutting border zone perfusion with the ACA and
posterior cerebral artery (PCA). Although there was
no evidence of ACA involvement by TCD criteria in
10/12 patients, it is possible that the most proximal
aspect of the thrombus was partially obstructing the

proximal ACA, thus preventing flow diversion to the
ACA and the development of a sufficient pressure
gradient between the ACA and MCA territories. As
the most proximal portion of the thrombus lysed or
clot propagated distally, some transcortical collateral
flow was restored. The regions in the border zone are
reperfused first, followed by cortical regions located
more centrally in the ischemic penumbra. In a typical
Ml MCA occlusion, facial motor strength and lan-
guage might be located deep in this region, explaining

the lack of early recovery of these functions.
The second model of DR involves reperfusion of the

small perforators originating from the Ml MCA and
TICA and supplying the internal capsule and thalamus.
As the proximal region of the thrombus lysed, flow
was restored directly to the perforators that, in turn,
restored function to the supplied regions of the thala-
mus and internal capsule. The functional anatomy of

the internal capsule is controversial and may be vari-
able. Anatomy of the circle of Willis is variable as well.
Descending fibers from the frontal eye field are
represented in the anterior limb, with motor fibers
represented in the posterior limb of the internal capsule.
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As the flow to small perforators is restored (positive
diastolic flow at the depths corresponding to the Ml
MCA origin, TIBI grades 2-3), a stepwise return in
function of anterior and posterior limbs of the inter-
nal capsule as well as the thalamus may occur. This
could explain the clinical pattern of recovery and why
functions represented at different locations within the
internal capsule and some cortical functions, such as
language, recovered later during the infusion. Some
long perforating arteries may reach the cortex and
provide some flow to penumbral areas. Based on clin-
ical and neuroanatomic correlation, the internal cap-
sule would seem to recover function from a lateral to
medial pattern. Although this is counterintuitive, the
variable anatomy of the arterial supply to these regions
and the significance of supply from TICA and ACA
perforators may further contribute to different patterns
and time course of DR [21].

Case presentation

A 69-year-old man with past history of hypertension
and unstable angina had a sudden onset of right-sided
weakness and inability to speak at lunch with his fam-
ily. Upon arrival, he had forced gaze deviation, global
aphasia, hemianopsia and right-sided hemiplegia. His
pretreatment NIHSS score was 22. A non-contrast
computed tomography (CT) scan showed no hemor-
rhage, and ASPECTS score was 8 with early ischemic
changes in gray-white matter differentiation and sulcal
effacement. The decision to give standard TPA therapy
was made according to the NINDS rt-PA Stroke Study
criteria. TPA bolus was given at 2 h after stroke onset
(Figure 5). Diagnostic TCD was completed before
bolus, the worst residual flow signal was identified in
the distal Ml MCA, and continuous monitoring was
performed for the duration of TPA infusion.

Diagnostic considerations

Clinical examination and head CT are consistent with
an acute ischemic event. Despite his stroke severity
(NIHSS > 20 points), this patient is a candidate for
a standard intravenous TPA therapy within the first
3 h after stroke according to the NINDS rt-PA Stroke
Study [22]. Early ischemic changes were found on pre-
treatment CT. However, these changes (loss of gray-
white matter differentiation and sulcal effacement)
are potentially reversible with successful thrombolysis

and were not predictive of stroke outcome in the
NINDS rt-PA Stroke Study [23]. Extensive changes
such as hypodensity, involvement of more than one-
third of the MCA territory and a low (< 7 points)
ASPECTS score change the risk/benefit ratio for
thrombolysis [24-26]. Gaze preference, global apha-
sia, hemianopsia and right-sided hemiplegia indicate
involvement of the entire left MCA and raise clinical
suspicion of a proximal MCA occlusion since a total
NIHSS score of > 10 points is predictive of a prox-
imal thrombus presence at angiography [27]. Bedside
ultrasound was ordered to rapidly document prox-
imal MCA occlusion, to determine whether an ICA
occlusion was also present, and to start monitoring
TPA infusion.

Ultrasound findings

At the time of bolus, TCD showed a low-intensity
blunted left Ml MCA flow signal (Figure 5, left
frame). Ten minutes later, microembolic signals were
detected. The left MCA mean flow velocity (MFV)
increased from 15cm/s to 28 cm/s at 20min. At
55 min after bolus, the left MCA MFV was 30 cm/s;
however, the systolic flow acceleration was still delayed.
TCD also showed a reversed ophthalmic artery and
the anterior and posterior communicating artery
flows.

Interpretation

TCD showed:
1 a tenuous residual flow in the left MCA indicating
its occlusion;
2 stepwise and complete MCA recanalization during
TPA infusion; with
3 persisting hemodynamically significant left ICA
obstruction proximal to the ophthalmic artery origin;
and
4 functional collateral channels including left posterior
communicating artery and a reversed left ophthalmic
artery.

Correlative imaging

Digital subtraction angiography (DSA) was per-
formed 24 h after stroke onset. DSA showed complete
occlusion of the left ICA at the bulb, and a patent left
MCA filled through intracranial collaterals.
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Differential diagnosis

TCD findings may also be produced by a low flow state
in maximally dilated MCA due to a thrombus in
the proximal left ICA. TPA therapy may have helped
to lyse the distal part of this thrombus and improve
collateral flow via anterior and posterior communic-
ating arteries. Nevertheless, this patient experienced
a complete MCA recanalization that manifested with
microembolic signals and signal intensity and velocity
improvement, particularly between 10 and 20 min
after TPA bolus.

Management

This patient was treated with standard TPA therapy
within the first 3 h after stroke onset. Despite persis-
tence of the left ICA occlusion, flow resumption in
the MCA resulted in dramatic and complete recovery
of brain functions by the end of TPA infusion. If
symptom resolution is stable, the risk of immediate
intra-arterial intervention may outweigh possible
benefits. Therefore, a non-invasive confirmation of
a complete ICA occlusion may help to rule out the
need for urgent invasive angiography. This can be
accomplished with contrast-enhanced CT angiography
and/or carotid duplex scanning.

If this patient redevelops stroke symptoms and
his repeat CT scan shows no hemorrhage or hypoat-
tenuation, he again becomes eligible for thrombolytic
therapy.

Nevertheless, careful monitoring of blood pressure
and MCA patency is necessary during the next 24 h
since MCA flow may be dependent of cerebral perfu-
sion pressure distal to ICA occlusion, and blunting
of the MCA waveform indicates delayed arrival of
collateral flow with maximal MCA dilatation to attract
this flow. Retrospectively, this waveform pattern was
associated with higher risk of stroke in patients with
carotid artery disease [28,29].

This patient may also be a candidate for anticoagu-
lation at 24 h if he experiences fluctuating neurologic
deficit in the presence of stable arterial blood pressure
and persisting carotid occlusion. In the Trial of Org
10172 in Acute Stroke Treatment (TOAST), a sub-
group with large vessel atherosclerotic lesions showed
better outcomes after early anticoagulation with low-
molecular-weight heparin [30].

Follow-up

Repeat neurologic examination during TPA infusion
showed that gaze deviation disappeared first, followed
by speech and motor function improvement. This pati-
ent recovered completely by the end of TPA infusion.
DSA showed a complete left ICA occlusion. He received
heparin during his hospital stay, and completed a
3-month course of coumadin. He receives aspirin
350 mg and clopidogrel 75 mg [31] and pravastatin
[32]. His modified Rankin score at 3 months and
1 year was 0. He remains asymptomatic and no fur-
ther intervention was considered at this time (extra-
intracranial anastomoses failed to prevent stroke in
one trial [33]). However, if his ICA remains per-
manently occluded, and a hemodynamic compromise
may subsequently develop, there may be a potential
role for bypass surgery in the future [34,35].

Although oxygen extraction fraction on positron
emission tomography best represents the status of
cerebral hemodynamics [34,35], this test is expensive
and is not widely available. A variety of other tests
were introduced to evaluate intracranial hemodynam-
ics using the phenomenon of vasomotor reactivity
(VMR) [36-41] including CO2 reactivity with TCD,
acetazolamide testing with TCD and cerebral blood
flow scanning techniques, and the breath-holding
index (BHI). The latter is the simplest way of challeng-
ing VMR if the patient is compliant and capable of
holding breath for 30 s. This index is calculated using
the mean flow velocities obtained by TCD before
breath-holding (baseline) and at the end of 4 s of
breathing after 30 s of breath-holding:

BHI =
MFV -MFV 100

MFVU seconds of breath-holding

The patient should be able to hold his or her breath
voluntarily for at least 24 s, and preferably 30 s. The
following steps can help the patient complete this task.
First, explain in detail what needs to be accomplished,
and demonstrate yourself that no major chest excur-
sions should be made at the beginning and end of
breath-holding. Major chest volume changes with
forced breathing change intrathoracic pressure and
may affect velocity and flow pulsatility. Second,
announce to the patient 10-s intervals after breath-
holding has started. This helps the patient to be more
confident that he or she can complete the task. Use
envelope or average mean velocities from 4 s after the
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patient started to breathe (i.e. optimized signals from

entire display if the sweep speed was set at 4-5 s).

BHI values of less than 0.69 are predictive of risk of

stroke in patients with asymptomatic severe ICA

stenoses and symptomatic occlusions [42,43]. This

TCD test does not require any gas monitoring equip-

ment or intravenous injections. Although subjectivity

of patient effort and the unknowns of blood gas con-

centration make this test probably least reliable, it has

been prospectively validated to predict clinical out-

comes in steno-occlusive ICA disease, and BHI may

represent a screening test in the outpatient clinic to

identify patients with impaired vasomotor reactivity.

Further imaging investigations and clinical trials will

determine the need for surgery in this setting [44,45].

Two years later the patient remains symptom free

and repeat duplex ultrasound showed reappearance

of flow in the proximal ICA. Digital subtraction

angiogram was performed (Figure 6). At present it

is uncertain if this delayed recanalization warrants

further intervention.
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Arterial reocclusion and
deterioration following
improvement

With W. Scott Burgin, MD

Introduction

The NINDS rt-PA Stroke Study defined deterioration
following improvement (DPI) as a decline in the
National Institutes of Health Stroke Scale (NIHSS)
score by > 2 points after an initial improvement by > 2
points. This was observed in 13% of enrolled patients
[1]. DPI just recently became a subject of research
while previous studies focused on predictors of overall
deterioration in acute stroke. Early progression of
stroke symptoms was linked to cerebral edema and
hypoattenuation on pretreatment computed tomo-
graphy (CT) scan [2] as well as the asymmetry of
blood flow velocities and no-flow signs on transcran-
ial Doppler (TCD) [3]. As many as 91% of patients
evaluated within the first 5 h after stroke onset had
subsequent worsening of the neurologic deficit if
angiography showed persisting extracranial and/or
intracranial occlusion [4]. Early reocclusion (RO)
as a mechanism of stroke progression and DPI was
observed in real time when thrombolysis was mon-
itored by TCD and serial neurologic examinations [5].

To diagnose arterial reocclusion with ultrasound, it
is important to rule out other potential causes of early
clinical deterioration in acute stroke patients. Clinical
worsening may also occur due to cardiopulmonary
decompensation that decreases cerebral perfusion
pressure, and intracerebral hemorrhage that complic-
ates tissue plasminogen activator (TPA) treatment in
6.4% of patients [6]. However, neither hemorrhagic
transformation of cerebral infarct nor decrease in
systolic blood pressure within the first 24 h were
independent predictors of early stroke progression in
the European Cooperative Stroke Study (ECASS) I [2].

Sonographically RO was described as a decrease in

flow signals by > 1 TIBI grade on TCD display and
stable vital signs (Figure 1). Repeat CT should be con-
sidered (even in a case of sonographic deterioration
without clinical changes) to rule out hemorrhagic
transformation (Figure 1). Indications for repeat CT
scanning in acute stroke patients usually include
stroke symptom progression or deterioration follow-
ing improvement by more than 4 NIHSS points, and
evidence of flow worsening on TCD with or without
clinical changes.

In one series [7], early reocclusion occurred in 27%
of patients treated with a standard 0.9 mg/kg dose
of TPA. RO is a process that can start spontaneously
before TPA bolus or any time thereafter. If TCD
monitoring is initiated 5-25 min before TPA bolus,
TCD can show development of RO in 25% of these
patients even before TPA is given. After TPA infusion
begins, TCD monitoring can show reocclusion in 19%
of these patients in the next 30 min, and in another
19% by the end of TPA infusion. Finally, another
37% of patients reocclude within 60-120 min after
TPA bolus.

Complete or partial recanalization on TCD usually
precedes reocclusion since some residual flow wor-
sening is necessary for TCD diagnosis of RO. Thus,
RO occurs in 22% of patients with complete (TIBI
grade 4-5) recanalization and 41% of patients with
partial (TIBI 2-3) recanalization [7]. Prior to RO,
those patients have earlier median timing of recanal-
ization compared to those who recanalized without
RO: 130 min vs. 180 min after stroke onset. RO carries
a relatively poor prognosis. Within 2h of TPA bolus
only 25% of patients with RO have subsequent com-
plete recanalization, 19% have partial recanalization
and 56% have no early recanalization.
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Panel A.
TPA bolus 15 min 35 min 42 min of infusion

100%

30%

3B%

100%

30%

30%

NIHSS 24 -+26
Panel B.

Panel C.

11 points

NIHSS 15 13

r
TPA Bolus 9 min 14 min 21 min 22 min 38 min

Figure 1 Panel A. A 42-year-old right-handed woman was
seen 80 min, after the acute onset of right hemiplegia,
global aphasia, eye deviation to the left, and a right
homonymous hemianopsia (NIHSS score 24). TCD showed
a proximal M1 MCA and A1 anterior cerebral artery (ACA)

occlusion (panel A, top left Doppler spectra labeled
M1 MCA, TICAand ACA). Second set of Doppler spectra
(left to right) shows rapid progression to the terminal
internal carotid artery (TICA) occlusion at the time of
TPA bolus. At this time, the patient became drowsy
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Patients with RO tend to have lower median prebo-
lus NIHSS scores of 13.5 points compared to 17 points
in the rest of TPA-treated patients. However at 2 and
24 h, the NIHSS scores are higher than in patients with
RO compared to stable recanalization: 14 vs. 9 points
and 16 vs. 6 points, respectively.

Clinical deterioration by NIHSS > 4 points within
the first 24 h is observed in approximately 15-20%
of our TPA-treated patients. Reocclusion was seen in
two-thirds of these patients: 50% in the RO group vs.
10% in those with either no or stable recanalization.
There is also a trend to higher rates of symptomatic
intracerebral hemorrhage (SIGH) with RO: 12.5% of
patients with RO had SIGH compared to 2% in the
rest of the TPA-treated patients. In-hospital mortality
was 25% in the RO group and 3% in the non-RO
group, respectively.

At 3 months, a good outcome (modified Rankin
scores 0-1) was achieved by 8% of patients with no
early recanalization, by 33% of patients with RO

and by 50% of patients with stable recanalization.
Mortality at follow-up was 42% in patients with no
recanalization, 33% in patients with RO and 8% in
patients with stable recanalization.

These results suggest that at least one-quarter of
TPA-treated patients may experience early RO despite
systemic thrombolytic therapy. Compared to stable
recanalization, RO leads to higher mortality and a less
favorable outcome. Reocclusion occurs more often in
patients with early and partial recanalization leading
to deterioration of the neurologic deficit and higher
mortality. However, patients with RO may have better
long-term outcomes than patients without any early
recanalization [7]. Perhaps some degree of residual
flow to the brain tissue that is detectable prior to RO
provides additional time to tolerate further ischemia.
This may support the potential for an individual and
extended time window for vascular rescue therapies in
acute ischemic stroke [8].

(cont'd) (NIHSS score 26). Intravenous TPA was started at
120 min from symptom onset using a standard dose of
0.9 mg/kg. At 10 min after TPA bolus, TCD showed
terminal ICA recanalization with resumption of
end-diastolic flow in the A1 ACA followed shortly by
improvement in her level of consciousness. At 15 min of
infusion, microembolic signals were heard in the M1 MCA
accompanied with proximal M1 segment recanalization
and resumption of low resistance end-diastolic flow
towards the lenticulostriate perforating arteries.
Clinically, her right leg began to move followed by
antigravity strength in the distal arm and improved facial
weakness (NIHSS score 18). TCD showed a continuing
recanalization of the A1 ACA at 20 min, followed by
resolution of her gaze preference and continued
improvement in her right-sided weakness by 30 min
(NIHSS score 15). At 35 min, she had complete M1 MCA
recanalization with multiple microembolic signals
suggesting continuing proximal clot dissolution.
By 37 min, the patient could lift her arm with a mild drift,
verbalize simple words and follow axial and extra-axial
commands (NIHSS score 8). At 42 min of infusion, TCD
showed developing reocclusion of the M1 MCA and
dampening of the terminal ICA flow. At 44 min, the
patient rapidly became drowsy and resumed her eye
deviation, global aphasia and right hemiplegia (NIHSS
score 24). Urgent DSA showed complete terminal ICA
T'-type occlusion and an 80% ulcerated proximal ICA
stenosis (DSA images inserted in the bottom right corner
of Panel A).

Panel B. A 26-year-old Mexican man was seen in the
Emergency Department at 2 h after symptom onset. He had
fluctuating left-sided weakness and episodes of neglect.

Intravenous TPA was initiated at 2.5 h after symptom onset.
His NIHSS scores were changing between 1 to 11 points
during one hour after TPA infusion. PMD-TCD images show
continuing thrombus dissolution and reocclusion. DSA
image insert shows two parts of a thrombus in the right
MCA. Continuing reocclusion process was also seen during
angiography at 4.5 h after symptom onset. Foreign body
retrieval device was used to remove red thrombus from the
MCA.

Panel C. Upper image (left to right) represent sequential
TCD monitoring spectra of the distal right M1 MCA. At the
time of TPA bolus, patient had NIHSS score of 15 points and
a blunted (TIBI grade 2) residual flow signal suggesting
MCA near-occlusion (cartoon). At 9 min after TPA bolus,
TCD showed a stenotic (TIBI grade 4) flow signal with
clusters of microemboli suggesting MCA clot dissolution
(NIHSS score 13). At 14-21 min, TCD showed further MCA
flow improvement to normal TIBI 5 flow grade indicating
complete M1 MCA recanalization. At this time his NIHSS
score decreased to 3 points. At 22 min, a sudden drop in
MCA flow was detected (white arrow) suggesting
reocclusion since the heart rate and blood pressure
remained stable. This sudden M1 MCA obstruction was
likely caused by a thrombus that lodged in the proximal
MCA and then propagated to the site of insonation (next
frame, NIHSS score 11). TCD shows a blunted (TIBI grade 2)
flow signal with clusters of emboli and bruits. At 38 min
after bolus, TCD shows a minimal (TIBI grade I) flow signal
that suggests a complete M1 MCA reocclusion due to the
absence of diastolic flow. Note continuing appearance of
emboli during the last cardiac cycle. DSA image insert
shows isolated MCA occlusion without evidence of ICA
obstruction.
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Case presentation

A 70-year-old man with past history of hypertension
and paroxysmal atrial fibrillation had a sudden onset
of left-sided weakness. Upon arrival, he had partial
gaze deviation, hemianopsia, left-sided hemiparesis
and neglect. His pretreatment NIHSS score was 15.
Initial non-contrast head CT scan showed no hemor-
rhage and an ASPECTS score was 9 with an insular
ribbon sign. The decision to give standard TPA therapy
was made according to the NINDS rt-PA Stroke
Study criteria. TPA bolus was given at 1 h and 30 min
after stroke onset (Figure 1, panel C). Diagnostic TCD
was completed before bolus, the worst residual flow
signal was identified in the distal right Ml MCA,
and continuous monitoring was performed for the
duration of TPA infusion.

Diagnostic considerations

Clinical examination and head CT are consistent with
an acute ischemia in the right MCA. This patient is
an appropriate candidate for a standard intravenous
TPA therapy within the first 3 h after stroke according
to the NINDS rt-PA Stroke Study. Gaze preference,
neglect, hemianopsia and right-sided hemiparesis
indicate cortical involvement of most of the right
MCA distribution and raise clinical suspicion of a
proximal MCA occlusion. Bedside ultrasound was
ordered to rapidly document proximal MCA occlusion
and to start monitoring TPA infusion.

Ultrasound findings

At the time of bolus, TCD showed a blunted right
Ml MCA flow signal (Figure 1, panel C, upper left
Doppler spectra). Recanalization started within the
next 9 min and a stenotic (TIBI flow grade 4) was
detected. Complete right Ml MCA recanalization was
diagnosed at 21 min. Note that although the right
MCA has a mean flow velocity of 65 cm/s, the wave-
form still shows a delay in systolic flow acceleration
that may indicate persistence of a more proximal
hemodynamically significant obstruction in the ICA.
At 22 min, TCD showed a sudden drop in the MCA
flow most likely due to a new thrombus that lodged
in the proximal MCA and then propagated to the
distal portion of the Ml segment. This thrombus was
most likely located in the ICA (a delayed systolic flow

acceleration of the MCA waveform at 14 and 21 min.
TCD then showed disappearance of the end-diastolic
flow, indicating complete Ml MCA reocclusion.

Interpretation

TCD showed:
1 right Ml MCA near-occlusion;
2 stepwise and complete MCA recanalization during
TPA infusion; and
3 early Ml MCA reocclusion during TPA infusion
due to another thrombus that likely lodged from the
ICA.

Correlative imaging

A non-contrast CT scan was repeated after deterior-
ation to rule out intracerebral hemorrhage. CT scan
showed no hemorrhage and no significant cerebral
edema. Digital subtraction angiography (DSA) was
performed 38 min after completion of TPA infusion
and it showed a complete (TIMI grade I) right Ml
MCA occlusion approximately 1 cm after its origin.
No significant carotid stenosis or distal ICA thrombo-
sis was found (Figure 1).

Differential diagnosis

TCD flow velocity may decrease due to a sudden drop
in blood pressure. However, the vital signs were stable
and our patient was not agitated or complaining of
chest pain. Although TCD showed recanalization of
this thrombus, the systolic flow acceleration was
still somewhat delayed and continuing microembolic
signals were heard (frames not shown in Figure 1). We
initially thought that our patient had a proximal ICA
stenosis or occlusion; however, DSA showed no ICA
stenosis or thrombus. Therefore, it is likely that our
patient had initially experienced embolization from
the heart by a large thrombus. A part of it occluded the
MCA, and a more proximal part was in the terminal
ICA. As recanalization of the MCA thrombus
occurred, the blood pressure moved a more proximal
part of the thrombus from the ICA to MCA (note
an abrupt disappearance of blood flow signals since
flow obstruction occurred proximal to the site
of insonation). In an experimental study, emboli
introduced via a catheter into the proximal ICA
favored lodging into the proximal MCA and its
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branches, with the anterior cerebral artery (ACA)
being affected in only 7% [9]. After re-embolization of
the proximal MCA occurred, the thrombus propag-
ated to the distal Ml MCA under pulsations of blood
pressure and the patient redeveloped his neurologic
deficit. This reocclusion occurred halfway into TPA
infusion.

Management

Despite treatment with standard TPA therapy within
the first 3 h after stroke onset, early reocclusion has
occurred with re-establishment of the neurologic
deficit (NIHSS 15-3-15 points). Although this patient
had DPI, there was no sign of hypoattenuation of
brain tissues or progression of cerebral edema on
repeat CT. Therefore, this patient is a candidate for
diagnostic invasive angiography that will help to decide
whether an experimental intra-arterial clot-disrupting
intervention is suitable. A prospective trial evaluating
combined intravenous-intra-arterial thrombolysis is
currently underway [ 10].

We explained to the patient the mechanism of
redevelopment of his symptoms, and obtained an
informed consent for intra-arterial thrombolysis. The
disclosed risk of hemorrhage was estimated at 10%.
Intra-arterial TPA was given according to the institu-
tional review board (1KB)-approved protocol in 2-mg
injections up to 22 mg total dose. After all 22 mg were
infused, a TIMI grade III recanalization of the right
MCA was achieved with a residual distal Ml MCA
stenosis of approximately 50% possibly representing
residual thrombosis.

Follow-up

Repeat neurologic examinations after intra-arterial
thrombolysis showed significant neurologic improve-
ment by 8 and 10 NIHSS points to a total score of
5 points at 24 h. The patient was discharged home on
warfarin (target international normalized ratio 2-3)
[11-13]. At 3 months follow-up, he had a modified
Rankin score of 1. Repeat TCD showed normal veloc-
ity range in the right MCA without evidence of any
significant residual stenosis. The patient continues to
take warfarin due to paroxysmal atrial fibrillation
detected with Holter monitoring.
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Extended window for thrombolysis

With the Stroke Treatment Team

Introduction

The current window for thrombolysis is deter-
mined by the time elapsed from symptom onset. The
NINDS rt-PA Stroke Study established a 3-h window
to effectively deliver intravenous tissue plasminogen
activator (TPA) for stroke patients [1]. Overall, the
European Cooperative Stroke Studies (ECASS) and
the ATLANTIS trial were negative when intravenous
TPA was given between 0 and 6 and 3-5 h after symp-
tom onset [2-4]. However, a pooled analysis of the
NINDS rt-PA Stroke Study, ECASS and ATLANTIS
trials showed that select patients may benefit from
intravenous TPA given up to 270 min after symptom
onset [5], suggesting that beneficial arterial recanal-
ization can be achieved within the first 5 h of stroke.
The PROACT trial has shown that intra-arterial
thrombolysis with prourokinase may be successfully
performed up to 6 h after stroke onset [6]. These data
suggest that the window for thrombolytic therapy may
be longer than currently approved.

Although the shorter time to therapy from symp-
tom onset is a strong predictor of TPA effectiveness
during the first 3 h of ischemia [7], other markers of
reversibility of ischemic damage are needed to identify
patients who may benefit from thrombolysis given
beyond the conventional time window. Data from
experimental models of cerebral ischemia and anec-
dotal observations in human patients treated outside
the conventional window for thrombolysis encourage
an assessment of each subject's potential to respond to
the intended therapeutic intervention [8]. This can be
accomplished using simple and rapidly available tests
that evaluate:
1 clinical stroke severity, i.e. NIHSS scores;
2 the site of arterial occlusion, residual flow and flow
diversion with transcranial Doppler (TCD); and
3 the brain tissue condition, i.e. determined from a
non-contrast computed tomography (CT) scan [9].

The value of magnetic resonance imaging (MRI)/
MR angiography (MRA)/diffusion weighted imaging
(DWI) and perfusion-diffusion mismatch measure-
ments to discriminate reversible and irreversible tissue
damage is also being tested in a prospective trial [ 10].
Generally, a lower intensity of DWI abnormality and
perfusion greater than dif-fusion deficits (i.e. mismatch)
indicate potentially salvageable tissue [10-13].

At the University of Texas, we have implemented
an Institutional Review Board (IRB)-approved experi-
mental protocol for compassionate use of thrombo-
lysis and mechanical thrombus manipulation. This
protocol was designed for patients who present out-
side the conventional window but after rapid clinical,
CT, ultrasound or MRI assessments were considered
to have a potential to respond to reperfusion therapies.

Eligibility criteria for this compassionate treatment
protocol include:
1 time from symptom onset beyond 3 h or undeter-
mined;
2 NIHSS score > 4 points;
3 normal non-contrast CT scan or minimal signs
of early ischemic changes such as loss of gray-
white matter differentiation and/or sulcal effacement;
and
4 the presence of persisting arterial occlusion on
transcranial Doppler or angiography.
Contraindications include:
1 hypoattenuation of ischemic brain tissue on CT or
early mass effect;
2 standard contraindications for intravenous TPA
therapy; and
3 refusal or inability to give informed consent.
This experimental protocol for compassionate treat-
ment allows various thrombolytic regimens including
a low-dose intravenous TPA, primary intra-arterial
thrombolysis with TPA or retavase, and a combina-
tion of intravenous and intra-arterial thrombolysis
with or without additional mechanical clot disruption
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and stenting of the residual stenosis. The choice of an

experimental strategy is individualized dependent
on the location and extent of arterial occlusion,
clinical responses to initial flow improvement under
ultrasound monitoring, and the presence of residual

stenoses after thrombolysis.
The following case illustrates the clinical and instru-

mental evaluation of a patient presenting outside
the conventional window for thrombolysis and the
decision-making process associated with the choice
of experimental therapies.

Case presentation

An 80-year-old African American man with no pre-
vious strokes and past history of hypertension and
non-insulin-dependent diabetes had a sudden onset
of right-sided weakness 6.5 h ago. Upon arrival, he has
a gaze preference, neglect and right-sided hemiplegia
with a total NIHSS score of 12 points. A non-contrast
CT scan showed no hemorrhage and the ASPECTS
score was 10.

Diagnostic considerations

Clinical examination and head CT are consistent
with an acute ischemia in the left MCA. Intact
speech and comprehension suggest MCA branch
occlusion or good leptomeningeal collaterals. This
patient is a candidate for our compassionate throm-
bolysis protocol since he has a significant neurologic
deficit in the absence of early ischemic changes on
CT despite the duration of ischemic symptoms
longer than 6 h. Alternatively, since he is being
evaluated at 6.5 h after stroke onset there is a chance
that spontaneous recanalization of the proximal
MCA may have occurred without signs of clinical
improvement. In this situation, intravenous or local
thrombolysis may carry a higher risk-to-benefit ratio
since persisting neurologic deficits maybe attributable
to ischemic core rather than possibly large penumbra.
The ASPECTS score of 10 points suggests an exist-
ing window for tissue rescue [9], and matching

the deficit distribution with occlusion location may
suggest the presence of flow collateralization and the
possibility of an early clinical response to reperfusion.
To determine whether a proximal arterial occlusion
was still present, an urgent bedside ultrasound was
performed.

Ultrasound findings

TCD showed a dampened TIBI grade 3 flow in the
proximal left Ml MCA flow signal (Figure 1, left
frame) and the absence of the distal left M1/M2 MCA

flow signals.

Interpretation

TCD showed persisting occlusion of the left distal Ml
MCA, and continuous TCD monitoring of the worst
residual flow signals in the left MCA was initiated.

Differential diagnosis

This patient has a partial left MCA syndrome despite
persisting arterial occlusion proximal to M2 sub-
division. A disabling neurologic deficit and a normal
CT scan make the compassionate use of thrombolysis
under our experimental protocol justifiable and feas-
ible. The following were the choices of further actions:
1 perform MRI, MRA, DWI and perfusion sequ-
ences to confirm Ml MCA occlusion, and if any

perfusion-diffusion mismatch exists at this point,
proceed with intra-arterial thrombolysis; or
2 give this patient a low-dose intravenous TPA
(0.6 mg/kg, 15% accelerated bolus over 1 min, 85%
infusion over 30 min) as soon as possible, continuously
monitor TPA infusion by TCD and if the MCA occlu-
sion persists, perform intra-arterial thrombolysis; or
3 urgently perform invasive angiography and admin-
ister intra-arterial thrombolysis if occlusion persists
at this point.
As the Stroke Treatment Team members were debat-

ing pros and cons and available data to support each
of these approaches, a spontaneous partial recanaliza-
tion was detected by TCD. Flow velocity has increased
in the proximal left MCA with signs of turbulence
(Figure 2, left image), and a minimal flow signal (TIBI
grade 1) has appeared at the depths corresponding
to the M2 subdivision (Figure 2, right frame). The
patient regained strength in the distal right leg and
proximal arm, lowering the total NIHSS score to

6 points at 7.5 h after stroke onset. This early clinical
recovery occurred in response to a minimal residual
flow improvement with persisting distal Ml MCA
occlusion demonstrating early recoverability of this
patient and confirming the presence of salvage-
able brain tissue. It is speculated that continuous
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exposure to ultrasound itself may induce some
recanalization in stroke patients [14]. These clinical
and ultrasound observations also suggest that if an
MRI had been performed prior to partial recanaliza-
tion, a per fusion-diffusion mismatch would likely
have been present. At this point, an additional time
delay to obtain MRI was felt to be unnecessary due
to early clinical recovery. The decision was made to
proceed directly with urgent angiography (option 3
above).

Correlative imaging

Urgent DSA showed a thrombus at the distal M1/M2
subdivision with TIMI grade I-II residual flow at the
bifurcation (Figure 3). This thrombus had an irregular
'sausage-like' shape, completely obstructing one of the
M2 branches (Figure 4). Continuous TCD monitor-
ing was performed during angiography and Figures 4
and 5 illustrate TCD findings of multiple embolic
signals in the Ml and M2 MCA segments as well as
perforating arteries during contrast infusions and
catheter manipulations.

Management

This patient received local intra-arterial thrombolysis
with a total dose of 22 mg of TPA given with repeated
2 mL infusions delivered after mechanical clot mani-
pulation with the catheter.

found at 48 h after stroke onset. His modified Rankin
score was 1 at 4 months after treatment. He receives
aspirin with slow-release dipyridamole [15].

Conclusion

Skeptics may say that the observed early clinical
response and outcome may have occurred naturally
and it is impossible to determine the impact of inter-
vention in case-by-case observations. This is true,
indeed, and unlike randomized clinical trials, a case
report bears little evidence, if any, but perhaps more
than opinion. Clinical trials cannot be performed to
test everything we do at the bedside. These trials are
designed to test a hypothesis often developed through
experimental treatment given to a few patients under
informed consent.

The facts we disclose to those making the decision
are the following:
1 The prognosis of a patient with an ischemic stroke
and persisting proximal arterial occlusion if left
untreated is grim (10% chance of complete recovery
and up to 30-80% mortality rates dependent on the
NIHSS scores and occlusion location).
2 At the same time, a treatment aimed at opening of
an occluded vessel beyond the first 3 h may bear a risk
of symptomatic or fatal hemorrhage of 10%.
3 The earlier the treatment is initiated and the earlier
the vessel opens, the greater the chance of reversing
the damage from cerebral ischemia.

Follow-up

Repeat neurologic examinations during intra-arterial
thrombolysis showed a stable neurologic deficit with a
total NIHSS score of 6 points despite the length of
intra-arterial thrombolysis (8.5-11.5 h). Intra-arterial
TPA infusion began at 9 h and Figure 6 demonstrates
residual flow signals around thrombus with catheter
manipulation and drug infusion. TCD monitoring of
intra-arterial drug infusion helped to determine a
catheter position that allowed more residual flow into
the thrombus between contrast injections. A partial
TIMI grade II recanalization at the M2 MCA subdivi-
sion was achieved at 11 h (Figure 7), and a complete
recanalization was seen at 11.5 h (Figure 8; an NIHSS
score of 5 points at this time).

At 24 h, our patient had a total NIHSS score of
2 points, and no hemorrhagic transformation was
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carotid stenosis, 766

angiography, 86,86-88,87
angle-corrected Doppler velocimetry, 91-93,92,93
bilateral disease, grading, 96

B-mode imaging, 88,88-91,89,90
case histories, 72-73,74-76,220
color-coded flow imaging, 91,97
diagnostic criteria, 85,85-97

Society of Radiologists in Ultrasound consensus, 93,93
validation, 93-95

duplex scanning, 161-162
grading criteria, 162,162
hemodynamic assessment, 72-73,73, 74-76
measurement, 86,86-88,87,755,155-156
screening, 148-150, 749
stents, assessment, 95-96,163-164
tandem lesions, 96-97
see also carotid endarterectomy (CEA)

central venous pressure (CVP), 50
measurement, 57,51-52,52
regulation, 45

cerebral arteries, 4-6,5,6,29
anatomical variations, 206-209
see also individual arteries

cerebral autoregulation, 64-65,137
cerebral blood flow (CBF), 55

physiologic variables, 136,137-138
vasomotor reactivity, 64

cerebral cortex, 33
cerebral oxygenation see oxygenation
cerebral perfusion pressure (CPP), 56
cerebral salt wasting syndrome, 182-183,195
cerebrovascular anatomy, 3-16

arterial system, 4-6
circle of Willis see circle of Willis
ultrasound components, 6-10
variation in, case presentation, 206-208
see also individual vessels

chemoreceptors, 48
choroid plexus, 33
circle of Willis, 5-6,6,24,27,33,33

blood flow, normal, 81-85,84
children, 135
color flow imaging, 33-37,34
variations, 24

circulatory arrest, 203—205
case histories, 77,203
diagnostic criteria, 108-109, 709
differential diagnosis, 204
hemodynamic assessment, 77
management and follow-up, 204-205
ultrasound findings, 203,203,204

collateral flow patterns, diagnostic criteria, 104-106, 705,
706, 707

color aliasing artifact, 8,8
color bar, zero baseline (PRF), 14
'color bleeding,' 8,8
color box, 15
color desaturation, 14
color flow Doppler imaging (CDFI), 7-8,8,91,97

artifacts, 8
transcranial, 26-27,27

color flow dynamics, 12
color flow imaging (CFI)

basilar artery, 35,35,36,37
carotid stenosis, 91,97
circle of Willis, 33-37,34
Doppler see color flow Doppler imaging (CDFI)
vertebral artery, 35,36



Index 263

color gain, 15
color sensitivity, 14
color velocity imaging (CVI), 9
common carotid artery (CCA)

anatomy, 4,4,5,8,11
transverse views, 11

blood flow, normal, 82,83
compound imaging, 9
computed tomography (CT)

angiography (CTA), 170,171,172,175-177
advantages, 88

subarachnoid hemorrhage, 181,182,182,184
subclavian steal, 211
xenon (Xe-CT), 184

continuous-wave (CW) Doppler imaging, 6,6-7
Cooperative Study of Sickle Cell Disease, 141
corpus callosum, 33
corpus striatum, 33
CREST trial, percutaneous carotid stenting, 164
CT see computed tomography (CT)

D
delayed ischemic neurologic deficits (DIND), 182-183
diagnostic criteria, 81-129

arterial occlusion, 109-116
arterial stenosis, 85,85-97,99-102,102
circulatory arrest, 108-109,109
collateral flow patterns, 104-106,105,106,107
embolization, 107-108,108
hyperemia, 102-104,103,104
increased intracranial pressure, 108
normal findings, 81-85,84

arterial wall pulsation, 81-82
carotid arteries, 82,83
intracranial flow, 84-85
laminar flow, 81,82
vertebral artery, 83

subclavian steal syndrome, 116-117,117
vasospasm, 102-104,103,104
see also specific arteries/conditions

digital subtraction angiography (DSA), 5,86,172,214
distensibility, vascular, 44
dizziness, 206
Doppler ultrasound

carotid stenosis screening, 148-150
signal optimization, 138-139,139
spectral analysis, 23,24

flow dynamics, 12,12-13,13
transcranial color Doppler imaging, 27

transcranial see transcranial Doppler (TCD)
velocity spectral display, 9-10
see also specific techniques

'dot'sign, 170,171
duplex ultrasound, extracranial see extracranial duplex

ultrasound

echodense plaque, 153-154,154
echolucent plaque, 153,153,154
embolization

detection, 97
diagnostic criteria, 107-108,108

end-expiration, measurement, 51,51,52
ensemble length, 14
European Carotid Surgery Trial (ECST), 86

European (E) method, carotid stenosis measurement, 86
examination technique, 3-38

circle of Willis, 33-37
extracranial, 10-15
intracranial, 17-32
principles, 3-16
see also specific techniques

external carotid artery (EGA)
anatomy, 4-5,5
blood flow, normal, 83,83

extracranial duplex ultrasound, 10-15
accuracy improvement, 13
carotid arteries, 161-162,164-168,165,166,167,214,218
color flow optimization, 13-15
data provided, 13
flow dynamics, 12-13
longitudinal plane, 10-12
subclavian steal, 210,210
transverse plane, 10,11
vertebral artery, 162-163,164-168

extrasystole, 70, 70
eye, B-mode imaging, 31

fever, blood flow velocities and, 137
Fisher classification, 181,182,191
flow dynamics, 12-13
frame rate, 14
Framingham Study, 152-153

carotid artery protocol, 157-158
Frank-Starling law, 46-47

globe, ultrasound appearance, 30
Gosling-King pulsatility index, 85
gray-scale imaging see B-mode imaging

H
Hagen-Poiseuille law, 62-63
harmonic imaging, 9
head injury see traumatic brain injury (TBI)
head turning, 206-209,208
hematocrit,41,137
hemodynamics, 39—78

arterial bifurcation, 65,65
arterial perfusion, 45
augmentation, case studies, 58—61

subarachnoid hemorrhage, 59-61
trauma, 58-59

autoregulation, 64-65,137
bedside monitoring, 49-54
cardiac determinants, 45-47
cardiac parameters, 50
case studies, 67-77
classification, 111, 174,237
diagnostic criteria see diagnostic criteria
flow resistance, 42,62-63
flowvelocity, 63,150-151,151

physiologic variables, 136,137-138
integrated assessment, 41-61
models, 62-78
models and waveform recognition, 67
normal findings, 81-85
practical models, 66
principles of blood flow, 41-42,62-65,81
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systemic and intracranial, relationship, 54-57
turbulence, 42,63-64, 75,139
vasomotor reactivity (VMR), 48,48-49,64

vasospasm see vasospasm
venous return, 45
waveform recognition see waveform recognition
see also cardiac cycle; cardiac output; specific parameters

hemoglobin S, stroke risk, 141
hepatojugular reflex, 49
Hunt-Hess classification, 181,198
hypercapnia, 24
hyperdense arteries, 170,171
hyperechoic plaque, 88,153-154,154
hyperemia, 163,163

diagnostic criteria, 102-104,103,104
hypertension, 24

blood flow velocities and, 137
hemodynamic assessment, case studies, 67-68,68

hyperventilation, 24
hypoechoic plaque, 153,153,154,168
hypoglycemia, blood flow velocity and, 137
hypoxia, blood flow velocity and, 137

I
inotropic agents, 46
internal carotid artery (ICA)

anatomy, 4,5,6
blood flow, normal, 82,83
dissection, 214,214
occlusion/stenosis, 220

diagnostic criteria, 101,114
screening, 150

interpretation
criteria, 79-129

diagnostic see diagnostic criteria
problems, case presentation, 206—209

Intersocietal Commission of Accreditation of Vascular
Laboratories, 3

interstitial fluid pressure, 45
intima-media thickness (IMT), 156,156-157
intra-aortic balloon pump waveform (IABPW), 60,61
intracranial pressure (ICP), 55,55-57

intracranial flow, normal findings, 84-85
management algorithm, 57
transcranial Doppler, 56-57

intracranial ultrasound, 17-32
see also transcranial color duplex imaging (TCDI);

transcranial Doppler (TCD)
'ischemic penumbra,' viii
isovolumetric contraction, 42

J
jugular vein, 4,49
jugular venous oxygen saturation (S- o2), 56
jugular venous pressure (JVP), 49

Kuopio heart study, 155
Kussmaul's sign, 49

lacunar syndrome, 173
laminar flow, 42,81,82
Laplace's law, 42,43
length-tension relationship, 46-47

Lindegaard ratio, 74,184,191
Louis, angle of, 49

M
magnetic resonance angiography (MRA), 170,172

advantages, 88
carotid dissection, 213
carotid thromboembolism, 217
subclavian steal, 211,211

Marey's law of the heart, 48
mean arterial pressure (MAP)

calculation, 44-45
formula/values, 50

Medical College of Georgia (MCG) Cohort Stroke Risk
Model, 141

middle cerebral artery (MCA)
branching, 34,36
hyperdense (HDMCA), 170
occlusion

diagnostic criteria, 99-100,172,113
hemodynamic assessment, 71, 73, 76-77

stenosis, 99,231,231-236,232,233,234
case presentation, 73,233-235,235
diagnostic criteria, 99,99-100,100
hemodynamic assessment, 73,231

vasospasm, 191-193,192
see also vasospasm

mirror artifacts, 24,26
mirror image, 7
M-mode see power-motion mode Doppler (PMD)
Moniz, Egar, 33
Monro-Kellie hypothesis, 55
moya-moya phenomenon, 133, 733,136
myogenic mechanisms, 65

N
National Institutes of Health Stroke Scale (NIHSS), 174,

176-177
neuroendocrine mediation of cardiac output, 48,48-49
nimodipine, 191,193
nitric oxide (NO),49
North American (N) method, carotid stenosis

measurement, 86
North American Symptomatic Carotid Endarterectomy

Trial (NASCET), 86,149-150,150,150,163-164
grading criteria, carotid stenosis, 85,162,162

Nyquist limit, 73

O
occipital artery, anatomy, 4-5
occlusion, arterial, 176,237-241

blood flow velocity and, 137
case histories, 74-77
color-flow set-up, 14
diagnostic criteria see diagnostic criteria
tandem, acute, 237-241

case presentation, 237-240,238,238,239
TCD criteria, 173,173-174, J75
see also reocclusion; specific vessels

Ohm's law, 42
oligemia, 56
ophthalmic artery, 4,6

anatomy, 4,6,30
collateral flow patterns, 105,105
sickle cell disease, 146
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optic nerve, 31
optimization of Doppler signal, 138-139,139
oscillations, rhythmic blood flow, 138
oxygenation

blood flow velocity and, 137
calculations, 56-57,57

algorithm, 57
venous saturation, 50,54

papaverine, 185-186,192
peak systolic velocity (PSV), 93
percussion wave, 55
percutaneous carotid stenting, 164
phantom image, 7
phlebostatic axis, 50
plaque characterization, 88,88-91,89,90,151-152,153,154
plasma colloid pressure, 45
Poiseuille's law, 42
positive inotropic agents, 46
posterior cerebral artery (PCA)

anatomy, 5,5
stenosis, diagnostic criteria, 101

posterior communicating artery (PComA)
anatomy, 6,6,29
collateral flow patterns, 106,107

power-motion mode Doppler (PMD), 9,9,13
transcranial, 22-25

isonation protocol, 25
spectral analysis, 23,24

preload, 46,46
Prourokinase in Acute Stroke Trial (PROACT), 174,177
pulmonary artery end-diastolic pressure (PAEDP), 53,

53-54
pulmonary artery pressure (PAP), 50,53
pulmonary artery wedge pressure (PAWP), 50,52-53,53
pulmonary vascular resistance (PVR), 47,50
pulmonary vascular resistance index (PVRI), 47,50
pulsatility index, 85
pulsation, arterial wall, 81—82

see also waveform recognition
pulsed-wave Doppler imaging, 6,9—10

transcranial, 17-18,18
pulse pressure, 45
pulse repetition frequency (PRF), 12,14

R
rapid ventricular ejection, 42
recanalization, arterial, 176,177-178,242 -250,243,245

case presentation, 247-249
differential diagnosis, 248
follow-up, 248-249
ultrasound findings, 247

criteria, 175,175
delayed, 246
speed of, 244

reflection artifact, 7, 7
'reflex action,' 33
reocclusion, 251-255,252-253

case presentation, 254-255
resistance, blood flow, 42,62-63
restenosis, criteria, 95
retrograde cerebral perfusion (RCP), 227-230

diagnosis, 228
differential diagnosis, 229

management, 229
ultrasound findings, 228,228-229

reverberation, 7
Reynold's number (Re), 63-64

salt wasting syndrome, 182—183,195
screening

carotid stenosis, 148-150,149
sickle cell disease, 146

shadowing, 7,7
sickle cell disease, 99,133-147

moya-moya phenomenon, 133,133,136
STOP trial see Stroke Prevention in Sickle Cell Disease

(STOP) trial
single photon emission computed tomography (SPECT), 184
'spectral broadening,' 81,82
square wave test, 51,51
Starling equilibrium, 45
steal phenomenon see subclavian steal
stenosis, arterial

blood flow distribution, 65,65
blood flow velocities and, 136,137-138
color-flow set-up, 14
restenosis, criteria, 95
see also individual arteries

stents, 95-96,163-164
percutaneous vs. carotid endarterectomy, 164

sternal angle, 49
stroke

acute ischemic, 170-180
grading systems, 171,174
management, 170
monitoring, 174-175
occlusion criteria, 173-174, 175
therapy, 170,175-178
yield and accuracy, 172-173

delayed neurologic deficits, 182-183
hemoglobin S risk, 141

see also Stroke Prevention in Sickle Cell Disease (STOP)
trial

'penumbra,' viii
see also subarachnoid hemorrhage (SAH); specific arteries

Stroke Outcomes and Neuroimaging (SONIA) project, 231
Stroke Prevention in Sickle Cell Disease (STOP) trial,

133-147
blood flow velocities (time-averaged TAMM), 136-140

anatomic variables, 138-140
measurements, 140-141,142,143,144,145
physiologic variables, 136,137-138

criteria, 133-134, 734,141,143
FAQs, 143-146
TCD interpretation, 140-141
TCD protocol, 140

stroke volume (SV), 46,50
'stump,' 97
subarachnoid hemorrhage (SAH)

case studies, 69, 74,191-193
clinical appearance, 182
Fisher classification, 181,182,191
hemodynamic assessment, 69, 74
hemodynamic augmentation, 59-61
Hunt-Hess classification, 181,182
vasospasm after see vasospasm
see also aneurysms
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subclavian steal, 163,168,210-212
case presentation, 210
correlative imaging, 211,211-212
differential diagnosis, 212
ultrasound findings, 210,211

subclavian steal syndrome, diagnostic criteria, 116-117,117
syncope, evaluation, 166
systemic vascular resistance (SVR), 44

calculation, 47
formula/values, 50

systemic vascular resistance index (SVRI), 50

TCD see transcranial Doppler (TCD)
TCDI see transcranial color duplex imaging (TCDI)
thoracic electrical bioimpedance, 54
thromboembolism, carotid artery, 217-219,218,219
thrombolysis

in brain ischemia (TIBI), 174
flow grades, 111, 237

extended window, 256-260,257-259,258
Flow Grade Definitions, 111
in myocardial infarction (TIMI), 174
see also retrograde cerebral perfusion (RCP)

thrombosis
carotid artery, 74-77
detection, 97

tidal wave, 55
time-averaged mean maximum (TAMM) velocities, 133
time-gain compensation (TGC), 7
transcranial color duplex imaging (TCDI), 25-32

advantages, 30
anatomical variations, 206-208,207,208
B-mode imaging, 26,26
circle of Willis, 34
color Doppler imaging, 26-27,27
Doppler spectral analysis, 27
examination technique, 27-32
limitations, 30-32
submandibular insonation, 30
transforaminal insonation, 29,29
transorbital insonation, 29-30,31
transtemporal insonation, 28,28-29
transtemporal isonation, 28,28-29

transcranial Doppler (TCD), 17-22,22
children, 99,134-136,135,138-141
circulatory arrest, 203-205
flow direction relative to transducer, 21
intracranial pressure analysis, 56-57
isonation angle, optimization, 138
isonation depths, 18

ranges, 21
isonation windows, 17,17
power-motion mode, 22-25

accuracy improvement, 24-25
rules, 24
spectral analysis, 23,24

practicalities, 21-22
protocols, 25,140

fast-track, 172
instrument settings, 139-140
optimization, 138-140,139
pediatric, 134-136

pulsed-wave spectral waveform display, 17-18,18
sickle cell disease, 99,133-147

indications, 143
STOP trial see Stroke Prevention in Sickle Cell Disease

(STOP) trial
stroke, acute ischemic, 170-180

fast-track, 172
yield/accuracy, 172-173
see also stroke

subclavian steal, 211,211
submandibular, 17,20,20-21
therapeutic, 177-178
transforaminal, 17,20,20,25
transorbital, 17,19,19-20,25
transtemporal, 17,18-19,19,25
vasospasm, 183-184,191-192,195-196
visual display, 139
waveform follower, 139

transient ischemic attack (TIA), hemodynamic assessment,
72-73,75

traumatic brain injury (TBI)
hemodynamic assessment, 68-69,77
hemodynamic augmentation, 58-59
vasospasm, 183,192

Treppe phenomenon, 46
triple H therapy, 184-185
turbulence, blood flow, 42,63-64, 75,139

U
ultrasound, advantages, ix

V
vascular distensibility, 44
vasoconstriction, 48
vasodilatation, 48
vasomotor reactivity (VMR), 48,48-49,64

see also vasospasm
vasopressin, 48
vasospasm, 74

biologic/physiologic aspects, 181-182
blood flow studies, 183,183-184,195-197,196
case presentations, 191-193,192,195-197,196
clinical features, 182-183
diagnostic criteria, 102-104,103,104
differential diagnosis, 192-193,196,199
distal spasm, 184,185
follow-up, 202
management, 184-186,193,196-197,200,202
post-subarachnoid hemorrhage, 181—188

anterior cerebral artery, 195—197,196
middle cerebral artery, 191-193,192
multiple vessel, 198-202,199,200,201

post-traumatic, 183,192
stages, 184

velocity spectral display, 9-10,13
venous oxygen saturation (Svo2), 50,54

jugular (S- o2), 56
ventricular diastole, phases, 44
ventricular systole, phases, 42-43
vertebral artery

anatomy, 5,5,13
color flow imaging, 5,35,36
variation, 206-209,208

blood flow, normal, 83
duplex scanning, 162-163,164-168
stenosis/occlusion, 98-99,101-102,116

vertigo, 206-209
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W percussion wave, 55
Warfarin Aspirin Stroke in Intracranial Disease (WASID) pulsatility, 67-70,68,69,70

trial, 231 stenotic signal, 73, 73
waveform recognition, 66-77,67 'stump,' 97

aliasing and signal optimization, 8,8,72, 72-74,73 systolic flow acceleration, 71-72, 72, 75
atrial fibrillation, 70,70 -71 systolic spike, 76,76 -77
'blunted' flow signal, 71,71 Willis, Sir Thomas, 33
branch occlusion, 76 Windkessel effect, 44
cardiac cycle, 44,44
extrasystole, 70, 70 X
flow diversion, 72 xenon computed tomography (Xe-CT), 184
heart rhythm, irregular, 70-71
multiple, 74 Z
oscillating/reverberating signal, 77 zero baseline, 14
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