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Foreword

Transcranial Doppler has been the forerunner neuroimaging
modality long before CT scans and MRIs became the “go to”
imaging for structural evaluation of the brain. TCDs and carotid
ultrasound continue to be the “doctor’s stethoscope for the brain,”
providing sophisticated physiological information about cerebro-
vascular hemodynamics complementing structural imaging. Over
the last few years, our body of knowledge in neurosonology has
dramatically expanded with the discovery of new clinical applica-
tions. This has pushed transcranial Doppler from being a techni-
cally burdensome cheaper alternative to vascular imaging into the
mainstream of stroke and neurocritical care.

A decade ago, I had wandered into the neurocritical care unit
as an eager fellow to begin my fellowship training in neuro critical
care. Very few units had dedicated TCD programs at that time. I
was curiously introduced to transcranial Doppler at the Cleveland
Clinic, starting a journey leading to Wake Forest School of Medi-
cine that has been at the forefront of neurovascular ultrasound
education since 1974. As a young faculty, I had much to learn
about intracranial hemodynamics and had no idea at that time
how dramatically it would change my approach to evaluation of
the brain in the coming years.

It has been delightful to see things changing considerably
across the globe with regards to noninvasive evaluation of the
brain across multiple clinical settings like intensive care, inpatient
care, outpatient clinics, and perioperative monitoring. Neurovas-
cular ultrasound has brought several clinical specialties under the
same umbrella with focus towards reducing acute brain injury and
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secondary brain injury prevention. The use of neuroultrasound
has expanded from evaluation of classical cerebrovascular dis-
eases to critical care and other medical diseases like traumatic
brain injury, sepsis, infective endocarditis, and post-cardiac arrest
management. No longer is TCD viewed as a harmless distraction,
but rather as a tool, which takes advantage of the major assets of
ultrasound — portability, cost-consciousness, and flexibility — for
serial examination, giving us new perspectives into mechanisms
of brain injury, serving as a true window to the brain.

Most academic centers now have or want a neurovascular
ultrasound program. There is a formal certification in neurovascu-
lar ultrasound allowing physicians the designation of Registered
Physician in Neurovascular Interpretation (RPNI), and nonphysi-
cian providers the designation of Neurovascular Specialist (NVS).
Many critical care ultrasound educational resources and guide-
lines now introduce neuroultrasound as a core skill for the general
intensivist, encouraging further education. Our integrated ultra-
sound curriculum at Wake Forest School of Medicine now
includes transcranial Doppler to get medical students excited
about the brain and teach cerebrovascular physiology.

Neurovascular Sonography is designed to fill this important
niche. It is comprehensive in scope with the objective of provid-
ing a practical reference that focuses on basic interpretation and
state-of-the-art guidance for using TCD in clinical decision-
making for patients at risk of brain injury. We hope this book trig-
gers further education and investigation in your clinical evaluation
since there is much to be learned about the brain through cerebro-
vascular ultrasound. We are indebted to the authors for facilitating
this work and convey our sincere gratitude to Dr. Wendy Ziai and
Christy Cornwell, BS, NVS, RVT, for leading this effort as edi-
tors.

Aarti Sarwal, MD, FNCS, FAAN, FCCM, RPNI

Professor, Neurology, Section Chief

Neurocritical Care, Medical Director, Neurocritical Care Unit
Atrium Wake Forest School of Medicine

Winston-Salem, NC, USA



Preface and Acknowledgments

Neurosonology has come of age in the era of critical care ultra-
sound and is now considered as a separate discipline with applica-
tions continuing to expand both for the inpatient and outpatient
setting and for a wide variety of neurological conditions. Tran-
scranial Doppler provides a unique diagnostic tool which is
dynamic and complex, requiring mastery of ultrasound techniques
and interpretation, but which is within the grasp of any healthcare
provider who has a curiosity for how ultrasound can be used to
interpret cerebral hemodynamics and improve the management of
cerebrovascular disease.

This book represents the culmination of an idea originally dis-
cussed during the 2019 meeting of the Neurocritical Care Society.
It was then apparent that there was no comprehensive handbook
of neurosonology for clinicians that could be utilized as a bedside
reference for technicians and providers. This work was initially
envisioned as a true handbook, and is now condensed in an over
500 page textbook to encompass the rapidly growing volume of
neurosonology information over the past few decades. Our goal is
to provide a practical source of pertinent information, particularly
for those beginning their investigation into this fascinating field.

We are indebted to the commitment and efforts of many pro-
fessionals who contributed significantly to the completion of this
book. This work would not have been possible without the dedica-
tion and love for teaching of each of our esteemed colleagues who
contributed chapters to this work. We would like to especially
thank Bahattin (Bobby) Ergin, RVT, for his invaluable help with
illustrations and organizational tasks. We owe enormous appreci-
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ation to our publishers at Springer, particularly our editor Jose-
phine Fabiola whose patience and support were so essential to the
preparation of this book. Finally, we bestow our deepest gratitude
to our spouses and children who provided continual encourage-
ment and support and without whom this work would not have
been possible.

Baltimore, MD, USA Wendy C. Ziai, MD, MPH
Columbus, OH, USA Christy L. Cornwell, BS, NVS, RVT
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Principles of Transcranial
Doppler Sonography

Andrei V. Alexandrov and John Bennet

Introduction

Instruments used to perform Transcranial Doppler (TCD) come in
a variety of configurations and degrees of complexity. All utilize
pulsed-wave Doppler technology alone (TCD) or, in combination
with real-time B-mode imaging, what we will refer to as Tran-
scranial Color Doppler Imaging (TCDI). While each has features
which render the modality particularly well suited for certain
applications, by far, the most commonly used outputs provided by
transcranial Doppler instruments are the audible sound and the
FFT spectral waveform. These are the result of processing Dop-
pler shift information from a single sample volume (gate) placed
along an ultrasound beam. The time averaged mean of the maxi-
mum velocity envelope (TAMM, TAMYV, Mean) and the pulsatil-
ity index (PI) are the values most widely used clinically.
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Fig. 1 Transducers used in performing TCD (left) and TCDI (right). (Photo
courtesy of Charles H Tegeler)< MD, RPNI

The pulsed ultrasound beam may be generated in one of two
ways: (1) by means of a single element mechanically focused
transducer or; (2) by means of a multi-element, electronically
steered and focused transducer (Fig. 1).

In either case, a piezoelectric material within the transducer is
excited by a voltage determined by a user adjustable transmit
power or, as it is commonly labelled, Power. It is this power which
will determine the amplitude of the transmitted ultrasound and, in
combination with beam area, spatial pulse length (SPL) and pulse
repetition frequency (PRF) (kHz), which will determine the inten-
sity of the ultrasound energy delivered into the body.

In the case of a single element transducer, the size and shape of
the ultrasound beam is determined by the diameter, frequency and
focus of the transducer and the direction of propagation is perpen-
dicular to the transducer surface. The excitation voltage as deter-
mined by the Power setting is delivered by the pulser.

In comparison, a multi-element transducer beam is signifi-
cantly more complex. The shape and direction of the sound beam
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is determined by the shape or type of transducer (linear, sector,
convex) and the beam former. The beam former is responsible for
coordination of the recruitment, delay and excitation of groups of
tiny piezoelectric elements within the transducer. The ultrasound
beam is not always perpendicular to the transducer surface. The
excitation voltage is still delivered by the pulser, which in this
case, is incorporated into the beam former. Such instruments are
capable of producing two-dimensional real-time B-mode and
color Doppler images.

Additional methods for processing Doppler shift information
will be discussed in more detail later in this chapter and those
which follow. First, however, attention will be directed toward
obtaining and processing Doppler shift information using a single
ultrasound beam with a single gate.

It is the purpose of this chapter to present a practical review of
the physical principles of ultrasound and more specifically, Dop-
pler ultrasound. For a more comprehensive review of the subject
material the reader is referred to several textbooks dedicated to
this subject [1-5].

Ultrasound

Special thanks: Several of the concepts presented in this chapter
are adapted from Kremkau [1] with permission.

Ultrasound is sound consisting of frequencies higher than the
range of human hearing. The audible range commonly used in
textbooks is:

>20Hzto <20kHz

Sound of frequencies greater than 20 kHz is described as ultra-
sound. Sound of frequencies less than 20 Hz is described as infra-
sound.

It is much to the benefit of those of us who use Doppler ultra-
sound that Doppler shift frequencies from moving blood fall
within the audible range. Many experienced sonographers con-



4 A.V. Alexandrov and J. Bennet

sider the audible signal the key to performing the TCD examina-
tion.

A basic understanding of the nature of sound waves and the
terminology used when describing them is essential to the art and
science of sonography.

Sound

Sound is a mechanical compressional wave which travels through
a medium in a series of repeating variations consisting of pres-
sure, density, temperature and particle motion. Referred to as
acoustic variables, their movement through a medium, in our case
human tissue, results in a pushing and pulling or vibrating effect.
Positive amplitude or peaks correspond to regions of high density
or compression while negative amplitude or troughs correspond to
regions of low density or rarefaction. Zero amplitude corresponds
to an undisturbed state. Sound is also described as a longitudinal
wave because the acoustic variables travel parallel to the direction
of wave propagation.

Acoustic Variables include:
e Pressure

e Density

e Temperature

¢ Particle Motion

Wave Parameters (Fig. 2)
Wave parameters are terms used to describe waves.
e Cycle
Each complete repetition of the wave process as it transitions
from zero to peak positive; back to zero; to peak negative; and,

back to zero constitutes a cycle. The cycle is an important param-
eter as pulses are comprised of cycles.
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Fig. 2 Wave parameters include frequency, wavelength, period and ampli-
tude. One complete wave from any point to the same point on the following
wave represents 1 cycle

e Frequency

The number of cycles which occur in 1 second determines the
frequency of the wave and is expressed in units of hertz (Hz). One
cycle per second equals 1 Hz.

In ultrasound, the units most often used are kilohertz and
megahertz.

One kilohertz (kHZ ) equals 1,000 Hz.
One megahertz (MHZ ) equals 1,000,000 Hz.

e Wavelength

Wavelength A (mm) is the distance over which 1 cycle occurs
(mm). Wavelength may be measured from any point along a wave
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cycle to that same point upon an adjacent wave cycle. Wavelength
is a distance measurement.

Wavelength (A) (mm) = ¢ (mm/(us))/f (MHz) where c is the
propagation speed of sound. For our purposes, c is the propaga-
tion speed of sound in soft tissue, 1540 m/s or 1.54 mm/us. The
latter results in simplification of units of expression. For example,
the wavelength of a 2 MHz transducer as is commonly used in
transcranial Doppler is:

Sy 5g S

wavelength = Cmm ____mm _77mm

f MHz 2MHz

As frequency increases the wavelength decreases. Resolution,
both axial and lateral, increases at the expense of penetration
which decreases.

e Period

Period (T) (pS) is the time which it takes to complete one
cycle. The period of a wave is in units of time what the wave-
length is in units of distance. For our 2 MHz wave:

1 1
"~ fMHz 2MH;

T(,us) =0.5us

e Amplitude

Amplitude is the vertical deviation of a wave from zero or the
height of the wave. Amplitude is most often expressed as pressure
in units of megapascals (MPa). However, it is applicable to the
other wave variables as well. Amplitude may be expressed as:

maximum positive — maximum negative | 2



Principles of Transcranial Doppler Sonography 7

Propagation Speed

Propagation speed is the speed at which a wave travels through a
medium. Propagation speed is determined by the medium, pri-
marily its stiffness. The stiffer or less compressible the medium,
the faster the sound travels through it. In general, sound travels
faster in solids than liquids and faster in liquids than gases. Or, in
anatomical terms, ultrasound waves travel faster through bone
than soft tissue and faster through soft tissue than lung (or air).
Units for expressing propagation speed include meters per second
(m/s) and millimeters per microsecond (mm/ps).

An appreciation of propagation speed is necessary to under-
standing ultrasound and how ultrasound devices work. The propa-
gation speed in soft tissue, and that assumed by ultrasound
devices, is 1540 m/s. Kremkau [1] reduces this to 1.54 ps/mm
which results in simplification of units as we will see later.

As will be discussed next, propagation speed also plays a sig-
nificant role in determining the acoustic impedance of a tissue and
thus the amplitude of echoes returning from tissue boundaries or
interfaces.

Impedance

Acoustic impedance (z) is a function of a tissue’s densiry (kg/m’)
times the propagation speed (m/s) or,

z = pxc(expressed in units of rayls)

The average acoustic impedance of soft tissue is 1,630,000
rayls (K).
Acoustic impedance is an important concept because it is the

differences in “z” or, impedance mismatches, which, along with
intensity and angle of incidence, determine the amplitudes (inten-
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sities) of echoes returning to the transducer and those continuing
to propagate. The reflected intensity can be calculated as follows:

(o)
2
IRC = [r\cm
H(ij
sz

where IRC is the intensity reflection coefficient, IR is the reflected
intensity, Ii is the incident intensity, z1 is the acoustic impedance
of the first medium and z2 is the acoustic impedance of the second
medium.

Since IRC + ITC (intensity transmission coefficient) = 100%
(incident intensity):

x(z1-22/71+22)".

ITC=1-1RC

In imaging, the amplitudes of echoes returning to the transducer
are displayed as different shades of gray or brightness in B-mode
imaging. B-mode is excellent at differentiating between adjacent tis-
sues with even small differences in acoustic impedance. It is this
capability which results in B-mode imaging being a useful tool for
identifying tissue boundaries and textures encountered during imag-
ing of the carotid arteries including plaque features and thrombus.

The role of acoustic impedance in Doppler is usually less obvi-
ous than in imaging, the important exception being in emboli detec-
tion. It is the differences in impedance between blood and embolic
materials (gaseous and solid) which result in significant differences
in the amplitude of echoes and in the audible signal. Emboli detec-
tion will be discussed in detail in chapter “Monitoring for Emboli
Detection (Without and With Microbubbles)”. Otherwise, in
Doppler, aside from the interface between the intima and blood,
acoustic impedance contributes to attenuation, primarily as a result
of interface(s) with bone.

Reflection and Scatter

At an interface a portion of the incident wave is reflected or scat-
tered back toward the transducer (or refracted) while a portion is
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transmitted onward along the same or altered path at an intensity
reduced by the amount reflected or scattered. The extent to which
the ultrasound is reflected back along the same path is determined
by the angle of the incident wave relative to the interface, the
angle of incidence.

Reflection, especially specular reflection, requires that the
boundary of an interface be oriented perpendicular to the incident
wave. A beneficial example of specular reflection is the common
carotid artery oriented perpendicular to the sound beam on the
display to allow measurement of intimal-medial thickness. A not
so beneficial example would be a TCD transducer positioned on
the skin perpendicular to the temporal bone resulting in reflection
approaching 100%. This is one of the reasons a small amount of
angle between the transducer and the temporal bone can be help-
ful in achieving a signal.

The majority of tissue interfaces, however, are not aligned per-
pendicular to the incident sound wave but at some angle. The
paths of the reflected waves and transmitted waves are determined
by the reflection angle and the transmitted angle, respectively.

The intensity at which the wave is reflected or transmitted is
determined by the impedance mismatch of the interface tissues as
determined by the intensity reflection coefficient and intensity
transmission coefficient, respectively. If there is no impedance
mismatch, meaning the impedances are equal on either side of an
interface, there is no reflection. However, there may be scattering.

Refraction refers to redirection of a transmitted wave as a
result of oblique angle of incidence and different propagation
speeds on either side of an interface. Refraction can result in arti-
facts within images.

Scattering

Scattering occurs at interfaces which are small relative to the
wavelength of the ultrasound and, or have non-uniform surfaces
(scatterers). As the term implies, scattering occurs in many direc-
tions. Echoes scattered back in the direction of the incident beam
are termed backscatterers. Unlike specular reflection, scattering is
not as dependent on the angle of incidence. Such interfaces are
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: Rayleigh Scattering:

 Backscattering

= Red Blood Cells

:écéttéréiﬁg: o

Fig.3 Scattering

common in diagnostic ultrasound as they include echoes from
organ parenchyma as well as blood (Fig. 3)

In the case of blood, the scatterers are predominantly red blood
cells (RBCs) suspended in plasma, the concentration of which is
described by the hematocrit. The amount of “backscatter’”” and, there-
fore the intensity of the returning echoes, is determined by the vol-
ume of RBCs within the sample volume and the impedance mismatch
between the blood and the intima. The small size of these scatterers
relative to the wavelength of the ultrasound beam and their non-uni-
form distribution result in their being described as Rayleigh scatter-
ers, the same phenomenon responsible for the blue of the sky.
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The intensity of backscattered echoes is proportional to fre-
quency to the fourth power. In imaging, it is not unusual to visualize
spontaneous echo contrast using transducer frequencies in the
10 MHz range and higher. However, with lower frequency transduc-
ers such as 2 MHz used in TCD, the result is weak backscatter, com-
pounding the challenge which already exists due to high attenuation.

Introduction to Doppler Ultrasound

Doppler instruments generate either continuous wave (CW) or
pulsed-wave (PW) ultrasound or both. In CW Doppler, the trans-
ducer consists of two crystals with one transmitting continuously
and the other receiving continuously. The focus is determined by
the crossing points of the two beams.

Pulsed-wave Doppler uses a single beam to both transmit and
receive. The transducer may be in the form of a single large ele-
ment (TCD) or many small ones acting together (TCDI) to form
the ultrasound beam (Fig. 4).

Frequencies used for Doppler ultrasound are lower than those
used for imaging. Lower frequency results in less rapid attenua-
tion which results in better sensitivity at depth and less aliasing in
comparison with higher frequencies. As previously mentioned,
2 MHz is commonly used for transcranial Doppler although fre-
quencies as low as 1 MHz are sometimes used. Frequencies as
high as 20 MHz may be used intraoperatively where the trans-
ducer is in direct contact with the vessel such as during open
repair of cerebral aneurysms.

Transducer

The source of ultrasound is the transducer. Ultrasound transducers
incorporate a piezoelectric material meaning it changes shape
when an electrical voltage is applied. The transducer functions to
convert electrical voltages into mechanical vibrations and mechan-
ical vibrations into electrical voltages. The frequency of the sound
produced depends on the type and thickness of the crystal.
Performance is optimized by the use of damping and matching
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Fig. 4 Continuous wave (CW) Doppler consists of two piezo-electric com-
ponents, one of which is fransmitting and one of which is receiving continu-
ously, hence the name. Pulsed wave (PW) Doppler utilizes one piezo-electric
component which both transmits and receives and is a sampling technique.
The rate at which sampling takes place is determined by the pulse repetition
Jfrequency (PRF). Transcranial Doppler and most vascular applications of
Doppler utilize the pulsed wave technique. (With permission, Alexandrov AV.
Neurovascular Ultrasound Examination. Wiley: 2013)

layers in back and in front of the piezoelectric element, respec-
tively. The damping layer acts to dampen or shorten the pulse.
While a shorter pulse improves image resolution it also dampens
amplitude resulting in reduced sensitivity to weak scatterers which
is not desirable in Doppler. Most TCD instruments utilize
undampened transducers. The matching layer serves to adapt the
impedance of the transducer to that of the skin. Use of an aqueous
based gel provides coupling to the skin which along with a reason-
able amount of pressure acts to maximize energy transfer.

¢ Pulser/Receiver

The transducer is connected to both a pulser and a receiver.
The pulser and transducer function together on the transmit side
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of the ultrasound beam while the transducer and receiver work in
combination on the receive side. The pulser delivers the appropri-
ate voltage at the resonant frequency to drive the piezoelectric
crystal(s) in the transducer. The receiver amplifies and measures
the returning echoes and, in the case of Doppler instruments,
compares them with the transmitted pulse in determining fre-
quency, amplitude and phase (direction).

Ultrasound Beam

In the case of pulse echo imaging and pulsed-wave Doppler, the
transducer is the source of pulses or bursts of ultrasound cycles
interspersed with periods of no ultrasound or listening. For
imaging, the pulses consist of 1-3 pulses while for Doppler they
consist of 2-30 pulses. This stream of pulses results in a three
dimensional beam of ultrasound. The near zone length (NZL or
Fresnel zone) of this beam originates from the transducer with an
area equal to the transmitting element(s). The beam converges at
the depth at which the beam is focused, either mechanically or
electronically. The diameter of the beam at any given depth is
referred to as the beam width. The beam width and area are small-
est at the focus, approximating half that at the transducer. The far
zone length (FZL or Fraunhofer zone) diverges from the focal
point returning to the original beam width at a depth approxi-
mately 2x that of the focal depth or near zone length. In water, in
which the characteristics of ultrasound beams are typically mea-
sured, the intensity of the beam will be greatest at the depth where
the area is smallest, at the focus. Intensity is expressed as:

I(mw / sz) = Power(mw) / Area (sz)

Intensity is expressed in many ways. The measure most com-
monly cited and by which ultrasound devices are regulated is Ispta
where sp is the spatial peak (the highest intensity across the beam,
usually in the center) and fa is temporal average, the average of all
intensities within the pulse including the pulse repetition period
(PRP) or, “listening time,” during which no pulses are being gener-
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Fig. 5 The ultrasound beam consists of a near field (Fresnel) and a far field
(Fraunhofer). Typically, the intensity of the ultrasound beam is greatest at the
focus where the beam area is smallest. This is not always the case, however,
with TCD due to the high attenuation coefficient of bone

ated. In vivo, and as is certainly the case with transcranial Doppler,
the maximum intensity is often found closer to the transducer
where amplitude is highest and before significant attenuation has
occurred (despite the larger beam diameter) (Fig. 5).

Attenuation

Attenuation is the weakening in the amplitude and intensity of a
sound wave as it propagates. Attenuation is expressed using a
logarithmic scale and is expressed in units of decibels (dB).

Processes contributing to attenuation include absorption,
reflection, refraction and scattering. Absorption involves the con-
version of mechanical energy to heat and accounts for the major-
ity of attenuation. It will be discussed again later as it is important
in safety.

Attenuation is dependent upon both the source and the medium.
An example of the source contributing to attenuation is frequency.
Attenuation increases with increasing frequency. For this reason,
as frequency increases, penetration decreases.

The amount of attenuation which occurs per centimeter is
termed the coefficient of attenuation (ac) and is expressed in units
of decibels per centimeter (dB/cm). The coefficient of attenuation
is different for different tissues and frequencies. The average
coefficient of attenuation (dB/cm) in soft tissue is approximately
equal to one-half of the frequency. Therefore, the coefficient of
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attenuation (ac) for our 2 MHz wave traveling through soft tissue
is approximately:

ac=2MHz/2=1dB/cm

To calculate attenuation, the attenuation coefficient is multi-
plied by the path length:

dB
a(dB) ac(cmij(cm)

Attenuation of 3 dB corresponds to a reduction of intensity of
50% while 10 dB is equivalent to a 90% reduction in intensity [1].
In other words, in soft tissue, our 2 MHz wave could reach our
5 cm focal depth, which is approximately the mid M1 segment,
and return to the transducer at 10% of its original intensity.

However, attenuation is much higher in bone (and air) than in
soft tissue. In the case of transcranial Doppler performed through
the temporal window (and, to a lesser extent other windows), the
sound waves must pass through thin portions of bone in both
directions. The coefficient of attenuation (ac) for a 2 MHz wave
passing through bone is approximately 20 dB/cm or 2 dB/mm. A
tendency toward increasing amounts of air within the temporal
squama with increasing age and osteoporosis further complicates
calculation. It becomes readily apparent why a population depen-
dent percentage of individuals have inadequate temporal windows
for insonation. Temporal window thickness greater than 3.6 mm
or 2.9 mm and heterogeneous have been reported to be associated
with inadequate or absent temporal windows [6, 9].

Methods of Compensating for Attenuation
Fortunately, transcranial Doppler and diagnostic ultrasound in
general tends to outperform theoretical limitations.

As previously discussed, attenuation increases with frequency.
Therefore, using a lower frequency is one method to compensate
for attenuation.

As previously described, intensity is the amplitude of the wave
divided by the area of the ultrasound beam and amplitude is deter-
mined by the power output of the instrument. Fifty percent (—3 dB)
of a “stronger” ultrasound beam is greater than fifty percent of a



16 A.V. Alexandrov and J. Bennet

“weaker” ultrasound beam. The use of higher acoustic output is
another method for compensating for the attenuation coefficient
encountered with transcranial Doppler. However, higher amplitude
and intensity are associated with increased safety concerns in the
form of bioeffects (see Safety and Amplitude and Intensity).

Gain is yet another tool for compensating for attenuation. Gain
amplifies the signals returning to the receiver. It is analogous to
volume on your radio. The caveat with Gain is that, if the signal is
weak (poor signal-to-noise) both are amplified equally. Increasing
the Gain can be useful in helping to find a signal. Unlike Power,
increasing the Gain does not affect the amplitude or intensity of
the ultrasound beam.

In addition to overall gain, imaging instruments are equipped
with Time Gain Compensation (TGC) which allows for selective
amplification or suppression of echoes returning from various
depths along the sound beam. TGC allows the sonographer to fine
tune the image such that echoes from like tissues (z) are displayed
at the same brightness.

Doppler Effect

The Doppler Effect is the change in the observed frequency of a
wave due to motion. There are variations depending on whom or
what is doing the moving.

Blood as Moving Scatterers

For our purposes, the Doppler shift is a change in frequency
between the transmitted or operational frequency of the ultra-
sound transducer and the frequency of echoes returning to the
transducer from the motion of blood (see Scatterers, Rayleigh).

The Doppler shift frequency (fD) is the difference between the
operational frequency (fo) and the received frequency (frequen-
cies, actually) (fR):

fD(kHz) = fR(MHz)—fo(MHz)
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Fig.6 Top: The scatterers are moving relatively toward the ultrasound beam
resulting in a positive Doppler shift or, fR > fo. Middle: At an angle of 90°,
motion is neither toward nor away relative to the ultrasound beam resulting in
no Doppler shift or, fo = fR. Bottom: The scatterers are moving away relative
to the ultrasound beam resulting in a negative Doppler shift or, R < fo. (With
permission, Alexandrov AV. Neurovascular Ultrasound Examination. Wiley:
2013)

The operating frequency (fo) and the received frequenc(ies)
(fR) are within the megahertz range. Doppler shift frequencies
(fD) are within the kilohertz range and audible range of human
hearing.

If the received frequency (fR) is greater than the operational
frequency it is considered a positive Doppler shift. If the Doppler
shift frequency is less than the operational frequency it is consid-
ered to be a negative Doppler shift. If there is no difference
detected between the operating frequency and the received fre-
quency, as is the case when there is no motion relative to the
direction of propagation of the ultrasound beam, there is no
Doppler shift (Fig. 6).
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Table 1 Examples of Doppler Shift frequencies and velocities commonly
encountered in TCD

fo (MHz) fR (MHz) Doppler Shift (KHz) Velocity (cm/s)

2.0 2.0013 +1.3 +50
2.0 2.0026 +2.6 +100
2.0 2.0052 +5.2 +200

The received frequencies are higher than the transmitted frequency of 2 MHz
resulting in these being positive Doppler shifts. The Doppler shift frequency
is proportional to speed. Assuming angle of 0°, the direction of motion is
directly toward the transducer and is displayed as a velocity

Doppler Equation

For a moving scatterer such as blood, assuming an angle of zero
degrees (cosine 0 = 0), the equation is:

V(cmj
N
ﬂ)(kHz):fo(kHz)xzx7

N

Rearranging to place velocity on left and using the speed of sound
in tissue and appropriate units [1], results in the following simpli-
fied equation:

77(::ijf(D)(KHz)
f(0)(MHz)

v(em/s)=

Examples of Doppler shifts and corresponding velocities com-
monly found in TCD are found in (Table 1). A zero degree angle
of insonation is assumed.

Doppler Angle

The term “relative” to the ultrasound beam was used previously
because, unlike the example above, in which the direction of blood
flow is directly toward the transducer (0°), blood flow is not always
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directly toward or away from the ultrasound beam but at an angle
(0). The angle at which the ultrasound beam intersects with the
moving blood is termed the angle of insonation. When the angle of
insonation is not zero, that is, neither directly toward nor away from
the direction of the transmitted sound waves, the Doppler shift is
not maximum. In order to “correct” for the resulting underestima-
tion, the cosine of the angle of insonation () is introduced into the
Doppler Equation in order to calculate what the Doppler shift would
be if the angle of insonation were zero. Angle correction is rou-
tinely used in carotid duplex and other vascular applications.

Rewriting the Doppler Equation to “correct” for an angle of
insonation other than zero, it becomes:

77(::3xf(D)(KHz)

f(0)(MHz)x cosines

v(em/s)=

This is the function which is performed when the angle cursor is
adjusted on the display of an imaging system. While it is standard
of practice to angle correct when performing carotid duplex and
other vascular ultrasound, it is currently not the case when perform-
ing TCDI. As with TCD, an angle of 0° is assumed accepting this
may not always be achieved. However, by always striving to obtain
the highest Doppler shift, this approach has been demonstrated use-
ful for clinical applications [7]. By assuming an angle of zero
degrees, the velocity cannot be overestimated, only underestimated.

Pulsed-Wave Doppler

Pulsed-wave Doppler is a sampling Doppler technique consisting
of a series of short bursts or pulses of ultrasound interspersed with
periods of no ultrasound or listening. Pulses consist of multiple
cycles. In comparison with imaging for which short (dampened)
pulses of 1-3 cycles are used in order to achieve greater resolu-
tion, Doppler utilizes longer pulses consisting of 2—30 cycles due
to the need for adequate sampling to improve sensitivity and
signal-to-noise.
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SV Depth 50 mm
65 us roundtrip time
13uS/cm X 5 cm

Gate 10 mm
(13 cycles)

Fig.7 Fora 10 mm sample volume (SV) (gate) at a selected depth of 50 mm,
the gate would open 29.25 uS and close 35.75 uS following the beginning of
the pulse resulting in the center of the gate occurring 32.5 uS following the
beginning of the pulse. The time for the pulse to travel to the selected depth
range and for Doppler shift echoes to return to the transducer would be 65 pS
(Kremkau’s rule of 13)

Range Gating

Pulsed —wave Doppler provides the means by which echoes from
operator selected depth ranges along the ultrasound beam may be
received and processed using the technique of range gating. The
gate is opened and closed at times corresponding to the selected
depth and length. Using the principle described by Kremkau in the
Rule of 13, whereby roundtrip travel time of ultrasound in soft
tissue equals 13 us/cm (6.5 us/cm one way), the instrument deter-
mines the depth and length of time the gate is open. It is common
that the selected gate depth corresponds to the center of the gate
Fig. 7.

Exercise

A 10 mm SV would typically be associated with an equal SPL of
10 mm. A transducer with an operating frequency of 2 MHz has a
wavelength = ¢/f or, 1.54 us/2 = 0.77 mm. Since SPL = wave-
length x number of cycles, by dividing the SPL (10 mm) by the
wavelength (0.77 mm) we arrive at the number of cycles in the
pulse or, 10 mm/0.77 mm = 13. Taking it a step further, if we take

the period or T :% = 0.5 uS, we see that 13 cycles x 0.5 uS/
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cycle = 6.5 Ss = the time it takes sound to travel 1 cm (10 mm) in
soft tissue which is the length (in time) of our gate.

Additional Parameters Inherent to Pulsed-Wave
Doppler

Pulse Duration and Spatial Pulse Length

Pulse Duration (PD)(uS), is the time it takes for one pulse to occur
while spatial pulse length (SPL) is the length (mm) of one pulse
or,

PD(uS) = Period (T)(uS) x number of cycles and,

SPL (mm) = wavelength x number of cycles

It is typical that the spatial pulse length is equal to the length of
the sample gate. Therefore, the larger the sample gate, the longer
the SPL (more cycles) and pulse duration and the greater the
intensity of the ultrasound beam.

Pulse Repetition Frequency, Pulse Repetition
Period and Duty Factor

Pulse Repetition Period (PRP) (uS) is the length of time between
the beginnings of successive pulses which means it includes the
“listening” time. Since several thousand pulses are transmitted
each second, PRP is expressed in kHz.

Duty Factor (DF) refers to the percentage of time the ultra-
sound is on, that pulses are being emitted.

DF% = 2
PRP
In the case of CW Doppler, the duty factor is 100% because the
ultrasound is continuously on. The DF for Imaging ranges from
0.1% to 1.0% while the DF of pulsed-wave Doppler ranges from
0.5% to 5.0% due to the pulses consisting of more cycles [1].
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Pulse Repetition Frequency (PRF)

The Pulse Repetition Frequency (PRF) (kHz) is the number of
pulses transmitted per second. The PRF determines the maximum
Doppler shift frequency (fD) that can be detected without experi-
encing aliasing. Aliasing is an artifact due to under sampling
which results in higher frequencies of a waveform being cut off
and displayed in the opposite direction. As previously described,
pulsed wave Doppler is a sampling technique. In order to achieve
accurate representation, the sampling rate must be at least 2x the
frequency of the maximum Doppler shift frequency. If the Doppler
shifted frequency exceeds this limit it will result in aliasing. The
frequency at which this occurs is known as the Nyquist Limit after
the engineer who described the phenomenon. It is written as:

Nyquist Limit (kHz) = %x PRF (kHz)

In modern instruments, PRF is linked to the velocity Scale on
the vertical axis of the spectral Doppler display. As the scale is
increased, the PRF will increase in order to accurately sample the
resulting higher frequency shifts (velocities). Options for correct-
ing for aliasing include increasing the PRF or changing to a lower
operating frequency transducer while an option for compensating
for aliasing consists of lowering the baseline (cutting and pasting)
in order to provide additional scale in the appropriate direction to
display more of the waveform.

Range Ambiguity

In addition to aliasing, there is another artifact which can be
explained using Kremkau’s “Rule of 137 whereby all of the
echoes from the previous pulse do not have time to return from the
depth of the SV before the next pulse begins (PRP). This results in
range ambiguity as there is no way to be certain from exactly
where along the beam the returning echoes originated. While high
PRF may be useful in certain cases, due to the many potential
sources within the brain, many TCD instruments elect not to pro-
cess echoes beyond the limit of ambiguity. Instruments which
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allow PRFs beyond the limit of ambiguity typically display addi-
tional sample volumes to alert the sonographer to the possibility
of ambiguous signals.

In performing transcranial Doppler, it is not unusual that high
velocity signals are detected at depths beyond the limit of ambigu-
ity using a PRF which would not result in aliasing. In these cases,
the sonographer has the option to decrease the PRF (scale) and
accept aliasing in favor of ambiguity.

Doppler Processes and Instruments

To briefly review, Doppler instruments transmit a known fre-
quency (fo) of ultrasound, receive and amplify returning echoes to
determine the difference (shift) in the frequencies and the phase
(direction). From that point on, it is a matter of how the Doppler
shift information is processed and displayed (Fig. 8)

Bilateral
Monitoring / IOM

Dual Channel
(2 Single Beams) CO2 Reactivitiy

(VMR)

Emboli Detection

Power M-Mode

J

Audio Signal &

FFT Spectral
Display

Power M-Mode

Transcranial Multigated ‘ Multi-Depth

Doppler Spectra
Instruments and

Applications
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Color Power

Doppler

Fig. 8 Transcranial Doppler Instruments. Conventional Instruments (TCD)
consist of a single ultrasound beam with one (single gate) or many (multi-
gate) sample volumes. Instruments used for TCDI consist of multiple multi-
gate beams scanned at a rate which appears as real-time. Two Channel TCD
Instruments essentially consist of two Single Channel TCD machines com-
bined in one instrument
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The audio signal and FFT spectral waveform representing
Doppler shifted echoes from a single sample volume remain the
primary sources of diagnostic information provided by TCD
instruments.

Audio

The primary means by which Doppler shift information is pre-
sented is as an audio output.

It is much to our benefit that Doppler shifted frequencies from
moving blood fall within the audible range. The audio signals
lend themselves nicely to presentation in stereo with flow toward
the transducer (positive shifts) in one channel and flow away from
the transducer (negative shifts) in the other using either
loudspeakers or headphones. Many experienced sonographers
consider the audio signal to be of the highest importance when
performing a TCD examination.

Spectral Analysis

The audible Doppler signal consists of a spectrum of Doppler
shift frequencies representing complex backscattered echoes from
moving blood and possibly adjacent tissues. The spectrum ana-
lyzer, originally debuted as a “sound spectrum analyzer,” uses a
mathematical process known as the fast Fourier transform in an
effort to represent visually what our ears hear in the audible sig-
nal. The result is the Doppler spectral waveform, either in color or
gray scale, with frequency distribution and intensity displayed on
the vertical axis and time on the horizontal axis. While several
parameters and indices may be measured or derived from the
spectral waveform, by far, that most widely used in transcranial
Doppler is the time averaged mean of the maximum velocity enve-
lope (TAMM) and commonly referred to as Mean.

Because the sample volume is large in comparison with the
intracranial arteries, it is not uncommon that echoes from branches
and vessel segments in close proximity may appear within the
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spectrum. The spectral waveform is helpful in identifying these as
well as bruits and musical murmurs.

Additional Methods of Doppler Signal
Processing

Thus far, our attention has been limited to the processing of
Doppler shift echoes returning from a single sample volume
(gate) along a single ultrasound beam. This is the technology used
in the original transcranial Doppler devices and which remains
the primary end point of transcranial Doppler instruments today.
Advances in digital technology have, however, resulted in several
processing techniques which provide beneficial adjuncts to single-
gate Doppler technology.

Recall that pulsed-wave Doppler consists of rapidly (PRF)
transmitted series of pulses consisting of several cycles. While
range- gating allows for the selective processing of returning
echoes from a discrete depth range, echoes continue to return to
the transducer from pulses all along the course of the sound
beam. Faster processing speeds and expanded memory allow
for these echoes to be processed and displayed in a variety of
ways using the technique of multi—gating. Modern TCD instru-
ments incorporate both single-gate and multi-gate processing
(Fig. 9).

Transcranial Color Doppler Imaging (TCDI)

Multi-gated pulsed Doppler is at the core of color Doppler imag-
ing and therefore 7CDI. TCDI utilizes existing color Doppler
imaging technology, most similar to that used in echocardiogra-
phy whereby B-mode imaging is combined with color Doppler
imaging. Color Doppler or color flow imaging, as it is sometimes
called, is the result of displaying multiple multi-gate scan lines
(sound beams) in sequence to create a two dimensional image in
the same way a real-time B-mode image is created. Doppler shifts
are processed using the technique of autocorrelation to determine
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Fig.9 Left: Single beam with single sample gate; Middle: Single beam with
multiple sample gates (multi-gate); Right: multiple beams with multiple gates
with capability for scanning at rates which appear as real-time (TCDI)

the direction and mean (and in cardiac, variance) of Doppler
shifted echoes along a scan line. This information is displayed
according to a particular color map which appears on the display.
The color map is essential to understanding and interpreting flow
direction, relative speed of motion and aliasing. Multiple pulses
or ensembles are required to produce each scan line, typically
10-20, and many scan lines are required to produce a cross-
sectional image. More scan lines result in improved accuracy and
color filling as well as sensitivity to slower flow. However, more
scan lines result in slower frame rates, the number of times per
second which the cross-sectional image is updated. The size of the
color box, that portion of the display selected for processing as
color flow imaging, also has an effect on frame rate. The larger the
color box, the slower the frame rate.

The color box (parallelogram) may be “steered” to the right or
left using phased array technology. This aids in achieving a more
favorable angle of insonation for vessels oriented more perpen-
dicular to the sound beam such as <60° in the case of carotid
arteries or identifying flow with TCDIL.
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For carotid imaging, phased linear array transducers of a vari-
ety of broad band frequency combinations ranging anywhere
from 3 to 13 MHz are typically used. TCDI utilizes phased array
sector transducers with broadband frequencies of 1-5 MHz, the
same used for adult echocardiography.

In both carotid ultrasound and transcranial Doppler imaging,
the spectral waveform originating from a single-gate remains the
Doppler presentation used as diagnostic criteria. It remains an
area of some discussion whether the same TAMM criteria used
for TCD are applicable for TCDI.

Two Channel TCD

Two channel TCD instruments are effectively two TCD instru-
ments in one. Such instruments drive two transducers in a syn-
chronized fashion allowing for real-time presentation of multiple
waveforms, the most common being the bilateral MCA or PCA
segments. These instruments operate in single-gate and multi-gate
modes and are capable of displaying TCD parameters trended
over extended periods of time. Additional channels allow display
of physiologic information such as CO,, MAP, ICP, ECG, and
others making them well suited for ICU and surgical monitoring
(IOM) as well as for specialized diagnostic studies such as emboli
monitoring and CO, reactivity where bilateral data acquisition is
of benefit.

Power M-mode

Power M-mode allows the sonographer to visualize Doppler
shifts along the path of the sound beam as an ‘ice pick” view or
single scan line. Direction and intensity of Doppler shift echoes
from many gates along the sound beam are displayed correspond-
ing to depth on the vertical axis. Time is represented on the scroll-
ing horizontal axis resulting in real-time display of echoes
returning from all along the sound beam. At depths at which
Doppler shifts are detected, the positive shifts are displayed in
shades of red and the negative shifts in shades of blue while inten-
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Fig. 10 Two channel display of bilateral MCA spectral waveforms and
Power M-mode with trends of Mean velocity following injection of agitated
saline for detection of right-to-left shunt

sity is represented by lighter shades of each. Power M-mode is of
particular value for emboli detection as well as an aid to spatial
orientation (Fig. 10).

Multi-depth

Multi-depth is a feature of available displays spectral waveforms
from multiple, commonly eight, equal depth ranges from along
the sound beam in addition to the primary sample volume.

Safety

A bioeffect is any effect on biological tissue caused by an outside
source. We have acknowledged that ultrasound waves produce
bioeffects in the form of pressure, particle motion and heat, the
latter as a result of absorption. It is therefore important to distin-
guish between bioeffects and harmful bioeffects. Fortunately, the
conditions are few and will be discussed later.
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While no harmful bioeffects have been reported associated
with the intensities used in diagnostic ultrasound (K) we must be
cognizant of the fact that the potential exists for thermal (heating)
and mechanical (cavitation) bioeffects.

In addition to power (amplitude), sample volume (due to pulse
duration (PD) and spatial pulse length (SPL)) and pulse repetition
frequency (PRF) contribute to the intensity of the ultrasound
beam. These are parameters over which the sonographer can exer-
cise control in observing the ALARA (As Low As Reasonably
Achievable) Principle. Several safety precautions are incorpo-
rated into modern ultrasound instruments which aid the sonogra-
pher. An overall upper limit for Ispta of 720 mW/cm? has been
established by the FDA along with the requirement to present
acoustic output information on the instrument display. Modern
instruments are designed not to exceed the maximal power limit
regardless of operator settings. For example, if the spatial pulse
length, which typically is equal to the sample volume or gate
length, and the PRF are increased by the user to settings which
would result in exceeding 720 mW/cm?, the software will reduce
the transmit power in order that the intensity does not exceed
720 mW/cm?. Nonetheless, the sonographer should exercise
vigilance in observing the ALARA Principle and limiting
insonation time.

Mechanical Index (Ml)

Mechanical Index (MI) is an indicator of pressure or cavitation
potential. Thus far, the clinical application has been in bubble
maintenance or destruction when using ultrasound contrast
agents. The AIUM Practice Standards suggest not exceeding an
MI >0.23 when insonating through the orbital window.

Thermal Index (TIS, TIB, TIC)

Thermal Index is based on estimates of the amount of power nec-
essary to increase tissue temperature 1 °C. Three of these have
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been established which are specific to the path of the ultrasound
beam through tissue and whether bone is present and where.

e TIS is an estimate for an ultrasound beam passing through soft
tissue without encountering bone;

e TIB is an estimate for a beam passing through soft tissue and
then encountering bone near the region of focus and;

e TIC is an estimate for a beam which encounters bone near the
transducer. TIC is the acronym for Thermal Index Cranial
(TIC) and is that which applies directly to TCD.

Conditions Specific to Transcranial Doppler

In the case of TCD using the transtemporal approach, the bone is
separated from the transducer only by the skin. As previously
mentioned, the intensity of a sound beam is typically greatest at
the focus, where area is at its minimum, and directly in front of
the transducer where amplitude is greatest.

Bone has high acoustic impedance and a high coefficient of
attenuation which results in a significant portion of the intensity
of the ultrasound beam being attenuated within the first few mil-
limeters, predominantly due to reflection, refraction and absorp-
tion, the latter resulting in conversion to heat. Early work by
Grolimund [8] reported a reduction in intensity of the sound beam
entering the brain tissue of at least 65-80%.

Due to initial attenuation and the fact the brain is highly per-
fused with blood flow acting as a radiator to rapidly dissipate heat,
the potential for brain warming is usually not an issue. The skin is
typically well vascularized, however, with age and conditions
such as diabetes, cutaneous blood flow may be compromised.
This is important to remember, especially during prolonged mon-
itoring with TCD, as this may exacerbate warming of the skin and
even bone. The potential for thermal injury can be minimized by
limiting the time of insonation. When monitoring, limiting the
time the transducer(s) are active (transmitting), using adequate
gel and replenishing often and checking the skin periodically min-
imizes the risk of thermal injury.
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Transorbital Approach

Special attention is required when insonating through the transor-
bital window. Power should be adjusted not to exceed an Ispta of
17 mW/cm? or 10% of the maximum output of the device. TIC is
not applicable to transorbital insonation. AIUM Practice
Parameters include an MI <0.23.

Suggested power settings for specific procedures and anatomi-
cal approaches will appear as relevant in those chapters.

As always, the best way to minimize exposure is by following
the ALARA Principle and by limiting exam time.
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Overview of Pertinent
Cerebral Vascular Anatomy

Pirouz Piran and Wendy C. Ziai

Performing and interpreting cerebrovascular ultrasound studies
requires a basic understanding of the anatomy of the vessels
involved. You should make yourself familiar with the normal
course and appearance of both arteries and veins.

From the heart, two pairs of arteries supply the brain: 1- inter-
nal carotid arteries (anterior circulation) and 2- vertebral arteries
(posterior circulation). Anterior and posterior circulations ulti-
mately anastomose with each other at the base of the brain form-
ing a circle of arteries known as the circle of Willis.

The common carotid arteries (CCAs) branch from the aortic
arch and ascend on both sides of the neck. The CCA bifurcates
into an internal and an external branch. The internal carotid artery
(ICA) enters the skull at the level of the petrous bone and gives off
the ophthalmic artery as its first intracranial branch. The ICA ter-
minates into anterior cerebral artery (ACA) and middle cerebral
artery (MCA) on both sides. Right before terminating to ACA and
MCA, the ICA gives off two branches: 1- anterior choroidal artery
and 2- posterior communicating artery.
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Fig. 1 Intracranial arteries and their origination from the heart. Note the
anastomosis of blood between the anterior and posterior intracranial circula-
tions by way of the circle of Willis (picture on the left) and the origination of
the internal carotid arteries and vertebral arteries from the aortic arch (picture
on the right)

The vertebral arteries (VA) originate from the right and left
subclavian arteries (from the aortic arch) [1]. The vertebral arter-
ies ascend through the cervical vertebrae and join each other to
form the basilar artery which later terminates into the posterior
cerebral arteries (PCA) (Fig. 1).

Anatomical Variations

Fewer than half of the normal population have a complete circle
of Willis. There are many anatomical variations to this circle [2]
however, some are relevant to cerebrovascular studies (Fig. 2).
The most common anatomical variation is hypoplasia of one of
the components of the circle of Willis which is present in up to
25% of patients.

Of all the anomalies, hypoplasia of the posterior communica-
tion artery is the most common followed by hypoplasia of the P1
segment of PCA, Al segment of ACA and the anterior communi-
cating artery.
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Fig.2 (a) Anterior cerebral artery common anatomical variations. (a) absent
ACA; (b) hypoplastic ACA; (c) splitting ACA; (d) joint ACA; (e) triple ACA.
(b) (a, b): Posterior communicating artery variations. (a) absent PcomA; (b)
hypoplastic PcomA; (c—e): PCA anatomical variations, (c) duplicate PCA;
(d) triple PCA; (e) hypoplastic PCA. (¢) Anterior communicating artery com-

mon anatomical variations. (a) Absent AcomA; (b) Joint/absent variation; (c)
Duplicate AcomA

The other less common anatomical variations are; presence of
accessory vessels, anomalous origin and absent vessels [3].

Internal Carotid Artery Segments [4] (Fig. 3)

e Cervical (C1): begins at the level of CCA bifurcation and ends
where it enters the petrous bone via carotid canal.

e Petrous (C2): this segment refers to the part of ICA that runs
through the carotid canal within the petrous bone. The ICA is
considered intracranial at this level.

e Lacerum (C3): this segment of ICA is between the petrous seg-
ment and the cavernous segment. The ICA passes superior to
the foramen lacerum, but doesn’t pass through the foramen.

e Cavernous (C4): this segment is surrounded by the cavernous
sinus and usually has a vertical segment, a posterior bend
(medial loop of the ICA), a horizontal segment and an anterior
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Fig. 3 Internal carotid artery segments. C1: cervical, C2: Petrous, C3: Lac-
erum, C4: Cavernous, C5: Clinoid, C6: Ophthalmic, C7: Communicating

bend (anterior loop of the ICA) which together give the siphon
shape to this segment of the ICA (carotid siphon).

e Clinoid (C5): this short segment is the continuation of the ante-
rior loop of the cavernous segment.

e Ophthalmic (C6): this segment begins when the anterior loop
of the ICA becomes intradural. The ophthalmic artery which is
the first intracranial branch of the ICA arises from this segment
in most people.
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e Communicating (C7): this segment begins proximal to the area
where the posterior communicating artery joins the ICA and
ends where ICA bifurcates into MCA and ACA.

Middle Cerebral Artery

MCA is the largest terminal branch of the ICA. The MCA divides
into four main segments, denominated M1 to M4.

1. M1 segment originates at the carotid bifurcation and termi-
nates as the middle cerebral artery.

2. M2 segment bifurcates or occasionally trifurcates. It travels
laterally to the Sylvian fissure, and its branches end in the cere-
bral cortex.

3. M3 segment travels externally through the insula into the cor-
tex.

4. M4 segments are thin and extend from the Sylvian fissure to
the cortex [5].

MI segment is the main segment of the MCA that is insonated in
TCD through the temporal window. The blood is flowing towards
the transducer (Fig. 4).

Anterior Cerebral Artery (Proximal Segments)

As mentioned above, the ACA is part of the circle of Willis and
perfuses the medial parts of the frontal lobe and medial superior
parts of the parietal lobes.

ACA consist of five segments however, only the first two seg-
ments are relevant to TCD studies (Fig. 5)

1. Al segment: originates from the ending of internal carotid
artery and extends to the anterior communicating artery

2. A2 segment: originates at the anterior communicating artery
and extends anterior to the lamina terminalis and along the
rostrum of the corpus callosum, terminating either at the genu
of the corpus callosum or at the origin of the callosomarginal
artery [6]
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Fig. 4 Schematic illustration of the Middle Cerebral Artery (MCA) seg-
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Fig. 5 Schematic illustration of the Anterior Cerebral Artery (ACA) seg-
ments
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Basilar Artery

As mentioned above posterior circulation to the brain consist of
the two vertebral arteries joining together to form the basilar
artery. Basilar artery terminates into two posterior cerebral arter-
ies (PCAs).

Posterior Cerebral Artery [7]

PCAs curve around the midbrain and supply the midbrain, infe-
rior portions of the temporal lobes, occipital lobes and the thala-
mus. This artery is divided into 5 segments, however only the P1
and P2 segments can be insonated by TCD (Fig. 8).

e PI1: The P1 segment is located within the interpeduncular cis-
tern and starts from the termination of the basilar artery to the
posterior communicating artery, passing over the oculomotor
nerve (CN III).

e P2: The P2 segment begins at the posterior communicating
artery and curves around the ambient cistern of the midbrain,
and courses above the tentorium cerebelli. The main branch of
this segment is the posterior choroidal artery.

e P3: The P3 segment of the PCA refers to the part of the artery
that runs through the quadrigeminal cistern.

e P4: The P4 segment is the last segment of the PCA as it ends in
the calcarine sulcus.

e P5: The terminal branches of the parieto-occipital and the cal-
carine arteries are included as the P5 segment.

Venous System
The venous drainage back to the heart is through the internal jug-

ular veins. Cerebral veins can be divided to 1- superficial and 2-
deep veins.
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Fig. 6 Schematic illustration of the intracranial venous system

In normal individuals the deep cerebral veins, especially the
basal vein of Rosenthal and vein of Galen can be visualized with
ultrasound. Unfortunately, ultrasound is not sensitive enough to
be used for screening of venous sinus thrombosis (Fig. 6).

Vein of Galen is a deep vein that is formed by two internal
cerebral veins (Fig. 6). A vein of Galen malformation is the most
frequent arteriovenous malformation (AVM) in neonates and can
be diagnosed with TCD.

Locations for Transcranial Doppler Probes

The ultrasound frequencies are not able to penetrate through the
bones of the skull sufficiently and therefore, areas with soft tissue
or thinner bone are typically used to place the probe (Fig. 7).
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Fig. 7 Schematic illustration of intracranial arteries in respect to various
locations of transcranial Doppler probes

These areas are:

1. Temporal window: located right above the zygomatic arch.
The temporal window can be used to insonate MCAs, proxi-
mal ACAs, ICA bifurcations and the PCAs.

2. Orbital window: used to insonate the ophthalmic arteries as
well as the siphon of the ICAs.

3. Suboccipital window: used to insonate intracranial portions
of the vertebral arteries and the basilar artery.
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Identifying Intracranial Vessels

Now that you are familiar with the cerebrovascular anatomy of
the vessels. It is useful to know how to identify different vessels
based on the window and the depth that you are insonating with
the probe based on previous studies in adult patients aged between
18 to 80 years [8, 9] (Table 1 and Fig. 8).

Evaluating Collateral Circulations

When an artery is blocked or severely narrowed an alternate route
of circulation will be formed through the nearby smaller vessels;
this is called collateral circulation formation. Usually these collat-
eral pathways are dormant in healthy individuals however, when
there is an occlusion or severe stenosis, the pressure gradient
between the anastomosed vessels changes and a new collateral cir-
culation is formed. As mentioned above, anterior and posterior
communicating arteries are the main collateral systems in the brain.

Table 1 Identifying the arteries based on the depth of insonation

Mean Flow
Artery Window Direction Depth (mm)  Velocity
MCA Temporal Towards 30-60 mm 55+ 12 cm/s
probe
OA Orbital ~ Towards 40-60 mm 20 £ 10 cm/s
probe
Terminal Temporal Towards 55-65 mm 39 + 09 cm/s
ICA probe
ACA Temporal Away 60-85 mm 50+ 11 cm/s
PCA Temporal Bidirectional = 60-70 mm 40 = 10 cm/s
ICA Orbital ~ Bidirectional ~60-80 mm 45 + 15 cm/s
VA Occipital Away 60-80 mm 38 =10 cm/s
BA Occipital Away 80-110 mm 41 = 10 cm/s

MCA middle cerebral artery, OA ophthalmic artery, /CA internal carotid
artery, ACA anterior cerebral artery, PCA posterior cerebral artery, VA verte-
bral artery, BA basilar artery
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Fig. 8 Flow directions of the intracranial arteries with depths of insonation
(in mm) for an average human skull are shown. Please note that the direction
of the flow may change in the setting of active collateral circulations. MCA
middle cerebral artery, OA ophthalmic artery, ICA internal carotid artery,
ACA anterior cerebral artery, PCA posterior cerebral artery, VA vertebral
artery, BA basilar artery

TCD is very useful for evaluation of these collateral circula-
tions. It can assess collateral flow with good sensitivity via the (1)
circle of Willis and reversed ophthalmic artery flow in the case of
proximal internal carotid artery occlusion/severe stenosis; (2)
flow to leptomeningeal collaterals anastomosing ACA or PCA
with the distal MCA branches in middle cerebral artery occlusion.
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This flow diversion has been defined by an increase of 30% in
velocities in the ACA or PCA (in comparison to the contralateral
same vessels) and was associated with good leptomeningeal ves-
sels on angiography in 88% of cases in a study of 51 patients with
MCA occlusion [10]; (3) reversed basilar artery flow in proximal
basilar occlusion and; (4) reversed vertebral artery flow in proxi-
mal subclavian or innominate artery occlusion (Fig. 8).
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Cerebral Waveforms
for Hemodynamic
Assessment

Aarti Sarwal

Qualitative waveform analysis is a key component of interpreta-
tion of Transcranial Doppler (TCD) studies in addition to evalua-
tion via quantitative metrics like mean flow velocity (MFV) or
pulsatility index (PI) [1]. Normative values for MFVs for intracra-
nial vasculature and PIs are described in literature and mentioned
in other chapters of this book [2]. This chapter will focus on qual-
itative assessment of cerebral hemodynamic waveforms and
describe patterns in spectral waveforms that help in assessing
cerebrovascular pathology. Many of these characteristic spectral
patterns need to be taken in context of the clinical setting, patient
presentation, underlying anatomy and pathology being evaluated
and should be used as complementary information with disease
specific evidence elsewhere in this book.

Vital organs like brain, heart, liver, placenta and kidney all
maintain a low resistance circulation to allow preferential blood
flow to them in times of shock compared to the rest of the body
like the musculoskeletal system and gut where blood vessels feed
a high peripheral vascular resistance circulation. Cerebral circula-
tion in addition is unique in its complete dependency on available
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inflow of an oxygenated blood supply to feed the metabolism of
neurons and supporting cells with no inbuilt glucose or glycogen
sources in the brain. Neurovascular coupling and cerebral
autoregulation respond to changes in systemic circulation to pre-
serve cerebral perfusion and ensure blood flow to the brain
throughout the cardiac cycle especially diastole. These factors
inherently affect the appearance of the spectral waveform on
TCD. Transcranial insonation can be performed by imaging
Doppler (duplex or B mode guided Doppler) or non-imaging
Doppler but for simplicity, all figures will focus on spectral wave-
forms only when describing pathology, irrespective of accompa-
nying B mode color imaging.

Components of the waveforms Spectral waveforms acquired
from pulse wave Doppler imaging of intracranial vessels corre-
spond to the phases of the cardiac cycle with initial 1/3rd of the
waveforms representing systole with two components- an up
going or acceleration phase and a latter down going deceleration
phase (Fig. 1a, b). The following 2/3rd of the waveform repre-
sents the diastole or diastolic runoff. The overall waveform has
three main characteristics: (1) direction of flow - towards the
probe or away from the probe, (2) velocity- time average mean
flow velocity, peak systolic velocity and end diastolic velocity and
(3) systolic flow acceleration and deceleration slopes (Fig. 1a). A
classical intracranial waveform has a sharp early systolic flow
acceleration, stepwise late systolic deceleration followed by a
robust diastolic run off that maintains 1/4—1/2 of velocities with
peak systolic flow throughout the diastole. Systolic phase of sys-
tole may manifest three different peaks - P1 (percussion wave
triggered by myocardial contractility), P2 (tidal wave created by
Windkessel effect or distensibility of arterial wall and subsequent
volume displacement), and P3 (dicrotic wave marking the begin-
ning of the diastolic phase and usually follows dicrotic notch
(Fig. 1c). These waveforms have been well described in intracra-
nial waveforms visualized on intracranial pressure (ICP) monitors
and represent the same hemodynamic phenomena. Pulsations of
major arteries and choroid plexus contribute to P1 component. P2
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Fig. 1 Normal cerebral circulation represents a low resistance circuit with a
rapid upstroke in initial systolic phase followed by a stepwise deceleration
(a). The initial hump or initial third of the waveform represents the systole (S)
and latter 2/3rd represents the diastole (D) in (b). The systolic phase has three
peaks — P1 representing myocardial contractility, P2 representing arterial dis-
tensibility or Windkessel effect and P3 that follows the dicrotic notch hall-
marking beginning of diastole (c). Figure (d) represents an abnormal Doppler
spectrum with high mean flow velocity but preserved spectral patterns seen in
(a—c). Bright white lines represent bruits or harmonics that may be created by
laminar flow through stenosis
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is dependent upon the intracranial compliance and is typically
lower than P1 in normal brain. P3 component follows the dicrotic
notch of the arterial waveform [3].

On the contrary, the typical wave form of the peripheral circu-
lation or high resistance circulation has a sharp upstroke corre-
sponding to systole but there is reversed flow during early and late
diastole giving the classical triphasic oscillating appearance. Such
waveforms can be seen in insonation of the external carotid artery
or femoral artery [4].

Effect of Cerebral Vascular Resistance on waveforms Many
cerebrovascular diseases manifest as changes in resistance of the
cerebral vessels or the distal vascular bed (Table 1). Quantitative
measures of distal resistance include pulsatility index of Gosling
& King - [Peak Systolic Velocity- End Diastolic velocity]/ Mean
flow Velocity; and Pourcelot’s resistive index - [Peak Systolic
Velocity-End  Diastolic  Velocity]/Peak  Systolic ~ Velocity.
Resistance changes can have variable effect on the flow and veloc-
ity of the blood through the insonated segment dictated by the
Spencer and Reid curve (Fig. 2) [5, 6]. This hemodynamic model
was classically described for the carotid but is applicable to most
vascular lesions in the brain [5]. The correlation of waveforms with
the Spencer Reid curve can help understand changes in velocity,
flow and resistance and their transitions with progressive lesions.
Qualitatively distal resistance can be assessed by the relationship
of the diastolic part of the waveform with the systolic flow. Higher
than normal resistance can be seen typically distally in the intracra-
nial circulation during distal vasospasm, hyperventilation, increased

Table 1 Pathological states that affect resistance characteristics of wave-
forms

Resistance of the cerebral vessels Resistance of the distal vascular bed
Increased in intracranial stenosis, Increased in increased intracranial

cerebral vasospasm/ pressure or distal atherosclerotic
vasoconstriction disease

Decreased in arteriovenous Decreased in peripheral vasodilatation
shunting as in hypercarbia or reperfusion of

ischemic brain
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Fig.2 Spencer and Reid first described a hemodynamic model that explains
to a large extent the spectral patterns observed with variations in flow and
resistance in progressive stenosis of the carotid artery [5, 6]. This hemody-
namic model stands true for most cerebrovascular phenomena observed in
transcranial Doppler. (Spencer Reid curve used with permission from
Stroke.1979;10:326-330 [6]). (a) represents normal cerebral waveforms on
right lower corner of the graph with normal diameter, normal flow and normal
velocity. (b) represents the resistive waveforms expected to be seen in grade
II stenosis where velocities are elevated, diastolic flow is compromised and
waveforms appear resistive with high pulsatility index. (¢) represents blunted
waveforms in higher grade III stenosis where flow is significantly compro-
mised and velocities are dropping and (d) represents near occlusion where
minimal flow is seen mostly during systole with significantly low velocities

ICP or as a result of diffuse intracranial atherosclerotic disease
(Fig. 3a-3c). Velocity elevation may be the early and only sign of
increased vascular resistance in many instances but as luminal steno-
sis affects flow, different patterns emerge guided by the Spencer Reid
curve. Figure 3a, b represents cases where diastolic flow is signifi-
cantly lower than a 1/4th of systolic, approaches zero or can even be
reversed while Fig. 3c represents a relatively normal resistance where
elevated MFV is the initial sign of vasospasm. A PI greater than 1.2 in
proximal vessels reflects increased distal resistance. Resistance index
of 1 denotes no diastolic flow and RI >1 shows reversed EDF and
intracranial circulation typically shows RI <I. Distal insonation of
the vessels close to the skull may cause physiological changes similar
to high resistance especially in the distal MCA and intracranial verte-
bral insonation that show falsely high PI and RI.
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Fig. 3 Resistive waveforms with intact systolic upstroke, downward decel-
eration can be seen in pre-stenotic segments of focal stenosis or increased
intracranial pressure (a). Intracranial pressure significantly higher than
patient’s diastolic pressure can cause reversal of cerebral blood flow during
diastole (b). Normal cerebral waveforms with physiological relationships of
spectral shapes may have elevated velocities, spectral narrowing (white enve-
lope at the upper end of the spectral wave) and bruit (white signal on the
baseline at the peak of each systole); such patterns show increased resistance
(c). Insonation of segments distal to stenosis may show parvus et tardus wave-
forms (d, e). Cardiac irregularity can sometimes be noticeable on Doppler
studies (e) and should be reported. Increased diastolic to systolic ratio can be
seen in hyperemic waveforms (f). Basilar veins of Rosenthal (white bands
with venous waveforms close to the baseline) can often be insonated along
with distal posterior cerebral artery (spectral wave below the baseline) (g). (h)
represents the non-pulsatile waveforms seen in patients on coronary bypass.
Vertebral and basilar insonation often shows non-compliant waveforms with
P2 higher in amplitude than P1 in physiological states (i). Spectral narrowing
(white envelope at the bottom of the waveform) may be an early sign of
increased resistance but has fallen out of diagnostic criteria (j)

Lower than normal distal resistance in intracranial vessels
manifests in spectral Doppler when flow during diastole exceeds
more than 50% of the peak systolic flow. This can be seen dif-
fusely in hypercarbia causing distal vasodilatation-hyperemic
waveforms (Fig. 3f). When MFVs are high, analysis of PIs and
the spectral waveforms helps distinguish whether vasospasm
(high resistance) or hyperemia (low resistance) is causing elevated



Cerebral Waveforms for Hemodynamic Assessment 51

velocities. Lindegaard ratios (intracranial middle cerebral artery
MFV/ extracranial internal carotid artery MFV) can also help.
When lower than normal resistance is seen focally, it usually rep-
resents arteriovenous shunting distal to the insonated area (Fig. 3f)
or insonation occurring distal to the stenotic lesion (Fig. 3d). Post-
stenotic waveforms specifically manifest delayed systolic flow
acceleration and deceleration with lower peak velocities classi-
cally called parvus (small) et tardus (late) (Figs. 3d and 5b) that
distinguish them from hyperemic waveforms that may have ele-
vated MFV with normal systolic upstroke but comparatively
higher diastolic flow. Severe aortic stenosis could cause all intra-
cranial waveforms to look post-stenotic in the absence of other
intracranial lesions. Low resistance waveforms will have a low PI
typically <0.6 and very low RI.

Observing qualitative waveform changes in obstructive sleep
apnea can be remarkable for low resistance hyperemic waveforms
at the end of apneic spells coinciding with hypercarbia which
return to normal with initiation of the hyperventilation phase of
Cheyne-Stokes breathing. Vasoreactivity test involving inhalation
of CO2 or administration of acetazolamide are based on changes
in distal vasodilatation caused by hypercarbia driving hyperemic
waveforms. Patients with severe anemia or with sickle cell crisis
may also demonstrate hyperemic waveforms and looks similar to
low resistance waveforms.

Malignant cerebral edema and cerebral circulatory arrest pres-
ent a unique pattern of increased distal resistance from increased
ICPs. Waveforms transition with changes in ICP quite predict-
ably. Resistive waveforms emerge with gradual increase in distal
resistance affecting the diastolic component (Fig. 4b). When ICP
significantly elevates above patient’s diastolic pressure, spectral
waveforms may have a reversal of diastolic flow (Fig. 3b). If
underlying brain injury progresses and is not amenable to therapy,
this waveform classically named oscillating waveforms cannot
sustain cerebral perfusion due to lack of diastolic run off neces-
sary for sustaining cerebral oxygenation (Fig. 3b). Anecdotal
reports of reversal of this pattern exist when underlying pathology
was addressed even if temporarily. Figure 4 represents a hemor-
rhage with increased ICP patterns on ipsilateral middle cerebral
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Fig. 4 A young patient with hemorrhagic stroke with insonation of middle
cerebral artery ipsilateral to the lesion. Initial waveforms showed a non-
compliant waveform with P2 higher in amplitude than P1 (a). During an
intracranial pressure crisis, the same vessel showed reversal of flow during
early and late diastole (b). After osmotic therapy administration, the wave-
forms restored to positive diastolic flow but maintained resistive patterns (c).
(d) represents a normal cerebral waveform in a young compliant brain as a
comparison. P2 is same amplitude as P1 in (e) whereas it consistently stays
higher than P1 in (f). Such change in patterns of compliance may be early
signs of an impending increased intracranial pressure and need further
research

artery insonation (Fig. 4b) that resolved to some extent after hem-
orrhage evacuation (Fig. 4c) with restoration of forward diastolic
flow but ongoing ICP issues. Such cases have elucidated the value
of serial TCDs as non-invasive markers of increased ICPs in neu-
rocritical care patients at risk of cerebral edema [7, 8]. Such pat-
terns may be extremely helpful in patients with hepatic
encephalopathy who are liver transplant candidates due to chal-
lenges in invasive monitoring [9]. Persistence of this pattern
despite therapy, however, portends cerebral circulatory arrest
[10]. If ICPs continue to rise, oscillating pattern is replaced by
systolic hump or spike followed by no flow. Details of cerebral
circulatory arrest are described in more detail in another chapter.

Increased resistance localized to a segment of cerebral blood
vessels as in intracranial stenosis may produce a sequential transi-
tion of spectral waveforms that can help localize the lesion
(Fig. 5). Patients may manifest high resistance waveforms when
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Fig. 5 Patient with subarachnoid hemorrhage complicated by vasospasm
had sustained elevation in left middle cerebral artery velocities (a) on serial
examinations performed daily and was being managed with induced hyperten-
sion. During this particular insonation on day 12, no change in mean flow
velocity occurred in the left MCA from the previous day (a, mean flow velocity
173 cm/s) but the patient had a subtle deterioration in exam. Waveform analysis
revealed new finding of a post-stenotic pattern on distal middle cerebral artery
insonation (b) not seen on prior transcranial Doppler studies suggesting a focal
acute MCA flow limiting lesion. Cerebral angiogram revealed a thrombus,
and emergent thrombectomy was performed with complete recanalization

insonated proximal to the stenotic segment and low resistance
post-stenotic waveforms when insonated distal to the segment
with stenosis. Proximal stenotic lesions in the intracranial ICA
can cause post-stenotic waveforms in downstream MCA. Due to
difficulties in insonation of ICA sometimes this can be the only
evidence of hemodynamically significant intracranial ICA steno-
sis. Figure 5 describes the waveforms in a young patient with sub-
arachnoid hemorrhage on day 12 of her vasospasm watch with
high mean flow velocities in the range of moderate-severe vaso-
spasm (173 cm/s, mid segment of middle cerebral artery) but this
could be attributable to hyperemia as well, given a favorable rela-
tionship between systolic and diastolic flow that points towards
low resistance (Fig. 5a). While Lindegaard ratios will be addition-
ally helpful in differentiating these two, the presence of post-
stenotic waveforms just distal to the insonated segment directed
attention to an acute hemodynamically significant stenosis that
incited emergent cerebral angiography (Fig. 5b). Another descrip-
tive example in the follow up of patients being monitored for
vasospasm where spectral doppler analysis is helpful, would
be progression of waveform patterns to show increased distal
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resistance due to increased ICP. Presence of vasospasm with high
velocities as seen in Fig. 3¢ progressing to resistive waveforms in
Fig. 3a with apparent normalization of velocities could be a non-
invasive marker for diffuse cerebral edema. In both of these cases,
assessment of quantitative measures such as velocity alone on
serial TCDs would have neglected to bring attention to an acute
MCA thrombus discovered on follow up angiogram that was ame-
nable to thrombectomy or diffuse cerebral edema that sequen-
tially decreased diastolic flow in presence of vasospasm without
affecting MFV. In these cases, if the neurological exam is limited
or confounded, TCD can be a key non-invasive tool to assess
patient’s cerebral hemodynamics.

Typical flow in a patent vessel is laminar and this may produce
clustering of velocities of flowing red blood cells in the vessel
lumen. Such clustering is commonly seen in peripheral vessels
due to high resistance and called spectral narrowing. In the intra-
cranial circulation, spectral narrowing can be seen in waveforms
insonated in stenosed or proximal to high resistance segments
(Fig. 3c, j). Extreme cases of spectral narrowing can create har-
monics or bruits in the spectral waveforms (Fig. 5a). Spectral
broadening is a typical phenomenon seen in turbulent flow down-
stream of stenosis where laminar flow is interrupted and is a hall-
mark feature of post-stenotic flow (Fig. 5b). Due to variability of
angle of insonation and limitations in adjusting sample size gates
to vessel lumen, spectral broadening or narrowing may not be a
consistent phenomenon in the intracranial circulation as it is in
carotid or peripheral vascular ultrasound and is no longer recom-
mended as a diagnostic criteria. When present, spectral narrowing
can be a sign of stenosis (Fig. 3c, j). Another spectral change in
stenosed segments could be turbulence- the sonographic correlate
of a murmur which can be seen superimposed on the systolic
component on the waveform (Fig. 3c).

Effect of cerebral blood flow on cerebral waveforms Flow may
be variably affected by resistance. Hence resistive waveforms may
progress from preserved to decreased flow as luminal stenosis pro-
gresses or vice versa (Fig. 2). Cerebral autoregulation typically
targets preserving cerebral blood flow downstream hence presence
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of absence of autoregulation may affect changes in spectral wave-
forms. Patients on systemic vasopressors with intact autoregula-
tion may not manifest any significant change in intracranial
waveforms whereas patients with impaired autoregulation may
show hyperemic waveforms with induced hypertension or pre-
sumed normotension attempted with pressors (Fig. 3f). Such
hyperemic injury and its correlate in TCDs is being investigated in
post cardiac arrest resuscitation where hyperemic waveforms have
been observed during therapeutic temperature modulation and
may be a surrogate of reperfusion injury [11]. Another application
of ability to distinguish high resistance and high flow states in
patients with impaired autoregulation using spectral Doppler is in
subarachnoid hemorrhage with vasospasm where induced hyper-
tension continues to be a mainstay. A subset of these patients with
impaired autoregulation may continue to have indeterminate
velocity elevations with indeterminate ranges in Lindegaard ratios
and may be at risk of reperfusion injury after the supposed phase
of perfusion dependent delayed cerebral ischemia is over. In post
stroke care, emerging reports of flow augmentation across flow
limiting lesions not amenable to acute revascularization manifest-
ing as change in spectral patterns on systemic hemodynamic aug-
mentation provide a clinical application and benefit to emergent
point of care spectral analysis when existing radiological and clin-
ical information may be insufficient [12].

Collateralization may augment flow in cerebral vessels to com-
pensate for flow limiting lesions. TCD spectral waveforms can be
valuable in detecting collateralization patterns [13]. Such collater-
alization may manifest high velocity waveforms with higher than
normal diastolic component or hyperemia waveforms where flow
patterns change without obvious change in resistance. Ipsilateral
MCA stenosis will often result in hyperemia waveforms in con-
tralateral ACA through AComm recruitment, reversal of ipsilat-
eral ACA and hyperemia in ipsilateral PCA through PComm
recruitment eventually leading to reversed ophthalmic recruiting
external carotid circulation of the same side. Such patterns of
reversal and hyperemia can be a hallmark sign of MCA or intra-
cranial ICA stenosis when either of the vessels cannot be insonated
for any reason.
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Traumatic brain injury typically shows phasic responses on
cerebral blood flow patterns that need more characterization [14].
Limited angiographic studies have shown a hypoperfusion phase
followed by hyperemia reperfusion tailed by vasospasm phase in
patients with severe TBI [15]. Sonographic characterization of
these phases with regard to cerebral blood flow changes and its
impact on brain injury needs to be investigated.

Effect of Intracranial compliance effect on cerebral wave-
forms Lundberg waves and changes in pattern on ICP waves
have been long described in the neurocritical care literature [3].
Given the closed compartment created by skull, changes in brain
compliance that manifest in ICP waveforms also can be seen in
TCD waveforms. The three systolic peaks P1, P2 and P3 can be
visualized in spectral waveforms and show similar changes
(Fig. 1c). After an ICP crisis, ICP waveforms may have a higher
plateau and may manifest decrease in compliance as evidenced by
the P2 wave with an equal or greater amplitude than P1 wave
(Fig. 4e, f). This results from decrease in the Windkessel effect
where decreasing brain compliance decreases the distensability of
cerebral blood vessels [9]. This decreased compliance can be seen
in TCD waveforms in the anterior circulation in patients who have
cerebral edema [9]. It is hypothesized that these patients may have
a neurological decline at a lower delta for increased ICP and may
need closer monitoring or lower ICP thresholds. Waveforms from
insonation of the intracranial vertebrobasilar arteries often show
features of decreased compliance in physiological conditions due
to the anatomical constraints created by the posterior fossa and do
not represent pathology (Fig. 3i). Figure 4 demonstrates a descrip-
tive case with intracranial hemorrhage showing this transition in
pattern of P2 relationship with P1 with a compliant waveform
(Fig. 4d) on serial assessments on insonation of the middle cere-
bral artery on the same side as the hemorrhage. Hemorrhage
expansion and increase in peri-lesional edema, possibly affected
compliance with increase in amplitude of P2 (Fig. 4e, f). Patient
suffered an ICP crisis during which the waveforms were noted to
be resistive with reversal of flow in early diastole and minimal
diastolic flow due to increased distal resistance (Fig. 4b).
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Escalating medical therapy and surgical evacuation transitioned
the waveforms to positive flow throughout the cardiac cycle
though waveforms continue to be relatively high resistance
(Fig. 4c). Further investigation needs to be performed in research
trials whether addition of spectral Doppler waveform analysis can
assist in goal directed therapy in patients at risk of cerebral edema.

Effect of recanalization on cerebral waveforms With wider
applications of thrombectomy, recanalization of large vessel
occlusions is confirmed by cerebral angiogram and graded by the
TICI (Thrombolysis In Cerebral Infarction) score. A similar sono-
graphic grading was proposed to assess recanalization rates after
thrombolysis called the Thrombolysis in Brain Ischemia (TIBI)
classification [16]. TIBI waveforms are graded as follows: O,
absent; 1, minimal (Fig. 2d); 2, blunted (Fig. 2¢); 3, dampened; 4,
stenotic (Fig. 2b); and 5, normal (Fig. 2a). In failed recanalization
after angiogram, gradual recanalization of thrombosed vessels as
evidenced by TCD spectral waveforms can be a correlate of better
prognosis. Incidental recurrent thrombosis can be also recognized
in high risk patients with confounded exams using spectral wave-
forms.

Systemic effects on cerebral waveforms Qualitative analysis of
the waveforms can be affected in conditions like irregular heart
rate (Fig. 3e) or variable pulse pressure. Systemic hemodynamic
states such as severe aortic stenosis, presence of heart bypass cir-
cuit, can also affect the patterns of spectral waveforms on tran-
scranial Doppler. Patients with severe aortic stenosis may
demonstrate post-stenotic waveforms in bilateral anterior and
posterior circulation (Fig. 3d). Patient with veno-arterial extracor-
poreal membrane oxygenation, left ventricular assist devices or
undergoing cardiopulmonary bypass intraoperatively for cardiac
surgery may have non-pulsatile waveforms (Fig. 3h). In such
cases the velocity measured represents the mean flow velocity
since the systolic and diastolic phases of the cardiac cycle are
missing. Patients with distal atherosclerotic disease especially in
advanced age may have higher resistance in distal vessels from
non-compliant vessels (Fig. 2b).
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Effect of steal of cerebral waveforms Classical description of
steal involving vertebral arteries have been extensively studied in
relationship to manifest changes in spectral waveforms in neck
insonation of vertebral arteries [17]. When steal is severe, changes
can also be seen in the intracranial insonation of vertebral arteries
through sub-occipital windows. High grades of steal may have
complete reversal of vertebral waveforms on affected side with
collateralization from opposite vertebral arteries (Fig. 6).
Complete reversal of flow in basilar is relatively rare occurrence
but has been transiently reported. Rarely, patients with carotid-
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Fig. 6 Vertebral artery waveforms show characteristic waveform changes in
presence of subclavian steal syndrome which have been well characterized in
literature [17]. Top panel (a) shows vertebral vessel insonated via the suboc-
cipital window with flow away from probe showing systolic deceleration.
Middle panel (b) shows reversal of flow during mid systole that represents a
higher grade steal; vertebral artery waveforms are below the baseline with
ipsilateral posterior inferior cerebellar artery waveforms superimposed above
the baseline. The bottom panel (¢) shows complete systolic reversal
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subclavian bypass procedures with ineffective collateralization
across cerebral hemispheres may have intracranial steal wave-
forms [18]. It is key to note that steal phenomena can be dynamic
and triggered by physiological maneuvers like inflating a blood
pressure cuff on the same side reducing steal followed by defla-
tion invoking post ischemic reperfusion that may trigger the steal.

Venous compartment of cerebral waveforms Most of the com-
ponents of the deep cerebral venous system are amenable to
insonation by spectral Doppler and show characteristic venous
waveforms that appear similar to the blunted waveforms seen in
post-stenotic areas on arterial Doppler. The characteristic sound
on audible insonation is the venous hum. Incidental insonation of
basilar veins of Rosenthal is not uncommon during insonation of
the distal PCA (Fig. 3g) where a superimposed band of venous
spectral Doppler can be seen on the PCA spectrum [18]. The deep
middle cerebral veins, basilar vein of Rosenthal, straight sinus,
petrosal sinus and transverse sinuses can be insonated via the tem-
poral windows more readily on transcranial duplex with guided B
mode. The straight sinus can in addition be insonated via the
suboccipital window. More investigations are needed on changes
in venous spectral patterns and velocities in different pathologies.
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Introduction

Transcranial Doppler (TCD) is a valuable noninvasive tool for
bedside monitoring in Neurocritical care. It is most commonly
used in the Neurocritical Care unit (NCCU) for assessment of
cerebral blood flow (CBF), cerebral artery vasospasm, vasomotor
reactivity (VMR)/Cerebral autoregulation (CA), emboli detection
and as a tool for indirect measurement of intracranial pressure
(ICP). While absolute TCD values have limited utility, TCD
trends provide important insight into the dynamics of intracranial
pathophysiology. TCD should be an integral component of
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multimodal monitoring in the NCCU as it can be frequently used
at the bedside due to its non-invasive and cost-effective nature.
Available TCD values should be considered in regard to hemody-
namic parameters including heart rate, blood pressure, hemoglo-
bin/hematocrit and partial pressure of carbon dioxide (PaCQO,) as
these factors can alter CBF and hence TCD parameters.

Transcranial Color-Coded Duplex (TCCD) enables color-
coded imaging of intracranial arterial blood flow in red and blue,
respectively, indicating flow toward and away from the probe.
Besides its usefulness in identifying the insonated vessels during
vasospasm monitoring, it has also shown to be helpful in screen-
ing for midline shift, hematoma volume assessment and to follow
evolution of hydrocephalus.

Advantages of TCD/TCCD include non-invasive technology,
bedside application, absence of ionizing radiation and cost-
effectiveness. On the other hand, some of the challenges include
requirement of specific skills for data acquisition and interpreta-
tion, interrater-variability and technical challenges due to poor
TCD windows. In this chapter, we will focus on the utility of
TCD/TCCD in the Neurocritical Care Unit. The role of TCD in
specific diseases is discussed separately.

I. Common indications of TCD in the NCCU
1. Vasospasm monitoring
2. Monitoring of cerebral autoregulation and cerebrovascular
reactivity
Assessment of intracranial pressure
Cerebral emboli detection
To assess patency of cerebrovascular bypass graft
Ancillary testing for brain death
Assessment of cerebral vascular occlusion or revascular-
ization post thrombolysis
II. Common indications of TCCD in the NCCU
1. Vasospasm monitoring
2. Assessment of hydrocephalus
3. Assessment of hematoma volume
4. Assessment of midline shift
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Transcranial Doppler

1. Vasospasm monitoring
TCD is routinely used in the NCCU for vasospasm moni-
toring in patients with subarachnoid hemorrhage as well as
traumatic brain injury (TBI). Mean flow velocities (mFV) are
measured in the anterior and posterior circulation bilaterally in
the following vessels:
(a) Middle cerebral artery (MCA)
(b) Anterior cerebral artery (ACA)
(c) Carotid siphon (SIPH)
(d) Ophthalmic artery (OA)
(e) Posterior cerebral artery (PCA)
(f) Vertebral artery (VA)
(g) Basilar artery (BA)
(h) Terminal internal carotid artery (TICA)

TCD velocities, in addition to Lindegaard ratio (LR) is used to
predict the degree of vasospasm. The LR represents the ratio
between the velocity of the MCA or ACA and the ipsilateral extra-
cranial ICA and can help differentiate changes caused by general-
ized hyperemia from vasospasm. A similar ratio can also be
obtained between the basilar artery and the extracranial vertebral
artery.

Normal mFV in the MCA in adults range from 50 to 80 cm/s
(Fig. 1a); in the ACA, 35 to 60 cm/sec; in the PCA, 30 to 50 cm/
sec; and in the basilar artery, 25 to 50 cm/s. In general, the veloc-

Fig. 1 (a) Normal spectral waveform (MCA). (b) Severe vasospasm (MCA)
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ity in the OA is roughly one-fourth the velocity in the MCA
whereas the velocity in the PCAs, VAs and BA is about one-half
the velocity in the MCA.

Use of TCD is known to most reliably predict vasospasm in the
proximal MCAs (Fig. 1b) in 97% of SAH patients with 67% sen-
sitivity and 99% specificity. An MFV <120 cm/s in the MCA has
a 94% negative predictive value, while an MFV >200 cm/s has an
87% positive predictive value [1]. For ACAs absolute values are
less reliable with sensitivity and specificity of only 42% and 76%,
respectively [1]. More specific measures for ACA vasospasm are
findings of >50% increase in mFV or increase by >50 cm/s within
a 24-hour period. For PCAs, rising velocity trends may be more
predictive of vasospasm than absolute values. In the BA, vaso-
spasm is estimated by the ratio of BA to extracranial VA (ECVA),
also known as Soustiel’s ratio [2].

e BA/ECVA >2: Basilar artery vasospasm
* BA/ECVA >2.5: Moderate to severe spasm
* BA/ECVA >3: Severe vasospasm

In addition, vasospasm is known to occur in 35 to 61% of trau-
matic brain injury patients [3] and can lead to secondary brain
injury. Vasospasm in the BA has been reported to occur more
commonly after traumatic SAH than aneurysmal SAH. In the
ICU, TCD based evaluation of vasospasm may help guide man-
agement including optimization of CPP.

It is important to note that elevated velocities can also occur in
the setting of hyperemia. Therefore, clinical context and the LR
should be taken into account while interpreting TCD velocities.
Table 1 represents the vasospasm grading criteria based on mFV
and LR.

2. TCD for Intracranial Pressure Estimation
Monitoring of intracranial pressure (ICP) is an important
aspect of NCCU management in patients with acute brain
injury. In the Neuro ICU, ICP is typically measured by an
intra-parenchymal probe or intraventricular catheter. In cir-
cumstances where invasive ICP monitoring is not possible,
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Table 1 American Society of Neuroimaging TCD Grading criteria for MCA
vasospasm [4, 5]

Mean flow velocity MCA/ICA MFV

(MFV) (cm/s) ratio (Lindegaard)  Interpretation

<120 <3 Hyperemia

>80 34 Hyperemia + possible mild
spasm

>120 34 Mild spasm + hyperemia

>120 4-5 Moderate spasm + hyperemia

>120 5-6 Moderate spasm

>180 6 Moderate-to-severe spasm

>200 >6 Severe spasm

>200 4-6 Moderate spasm + hyperemia

>200 34 Hyperemia + mild (often
residual) spasm

>200 <3 Hyperemia

TCD may be used for indirect ICP estimation. Several TCD
based methods can be used for indirect assessment of ICP as
described below:

Gosling Pulsatility Index:

Pulsatility index (PI) is the ratio derived from the difference
between systolic velocity (FVs) and diastolic velocity (FVd)
divided by mean velocity (FVm)

_FVs—FVd
FVm

PI

In patients with raised ICP, the passive flow or diastolic flow is
significantly impacted compared to the systolic flow, which leads
to a characteristic high resistance flow pattern with elevation of PI
>1.2 (Fig. 2). This measure is independent of angle of insonation,
hence is not operator dependent. However, it is important to note
that PI is also dependent on other variables like cerebral perfusion
pressure (CPP), arterial blood pressure (ABP), arterial pulsatility/
compliance of the cerebral arterial bed, heart rate and the varia-
tion in partial pressure of CO, (PCO,). The normal PI ranges from
0.7 to 1.1. Although elevation of PI may indicate rise in ICP [6-8],



66 T. Chaaban et al.

- .(‘n ol

MCa L

Ve nns

L] 1850230

34

a 1 2 Y i L L
| 2 W, Dacts 30, SV 14, PRF. S04, Power (ISP TA) 720, Fier 100, Angle Corection 0

Fig. 2 High resistance flow pattern with elevation of PI

Table 2 Causes of elevated Pulsatility Index. PI: Pulsatility Index, ICP:
Intracranial Pressure

PI>1.2, End diastolic flow present PI>2, End diastolic flow absent

All arteries: All arteries:
Hyperventilation Distal arterial occlusions
Increased cardiac output Extremely high ICP
Hypertension Arrest of cerebral circulation
Increased ICP

Unilateral: Unilateral:
Compartmental increase in ICP Compartmental increase in ICP
Distal stenosis Distal stenosis

One artery: One artery:
Distal obstruction (spasm, Distal obstruction (spasm,
stenosis, edema) stenosis, edema)

it is important to note the PI may be elevated due to increase in
distal vascular resistance (e.g., hypocapnia with related vaso-
constriction) with associated decrease in ICP. Hence, use of PI
based ICP estimation is mostly helpful to assess trends and ele-
vated PI should not be used as an absolute indicator of rise in
ICP. When interpreting abnormal values, it is important to con-
sider whether arterial involvement is diffuse or focal and whether
end diastolic flow is present or absent in addition to the overall
clinical picture. Examples of causes of elevated PI are summa-
rized in Table 2.
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Non-invasive Cerebral Perfusion Pressure based ICP
estimation

This method for noninvasive cerebral perfusion pressure (nCPP)
measurement using TCD was originally described by Czosnyka
et al. in 1998 [9].More recently, Schmidt et al. demonstrated a
good correlation between nCPP and invasive CPP measurement
using the formula [10]

nCPP = MAP * in

+14mm Hg
m

Where, FVd (diastolic flow velocity); FVm (mean flow velocity);
MAP (mean arterial pressure)

The FVd and FVm are measured in bilateral MCAs at a depth
of 4.5-6 cm.

Once nCPP is calculated, nICP (non-invasive ICP) is derived
by using the formula:

nlCP = MAP —nCPP

This method has shown satisfactory correlation with direct
CPP measurement within the CPP range of 60-100 mm Hg.
However, it is important to note that local mass effect and auto-
regulatory dysfunction can significantly alter measurements
between the two sides.

Several other methods for nCPP based ICP calculation have
also been suggested [6, 7]

nICP Measurement based on Ophthalmic Artery Insonation:

In this method, both internal and external segments of the oph-
thalmic artery (OA) are insonated. The intracranial segment is
pathologically compressed by raised ICP thereby affecting blood
flow. The extracranial segment is artificially compressed by apply-
ing graded external pressure (Pe) around the eyeball. Pressure is
increased gradually until flow in the extracranial segment equals
flow in the intracranial segment. This Pe is assumed to reflect ICP;
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i.e. Pe = ICP. Certain devices (e.g Cerepress or Vittamed 205
devices) have been used for external pressure application. This
method has fair sensitivity and specificity in the order of around
70% and 80% respectively [11, 12]

Optic Nerve Sheath Diameter (ONSD)

CSF circulates in the optic nerve sheath postero-anteriorly. Due to
the trabeculated nature of the retrobulbar part of the nerve sheath,
it is distensible and ICP changes are quickly reflected (within sec-
onds) as the nerve sheath dilates. ONSD measured 3 mm behind
the retina has better accuracy for detection of increased ICP when
compared to other TCD based methods [13, 14]. However, the
diameter cutoff for detection of intracranial hypertension is still
debatable and ranges somewhere between 5-6 mm [15].

3. Vasomotor Reactivity and Cerebral Autoregulation
Monitoring:

Cerebral Autoregulation:

Cerebral autoregulation (CA) is a homeostatic process that allows
the maintenance of cerebral blood flow (CBF) across a wide range
of arterial blood pressures (MAP 50-150 mm Hg) (Fig. 3). In
patients with impaired CA, the cerebral blood flow directly cor-
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relates with MAP which may result in hypo or hyper-perfusion
leading to secondary brain injury.

Loss of CA is commonly seen in patients with acute brain
injury including TBI, SAH, ischemic stroke, hypoxic ischemic
injury and inflammatory brain diseases. Impairment of CA can
lead to poor functional outcome and mortality in TBI [16], higher
risk of delayed cerebral ischemia in SAH [17] and larger infarct
size in ischemic stroke patients [18].

Monitoring of autoregulation can be useful in guiding manage-
ment of cerebral perfusion pressure and prognostication in acute
brain injury (Weak recommendation, moderate quality of evi-
dence) [19]. Continuous bedside monitoring of CA can be helpful
to determine optimal CPP levels in patients with acute brain
injury.

Cerebral autoregulation can be assessed by measuring relative
blood flow changes (change in mFV in MCA as a result of con-
striction or dilation of distal cerebrovascular bed) in response to a
change in CPP (static method) or by measuring the rate at which
such adaptive changes occur in the event of a sudden fluctuation
of CPP (dynamic method).

Methods for assessing Static and Dynamic Cerebral

Autoregulation:

e Static autoregulation: Vasoactive agent is given to increase
CPP by >20 mm Hg.

Thereafter, static autoregulatory index (SARI) is calculated as
follows:

SARI = %AeCVR | %ACPP

where, estimated cerebrovascular reserve (eCVR) = MAP/
mFVmca

mFVmca indicates mean flow velocity in the middle cerebral
artery

When sARI is 0, cerebral autoregulation is exhausted and CBF
changes linearly with CPP. Values <0.39 are considered impaired
and >0.4 are normal.
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Static autoregulation can also be calculated using Mx (correla-
tion between mean flow velocity and mean CPP) where correla-
tion coefficient between CPP and mFV are evaluated.
Autoregulation is impaired when Mx <0.3 and intact when >0.3.

Other invasive (CPP based) and non-invasive (MAP based)
ways of static CA assessment using TCD flow velocities have
been described in the literature as follows:

e Sx — correlation between FVs and mean CPP
¢ Dx — correlation between FVd and mean CPP

The terms Mxa, Sxa and Dxa are used when CA is assessed
using MAP instead of CPP.

* Dynamic autoregulation: Assessed by inflating BP cuff on
the thigh for 3 mins (20 mm Hg above systolic pressure) fol-
lowed by sudden deflation to measure mFV in MCA.

The dynamic autoregulatory index (dARI) can be calculated
by comparing pre and post-deflation MCA velocities by using the
following formula:

dARI= (AeCVR/AT)/MAP

where eCVR = MAP/MFV ., and AT = time (seconds)

While some studies have found a correlation between indices
based on MAP and CPP [20], CPP based indices have been shown
to perform better in outcome and mortality prediction [21]. In
addition, comparative studies have shown that Mx correlates bet-
ter with laser doppler flowmetry changes suggesting its correla-
tion with small vessel and microcirculatory dynamics [22].

Assessment of Vasomotor Reactivity (VMR):

VMR is defined as the percentage change in mean flow velocity
(measured in MCAs) after stimulus application (CO, or acetazol-
amide) compared to flow velocity at rest. The CO, stimulus can be
provided either by 30 seconds of breath holding or by infusion of
5% CO, through the ETT in intubated patients. Since most
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patients in the NCCU with acute brain injury are intubated, infu-
sion of the 5% CO, is a reasonable approach.
VMR can be calculated using the following formula:

mFVmax —mF Vmin)
mFVbaseline

VMR = ( x100

Procedure is performed by measuring mFVbaseline in a nor-
mocarbic state (pCO, 35-45 mm Hg). The 5% inhaled CO, is then
administered and mFVmax is measured after achieving ETCO,
increase by 10 mm Hg. The patient is then hyperventilated until
ETCO, decreases by 10 mm Hg from baseline normocarbic state
and mFVmin is measured.

Normal response is increase in MCA velocity by 2—4% per
mm Hg increase in PaCO,.

Interpretation:

* VMR <15%-exhausted

* VMR 16-38%- severely decreased

e VMR 39-69%- moderately decreased
* VMR >70%- normal

Acetazolamide (1 g injection) can also be used for CA assess-
ment. Acetazolamide prevents conversion of carbonic acid
(H,COs) to CO, and H,0 thereby decreasing pH, which leads to
vasodilation. In individuals with intact autoregulation, CBF
increases by 30-60% using this method.

4. Patency of Cerebrovascular Bypass and Quality of Blood
Flow
In patients with high flow bypass (radial artery or saphe-
nous vein graft) blood flow rates range between 65-200 ml/
min with mean flow velocity of 130 ml/min. Rates <65 ml/min
or >200 ml/min are associated with ischemia and hyperemia
respectively. Low flow bypass (superficial temporal artery) has
a flow rate <65 ml/min. In low flow bypasses, peak velocities
are used due to difficulty in accurate assessment of the narrow
vascular lumen. A focal increase in peak velocity or slow sys-
tolic upstroke suggests stenosis.




72

T. Chaaban et al.

5.

Microemboli Detection

TCD can be used for detection of microemboli in patients
with stroke (cryptogenic, atheroembolic, post aneurysm coil-
ing or intracranial stent etc). Detection of microemboli and
assessment of embolic burden can be helpful in guiding man-
agement in high-risk stroke patients.

. Assessment of Cerebral Artery Revascularization or Re-

occlusion

TCD can also be used to assess revascularization post
thrombolysis or to assess re-occlusion of a proximal intracra-
nial vessel. Demchuck et al. evaluated a TCD based score
‘thrombolysis in brain ischemia score (TIBI)’ in 109 patients
with IV thrombolysis and successfully demonstrated imaging
correlation with initial stroke severity, clinical recovery, and
mortality [23]. The TIBI score ranges from grade 0 to 5 with
grade 0 indicating absence of pulsatile flow and grade 5 cor-
responding to normal flow. In comparison to DSA, TCD is
more than 85% sensitive and specific in detecting supraclinoid
ICA or proximal MCA segment lesions. The use of contrast-
enhanced color-coded duplex sonography can be especially
useful in this context to identify the insonated vessel.

. Ancillary Test for Brain Death determination

TCD is commonly used as an ancillary test for brain death
determination as it provides a convenient bedside assessment
of intracranial flow. Catastrophic brain injuries cause signifi-
cant increase in ICP which progressively diminishes cerebral
perfusion pressure leading to cerebral circulatory arrest. The
dynamic changes in the intracranial flow related to rising ICP
is reflected in the TCD. A meta-analysis by Chang et al. evalu-
ated TCD in brain death determination and suggested sensitiv-
ity and specificity of 0.90 (95% CI, 0.87-0.92) and 0.98 (95%
CI, 0.96-0.99) respectively [24]. In the right clinical context,
TCD findings can confirm the determination of brain death. To
reduce the chance of false positives, complete evaluation of the
intracranial circulation is important. TCD findings should
include a lack of diastolic flow or reverberating flow, small
systolic peaks in early systole or a complete lack of flow found
by the operator who previously demonstrated adequate for-
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Fig.4 (a) The oscillating flow pattern is defined as forward and reverse flow
in one cardiac cycle with almost the same area under the envelop of the wave-
form. (b) Systolic spikes are sharp unidirectional signals in early systole,
<200 ms duration, <50 cm/s peak systolic velocity, and without a flow signal
during the remaining cardiac cycle

ward flow. The oscillating flow pattern is defined as forward
and reverse flow in one cardiac cycle with almost the same
area under the envelope of the waveform (Fig. 4a). Systolic
spikes are sharp unidirectional signals in early systole,
<200 ms duration, <50 cm/s peak systolic velocity, and with-
out a flow signal during the remaining cardiac cycle (Fig. 4b).
It is important to realize the limitation that TCD is helpful in
measuring intracranial blood flow, but not the function of the
brainstem.

Transcranial Color-Coded Ultrasound

Transcranial color-coded ultrasound (TCCS) allows visualization
of intracranial structures including ventricular system and hema-
tomas, in addition to visualization of the proximal vessels and the
circle of Willis. It has multiple potential bedside applications in
the NCCU, some of which are discussed below.

1. Midline Shift
TCCD can be used to detect and follow brain midline shift
(MLS) using a 2-5 MHz probe over the temporal window. The
third ventricle is identified as a double hyperechogenic image
over the midbrain. The distance from the skin (temporal win-
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Fig.5 a=measurement from right temporal window. b = measurement from
L temporal window. Midline shift = A-B/2. The red arrow indicates 3rd ven-
tricle

dow) to the middle of the third ventricle from each side [left
and right] is measured. The midline shift will equal “long dis-
tance minus short distance/2 [25] (Fig. 5).

ie MLS = %

This method was first described by Seidel et al. in 1996 [26].
Using a cutoff of 0.35 this method has 84.6% sensitivity, 84%
specificity and 0.86 AUC when compared to computed tomogra-
phy (CT) scans [27]. Other reports also confirmed good correla-
tion in the setting of intracranial hemorrhage [28].

2. Hematoma Volume
Supratentorial and infratentorial hematomas can be identi-
fied by TCCD in patients with adequate bone windows, mak-
ing hematoma volume measurement and expansion monitoring
feasible at the bedside (Fig. 6). Excellent correlation with CT
measurements was reported for both hematoma volume [28]
and growth [29].
3. Hydrocephalus
The TCCD can be used to evaluate hydrocephalus in the
NCCU as cerebrospinal fluid (CSF) appears anechoic com-
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Fig.6 Figure demonstrates measurement of intracranial hemorrhage volume
using axial (a) and coronal (b) planes. Volume = LxSXC/2

pared to ependymal cells lining the cerebral ventricles that are
hyperechoic. The 3rd and lateral ventricles appear as double
hyperechogenic lines containing the anechoic CSF. Excellent
correlation has been shown between TCCD and CT
measurements of width of the 3rd ventricle, bifrontal horns
and middle part of the lateral ventricles [30, 31] (Fig. 7).

Future Perspectives

Traditionally, TCD monitoring is a labor-intensive technique,
with limited ability to obtain only intermittent and short duration
recordings, typically ranging from 30 min to 1-h duration.
Furthermore, application of TCD in the NCCU setting for long
durations has been limited given the complexity of care, regular
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Fig. 7 Figure represents ultrasound measurement of hydrocephalus. The
thick arrow measures dilation of the 3rd ventricle. The thin arrow represents
incidental finding of hyperechoic choroid plexus in the temporal horn

bedside nursing care, patient manipulations, and presence of vari-
ous other monitoring modalities. This limits the ability to extract
important variables continuously, such as cerebral autoregulation
and continuous assessment of intracranial pressure noninvasively.
State-of-the-art advances in robotics have led to the development
of robotically driven TCD probes, integrated with automated
detection and optimization of FV signals. Given the novelty of
these devices, they have not been readily applied to the NCCU
setting. However, given this advancement, they provide the poten-
tial to improve dramatically the ability to obtain longer,
uninterrupted, and eventually continuous TCD recordings, par-
ticularly in the moderate and severe TBI patient population.

Conclusion and Recommendations

TCD is a neuromonitoring tool that is noninvasive, portable, safe
and cost-effective and has a wide range of utility in guiding day to
day management in the NCCU. It is useful to incorporate TCD in
the NCCU as part of a multimodal monitoring strategy. Although
properly obtained TCD measures provide valuable clinical insight
in patients with acute brain injury, it is important to be mindful of
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its limitations and use alternate strategies of neuromonitoring
when/where needed.
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in Subarachnoid
Hemorrhage
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Introduction to Subarachnoid Hemorrhage

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

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

Cerebral Vasospasm in SAH

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

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

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

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

1. Age:

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

Table 1 Factors influencing cerebral blood flow velocity

Factor Change in CBFV

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

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

MAP Increase with increasing MAP

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

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

Age Age Age

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

P1 48-57 41-56 3747

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

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

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

3. Fever:

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

4. Intravascular volume and hemodynamic factors:

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

Timing of TCD surveillance in patients with aSAH:

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

Determining the severity of cerebral vasospasm by TCD:

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

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

2. Sviri ratio:

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

Table 3 Grading of severity of vasospasm using transcranial doppler

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

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

Severe >200 >6

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

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

Severe vasospasm >85 >3

Adopted with permission from Samagh N et al. with permission [40]
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Fig. 1 Baseline TCD examination of the right middle cerebral artery
acquired at 50 mm depth through the temporal window in a patient with
aSAH showing mean CBFV of 78 cm/s (within normal limits)
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Sample Volume 10
Gain[%] 38
Power(ISPTA) 720
Depth[mm] 56
Scale[Hz] 9524
Label MCA_L
Filter 100
Angle Correction 0

Fig. 2 TCD acquired in the left middle cerebral artery through a temporal
window 56 mm depth shows development of moderate cerebral vasospasm.
The mean cerebral blood flow velocity is 171 cm/s
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Fig. 3 TCD examination of the left middle cerebral artery at 50 mm depth
through a temporal window shows severe cerebral vasospasm. The mean
CBFV is now 221 cm/s

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

The reliability of TCD in detecting cerebral vasospasm:

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

1. Anterior circulation:

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

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

2. Posterior circulation:

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

TCD and Cerebral Autoregulation in SAH

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

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

TCD and Emboli Detection

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

Conclusions

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

Reversible cerebral vasoconstriction syndrome (RCVS) and cen-
tral nervous system (CNS) vasculitis both present with focal or
diffuse vasculopathy and intracranial stenosis. Distinguishing fea-
tures include signs and symptoms, gender predilection, etiology,
MRI findings, treatment, and disease course. Daily transcranial
Doppler (TCD) is well validated in the subarachnoid hemorrhage
(SAH) population to assess proximal vessel vasospasm. In par-
ticular, MCA mean flow velocity (MFV) > 200 cm/s and basilar
MFV > 100 cm/s represent severe spasm. Pulsatility index (PI)
levels >1.19 may also signify distal stenosis. Thus, TCD repre-
sents a cost-effective, mobile, and non-invasive tool for repeated
assessment of intracranial vasculopathy. Here we describe TCD
application to RCVS and vasculitis: for diagnosis, monitoring
during therapy, and ultimately for prognostication.
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Literature Review
TCD to Detect Stenosis and Occlusion

Anterior Circulation

TCD can reliably detect stenosis in the anterior circulation includ-
ing the middle cerebral artery M1 segment and the internal carotid
siphon in both the stroke and SAH populations (Table 1).
Compared to angiography, TCD has an approximate sensitivity in
the MCA of 80% to 90%, specificity of 90% to 95%, positive
predictive value of 85%, and negative predictive value of 98% [1,
2]. It is less reliable for the anterior cerebral arteries because of
collateral flow patterns and shunting to the ACA contralateral to
the spastic segment [3]. In the ACAs, sensitivity is approximately
13% to 18% and specificity is 100%.

Posterior Circulation

As compared to angiography, several studies have shown that
TCD can detect stenosis and occlusion in the posterior circulation
including the intracranial vertebral, and proximal basilar with an
approximate sensitivity of 80% and specificity of 75% to 80% [1,
2]. The BA/VA ratio may improve the sensitivity for basilar vaso-
spasm [4]. Given collateral flow, the sensitivity for PCA territo-
ries is poor with close to 100% specificity [3].

Table 1 TCD Criteria for Vasospasm Diagnosis

Anterior circulation

Mild VSP 100-139 cm/s LR<3
Moderate VSP 140-200 cm/s LR 3-6
Severe VSP >200 cm/s LR>6
Posterior circulation

Mild VSP 60—80 cm/s

Moderate VSP 80-100 cm/s

Severe VSP >100 cm/s
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Vasospasm and SAH

TCD is much more sensitive in detecting proximal versus distal
vasospasm [5]. Proximal vasospasm results in segmental or dif-
fuse elevations in mean flow velocities without flow velocity
increase in the extracranial vessels.

Daily TCD examinations help identify SAH patients at risk of
delayed cerebral ischemia. Literature in the SAH population has
shown that mean MCA flow velocity values greater than 120 cm/s
or greater than 200 cm/s reliably predict the presence of clinically
significant vasospasm [1, 5-7]. For the basilar artery, mean flow
velocity >85 cm/s or >100 cm/s predicts severe vasospasm. These
values are affected by factors such as age, intracranial pressure
(ICP), mean arterial blood pressure, hematocrit, arterial CO2 con-
tent, and collateral flow patterns. As above, TCD is most reliable
for detecting vasospasm in the MCA and ICA territories, and less
so for the ACA territories and vertically oriented branches of the
intracranial arteries distal to the basal cisterns. TCD is well vali-
dated for the detection of cerebral vasospasm (class II, level of
evidence B) [1]. Transcranial color-coded sonography is another
non-invasive tool that may be utilized as well [§—10]. It combines
pulsed wave Doppler ultrasound with a cross sectional view,
allowing identification of arteries, velocities, and direction of
flow.

Asdiscussed in Chapter “Transcranial Doppler in Subarachnoid
Hemorrhage”, the ratio between the intracranial MCA and the
extracranial carotid or the Lindegaard ratio (Vintracranial MCA/
VelCA) helps to avoid reading hyperemia as vasospasm and is
well validated when compared to angiography [11]. Hyperemia
results in flow elevations in MCA and ICA with LR < 3 while
vasospasm results in elevated MCA over ICA flow with LR > 6.
Increased pulsatility index indicates increased resistance distal to
the site of insonation, and is a surrogate marker of distal vaso-
spasm. A similar ratio (Vbasilar artery/Vextracranial vertebral
artery) exists for basilar vasospasm [4].
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Gosling’s pulsatility index ((PSV-EDV)/MFV) may reflect
vascular resistance, with proximal stenosis lowering the PI due to
distal arterial dilatation, and distal stenosis increasing the PI (nor-
mal range 0.5-1.19) [12]. Notably, the PI is not a direct reflection
of vascular resistance, but reflects the interplay between CPP,
arterial pulse amplitude, compliance and other factors [13].

Additionally, diagnosis of >50% stenosis using TCD is based
on the following criteria: (1) increased velocity through the ste-
notic segment; (2) decrease in velocity distally (post-stenotic
dilation); (3) left versus right side differences in velocity; and
(4) disturbances in flow such as turbulence and murmurs [14,
15]. Absent flow at a normal position and depth, and increased
flow in collateral vessels may signal vessel occlusion. Examples
of collateral flow include flow reversal in ACA or MCA, flow
reversal in the ophthalmic artery, and prominent Acomm or
Pcomm flow.

The Stroke Prevention Trial in Sickle Cell Disease (STOP)
trial utilized TCD to detect intracranial stenosis and stroke risk in
children with SCD [16]. Children with Vmean >200 mc/s in the
ICA or MCA territory were randomly assigned to standard care or
periodic blood transfusion, with a 92% stroke risk reduction in the
transfusion group. This study validated the use of TCD for SCD-
related intracranial stenosis in children.

TCD is well-validated in vasospasm secondary to subarach-
noid hemorrhage [6]. In this population, serial TCD is utilized to
diagnose vasospasm, guide need for endovascular intervention,
and monitor response to therapy.

Hemodynamic Effects in Vasospasm

In the SAH population, vasospasm induces a decrease in vessel
lumen diameter, which causes an increase in flow resistance. Mild
narrowing may not cause a sufficient change to influence flow,
and cerebral autoregulation may induce elevated arterial blood
pressure to compensate. In moderate narrowing, the flow velocity
will increase inversely to the change in lumen area with good cor-
relation to angiography. In severe narrowing, this relationship is
more complicated [3]. Figure 1 shows a reliable relationship
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Fig. 1 Aaslid R. Transcranial Doppler assessment of cerebral vasospasm.
European journal of ultrasound. 2002 Nov 1;16(1-2):3-10

between diameter and velocity in mild or moderate spasm (I,
‘forward side’). II shows the ‘plateau’ where flow is reduced
while velocity remains relatively independent of diameter. III, the
‘backside’ shows lower velocities with additional diameter reduc-
tion with loss of cerebral autoregulation with severe narrowing.
Given these changes, TCD velocities need to be correlated to
angiography and clinical findings.

Cerebral autoregulation is the ability to maintain cerebral
blood flow over a range of mean arterial pressures. Cerebral auto-
regulation may be static or dynamic depending on the variability
in blood pressure.
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As discussed in other chapters, the pulsatility index may be a
surrogate marker for cerebral autoregulation. It is also related to
ICP, with a correlation coefficient of 0.938 (p < 0.0001) [17].
PI = (MCA peak systolic velocity — MCA end diastolic velocity)/
MCA mean flow velocity.

RCVS

RCVS is characterized by reversible cerebral vasoconstriction of
acute onset, often with severe “thunderclap” headache [18-21]. It
has a female predilection with a ratio of 2-3 to 1. RCVS is often
associated with vasoactive medications including sympathomi-
metic and serotonergic drugs, and illicit substances such as
cocaine and methamphetamine. Endocrine and hormonal factors
may play a role as well. Treatment is often calcium channel block-
ers such as nimodipine or verapamil.

Cortical SAH, ICH, seizures, and reversible posterior leukoen-
cephalopathy often occur within the first week with ischemic
complications (stroke and TIA) within the second week [22]. By
definition, stenosis improves within 4—12 weeks (Fig. 2).

Cerebral angiography may show single or multi-vessel nar-
rowing and dilation (“string and beads”) with improvement fol-
lowing intra-arterial calcium channel blockers. As compared to
vasculitis, RCVS has a relatively normal CSF profile. While the
gold standard for diagnosis is angiography, TCD has been used
successfully to show improvement in the blood flow velocities
over time, but may underestimate changes in vessel diameter in
the acute phase [18, 23-25].

Ducros et all looked at TCD in 64 patients with RCVS with 44
(69%) having increased arterial velocities with a mean of
163 £ 27 cm/s in middle cerebral arteries and 148 + 20 cm/s in
carotid siphons. Angiography confirmed multifocal segmental
arterial constriction. Twelve patients had serial TCD with a moder-
ate increase in velocities on first TCD (mean 6.8 days) but marked
on the second TCD (mean 22.5 days), long after the headache had
subsided [22]. Levin et al. also found that TCD flow velocities in
the MCA (VMCA) reached a mean peak three to four weeks after
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Fig. 2 (a) Catheter angiography at disease onset: multiple narrowing and
dilatations, (b) Control catheter angiography at 3 months, (¢) MRA at disease
onset and (d) Control MRA [22]

headache onset [26]. Another case series reported bimodal peaks
with increased velocities at days 15 and 17 [27]. Marsh et al. dem-
onstrated improvement in velocities in seven patients with RCVS,
which correlated to initiation of a calcium channel blocker [24].

Chen et al. utilized transcranial color-coded sonography
(TCSS) to investigate hemodynamic changes in patients with
RCVS [28]. They analyzed the mean flow velocity of MCA
(VMCA), Lindegaard Index (LI), and maximum values every
10 days over the first month and every 20 days thereafter (average
3.9 studies per patient). They utilized vasospasm criteria for SAH
patients with mild vasospasm as VMCA >120 cm/sec; and
moderate-to-severe with VMCA > 200 cm/sec. Patients with
VMCA > 120 cm/sec and LI > 3, had a greater risk of posterior
leukoencephalopathy and ischemic strokes.
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Topcuoglu et al. described impaired vasomotor reactivity in
seven of eight patients with RCVS, which highlights the impaired
autoregulation through vasodilation in this disease [29]. Vasomotor
reactivity may be considered as an ancillary study, but the signifi-
cance of abnormal findings remains unknown.

Thus, TCD remains a cost-effective, mobile, and noninvasive
technology with utility for both diagnosis and therapeutic moni-
toring in RCVS. We still recommend the gold standard for initial
diagnosis (cerebral angiography, CTA, MRA), and to determine
disease extension and disease progression, particularly in small
vessel vasculitides [10].

TCD ofters real-time monitoring of blood flow in an intracra-
nial artery. Therefore, it represents an important, non-invasive and
non-nephrotoxic tool to monitor intracranial stenosis associated
with RCVS and vasculitis over extended periods. Additionally,
assessment of stenosis over time can assist with prognostication.

RCVS v Vasculitis

As compared to RCVS, CNS vasculitis (aka primary angiitis of
the central nervous system [PACNS]) does not have a gender pre-
dilection, is often subacute, and CSF profile is typically abnormal
[18]. MRI is abnormal in 90%, and often shows ischemic infarcts
in multiple vascular territories of varying ages. Cerebral angiog-
raphy may be similar but does not show reversibility with admin-
istration of intra-arterial calcium channel blockers. Other authors
have reported angiographic findings of “sausage on a string” in
RCVS versus “irregular notched” appearance in vasculitis [30].
Findings do not typically reverse spontaneously, and treatment
includes high-dose steroids and immunotherapy. Clinical out-
comes are typically better in RCVS. Singhal et al. described a
90% discharge mRS of 0-3 in patients with RCVS as compared to
75% with vasculitis [30]. A significantly greater number of RVCS
patients had mRS 0-1.

Krasnianski et al. described three patients with RCVS (migraine,
eclampsia, toxic encephalopathy), and three patients with vasculi-
tis (2 with PACNS and 1 with Crohn’s disease associated vasculi-
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tis). They found that TCD (elevated velocities) correlated to MRA
and cerebral angiography and clinical disease course [31].

Vasculitis

CNS vasculitis (primary angiitis of the CNS) refers to inflamma-
tion of the blood vessels of the brain, spinal cord and meninges
[32]. Secondary causes of CNS vasculitis include infectious
causes such as varicella zoster, large, medium and small vessel
vasculitides, malignancy, and autoimmune diseases such as sys-
temic lupus erythematosus and sarcoidosis. It is a rare disease,
predominantly affecting males around 50 years old, and present-
ing in an indolent or subacute way. MRI findings include ischemic
and hemorrhagic strokes, often in multiple vascular territories and
of varying age, subarachnoid hemorrhage, and leptomeningeal
enhancement.

Calabrese et al. proposed diagnostic criteria for primary CNS
vasculitis in 1988 including: 1) new neurological or psychiatric
deficit; 2) angiographic or histopathological features of CNS arte-
riopathy; and (3) no evidence of systemic vasculitis or other mim-
ics [33]. Angiography reveals “beading” and multifocal vascular
stenosis. The gold standard in diagnosis is pathology.

Lowe et al. performed serial TCD in two children with PACNS
and one child with West Nile vasculitis [34]. All three girls had
MCA infarcts, and abnormal findings on TCD (elevated peak sys-
tolic velocities over multiple examinations) which correlated with
abnormalities in both MRA and cerebral angiography.

TCD Findings in Vasculitis

Several studies have validated use of TCD in cerebral vasculitis
(particularly for proximal cerebral vessels) for both diagnosis and
disease course as compared to cerebral angiography [10, 35-37].

Gonzalez-Suarez et al. reported TCD findings in inactive
Antineutrophil Cytoplasmic Antibody (ANCA)-associated vascu-
litis. They found that lower mean flow velocity and lower middle
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cerebral artery pulsatility index was related to altered SPECT per-
fusion, lower Montreal cognitive assessment test scores, and
younger age [38].

Cantu et al. evaluated 21 patients with Takayasu arteritis, a
large-vessel arteriopathy [36]. They compared MRA, color
Doppler flow imaging, and TCD with angiography. For TCD,
temporal windows were used to evaluate the MCA, ACA, and
PCA. The transorbital approach was used for the intracranial ICA,
and the transoccipital approach was used for the basilar artery and
distal vertebral arteries. Extracranial obstruction was suggested
by dampened or blunted waveforms, slow acceleration, and
decreased pulsatility in the MCA and basilar artery. They found
that non-invasive techniques showed at least one abnormality in
20 (95%) patients. In addition, MRA and color Doppler flow
imaging highly correlated to angiography for detection of vessel
occlusion. Interestingly, high resolution ultrasound detected com-
mon carotid wall thickening in vessels that were normal on other
imaging studies.

Ameriso et al. also found that the systolic/diastolic ratios and
pulsatility indexes were extremely low in a patient with Takayasu
arteritis [37]. They also noted damping in every flow waveform
recorded, consistent with pulseless flow in the intracranial circu-
lation.

Others have validated use of ultrasound in vasculitis as com-
pared to cerebral angiography and MRA (Figs. 3 and 4) [10, 39,
40]. Ultrasound may show inflammatory wall thickening. In the
case of temporal arteritis, color Doppler ultrasound shows a con-
centric, hypoechoic dark wall swelling secondary to edema;
increased flow velocity due to stenosis (particularly with increased
velocities proximally, turbulent waveforms with several colors
present, and reduced velocities behind the area of stenosis [14].
They noted that these findings improve with corticosteroids,
which highlights the benefit of non-invasive techniques such as
ultrasound or transcranial Doppler for real-time monitoring of
treatment effect. Ultimately, improvement of stenosis with treat-
ment over time can assist in prognostication.
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Fig. 3 Imaging studies of a 37-year-old man with newly diagnosed and
untreated active Wegener’s granulomatosis with involvement of the carotid
bifurcation and the internal carotid artery. (a) Angiography of the left carotid
artery shows narrowing of the proximal internal carotid artery. Kinking and
coiling of the artery occurs further distally. (b) The T1-weighted magnetic
resonance image of the left carotid bifurcation shows a perivascular infiltrate.
The ultrasound image in a longitudinal (c) and transverse view (d) delineates
narrowing of the artery, hyperechoic (bright) wall thickening, and a perivas-
cular infiltrate [10]
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Fig. 4 Ultrasound images of vasculitis. The arrows indicate inflammatory
wall thickening. The scans are longitudinal to the course of the vessels. (a)
Left parietal ramus in acute temporal arteritis. (b) Left subclavian artery in
acute large-vessel giant cell arteritis. (¢) Left common carotid artery in
Takayasu’s arteritis. The right side of the image delineates a thickened artery
wall. The distal common carotid artery (left side) is normal. (d) Isolated
abdominal aortitis

Suggested Protocol

Obtain a complete standard TCD, including extracranial ICA flow
velocities to calculate the Lindegaard ratio, to establish a baseline
after diagnosis (see Chapter “Transcranial Doppler in
Subarachnoid Hemorrhage”: SAH and vasospasm). Repeat TCD
studies daily, following additional treatment, or with a change in
clinical examination.

Technical Considerations

The examination is often done in the neurocritical care unit under
less than optimal conditions. Audible signals from narrowed ves-
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sels are weak and a good quality headset is recommended. All
studies should be conducted with the patients at rest with steady
state ventilator settings (arterial CO2 content causing large artery
dilation and arteriolar constriction), ICP, hematocrit, temperature,
blood pressure, and mental or motor activity (neurovascular cou-
pling).

The evaluation of RCVS or vasculitis should be similar to the
routine TCD performed for vasospasm, utilizing classic acoustic
windows with a 2 MHz frequency ultrasound probe at previously
recommended depths.

We recommend the highest possible PRF setting to reduce the
risk of PRFs aliasing [3]. Musical murmurs and bruits in distal
segments can guide the sample volume toward the highest
velocities.

Distal vessels such as M2 should be scanned for elevated
velocities. Given the fluctuation in flow velocities, we recommend
at least daily assessment over a sufficient amount of time.

Obtain extracranial Doppler for a reference velocity from the
internal carotid artery (eICA) as close as possible to the base of
the skull. Aim the probe inferiorly or slightly posteriorly to the
angle of the jaw, with the depth set to 40 to 50 mm.
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Monitoring for Emboli Detection (Without
Micro-Bubbles Injection)

Cardioembolic stroke accounts for 14-30% of ischemic strokes
[1, 2]; patients with cardioembolic infarction are prone to early
and long-term stroke recurrence, although recurrences may be
preventable by appropriate treatment during the acute phase and
strict control at follow-up [3, 4]. Cardioembolic stroke occurs
when the heart pumps unwanted materials into the brain circula-
tion, resulting in occlusion of brain vessels and brain tissue infarc-
tion. TCD ultrasonography is the only available modality for
detecting microembolic material in gaseous and solid states in
real-time, within the intracranial cerebral arteries. These micro-
embolic signals (MES) or high-intensity transient signals (HITS)
have distinct acoustic impedance properties when compared to
erythrocytes that flow simultaneously and early experimental
studies demonstrated the high sensitivity of Doppler ultrasound in
detecting arterial emboli [5, 6]. The ultrasound signals reflect off
emboli prior to flowing erythrocytes in blood and due to this
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phenomenon, the reflected Doppler signal has a higher intensity
signal visible within the Doppler spectrum [7]. Emboli have been
detected in a number of clinical conditions: carotid artery steno-
sis, aortic arch plaques, atrial fibrillation, myocardial infarction,
prosthetic heart valves, patent foramen ovale, valvular stenosis,
during carotid surgery, open-heart surgery, stent implantation,
percutaneous transluminal angioplasty, angiography and other
procedures (Table 1). The 1995 Consensus Committee of the
Ninth International Cerebral Hemodynamics Symposium identi-
fied embolic signals according to their defined features: short
duration (lasting 0.01-0.1 second), unidirectional, high-intensity
signals visible in the Doppler spectrum, occurring randomly
within the cardiac cycle, accompanied by a characteristic “chirp-
ing” or “clicking” sound, and without any possible source of arti-
fact at the same time [8] (Fig. 1). It should be noted, however, that
embolic signals may occasionally produce bidirectional signals,
particularly if gaseous in composition or with inadequate instru-
mentation settings [9]. In 1998 the International Consensus Group
on microembolus detection suggested guidelines for the most
important technical parameters for proper use of TCD identifica-
tion of emboli in clinical practice, as well as in scientific investi-
gations [9]. These parameters are the following:

(i) The relative intensity increase: the ratio of the acoustic
power backscattered from the embolus to that of the mov-
ing blood surrounding the embolus (measured in dB).

(ii) Detection threshold: decibel thresholds ranging from 3 to
9 dB have been recommended for discriminating MES
from the background noise and from spontaneous fluctua-
tions of physiological Doppler flow signals.

(iii) The axial length of the sample volume affects the relative
intensity increase and can be manipulated. Most investiga-
tors use a sample volume length >3 and <10 mm.

(iv) Frequency and temporal resolution: The data length ana-
lyzed should usually not exceed 5—-10 ms to achieve a spec-
tral resolution of the FFT of 100-200 Hz (lower FFT
frequency resolution is preferred).
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Table 1 Conditions in which Microembolic signals can be detected

Asymptomatic high-grade internal carotid stenosis (ACS)
Symptomatic high-grade internal carotid stenosis

Prosthetic cardiac valves
Myocardial infarction
Atrial fibrillation

Aortic arch atheroma

Fat embolization syndrome
Cerebral vascular disease
Coronary artery catheterization
Coronary angioplasty
Direct current cardioversion
Cerebral angiography
Carotid endarterectomy (CEA)
Carotid angioplasty
Cardiopulmonary bypass
Brain aneurysm
Hughes-Stovin syndrome
Marantic endocarditis

Deep vein thrombosis
Mitral valve prolapse
Polyarteritis nodosa

Pelvic vein thrombosis

IV catheter infection

Renal vein thrombosis

Idiopathic dilated cardiomyopathy

Renal vein thrombosis
Dilated cardiomyopathy
Aortic aneurysm, abdominal
Endocarditis

Atrial myxoma

Ventricular aneurysm
Surgery complication
Cholesterol embolism
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L L

Fig. 1 Single MES reflection in regular Doppler spectrum (upper part of
display) and in M-Mode (lower part of display). (This illustration is courtesy
of DWL, Germany)

(v) Temporal overlap: An FFT overlap of at least 50% is impor-
tant to avoid missing individual microembolic signals.

(vi) Minimizing the background signal by using a low power
and low gain is recommended to allow strong embolic sig-
nals to be completely displayed within the dynamic range
of the instrument.

(vii) Ultrasound frequency: The most frequently used frequency
is 2 MHz because sensitivity is lower with higher frequen-
cies.

(viii) High and low pass filter settings should be kept constant.

(ix) A recording time of at least 1 hour is recommended for
patients with carotid stenosis or atrial fibrillation, but
shorter times (30-minutes) may suffice in patients with
mechanical heart valves.

Carotid stenosis is an important cause of ischemic stroke, with
artery-to-artery embolism being the most common mechanism.
In 1991, the European Carotid Surgery Trial [10] and North
American Symptomatic Carotid Endarterectomy Trial [11]
reported a beneficial effect in favor of CEA in recently symptom-
atic patients with high-grade carotid artery stenosis. In these
clinical trials, the reduction in stroke risk is attributed to removal
of the cerebral embolic source, carotid plaque in most cases.
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Stork et al. confirmed that MES are more likely to be detected
among symptomatic patients with high grade carotid stenosis
compared with asymptomatic patients and that higher numbers
of MES are more common among symptomatic vs. asymptom-
atic patients [12]. Most MES are asymptomatic, but are still
believed to be a marker of risk for cerebral ischemia [13]. To
define patients with ACS who will benefit from medical, surgical
or endovascular intervention TCD emboli monitoring can be
helpful. Molloy and Markus observed that TCD based identifica-
tion of asymptomatic embolization in patients with >60% carotid
artery stenosis was an independent predictor of future stroke risk
in both symptomatic and asymptomatic patients [14]. Another
prospective study suggested that cerebral microembolism
detected with TCD sonography may define a high-risk subgroup
among patients with high-grade ACS [15]. The Asymptomatic
Carotid Emboli Study was a prospective observational study in
patients with ACS of at least 70% from 26 centers worldwide. To
detect the presence of embolic signals, patients had 1-hour TCD
recordings from the ipsilateral middle cerebral artery (MCA) at
baseline and at 6, 12, and 18 months. This study reported an
absolute annual risk of ipsilateral stroke or TIA at 2 years of
7.13% in patients with embolic signals and 3.04% in those with-
out, and for ipsilateral stroke, 3.62% in patients with embolic
signals and 0.70% in those without [16]. Thus, the presence of
emboli on TCD distal to a high-grade asymptomatic ICA steno-
sis identifies patients at higher risk of first-ever stroke [16].
Sometimes the presence of emboli can be the only sign of a prox-
imal or distal arterial dissection, partially occlusive thrombus,
artery-to-artery embolism or unrecognized cardiac source of
embolism. Patients with ACS should not be offered surgical or
endovascular intervention without first being identified as high
risk as percent stenosis itself can be misleading. One way to
improve the risk to benefit ratio for intervention is with TCD
emboli monitoring [17]. Finally, a systematic review and meta-
analysis found that TCD emboli monitoring provides clinically
useful information about stroke risk for patients with carotid dis-
ease and is technically feasible in most patients [18].
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Emboli detection can also be used to assess the effect of anti-
thrombotic drugs. Antithrombotic therapy is usually prescribed to
patients after initial presentation with stroke. MES are affected by
antithrombotic agents [19]. Goertler et al. utilized TCD emboli
monitoring to localize an embolic source and to monitor the
effects of antithrombotic treatment in 81 patients with atheroscle-
rotic CVD [20]. The CARESS trial was the first multicenter study
to use MES detection with TCD monitoring as a surrogate end
point to evaluate antiplatelet efficacy and showed that using MES
as an outcome parameter with appropriate quality control mea-
sures is feasible [21]. Spence et al. showed that cardiovascular
events and MES on TCD significantly declined with more inten-
sive medical therapy [22]. They concluded that fewer than 5% of
patients with ACS likely benefit from revascularization, and that
ACS patients should receive intensive medical therapy with con-
sideration of revascularization only if MES are observed on TCD
[22]. A subsequent review of the role of TCD emboli monitoring
in patients with multi-territory acute embolic strokes showed that
presence of MES, especially in multiple intracranial arteries, is
associated with increased risk of symptomatic, recurrent emboli-
zation [23]. This finding may justify a more aggressive treatment
approach (clopidogrel load followed by dual antiplatelet therapy
or alternatively therapeutic dose of low-molecular-weight hepa-
rin).

Several technical issues associated with TCD emboli monitor-
ing warrant discussion, including validity of automatic software
for emboli detection, total time for MES monitoring, and best
time for MES monitoring during the natural day (24 hours).
Kouame et al. suggested an approach for detection of small MES,
called the neuro-fuzzy technique. In the field of artificial intelli-
gence, neuro-fuzzy refers to combinations of artificial neural net-
works and fuzzy logic in which MES detection is performed using
only one gate instead of multiple-gate TCD instruments [24].
Another study suggests that using only single-channel, single-
frequency Doppler ultrasound, the HITS detection and character-
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ization method using a weighted-frequency Fourier linear
combiner that estimates baseline Doppler signal power allows
more accurate and sensitive detection and segmentation of
embolic signatures compared to commercial TCD emboli-detec-
tion software [25]. Abbott et al. demonstrated that embolism asso-
ciated with ACS shows circadian variation with highest rates
4-6 hours before midday [26]. This corresponds with peak circa-
dian incidence of stroke and other vascular complications.
Accurate and reliable characterization of embolus size and com-
position is still not possible with current technology. An optimum
recording protocol is not defined. One hour probably is required
[27-29] but this finding has not been validated by a prospective
study. In patients with mechanical heart valves, a 30-minute
recording time may be sufficient.

Patients with acute and sub-acute ischemic strokes and TIAs
can also undergo TCD emboli monitoring to detect, localize, and
quantify cerebral embolization [30]. This information is helpful to
establish the mechanism of stroke and potentially change man-
agement strategy, especially if emboli are found suggesting
artery-to-artery embolization or continuing embolization despite
treatment both in patients with symptomatic and asymptomatic
extracranial or intracranial large artery disease [31].

TCD emboli monitoring may also be useful during surgeries,
like CEA and cardiothoracic surgeries due to relatively high fre-
quency of stroke as a complication. One study of 500 patients
who underwent CEA with TCD monitoring of the ipsilateral
MCA during various phases of CEA concluded that embolism
(54%) is the primary cause of cerebrovascular complications
from CEA [32]. TCD monitoring during CEA provides clinically
useful information about embolic phenomena and flow patterns
in the cerebral vasculature that may prompt appropriate measures
at several stages of CEA to reduce the risk of perioperative stroke
[32-34]. TCD emboli monitoring is therefore considered possi-
bly useful during cardiac surgery, but remains investigational
[35-39].
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Monitoring for Emboli with Micro-Bubble
Injection

Patent foramen ovale (PFO) has been associated with cryptogenic
stroke allowing paradoxical embolism from the veins to the brain
through an RLS [40]. PFO is a permanent opening through the
interatrial septum or a hole between the upper chambers of the
heart that fails to close after birth and often persists into adult-
hood. Blood flows back and forth through the defect depending on
the pressure gradient between the atria. For the vast majority a
PFO is well-tolerated. PFO is found in 34% of adults in the first
three decades of life declining to 20% in the ninth and tenth
decades and ranging from 1 to 19 mm in diameter [41].

Problems arise when a blood clot crosses the PFO and enters
the cerebral circulation causing an ischemic stroke. This paradox-
ical embolism may occur more often than suspected.

Initially, PFO is considered when stroke occurs in a young per-
son. One study reported an incidence of abnormal cardiac RLS —
i.e. PFO or atrium septum defect in 40% of ischemic stroke
patients compared with 10% of a control group [42]. Thus cardiac
RLS is considered a risk factor in cryptogenic stroke, particularly
in young patients with no additional risk factors. The frequency of
PFO is even higher (55%) in patients with cerebral infarct of
unknown etiology or so-called cryptogenic infarct [43], especially
in the younger age group [44, 45]. Nevertheless, a recent system-
atic review and meta-analysis showed the association of RLS with
cryptogenic events remained at older ages and overall the popula-
tion burden of PFO-associated events is substantial [46]. In addi-
tion, migraine patients with aura have 3—1 odds of having a PFO
compared to a non-migraine group [47]. Given that the conditions
for venous thrombosis and pulmonary embolism are also com-
mon in the general population, the risk for paradoxical embolism
is prevalent at all ages.

The motivation to diagnose PFO is driven by the manufacture
of safe transcatheter closure devices and the popularity of contrast-
TCD (c-TCD) over invasive contrast transesophageal echocar-
diography (c-TEE) or contrast transthoracic echocardiography
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(c-TTE). Using intravenous injections of agitated saline (Fig. 2),
the suspended bubbles pass through the PFO from the right to the
left atrium and are easily detected by TCD as audible chirps and
microembolic spectra in the cerebral arteries. A Valsalva Maneuver
(VM) facilitates passage of the microbubbles through the PFO by
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Fig. 2 Example of set-up for intravenous injection of agitated saline
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Fig.3 C-TCD at rest (a) and at Valsalva maneuver demonstrating “curtain”
of emboli (b)

raising the pressure in the right atrium over that of the left atrium
(Fig. 3). Agitated saline contrast agent has been used safely for
many years in echocardiography and TCD.

C-TEE until recently was considered the gold standard for
PFO detection and diagnostic yield is enhanced using contrast
agents. However, the c-TEE examination may lack sufficient sen-
sitivity if sedation is required, as the sedated patient is often not
capable of performing VM or forced expiratory effort adequately,
which is frequently an indispensable prerequisite to elicit a
RLS. Although c-TTE allows the diagnosis of RLS by means of
color Doppler, the flow that is inverted intermittently may not be
detected, and thus c-TTE may not be sensitive enough to diagnose
RLS [48]. TCD monitoring with contrast injection has turned out
to be a reliable method to diagnose PFO [49, 50] and has
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demonstrated high accuracy in ruling in and ruling out PFO when
compared to the gold standard c-TEE [47, 51-54]. Belvis et al.
[53] showed almost perfect concordance between simultaneous
¢-TCD and c-TEE in the quantification of RLS. Moreover, c-TCD
appears to be more sensitive and specific for PFO detection than
¢-TEE or ¢-TTE [55, 56]. ¢c-TCD is sensitive to detect RLS, even
in patients with negative TTE or TTE [58].

The 2000 International Consensus Meeting determined a four-
level categorization according to emboli appearance in the TCD
spectrum as category 1: up to 10 MES; category 2: 11-20 MES;
category 3: more than 20 MES; category 4: “curtain-like” pattern,
quantification is not possible because the MES signals fills the
entire spectrum [57]. In addition, main advantages of contrast
TCD as compared to TEE in the detection of RLS are: (1) the VM
can more comfortably be applied during TCD than during TEE
and (2) size and functional relevance of RLS can more easily be
assessed using contrast TCD than using TEE. Spencer et al. [58]
also suggested a PFO grading scale using a 6-level logarithmic
scale: no MES — grade 0; 1-10 MES grade I; 11-30 MES grade
IT; 31-100 MES grade IIT; 101-300 MES grade I'V; and above 300
MES - grade V (Table 2). Examples of c-TCD test at rest and with
VM are shown in Fig. 3.

Power m-mode TCD (pmTCD) detects more bubble microem-
boli than traditional single gate conventional TCD [59]. If pmTCD
testing is positive, TEE may be indicated to confirm the type and

Table 2 Spencer grading scale for reporting MES on TCD using power
m-mode [58]

Unilateral test Bilateral test
Grade 0 0 0
Grade 1 1-5 1-10
Grade 2 6-15 11-30
Grade 3 16-50 31-100
Grade 4 51-150 101-300
Grade 5 >150 >300
Grade 5+ Uncountable, curtain Uncountable, curtain

MES counted at rest and during Valsalva release
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location of the shunt and to detect other potential cardiac abnor-
malities including an atrial septal aneurysm. If pmTCD is nega-
tive, there is no need to search further for a RLS as a cause of
cryptogenic stroke. pmTCD provides greater sensitivity to con-
trast bubble emboli that does single-gate TCD and among candi-
dates for transcatheter closure, pmTCD therefore offers an
improved noninvasive method for diagnosing PFO and evaluating
effect of transcatheter closure [48, 60-62].

Optimal patient setup and protocol for ¢c-TCD are still to be
perfected. Patient positioning while performing c-TCD is a mat-
ter of ongoing discussion. Some authors suggest raising the
patient’s position from supine to sitting to improve the sensitivity
of ¢c-TCD in the detection of PFO in the case of a first negative
test [63, 64]. Some publications suggest using a small sample of
the patient’s own blood to obtain an agitated saline solution as a
means of increasing the number of microbubbles generated [65,
66]. Other authors discuss the importance of the time interval
between injection in the antecubital vein and detection of micro-
bubbles in the MCA and concluded that observation of >10
microbubbles of agitated saline at less than 10 seconds on TCD
(with VM) is highly sensitive and specific for the diagnosis of
RLS [67]. They also found that use of a plasma volume expander,
oxypolygelatine, caused a significantly higher number of micro-
bubbles compared with saline as contrast media. Similarly,
Droste et al. showed that ¢c-TCD yielded 100% sensitivity to
identify TEE—proven cardiac RLS [51]. Patients in this study
were asked to perform VM 5 seconds after administration of con-
trast. Schwarze et al. suggested that 10 mL of contrast medium
should be injected with the patient in the supine position and that
VM be performed 5 seconds after the start of the injection [68].
A strong relationship is reported between the size of the PFO on
TEE and the number of MES on ¢-TCD (P < 0.0001) [69]. A
consensus statement established a standardization of the c-TCD
technique protocol and its interpretation [46]. Among these rec-
ommendations: (a) Always quantify the MES at rest and during
provocative maneuvers; report numbers of MES separately; (b)
Perform the examination three times at rest, and afterwards three
times under provocative maneuvers. Consider the examination
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completed if the “curtain-like” pattern is observed at rest; (c)
Explain the Valsalva maneuver to the patient and have them prac-
tice it prior to beginning the test in order to check that the pro-
vocative test has a reliable response; (d) Consider a positive
result the detection of at least one MES with spectral visualiza-
tion and coincident signal on M-mode, as well as the typical
sound pattern. Consider it a non-significant positive result if
fewer than 10 MES are detected only during the provocative
maneuver; (e) Report the findings according to four categoriza-
tion levels [57]; (f) For bilateral tests, use the highest number
obtained in each channel and do not sum the number of MES
detected in the right and left MCA; g) Document results for “at
rest” and VM separately.

Conclusion

C-TCD monitoring with contract injection has established value
for evaluation of patients with unknown cause of stroke and sus-
pected RLS. Although ¢-TCD itself is sufficient for diagnostic
screening of RLS with high sensitivity (97%) and specificity
(93%) — class IIA, its use alone is not recommended [35]. The
direct evaluation of RLS and anatomical observation of the atrial
septum remains important, especially if PFO closure is to be con-
sidered.
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Development

TCD has become a valuable multimodal neuromonitoring (MNM)
tool applicable in ICUs that treat neurocritically ill patients. It
allows monitoring of a wide range of neurological pathologies,
with the advantages of being a method that can be practiced next
to the patient’s bed, in a serial manner at low cost. Aaslid et al.
published in 1982 the first results regarding the study of cerebral
arteries, using a low frequency pulsed Doppler and demonstrating
specific patterns thereof as distinctive of CCA [1]. TCD has con-
stituted a significant step forward in the diagnosis of CCA. The
normal sonographic appearance of extracerebral intracranial
arteries that form the circle of Willis (CoW) is of continuous flow,
with average rates that vary in accordance with each other (Fig. 1).
The alterations observed on TCD of a patient with brain injury, on
its way to CCA, are due to an increase in intracranial pressure
(ICP) [2]. In 1998, TCD diagnostic criteria for BD were published
by a task force of the World Federation of Neurology (WFN) [3].
CCA develops in four steps according to the WFN:
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Fig.1 Normal TCD study of right middle cerebral artery (R- MCA), near the
bifurcation of the internal carotid artery (ICA). Male, 24 years old

1. Increasing pulsatility index with decreasing diastole until the
cerebral blood flow velocity at the end of diastole equals zero.
This occurs when the ICP reaches the diastolic blood pressure
(DBP). Extensive TCD monitoring studies in patients with
traumatic brain injury (TBI) have provided information regard-
ing the relationship between ICP and TCD. The diastolic flow
rate is influenced by the cerebral vascular resistance, mostly
determined by the ICP and the vessel diameter. TCD images
show that the diastolic flow rate becomes zero when the ICP
equals DBP [4]. Since forward flow persists in systole, this
stage does not correspond to CCA. This is a warning signal, at
which point the TCD diastolic waveforms are comparable with
the DBP (instead of the systolic or mean pressure) [5].

2. Biphasic or oscillating flow (Fig. 2). When the ICP is equal to
or higher than the systolic blood pressure (SBP), cessation of
cerebral perfusion occurs and “positive and reverse” flow
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Fig. 2 TCD study that shows reverse/oscillating /reverberant diastolic flow
pattern registered in both MCAs. Male, 26 years old. TBI due to firearm
injury

L-MCA 95 = 2

Fig. 3 TCD study that shows systolic spikes pattern in L- MCA. Male,
31 years old. Subarachnoid hemorrhage, DC and evolution into CCA

waveforms are almost alike, with a zero net flow. This corre-
lates with circulatory arrest on the cerebral arteriogram.

3. Systolic spikes (Fig. 3). This pattern is highly distinctive of
CCA. With further reduction in blood flow, only a small peak
of systolic velocity can be seen. At this stage, we can assume
that the slowness of the reverse flow component could be hid-
den by the filters. Every TCD machine uses high pass filters in
order to remove signals that come from vessel wall motion.
For CCA diagnosis this filter should be set at its lowest levels
(for example, 50 Hz).

4. There is no flow signal. If ICP continues to increase, obstruc-
tion of flow occurs more proximally in the CoW and no flow
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signal is detected distally. The failure of signal detection may
be due to problems in the transmission of sound (bad sonic
window); in these cases, it is paramount to examine the extra-
cranial carotid and the vertebral arteries, since they represent
important diagnostic criteria [3]. It is a major concern whether
the absence of signal corresponds to CCA or to the absence of
a sonic window. In order to accept this finding as a criterion for
CCA, the TCD should be conducted under the same clinical
conditions and by the same expert examiner who previously
found flow in the patient [6]. Recall that the TCD probe may
penetrate through the skull barrier, in areas where the bone is
thinner; these areas of greatest transparency are called win-
dows, and three of them are used: temporal, orbital and suboc-
cipital or transforaminal. Cervical Color Doppler (CCD)
sonography may be considered a valid and accurate diagnostic
tool for detecting CCA, with a general sensitivity of 78% in
comparison to other ancillary tests. Pedicelli et al. have dem-
onstrated in their study that in a subgroup of patients with
appropriate bone windows on TCD, the CCD sensitivity was
around 80%, showing the same flow patterns as TCD and
implying that in most cases CCD may document the same
CCA pattern detected by TCD [7].

In certain jurisdictions (ex. the Spanish legislation, Royal
Decree 1723/2012) [8], the documentation of these criteria which
signify the existence of CCA allows a BD diagnosis to be con-
firmed without prolonging the observation period. In order to
complete the diagnosis, it would be advisable to carry out some
instrumental test [8]. However, on account of the description in
the literature, of some isolated cases in which cerebral blood flow
(CBF) was only temporarily interrupted (generally patients with
subarachnoid hemorrhage (SAH) in which the TCD study coin-
cided with a sudden increase in ICP due to rebleeding), some
societies (ex. the Spanish Society of Neurosonology) recommend
to confirm the CCA through a second study of flow velocities
after at least 30 minutes [9]. It is interesting to highlight that a
systolic-diastolic separation pattern can show up before biphasic
or oscillating flow. This pattern is characterized by the presence of
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an anterograde flow systolic wave in the sonogram (also called
“systolic peak” by some authors) associated with another flow
wave, also anterograde, of short duration during the mesodiastolic
(middle of diastole) period. In protodiastole (period in the cardiac
cycle between the end of systole and closure of the aortic valve
marking the start of diastole) and telediastole (towards the end of
ventricular diastole) the flow equals zero [10]. According to
Dominguez Roldéan et al., it is the pattern with the lowest fre-
quency, given that it has a short time of existence [10]. We believe
it is important to note that, when such a pattern is observed, the
TCD should be repeated within the following 12 hours. We also
emphasize that, when the systolic-diastolic separation pattern is
seen, the clinical neurological examination should simultaneously
be performed [11]. In a previous study of 9 cases with this TCD
pattern, we reported in one case, a 22-year-old male with severe
TBI, persistence of cough reflex and spontaneous breathing
(Fig. 4) [11]. Based on these concepts, the following questions
emerge:

1. Is CCA associated with BD?
2. Does interruption of brain circulation cause neuronal death?

The neuron is a remarkably hypoxia-ischemia-sensitive cell.
The global brain ischemic threshold with the production of irre-
versible lesions is around 5 minutes [12]. Therefore, every such

L-MCA a7 -~ 2

Fig.4 Systolic-diastolic separation image registered in the left middle cere-
bral artery (L-MCA). Male, 22 years old. Severe TBI due to traffic accident
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situation that modifies the normal brain circulation may provoke
changes in neuron function and structure. The neuron is nourished
via telediastole (the interval in which neurotransmitters are
released), which means that if in that phase a deficit in the circula-
tion occurs and, hence, in the supply of oxygen and glucose, the
neuron will suffer injuries of variable severity. The neuron has
practically no capacity for anaerobic metabolism. Flow drops
below 10 ml/min/100 g cause irreversible neuronal injury [13]. In
structural SBI of different types (traumatic, vascular, tumoral,
anoxic-ischemic, infectious) it may be an increase of the brain
volume (cerebral edema) which provokes intracranial hyperten-
sion (ICH), which has a negative impact on cerebral blood flow
(CBF), causing decreases to critical levels. The CBF measure-
ment with TCD shows a good correlation with other direct mea-
surements thereof, such as the xenon method [14]. Moreover, the
waveform morphology in the diastolic phase may earlier or later
indicate signs of ICH, with subsequent mitigation of diastolic
cerebral flow [14]. The interplay of pressures inside the cranial
cavity affects the equation: cerebral perfusion pressure
(CPP) = mean blood pressure (MBP) — ICP, and, in accordance
with its values, will be translated into changes in the morphology
of the velocity waveform. The attenuation of the waveform’s dia-
stolic phase, a sign of ICH with a subsequent decrease in cerebral
perfusion, is associated with a decrease in the blood supply to the
neuron. When ICP surpasses DBP initially, and then SBP, CBF
decreases to zero and there is no forward flow in the arterial circu-
lation. At this time, the TCD will show patterns suggesting
CCA. This phenomenon, which is a result of cerebral herniation,
does not allow neuronal telediastolic nutrition, leading to its func-
tional and structural damage, culminating, after a short period, in
neuronal death. This is the reason why CCA can be correlated to
neuronal death and, hence, to BD, although it is worth emphasiz-
ing that these are not synchronous phenomena, but can be sepa-
rated by a short period. There are, however, cases of complete and
irrecoverable absence of brain function, even in the presence of
continued CBF [15]. An example is reperfusion in patients after
cardiac arrest. Under these circumstances, the patient’s brain is
irreversibly damaged due to global ischemia. Nevertheless, CBF
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is reestablished and persists for a while, so the discovery of flow
does not rule out BD [16]. If cardiorespiratory function in this
patient is artificially maintained, however, dead brain cells cause
edema and intracranial hypertension, which finally leads to a
decrease in the CPP and the absence of flow. If the ultrasound
study is repeated, it will eventually show the CCA pattern [15].
The TCD as ancillary test for BD is highly sensitive and specific,
with rates of 89% and 98%, respectively [17]. In order to establish
a CCA diagnosis that accompanies BD, the anterior and posterior
territories of the Circle of Willis must be insonated, while the
CCA findings must be sustained for a period of 30 minutes. This
process entails the insonation of the middle cerebral arteries
(MCA), on a bilateral basis, through the temporal window and
following the blood vessel track as much as possible, as well as
the basilar artery (BA), through the suboccipital or transforaminal
window. There are reports of infratentorial injuries associated
with CCA in which the anterior cerebral circulation may be pre-
served by means of the internal carotid artery circulation [18]. In
one of my latter investigations, two cases of patients with brain
stem (BS) infarcts had TCD studies that observed continuous flow
in both MCAs and an arrest pattern in the BA. In both cases, the
neurological examination confirmed BD. For this reason, the
TCD may not be a reliable ancillary method for CCA in infraten-
torial processes, since it cannot confirm CCA in all the CoW ves-
sels [19]. The clinical neurological examination remains the
primary method of BD determination in most situations. The use
of TCD as an ancillary test for making a diagnosis of BD has long
sparked the interest of researchers. One of the questions posed by
the American Academy of Neurology (AAN) Quality Standards
Subcommittee is whether there are ancillary tests that accurately
identify those patients with BD, giving the greatest importance to
the clinical examination. Within the recommendations published
in this document, there is insufficient evidence to determine
whether the complementary tests accurately confirm the cessation
of function of the whole brain (Level U) [20]. In the AAN
evidence-based guideline, TCD is useful only if a reliable signal
is found, and accepted abnormalities can only include either
reverberating flow or small systolic peaks in early systole. Com-
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plete absence of flow is not reliable due to possibility of inade-
quate transtemporal windows for insonation. The other
requirement is bilateral insonation and both anterior and posterior
circulation insonation [20].

In some practical guides for the determination of BD, TCD is
included in the ancillary tests used in adults. Its application would
be in those situations that do not allow a complete neurological
examination, including the apnea test. This requires expertise of
the specialist to interpret the results, and that physicians be aware
of the possibility of false positive results [20]. An important fact
is that in patients with an aborted apnea test, the time of death is
when the ancillary test has been officially interpreted [20]. In a
TCD study observing CCA, many patterns that express the same
findings may concur, as we have demonstrated in our series of
investigative articles [10]. In the first series, CCA patterns most
frequently found were: reverse, oscillating, reverberant diastolic
flow in 66 studies (75%); systolic spikes in 48 (54.5%), and
absence of flow in only 2 cases (2.3%) [11]. In the second, CCA
patterns most frequently found were: reverse-oscillating diastolic
flow (77%), followed by systolic spikes (55%) (Figs. 3 and 4).
This finding reflects a chronological progress in the patterns of
CCA, linked to an increase of ICP. The same study noted the fre-
quency distribution of the insonated arteries, corresponding to the
insonation of the MCAs and BA in 30% of studies [21]. Also
important to consider when using TCD to asses CCA is the chance
of false negative and false positive results. False negatives corre-
spond to individuals with clinical BD and continuous CBF. These
can appear in situations in which the cranial cavity is not closed:
decompressive craniectomy (DC), ventriculostomy, open frac-
tures, open fontanelles (in the case of children). Decompressive
craniectomy (DC) is an increasingly popular therapeutic alterna-
tive for managing ICH and cerebral edema in SBI. The procedure
results in a loss of cranial impenetrability with the aim of alleviat-
ing ICP. When DC is performed, CBF is maintained [22]. TCD
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performed after DC (compared to pre-operatively) shows a sub-
stantial increase in CBFVs, not only on the side of the procedure,
but also in the contralateral hemisphere [23]. It may be necessary
to repeat the study [22].

A false positive corresponds to individuals with a CCA pattern
and negative apnea test or other findings for the BD diagnosis.
The occurrence of CCA and BD may not be synchronous and the
false positive can appear during a short period of minimum brain-
stem activity after CCA (persistence of a BS reflex) [22]. In the
same way as for making a clinical diagnosis of BD, a series of
clinical conditions or previous requirements must be met, for the
performance of TCD in diagnosing CCA. The patient’s hemody-
namic and blood gas status must be stable during the course of the
study, with a MAP >70 mmHg (SBP and DBP not <90/50 mmHg)
and a PaCO, between 35 and 45 mmHg [9]. Furthermore, it is
recommended that before performing a TCD for evaluation of
CCA, the neurological examination be performed. Finally, there
are several limitations of TCD as pertains to confirming BD:

e TCD has lower sensitivity in comparison with the clinical
examination.

e Sensitivity of TCD is associated with the mechanism of neuro-
logical injury.

e The impossibility of preventing false-positive results [17].

With reference to the neurological injury mechanism, there are
situations in which, due to supratentorial unilateral injuries, a
large vessel can show a CCA pattern, without this occurring in the
contralateral vessel [24]. This was reported in a 20-year-old male
patient, who suffered a structural SBI due to a penetrating cranial
wound, involving injury to the M1 segment of the MCA. This
resulted in deformation of the vascular architecture of the CoW,
preventing a complete sonographic examination in order to diag-
nose CCA. BD was confirmed by clinical examination (Fig. 5).
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Fig.5 Tomographic study that reveals penetrating head injury with wound in
M1 segment of the L- MCA. Male, 20 years old. BD diagnosed by clinical
examination

Conclusions

Cerebral circulatory arrest (CCA) derives from cerebral tampon-
ade or herniation, as the final stage of SBI and which in quasi-real
time accompanies BD. There exist specific patterns thereof that
can be identified by TCD which can be performed serially and
economically at the bedside. It has a sensitivity of 89% and a
specificity of 98% [15], taking into account situations that may
cause both false negatives and positives.

Personal Perspectives

In many jurisdictions, TCD for evaluation of CCA is an accepted
ancillary test to accompany the diagnosis of BD, notably in situa-
tions in which the clinical preconditions for a complete neuro-
logical examination for BD are not met. The addition of TCD to
the BD diagnostic process is considered a major milestone in the
procurement of organs, since it may enable the recruitment of
individuals with BD who may be otherwise lost to the organ dona-
tion option.



Evaluation of Cerebral Circulatory Arrest 143

References

10.

11.

12.

. Hadani M, Bruk B, Ram Z, Knoller N, Spiegelmann R, Segal

E. Application of transcraneal Doppler ultrasonography for the diagnosis
of brain death. Intensive Care Med. 1999;25:822-8.

. Perez Calatayud AA, Carrillo Esper R, Diaz Carrillo A, Zepeda Mendoza

AD. Doppler transcraneal y cese de la circulacion cerebral en Muerte
encefalica. ] Mex Assoc Crit Med Intensive Care. 2016;XXX(1):59-60.

. Ducrocq X, Hassler W, Moritake K, Newell DW, von Reutern GM,

Shiogay T, et al. Consensus opinion on diagnosis of cerebral circulatory
arrest using Doppler-sonography. Task Force Group on cerebral death of
the Neurosonology Research Group of the World Federation of
Neurology. J Neurol Sci. 1998;159:145-50.

. Hassler WI, Steinmetz H, Gawlowski J. Transcranial Doppler ultrasonog-

raphy in raised intracranial pressure and in intracranial circulatory arrest.
J Neurosurg. 1988;68:745-51.

. Sidi A, Mahla M. Noninvasive monitoring of cerebral perfusion by tran-

scranial Doppler during fulminant hepatic failure and liver transplanta-
tion. Anesth Analg. 1995;80:194-200.

. Escudero D, Otero J, Quindés B, Vina L. Doppler transcraneal en el diag-

néstico de la muerte encefélica. ( Es util o retrasa el diagndstico? Intensive
Med. 2015;39(4):244-50. https://doi.org/10.1016/j.medin.2014.11.005.

. Pedicelli A, Bartocci M, Lozupone E, D’Argento F, Alexandre A,

Garignano G, et al. The role of cervical color Doppler ultrasound in the
diagnosis of brain death. Neuroradiology. 2019;61:137-45. https://doi.
org/10.1007/s00234-018-2111-4.

. Royal Decree 1723/2012, 28th of December, by which the activities of

obtaining, clinical use and territorial coordination of human organs des-
tined for transplantation are regulated and quality and safety require-
ments are established. Health, Social Services and Equality Ministry.
“BOE” number 313, 29th of December of 2012. Reference: BOE-
A-2012-15715.

. Calleja S, Tembl JL, Segura T. Recomendaciones sobre el uso del Doppler

transcraneal para determinar la existencia de paro circulatorio cerebral
como apoyo diagndstico de la muerte encefdlica. Neurology.
2007;22(7):441-7.

Dominguez Roldan JM, Barrera Chacon JM, Rivera Fernandez MV,
Garcia Alfaro C. Sonografia Doppler transcraneal: su utilidad en el diag-
néstico de las parada circulatoria cerebral que acompafia a la muerte
encefélica. Intensive Med. 2000;24:151-60.

Cacciatori A, Godino M, Mizraji R. Systodiastolic separation expresses
circulatory cerebral arrest? Transplant Proc. 2018;50:412-5.

Roig C. Chap. 19: Muerte Encefélica causada por anoxia encefalica. In:
Lépez-Navidad A, Kulisovsky J, Caballero F, editors. El donante de 6rga-
nos y tejidos. Evaluacién y manejo. Barcelona: Springer —Verlag Ibérica;
1997. p. 202-9.


https://doi.org/10.1016/j.medin.2014.11.005
https://doi.org/10.1007/s00234-018-2111-4
https://doi.org/10.1007/s00234-018-2111-4

144 A. M. C. Castro

13. Jimenez OC, Guerrero Peral AL. Chap. 3: Fisiologia de la circulacion
cerebral. In: Castillo Sanchez J, Alvarez Sabin J, Marti-Vilalta JL,
Martinez Vila E, et al., editors. Manual de enfermedades vasculares cere-
brales. Barcelona: J. R. Prous, S.A; 1995. p. 20-5.

14. Raghavan M, Marik P. Therapy of intracranial hypertension in patients
with fulminant hepatic failure. Neurocrit Care. 2006;04:179-89.

15. Consensus Group on Transcranial Doppler in the Diagnosis of Brain
Death. Latin American Consensus on the use of transcranial Doppler in
the diagnosis of brain death. Braz J Intensive Ther. 2014;26(3):240-52.

16. Flowers WM Jr, Patel BR. Persistence of cerebral blood flow after brain
death. South Med J. 2000;93(4):364-70.

17. Chang JJ, Tsivgoulis G, Katsanos AH, Malkoff MD, Alexandrov
AV. Diagnostic accuracy of transcraneal Doppler for brain death confir-
mation: systematic review and meta-analysis. AJNR Am J Neuroradiol.
2016;37:408-14. www.ajnr.org.

18. Escudero D. Diagnéstico de muerte encefdlica. Intensive Med.
2009;33(4):185-95.

19. Cacciatori A, Godino M, Mizraji R, Dominguez Rolddn JM. Diagnosis of
brain death in infratentorial neurological pathology how to approach it in
the Intensive Care Unit? Case reports. Transplant Proc. 2020;52:1042-8.

20. Wijdicks Eelco FM, Varelas PN, Gronseth GS, Greer DM. Evidence —
based guideline update: determining brain death in adults. Report of the
Quality Standards Subcommittee of the American Academy of Neurology.
Neurology. 2010;74:1911-8.

21. Cacciatori A, Godino M, Mizraji R. Utility of transcranial Doppler in the
coordination of transplants. 10 years of experience. Transplant Proc.
2018;50:408-11.

22. Correa H, Puppo C, Biestro A, Mizraji R, Cancela M, Grille P, et al.
Actualizacién de Consenso de Muerte Encefélica en adultos. 5th edn.
National Institute of Donations and Transplants of Cells, Tissues and
Organs of the Republic of Uruguay. Ministry of Public Health — School
of Medicine, University of the Republic; 2016. p. 1-18.

23. Bon-Seng-Shu E, Jacobsen Teixeira M, Hirsch R, Ferreira de Andrade A,
Marino R Jr. Transcranial Doppler sonography in two patients who
underwent decompressive craniectomy for traumatic brain swelling:
report of two cases. Neuropsychiatric Arch. 2004;62:715-21.

24. Paolin A, Manuali A, Di Paola F, et al. Reliability in diagnosis of brain
death. Intensive Care Med. 1995;21:657-62. CrossRef Medline.


http://www.ajnr.org

®

Check for
updates

Intracranial Stenosis

Mark N. Rubin and Andrei V. Alexandrov

Definition

“Intracranial stenosis” is pathological narrowing of an intracra-
nial blood vessel.

Etiology

The predominant mechanism of intracranial stenosis is athero-
sclerotic plaque formation commonly affecting Asians and
African Americans. However, it is also increasingly found in
Hispanics and Caucasians. Sickle cell anemia, endothelial prolif-
eration, smooth muscle spasm, arterial dissection and non-
occlusive thrombosis can also cause pathological narrowing of
intracranial vessels. However, using the term stenosis implies ath-
eromatous etiology rather than other conditions.
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Complications

Intracranial stenosis can cause “downstream” ischemic injury by
hemodynamic compromise, athero-thrombosis, or artery-to-artery
embolism. Atherosclerotic changes are common in the intracranial
vasculature with increasing incidence with age across all demo-
graphics. Modifiable risk factors include tobacco use, hyperten-
sion, dyslipidemia and hyperglycemia.

Differential Diagnosis

The main differential diagnosis to be considered with evidence of
narrowing of a vessel is congenital physiological atresia as a nor-
mal variant. There are many variants of normal and hypoplastic
segments within the circle of Willis, such that a “complete” and
symmetric circle of Willis is found in only a minority of patients.
The length of the narrowed vessel (longer favoring atresia, short
segment stenosis favoring pathology) and the presence or absence
of compensatory velocity or vasculature changes on imaging
serve as clues to help differentiate pathological stenosis versus
atresia.

Transcranial Doppler Results

Transcranial Doppler [1] (TCD) measures a shift in frequency
when echoes are reflected off of moving red blood cells, and from
these shifts the velocity of the flowing blood is calculated. There
are published normative data [2] that suggest a broad range of
normal across primarily age strata and to a lesser degree gender.

First, to best understand TCD results, one must recall the key
physical principles of:

e The assumed zero angle of insonation

e Flow dynamics, namely the Bernoulli and Hagen-Poiseuille
principles

e The Spencer curve [3]
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Handheld, non-imaging TCD instruments are generally cali-
brated to measure echoes at a 0° or 180° angle, and sampling a
vessel at an unknown angle of intercept will give a fraction of the
“true” velocity; the practical implication is that one can insonate
only the most proximal segments of the basal intracranial vessels
because of the limitation of traditional windows of insonation
and typical vascular neuroanatomy to make a diagnosis of intra-
cranial stenosis.

The purpose of brain vasculature is to maintain continuous
flow in systolic and diastolic phases of the cardiac cycle to ensure
uninterrupted supply of blood with oxygen and glucose to neu-
rons. Blood flow to the brain depends on the cerebral vasculature
being a low-pressure “sink” such that it is a path of least resis-
tance. The pressure gradient (AP) is — in a simplified way — quan-
tified by the Hagen-Poiseuille as 8uLQ/nr* where p is the viscosity,
L is the length of the vessel, Q is the volume flow rate, and r is the
vessel radius. The expression 8uL/nr* can be thought of more
broadly as “resistance to flow” and given the label R. The formula
can be rearranged, then, to Q = AP/R; in words, the volume flow
rate is directly related to the pressure gradient and indirectly
related to the resistance to flow. By these expressions, a progres-
sively shrinking vessel radius will lead to an increase in resistance
to flow, necessitating a corresponding drop in pressure gradient to
maintain volume flow rate.

The Bernoulli principle states, as an extension of conservation
of energy, that any change in potential (hydrostatic or pressure)
energy must be met with a corresponding change in kinetic (veloc-
ity) energy such that total energy is equal at all points along a
streamline. Therefore, in our example of a dropping pressure gra-
dient due to increased resistance to flow, the drop in pressure
(potential energy) theoretically necessitates an increase in kinetic
energy, or velocity, which is exactly what we observe clinically
when diagnosing intracranial stenosis with flow velocity increase
across short and focal stenosis.

From the Hagen-Poiseuille and Bernoulli principles, Drs.
Merrill Spencer and John Reid published a theoretical model [3]
of flow velocity changes in the setting of an idealized stenosis —
focal, axis-symmetric — which yielded a complex curve with
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exponentially increasing velocity with decreasing lumen diameter
up to approximately 80% stenosis, where beyond that critical
level of stenosis velocity begins to exponentially decrease until it
reaches zero with complete occlusion. This model, now referred
to as “The Spencer Curve,” although idealized and conceptualized
for cervical carotid stenosis, has since become recognized as a
foundational concept for developing diagnostic criteria for cere-
brovascular hemodynamics, including intracranial vessels [4].
See Fig. 1.

Complementary to the observation of very elevated or very
diminished mean flow velocity in the setting of intracranial steno-

Long segment stenosis Short segment stenosis
‘Diffuse disease’ Spencer’s curve of ‘Focal disease’
cerebral hemodynamics

MFV=26 cm/s 100; 80 g 0 MFV=180 cm/s
Pl=1.53 Decrease in diameter (%) PI1=0.98

Fig. 1 Spencer’s curve of cerebral hemodynamics [21]. Blood flow patterns
in the intracranial arteries due to stenosis are predicted by their position on
the Spencer’s curve of cerebral hemodynamics. Dotted line A corresponds to
abnormally elevated flow velocity on the “up slope” of the curve caused by
short, focal stenoses of >50%, as is depicted in the DSA (upper right) with
corresponding elevated TCD velocity (lower right). Dotted line B shows the
“down slope” of the Spencer’s curve when the velocities decrease due to
increasing resistance to flow with the most severe and/or elongated lesions.
The CTA image (top left) shows an elongated (>1 cm) stenosis with low mean
velocity and high pulsatility on TCD (bottom left)
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sis, the Thrombolysis in Brain Ischemia (TIBI) grading scale was
introduced by Demchuk, et al. [5] This scale (see Fig. 2) essentially
enumerated “where on the Spencer curve” — the accelerating
slope on the right half or the decelerating slope on the left — the
waveform profile associated with intracranial steno-occlusive dis-
ease happens to be and associated those strata with increasingly
worse response to systemic thrombolysis and overall outcome
with decreasing TIBI score. Increasing TIBI scores reflect the
recanalization process, or “climbing back out to the other side” of
the Spencer’s Curve. See Fig. 2.

Given the individually unique complex nature of neurovascu-
lar anatomy, the typically axis-asymmetric nature of the patho-
logical processes that cause intracranial stenosis, variability in
operator technique and differences in ultrasound hardware, there
are no discrete mean flow velocity cut-points that reliably identify
significant intracranial stenosis with perfect granularity in all
patients. Akin to best practices with carotid ultrasonography [6],

- absent flow signals are defined by the lack of
regular pulsatile flow signals despite varying
degrees of background noise.

Grade 0:
Absent

Grade 1: - systolic spikes of variable velocity and duration

- absent diastolic flow during all cardiac cycles
based on a visual interpretation of periods of no
flow during end diastoli. Reverberating flow is a
type of minimal flow

Minimal

- flattened systolic flow acceleration of variable
duration compared to control.

- positive end diastolic velocity and pulsatilty index
<12 B

Grade 2:
Blunted

Grade 3 - normal systolic flow acceleration
Dampened - positive end diastolic velocity

- decreased mean flow velocities (MFV) by >30%
compared to control

Grade 4: - MFV of >80 cm/s AND velocity difference of
Stenotic >30% compared to the control side or

- if both affected and comparsion sides have MFV
<80 cm/s due to low end-diastolic velocities, MFV
>30% compared to the control side AND sings of
turbulence.

Grade 5: - <30% mean velocily difference compared to
) control

Normal :
- similar waveform shapes compared to control

Fig.2 Thrombolysis in brain ischemia (TIBI) flow grades. The TIBI grading
scale. Lower scores are associated with worse response to systemic tPA and
outcome. Grades 3-0 reflect progressive descent down the “left half” of the
Spencer Curve
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specific velocity values and corresponding degree of stenosis
must be internally derived as a matter of routine quality assurance.
That said, published clinical investigations have established rea-
sonable starting points for new neurovascular laboratories. See
Table 1. When following standard technique, TCD can be sensi-
tive, specific and accurate for the diagnosis of intracranial stenosis
or occlusion in patients with acute ischemic stroke [7].

TCD monitoring techniques also have a role in the diagnosis
and management of intracranial stenosis. More specifically, longi-
tudinal non-invasive surveillance can determine if the stenosis is
stable, progresses or regresses after risk factor modification and
best medical therapy that could be motivational to the patient.
TCD also can assess vasomotor reactivity (VMR) and microem-
bolic signal (MES) monitoring that further refine diagnosis, prog-
nosis and management of intracranial stenosis. Vasomotor
reactivity testing has been done primarily in the setting of cervical
carotid artery stenosis, but there are series focusing on intracranial
stenosis that have demonstrated findings similar to that which is
published in the setting of cervical internal carotid artery stenosis,
namely that impaired vasomotor reactivity “downstream’ from an
intracranial stenosis is associated with current ischemic stroke,
history of stroke, and poorer prognosis as compared to a normal

Table 1 Published “starter” mean flow velocity cut points of intracranial
artery stenosis [13, 19, 20]

Vessel >50% >80%
MCA 100 cm/s 240 cm/s
ICA 90 cm/s 120 cm/s
ACA 80 cm/s -

PCA 80 cm/s -

VA 90 cm/s 110 cm/s
BA 90 cm/s 130 cm/s

Legend: MCA middle cerebral artery, /CA internal carotid artery, ACA ante-
rior cerebral artery, PCA posterior cerebral artery, VA vertebral artery, BA
basilar artery, cm/s centimeters per second
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vessel with normal VMR [8-10]. A series of MES monitoring of
middle cerebral artery stenosis demonstrated that MES are
common with stenosis (22%) and independently predicted ipsilat-
eral stroke within 1 year [11].

Other Procedures

Both invasive and non-invasive angiography can be used to glean
similar and complementary information as compared to TCD.
Direct subtraction angiography (DSA), or “conventional” angiog-
raphy, remains the “gold standard” for evaluating vessel lumen
due to extremely high spatial and temporal resolution. CT and
MR angiography (CTA or MRA, respectively) are non-invasive
means of imaging intracranial vessel lumen with high (but not as
high as DSA) spatial resolution but represent a “snapshot in time”
such that there is no objective hemodynamic data other than
opacification of a vessel. A seminal prospective comparison of
DSA to TCD (as well as MRA) came in a subset of the WASID
trial [12] called the Stroke Outcomes and Neuroimaging of
Intracranial Atherosclerosis (SONIA) trial [13]. In brief, this
study demonstrated substantial negative predictive value of
50-99% stenosis, 86% across all vessels, of TCD as compared to
DSA. Positive predictive value was low at 36%. The trial method
and findings established that a normal TCD can reliably exclude
intracranial stenosis, however, since no TCD standardization has
been performed across participating centers, positive predictive
values were less than optimal. An international multi-center group
that validated TCD scanning protocols and adopted same diag-
nostic criteria showed that WASID-SONIA criteria perform reli-
ably with high sensitivity and specificity [14]. Furthermore, TCD
provides additional complementary information such as emboli-
zation, collateralization and steal that are not obtained by
CTA. See Fig. 3 [15].
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Fig. 3 CTA and TCD correlation [15]. (a) Power-motion TCD showing left
MI1-MCA occlusion with blunted signals at 54 mm and normal contralateral
MCA below; (b) left M1-MCA stenosis with elevated velocities and systolic
bruit at 48 mm; (c) right terminal VA stenosis with MFV of 113 cm/s at
70 mm. TCD findings (a through ¢) were confirmed by CTA (d through f,
respectively). Insert in (e) represents urgent DSA image in the patient with
MI1-MCA stenosis

Treatment

The treatment of intracranial stenosis depends on the mecha-
nism — again, most commonly atherosclerosis — and whether or
not the patient is experiencing symptoms in association with the
stenosis. Asymptomatic intracranial atherosclerotic stenosis is
incidentally diagnosed and does not necessarily require directed
medical or surgical therapy outside of maximizing control of
common health concerns such as hypertension, dyslipidemia and
hyperglycemia. Symptomatic intracranial atherosclerotic steno-
sis — whether it manifests as stroke or transient ischemic attack —
bears high risk of stroke recurrence directly proportionate to the
number of vessels affected and increases with increasingly severe
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degree of stenosis. It is treated with antiplatelet medications,
thoughtful blood pressure control (to avoid both hypotension or
persistently elevated pressure) and high intensity statin therapy in
addition to maximal control of the aforementioned common
health concerns. The use of two antiplatelet agents is common for
90 days after a cerebral ischemic event suggestive of symptomatic
intracranial stenosis. TCD is particularly helpful in diagnosing
MES distal to an intracranial stenosis, which are a predictor of
ipsilateral stroke [11, 16] and informs treatment, namely necessi-
tating dual antiplatelet [17, 18] and occasionally anticoagulation
if refractory.

Stenosis caused by other, less common conditions such as
sickle cell anemia, endothelial proliferation (“vasospasm”), dis-
section, arterial smooth-muscle spasm or non-occlusive thrombus
require different means of evaluation and management. For exam-
ple, most spasmodic disease — vasospasm of aneurysmal sub-
arachnoid hemorrhage or that of Call- Fleming syndrome
(reversible cerebral vasoconstriction syndrome) calls for calcium
channel blockade and supportive care of what is usually a time-
limited pathology that resolves within 3 weeks to 3 months, but
antithrombotic medications are not indicated. Arterial dissection
and non-occlusive thrombosis, on the other hand, calls for life-
long antiplatelet medication and occasionally anticoagulation
because of transitory (but at least weeks) to permanent alteration
in a vessel lumen causing disturbance of laminar flow of arterial
blood.

TCD is perhaps best known and most widely used to screen for
the occurrence and to monitor the dynamic nature of vasospasm
after subarachnoid hemorrhage. Serial studies can help guide
treatment as severe cases often necessitate endovascular reperfu-
sion therapies such as angioplasty and/or local calcium channel
blocker injection to avoid ischemic injury. As seen in Fig. 4 there
can also be thrombotic complications of the intravascular hard-
ware needed to coil an aneurysm, such that this TCD recording
indicated the need for both antiplatelet medication and intra-
arterial therapy, neither of which would have been indicated with-
out TCD diagnosis of a MES and mean velocity elevation in the
range of severe vasospasm, respectively.
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Fig. 4 TCD to diagnose complications of aneurysmal subarachnoid hemor-
rhage. Bedside TCD of the left MCA after left terminal ICA aneurysm coil-
ing. Mean flow velocity is elevated into a range concerning for moderate to
severe vasospasm and there was a spontaneous microembolic signal, seen as
a bright “streak” in the single gate and a “backslash” in the multigate window

Conclusions

Intracranial stenosis, caused by various mechanisms, is an unfor-
tunately common and morbid if not mortal condition, and the
ability to diagnose the presence or absence of it is essential to not
only stroke care but general wellness. TCD can reliably rule out
hemodynamically significant stenoses in the intracranial vascula-
ture and, in the hands of trained experts, can accurately diagnose
and localize treatable lesions in concordance with both DSA and
non-invasive angiography as well as provide complementary real-
time flow related and embolic data that only ultrasound can pro-
vide.

Personal Perspectives

TCD is a necessity of daily stroke practice at our institution. We
listen to intracranial stenoses on a serial basis — much like one
would listen to a patient’s lungs when dealing with and recovering
from pneumonia — to ascertain whether or not our treatments have
been effective in reducing the degree of stenosis or otherwise
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restoring cerebral perfusion to an afflicted hemisphere. That it can
be deployed rapidly, safely and noninvasively affords us the
opportunity to rapidly diagnose and accurately manage acute neu-
rological decline in the hospital setting, where it is imperative for
the patient that we rapidly and reliably rule in or out the presence
of intracranial steno-occlusive disease. VMR and MES monitor-
ing can differentiate asymptomatic from concerning, hemody-
namically significant stenoses that require further blood pressure
and/or antithrombotic therapy. TCD is a reliable bedside diagnos-
tic for the practicing vascular neurologist.
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There is a body of evidence that suggests ultrasound, specifically
2 MHz transcranial Doppler, may have therapeutic effects through
potentiation of thrombolysis for acute ischemic stroke [1, 2].
Experimental models demonstrate facilitation of thrombolytics
through improved drug delivery, modification of fibrin structure
and enhanced binding of a thrombolytic to fibrin [3-9]. A study of
thrombolysis monitoring [10, 11] — namely the continuous moni-
toring of MCA waveforms representing residual flow with 2 MHz
pulsed wave Doppler during provision of tPA in the setting of
acute cerebral ischemia — demonstrated a rate of dramatic and
early neurological recovery (>10 points on National Institutes of
Health Stroke Scale (NIHSS) in 40%, >4 points in 62.5%) much
higher than those seen in the pivotal trial that established throm-
bolysis for acute ischemic stroke as the worldwide standard of
care for stroke (>10 points in 27%, >4 points in 40%, see Fig. 1).
This led to a phase I [12] and then phase II trial [1] of Ultrasound
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Spectral wave forms from the proximal middle cerebral artery (MCA) were obtained at a depth of 58 to 60 mm (left-hand image, arrow) from
the left transtemporal window. A minimal, grade 1, signal as measured on the TIBI scale, with absent diastolic flow is seen on power-motion
Doppler images (top) and spectral-transcranial Doppler images (bottom) obtained before the administration of a t-PA bolus. Thirty minutes
after the t-PA was given, TIBI grade 3 dampened signals (i.e, cycle with positive end-diastolic flow) indicate the beginning of the recanali-
zation of the proximal middle cerebral artery. TIBI grade 3 signals remain at 60 and 90 minutes. At 120 minutes, embolic tracks are shown
by power-motion Doppler display (top, arrows), followed by restoration of low-resistance normal flow in both proximal and distal parts of

the middle cerebral artery. Normal flow through the unaffected middle cerebral artery is shown in the far right-hand image for comparison.
Corresponding National institutes of Health Stroke Scale (NIHSS) score are provided below each frame. (In general population with

stroke, scores range from 0 to 34, with higher scores indicating greater neurologic deficits.) At 24 hours, this patients had an NIHSS score
of 4. At three months, he had no residual neurologic deficits, and his modified Rankin score was 0.

Fig. 1 Real-time monitoring of MCA recanalization via sonothromboly-
sis [1]

Enhanced Thrombolysis — or sonothrombolysis — which estab-
lished that patients undergoing continuous 2 MHz pulsed wave
TCD during tPA infusion were more likely to completely recana-
lize or show dramatic improvement within 2 hours of tPA infusion
(31/63, 49%) as compared to controls (19/63, 30%; p = 0.03) and
a trend toward better chance of recovery to modified Rankin scale
(mRS) of 0-1 at 3 months (22/53, 42% sonothrombolysis group
vs 14/49, 29% controls, p = 0.2). See Fig. 2.

Building on the finding of enhanced recanalization with TCD,
investigators began trialing gaseous microspheres, commonly
used as contrast agents for ultrasound-based imaging studies, to
further enhance sonothrombolysis. These microspheres expand,
oscillate or collapse when exposed to ultrasound, producing sta-
ble cavitation and strongly reflected echoes [13]. The mechanical
energy generated by agitating the microbubbles avidly enhances
clot lysis in a swine model [14] and the first published trial in
people with acute ischemic stroke was by Molina, et al. in 2006
[15]. Two-hour recanalization was seen in 14 (39%), 25 (68%),
and 27 patients (71%) in the tPA, tPA/US, and tPA/US/microbub-
ble groups, respectively (P = 0.004). Two-hour complete recanali-
zation rate was significantly (P = 0.038) higher in the tPA/US/
microbubble group (54.5%) compared with tPA/US (40.8%) and
tPA (23.9%) groups. A subsequent pilot [16] showed similarly
encouraging results: as compared to the tPA (control) arm in
CLOTBUST [1], they demonstrated complete recanalization in
50% vs. 18%, partial 33% vs. 33%, none 17% vs. 49% (p = 0.028).
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after Administration of a t-PA Bolus.

A trend toward the achievement of complete recanalization was observed
over time with active treatment with the use of transcranial Doppler ultraso-
nography. Complete recanalization had occurred at 30 minutes after the t-PA
bolus in 4 patients in the control group (6 percent; 95 percent confidence
interval, 1.8 to 15.5) and in 11 patients in the target group (18 percent; 95 per-
cent confidence interval, 9.0 to 29.1). At 60 minutes, 8 patients in the control
group (13 percent; 95 percent confidence interval, 5.6 to 23.5) and 17 in the
target group (27 percent; 95 percent confidence interval, 16.6 to 39.7) had
completed recanalization. At 90 minutes, 7 patients in the control group

(11 percent; 95 percent confidence interval, 4.6 to 21.6) and 16 in the target
group (25 percent; 95 percent confidence interval, 15.3 to 27.9) had complete
recanalization. At 120 minutes, 8 patients in the control group (13 percent;

95 percent confidence interval, 5.6 to 23.5) and 24 in the target group (38 per-
cent; 95 percent confidence interval, 26.1 to 51.2) had complete recanaliza-
tion. All 63 patients per group were accounted for at each time point.

Fig.2 MCA recanalization in CLOTBUST [1]

At 2 hours, sustained complete recanalization was noted in 42%
vs. 13%, (p = 0.003), and NIHSS scores 0 to 3 were reached by
17% vs. 8%, (p = 0.456). These investigators combined efforts for
a phase II (TUCSON [17]) randomized investigation of
microbubble-enhanced sonothrombolysis, further demonstrating
promising therapeutic results with acceptable safety, albeit in a
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small cohort and with the lowest dose of microbubbles tested. The
largest, phase III trial of microbubble-enhanced sonothrombolysis
was conducted in Norway (NOR-SASS) and was a “practical”
study of all patients receiving systemic thrombolysis for acute
ischemic stroke. In light of the absence of data at the time on
microbubble-enhanced sonothrombolysis without visible occlu-
sion on vascular imaging, which was an inclusion criterion for
previous studies, this trial demonstrated the safety of microbubble-
enhanced sonothrombolysis in an unselected population but did
not show clinical benefit and the trial was halted prematurely [18].

The largest, phase I1I trial of sonothrombolysis without micro-
bubbles, CLOTBUST-ER [2] included severe (NIHSS >10 points)
patients with acute ischemic stroke eligible for tPA — with or with-
out angiographically confirmed occlusion — to test a novel,
operator-independent headframe with 2 MHz pulse wave Doppler
sequentially delivered through the bilateral transtemporal and the
suboccipital windows so that the beams would cover all possible
proximal intracranial occlusion locations but would not overlap in
time to avoid summation of energy. The study was terminated
early for lack of efficacy and, running alongside the multiple
strongly positive mechanical thrombectomy trials published in
2015, a shift in clinical equipoise in favor of thrombectomy
further affected the results [19]. In a post-hoc analysis controlling
for perceived shift in equipoise, sonothrombolysis groups showed
a signal of efficacy in improving 3 month outcomes over standard
thrombolytic treatment.

Although most studies demonstrated acceptable safety of
sonothrombolysis with or without microbubbles, there are some
notable exceptions [20-24]. The most stark safety issue led to ter-
mination of a phase II trial, called TRUMBI [22], of low fre-
quency (300 KHz) ultrasound for sonothrombolysis compared to
tPA alone. The trial was halted prematurely after only enrolling 26
patients because 13 of 14 patients treated with tPA with low fre-
quency ultrasound showed signs of bleeding as compared to 5 of
12 patients without ultrasound, and 5 of the 14 patients exposed to
ultrasound experienced symptomatic hemorrhage. The two
reported trials of microbubble-enhanced sonothrombolysis using
2 MHz transcranial duplex [20, 21] also demonstrated relatively
high rates of hemorrhage in their small cohorts, with 78% of
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patients with sonothrombolysis experiencing asymptomatic hem-
orrhage (0% symptomatic) in one [21] of the studies and 9%
symptomatic hemorrhage rate in the other [20]. The common
thread and proposed basis for increased hemorrhage in the setting
of sonothrombolysis is the field of exposure as compared to stan-
dard 2 MHz diagnostic Doppler ultrasound devices which were
used in the original studies of sonothrombolysis. Duplex devices
and low frequency ultrasound expose more tissue to the mechani-
cal and thermal bioeffects of ultrasound thus, in the setting of
acute ischemic stroke and systemic thrombolysis, increasing the
risk of hemorrhage near and remote to the site of infarction.
Sonothrombolysis remains an active area of research [25, 26],
particularly in the era of expanding indication and availability of
mechanical thrombectomy [19]. See Table 1 for a summary table
of sonothrombolysis evidence. Sonothrombolysis may prove use-

Table 1 Summary table of sonothrombolysis evidence

%

Reference Patients Intervention Efficacy sICH
Demchuk 1 TCD + tPA - 0
etal. [10]
Alexandrov 40 TCD + tPA Complete 7.5
etal. [11] recanalization 30%,

partial

recanalization

40%; improvement

by >4 NIHSS @

24 = 62.5%
Eggersetal. 25 TCCD + tPA vs Complete 18 vs 0
[23] tPA recanalization 1 h

after tPA: 27% vs

21%; partial

recanalization 1 h

after tPA 18% vs

0%
Alexandrov 55 TCD + tPA Complete 6
etal. [12] recanalization 36%
Alexandrov 126 TCD + tPA vs tPA Complete 5vsS5
etal. [1] recanalization 38%

vs 13%

(continued)
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Table 1 (continued)

%
Reference Patients Intervention Efficacy sICH
Daffertshofer 26 kHz US + tPA vs  Any recanalization 36 vs 0
et al. [22] tPA 29% vs 50%
Molinaetal. 111 TCD +tPA + pB  Complete 3vs3
[15] vs TCD + tPA vs  recanalization 55% vs 6
tPA vs 40% vs 22%
Larrue et al. 20 TCCD + tPA + uB  Complete Ovs0
[21] vs tPA recanalization 50%
vs 50%
Eggersetal. 12 TCCD + tPA vs Complete 14 vs O
[24] tPA recanalization 0%
vs 0%, partial
recanalization 57%
vs 40%
Alexandrov 15 TCD + tPA + pB ~ Complete 0vs 0
et al. 2008 vs TCD + tPA recanalization 50%
[16] vs 0%, partial
recanalization 33%
vs 66%
Perren et al. 26 TCCD + tPA + pB  Complete 9% vs
[20] vs TCCD + recanalization 64% 7%
tPA vs 53%
Molinaetal. 35 TCD + tPA + uB ~ Complete 13% vs
[17] vs TCD + tPA recanalization 57% 0
vs 33%, partial
recanalization 9%
vs 25%
Barretoetal. 20 TCD + tPA Complete 0
[34] recanalization 40%,
partial
recanalization 10%
Nacu et al. 183 TCD + tPA + puB No difference in 6% Vs
[18] vs sham early improvement 9%
TCD + sham or 90d mRS
uB + tPA
Alexandrov 676 TCD + tPA vs No difference in 3% vs
etal. [2] sham TCD + tPA  90d mRS 2%

Legend: TCD transcranial Doppler, tPA tissue plasminogen activator, s/ICH
symptomatic intracranial hemorrhage, NIHSS National Institute of Health
Stroke Scale, TCCD transcranial Color Coded Duplex, ;B microbubble
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ful at hospitals and countries where thrombectomy is still not
available and in a drip-and-ship paradigm when patients with large
vessel occlusions (LVO) receive tPA if eligible but could not be
immediately taken for thrombectomy. Often unavoidable delays in
transfer between facilities open an opportunity for sonothromboly-
sis to aid early reperfusion and show feasibility to test sonothrom-
bolysis in the next phase 3 trial. Although more definitive clinical
evidence is needed to support the use sonothrombolysis in routine
acute stroke practice, thrombolysis monitoring can still be consid-
ered routinely in light of the diagnostic data — namely clot localiza-
tion, recanalization, re-occlusion and hyperemic reperfusion — that
can change management and inform prognosis [27].

Procedure Thrombolysis monitoring/sonothrombolysis.

Purpose To monitor in real-time the effect of tPA, the presence
or absence of vessel stenosis or occlusion, and augment the effect
of thrombolysis.

Indications Acute ischemic stroke, particularly if due to sus-
pected LVOs (M1 or proximal M2 MCA, ICA & vertebrobasilar
occlusions).

Limitations Cranial windows, operator-dependency.

Equipment Transcranial Doppler instrument (standard retail),
headframe and two 2 MHz pulsed-wave headframe-mountable
transducers (ideal) or at least one 2 MHz pulsed wave transducer
for manual monitoring, specialized software for recording and
analyzing signal during monitoring (vendor-dependent).

Supplies Ultrasound gel, linens, transducer sanitation, personal
protective equipment.

Equipment Quality and Control Equipment must be in stan-
dard operating condition.



166 M. N. Rubin and A. V. Alexandrov

Patient Assessment and Communication The benefits, risks
and alternatives to doing the study are discussed with the patient
and/or family as available, as is the technical nature of the diag-
nostic, so as to know what to expect.

Technique A patient is usually lying supine in an emergency
department gurney. Care is taken to be sure that the patient’s
emergent needs such as airway, blood pressure management, and
stroke treatment candidacy are addressed in parallel and in no way
hindered by deployment of thrombolysis monitoring. Assuming
the patient does not need to be ventilated, which is the case with
most acute ischemic stroke patients, the sonographer and equip-
ment should be near, and ideally behind the head of the bed. The
ultrasound device should be turned on, and at least one waveform
of the non-affected homologous segment (e.g., “the good side™)
should be documented with a handheld probe. This is to compare
the residual flow signals of the affected vessel to “the good side.”
Technically proficient and experienced operators can consider a
fast track insonation protocol [28], which will provide diagnostic
information and will not delay emergent elements of acute stroke
care. With this examination an experienced sonographer can often
localize the acute occlusion, if clear windows are present, within
2-5 min. Once the presence (or absence) of windows — transtem-
poral in particular — and localization of the occlusion is deter-
mined, the handheld probe for the fast-track study is put away and
the patient is prepared for headframe probe mounting. Apply the
probe mounting headframe as directed by the manufacturer, and
attach probes in the region where windows were previously dis-
covered during the fast-track examination. This is usually over the
transtemporal windows but some headframes support suboccipi-
tal window mounting. If a headframe is not available then “mount-
ing” can always be attempted by a sonographer with good
endurance and a steady hand.
If a headframe is applied it is important to:

1. Place the frame below the occipital protuberance and under the
hair in the back of the head for vertebrobasilar monitoring

2. Place the frame well above temporal windows to allow suffi-
cient range of transducer application
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3. Localize the window and the worst residual flow signal in the
affected vessel

4. Tighten knobs fixating transducer position over temporal win-
dow and angulation towards the target vessel

5. Tighten the headband as much as is tolerated — at the border-
line between snug and too tight — so as to have close contact
between the probe and skin

6. Once headband is tightened, slightly readjust transducer posi-
tion/knobs to secure the best quality residual flow signal.

The tighter the fixation, the more ultrasound is transmitted. See
Fig. 3. The depth of the sample window for thrombolysis monitor-
ing/sonothrombolysis should be determined by scanning the
affected vessel from its proximal to distal portion, and the last
depth before the residual flow signals completely disappear usu-
ally corresponds to an acute occlusion location where the blood
flow is impacted most severely.

If using two probes for monitoring of homologous segments,
one will often notice after orienting the first probe, it can be dif-
ficult to adjust the contralateral probe without disturbing the sig-
nal of the first probe applied, and a “back and forth” adjusting of
the two probes is often necessary. In this case, fix the headframe
tightly first so that transducer adjustments are not displacing the
headframe.

Once probes are oriented as desired and “locked” in place
according to manufacturer design, the recording function of the
instrument’s software should be engaged. The thrombolysis mon-
itoring study should run at least through the 60 min period of tPA
infusion but ideally up to 2 hours as performed in the observa-
tional studies and clinical trials. Recanalization is likely to occur
during tPA infusion whereas re-occlusion is common after tPA is
stopped due to its short half-life. Most valuable information is
obtained in real time and the sonographer should know typical
changes with recanalization, re-occlusion and hyperemic reperfu-
sion [29-33] and alert treating physician immediately. The inter-
preting physician should be alerted if the treating physician is
un-familiar with ultrasound. Ideally, a protocol should be in place
where the sonographer is encouraged to disclose technical find-
ings to the treating physician to act upon this, if appropriate. At
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Fig. 3 Sonothrombolysis setup. This figure depicts a headframe and TCD
monitoring probes over each transtemporal window. It is important to tighten
the headband (A) to ensure adequate contact for ultrasound transmission. It
takes patience and skill to adjust the location (B) and the angulation (C) of the
probes so as to have optimal thrombolysis monitoring/sonothrombolysis
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the end of the study the study data should be saved and prepared
for reporting, probes and headframe should be disengaged,
cleaned and disinfected according to manufacturer and institu-
tional protocols, and the patient cleaned as this study often
requires copious amounts of ultrasound gel for optimal signals.

Criteria and References

Report Generation All reports should conform to the
Intersocietal Accreditation Commission (IAC) Vascular Testing
Standards.

See https://www.intersocietal.org/vascular/seeking/vascular_
standards.htm

Review of Diagnostic Findings The sonographer should iden-
tify and adequately capture any abnormalities of mean flow veloc-
ity, direction of flow or high intensity transient signals noted. The
treating physician reviewing the technical findings should discuss
the clinical relevance of these findings with the interpreting physi-
cian and, in the case of thrombolysis monitoring, specifically
comment on the persistence of occlusion, recanalization, hyper-
emic reperfusion, reocclusion, continuing embolization, or the
presence of an intracranial arterial steal.

Conclusions

Therapeutic TCD, “sonothrombolysis,” for acute ischemic stroke
is rooted in biological plausibility of a mechanical pressure wave
to augment enzymatic activity of tPA and had promising results in
the original clinical trials but whether or not it can have a role in
routine clinical practice is being actively researched. Thrombolysis
monitoring — the technique on which sonothrombolysis is based —
is safe and useful in diagnosis of aforementioned conditions and
stroke prognostication.
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Personal Perspectives

Sonothrombolysis for acute ischemic stroke is likely to be most
effective only in those vessels in which we can be close to a 0°
or 180° sampling — namely the M1 MCA and basilar arteries,
and has potential to be of therapeutic benefit to patients who
cannot undergo rapid mechanical thrombectomy for clinical or
logistical reasons. Thrombolysis monitoring is part of our rou-
tine clinical practice because it enables us to diagnose re-occlu-
sion that could prompt thrombectomy if a patient was not
initially deemed appropriate, change blood pressure manage-
ment if hypo- or hyperperfusion is found, and discuss prognosis
based on persistent occlusion or recanalization. TCD informa-
tion allows us to more effectively counsel the patient and their
loved ones during a difficult time when all involved are wonder-
ing “will they be ok?”
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Clinical Application
of Cerebrovascular
Physiology

William K. Cornwell lll

Introduction

Normal brain function depends on the ability of the cerebral vas-
culature to regulate cerebral blood flow (CBF). Under normal cir-
cumstances, resting and exertional CBF is maintained despite
fluctuations in blood pressure and arterial perfusion pressure —
which may be quite dramatic, such as when exercising, or when
rising from a supine to standing position. The mechanisms by
which CBF is maintained are complex and multifactorial. A
breakdown of these processes, such as may occur in different
clinical settings such as traumatic brain injury, intracerebral hem-
orrhage, or subarachnoid hemorrhage, are often associated with
poor neurological outcomes [1-8].

In this chapter, an overview of cerebrovascular anatomy and
clinically relevant physiology is provided, and factors contribut-
ing to regulation of CBF in health and disease are reviewed. The
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effects of fluctuations in blood pressure and carbon dioxide (CO,)
on autoregulatory processes are described, with an emphasis clin-
ically relevant considerations when managing patients suffering
from neurologic injury.

Cerebrovascular Anatomy and Physiology:
An Overview

Cerebral arterial perfusion is provided through anterior and poste-
rior systems. The anterior system consists of the internal carotid
arteries, while the posterior system is comprised of the vertebro-
basilar system. The anterior and posterior systems merge at the
circle of Willis. The unique vascular design of the circle of Willis
is particularly advantageous in the setting of acute and chronic
disease, since the multiple anastomotic connections provide a
wealth of collateral flow, which may protect against, or at least
mitigate, areas of ischemia. While the majority of individuals
have a complete circle, anatomic variations do occur on a popula-
tion level and in up to 20-50% of individuals the circle is incom-
plete. One of the most common anomalies involves a fetal
posterior cerebral artery, which involves a hypoplastic/underde-
veloped portion of the proximal posterior cerebral artery, result-
ing in an enlarged ipsilateral posterior communicating artery.
Under normal resting conditions, CBF consumes about 15% of
total cardiac output, at a flow rate of approximately 50 ml/100 g/
min. Thus, despite only contributing to ~2% of total body weight,
the body delivers a disproportionately large supply of oxygenated
blood to the brain to support its very high metabolic demand.

Cerebral Blood Flow and Autoregulation

Cerebral autoregulatory processes ensure that brain blood flow
is maintained within a normal level despite fluctuations in arte-
rial perfusion pressure [9-13]. The concept of autoregulation
was first described by Lassen in 1959 [14], and is heavily relied
upon to guide blood pressure management in a variety of clinical



Clinical Application of Cerebrovascular Physiology 177

settings. Cerebral autoregulation is generally depicted by plot-
ting the relationship of cerebral blood flow (CBF) against mean
arterial pressure (MAP) or cerebral perfusion pressure (Fig. 1a).
Three critical relationships in the autoregulatory curve are wor-
thy of mention: (1) the lower limit, (2) the autoregulatory pla-
teau; and (3) the upper limit. The lower and upper limits
represent the boundaries of the autoregulatory plateau and
beyond these limits, autoregulatory processes give way to pas-
sive flow that is highly dependent on pressure. That said, auto-
regulatory processes still occur, but have a diminishing impact
on CBF the further away pressure is from the lower and upper
limits [15]. It is at the severe extremes where the relationship
between pressure and flow becomes linear [15]. Operating
within the plateau, autoregulatory processes ensure that CBF is
relatively insensitive to fluctuations in pressure and that CBF is
held within a margin that maintains normal cerebral function.
However, it is important to note that the plateau is not “flat”.
Rather, the plateau is a gentle slope [9, 12, 15, 16]. Regarding
the limits of the plateau, the most often quoted values for the
lower and upper limits are a CPP of 60 mmHg and 150 mmHg,
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Fig. 1 Cerebral autoregulation under normal conditions (a) demonstrating
vascular dilation at the lower end of the curve, as well as vascular constriction
at the upper end. Under conditions of hypertension (b), the lower and upper
ends of the autoregulatory plateau may be rightward shifted by as much as
30 mmHg and 50 mmHg, respectively. Hypercapnia (¢), causes an up- and
rightward shift in the lower limit of the autoregulatory curve, and a leftward
shift in the upper limit of the curve. The net result is a shortening of the auto-
regulatory plateau. CBF cerebral bloodflow; MAP mean arterial pressure
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respectively [17, 18]. Similarly, within the autoregulatory pla-
teau, CBF is most often cited to be 50 ml/min per 100 g [17, 18].
However, it must be pointed out that these numbers represent
average values derived from different patient groups and for any
individual, may under- or overestimate the actual values [19].

Autoregulatory mechanisms are multifactorial and consist of
both a vascular component and a neurogenic component [20]. The
vascular arm of cerebral autoregulation involves constriction and
dilatation of vascular smooth muscle cells, which occur in
response to alterations in intraluminal pressure [21]. In addition,
vasoactive substances (nitric oxide, endothelin-1) are released
from endothelial cells which act to buffer changes in arterial pres-
sure [20]. The neurogenic component involves the very rich sup-
ply of sympathetic nerve fibers that innervate the cerebral
vasculature and mediate changes in vessel diameter in response to
alterations in cerebral perfusion pressure [9].

Cerebral autoregulation may be referred to either in terms of
“static” or “dynamic” responses [22]. Static measurements of
cerebral autoregulation determine the overall efficiency of auto-
regulatory processes, meaning the degree to which changes in
MAP elicit changes in cerebrovascular resistance to regulate
CBF. However, static measurements do not provide information
on the temporal relationship — ie, the time required for changes in
cerebrovascular resistance to occur, in response to fluctuations in
MAP. Animal models [10] and human studies [11, 12] alike have
shown that autoregulatory processes operate very quickly over a
period of several seconds. Dynamic measurements characterize
this time course, or the “latency” of changes in cerebrovascular
resistance that occur in response to fluctuations in MAP, which
ultimately maintain CBF within normal values [22].

Effect of Blood Pressure on Autoregulation

Changes in arterial perfusion pressure — whether acute or chronic,
have a profound effect on the autoregulatory curve (Fig. 1b).
Chronic hypertension, for example, leads to two major changes in
the autoregulatory curve. First, there is a rightward shift in the
autoregulatory plateau by as much as 30 mmHg at the lower end
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of the curve, and 50 mmHg at the upper end of the curve [9, 23].
This shift occurs as a result of arteriolar constriction and hypertro-
phy (according to the law of Laplace) in response to chronically
elevated intraluminal pressures [23]. This rightward shift exerts a
protective effect on the blood-brain barrier and prevents overdis-
tension of the cerebral vasculature in the setting of elevated blood
pressures [23, 24]. As a result, CBF remains stable despite ele-
vated levels of blood pressure, that would otherwise result in pas-
sive vasodilatation [25]. At the lower end of the autoregulatory
curve, reductions in CBF occur at increasing levels of arterial
pressure because of impairments in cerebral vasodilatation in the
setting of cerebral hypertrophy [23, 25]. The second major effect
of hypertension on cerebral autoregulation is a reduction in maxi-
mal vasodilatory capacity of the cerebral vasculature [23, 26].
Animal models have demonstrated that cerebrovascular resistance
is greater among hypertensive as compared to normotensive ani-
mals during iatrogenic seizures that cause vessels to maximally
dilate, which modulates increases in CBF that would otherwise
occur [25, 26]. The mechanism accounting for this increase in
cerebrovascular resistance is related — at least in part, to hypertro-
phy of the cerebral vasculature [25, 27].

Carbon Dioxide and Autoregulation

CO, levels exert a powerful effect on the cerebral vasculature and
CBF (Fig. 1c). Hypercapnia exerts a vasodilatory effect on cere-
bral vessels that leads an increase in CBF [17]. Animal models
suggest that the lower limit of the autoregulatory curve is right-
and upward shifted in settings of acute hypercapnia and eventu-
ally is abolished in a dose-response fashion as the partial pressure
of CO, increases to severely elevated levels, with a near-linear
relationship between MAP and CBF [28-30]. At the upper limit
of the autoregulatory curve, hypercapnia may cause a leftward
shift in the inflection point of the curve [17, 31, 32]. The net con-
sequence of hypercapnia on the autoregulatory curve is an upward
shift of the autoregulatory plateau, as well as a shortening of the
plateau. The degree to which these changes occur from baseline
depends on the severity of the hypercapnia. In cases of severe
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hypercapnia, cerebral vessels become maximally dilated, auto-
regulation becomes nonexistent and a linear relationship develops
between pressure and flow.

Autoregulatory Processes During Acute Stroke

An ischemic stroke occurs when perfusion pressure remains
insufficient for a long enough period of time to cause cell death
[13]. In the setting of an acute stroke, the integrity of cerebral
autoregulation is of vital importance insomuch as preservation of
flow to the affected (and surrounding) territories determines tissue
survival [13]. While it has been postulated that acute ischemia
may predispose to either local or global impairments in cerebral
autoregulation [13, 33-35], it is not clear that this is the rule. For
example, in humans, pharmacologic reductions in MAP during an
ischemic stroke did not reduce CBF as measured by single-photon
emission computed tomography, or reduce internal carotid arterial
flow, or middle cerebral arterial velocities as measured by tran-
scranial Doppler [36, 37]. Other studies measuring CBF by posi-
tron emission tomography found that cerebral autoregulation was
preserved in the core, penumbra, and other regions of the ipsilat-
eral hemisphere [38, 39]. However, among patients with large
infarcts involving the middle cerebral artery distribution, transcra-
nial Doppler studies have demonstrated that autoregulatory pro-
cesses are impaired in response to even small oscillations in blood
pressure when reperfusion is unsuccessful [40].

Subarachnoid Hemorrhage and Cerebral
Autoregulation

Cerebral autoregulation is frequently impaired in the first several
days following a subarachnoid hemorrhage [4-8]. Importantly,
impairments in autoregulation may precede clinical and/or radio-
logic evidence of further neurologic deterioration [41]. Early in
the clinical course of subarachnoid hemorrhage, the breakdown of
autoregulatory processes means that there is minimal dampening
of fluctuations in MAP, and these fluctuations may very quickly
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lead to large changes in CBF [41]. As a consequence, this impair-
ment predisposes to a number of consequences including vaso-
spasm, delayed cerebral ischemia, and overall poor clinical
outcomes [5, 6, 41]. Indeed, it has been shown that vasospasm is
preceded by a breakdown in cerebral autoregulation [7], but that
the preservation of autoregulatory processes following subarach-
noid hemorrhage is associated with marked reductions in risk of
vasospasm and delayed cerebral ischemia, regardless of the abso-
lute level of cerebral blood flow velocity [6, 41-43].

Conclusion

Normal brain function depends on tight regulation of CBF. Cerebral
autoregulation is responsible for maintaining CBF within a
healthy range, and these autoregulatory forces work very quickly —
over a period of several seconds, to buffer fluctuations in pressure
and control flow. Factors such as MAP and CO, elicit a profound
effect on the autoregulatory curve and are important to consider
when providing clinical care to patients suffering from neurologic
injury. When autoregulatory forces are impaired, such as occurs in
the setting of subarachnoid hemorrhage, prognosis is poor and
overall outcomes may be compromised.
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Adult Traumatic Brain Injury

Creagh Boulger and Varun Shah

Introduction
Epidemiology

Traumatic brain injury (TBI) is defined by the Centers for
Disease Control (CDC) as any shearing, blunt or penetrating
injury to the head that alters normal function [1, 2]. According
to the CDC there has been a 53% rise in TBI visits and deaths
from 2006 to 2014 with 2.87 million affected in 2014 [1, 3]. This
is likely an underestimate as nearly 25% of the population has
had self-reported head injury and many do not seek medical care
[4]. TBI are typically graded mild to severe. All grades of TBI
can have lasting effects on patients and their families. Long term
consequences can include memory loss, chronic headaches,
neurologic deficits, anxiety, depression, post-traumatic stress
disorder and cognitive delays [5-9]. In 2005 3.17 million
Americans were living with TBI related disability [10]. Patients
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and families also have significant financial and social impact
from TBI. Unfortunately, statistics suggest an upward trend in
rates of TBI and TBI related death. TBI related deaths account
for 155 deaths per day [1]. The population most likely to suffer
a lethal TBI is those 75 years and older [1].

TBIs have a variety of etiologies with most common varying
by age group. However, falls account for 48% of TBI related ED
visits, being struck by or against an object are 2nd accounting for
17% [1]. Falls are more likely than other etiologies to lead to hos-
pitalization with motor vehicle collision in a distant second [1].
Self-harm related TBI accounts for nearly a third of TBI related
deaths despite not being in the top 3 etiologies of TBI; this is
likely secondary to the lethality and intent associated with these
injuries. This population has also, unfortunately, seen the largest
rise in occurrence from 2006 to 2014, rising by 60% [1].

Pathophysiology

Traumatic brain injury can be broken up into two components,
primary and secondary brain injury. Primary brain injury is a
result of the direct forces and acceleration and deceleration [10—
13]. Following this initial trauma secondary brain injury occurs.
This is the more complicated and less understood process that is
believed to contribute many of the long-term complications and
variability in patient symptoms and outcomes [10-14]. Secondary
injury involves activation of inflammatory cascades, increased
metabolic demand, ischemia, and edema. Secondary injury is a
frequent cause of morbidity and mortality in TBI patients. Fatima
et al. describes the alterations in cerebral blood flow during sec-
ondary injury. Day O presents with hypoperfusion followed over
days 1-3 with hyperemia and then the remainder of the first
2 weeks the patient is at risk for vasospasm. Risk of elevated
intracranial pressure (ICP) is also most prevalent during this time
[11,12].
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Defining the Disease

GCS the Glasgow Coma Scale is a commonly utilized neurologic
assessment in trauma patients. It is utilized by nursing, prehospi-
tal providers, and physicians to communicate the global neuro-
logic state of the patient.

The components of the GCS are motor, verbal, and eye open-
ing. The scoring is demonstrated in Table 1. Patients can get a
minimum score of 3 and a maximum score of 15. Score is made
based on best effort, even if unilateral. Traditionally ranges of
GCS have been used to grade TBI [13, 14]. However, recent lit-
erature proposes that this may not be sufficient [15-21].

Mild - Moderate TBI

Mild and moderate TBI account for at least 80% of traumatic inju-
ries that present to the ED [1, 22, 23]. Mild TBI is GCS 14-15.
Moderate TBI is GCS 9-13 [18, 24, 25].

Severe TBI

Severe TBI is diagnosed by GCS < 9 [18, 24-26].

Table 1 Glasgow Coma Scale

Eyes Verbal Motor
1 = will not open eyes 1 = Nonverbal 1 = No response
2 = opens to painful 2 = Incomprehensible 2 = Decerebrate
stimuli sound Posturing
3 = opens to voice 3 = Inappropriate 3 = Decorticate
words Posturing
4 = spontaneously opens 4 = Confused 4 = Withdraws from
eyes pain
5 = Oriented 5 = Localizes Pain
6 = Follows

commands
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Signs and Symptoms

The signs and symptoms of TBI vary greatly depending on the
severity of the injury. Patients may present with headache, confu-
sion, nausea and vomiting with mild TB. Patients with more
severe TBI may have focal neurologic deficits, and decreased
level of consciousness. The most severe TBIs will present unre-
sponsive and may even display signs of herniation such as a fixed
dilated pupil, Cheyne stokes respirations, and decorticate or
decerebrate posturing.

Complications

Given the wide range of severity of TBI, complications too can
vary significantly. Short term complications of TBI can include
difficulty concentrating, aspiration, neurologic deficits, airway
compromise, elevated intracranial pressure, cerebral and cerebel-
lar herniation. Long term complications can include memory loss,
short and long term, mood disturbances, cognitive delay, chronic
headaches, pituitary dysfunction, sleep dysfunction, permanent
neurologic deficits and death [5, 27-30].

Differential Diagnosis

Altered level of consciousness and headache are common presen-
tations of TBI. These two presentations can have a broad spec-
trum of differential diagnoses .

TCD Findings

Transcranial Doppler allows for in-vivo monitoring of ICP and
cerebral perfusion pressure (CPP) in patients with TBI. Often
these patients are critically ill and are not optimal candidates to be
transported to and from other imaging modalities [12, 31]. TCD
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monitors cerebral blood flow via mean blood flow velocity (MFV)
and ICP via pulsatility index of the MCA and other vessels. It also
allows for monitoring of vasospasm. All of this can be done on
serial exams, and is a non-invasive, low cost, low risk, bedside
available imaging modality for real time assessment [31].

TCD has been proposed as a useful tool for predicting neuro-
logic outcomes with all grades of TBI, see Table 2 [23, 32-34].
Neurologic outcomes after TBI are dependent on a number of
variables including initial injury severity, concomitant injuries,
comorbidities, associated organ dysfunction and extent of second-
ary brain injury [22, 23, 34].

TCD has been shown to be a good screening tool for secondary
neurologic deterioration in patients with initial head CT that does
not show signs of severe injury [22].

In one study by Bouzat et al. they found that the two most pre-
dictive factors for secondary neurologic deterioration (SND) were
mean diastolic blood flow velocity of <25 cm/s and pulsatility
index >=1.25 in the MCA [22, 23].

In Mild TBI these findings had a sensitivity of 91%, and a
specificity of 80%, 100% NPV, 15.6% PPV for neurologic decline.
In moderate TBI the aforementioned measurements had a sensi-
tivity of 67%, specificity of 74%, 94% NPV, and 26% PPV for
neurologic decline [23]. These numbers suggest that a normal
TCD should be reassuring for likely neurologic stability. An
abnormal TCD measurement is more useful in mild TBI for pre-
dicting neurologic decline [23].

Another study by Fatima et al. found several measures that
were associated with poor neurologic outcomes. These measures

Table 2 Grades of TBI

Grade of Altered LOC Post Trauma
TBI GCS Duration Amnesia Mortality
Mild 13— <30 minutes <24 hours 0.1%
15
Moderate 9-12 30 minutes- 1-7 days 10%
24 hours

Severe <9 >24 hours >7 days 40%
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include MCA MFV <35 cm/s within 72 hours of head injury,
moderate basilar artery vasospasm (MFV >60 cm/s), and severe
basilar artery vasospasm (MFV > 85 cm/s) which were all associ-
ated with poor neurologic outcomes. In addition, this study also
found that MCA PI >= 1.56 was associated with 83% rate of poor
outcome whereas PI <=1 was associated with 71% rate of good
neurologic outcome at 6 months [12].

TCD also has a role in severe TBI. In the first 24 hours, low
CBF (MFV <40 cm/s) can be a surrogate marker of ischemia and
can be acted upon to minimize secondary brain injury. This mea-
surement becomes less reliable after the first 24 hours [35]. Ract
et al. evaluated resuscitation of TBI patients guided by TCD. Early
TCD to screen severe TBI patients with signs of decreased CPP or
increased ICP was beneficial. Patients with these abnormal TCDs
were given treatment to increase cerebral blood flow early. In
response, they saw that ICP was still higher at the time of pressure
monitoring but CPP and jugular venous oxygen saturation were
the same as in the normal TCD group. From these findings they
concluded that early TCD in those with compromised CPP could
possibly decrease in secondary brain injury [36]. In their study
Vd < 20 cm/s and PI > 1.4 were the best predictors of decreased
CPP.

In severe TBI patients serial TCD in conjunction with ICP
monitoring is useful in TBI patients after decompressive hemicra-
niectomy to monitor for decreased CPP or increase in ICP using
FVd, MFV, and PI. Those with more regular monitoring and early
detection of these changes had more favorable outcomes at
6 months than the traditional ICP only monitoring group [37].

Severe TBI is often associated with high morbidity and mortal-
ity. However, one study showed that 80% of patients with normal
TCD measurements can expect good outcomes, those with hypo-
perfusion have a 90% chance of brain death and 98.6% chance of
overall mortality. However, 14% of those with normal TCD
expired prior to discharge, 4 from brain death [38]. While this was
a single study, one could take away that normal TCDs are reassur-
ing of better outcomes but prognosis should still be guarded as a
significant percent of those with initially normal TCDs died.
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Table 3 TCD Findings Associated with Poor Neurologic outcome

Vd <20 cm/s

PI>14

MFV < 40 cm/s @ 24 hours
MCA MFV < 35 cm/s @ 72 hours
Basilar Artery MFV > 60 cm /s
MCA PI > 1.56

Table 3 summarizes the various measurements from the afore-
mentioned studies that are associated with poor neurologic out-
comes.

Other Imaging

As mentioned earlier in this chapter just as GCS is not an ade-
quate tool in isolation neither is TCD for diagnosis, management
and prognosis of TBI patients. CT, MRI and EEG all have a role
in monitoring and guidance of care of these patients.

Computed Tomography (CT)

CT is often the initial imaging modality in the developed
world for moderate and severe TBI. It is readily available and
more affordable than MRI. However, CT does have some
associated risks such as radiation, and typically requires trans-
port out of the critical care unit. According to CDC guide-
lines, CT imaging is indicated under conditions of: GCS < 15,
polytrauma, neurologic deficit, coagulopathy, severe head-
ache, age > 65 years, dangerous mechanism, or signs of basi-
lar skull fracture [39-44].
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Magnetic Resonance Imaging (MRI)

MRI has sensitivities approaching 100% for intracranial injury
[44]. In addition, MRI unlike CT has no radiation. However, MRI
is more costly and has limited availability. In addition MRI takes
significantly more time than CT requiring potentially ill patients
to be off the critical care unit and unable to receive certain treat-
ments and intensive monitoring [44]. MRI also has better ability
to assess the skull base and brainstem. Additionally, MRI has the
capability to assess perfusion, diffusion, and proton spectroscopy
which further enhance its sensitivity.

Positron Emission Tomography (PET)

PET scan is an even more highly limited imaging modality. It
evaluates tissue metabolism. PET can detect non anatomic lesions
and areas with potentially reversible insults that were not detected
on CT, MRI, or EEG [44].

Electroencephalography (EEG)

EEG is one of the oldest modalities used in monitoring of TBI
patients however in the past 2 decades has been surpassed by
other modalities. However, new research is looking into the value
of EEG in determining prognosis in TBI patients.

Treatment

Treatments for TBI are constantly evolving as the pathophysiol-
ogy of the secondary injury is being revealed. Several treatments
exist with varying levels of evidence. These include decompres-
sive craniotomy/craniectomy, targeted temperature management,
steroids, glucose, hypertonic saline, amphetamines, bone marrow
transplants, mannitol.
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Summary

Traumatic Brain Injury is a prevalent disease in the United States
and across the world. Patients with even minor TBI are prone to
long term sequelae including but not limited to cognitive delay,
emotional disturbances, interpersonal and professional chal-
lenges. The more severe TBIs face the aforementioned sequelae in
addition to the potential for neurologic deficits. TCD has a sig-
nificant role in screening TBI patients and aiding in management
and prognostication. In these patients TCD is best if used in
conjunction with other modalities such as invasive monitoring,
physical exam findings, EEG, and neuroimaging.
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Traumatic brain injury (TBI) is the leading cause of trauma-
related death and permanent disability in children. Worldwide, it
affects more than three million children annually [1] and in the
United States alone, TBI contributes to the death of more than
1000 children every year [2].

When a child is admitted to the hospital after a moderate or
severe TBI, management is targeted at avoiding secondary dam-
age to the injured brain. In order to achieve this goal, maintaining
an adequate cerebral blood flow (CBF) is crucial. Guidelines have
traditionally used intracranial pressure (ICP) monitoring and
treatment of increased ICP as the main objective to improve out-
come following TBI. In children, adequate randomized controlled
studies to evaluate the role of ICP monitoring and treatment have
not been performed and the strength of recommendation of the
latest guidelines on ICP monitoring and ICP treatment thresholds
is weak (Level III) [3].

Cerebral perfusion pressure (CPP) is defined as the difference
between mean arterial blood pressure (ABP) and mean ICP, and it
is the pressure gradient driving cerebral blood flow. In normal
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conditions, CBF is autoregulated to maintain an adequate oxygen
and glucose delivery to the brain across physiological range of
CPP. After TBI, cerebral autoregulation might be impaired and
decreases in CPP could lead to cerebral ischemia. Thresholds for
adequate CPP in children with TBI have recently been published
suggesting that CPP targets should be age-specific: above
40 mmHg in children under 6 years-old and above 50 mmHg in
children from 6 to 17 years-old [4]. If CPP is the driving pressure
of CBEF, it is logical that treatment protocols should focus on CPP,
rather then on ICP. CPP by definition can be manipulated by
changing ICP or ABP.

Traditionally, an ICP bolt and an arterial line are used to moni-
tor ICP and CPP invasively. In children, invasive I[CP-CPP moni-
toring is reserved for patients in whom the severity of the clinical
conditions demand ICP-CPP guided treatment. Otherwise, the
risks associated with invasive neuromonitoring, such as bleeding
and infection, may not represent a beneficial intervention. In these
cases, non-invasive methods, like transcranial Doppler ultraso-
nography (TCD), for assessment of these parameters could offer
an alternative for treatment or a screening tool to determine the
need for invasive monitoring.

Role of transcranial Doppler ultrasonography on Pediatric
TBIL:

Non-invasive Estimate of ICP

One of the most studied roles of TCD in TBI is the ability to esti-
mate or predict ICP non-invasively.

There are two indices commonly used to estimate ICP with
TCD:

¢ Resistance index (Pourcelot) [5]:
— (peak systolic velocity — end diastolic velocity)/peak sys-
tolic velocity
e Pulsatility index (Gosling) [6]:
— (peak systolic velocity — end diastolic velocity)/mean
velocity
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Although the accuracy of TCD to estimate ICP in adult patients
with TBI has been studied over the years with generally good
results [7], there is less evidence in children and results are con-
flicting. Some authors state that transcranial Doppler pulsatility
index is not a reliable indicator of intracranial pressure in children
with severe traumatic brain injury, based in data from 34 children
and 275 examinations [8]. A threshold PI of 1 was used to detect
ICP 20 mm Hg or higher and the sensitivity and specificity was
25% and 88%, respectively. But if the PI threshold was increased
to 1.2 the specificity would be 100%. This is in line with our expe-
rience that a high PI, in face of a normal arterial pressure and
normal pCO2, implies a high ICP. There are also studies with
good results in children [9-11]. The largest study, included 117
children with severe TBI and PI >1.31 had a sensitivity of 94%
and a specificity of 41% to identify patients with ICP >20 mmHg.
The authors conclude that TCD examination is a safe, reproduc-
ible, and reliable method to identified children at increased risk of
ICH and decreased CPP after severe TBI, and its use should be
encouraged in PICU [11]. In our own experience we evaluated 18
children with severe TBI with TCD and invasive ICP. Sixteen
patients had ICP values above 20 mmHg, with a mean highest
value of 35.7 = 11.2 mmHg. The first measurement of PI had a
mean of 1.12 = 0.33. There was a significant correlation between
the first PI determination and the corresponding ICP value
(Pearson correlation coefficient » = 0.755, p < 0.0001) [10].

Other studies on mathematical models for continuous non-
invasive ICP prediction using simultaneous measurements of sys-
temic arterial blood pressure and transcranial Doppler flow
velocity waveforms have shown better ability of TCD to estimate
and track ICP changes [12-14].

In summary, TCD can accurately predict a raised ICP in pedi-
atric TBI, especially if a higher cut-off value for PI is used. In our
clinical practice we use a threshold of 1.4 using the Gosling
PI. We have to take into consideration arterial blood pressure and
pCO2 as these parameters can change PI and give false negatives,
in case of arterial hypertension, and false positives, in case of
hypotension or hyperventilation. This non-invasive technique can
be extremely useful at admission to help determine the level of
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Fig. 1 TCD examinations in a 17-year-old girl with severe TBI revealing
severe compromise of blood flow in the left middle cerebral artery (a).
After draining a large subdural hematoma, TCD showed normal velocities
and PI (b)

care and prioritize actions to take in children who suffered a TBI
[15]. This is best exemplified by the case of a patient where TCD
at admission revealed a very high PI and prompted an emergent
surgery instead of invasive ICP monitoring in the PICU (Fig. 1).

Non-invasive Estimate of CPP

Among the several non-invasive methods reported for CPP assess-
ment (nCPP) [7, 16, 17], ultrasound-based alternatives are of spe-
cial interest since these techniques are low-cost and widely
available in the neurocritical care settings. TCD has been one of
the most used methods for determination of nCPP in TBI [7].
Several studies have tested the feasibility of TCD for these pur-
poses in children [8, 11, 18]. Although Figaji et al. concluded that
PI was not a reliable indicator of ICP, they found that the correla-
tion of PI with CPP was much better and significantly related
(p=0.001) [8]. These data were corroborated in more recent stud-
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ies that found a sensitivity of 80% of PI to detect a CPP of less
than 50 mmHg [11] and in another study where a novel estimator
of CPP was calculated using TCD-spectral accounting method
that showed a good correlation of nCPP and CPP (Spearman cor-
relation coefficient, R = 0.67 (p < 0.0001) and the ability of nCPP
to predict values of CPP below 70 mmHg was excellent as dem-
onstrated by an area under the curve of 0.91 (95% CI =0.83-0.98)
using a receiver operating curve analysis [18].

It is not a surprise that PI correlates better with CPP than with
ICP. It has been elegantly demonstrated by de Riva et al. that PI is
not dependent solely on cerebrovascular resistance but it is a
product of the interplay between CPP, pulse amplitude of arterial
pressure, cerebrovascular resistance and compliance of the cere-
bral arterial bed as well as the heart rate. Therefore, PI is not an
accurate estimator of ICP and it describes CPP in a more accurate
manner [19]. This is consistent with our practice where we have
found cases of pediatric TBI with high PI and normal ICP in
patients with low arterial blood pressure (Fig. 2) [15].

Fig.2 TCD of a 16-year-old girl with severe TBI with normal ICP and raised
PI due to hypovolemic shock and decreased CPP (a). PI and CPP improved
after fluid boluses in order to optimize cerebral blood flow (b)
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Autoregulation and Continuous Monitoring
of TCD Signals

Cerebrovascular autoregulation is a hemodynamic mechanism
that allows cerebral blood flow to remain constant with changes of
CPP. This is fundamental to protect the brain against inappropri-
ate CBF. If cerebrovascular autoregulation is impaired, CBF
becomes dependent on CPP and any changes in arterial blood
pressure will reflect directly on CBF. It has been shown that after
a TBI, impaired autoregulation is independently associated with a
worse outcome and mortality [20-22].

The requirements to measure and monitor dynamic autoregu-
lation over time are:

e Continuous arterial blood pressure monitoring (invasive or
non-invasive)

e A surrogate for CBF:
— Non-invasive (TCD, Near-infrared spectroscopy — NIRS)
— Invasive (PbtO2, ICP, Laser Doppler Flow)

* A mathematical model to quantificate the relationship between
ABP and CBF
— Time domain analysis (PRx, COx, Mx, Lx, ORx)
— Frequency domain analysis (coherence, gain of transfer,

phase shift)

In the case of TCD, autoregulation monitoring uses the signals
of ABP, ICP and cerebral blood flow velocities to calculate indi-
ces of autoregulation [23]:

e Mx index is the correlation coefficient between mean flow
velocity and CPP

e Sx index is the correlation coefficient between systolic flow
velocity and CPP

If Mx and Sx are positive it means autoregulation is impaired and
this is associated with a bad outcome after TBI. In the example
below, we can see a patient with adequate autoregulation and a
negative Mx (Fig. 3).
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Fig. 3 Monitoring of blood flow velocity in the left mean cerebral artery for
a period of 2 h using TCD. Mx is almost always negative indicating a pre-
served cerebrovascular autoregulation

One of the major challenges in using TCD signals to evaluate
autoregulation is the necessity to be able to record flow velocities
for a long period of time. This can be accomplished with probe
holders, but the signal can be lost with positioning of the patient or
spontaneous movement. Children represent an additional chal-
lenge because of different head sizes and some holders are difficult
to use in small children. More recently, new devices using robotic
probes allow for continuous monitoring over extended time peri-
ods with good results for at least 4 hours of monitoring [24].

In summary, dynamic cerebrovascular autoregulation monitor-
ing can be done non-invasively with TCD but it is difficult to
accomplish due to the necessity of long-term acquisition of the
TCD signals. New technological advances in this area will make
it more usable in clinical practice.

Detect Regional Variations on Cerebral
Hemodynamics

One of the challenges in studying the injured brain is that many
devices only allow for measurements in one particular area of the
brain. This is the case with ICP bolts or PbtO2 probes. TCD has
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Fig. 4 TCD at admission of an eight-year-old boy with severe TBI after a
road traffic accident. (a) Right middle cerebral artery with normal flow veloc-
ities and PI of 0.80. (b) Left middle cerebral artery with low diastolic flow
velocity and PI of 1.64, compatible with raised ICP/low CPP

the major advantage of allowing insonation of different territories.
This is particularly important in pathologies like TBI that can
have focal lesions. Although a raised ICP, especially if severe, will
ultimately be transmitted to the whole brain, we have found cases
with important asymmetries at an initial phase (Fig. 4).

Diagnosis of Brain Death

Use of TCD as a tool to aid in the diagnosis of brain death is
beyond the scope of this chapter. Nonetheless, TBI is one of the
major indications for organ donation and TCD can identify cere-
bral circulatory arrest and can be extremely useful in determined
circumstances. Although TCD is not accepted in all countries for
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the diagnosis of brain death, it is commonly used in others. The
indications for using an ancillary test of no cerebral blood flow
are:

e Impossibility to complete components of the examination or
the apnea test

e Uncertainties about the results of the neurological examination

e [If a medication effect may be present

e To allow a shorter period of time between the two examina-
tions (in children an interval of 12 h is necessary if no ancillary
test is used)

In our practice we use TCD in every patient that is considered for
organ donation. We find it reassuring for both family members
and staff.

Conclusions

An experienced operator only needs a few minutes to understand
if CBF is normal or compromised when performing a TCD. PI is
calculated instantaneously and, as previously described, it will be
high in cases with decreased CPP. This can be extremely useful
for point of care decisions at the bedside in cases of pediatric TBI.

Although TCD can and has been used for cerebrovascular
autoregulation monitoring this is more difficult to accomplish in
clinical practice and is often performed in investigation settings.
New technological advances will make this tool easier to use and
help guide patient management.
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Cerebrovascular Reactivity
Assessments in Traumatic
Brain Injury

Alwyn Gomez and Frederick A. Zeiler

Introduction

Cerebral autoregulation (CA) refers to the innate ability of the
cerebral vasculature to maintain a relatively constant cerebral
blood flow (CBF), in response to fluctuations in systemic mean
arterial pressure (MAP) or cerebral perfusion pressure (CPP) [1,
2]. This CBF regulation is dictated by small-to-medium sized ves-
sels, measuring up to a few hundred microns in diameter [3—6]. To
date, validated continuous measures of CA in humans have been
lacking. The term cerebrovascular reactivity, sometimes used in
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place of CA, describes the cerebrovascular response as measured
through either dynamic or static means. When intact, the brain is
able to maintain a consistent and sufficient cerebral blood flow
during fluctuations in CPP over a given range. This is one of the
major mechanisms by which the brain protects itself in situations
where CPP may become unstable [7]. Static CA describes the
extent to which the cerebral vasculature can accommodate varia-
tions in CPP varies and dynamic CA describes the rate at which
such changes occur. It has been known for some time now that CA
can be disrupted in a number of situations including chronic
hypertension [8], ischemic stroke [9], subarachnoid hemorrhage
[10, 11], infection [12], and traumatic brain injury (TBI) [13—15].

The past two decades have seen a marked increase in the exam-
ination of cerebrovascular reactivity following TBI. This stems
from advances in bedside biomedical signal acquisition and pro-
cessing techniques, designed to provide continuous uninterrupted
metrics of cerebrovascular reactivity derived from various multi-
modal cerebral physiologic monitoring devices. Extensive litera-
ture has emerged documenting the strong association between
impaired cerebrovascular reactivity and poor global outcome in
adult TBI [16-19]. Furthermore, recent multi-centre prospective
data supports the independent prognostic significance of cerebro-
vascular reactivity monitoring, above and beyond ICP monitor-
ing, in TBI [20-22].

Current Standard Monitoring of Cerebrovascular
Reactivity in TBI

Various indices for continuously examining cerebrovascular reac-
tivity status have been described based on different invasive/non-
invasive cerebral physiologic monitoring devices. Such indices
are derived through evaluating the correlation between slow-wave
vasogenic fluctuations in a surrogate measure of pulsatile cerebral
blood volume/CBF, and a driving pressure for flow, such as MAP
or CPP [23, 24]. Arguably the current favoured continuous index
is the pressure reactivity index (PRx), which is the correlation
between slow-wave vasogenic fluctuations in intracranial pres-
sure (ICP) and mean arterial pressure (MAP) [25]. PRx requires
insertion of an invasive ICP monitor and continuous blood pres-
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sure monitoring. It is calculated as a Pearson correlation coeffi-
cient between 10-second averaged signals of ICP and MAP over
a 5-minute window. This index has been extensively studied and
demonstrates a strong association with patient outcomes follow-
ing TBI, with negative values believed to denote ‘intact’ cerebro-
vascular reactivity, and positive values believed to represent
‘impaired’ reactivity [26]. PRx has received some experimental
validation as a measure of the lower limit of autoregulation in
animal models of arterial hypotension and intra-cranial hyperten-
sion [27-29]. There has also been recent work that has identified
clinically relevant thresholds for morbidity and mortality at
6 months post-TBI [19]. Additionally, there is evidence to support
the association of PRx-derived personalized CPP targets (referred
to as CPP optimum or CPPopt) [30], and ICP targets (termed indi-
vidual ICP threshold (iICP)) [31], and global outcomes. In the
future this may drive targeted therapy following TBI, however,
further prospective studies are still required.

While there is much promise in PRx guided therapy, its invasive
nature and requirement for intracranial placement of a monitoring
device limits it’s utility to examining cerebrovascular reactivity in
the acute setting where ICP monitoring is indicated. Additionally,
PRx utilizes fluctuations in ICP as a surrogate for fluctuations in
total cerebral blood volume and therefore its reliability post-hemi-
craniectomy is questionable as the pressure-volume relationship is
altered [32]. These limitations have expanded the search for alter-
native methods of monitoring cerebrovascular reactivity in
TBI. Examination into indices that correlate tissue oxygenation
with MAP have been developed in both invasive and non-invasive
forms but are subject to interference from systemic factors that can
alter tissue oxygenation (FiO,, cardiovascular status, pulmonary
gas exchange, hemoglobin level etc.) [17, 33, 34].

Application of TCD for Cerebrovascular
Reactivity Monitoring in TBI

Transcranial Doppler (TCD) ultrasonography provides a rela-
tively inexpensive and non-invasive real-time measurement of
blood flow metrics in the cerebral vasculature. Ultrasound waves
from the Doppler probe are transmitted through the calvarium and
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reflected by moving red blood cells within the cerebral vessels.
The resultant shift in frequency from the transmitted signal to the
reflected signal is proportional to the blood flow velocity. This
non-invasive method of determining blood flow velocities, usu-
ally through the middle cerebral artery (MCA), can be utilized to
monitor cerebrovascular reactivity by utilizing flow velocities
(FV) as a surrogate for cerebral blood flow. This assumption is
true so long as the caliber of the MCA remains relatively constant
[35]. By comparing vasogenic slow-wave fluctuations in FV in
response to fluctuations in arterial pressure, information can be
gleaned about the state of cerebrovascular reactivity.

TCD derived assessment of cerebrovascular reactivity in TBI
can be performed in an intermittent or continuous fashion. While
both take advantage of the time resolution of TCD to provide
information about dynamic vascular reactivity, the methods by
which they gather this information is different. Intermittent TCD
techniques generally require observing the dynamic changes in
cerebrovascular reactivity following an initiated perturbance in
systemic blood pressure over a short period of time and give a
single ‘snap-shot” measure. Continuous methods allow the assess-
ment of autoregulation following spontaneous changes in sys-
temic blood pressure and provide a regularly updating index of
cerebrovascular reactivity status, and a more attractive method for
bedside monitoring in TBI. The following sub-sections outline
briefly the intermittent and continuous cerebrovascular reactivity
techniques, with the main focus on continuous methodology.

Intermittent Methodologies

Various intermittent techniques utilizing TCD to assess cerebro-
vascular reactivity exist, including: rate of regulation (RoR), thigh
cuff deflation technique (TCDT), transient hyperemic response
testing (THRT), orthostatic response testing (ORT), and autoregu-
lation index (ARI) derivation. We only mention exemplar tech-
niques below, and refer the reader to recently published reviews on
the topic for more details [36]. Table 1 provides a list of the inter-
mittent TCD based techniques, advantages and disadvantages.
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Table 1 TCD-based intermittent cerebrovascular reactivity measurement

techniques

Technique

Thigh Cuff Deflation
Technique based
Autoregulatory Index
(TCDT-ARI)

Transient Hyperemic
Response Testing
(THRT)

Orthostatic Response
Testing (ORT)

TCD based Mean
Flow Index (Mx)

Transfer Function
Autoregulatory Index
(TF-ARI)

Advantages

Predefined normal/
abnormal range

Validated threshold for
intact autoregulation

Previously identified
thresholds (+0.05 and
+ 0.30) for increased
mortality and poor
outcomes [37].
Literature showing
strong association with
patient outcomes
TF-ARI associated with
GOS at 6-12 months
post-TBI

Disadvantages

Not suitable for those
with cardiac preload
dependence

Requires specialized
set-up for cuffs, and
second order
differential equation
modelling

Majority of literature
only assesses
concordance with other
measures of
autoregulation
Difficult to perform in
the ICU setting, and
requires specialized
set-up

Small body of
literature evaluating
accuracy

Requires invasive ICP
monitoring

Data mainly generated
from single institution

Technically complex
and requires
specialized expertise
Data mainly generated
from single institution

ARI transfer function autoregulatory index, /CP intracranial pressure, /CU
intensive care unit, GOS Glasgow Outcome Scale, Mx mean flow index (cor-
relation between slow-waves of mean TCD flow velocity (FVm) and cerebral
perfusion pressure (CPP); considered a ‘semi-intermittent’ technique given
typical short duration recording related to technique limitations), ORT ortho-
static response testing, 7CD transcranial Doppler, TCDT thigh cuff deflation
technique, THRT transient hyperemic response testing
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One of the earliest studied intermittent TCD derived assess-
ments of CA is the Thigh Cuff Deflation Technique (TCDT) first
described in 1989 [38]. This method involves the use of bilateral
thigh cuffs inflated for 2-3 minutes above SBP, producing a vaso-
dilatory state given the reduction in cardiac preload. Rapid defla-
tion of the cuffs results in a dramatic drop in the MAP. This is
usually sustained for a period of up to 30 seconds with an ade-
quate test defined as at least a 15-20 mm Hg drop in pressure
from baseline. This sudden decrease in BP is subsequently fol-
lowed by a reflex cerebral vascular response to correct for the
change in blood pressure. TCD is utilized to measure the cerebral
blood flow velocity (CBFV) within the MCA and cerebrovascular
resistance (CVRes) estimated by dividing ABP by CBFV (Eq. 1).

CVRes = ABP (1)
CBFV
RoR = LEVRES g ABP )

Two metrics have been derived from the TCDT that are utilized to
describe the state of CA. The first was the rate of regulation (RoR)
which can be understood as the change of CVRes over change in
time (T) per change in ABP (Eq. 2) and with value of 0.2/second
being considered normal [38]. The second was introduced by
Tiecks et al. in 1995 and is known as autoregulation index (ARI).
This method uses a second order differential model of CA to
construct a grading of overall level of autoregulation on the scale
of 0 (complete loss of autoregulation) to 9 (hyperactive regulatory
response) with normal CA defined as an ARI of 4-7, and abnor-
mal as 3 and below. The ARI is obtained by normalizing the TCD
based CBFV changes recorded during the step change in
MAP. The resultant plot is then compared to the model generated
responses corresponding to the 10 grades. The model that repre-
sents the best fit constitutes the ARI. The mathematics behind this
complex index is far beyond the scope of this chapter but the
authors direct any interested reader to the original article for full
details of this calculation [39].
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Continuous Methodologies

By evaluating the relationship between spontaneous vasogenic
slow-wave fluctuations in TCD based cerebral blood flow velocity
(CBFV), and MAP or CPP, one can provide a continuous assess-
ment of cerebrovascular reactivity. Utilizing various components
of the CBFV waveform, such as the mean FV (FVm), systolic FV
(FVs) or diastolic FV (FVd), different metrics of cerebrovascular
reactivity may be derived. Table 2 provides a summary of the
TCD derived indices of cerebrovascular reactivity.

Table 2 Continuous besides TCD-based cerebrovascular reactivity measures

Correlation
Index variables Advantages Disadvantages
Mx  FVm,CPP  Most extensively Requires invasive ICP
examined index monitoring
Defined thresholds for
morbidity and mortality
[37]

Provides surrogate

assessment of cortical

pial cerebrovascular

reactivity [40]

Sx FVs, CPP Strong Association with  Requires invasive ICP

outcomes [41, 42] monitoring

Strong Association with

PRx [34, 41-44]

Defined thresholds for

morbidity and mortality

[42]

Dx  FVd, CPP Requires invasive ICP

monitoring
Poor association with
global outcome and other
TCD and non-TCD
continuous metrics
Poorly defined thresholds
Performs poorly during
elevated ICP

(continued)
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Table 2 (continued)

Correlation
Index variables Advantages Disadvantages
Mx-a FVm, MAP Does not require invasive Weaker outcome
ICP monitoring association compared to
Thresholds defined for Mx
morbidity and mortality

[37]
Sx-a  FVs, MAP  Does not require invasive Weaker outcome
ICP monitoring association compared
Strong association with ~ to Sx
outcomes
Strong association with
PRx [43, 44]
Defined thresholds for
morbidity and mortality
[42]
Dx-a FVd, MAP Does not require invasive Poor outcome association
ICP monitoring Poorly defined thresholds
for morbidity and
mortality
Performs poorly during
elevated ICP

CPP Cerebral perfusion pressure, MAP Mean arterial pressure, F'Vm Mean
flow velocity, FVs Systolic flow velocity, FVd Diastolic flow velocity

The most commonly described TCD based cerebrovascular
reactivity index in TBI is mean flow index (Mx), derived from
the correlation between slow-wave fluctuations in FVm and
CPP. Conceptually, the response of FVm, a surrogate measure of
pulsatile CBF, to slow-waves in CPP, a driving pressure for flow,
are believed to be determined by cerebrovascular reactivity
capacity. Like PRx, continuous recording of MAP and ICP are
required for determination of CPP (based on: CPP = MAP —
ICP). Additionally, TCD ultrasound is used to capture the mid-
dle cerebral artery (MCA) velocity. The signals are recorded and
stored, with the option of both off-line and real-time calculation.
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Specifically, the TCD based Mx is calculated by replacing origi-
nal FVm and CPP by times series composed of their non-
overlapping 10s averages (i.e. FVm and CPP are processed via a
10-second moving average filter and sampling frequency deci-
mated to 0.1 Hz). The correlation coefficient (Mx) is then calcu-
lated based on 30 consecutive readings of those 10-second mean
values (i.e. 5 minutes), with the coefficient updated every
10 seconds or 60 seconds, depending on recording durations.
Ideally, Mx is typically averaged on a minimum period of
30 minutes to reduce its inherent variance. Again, negative val-
ues are believed to represent ‘intact’ reactivity, while positive
values represent ‘impaired’ reactivity. Of note, to date there are
no experimental studies validating these measures as metrics of
CA capacity.

Some variations in TCD derived indices of CA have been
described. These include Sx and Dx which are similar to Mx
except they substitute FVm with FVs or FVd respectively.
Another permutation of these indices eliminates the need for ICP
monitoring by substituting CPP for simply MAP. Denoted as
Mx-a, Sx-a or Dx-a, they still utilize the TCD derived signals
FVm, FVs, or FVd respectively. Recent work employing semi-
automatic machine learning methodologies appears to suggest
these indices provide different information regarding cerebrovas-
cular reactivity in TBI. Measures based on FVm appear to be
more representative of cortical pial microcirculatory cerebrovas-
cular reactivity and CBF-based measures [40]. Systolic/diastolic
based metrics appear to be more closely related to invasively
derived and near infrared based measures, suggesting they repre-
sent pulsatile CBV based reactivity [34, 40, 42]. Derivation
method of diastolic and systolic indices, as well as the MAP-
based alternatives, are outlined in Table 2. Finally, if bilateral
MCA insonation is conducted, hemispheric based cerebrovascu-
lar reactivity metrics may be derived [45, 46]. Figure 1 provides
an example of the raw recorded physiology and derived indices
utilizing bedside third party software.



218 A.Gomez and F. A. Zeiler

150 2
I w-
0

ABP (mm Hg)
@
2

ICP (mm Hg)
]

FV (cm/sec)
o
2

0
22/11 19:00 22/1119:30 22/11 20:00 22/11 20:30 22/1121:00 22/1121:30 22/1122:00  22/1122:30 22/1123:0

Fig. 1 Raw ABP, ICP and TCD Flow Velocity Signals. ABP arterial blood
pressure, ICP intra-cranial pressure, FV flow velocity, mmHg millimetres of
Mercury, TCD transcranial Doppler. (*Note: Image adapted from Zeiler et al.
(with permission from corresponding author) [47])

Recent Advances in Continuous Cerebrovascular
Reactivity Monitoring

A limitation in utilization of TCD in the derivation of continuous
cerebrovascular reactivity indices is the labor-intensive nature of
the bedside techniques, and interrupted nature of CBFV signal
acquisition. Typical requirements of an operator are to make
adjustments to maintain a good quality signal of FV. This practi-
cally limits current methodologies to 60-minute recording periods
and is therefore more of a “semi-intermittent” technique in TBI
monitoring. Recent advances in robotic technology have led to
robotic TCD (rTCD) devices which allow for extended duration
CBFV recordings, and have been employed in critically ill TBI
patients for cerebrovascular reactivity monitoring [43, 47, 48].
Figure 2 demonstrates one of these currently available rTCD
devices. These robotically driven TCD examination probes are
integrated with automated algorithms for MCA CBFV detection
as well as optimization of recorded signal intensity. Recent work
published by the senior author has demonstrated continuous sig-
nal acquisition utilizing rTCD in excess of 4 hours [48]. Follow
up work has demonstrated the utility of deriving personalized CA
metrics such an optimal CPP (CPPopt) utilizing rTCD [47].
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Fig. 2 Robotic TCD Device Example. TCD transcranial Doppler. (Panel a)
Displays robotic TCD headframe with two robotic drives mounted to a ratch-
eting headband system. (Panel b) displays close up imagine of TCD probe
encased in robotic drive. (Panel ¢) example of set up for multi-modal moni-
toring with left frontal triple bolt, (Panel d) Delica EMS 9D TCD program
display, showing automatic flow velocity sampling algorithm, producing a
square grid of sampled insonation positions. The system insonates at multiple
sites, finding the area with superior signal quality). (*Figure is a color adapta-
tion from Zeiler et al. (with permission from corresponding author) [47])
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TCD Derived Indices in Adult TBI
Association with Global Outcome

Of all the variations in TCD based indices Mx has been the most
extensively examined with one recent review identifying 17 stud-
ies with 50 or more patients documenting an association with
patient outcome [26]. Mx has been found to be negatively corre-
lated with mortality and morbidity at 6 months (r = —0.34,
p <0.0025; r=0.41, p < 0.0002) [49]. From a clinical stand point,
thresholds of +0.05 and +0.3 for Mx have been found to be associ-
ated with morbidity and mortality respectively [37]. As previously
noted, Mx requires the measurement of CPP which is defined as
the difference between ABP and ICP. Clinically, ICP is measured
utilizing invasive intracranial probes or catheters. In recent years,
there has been an increase in interest in the Mx-a as it does not
require invasive intracranial monitoring as it relies on MAP and
not CPP. A study was performed by Lang et al. in 2003 on 37 TBI
patients in which impaired CA as indicated by both Mx and Mx-a
was correlated with poor outcomes (r=—0.56, p <0.01; r=—-0.42,
p < 0.05) [50]. These results were further supported in a larger
study performed by Lui et al. in 2014 on 288 TBI patients which
found that both Mx and Mx-a were significantly correlated with
patient outcomes (r = —0.404, p < 0.01; r = —=0.38, p < 0.01). It
should be noted, however, that Mx was found to have a stronger
association [51].

Which Component of TCD Flow Velocity Is Best?

As mentioned earlier some groups feel that more information
about CA status can be gleaned from analysis of the waveform of
the FV. In particular, assessing the correlation between FVs or FVd
with CPP or MAP. In 2012 Budohoski et al. published a study on
300 TBI patients investigating the association between multiple
TCD based indices (Mx, Mx-a, Sx, Sx-a, Dx, and Dx-a) and
dichotomized 6-month outcomes. Somewhat surprisingly systolic
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flow indices (Sx and Sx-a) were found to have a stronger associa-
tion with outcome than the mean flow indices (Mx and Mx-a). This
was irrespective of whether CPP or MAP was used for calculation
[41]. Follow up work published by the senior author of this chapter
in 2018 analyzed recordings from 347 TBI patients in order to
explore relationships between TCD indices of CA and those
derived from ICP. They were able to confirm a co-variance of Sx/
Sx-a with PRx. Additionally, they were able to identify threshold
values for unfavorable outcomes and mortality in Sx and Sx-a.
Their most interesting finding was that TCD systolic indices (Sx
and Sx-a) were the most closely associated with ICP indices and
likely provide better approximation of ICP indices when compared
to TCD diastolic and mean indices. This work identified TCD sys-
tolic indices as possibly the most promising TCD based index
clinically [42].

Future for Entirely Non-invasive Means
of Continuous Cerebrovascular Reactivity
Monitoring

Given the body of research that points to the association of TCD
based indices with morbidity and mortality and the co-variance
they have with the gold standard PRx index there is now work
being started on examining TCD based indices as a non-invasive
alternative to PRx. In 2019 the senior author of this chapter was
able to show in a small cohort of ten patients that it is possible to
predict PRx using non-invasive TCD measures. That is to say,
without any invasive intracranial monitoring. This was made pos-
sible by obtaining continuous extended duration time series
recordings of MCA FV utilizing rTCD [43]. Given advances in
continuous non-invasive blood pressure monitoring such as the
Finapres NOVA and the growing evidence supporting the utility
of TCD based indices of CA it may not be long before entirely
non-invasive monitoring of CA may be possible. Figure 3 dis-
plays this non-invasive continuous full waveform ABP device.
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Fig. 3 Non-Invasive Continuous Full Waveform ABP Monitoring Device.
ABP arterial blood pressure. (Panel a) Photo of the Finapres NOVA non-
invasive ABP monitor, (Panel b) Photo of analogue output ports on Finapres
NOVA system, allowing full integration with other bedside monitoring and
data acquisition platforms, (Panel ¢) Examples of wrist mounted and finger-
tip based ABP monitoring system, (Panel d) example of continuous full
waveform non-invasive ABP monitoring

While the possible benefits to patient safety are evident, per-
haps the more intriguing prospect is that total non-invasive moni-
toring provides the ability to examine the progression of CA
dysfunction past the acute phase of TBI and into the sub-acute and
chronic phases. While there is still much work that needs to be
done the insights it may review about CA could profoundly impact
the way in which TBI is managed.
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Conclusions

There is a growing body of evidence that is supporting the clinical
utility of following cerebrovascular reactivity in patients follow-
ing severe TBI. While there are numerous described surrogates
for cerebral autoregulation methods, utilizing indices derived
from TCD measurements are gaining favor given their relatively
non-invasive nature, utility for prolonged assessment and mount-
ing evidence of their correlation with outcomes. The future may
find us targeting therapies following TBI based on TCD derived
fully non-invasive metrics of cerebral autoregulation.
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Transcranial Doppler
Protocols and Procedures:
Vasomotor Reactivity

Brenda Rinsky

Introduction

Evaluating cerebral vasomotor reactivity (VMR) using TCD pro-
vides information about cerebrovascular capacity and has utility
in assessing stroke risk. It is relatively easy to perform, reliable,
safe, inexpensive, and well-tolerated. While there is no significant
change in the large vessel diameter with increased PCO2, the arte-
rioles dilate or contract as needed to maintain constant brain blood
flow. CO2 inhalation or breath-holding are used to evaluate the
arteriolar function and provide a “stress” test for the collateral
circulation during carotid high-grade stenosis or occlusion. Vari-
ous methods are available to monitor intracranial hemodynamics
using vasomotor reactivity. This protocol will describe the two
most widely used VMR measurement techniques:

1. CO2 challenge — This study requires inhalation of 5% medical
grade CO2, 95% O2 gas mixture and a dedicated gas delivery
system.

2. Breath-holding — This study requires the patient to hold their
own breath for 30 seconds.
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Indications for Vasomotor Reactivity
and Breath-Holding [1, 2, 3]

1. Evaluate the adequacy of collateral flow pathways due to
carotid artery high-grade stenosis or occlusions

2. Assess hemodynamic insufficiency in patients who may ben-
efit from cerebral re-vascularization

3. Pre-operative assessment of hemodynamic risk from carotid
stenosis or occlusion prior to:
(a) Carotid Endarterectomy (CEA)
(b) Coronary Bypass Grafts (CABG)
(c) Cardiothoracic surgeries such as TEVAR, circulatory

arrest, carotid bypass, aortic replacement/repair

The CO2 inhalation method is performed using dedicated non-
imaging TCD equipment with dual-channel capabilities. Many of
the equipment manufacturers now have vasomotor reactivity soft-
ware programs with calculation packages for both CO2 and
breath-holding. The programs demonstrate velocity and pulsatil-
ity index trends and can accommodate the inclusion of PCO2 and
blood pressure readings for proof of change over time. Capnometry
will serve to display changes in end tidal PCO2 throughout the
procedure.

The equipment requirements are a source for medical grade 5%
CO2, 95% 02 carbogen mixture [1], a storage tank, and a dedi-
cated delivery system that is effective and patient friendly.
Compared to breath-holding there are increased costs involved in
putting together the initial system. The gas tanks can be rented or
owned. The small, portable “E” tank can provide gas for between
5 and 10 studies before needing to be refilled. The larger capacity
“H” tank will need to be secured to the wall and is not portable.
Gas refills are relatively inexpensive, and obtaining the gas, tank,
and regulators can be arranged through “Cylinder Management” in
most hospital settings. Independent companies like Air West, Inc.
and Praxair, Inc. are located across the United States and can pro-
vide gas, tanks, regulators, and flow meters. The delivery system is
semi-disposable, but mouth and nose pieces should be disposed of
after each use. The advantage of using a delivery system is that it
provides a quantifiable result that is not dependent on the patient’s
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ability to breath-hold. Both hypercapnia and hypocapnia can be
demonstrated in the same trending program allowing for visual
documentation of both hyper, and hypocapnia. With the assistance
of respiratory therapy, even ventilated patients can be safely tested.
The CO2 inhalation method demonstrates velocity trending over
time and produces reliable, reproducible results. The patient can
breathe and participate throughout the entire study.

CO2 Delivery System Set Up: (Courtesy
of Cedars-Sinai Medical Center)

(a) Universal or multi-airway adapters (small and large)

(b) (1) each male/female one-way valve or aerosol “TEE” with
built-in one-way valves

(c) (1) Aerosol “Tee” adapter (top load or side load depending on
capnometry)

(d) Disposable mouthpiece and nose clip, or full-face mask if tol-
erated

(e) Corrugated tubing — <1 ft.

(f) Large air mix bag with “Y” adapter

(g) Small bore oxygen tubing that fits flow meter and “Y”” adapter

(h) Nipple- connects the oxygen tubing to the air mix bag

(i) 22-micron filter

(j) Flow meter

(k) Christmas tree adaptor — connects the small-bore tubing from
the tank to the nipple

(1) Regulator — Specific for carbogen gas mixture

Starting with the tank: Attach the regulator and flow meter onto
the tank. Connect one side of the small-bore tubing to the Christ-
mas tree adaptor on the flow meter and connect the other side to
the nipple attached to one side of the “Y” in the air bag. Connect
the corrugated tubing to the other port in the “Y”. This system is
comprised of small parts that can be purchased through the hospi-
tal purchasing dept., respiratory therapy group, or directly through
the vendors. There is a filter in the bag that allows room air to mix
with the CO2 and O2 gas mixture. Now connect the corrugated
tubing into the male one-way valve and then fit the male one-way
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E” tank

02.24 14:38

Fig. 1 CO2 delivery system without capnometry in place — Original delivery
system developed by Brenda Rinsky, RDMS, RVT, NVS

valve into one end of the aerosol TEE adaptor. The female one-
way valve will fit onto the opened top of the TEE adaptor. This
keeps the patient from re-breathing. It may be possible to pur-
chase a TEE adaptor that has built-in male and female valves for
ease of use and reduced costs. If using a top loading capnometer,
attach into the end of the aerosol TEE adaptor on the side of the
patient’s mouth. Universal adaptors can be used if the diameter of
the TEE adaptor, micron filter, or mouthpieces are different. If
using a side-loading capnometer, choose a side-load TEE adaptor.
Attach the mouthpiece into the open end of the TEE adaptor. The
delivery system is now in place (Fig. 1).

Procedure

Performance of a complete TCD prior to VMR testing can be an
important way to Identify collateral flow pathways and to deter-
mine if the bone windows will be acoustically sufficient. Place the
stationary headband around the patient’s head making sure to
slide the back of the band down around the back of the neck.
Tighten the headband so that it is snug, but not painful. Add a
generous amount of gel and attach each transducer. Avoid bi-
directional flow from the bifurcation by setting the depth between
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45 and 55 mm in the bilateral M1 portion of the Middle Cerebral
Arteries (MCA). Adjust the power and gain settings to obtain a
quality Doppler signal and maintain that the envelop fits well
around the spectral waveform. Adjust the transducer angle to
obtain the highest velocity. A weak waveform can be monitored,
but the transducer may need constant adjustment during the pro-
cedure. Adjust the scale so the systolic peak is clear of the top of
the screen. This can be achieved by lowering the zero line toward
the bottom of the screen or increasing the scale to avoid aliasing
of the peak systolic velocity during hypercapnia. Be sure the bilat-
eral scale and choice of sampling depth are symmetric for a true
side-to-side comparison.

To begin the study, power up and calibrate the capnograph.
Place the disposable mouthpiece into the patient’s mouth and
place the nose clip over the nostrils to eliminate breathing through
the nose during the study. Attach the capnograph into either the
side port, or top port near the mouthpiece. Trend the velocities for
1-3 minutes, allowing the patient to relax and calm down, waiting
for the velocities to become stable. Do not connect in the delivery
system until after a baseline waveform has been saved or marked
if trending (Fig. 2). Normal entidal CO2 is between 35 and 40

Baseline PCo2 36 torr

RMCA
3:20:49 PM
Depth 50
Power 100
Sample 6
150 -

Peak 82
Dias 43 100
Mean 58
P.I. 0.68 50

0

Fig. 2 Baseline velocity and end-tidal PCO2
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Fig. 3 Aerosol TEE connected to the corrugated tubing and capnometry.
Female one-way valve is not in view

mmhg. Note the patient’s baseline end-tidal CO2. At this point,
attach the nose clip and delivery system consisting of the inflow
aerosol TEE adaptor that has been previously fitted with the one-
way valves and corrugated tubing to the patient’s mouthpiece
(Fig. 3).

After the baseline velocity has been established, open the valve
on the CO2 tank and set the flow meter to between 8 and 12 liters
to begin CO2 inhalation. The flow meter can be adjusted accord-
ing to how deeply the patient inhales. The gas mixture bag should
collapse almost completely during inhalation and then refill again
during exhalation. Have the patient take in deep, slow breaths
through the mouthpiece into their upper chest. The CO2 gas will
begin to build up in the lungs and in normal circumstances, the
velocities will increase as the arterioles begin to dilate producing
an increase in cerebral blood flow. The diastolic component of the
waveform will also increase as the pulsatility indices will decrease.
This portion of the study will take up to 3 minutes to perform.
Keep the patient calm and try to slow their breathing. As the CO2
increases, the patient’s respiratory drive will engage, forcing the
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Co2 Maximum Inhalation PCo2 42 torr

RMCA
3:22:20 PM
Depth 50
Power 100
Sample 6

150 -
Peak 101
Dias 60 100
Mean 75 2
P.I. 0.55 50 -

0

Fig. 4 CO2 inhalation causes arteriolar dilatation, increasing the velocity
and decreasing the pulsatility indices

patient to breathe rapidly to eliminate the excess CO2. Maximum
velocity is achieved when the velocities become stable and no
longer increase. Save the waveforms or mark the event and note
the end-tidal CO2 (Fig. 4). The objective is to increase the PCO2
approximately 20% from the baseline Torr. Turn the CO2 gas off
at the regulator and tank. Remove the gas delivery apparatus to
allow the CO2 to normalize while the patient breaths room air.
The nose clip can be left in place. Make sure the end-tidal reading
from the capnometer returns to baseline for at least 30 seconds
before proceeding with the next step.

Hypocapnia starts with the patient breathing rapidly and con-
sistently through the mouth. Demonstrating how to hyperventilate
in a controlled fashion will enhance the patient’s ability to per-
form this part of the testing. Have the patient breathe rhythmically
with the objective of decreasing the end-tidal CO2 to approxi-
mately 20% of baseline Torr. The velocities will decrease as the
arterioles constrict, decreasing cerebral blood flow. The pulsatility
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HVT Minimum PCo2 19 torr

RMCA
3:24:47 PM
Depth 50
Power 100
Sample 6

150 -
Peak 69
Dias 21 100
Mean 35
P.1 1.36 50

Fig. 5 Hyperventilation constricts the arterioles causing decreased velocity
and increased pulsatility indices

indices will increase significantly. Save the waveforms once again
and note the final end-tidal CO2 (Fig. 5). Remove the nose clip.
Allow the end-tidal CO2 to go back to baseline once again before
allowing the patient to sit up. The study is now complete.

Alternate Procedure Without Capnometry

Allow 1-3 minutes for the patient to relax and become calm. Acquire
the MCA velocities making sure to keep the envelop on for monitor-
ing both the velocities and Pulsatility indices. Adjust the scale and
sample depth to avoid aliasing. Capture the baseline velocities.
Follow the CO2 inhalation and hyperventilation directions as
described above. Without capnometry to gage whether the end-tidal
PCO2 has effectively increased or decreased, it will be very impor-
tant to monitor the waveforms closely. Once the velocities are stable
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and no longer changing, then save the maximum velocity for hyper-
capnia, and the minimum velocity for hypocapnia.

Although highly unlikely, should the patient experience neuro-
logic change or respiratory distress, immediately turn off the gas,
remove the mouthpiece and nose clip, and allow the patient to
breathe room air. Evaluate the patient when they return to their
baseline CO2. The gas will exit the lungs very quickly, and the
patient should recover back to their normal state. If the symptoms
persist, get immediate medical assistance.

Several of the TCD equipment manufacturers now have auto-
mated VMR and breath holding calculation programs. Although
the procedure is the same, the equipment will automatically cal-
culate the vasomotor reactivity.

Calculations [3]

PCO2 at Maximum (C02 inhalation)

. — PCO2at Minimum ( HVT)
1. %Change in PCO2 = - x100
PCO2at Baseline
(CO2inhalation) Maximum Velocity
. —(HVT )Minimum Velocity
2. %Change in VMR = x100

Baseline Velocity

Results
=/<15% Exhausted VMR
16-38% Severely reduced VMR
39-69% Mild to moderately reduced VMR
>70% Normal VMR

Paradoxical Effect  Velocities drop during hypercapnia
and increase during hyperventilation.
This is consistent with exhausted VMR and the
steal effect is reported in the interpretation
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Breath-Holding Method

Breath holding is used to establish a state of hypercapnia. Like the
CO2 challenge, it is used to evaluate the effects of carotid stenosis
or occlusion on the cerebral circulation. By having the patient hold
their own breath, the buildup of natural CO2 in the lungs replaces
the need for inhalation of additional CO2. Storing CO2 gas is not
required reducing overall costs, and eliminating the need for a gas
delivery system. Unfortunately, this technique is also very depen-
dent upon the patient’s ability to follow instructions and cooperate
fully. Results may be limited depending on the patient’s mental
status, respiratory status, and breath-holding capabilities.
Generally, breath-holding is performed using dedicated non-
imaging TCD equipment with dual-channel capabilities. Once the
initial TCD is completed, set the stationary head gear up for uni-
lateral or bilateral monitoring as previously described in the CO2
inhalation section. Because this study requires accurate timing, be
sure to have access to a stopwatch or clock with a second hand.

Procedure [2]

1. The patient should begin the study in a state of normal breath-
ing. Record or save the MCA baseline velocity(s) once they
are stable

2. Begin hyperventilation and continue for 2 minutes, record or

save the MCA velocity(s) at 2 minutes

Let the patient return to normal breathing for 4 minutes

4. Start breath-holding after normal respiration. The patient
should avoid taking in a deep breath before they stop breath-
ing. The established time to breath-hold is for 30 seconds.
After 30 seconds, allow the patient to breath and then wait
4 seconds before saving the final velocity (s)

5. The patient can breathe normally, the testing is now complete

6. Record the time that the breath was held and calculate the
results

bt
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Calculations [2]

MFYV end — MFV baseline

MFYV baseline
100

X
Seconds of breath —holding

1. BHI=

2. AVycarA = increase in Vyca during breath-holding/t = Time
of breath-holding

Results

>0.6: Normal VMR

0.02-0.6: Impaired VMR

<0.02: Severely impaired VMR
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Continuous Cerebral
Autoregulation Monitoring
Using TCD
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Background

Monitoring cerebral blood flow velocity via transcranial doppler
(TCD) can also be applied to measure the brain’s vasculature
reactivity. Cerebral autoregulation (CA) is the ability of the
brain’s blood vessels to constrict or dilate to adapt to variations in
mean arterial blood pressure (MAP) to maintain a stable cerebral
perfusion pressure.

L. Rivera-Lara (D<)

Division of Neurosciences Critical Care, Department of Neurology
and Neurosurgery, Anesthesia and Critical Care Medicine, Johns
Hopkins University School of Medicine, Baltimore, MD, USA
e-mail: riveral @stanford.edu

F A. Zeiler
Section of Neurosurgery, Department of Surgery, Rady Faculty of Health
Sciences, University of Manitoba, Winnipeg, MB, Canada

Department of Human Anatomy and Cell Science, Rady Faculty of
Health Sciences, University of Manitoba, Winnipeg, MB, Canada

Biomedical Engineering, Faculty of Engineering, University of
Manitoba, Winnipeg, MB, Canada

Division of Anaesthesia, Department of Medicine, Addenbrooke’s
Hospital, University of Cambridge, Cambridge, UK

© Springer Nature Switzerland AG 2022 241
W. C. Ziai, C. L. Cornwell (eds.), Neurovascular Sonography,
https://doi.org/10.1007/978-3-030-96893-9_16


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-96893-9_16&domain=pdf
mailto:riveral@stanford.edu
https://doi.org/10.1007/978-3-030-96893-9_16

242 L. Rivera-Lara and F. A. Zeiler

TCD is widely used to monitor cerebral blood flow velocity
and cerebral autoregulation, assuming that the monitored vessel
diameter does not change (steady state) during the monitoring
period. If this assumption holds true, we can apply the volumetric
flow rate definition where cerebral blood flow equals cerebral
blood flow velocity. TCD is able to insonate the largest intracra-
nial arteries and the circle of Willis. The most common monitored
artery in CA is the middle cerebral artery.

Continuous monitoring of CA with TCD has more advantages
over static measurements as it does not require any intervention to
change the MAP. It relies on spontaneous variations of slow waves
to measure CA. Healthy adults exhibit slow wave oscillations of
cerebral blood volume, cerebral blood flow and tissue oxygen-
ation in the frequency of 0.004-0.05 Hz; these slow waves occur
in the setting of normal physiologic functions such as breathing
and variations in neuronal and cerebrovascular tone [1]. These
slow waves are recorded with TCD.

Monitoring cerebral autoregulation with TCD can be helpful in
prognostication for unfavorable clinical outcomes and mortality
[2] in patients who suffer aneurysmal subarachnoid hemorrhage
(aSAH) [3], traumatic brain injury (TBI) [4, 5], large artery vessel
occlusion [6], intracerebral hemorrhage (ICH) [7], and patients
undergoing cardiac bypass [8].

Cerebral autoregulation can also be applied to optimizing blood
pressure management by delineating the cerebral autoregulatory
curve and optimal MAP. By delineating the lower and upper limit
of CA we can target the MAP or cerebral perfusion pressure to
prevent hypoperfusion leading to cerebral ischemia and hyperper-
fusion leading to cerebral edema and worsening intracranial hyper-
tension. This can facilitate precision medicine by individualizing
blood pressure goals with the hope of preventing secondary injury,
decreasing mortality and disability [9—11]. In a nested randomized
controlled trial, patients undergoing cardiac bypass were moni-
tored with TCD to determine the lower limit of CA. The group that
was assigned to keep a MAP above the lower limit of CA deter-
mined by TCD during cardiac bypass had a lower incidence of
postoperative delirium [12]. Individualized blood pressure man-
agement during cardiac bypass has also been shown to lead to
improved cognitive function and better memory testing in a ran-
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domized clinical trial [13]. The objective of these trials is to target
personalized blood pressure goals to prevent mainly hypoperfu-
sion leading to increased risk for kidney disease, cognitive impair-
ment and stroke [8, 11, 14, 15].

Step by Step Using Analog Hemodynamic
Monitors (Fig. 1)

Fig. 1 Example of robotic transcranial Doppler (rTCD) bedside setup for
multimodal monitoring. (Panel a) High level analog output (HLO) ports used
to stream data from patient monitor to analog-to-digital convertor (ADC).
(Panel b) Multimodal monitoring of a traumatic brain injury patient including
rTCD probe and headband. (Panel ¢) Typical rTCD tracing of right middle
cerebral artery (MCA). (Panel d) Laptop compiling and recording time-
locked multimodal data streams. (*Figure is a color adaptation from Zeiler
et al. Acta Neurochir (Wien). 2018; 160 (11): 2149-57 (with permission from
corresponding author))
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Equipment

* Analog hemodynamic monitor

e ADC converter (converts analog to digital signals)

e TCD machine with headset

e Laptop

e Autoregulation software

e Cables connecting hemodynamic monitor to ADC converter

Requirements
e Arterial catheter for continuous MAP monitoring

Steps

1. Connect the ADC converter to the hemodynamic monitor

2. Connect the ADC converter to laptop through USB cord

3. Connect TCD machine to laptop through USB cord

4. Turn on TCD monitor and find the bilateral MCA’s signals on

the monitored patient using the head-set

. Turn on laptop

6. Open autoregulation software (software that runs automatic
correlations between MAP and cerebral blood flow velocity)
(a) Enter patient identifiers
(b) Select autoregulation profile
(c) Test connections, make sure the analog signals from

hemodynamic monitor are connected to the correct chan-
nels on the ADC converter
(d) Click start to begin recording

7. When finished, click “stop”, and then click “save” before exit-
ing the program.

8. Open the file and start analyzing the file. See Fig. 2 showing a
monitoring period with the index of CA derived from the cor-
relation between cerebral blood flow velocity and MAP, Mx
(mean velocity index). When the index approaches O and is
<0.45 this indicates intact autoregulation, when the index
approaches 1 and is >0.45 there is impaired autoregulation.

W
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Fig.2 Example of 30 minute recording of continuous monitoring of cerebral
autoregulation monitoring with TCD. 51-year old with high grade aneurys-
mal subarachnoid hemorrhage who underwent CA monitoring with TCD
upon admission to the neurocritical care unit. In the top panel ABP (mean
arterial blood pressure) and left (L) and right (R) middle cerebral artery
velocities (MCAuvel) are displayed. In the two bottom panels, the CA index
derived from TCD, Mx (mean velocity index) is displayed. Mx is <0.45 dur-
ing the monitoring period indicating intact cerebral autoregulation

Step by Step with Digital Hemodynamic
Monitors

Equipment

e Digital hemodynamic monitor

e TCD machine with headset

e Laptop

* Autoregulation software

e Cables connecting hemodynamic monitor and TCD monitor to
laptop

Requirements
e Arterial catheter for continuous MAP monitoring

Steps

1. Turn on TCD monitor and find the bilateral MCA signals on
the monitored patient using the headset

2. Connect TCD monitor to laptop via USB port

Connect hemodynamic monitor to laptop via USB port

4. Turn on laptop

b
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5. Open autoregulation software (software that runs automatic
correlations between MAP and cerebral blood flow velocity)
(a) Enter patient identifiers
(b) Select monitoring profile
(c) Test connections
(d) Click “start” to begin recording

6. When finished, click “stop”, and then click “save” before exit-
ing the program

7. Open file to start analyzing

Limitations

The assumption that the vessel caliber does not change during the
monitoring period is a big limitation. If an instantaneous change
occurs with a narrowing or dilation of the blood vessel, there will
be a significant change in velocity which may not be proportional
to the change in flow. Secondly, continuous monitoring with
2-MHz ultrasonic waves through the temporal bone (energy used
for diagnostic ultrasonography) is known to be sufficient to
enhance thrombolysis [16], so caution should be taken when
monitoring patients with or at risk of intracranial bleeding. Lastly,
movement artifact is always problematic especially in patients
who are not sedated.
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Introduction

Rapid assessment of intracranial hypertension (ICH) is essential
in the diagnosis and management of acute intracranial insults.
With severe traumatic brain injury (TBI), the gold standard
method of diagnosing and monitoring ICH is by invasive meth-
ods. However, the routine use of invasive intracranial pressure
(ICP) monitors is often limited by comorbidities, complications,
availability, and projected outcomes [1-6]. A recent review of
the literature concluded that optic nerve sheath diameter (ONSD)
and transcranial Doppler are the most superior non-invasive
tools clinically proven to detect intracranial hypertension [14].
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An ideal non-invasive ICP monitor should be safe, reliable, cost
effective, and readily available [7]. Bedside ultrasound measure-
ment of the ONSD is an accurate, non-invasive, radiation-free,
and widely available method of detecting ICH that can allow for
rapid formulation of an individualized treatment plan in patients
presenting with symptoms of ICH [8-13]. The integration of
ultrasound guided noninvasive ONSD measurements can assist
in determining which patients with altered mental status are
experiencing ICH, tipping the scales in favor of placing an inva-
sive monitor. At the same time, ONSD measurements could be
reassuring that a patient with altered mental status is not experi-
encing ICH and should not have an invasive monitor placed. A
recent literature review determined that ultrasound guided
ONSD studies and transcranial Doppler studies are superior to
all other non-invasive modalities currently in use to predict early
ICH [14].

While head computed tomography (CT) and brain magnetic
resonance imaging (MRI) have been validated to identify ICH,
these techniques require transporting the critically ill patient to a
scanner, which can be time consuming and possibly dangerous
[15-18]. Interpretation and measurement of the ONSD via head
CT and brain MRI is often conducted by Neuro-radiologists,
which can delay results even further [15-18, 117, 118]. Point-of-
care ultrasound, in the form of transcranial Doppler or ocular ultra-
sound, is an alternative that provides immediate results.
Transcranial Doppler is a useful option but requires extensive
training to yield reliable and consistent results. Ultrasound guided
ONSD measurement has been proven to be reliably reproducible
with high inter-rater reliability to detect and monitor changes of
the ONSD in response to intracranial pressure changes [8, 9, 12,
14, 19-21]. The ONSD immediately reflects changes in ICP,
whereas papilledema takes hours or days before it is often recog-
nized in adults and can take weeks to months to recognize in chil-
dren [22-25]. Ultrasound guided ONSD measurement is applicable
in intensive care units, operating rooms, and emergency depart-
ments where machines are widely available. While further research
is warranted to elucidate further granularity and application of the
technique, clinicians should utilize ultrasound guided ONSD in
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the diagnostic workup of pediatric and adult patients with sus-
pected intracranial pathology, especially in emergency settings.

The Physiology Supporting ONSD
Measurements

The mechanism that drives ONSD changes with fluctuating ICP
levels is the anatomical continuity that allows cerebrospinal fluid
to freely move between the intracranial and orbital subarachnoid
spaces [26, 27]. As the ICP increases, cerebrospinal fluid is
pushed down the path of least resistance into the orbital sub-
arachnoid space causing the optic nerve sheath to expand, thus
increasing its diameter [9]. When the ICP decreases, the orbital
cerebrospinal fluid returns to the intracranial subarachnoid space
causing the optic nerve sheath to decompress [28]. The fluctua-
tion of cerebrospinal fluid between the orbital subarachnoid
space and the intracranial subarachnoid space is within seconds
of an acute increase in ICP [7, 30-32]. Unlike the development of
papilledema that evolves and resolves over several days to
months, ONSD changes are a more immediate marker of ICH
[22-25, 29]. However, some studies have suggested that with
chronic exposure to ICH, for example with slow growing brain
tumors or pseudotumor cerebri, the optic nerve sheath might
become less pliable and thus less reactive. Hence, the use of
point-of-care ultrasound measurements of the ONSD is possibly
more accurate and applicable when detecting acute rapid changes
in ICP as opposed to chronic slow changes in ICP; however, to
our knowledge, this has not been specifically studied and reported
on in the literature.

Clinical Application of ONSD Measurements

Ultrasound guided ONSD measurements can be used as a non-
invasive bedside tool to detect and monitor changes in
ICH. Bedside ONSD measurement is indicated when a patient’s
clinical exam or pathology is suggestive of intracranial hyperten-
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sion. In the emergency department, ONSD measurements can be
rapidly utilized in a patient who is non-responsive or minimally
responsive to determine if their altered mental status is due to I[CH
or intoxication. Within intensive care units (ICUs),
ultrasound-guided ONSD measurement have been applied to the
following clinical pathologies: head trauma [8, 33-35], intracra-
nial hemorrhage [35, 36], stroke [37-39], sinus venous thrombo-
sis [40], craniosynostosis [41, 42], meningitis/encephalitis [43,
441, posterior reversible encephalopathy [45-47], and hydroceph-
alus [10, 48, 49]. Significantly elevated ONSDs in conjunction
with a patient’s clinical exam and history might encourage the
placement of an invasive ICP monitor [8, 25, 50], while normal
ONSD measurements might argue against placement of an ICP
monitor. Patients with ICH who also have significant co-
morbidities, are taking anticoagulants, are immune compromised,
or have bleeding disorders are not ideal candidates for invasive
ICP monitor placement [1-4]; therefore, monitoring ICH with
serial measurements of ONSD might be even more beneficial. For
example, research has shown that ultrasound guided ONSD mea-
surements are being integrated into the care of patients with ICH
due to liver failure [51-53], diabetic ketoacidosis [54-57], meta-
bolic crisis, and HIV [58].

Aside from the identification and monitoring of ICH, addi-
tional applications of ultrasound guided ONSD measurements
within ICUs have been suggested. ONSD measurements have
been used to predict outcomes in stroke patients [38, 39] and in
patients with spontaneous intracranial hemorrhages [119].
Gokcen et al. suggests that ONSD measurements can help predict
which stroke patients will develop malignant middle cerebral
artery syndrome [37]. In post-cardiac arrest patients, ONSD mea-
surements have been used as a prognostic indicator of hypoxic
encephalopathy [59], at predicting mortality, and predicting a
favorable versus a poor clinical prognosis [60-62]. Some have
used ONSD measurements to determine the effectiveness of
decompressive craniotomy in patients [63].

Monitoring changes in ONSD with point-of-care ultrasound in
the operating room when there is concern for fluctuations in intra-
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cranial pressure is becoming more common. For example, ultra-
sound guided ONSD measurements have been used to assess the
different effects that propofol vs. sevoflurane have on ICP during
surgery [64]. When performing laparoscopic abdominal surgery
in the Trendelenburg position while inducing pneumoperitoneum,
the patient is at risk for increases in ICP [65, 66]; therefore, there
have been several studies utilizing ultrasound guided ONSD mea-
surements to minimize ICH during these cases [67-71]. The
effects of dexmedetomidine on ICP in patients in steep
Trendelenburg position during surgery has been quantified via
ONSD measurements [72]. ONSD measurements have been used
to optimize the neck position to reduce ICH during craniosynos-
tosis surgery [73]. Ultrasound guided ONSD measurements are
commonly used during liver transplant surgery [53, 74-76, 116]
to monitor changes in ICP. Given the availability of and under-
standing of most anesthesiologists to use ultrasound machines in
general, the authors predict the continued expansion of ultrasound
guided ONSD monitoring in the operating room.

There have been some studies further expanding the use of
ultrasound guided ONSD measurements beyond the emergency
department, ICUs, and operating rooms. Obstetricians have
used ONSD values to predict and monitor the development of
preeclampsia and eclampsia [77, 78]. Neuro-ophthalmologists
have trended ultrasound guided ONSD measurements in
patients with idiopathic intracranial hypertension, also known
as pseudotumor cerebri syndrome, in their clinics [79-81].
ONSD measurements have been used to diagnose symptomatic
intracranial hypotension following lumbar punctures [82] and
have been used to determine the efficacy of lumbar epidural
blood patching in these patients [83]. The military and pre-
hospital transportation units have evaluated the feasibility and
applications of handheld ultrasound guided ONSD measure-
ments to traumatic brain injury patients in the field [84-86].
And finally, given the effects of zero gravity leading to ICH,
astronauts have applied the use of ultrasound guided ONSD
measurements in space [87, 88].
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Equipment and Supplies Needed to Obtain
ONSD Measurements

Ophthalmic ultrasound can be safely performed using any point-
of-care ultrasound machine that can be placed in “ophthalmic
safety” mode, or where the power (<30%), mechanical index
(<0.23), and thermal index (<1) can be manually decreased below
safety thresholds [89-92]. High frequency (10 mHz—22 mHz) lin-
ear array probes are ideal for ocular ultrasound; however, low fre-
quency (6 mHz—13 mHz) linear array probes often referred to as
“vascular probes” are more commonly used due to their availabil-
ity [93]. Contact your ultrasound vender to provide instructions
on how to manually decrease the power below 30%, the mechani-
cal index below 0.23, and the thermal index below 1. To locate the
“ophthalmic safety mode,” push the exam button and scroll
through the exam options available. Often the “ophthalmic safety
mode” is embedded within the “small parts”, “ED”, or “other”
exam modalities. Never perform ophthalmic ultrasound if there is
a concern for penetrating or direct eye trauma. Always perform
bedside ophthalmic ultrasonography through a closed eyelid.
Never allow the ultrasound probe to come in contact with an open
eye as this can cause corneal abrasions and puts the patient at risk
for ocular infection. To protect your patient’s eyes, either apply a
generous amount of ophthalmic safe eye gel to the ultrasound
probe instead of ultrasound gel or place a Tegaderm™ over a
closed eye and cover the Tegaderm™ with ultrasound gel. Two
commonly used over-the-counter ophthalmic safe lubricating gels
are GenTeal® eye lubricant (Novartis Pharmaceuticals
Corporation, East Hanover, NJ) and Systane® eye lubricant
(Alcon laboratories, Inc., Fort Worth, TX). Always securely
ground the hand holding the ultrasound probe on your patient’s
face (forehead, cheek, nose, or orbital ridge) hold the probe deli-
cately between your thumb and forefinger to minimize the pres-
sure placed on the eye through the closed eyelid. If unable to
ground your hand on your patient’s face, place a firm pillow or
rolled up towel next to their face to stabilize your hand to prevent
pressure on the closed eye. For a detailed description of how to
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obtain and measure point-of-care ultrasound images of the ONSD,
see Chap. 31 of this book titled: “How to obtain measurements of
the optic nerve sheath diameter in adults and children utilizing
point-of-care ophthalmic ultrasonography.”

Interpretation of ONSD Measurements for Adult
Patients

Prior to interpreting ONSD measurements, it is imperative that the
ONSD images are accurate. Correct axial cuts through the eye and
optic nerve should include a symmetric and straight longitudinal
section of the optic nerve and optic nerve sheath (Fig. 1). Accurate
transection of the optic nerve, which is often an approach obtained
in uncooperative pediatric patients, shows a double circle or “bulls-
eye” appearance of the optic nerve and optic nerve sheath in asso-

/
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Fig. 1 Appropriately Aligned Ophthalmic Ultrasound Images. (a) Normal
ophthalmic ultrasound images obtained in the transverse view with the ante-
rior portion of the eye facing upwards and the optic nerve attaching posteri-
orly. (b) The same ultrasound image showing a symmetric and straight
longitudinal section of the hypoechoic optic nerve (blue arrow) surrounded
by a symmetric and straight hyperechoic optic nerve sheath (red lines). (c)
The same image with straight green lines along the internal border of the
optic nerve sheath and yellow lines on the external border of the optic nerve
sheath reinforcing the straight and symmetric alignment of the optic nerve
and nerve sheath
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ciation with a symmetric straight optic nerve (Fig. 2). Examples of
inaccurate optic nerve images are in Fig. 3. If inaccurate images of
the optic nerve sheath are taken, the measurements will also be
inaccurate. See Chap. 31 of this book titled “How to obtain mea-
surements of the optic nerve sheath diameter in adults and children
utilizing point-of-care ophthalmic ultrasonography,” for a detailed
description of how to accurately measure the ONSD.

Once the image is acquired and the measurement determined,
the ONSD must be interpreted and used as a complementary tech-
nique combined with the clinical exam and standard neuro-
imaging findings to guide the care of the patient. In 2011, Dubourg
et al. conducted a systematic review and meta-analysis of adult
patients finding a pooled sensitivity of 0.90 (95% CI 0.8-0.95),
specificity of 0.85 (95% CI 0.73-0.93), and diagnostic odds ratio
of 51 (95% CI 22-121) with the area under the SROC curve of
0.94 (95% CI 0.91-0.96) [98]. However, the cutoff thresholds for

Fig. 2 Appropriate Bullseye transection of the Optic Nerve. (a). Normal
ophthalmic ultrasound images obtained in the transverse view showing a cir-
cular cross-section of the optic nerve (dark circle) surrounded by the optic
nerve sheath mimicking a bullseye. (b) The same image with green dotted
lines outlining the outer edge of the optic nerve and yellow dotted lines out-
lining the outer edge of the optic nerve sheath to emphasize the appropriately
aligned bullseye appearance
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Fig. 3 Inappropriately aligned images of the Optic Nerve. (a—d) All images
of poorly aligned, asymmetric, and crooked images of the hypoechoic or dark
optic nerve surrounded by the hyperechoic or lighter optic nerve sheath with
the outermost boarder of the optic nerve sheath appearing hypoechoic or
black where the cerebral spinal fluid flows through the subarachnoid space.
(d) Inaccurate measurement (2) of the optic nerve sheath diameter (due to
poor alignment) measured 3 mm behind the orbit (1)

optimal ONSD to identify ICH from normal ICP ranged from
5.0 mm to 5.9 mm in this systematic review. Eight years later,
Koziarz et al. provided an updated systematic review and meta-
analysis with over ten times the studies compared to Dubourge
et al. including both pediatric and adult studies. Koziarz group
also separated data based on traumatic brain injury and non-
traumatic brain injury, finding pooled sensitivity and specificity of
ONSD ultrasonography to identify ICH in patients with traumatic
brain injury to be 97% (95% CI, 92% to 99%) and 86% (CIL, 74%
to 93%) respectively [8]. For patients with non-traumatic brain
injuries the pooled sensitivity was 92% (CI, 86% to 96%) and
specificity was 86% (CI, 77% to 92%). The SROC curve of all
patients showed a pooled sensitivity and specificity of 94% (CI,
91% t0 96%) and 87% (CI, 82% to 91%), respectively [8]. Koziarz
et al. was the first systematic review and meta-analysis to compare
variable cutoff values and calculation methods to determine that
5.0 mm is the optimal cutoff to diagnose ICH in adult patients [8].
However, other studies have shown that an ONSD of 5.5 mm can
be a normal finding in adults stating that a more reliable cutoff
value to predict ICH is 5.7-6.0 mm showing sensitivity of 87-95%
and specificity of 79-100% [92, 99-102].
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Further questions exist in the global meaning of these ONSD
measurements. Individual trends are trusted more than absolute
numbers regarding the ONSD. We recommend averaging at least
3 measurements, as the average best accommodates for technique,
anomalies in images, and anatomic differences. There also
remains controversy regarding the validity of ONSD measure-
ments in acute versus chronic changes of intracranial pressure.
Acute changes have been more robustly studied, and it has been
suggested that chronically elevated ICP may undergo a decrease
in optic nerve sheath distensibility such that measurements will
not reflect accurately the clinical context. Ensure that the duration
of intracranial pathology is a consideration with interpretation of
the ONSD measurements.

Interpretation of ONSD Measurements
for Pediatric Patients

Despite the limited number of pediatric specific studies compared
to adult studies investigating ultrasonographic measurements of
ONSD in detecting intracranial hypertension, the first suggested
cutoff value for children was published just over 25 years ago,
suggesting a cutoff of 5.0 mm based on 39 children all over the
age of 4 years old [30, 94]. Three years later, Ballantyne et al. cre-
ated generalized normative pediatric ONSD based on optic nerve
growth curves from 102 children ages 0—15 years proposing far
lower cutoff values of 4 mm for infants <1 year old and 4.5 mm
for children >1 year old [20]. These same lower cutoff values
were reproduced several times over the following 10 years [10,
11, 29, 120, 121], with the addition of Moretti and Pizzi suggest-
ing a cutoff of 4.0 mm for children <1 year old, 4.5 mm for chil-
dren 1-4 years old, and 5.0 mm for children >4 years old [119].
However, Le et al., calculated the accuracy of the 4 mm and
4.5 mm cutoff points and found a sensitivity of 83% and specific-
ity of 38% based on 64 pediatric patients [103]. Beare et al., pub-
lished a study including 51 pediatric patients >1 year old using a
cutoff value of 4.2 mm, finding the sensitivity and specificity of
ONSD to diagnose ICH to be 100% and 86% respectively [12].
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Young et al. was less keen on a direct cutoff that could be applied
across pediatric cohorts. Instead, they indicated that <4.9 mm was
unlikely to correlate with increased ICP suggesting an optimal
cutoff of 6.1 mm with a sensitivity of 77%, specificity of 91%,
and area under the ROC curve of 0.85 [104]; however, this was
only based on 36 patients with an average age of 8§ years old.
Padayachy et al. reported a cutoff of 5.16 mm for children <1 year
old and 5.75 mm for children >1 year old and an overall cutoff for
their entire cohort of 5.5 mm based on 174 patients [13, 19].
Steinborn et al. has also suggested a significantly higher ONSD
cutoff value be used in children to suggest ICH [105].

In the past few years, it has been argued that the optic nerve
growth curve must be more heavily considered when establishing
ONSD cutoff values in relation to children as their visual path-
ways are developing through childhood [106]. The development
of the nervous system and the visual pathway has a rapid initial
growth phase significantly slowing by age 4 with continued very
slow development until the age of 8-10 years old [106, 107].
Therefore, it has been suggested that age stratification is essential
when interpreting ONSD in children. Fontanel et al. developed an
optic nerve growth curve for normal children 4-18 years of age
based on 165 children, which showed progressive increase of the
optic nerve up to approximately 10 years of age; therefore, they
calculated cutoff values for children between 4 and 10 years and
between 11 and 18 years old separately based on 29 children with
ICH and 165 healthy children [22]. They reported an optimal cut-
off value of 4.1 mm for the 4—10 year old subgroup and a cutoff of
4.4 mm for the 11-18 year old subgroup both cutoffs had a 100%
sensitivity with specificity ranging from 83.9% to 98.8%. Fontanel
et al. also evaluated a cutoff of 5.0 mm in their 29 children with
ICH finding a sensitivity of 28.6% with 100% specificity [22],
thus reinforcing lower cutoff values. Never before have such low
cutoff thresholds been suggested. A possible limitation of Fontanel
and associates is that all patients had non-traumatic chronic ICH
(pseudotumor 52%, cerebral tumors 38%, and cerebral venous
sinus thrombosis 10%), and ICH was defined as having an open-
ing pressure on LP >28 cm H,0, and no absolute or average open-
ing pressures were reported.
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To our knowledge, there are no pediatric studies that have
determined optic nerve growth curves or more precise age stratifi-
cation of ONSD measurements for neonates, babies, and children
<4 years old. Along with the rapid growth of the optic nerve
within the first year of life, it has also been suggested that having
an open fontanel might affect accurate readings of ONSD mea-
surements [19, 108]. Research has shown that patency of the ante-
rior fontanelle can be used to help stratify patients into different
ICP cutoff values [19]. With infants experiencing such profound
growth of their optic nerves and closure of their fontanelles in the
first year of life, it might be worthwhile to develop normative val-
ues and ONSD cutoff points with tighter age stratification cohorts
such as: 0—6 months, 612 months, 12-24 months, 2-3 years,
3—4 years.

Specifically, with the pediatric population the recent variability
in reported cutoff thresholds without consensus suggests that cau-
tion should be used when interpreting ONSD measurements in
children. It is imperative that ONSD measurements are interpreted
in conjunction with physical exam and other imaging modalities
when making clinical decisions. It appears that the application of
ONSD measurements in the pediatric population is most likely
primarily utilized in research as opposed to daily clinical practice.

Limitations

There are several overall limitations to applying ultrasound guided
ONSD measurements. For example, shadowing artifacts caused
by the lens of the eye and the optic disc or by inexperienced oper-
ators may significantly alter measurements of the ONSD making
them inaccurate [109]. Ophthalmic ultrasound cannot be per-
formed in patients with ocular trauma or glaucoma. ONSD mea-
surements in patients who suffer from congenital or acquired
optic nerve atrophy will be grossly inaccurate. Some have sug-
gested that ultrasound B scan technology is less reliable than A
scan technology because of the “blooming effect;” if the gain set-
ting is not optimized the edges of small objects (<0.5 mm) can
become blurred. The blooming effect can make exact placement
of measurement calipers’ difficult due to the blurred edges of the
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optic nerve sheath [110-112]. The blooming effect can be over-
come with optimization of the gain function and will be less rel-
evant as ultrasound B scan technology continues to evolve. It has
been suggested that A scan technology replace B scan technology
when obtaining ONSD measurements to eliminate the blooming
effect [106, 113]. However, given the lack of availability of A scan
technology outside of the ophthalmology specialty and the addi-
tional training needed to use the technology, we do not support
this suggestion. Optimization and standardization of the gain set-
ting and utilization of high frequency probes appears more feasi-
ble than transitioning from B scan to A scan technology.

Most published cutoff values for diagnosing ICH are based on
measurements obtained from the external edge of the optic nerve
sheath or the outer hyperechogenic (dark) borders of the sub-
arachnoid space internal to the hypoechogenic (light) dura mater
[21, 92,95, 96]. The correct way to measure ONSD is the distance
inside the dura mater, not the distance outside the dura mater see
Fig. 4. Some studies have published data incorrectly measuring
from the internal edges of the optic nerve sheath, or the distance
between the outer edges of the pia mater. Measurements taken
from the internal edge of the ONSD will be smaller than those
taken from the external edge, which can lead to inconsistent data
[21, 96]. Several studies also exist where the ONSD was incor-
rectly obtained by measuring the distance between the outer
hypoechogenic borders of the dura mater, leading to falsely
enlarged ONSD values [96, 97]. Therefore, it is important when
evaluating the literature to identify exactly how the ONSD mea-
surements were obtained. And more importantly in clinical prac-
tice, accurately measuring the ONSD is imperative to the
application of this technology.

Some studies suggest that the distensibility of the ONSD is
variable in individuals even who are the same age, sex, and suffer
the same pathology; therefore, there is some concern about the
standardization of ONSD measurement cutoff values. Many sug-
gest that trending changes of the ONSD of a single individual
might be more clinically relevant than applying universal cutoff
values to all [9, 114, 115]. There is a marked variability in the size
of the ONSD in healthy children of different ages calling for fur-
ther research to establish tighter age stratifications for normative
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Fig.4 Measuring the Optic Nerve Sheath. (a). Normal ophthalmic ultrasound
image zoomed in focusing on the posterior chamber of the eye where the optic
nerve (blue star) meets the orbit often referred to as the papilla. (b) The same
ultrasound image with a blue line with arrows showing a cross-section of the
optic nerve. Blue lines along the pia mater enhance the separation of the optic
nerve (hypoechoic) from the internal edge of the optic nerve sheath (hyper-
echoic). Red lines show the distance between the internal and external edges
of the optic nerve sheath. Green dashed lines along the external edge of the
optic nerve sheath or the outer hyperechoic borders of the subarachnoid space
internal to the hypoechoic (light) dura mater. (¢) The same image with a yel-
low dashed line measuring 3 mm behind the papilla with a white line transect-
ing the optic nerve sheath measured from the distance between the external
edges of the subarachnoid space. (d) Pink line measuring 3 mm up the optic
nerve from the papilla with orange line measuring the optic nerve sheath diam-
eter between the external edges of the subarachnoid space

and pathologic ONSD measurements. Other factors that may bias
measurements include level of magnification, frequency of linear
array probes, position of the patient, and whether monocular or
binocular measurements were obtained. Currently, the biggest
limitation is the marked variability in ONSD values reported
across studies in both healthy people and people suffering from
neuropathology; therefore, further scientifically sound research is
needed to better assess the usefulness and limits of ultrasound
guided ONSD measurements.

Conclusion

Because this bedside tool allows for fast and safe real time assess-
ment of conditions associated with elevated intracranial pressure,
we propose routine inclusion of ONSD measurements in the mul-
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timodal monitoring of patients in adult and pediatric neurocritical
care. Ultrasound guided ONSD measurement should be used in
conjunction with invasive ICP monitoring for patients with
neurological conditions at risk for developing ICH. Ultrasound
guided ONSD measurements should be used as a complementary
technique for identifying and monitoring ICH but should not sub-
stitute current standard techniques of measuring ICP. The tech-
nique can also provide interval monitoring to follow responses of
ICP to therapy or disease progression. Caution should be used
when applying universal cutoff values to determine ICH. Though
future research should address honing cutoff values and enhanc-
ing techique, optic nerve sheath diameter has proven to be a ben-
eficial tool for clinicians to diagnose pediatric and adult patients
with suspected intracranial pathology, which should be utilized in
a variety of clinical settings.
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Cranial Ultrasound
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Cranial Anatomy on B Mode Ultrasound

Transtemporal insonation of the skull allows 2-dimensional imag-
ing of the brain parenchyma and intracranial vessels with B mode
imaging, color Doppler imaging of the Circle of Willis and Pulse
Wave Doppler of individual intracranial vessel segments [1-5].
Components of transcranial ultrasound imaging are known by
several terms: transcranial Doppler (TCD) or non-imaging
Doppler, transcranial color-coded sonography (TCCS) or duplex
ultrasound or imaging Doppler and brain echography. Acquisition
of B mode images to identify the midbrain is the first step before
vessel insonation for all transcranial ultrasound studies [6]. Since
TCD or TCCS inherently includes vessel Doppler insonation and
brain parenchyma assessment only requires B mode images on
ultrasound, the term “cranial ultrasound” or “brain echography”
has been introduced to distinguish between these studies.

Cranial ultrasound has been performed in children for the last
50 years for germinal matrix hemorrhage detection through the
patent fontanel [7]. Thickening of temporal bones with increasing
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age makes insonation much more difficult in adults. About
80-90% of the population has sufficiently thin temporal bones
(acoustic windows) that permit high-resolution B mode imaging
of brain parenchymal structures through the temporal bone while
a thick skull impedes ultrasound penetration in 10-20% of
patients [5, 8-11]. Though adult applications of cranial ultra-
sound came forth in the 1970s, rapid availability of 24 h com-
puted tomography (CT) and magnetic resonance imaging (MRI)
in addition to lack of sensitivity and specificity of ultrasound in
detecting ischemic stroke (most stroke presentations) prevented
widespread adoption of this diagnostic modality. Recent increase
in accessibility to high-resolution point of care ultrasound
devices and increasing use of these by in-house emergency med-
icine and critical care medicine physicians has brought about a
resurgence of ultrasound, including cranial ultrasound [12—17].
Detection of intracranial hemorrhage and assessment of midline
shift are two point of care applications where screening with
point of care ultrasound may have contemporary applications.
This chapter lists the techniques and point of care applications
of cranial ultrasound in patients where CT head may not be
immediately feasible.

Technique A cranial ultrasound can be performed using a
1-2 MHz probe (echo probe or phased array probe) to obtain B
mode or gray scale images of the brain. The probe is positioned
with the index marker pointed to the eyes to provide axial images
of the brain at the midbrain level. Tissues are characterized as
hyperechoic if they reflect significant amount of sound (appear-
ing bright and white) compared to tissues that reflect less sound
allowing absorption of ultrasound (appearing gray or hypoechoic).
The normal brain parenchyma has a gray appearance (hypoechoic)
due to its ability to transmit ultrasound through it. Adequate
depth should be adjusted to ensure the convexity of the opposite
skull is visible at the bottom of the screen as a hyperechoic con-
vexity. By convention, anterior or eyes are oriented to the left of
the screen which also represents the direction of the index marker
on the probe. The midbrain (shaped like a butterfly) and lateral
ventricles can be visualized as distinct structures from brain
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parenchyma due to their texture causing a different amount of
reflection and scatter of ultrasound waves. The probe can be
sweeped above and below the midbrain to visualize the supraten-
torial compartment. Upper part of the brainstem may be visible
but lower part of brainstem and posterior fossa have significant
surrounding bone to allow insonation of brain stem and cerebel-
lar parenchyma. The transcranial Doppler preset can help visual-
ize the brain structures and has high enough mechanical and
thermal index to allow differentiation of falx cerebri and mid-
brain in most patients. Abdominal preset on point of care ultra-
sound machines can be used to provide satisfactory images with
elimination of tissue harmonic imaging if a transcranial preset is
not available. In patients who have undergone a hemicraniec-
tomy, absence of skull flap facilitates imaging with much higher
resolution and degree of details visible is significantly increased
[14, 18] (Figs. 1 and 2).

Fig. 1 Cranial ultrasound through the temporal window showing an axial
section of the brain at the level of midbrain visible like a “butterfly (a and b).
Third ventricle is commonly used as a midline landmark to calculate midline
shift calculated from the distance between third ventricle and skull from
either side (a and b) represent the technique of measuring the midline shift
from the same temporal window (c and d)



278 A. Sarwal

Fig. 2 Cranial ultrasound through the left transtemporal window (left col-
umn, panels a, ¢, e), with corresponding cross-sectional anatomy on a non-
contrast computed tomography of brain (right column, panels b, d, f) in a
74-year-old male with a left hemicraniectomy. Intracranial hemorrhage (ICH)
and hypodense ischemic areas are indicated by white arrows. F falx cerebri,
V lateral ventricles, Mb midbrain, C choroid plexus, S splenium of corpus
callosum, T thalami. (Copyright @Elder 2018 permission under Creative
Commons Attribution License [14])

Brain Anatomy on Cranial Ultrasound B mode anatomy can
visualize the midbrain in the axial plane visible as a “butterfly
shape” with cerebral peduncles and colliculi. Figure 2a illus-
trates brain anatomy on ultrasound in a patient without a skull
flap after undergoing hemicraniectomy for intracranial hemor-
rhage resection. Most patients with intact skull and adequate
temporal windows will have midbrain and falx cerebri visible
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as a hyperechoic structure. Rarely, lateral ventricles can be vis-
ible. Above the midbrain plane, third ventricle can be visible as
a pulsating structure anterior to the thalami. Pulsations of the
vessels comprising the Circle of Willis can often be seen ante-
rior to the midbrain on B mode images and confirm insonation
in the basal cistern plane. During trans-temporal insonation,
opposite parenchyma is more amenable to inspection by B
mode compared to ipsilateral that is obscured by bone related
artifacts.

Intracranial Pathology Studies from the 1990s showed that
cranial ultrasound allowed the visualization of major parenchy-
mal structures in the adult brain and brain lesions such as tumors
and bleeding from the lower brainstem up to the parietal lobe [10,
19-22]. Further studies assessed high-resolution imaging of deep
brain structures and the ventricular system inciting a spurt of
investigations in the use of cranial ultrasound in adults [1, 2, 5, 9,
10, 23-32]. But most of these applications have now been
replaced by availability of high resolution images of computer
tomography and magnetic resonance imaging and may not war-
rant further use.

Cranial ultrasound does not have the diagnostic ability to
detect an ischemic stroke though isolated hypodense areas of
ischemic brain may be visualized in hemicraniectomy patients
(Figs. 2e, f and 3f). Use of cranial ultrasound in detecting
supratentorial hemorrhage (intracranial, epidural or subdural
hemorrhage) has seen resurgence for several reasons [33]. Point
of care ultrasound may be the only diagnostic modality avail-
able in austere environments and remote areas with delayed
access to emergency transport. However, in subspecialty inten-
sive care units that do not have access to a mobile CT scanner,
cranial ultrasound may offer a radiation free serial diagnostic
modality to screen for bleeds in high risk patients (Table 1).
Cranial ultrasound can accurately differentiate an acute supra-
tentorial ICH (>1 cm wide in horizontal dimension) from an
ischemic stroke with sensitivity of 78-95% and specificity of
95-97.4% [3, 9, 10, 14, 20, 34-40]. The hyperechogenicity
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Fig. 3 (a—e) Marked up regions on ultrasound (left of each pair of images)
corresponding to lesions seen on the computer tomography scans (right of
each pair of images). (d) Additionally shows acoustic shadow- an ultrasound
related artifact seen below the tumor. (f) shows the appearance of acute isch-
emic stroke which is indistinguishable from normal brain appearance on
ultrasound

Table 1 Clinical scenarios for potential use of cranial ultrasound as a screen-
ing tool for intracranial hemorrhage

Patients on therapeutic anticoagulation or significant coagulopathy/
thrombocytopenia
Cerebral venous sinus thrombosis
Hepatic encephalopathy
Neurotoxicity related to chemotherapeutic agents
Difficult to transport patients
High ventilator settings impairing use of transport ventilators
Systemic instability due to high need of vasopressors
ExtraCorporeal Membrane Oxygenation (ECMO)
High-Frequency Oscillator mechanical ventilation (HFO)
Intra-Aortic Balloon Pump (IABP)
Continuous Renal Replacement Therapy (CRRT)
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(white bright signal) of ICH compared to hypoechoic normal or
ischemic brain (gray signal) allows biological plausibility of
using ultrasound to diagnose ICH on ultrasound although
tumors may produce similar appearance (Figs. 3 and 4).
Dynamic scanning elucidates distinction of hemorrhage mar-
gins better than two dimensional snapshots. In the acute phase,
ICH appears homogenous, sharply demarcated and hyperechoic,
with bright white signal compared to surrounding brain that
appears hypoechoic or relatively gray. After 5-10 days, the
hematoma becomes hypoechoic and is surrounded by a periph-
eral hyperechoic halo [28]. Similar sensitivity to detect epidural
and subdural hemorrhages has been described in brain injury
patients both with intact skulls as well those with hemicraniec-
tomy [32, 33, 41].

Fig. 4 Two panels show two cases of hemorrhage where the full extent of
hemorrhage seen on ultrasound correlated well anatomically with computed
tomography scans. Upper panel shows parenchymal (a) and lateral ventricu-
lar hemorrhage (¢) corresponding to thalamic hemorrhage and intraventricu-
lar hemorrhage seen on computed tomography scan (e). Lower panel shows
an axial section of brain with midbrain (b) devoid of any pathology but hyper-
echoic area in a plane below that (d) corresponding to hemorrhage at mid-
brain pons junction sparing upper midbrain (f)
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Fig. 4 (continued)

Becker et al. investigated the feasibility of visualizing ICH on
cranial ultrasound comparing the hyperechoic appearance of ICH
to ultrasound findings in patients with ischemic stroke diagnosed
by CT brain that appeared hypoechoic [34, 36]. Seidel et al. repro-
duced these results and localized ICH with ultrasound in 18/23
patients (78%). They were the first to describe an alteration of the
sonographic appearance of intracerebral hematomas over time
with a decrease in echo intensity beginning at the center of the
lesion [10]. Méurer et al. published the largest study on transcra-
nial B-mode ultrasound in stroke patients aiming at differentiating
between ischemic and hemorrhagic stroke in 151 patients. Of
these, 60 had ICH, 67 had ischemic stroke, and 24 had inconclu-
sive CT findings showing neither bleeding nor an ischemic stroke.
In the study, 8 patients (12%) had insufficient acoustic bone win-
dows. Of the remaining 133 patients, 126 (95%) were diagnosed
correctly by sonography in agreement with CT. Sonography
missed 3 atypical bleedings (2 with upper parietal location). In 4
patients without bleeding, an ICH was suspected by cranial
ultrasound because of increased white matter echo density due to
microangiopathy [3]. Despite over 10 published studies report-
ing ICH diagnosis with cranial ultrasound in >350 patients, rapid
accessibility to high-resolution CT scans presented a compet-
ing neuroimaging modality and wide range of false positives
impairing more widespread use of ultrasound (Table 2). Several
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hyperechoic signals in a physiological normal brain can simulate
the ultrasound findings of hemorrhage. The calcifications of the
choroid plexus and acoustic shadow of the midbrain are key sig-
nals important to recognize that may be mistaken for bleed to the
untrained eye. Figure 5 details several normal and abnormal ana-
tomical structures that can create false positive findings of intra-
cranial hemorrhage unless well recognized.

Use of ultrasound to diagnose hydrocephalus has shown poten-
tial correlations as well and is described elsewhere in this book.

Table 2 Clinical conditions contributing to cranial ultrasound inaccuracy in
detection of intracranial hemorrhage

False positives False negatives

Tumor or hemorrhagic metastasis Infratentorial or lower brainstem
Acoustic shadows created by midbrain  bleeds

and choroid plexus High parietal or frontal bleeds
Calcified choroid plexus Bleeds <1 cm in size

Extensive leukoaraiosis Bleeds several days after onset

— I_. ' -

Fig.5 Appearance of choroid plexus calcification on head computed tomog-
raphy scan (a) compared to cranial ultrasound appearance (b). The bony divi-
sion of anterior and middle cranial fossa created by petrous part of temporal
bone and lesser wing of sphenoid can be seen as hyperechoic areas (c¢). The
acoustic signals of a intracranial hemorrhage (d) can be mistaken with the
acoustic shadow created by a midbrain (e). Lastly, posterior table of skull can
produce linear shadows in right inferior part of the image (f) this serves as a
useful landmark for imaging the transverse venous sinus on doppler imaging
but may create false positive signals similar to intracranial hemorrhage
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Fig.5 (continued)

Evaluation for Midline Shift CT continues to be the standard
neuroimaging for urgent evaluation of midline shift which is often
used as a surrogate for cerebral edema or mass effect. When this
modality is not available for high risk patients (Table 1) ultra-
sound assessed midline shift can be used for follow up of high-
risk patients with unilateral lesions to assess evolution of cerebral
edema or detect high likelihood for unilateral focal pathology in
patient with newly diagnosed midline shift. Midline shift has tra-
ditionally been measured by displacement of the hyperechoic sig-
nal of third ventricle (provided it’s not enlarged), septum
pellucidum or the calcified pineal gland. Brain Trauma Foundation
guidelines in 2006 proposed a standardized technique of measur-
ing the midline shift at the level of Foramen of Monroe which is
also the superior most point of third ventricle [42]. The guidelines
recommend calculating the shift as the difference between the
intracranial space at this level and shorter distance to the septum
pellucidum (Fig. 6). Third ventricle is the most reproducible land-
mark for ultrasound and is usually recommended for measuring
midline shift [43]. Reproducing the exact same plane when bilat-
eral insonation is done on ultrasound can be challenging hence we
recommend measuring the midline shift in the same place using
unilateral insonation. The distance between the ultrasound probe
and the third ventricle (d1) and the distance between the third
ventricle and opposite skull (d2) can serve as to help calculate
midline shift as (d1 — d2)/2 (Fig. 6).
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Fig. 6 Midline shift measurements using the third ventricle as a landmark
using the same temporal window. Ipsilateral measurement d1 = 7.18 cm (a),
contralateral measurement d2 = 4.92 cm (b). Midline shift can be calculated
as (d1 — d2)/2 = 1.13 cm. Brain Trauma Foundation guidelines in 2006 sug-
gested this standardized technique of assessing midline shift (¢). (Copyright
© 2018 Chun-Chih Liao et al. permission under the Creative Commons Attri-
bution License [43])

Published literature has shown good correlations between mid-
line shift measured by ultrasound and CT head with 95% confi-
dence intervals =1.78 mm and correlation coefficient between 0.88
and 0.93 despite most studies comparing the midline shift measured
on CT head using the septum pellucidum but the third ventricle as
the landmark in ultrasound studies [44—48]. One study has shown
lower but good correlations even when midline shift measurements
were standardized for third ventricle for both CT and ultrasound
[44]. Serial assessments can be more useful for ultrasound mea-
sured midline shift with standardized acquisition technique.

While cranial ultrasound may not replace CT head in acute
assessment of intracranial pathology, bedside cranial assessment
can elucidate a hemorrhage in an unstable patient or reflect focal
pathology by presence of significant midline shift. When com-
bined with transcranial Doppler, B mode cranial ultrasound can
be a useful tool and non-invasive surrogate for neurological
assessments in a small but key subset of critically ill patients.
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Background

Since the 1980s, TCD has remained the gold standard stroke risk
prediction tool in children with sickle cell disease (SCD) by iden-
tifying those who benefit from blood transfusion [1-5]. The rigor
of this prior research and impact of TCD on the health of children
with SCD has remained unmatched to date in other pediatric pop-
ulations. Results largely from single center, small pediatric stud-
ies, and precedent from adult neurocritical care, however, suggest
that use of TCD in critically ill children may have promise.
According to a survey of 27 centers in the United States with an
expert interest in pediatric neurocritical care (PNCC), TCD was
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being applied in the PICU for a variety of conditions including:
traumatic brain injury (TBI), hypoxic-ischemic encephalopathy
(HIE) following cardiac arrest, arterial ischemic stroke,
subarachnoid hemorrhage, cerebral vascular malformation,
hepatic encephalopathy, sepsis, and diabetic ketoacidosis (DKA).
Importantly, TCD seemed to direct clinical care in 75% of the
contributing PICUs in this survey [6]. In acute care settings like
the PICU and pediatric emergency department (ED), TCD has
several potential roles: as a point of care ultrasound (POCUS)
study to rapidly diagnose disorders of cerebral perfusion and
incorporate findings into clinical decisions in an aim to improve
clinical care and outcomes; and as a continuous non-invasive neu-
romonitoring tool alone or integrated with multi-modal monitor-
ing systems.

There are a number of barriers that must be overcome, how-
ever, before TCD can be used in a safe, meaningful, and effective
way in pediatric acute care. First and foremost, normal values
with a clear understanding of variability due to age, gender, type
of critical illness, and associated therapies are needed [7, 8].
Although there is a reasonable starting point for normative values
in healthy children and in those sedated and mechanically venti-
lated, the main limitation of these prior studies is the small sample
size for each age category [8, 9]. Normative data for healthy chil-
dren are available in Table 1 [8]. In the absence of reliable norma-
tive data, abnormal TCD findings in critically ill children should
be treated as hypothesis-generating. Secondly, large cohort stud-
ies are needed to validate TCD findings in children against an
acceptable gold standard (e.g. imaging studies, measurements of
absolute intracranial pressure [[CP] from invasive ICP monitors),
to determine the appropriate clinical indications for the perfor-
mance of TCD, and to quantify the impact of TCD findings on
clinical care and outcomes. Finally, there are several technical
challenges to overcome in order to achieve consistent results in
children including: properly fitting, safe, and comfortable head-
gear for uninterrupted signal acquisition; standardized perfor-
mance of the TCD examination in the PICU for reproducible and
verifiable waveforms; and examiner expertise in the care of criti-
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Table 1 Normative transcranial doppler ultrasound values by age (mean

(SD) [8]
Age MCA
Systolic peak velocity:
0-10 days 46 (10)
11-90 days 75(15)
3-11.9 months 114 (20)
1-2.9 years 124 (10)
3-5.9 years 147 (17)
6-9.9 years 143 (13)
10-18 years 129(17)
Mean flow velocity®:
0-10 days 24.(7)
11-90 days 42 (10)
3-11.9 months 74 (14)
1-2.9 years 85 (10)
3-5.9 years 94 (10)
6-9.9 years 97 (9)
10-18 years 81(11)
End diastolic peak
velocity:
0-10 days 12 (7)
11-90 days 24 (8)
3-11.9 months 46 (9)
1-2.9 years 65 (11)
3-5.9 years 65 (9)
6-9.9 years 72 (9)
10-18 years 60 (8)

ICA

47 (9)
77 (19)

104 (12)
118 (24)
144 (19)
140 (14)
125 (18)

25 (6)
43 (12)
67 (10)
81 (8)
93 (9)
93 (9)
79 (12)

12 (6)
24 (8)
40 (8)
58 (5)
66 (8)
68 (10)
59 (9)

ACA

35(8)
58 (15)
77 (15)
81 (19)
104 (22)
100 (20)
92 (19)

19 (6)
33(11)
50 (11)
55 (13)
71 (15)
65 (13)
56 (14)

10 (6)
19 (9)
33 (7)
40 (11)
48 (9)
51 (10)
46 (11)

PCA

69 (9)

81 (16)
75 (10)
66 (10)

50 (12)
48 (11)
51 (9)
45 (9)

35 (7)
3509)
38 (7)
33 (7)

BA

71 (6)
88 (9)
85 (17)
68 (11)

51 (6)
58 (6)
58 (9)
46 (8)

35 (6)
41 (5)
44 (8)
36 (7)

MCA Middle Cerebral Artery, /CA Internal Carotid Artery, ACA Anterior

Cerebral Artery, PCA Posterior Cerebral Artery, BA Basilar Artery

“Mean Flow Velocity = time mean of the maximal velocity envelope curve

cally ill children for appropriate interpretation and integration of
the waveforms into clinical decision making.

In this chapter we will review some potential emerging clinical
applications for TCD in children recognizing that these limitations
must be resolved before TCD can be put into clinical practice.
We will focus on: first, childhood stroke and arteriopathies; and
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second, those applications that may be well suited for children in
the critical care setting including traumatic brain injury (TBI),
cerebral vasospasm, monitoring during extracorporeal membrane
oxygenation (ECMO), and brain death. The content of this
chapter is relevant not only for providers in PNCC (e.g. intensiv-
ists, neurologists, anesthesiologists), but also for radiologists
who have an interest in this predominantly non-sickle cell popula-
tion.

Childhood Stroke and Arteriopathies
Sickle Cell Disease (SCD) in Children

SCD is a group of genetic disorders that result in production of
hemoglobin S. Under conditions of cellular stress, hemoglobin S
polymerizes, distorts the shape of red blood cells, and leads to irre-
versible sickling. Sickled cells have a reduced life span, which
leads to an intravascular hemolytic anemia, and can cause occlusion
of the microvasculature, which is believed to be the major cause of
the wide range of clinical symptoms. The largest inception cohort
study demonstrated an alarming stroke rate of nearly 12% by age
18 years [10]. Stroke mechanisms in children with SCD are likely
multifactorial and include: microvascular occlusion as occurs in the
systemic circulation; endothelial injury from a potential cell-
mediated inflammatory vasculopathy and/or a potential role for
platelet and/or monocyte dysfunction; and reduced nitric oxide bio-
availability from chronic hemolysis and excess plasma free hemo-
globin (nitric oxide has anti-inflammatory and anti-thrombotic
properties) [11, 12]. Angiographic series and pathologic studies
support a large artery occlusive vasculopathy as the major contribu-
tor to ischemic stroke in children with SCD [13-17].

In the 1980s, Dr. Robert J Adams used a vessel-based approach
with TCD to stratify stroke risk in children with SCD. The key
findings from his series of studies were: (1) TCD could distin-
guish children with SCD from those without SCD [18]; (2) TCD
could detect stenotic lesions as seen on angiography and distin-
guish children with SCD with stenosis from those without steno-
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sis [19]; and (3) stroke risk could be stratified by the time averaged
mean of the maximum flow velocity (TAMMX) in the middle
cerebral artery (MCA) or internal carotid artery (ICA) such that
children with TAMMX in either artery >200 cm/s had a 40% risk
of a first ever stroke within 3 years [1, 20].

In the Stroke Prevention Trial in Sickle Cell Anemia (STOP)
study, 1934 children with SCD from age 2 to 16 years old were
screened with TCD at 14 clinic sites in the United States. Children
with mean flow velocity >200 cm/s in the MCA or ICA were
randomized into two groups. Sixty-three children received regular
blood transfusions every 3—4 weeks to maintain their hemoglobin
S level <30% (intervention arm). Sixty-seven children received
standard care with periodic blood transfusions (control group).
The main finding was a 10% yearly stroke rate in the control
group compared to a <1% stroke rate in the intervention arm, indi-
cating a 92% relative risk reduction for a first ever stroke
(p <0.001) [2]. Based on the results of this study, current guide-
lines recommend that children between ages 2 years and 16 years
with sickle cell disease should be screened with TCD annually if
the study is normal (TAMMX in the MCA or ICA <170 cm/s),
and quarterly if conditional (TAMMX 170-199 cm/s). Regular
blood transfusions should be initiated for an abnormal TCD
(TAMMX in least one artery >200 cm/s) [21].

Other Childhood Arteriopathies

Children with moyamoya syndrome present with ischemic stroke
or transient ischemic attack due to chronic and progressive steno-
ses involving the arteries in the anterior cerebral circulation.
Based on adult data, there may be a role for TCD as an adjunct to
angiography in children with moya-moya syndrome [22].
However, validation of cerebral blood flow velocity (CBFV)
thresholds in moyamoya in children that suggests clinically rele-
vant stenoses do not exist. Rather, in children with angiographic
evidence of vascular occlusion or stenosis, CBFVs may be fol-
lowed over time once baseline data are procured to monitor for
worsening of disease.
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Children with focal cerebral arteriopathy (FCA) may be dif-
ferentiated from moyamoya or cerebral vasculitis by a clinical
course of improvement or stabilization over time, occasionally
after a period of initial worsening. Acute central nervous system
(CNS) infections from bacterial infections and herpesvirus can
be associated with the development of FCA and arterial isch-
emic stroke in children [23-25]. While stroke mechanisms in
FCA remain unclear, vessel diameter narrowing (stenosis and/or
vasospasm) from contact of exudate with the vessel wall may
play a role. While vascular changes are best characterized by
angiography, this diagnostic study often has to be repeated fre-
quently over weeks to months after the acute illness and may
require repeated sedation and/or endotracheal intubation in
young children. TCD may have a preferred role in long-term
monitoring of this disease if a correlation with angiography is
found.

Pediatric Critical Care Applications
Moderate to Severe TBI

In adults, TCD criteria for hypoperfusion following severe TBI
have been used to guide early resuscitation [26, 27]. Similar cri-
teria for children, however, remain unclear. In a study by Trabold
et al. of 36 children with moderate to severe TBI, end diastolic
cerebral blood flow velocity (Vd) <25 cm/second and pulsatility
index (PI) >1.31 after the first resuscitation in the ED was associ-
ated with poor outcome, defined as Glasgow Outcome Scale 3-5
at hospital discharge (Vd: AUROC 0.91 = 0.02, p = 0.03; PI:
AUROC 0.89 +0.02, p =0.04) [28]. It is important to note that in
this study, mortality rate was high at 11%, and the study was not
powered to perform multivariate analyses on variables besides
TCD measurements, such as the Glasgow Coma Scale and other
injury severity scores, that may be independent factors of poor
prognosis. Other investigators have attempted to discover rela-
tionships between CBFVs and outcome, but these studies are
limited by small sample sizes, retrospective study design, and
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lack of rigorous, serial protocol-driven TCD measurements [29—
31]. More individual level and rigorous data collection and anal-
yses are needed.

In children with moderate to severe TBI, there has also been
some work on the use of TCD for non-invasive ICP and cerebral
perfusion pressure (CPP) estimation. TCD is an attractive alterna-
tive to invasive monitoring in children for 2 reasons: (1) the rec-
ommendation in the 2019 updated guidelines for management of
severe TBI in children can only support class III evidence for ICP
monitoring [32, 33]; and (2) there is low utilization of gold stan-
dard invasive ICP monitoring in children [34-39]. Similar to the
adult literature, Vd and PI are not reliable indicators of increased
ICP in children when compared to gold standard invasive ICP
measurements [28, 40—-42]. The main limitations in these studies
are that PI measurements were often made as single, point source
measurements at different timepoints following the injury in small
numbers of children. A continuous, fully automated, real-time
engineering approach using synchronized systemic arterial blood
pressure and MCA waveforms has been recently shown to esti-
mate ICP with similar accuracy and precision as routinely used
invasive ICP monitors [43]. Validation in larger cohorts is needed.
Regarding the use of TCD to estimate CPP (CPPe) in children
with severe TBI, use of the formula CPPe = ABPmean*FVd (dia-
stolic flow velocity)/Fvm (mean flow velocity) +14 as a regres-
sion equation gives limits of agreement of —17 to +25 mmHg,
which is not clinically acceptable [44].

Cerebral Vasospasm

Cerebral vasospasm is a reversible reduction in the caliber of an
arterial lumen of a vessel in the subarachnoid space. Arterial nar-
rowing leads to an increase in TCD derived CBFVs and a decrease
in PI with worsening spasm. If severe, vasospasm can lead to a
critical reduction in cerebral blood flow and cerebral ischemia.
Cerebral vasospasm has been reported following resection of
brain tumors, ruptured cerebral aneurysms and arteriovenous mal-
formations, CNS infections, and moderate to severe TBI in chil-
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dren [29,45-51]. The diagnostic accuracy of TCD for angiographic
proven vasospasm when adult criteria are used in children is low,
with a positive likelihood ratio of only 2.0 [52]. Using adult crite-
ria in pediatrics has such a low positive likelihood ratio because
CBFVs are higher in children compared to adults across all age
groups [53]. The pediatric literature to date on this topic is limited
by the use of adult criteria, lack of radiographic confirmation of
elevated CBFVs and Lindegaard ratios, and small sample sizes.
Thus, validated TCD thresholds for vasospasm do not exist for
children. Prospective studies comparing age-related CBFV mea-
surements and Lindegaard ratios to angiographic data in children
with symptomatic vasospasm are needed. In the absence of robust
pediatric data, TCD should be used as a precursor to definitive
imaging when there is a suspicion for vasospasm (e.g. persistent
increase in CBFVs over time, or significant day to day changes in
CBFVs). Figure 1 is an example of a representative case where
TCD was used to assist in the diagnosis and management of a
child with cerebral vasospasm.

Fig. 1 24-month-old female involved in a motor vehicle accident. Transcra-
nial Doppler ultrasound (TCD) was normal on days 1-3, but on post-injury
day 4, right middle cerebral artery flow increased to 220 cm/sec with an LR
of 6.9. Neurologic status declined with new left sided hemiparesis. Based on
results of the TCD, angiogram was ordered and confirmed the diagnosis of
cerebral vasospasm. Therapeutic interventions were undertaken, and neuro-
logic examination improved. TCD was repeated daily with no further worsen-
ing of vasospasm and normalization of flow by post-injury day 7. Therapies
were weaned with no worsening of TCD flow velocities
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Monitoring During ECMO

Detection of acute brain injury that is clinically recognizable or in
the subclinical phase during ECMO in a sedated and/or paralyzed
child is difficult. To date, what is known about the relevance of
CBFV measurements in children is that similar to adults, CBFVs
and PI are lower in children supported on ECMO during the first
5 days of therapy in those who do not have acute brain injury [54].
Serial TCD monitoring has not, however, shown a reliable corre-
lation between changes in velocity and brain ischemia or hemor-
rhage [54, 55]. Larger studies in this population are needed. At
present, the only reliable way to detect acute brain injury during
ECMO is “after the fact” by serial neurologic exams with confir-
mation of focal neurologic deficits by neuroimaging.

ECMO is a life-saving treatment for heart and/or lung failure,
as a bridge to transplant, or as an aid to cardiopulmonary resusci-
tation for in hospital cardiac arrest. The use of ECMO has qua-
drupled in children in the last 15 years to >2500 cases in 2016
[56]. ECMO technology has improved so that avoiding acute
brain injury during the course of ECMO is now key to survival
and better long-term outcomes [57—-61]. Acute brain injury occurs
in the form of hypoxic ischemic injury, intracranial hemorrhage,
and arterial ischemic stroke. Data supporting the use and effec-
tiveness of current neuromonitoring methods on ECMO to detect
acute brain injury is limited. The majority of the evidence for
monitoring using neuroimaging, electroencephalography (EEG),
cerebral oximetry, serum biomarkers and Doppler ultrasound is
limited to mainly level 3B (case-control) and 4 (case series).

Cerebral emboli, representing air or solid matter, are one poten-
tial cause of acute brain injury during ECMO. Emboli may occur
as a result of low cardiac output, or direct passage of emboli in the
systemic circulation from the ECMO circuit or left heart chambers
[62—-64]. TCD can detect emboli as distinct high intensity signals
(HITS) or microembolic signals (MES) in the Doppler spectrum.
Although consensus on their signature exists in the Doppler spec-
trum [65], emboli monitoring has not transitioned into routine
clinical care in children for the following reasons: (1) sparse pedi-
atric literature; (2) commercial TCD software seems to generate
excess false positive events and better event separation is needed
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Fig. 2 7-month-old male undergoing TCD monitoring during cardiopulmo-
nary bypass for complex congenital heart disease repair. Multiple high-
intensity signals were noted throughout the case. The events were of unknown
clinical significance as patient did not have any gross neurologic deficits on
hospital discharge

[66]; (3) manual review is laborious and time consuming; and (4)
uninterrupted signal acquisition remains a challenge due to the
lack of appropriately sized headgear for infants and young chil-
dren. Further technical improvements are needed to distinguish the
true embolic count, size, and composition of embolic events. As a
starting point to generate further data, emboli monitoring may be
appropriate for infants and children on cardiopulmonary bypass
while undergoing cardiac surgery [67]. Figure 2 represents embolic
phenomenon identified by TCD in a child on cardiopulmonary
bypass for repair of congenital heart disease.

Brain Death

Unlike adults, standards and guidelines for the TCD diagnosis of
cerebral circulatory arrest do not exist for children. There are >10
cases reported in the literature of children from birth to 11 months
who met clinical (loss of brainstem reflexes) and EEG criteria for
brain death, but cerebral blood flow by angiography and/or TCD was
detected [68, 69]. One reason for these findings may be that the elas-
tic infant skull with open fontanelles can oppose rising ICP, allowing
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for significant increases in cranial volume without a reduction in CPP
(risk of false negative). False positives, on the other hand, may occur
due to operator inexperience and misinterpretation of “absent” flow
in infants who normally have a low diastolic flow velocity (12 +7 cm/
sec). Accordingly, TCD is not currently recommended as an ancillary
test to aid in brain death determination in children <18 years. TCD
may, however, indicate the optimal timing for a perfusion study if
there is clinical diagnostic uncertainty of brain death [70]. Figure 3
represents the use of TCD in a child suffering traumatic brain injury
to direct timing of confirmatory brain death testing.

68.5 130 | 44.1 | 1.24  0.65 | 2.95 ‘ 161
Mean | Peak | EDV | PI RI S/ID ‘ HR

Fig. 3 8-year-old male suffering severe traumatic brain injury following a
motor vehicle collision. Panel A represents his admission TCD with near nor-
mal peak systolic velocities but with flattened diastolic flow and a modestly
high pulsatility index. Intracranial pressure (ICP) was 29 mmHg during the
TCD examination. Despite maximal medical and surgical management, ICP
continued to increase to 60 mmHg by hospital day 3. Clinical examination
was concerning for brain death, but apnea testing could not be performed due
to hypoxia secondary to bilateral pulmonary contusions and lacerations.
Panel B represents TCD images of the middle cerebral artery acquired on
hospital day 3. Trace diastolic flow was noted. Thus, given the uncertain diag-
nostic certainty of a confirmatory perfusion study at that time in a patient who
was not clinically stable, it was deferred. Panel C represents TCD images of
the middle cerebral artery acquired on hospital day 4. Systolic spikes with
complete lack of diastolic flow were noted and brain death was confirmed
with perfusion study following the TCD examination
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Fig. 3 (continued)

Other Conditions

One last potential unique application of TCD may be as a screen-
ing tool to aid in clinical decisions and guide therapy in children
in low income countries with cerebral malaria (CM). Malaria is a
global health problem resulting in >400,000 deaths annually, two-
thirds of which occur in children under age 5 years [71]. CM is a
severe manifestation of malaria and can be diagnosed when the
child presents in coma with Plasmodium parasitemia and no other
identifiable cause for coma (such as hypoglycemia, seizures, or
meningitis). Severe neurologic disability (e.g. weakness/paraly-
sis, hypotonia, spasticity, speech and language disorders, move-
ment and gait disorders, vision impairment, epilepsy, and
behavioral problems) is present in about one half of survivors
[72]. Even with excellent clinical care, the mortality rate from CM
is approximately 15% [73].
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In a prospective observational study performed at 3 clinical
sites in the Democratic Republic of the Congo between 2015 and
2017, O’Brien et al. found 5 different TCD “phenotypes” in 160
children with CM during the first 8 days of hospital admission.
Interestingly, a total of 151/160 patients remained in one of the
following phenotypic categories until normalization or death:
hyperemia was seen in 42 cases (26%), low flow state in 46 cases
(28%), microvascular obstruction in 35 cases (22%), and cerebral
vasospasm in 21 cases (13%) [50]. Validation of pathophysiologic
mechanisms associated with each TCD phenotype may aid in the
development of individual targeted adjunctive therapies that may
improve outcomes for children with CM.

Conclusions

TCD has an established clinical role in reducing a first ever stroke
in children with SCD by identifying those who are high risk and
benefit from blood transfusion. Beyond sickle cell disease, other
potential roles for TCD are as a point of care ultrasound or neuro-
monitoring strategy in the PICU setting. TCD data in critically ill
children should be treated as hypothesis-generating. TCD may
serve as a precursor or adjunct to definitive imaging or invasive
techniques. Collaboration and research is needed to advance the
TCD field in pediatrics.
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Point of Care Transcranial
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Aarti Sarwal

Introduction

Point of care Transcranial Doppler (POCUS), and POCUS
TCDI (Transcranial Doppler Imaging) offers a quick non-inva-
sive assessment for patients in the Neurocritical Care Unit,
Emergency Room, Surgery Intensive Care Unit, and Medical
Intensive Care Unit that can be performed at bedside. To ensure
integrity of data acquired during bedside evaluation, medical
personnel performing POCUS should obtain appropriate cre-
dentialing in vascular testing by appropriate agencies/govern-
ing bodies.
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POCUS TCD (Transcranial Doppler Non-imaging)
Indications: See chapters ‘“Transcranial Color Doppler
Imaging for Adults” and “TCD Procedures and Protocols:
Protocol for Monitoring for Emboli Detection (and with
Microbubbles)” for Complete Study Protocols

e Poor neurological exam * rule out cerebral circulatory arrest
(CCA) — Does the patient have positive cerebral blood flow?
screening study only, suspected POCUS CCA requires full
TCD examination.

e Need for evaluation of significant changes in intracranial pres-
sure or possibility of cerebral circulatory arrest. Is perfusion
deficit from high intracranial pressure contributing towards
poor exam?

e Assessment of autoregulation in patients with increased ICP to
determine perfusion limiting versus perfusion driven increased
ICP.

e Vasospasm in subarachnoid hemorrhage

POCUS Cranial Imaging: See chapter ‘“Cranial Ultrasound”
for Complete Study Protocol

e Midline Shift

e Hydrocephalus

¢ Hematoma Volume

Caution

e Limited MCA assessment does NOT rule out intracranial
pathology. Use clinical judgement, further diagnostic imaging
including diagnostic TCDs or vascular imaging as appropriate
for further assessment of cerebrovascular hemodynamics in
similar fashion as other POCUS indications.

Technique- TCDI or TCD Bilateral MCA and Basilar Artery

POCUS [1]

e Echo probe- for TCDI with Transcranial preset, or 2 Mhz non-
imaging probe for TCD — temporal and suboccipital windows.

 Bilateral middle cerebral artery and basilar artery insonation.

e Obtain Doppler- document presence of flow during systole and
diastole, and note any changes of direction of flow, pulsatile
flow, elevated systolic or decreased diastolic flow.
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e Pulse Doppler Gate 5-10 mm, mid — distal MCA insonation
5 cm depth — obtain spectral Doppler waveforms.

e Record- color Doppler video loop 3—4 s and spectral Doppler
with sweep adjusted to 3—5 waveforms or cardiac cycles per
screen.

¢ Note peak and end diastolic flow velocity.

¢ Note mean flow velocities and PIs (Pulsatility Index). To obtain
PI manually measure Peak FV — end FV/mean FV = Pulsatility
index. Provides information regarding increased ICP
(Intracranial Pressure). See chapter “Cerebral Waveforms for
Hemodynamic Assessment”.

Brain Death Suspected: See chapter “Evaluation of Cerebral

Circulatory Arrest” for Details

* Positive diastolic flow is not consistent with cerebral circula-
tory arrest at that point. Waveforms will show high resistance
PI, short systolic spikes, or reverberating/oscillating flow char-
acteristics.

e Resistive  waveforms/oscillating ~ waveforms  suggest
CCA. Oscillating flow in a waveform shows diastolic flow
below baseline, and has a typical to- and -fro appearance and
sound. Diastolic flow will appear below baseline. It is neces-
sary to record evidence of normal windows if possible. Caution:
Absent flow does not always indicate CCA, as this may be sec-
ondary to poor acoustic windows. A full diagnostic TCD per
brain death protocol is required, if ancillary testing needed and
TCD is pursued, or other further diagnostic imaging is neces-
sary.

Increased ICP Evaluation [2]: See chapters ‘“Evaluation of

Cerebral Circulatory Arrest” and “Optic Nerve Sheath

Diameter for Increased Intracranial Pressure” for Details

e Ocular ultrasound- papilledema or not

¢ ONSD - 3 mm behind the retina- serial scans, Cut off 6 mm
width. Normal ONSD does not rule out ICP crisis

e Midline shift- basal cistern falx- same temporal windows for
measurements on both sides

e Cranial US — scan contralateral parenchyma for obvious
pathologies — subdural/epidural hemorrhage/intracranial hem-
orrhage
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e TCD- bilateral MCA insonation — high resistance or low resis-
tance waveforms.

— Normal waveforms/normal velocity or Low resistance
waveforms/ normal-high velocities- * Is the patients ICP
being driven by increased perfusion

Resistive waveforms, high PIs >1.2 reflect increased distal resis-
tance. Causes: distal atherosclerotic disease or increased ICP
depending on clinical situation. Is there perfusion limiting
increased ICP? Do I need to escalate ICP lowering therapies?
Consider full diagnostic evaluation based on clinical situation.

References

1. Robba C, Goffi A, Geeraerts T, et al. Brain ultrasonography: methodol-
ogy, basic and advanced principles and clinical applications. A narrative
review. Intensive Care Med. 2019;45:913-27.

2. Robba C, Wong A, Poole D, Al Tayar A, Arntfield RT, Chew MS, Corradi
F, Douflé G, Goffi A, Lamperti M, Mayo P. Basic ultrasound head-to-toe
skills for intensivists in the general and neuro intensive care unit popula-
tion: consensus and expert recommendations of the European Society of
Intensive Care Medicine. Intensive Care Med. 2021;47(12):1347-67.
https://doi.org/10.1007/s00134-021-06486-z.


https://doi.org/10.1007/s00134-021-06486-z

®

Check for
updates

Cerebrovascular Physiology
in the Setting of Temporary
and Durable Mechanical
Circulatory Support

William K. Cornwell lll

Introduction

Heart failure with reduced ejection fraction (HFrEF) affects
approximately six million individuals in the United States [1].
The 5-year survival of HFrEF patients is approximately 50% [2—
4] and is reduced to 20% for patients with end-stage, advanced
disease [5]. While heart transplantation remains the gold-standard
treatment algorithm [6], the demand for donor hearts far out-
weighs supply, and in these cases, continuous-flow (CF) left ven-
tricular assist devices (LVADs) have emerged as an attractive
alternative. CF-LVADs are used as either a “bridge-to-transplant”
to support transplant-eligible patients until a suitable organ
becomes available, or as “destination-therapy” for patients who
are ineligible for transplantation. Newer devices, such as the
Heartware VAD and Heartmate 3 CF-LVAD, are associated with
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improved survival compared to medical therapy alone and previ-
ous-generation devices that are quickly becoming historical, such
as the Heartmate XVE, a pulsatile pump no longer in use, and the
Heartmate II, an axial-flow CF-LVAD which has become limited
in use [7-9]. However, there are several complications associated
with long-term use of these pumps, including nonsurgical bleed-
ing (e.g., gastrointestinal bleeding and epistaxis), hypertension,
progressive heart failure, and stroke. As will be discussed, due to
certain engineering characteristics of current-generation devices,
pulsatility is nonphysiologic and markedly reduced compared to
normal healthy individuals. This highly unique aspect of circula-
tory support has important physiologic and clinical implications
on end-organ function, including the brain.

Similarly, patients suffering from cardiogenic shock or fulmi-
nant respiratory failure may require stabilization in the form of
veno-arterial (VA) or veno-venous (VV) extracorporeal mem-
brane oxygenation (ECMO). ECMO may be used either as a
bridge-to-recovery of the failing organ, or until definitive treat-
ment, such as heart transplant or CF-LVAD implantation for car-
diogenic shock, or lung transplant for respiratory failure, are
possible. Both temporary (ECMO) and durable (CF-LVAD) forms
of mechanical circulatory support impart unique physiologic
challenges on the brain and are associated with an increased risk
of neurovascular complications ranging from subclinical micro-
bleeds to catastrophic and life-threatening strokes and hemor-
rhages.

Structural Components and Design of Left
Ventricular Assist Devices

As demonstrated in Fig. 1, LVADs have historically undergone a
series of technological refinements that have led to a marked
improvement in survival and overall reduction in adverse events
[7-9, 11]. All pumps have an inlet cannula that is surgically anas-
tomosed to the LV, as well as an outflow cannula attached to the
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aorta (typically the ascending). The Heartmate XVE pump, a pul-
satile volume-displacement system, was the first widespread
device used for advanced HFrEF and improved survival over
medical therapy alone [12]. However, pulsatility depended on
several moving parts, which broke down over approximately
18-24 months and were a major factor limiting long-term use of
this pump. The Heartmate II device was the first widespread CF-
LVAD that was used to treat patients with advanced HFrEF [11,
13]. Importantly, this device incorporated an axial rotor instead of
a volume displacement reservoir to provide circulatory support.
The rotor propels blood along its long-axis from the inlet to the
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Fig. 1 Types of left ventricular assist devices (LVADs) used clinically for
management of advanced heart failure. (a) The Heartmate VXE pulsatile
pump, no longer used clinically. (b) The Heartmate II axial-flow pump. (c)
The Heartware centrifugal-flow VAD. (d) The Heartmate 3 centrifugal-flow
CF-LVAD. (Reproduced with permission from Circulation [10])
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outflow cannula in a continuous fashion. The newer pumps — the
Heartware VAD and Heartmate 3 CF-LVAD - incorporate a
centrifugal-flow impeller which also provides circulatory support
in a continuous fashion by propelling blood from the LV through
the outflow cannula. The Heartware VAD is a bearingless device
that utilizes magnetic and hydrodynamic levitation of the impel-
ler. The Heartmate 3 CF-LVAD is a fully magnetically levitated
device that incorporates an artificial pulse mode [14]. This artifi-
cial pulse is achieved by automated modulations in impeller speed
every 2 s to reduce stasis of blood in the pump itself,
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which reduces the risk of thrombus formation. While this “artifi-
cial pulse” may impart some pulsatility in the system, it does not
restore a physiologic pulse throughout the body.

Stroke Incidence in the Setting of Durable
Mechanical Circulatory Support

According to the Interagency Registry for Mechanically Assisted
Circulatory Support (INTERMACS), ischemic stroke among CF-
LVAD patients is defined as a new acute neurological deficit of
any duration associated with acute infarction on imaging corre-
sponding anatomically to the clinical deficit [15]. Acute symp-
tomatic intracranial hemorrhage is defined as any new acute
neurological deficit attributable to intracranial hemorrhage [15].
INTERMACS observational analyses have demonstrated that
there is a slight predominance of ischemic strokes over hemor-
rhagic (51% vs. 49%) [16].

Strokes historically affect approximately 10% of individuals
within the first year of support, and, between 6 and 24 months, are the
primary cause of death [16—18]. The Heartmate II trials, which evalu-
ated the first CF-LVAD that was approved by the Food and Drug
Agency (FDA) for clinical use in the United States, demonstrated that
the rate of disabling stroke was similar between the Heartmate IT and
previous-generation pulsatile devices (Heartmate XVE) over a 2-year
period (17% vs. 14%, respectively, P = 0.56) [11]. The Heartware
VAD, a centrifugal-flow LVAD currently in use, is associated with
similar rates of survival compared to the Heartmate II device, but it
was found to be associated with a higher stroke rate (29.7% vs.
12.1%, P < 0.05) over 2 years [8]. However, the Heartmate 3
CF-LVAD, another centrifugal-flow device and newest pump on the
market, was found to have a much lower stroke rate than the
Heartmate II pump over a 2-year period of support (10.1% vs. 19.2%,
P <0.05) [9]. To date, there has not been a head-to-head study com-
paring outcomes between the two types of centrifugal-flow devices
(i.e., the Heartware VAD and Heartmate 3) which are FDA-approved
and are emerging as the mainstays of CF-LVAD therapy.
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Blood Pressure Considerations and Impact
on Cerebrovascular Physiology and Outcomes

There are several factors that contribute to the development of
hypertension in patients supported by CF-LVADs, which may also
predispose to stroke and/or adverse neurological events in these
patients. First, very elegant studies incorporating microneurogra-
phy (to directly measure muscle sympathetic nerve traffic) have
demonstrated that CF-LVAD patients have markedly abnormal lev-
els of sympathetic tone due to arterial baroreceptor unloading in the
setting of a reduced pulse [19, 20]. Second, pump flow is continu-
ous and not gated to the cardiac cycle, which means that diastolic
flow, and consequently, diastolic blood pressure is increased. This
increase in diastolic blood pressure, in turn, increases mean arterial
pressure and predisposes to overt hypertension (systolic blood pres-
sure typically does not increase following CF-LVAD implantation)
[20]. Finally, many HFrEF patients have concomitant hypertension
as part of the natural history of their cardiovascular disease. Blood
pressure variability is greater among hypertensive than normoten-
sive individuals, which increases the risk of end-organ damage
[21], as well as cardiovascular-related mortality [22].

Several studies have demonstrated that uncontrolled hyperten-
sion increases the risk of stroke, particularly with the Heartware
VAD, among CF-LVAD patients [23-25]. Specifically, a mean
arterial pressure above 90 mmHg is associated with an increased
risk of stroke. For all of these reasons, CF-LVAD patients fre-
quently require multiple classes of antihypertensives, in addition
to standard guideline-directed medical therapy that is the corner-
stone of HFrEF management [6], to maintain blood pressure
within a safe margin and reduce the risk of stroke. Specifically,
medical therapy is generally optimized to maintain mean arterial
pressure at or below 80 mmHg [26].

Stroke Mechanisms Among Patients Supported
by CF-LVADS

The combination of HFrEF and associated comorbidities, medi-
cations (primarily anticoagulants), and device-related complica-
tions all work together in an almost synergistic fashion to increase
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Fig. 2 Reductions in pulsatility increase the risk of nonsurgical (primarily
gastrointestinal bleeding and epistaxis) by ~fourfold. Reductions in antico-
agulation following a bleeding event increase the risk of development of a
pump thrombus or embolic stroke by sevenfold. Hypertension increases the
odds of pump thrombus formation, which more than triples the risk of a neu-
rologic event. Approximately 25-50% of HFrEF patients have concomitant
atrial fibrillation prior to CF-LVAD implantation, which if present, doubles
the risk of stroke and significantly increases the risk of progressive heart fail-
ure and death. (Reproduced with permission from Stroke [17])

the risk of stroke (Fig. 2) [17]. For these reasons, cerebrovascular
physiology and pathology among CF-LVAD patients cannot be
considered in isolation, but it must be placed in context of what is
known about the patient’s overall clinical profile.

The risk of nonsurgical and more specifically gastrointestinal
bleeding and epistaxis is inversely proportional to the degree of
pulsatility [27], and on average, almost one-third of CF-LVAD
patients will suffer from a nonsurgical bleeding event in the first
year of support [18]. Since these patients are managed with both
an antiplatelet and an anticoagulant to reduce the risk of pump
thrombus [26], the intensity of anticoagulation may be reduced
following a bleeding event. However, the benefits of this modifi-
cation may be offset by the increased risk of pump thrombus or
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embolic stroke [28]. In addition, these patients are inherently pre-
disposed to bleeding events due to an acquired von Willebrand
syndrome that results from cleavage of large multimers by a dis-
integrin and metalloproteinase with a thrombospondin type 1
motif, member 13 (ADAMTS-13) [29]. Uncontrolled blood pres-
sure also increases the risk of pump thrombus, which when pres-
ent, is associated with an increased risk of stroke [30]. Finally,
approximately one-fourth of CF-LVAD individuals suffer from
device-related infections [31]. For reasons that are not entirely
clear, bloodstream infections increase the risk of subsequent
stroke, possibly as a result of bacterial seeding causing formation
of mycotic aneurysms [32].

Over one-fourth of HFrEF patients have concomitant atrial
fibrillation (AF) at the time of diagnosis [33]. The combination
of HFrEF and AF following CF-LVAD implantation signifi-
cantly increases the rate of neurovascular complications, as
well as the risk of progressive heart failure and death. The
increased risk of thromboemboli is not related to inadequate
anticoagulation since in one series, CF-LVAD patients with
concomitant AF actually had higher international normalized
ratio levels at the time of stroke than CF-LVAD patients without
AF (2.70 £ 0.94 v. 1.54 + 0.34) and for the 4-week period pre-
ceding the stroke (2.33 £ 0.65 v. 1.57 + 0.31). Thus, it appears
that the presence of AF, independent of anticoagulation, signifi-
cantly increases the rate of thromboembolic stroke in these
patients [17].

Impact of CF-LVAD Support on Cerebrovascular
Physiology

Traditional criteria for characterizing transcranial Doppler (TCD)
waveforms may not be applicable — or may require modification,
for HFrEF patients supported by CF-LVADs due to a reduction
pulsatility. Waveforms derived from these patients are unique and
quite distinct from typical waveforms obtained from normal indi-
viduals. The degree of pulsatility within extra- and intracranial
arteries is typically reduced, and the pulsatility index is typi-
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Fig.3 Example tracings of arterial blood pressure via arterial catheterization
and middle cerebral arterial velocity via transcranial Doppler from an indi-
vidual supported by a Heartware VAD. Tracings obtained during spontaneous
respirations during changes in pump speed. Note the increase in pulsatility at
low speed (2200 RPM, left panel) and marked reduction in pulsatility at high
speed (3100 RPM, right panel). (Unpublished data, courtesy of Dr. Cornwell)

cally — though not always — lower than normal reference values.
However, the appearance of waveform envelopes may vary con-
siderably between individuals, and there may be longitudinal
variations within an individual over time based on several factors,
such as cardiovascular loading conditions (cardiovascular preload
and afterload) and changes in CF-LVAD pump speed (Fig. 3).

It is well known that cerebral perfusion is impaired in the set-
ting of advanced HFrEF and that these individuals may experi-
ence a downward shift in the cerebral autoregulatory curve [17,
34, 35]. Longitudinal assessments evaluating how cerebral perfu-
sion changes prior to and following CF-LVAD implantation are
lacking [17]. However, it has been shown that cerebral autoregu-
lation is normal among patients with CF-LVADs, which suggests
that there is at least some improvement in cerebral perfusion fol-
lowing device implantation, at least under resting conditions [36].
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Cerebral Microembolic Events in the Setting
of CF-LVAD Support

There are little data regarding the utility of TCD for detection of
microembolic signals (MES) among individuals supported by
current-generation devices. MES have been reported for patients
supported by older devices that are no longer in use [37, 38]. For
example, patients supported by pulsatile LVADs experienced, on
average, 2.3 + 9.2 MES per 30-min monitoring period, while
patients supported by CF-LVADs experienced 81 + 443 MES per
hour [37, 38]. Based on these observations, it has been suggested
that patients with current-generation devices — even those who are
asymptomatic and clinically stable — likely experience subclinical
microbleeds [39] and microemboli [17], but this observation has
not been directly observed in the form of TCD monitoring studies.
Interestingly, the MES burden among patients with previous-
generation CF-LVADs declined with supplemental oxygen, sug-
gesting that these microemboli were predominantly gaseous and
formed through cavitation [38, 40, 41]. Further research is neces-
sary in this area to determine the extent of cerebral microemboli-
zation among patients supported by current-generation devices.

Extracorporeal Membrane Oxygenation,
Cerebrovascular Physiology, and Outcomes

Data regarding cerebrovascular physiology on patients supported
by VV- and VA-ECMO are sparse [42]. While a detailed review of
the physiology associated with temporary mechanical circulatory
support is beyond the scope of this chapter, it is important to recog-
nize a few fundamental differences between VV- and VA-ECMO
and the implications for circulatory support. VV-ECMO oxygen-
ates venous blood and removes carbon dioxide but does not provide
additional hemodynamic support to the body. Hence, VV-ECMO
functionally bypasses the lungs but not the heart. Importantly,
patients with respiratory failure supported by VV-ECMO have a
physiologic pulse, with normal pulse pressure [43]. In contrast,
VA-ECMO bypasses both the lungs and heart by returning oxygen-
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Fig.4 Example transcranial Doppler patterns of left internal carotid arterial
waveforms showing completely nonpulsatile flow in a 64-year-old male sup-
ported by VA-ECMO following an ST elevation myocardial infarction of the
inferior wall complicated by free wall rupture. (Image courtesy of Ergin
Bahattin and Dr. Wendy Ziai, Johns Hopkins University)

ated blood to the aorta. Since circulatory support with ECMO is
provided continuously, patients with cardiogenic shock who are
supported by VA-ECMO have diminished pulsatility. In these
patients, pulse pressure is typically reduced (Fig. 4). Any pulsatility
that is present depends on native ventricular function, or additional
hemodynamic support with concomitant use of an intraaortic bal-
loon pump. Pulsatility increases as ventricular function improves/
recovers, and the return of a pulsatile arterial waveform is used
clinically (along with several other factors) to justify discontinua-
tion of VA-ECMO. These issues are relevant insomuch as they may
impact the Doppler waveforms obtained while monitoring intracra-
nial vessels. Patients supported by VV-ECMO should have TCD
waveforms that are pulsatile. However, the appearance of TCD
waveforms among patients supported by VA-ECMO may vary
widely according to hemodynamic conditions as described.

Similar to durable mechanical circulatory support, strokes —
either embolic or hemorrhagic — are common, and TCD may be
incorporated to monitor the neurologic status of patients sup-
ported by VA-ECMO (Fig. 5). Bedside TCD may be particularly
advantageous in these scenarios, since patients are typically intu-
bated (which prohibits a comprehensive neurologic examination)
and the degree of hemodynamic instability prohibits transporta-
tion to radiology suites for additional imaging.
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Fig.5 Shower of emboli detected by transcranial Doppler monitoring of the
left posterior cerebral artery in a 42-year-old man supported by VA-ECMO
following an orthotopic heart transplant complicated by primary graft dys-
function. (Image courtesy of Ergin Bahattin and Dr. Wendy Ziai, Johns Hop-
kins University)

Given the abnormal TCD waveforms associated with VA-
ECMO support, it may be difficult for neurosonologists/neurolo-
gists to establish brain death among patients whose clinical
condition has deteriorated. It has been suggested that traditional
criteria for brain death can be applied to these patients if their
waveforms are pulsatile [42]. However, deciphering the presence
or absence of brain death in the absence of pulsatile flow may be
problematic/impossible.

Conclusion

While survival and quality-of-life among CF-LVAD patients have
improved with advancements in technology, the risk of stroke
remains unacceptably high and is a leading cause of death follow-
ing device implantation. Several factors account for the high
stroke rate, including medication effects, patient comorbidities, as
well as other device-related complications, such as acquired von
Willebrand syndrome, pump thrombosis, nonsurgical bleeding,
and device-related infections. All of these factors work together in
an almost synergistic fashion to increase the risk of stroke.
Additional research is necessary to understand the implications of
continuous-flow circulatory support on blood pressure regulation
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and perfusion of dependent organs. Further, more information is
needed to define normal TCD flow and pulsatility indices in this
highly unique population.

Personal Perspective

I first became interested in CF-LVADs after learning how these
devices provide circulatory support to the body — namely, that
these patients lack a meaningful pulse — and the many implica-
tions that this type of flow has on the human body. From a birds-
eye view, the presence or absence of a physiologic pulse may
seem benign and inconsequential. However, for almost two
decades now, the heart failure community has been caring for
patients who are “living without a pulse” [44] and the human
body’s natural design is such that normal cardiovascular reflexes
depend on pulsatile flow. However, these patients have shown us
that chronic exposure to a nonphysiologic and reduced pulse
imparts subtle responses or adaptations within the human body
that manifest clinically in many forms, from cellular and tissue
levels all the way up to the organ level with gastrointestinal bleeds
and strokes.

The improvements in CF-LVAD technology that have occurred
over the past two decades are remarkable. While these devices are
not “perfect” and are associated with adverse events, they are
nonetheless, lifesaving, and restore patients to a quality-of-life
that they may not have enjoyed for years. Among the adverse
events encountered with these devices, strokes are among the
most common and are by far the most detrimental to a patient’s
overall survival and well-being. Much more research is necessary
to understand mechanisms that account for the unacceptably high
rate of stroke, which will inform clinicians on best practices for
stroke prevention in this very unique population, and will also
serve as a pathway to strengthen the “heart-brain connection”
between the worlds of cardiology and neurology.

Disclosures Dr. Cornwell has received research funding from Medtronic Inc
and is a consultant for Medtronic Inc.
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Electroencephalography
Versus Transcranial Doppler
Ultrasonography;
Indications and Applications
for Intracranial Monitoring

Omar Hussein

Introduction

Bedside noninvasive non-radiological intracranial monitoring has
been gaining a lot of popularity in the last few decades. Two main
technologies are of high interest. Transcranial Doppler ultraso-
nography (TCD) uses ultrasound waves to monitor intracranial
hemodynamics. Another is electroencephalography (EEG) and its
more advanced form quantitative-EEG (QEEG). EEG monitors
the electrical activities in the cerebral cortex. TCD and EEG can
provide early and/or real-time detection of intracranial abnormal-
ities through frequent or continuous bedside monitoring. How-
ever, both technologies still carry their own difficulties and
uncertainties and require special training. TCD measures changes
in the intracranial blood flow velocities, Lindegaard ratio (LR),
pulsatility index (PI), and vasomotor reactivity (VMR). QEEG
measures changes in the alpha/delta ratio (ADR) and/or the rela-
tive alpha variability (RAV) among others. TCD is operator-
dependent while QEEG is reader-dependent. QEEG runs

0. Hussein (D)
University of New Mexico, Albuquerque, NM, USA

© Springer Nature Switzerland AG 2022 333
W. C. Ziai, C. L. Cornwell (eds.), Neurovascular Sonography,
https://doi.org/10.1007/978-3-030-96893-9_22


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-96893-9_22&domain=pdf
https://doi.org/10.1007/978-3-030-96893-9_22

334 0. Hussein

continuously while TCD is often performed once or twice a day.
This chapter will provide comparisons between TCD and EEG
when used to monitor commonly known intracranial pathologies
or operations based on the latest evidence and guidelines in the
literature.

Transcranial Doppler (TCD) measures peak systolic velocity
(PSV), end-diastolic velocity (EDV), and mean flow velocity
(MFV) in the large intracranial vessels. The main formulas pro-
duced include:

e Lindegaard ratio (LR = middle cerebral artery (MCA) MFV/
Ipsilateral extracranial carotid artery MFV) is used to differen-
tiate between hyperemia and vasospasm/vasoconstriction. An
increased LR indicates vasospasm/vasoconstriction [1].

e Pulsatility index (PI = PSV — EDV/MFV; measured at the
proximal MCA) is another parameter that measures the flow
resistance. Pulsatility index directly correlates with intracra-
nial pressure and negatively correlates with cerebral perfusion
pressure (CPP), especially when CPP falls below 70 mmHg. A
normal PI value is 1. PI >3 is associated with increased
intracranial pressure (ICP) and low CPP. PI >6 is associated
with cerebral circulatory arrest [2].

e Vasomotor reactivity (VMR = [MFVpercamea = MFViypocapneal/
MFV at rest x 100; measured at the MCA). If low (<33%), it
indicates poor reactivity and imparied auto-regulation. If
reserved, blood pressure augmentation can be used to enhance
cerebral perfusion and oxygenation and vice versa. This is help-
ful during the management of cerebral perfusion pressure and
brain oxygenation [1]. In addition, it can be used to identify
patients at higher risk of stroke among those with asymptomatic
carotid stenosis or previously symptomatic carotid occlusion [3].

However, these measures are not a direct measure of cerebral
or cortical dysfunction.

A raw-EEG measures the electrical conduction within the cor-
tical tissue and thus, can directly detect dysfunction. QEEG mea-
sures long term trends over time. Many parameters are recognized
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including band power, band variability, and band to band ratio. Of
these, a few parameters are most reliable:

e Declining Alpha/Delta Ratio (ADR) (8-13 Hz power divided
by 1-4 Hz power)

e Declining Relative Alpha Variability (RAV) (8-12 Hz power
divided by 1-20 Hz power)

e Detection of new or increasing periodic or rhythmic discharges
on raw-EEG

However, caution upon reviewing the QEEG should be made
as confounders like age, state change, sedation, or artifacts may
give false-positive results. Furthermore, a patient might have
severe focal vasospasm but the QEEG changes might be delayed
due to good collateral circulation.

The current guidelines [4], published by the joint committee of
The American Society of Neurophysiologic Monitoring (ASNM)
and The American Society of Neuroimaging (ASN) in 2010,
recommended the use of TCD in the following situations (Class II
and III evidence, Type B recommendation):

1. Cerebral vasomotor reactivity and autoregulation assessment;

2. The circle of Willis functional status assessment;

3. Relative cerebral hypo- and hyperperfusion identification;

4. Cerebral emboli detection. (low to moderate quality evi-
dence, Moderate (type B-C) recommendations except for
vasospasm watch in aneurysmal SAH associated with good
clinical grade and stroke screening for sickle cell patients
which carries high-quality evidence and strong (type A) rec-
ommendations:

Nevertheless, two indications for the use of TCD have emerged
as Class I evidence, Type A recommendation since then:

1. Vasospasm watch in aneurysmal subarachnoid hemorrhage
associated with good clinical examination.
2. Screening for ischemic stroke among sickle cell children.
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Here are more specifications on how TCD might be helpful:
1. Perioperative assessment of the cerebral hemodynamics:

Preoperative TCD assessment is essential for intra- and/or
post-operative comparisons. This is because it might be influ-
enced by many factors. These factors might be age, gender, race,
chronic conditions like anemia, hypertension, nicotine consump-
tion, and/or diabetes mellitus. Others factors include anesthesia
and vasopressors [4, 5].

Surgeries or interventions that benefit from TCD include:

(a) Carotid Endarterectomy: Following the MCA-MFV intraop-
eratively or the embolic load postoperatively can detect
early complications [6].

(b) Post carotid stenting and/or mechanical thrombectomy: TCD
assesses the intracranial hemodynamics after mechanical
thrombectomy of an acute large vessel occlusion (LVO)
stroke. An abnormal MCA signal with 72 h post-
thrombectomy is an independent predictor of poor outcome
at 90 days [7].

(c) Some intracranial aneurysm repairs: TCD can detect the
hemispheric dependence on the flow from the ipsilateral
hemisphere during carotid artery sacrifice associated with
giant aneurysms. This is done by performing endovascular
carotid balloon occlusion test with continuous intracranial
monitoring [8].

(d) Cardiopulmonary bypass: TCD is used to watch for impend-
ing cerebral ischemia when >80% decline from the MFV at
baseline occurs [9, 10].

2. Assessment of the intracranial hemodynamics:
Examples include:

e Assessment of cerebral blood flow velocities and Lindegaard
ratio in case of vasospasm associated with conditions like
aneurysmal subarachnoid hemorrhage (SAH). This is likely
the most common indication for the use of TCD currently and
has the strongest level of recommendation.
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* Assessment of the cerebral blood flow velocities after an acute
ischemic stroke with or without administering a thrombolytic
which might show recanalization, hypoperfusion, hyperperfu-
sion (>50% of normal), or reocclusion [11].

e Assessment of the cerebral blood flow velocities before an
acute ischemic stroke occurs in children with sickle cell dis-
ease who are at high risk of developing acute ischemic stroke.

e Assessment of the collateral circulation in the brain using the
cerebral blood flow direction which might demonstrate flow
reversal if collaterals are present after an ischemic stroke, or
flow diversion if the vessel is obstructed without adequate col-
laterals [11].

e Assessment of the cerebral blood flow velocities in chronic
hypoperfusion conditions such as severe carotid stenosis or
positional basilar artery stenosis [12, 13]

e Assessment of changes between the peak-systole and the end-
diastole velocities. This might indicate venous obstruction or
intracranial hypertension [14].

¢ Detection and quantification of micro-emboli with or without a
bubble-challenge provides a way of detection of cardiac emboli
in cardio-embolic or cryptogenic strokes or even during carotid
procedures [15].

e Assessment of the cerebral autoregulation and vasomotor reac-
tivity in patients with traumatic brain injury can help refining
treatment for better cerebral perfusion.

On the other hand, the guidelines for QEEG in monitoring
vasospasm or cerebral ischemia carry class III evidence and
moderate-level (type C) recommendation including those for
vasospasm watch in aneurysmal SAH. This is based mainly on a
few retrospective studies and expert opinion [16-20]. Thus, it can
be used as an adjunctive method in high-risk patients for isch-
emia. For SAH, monitoring should start at or before day-3 post-
bleeding before the risky period for vasospasm starts (post-bleed
days 4—14) to establish a baseline reading. Readers should review
the QEEG at least 3—4 times a day. For other cerebral ischemic
conditions like crescendo transient ischemic attacks or post
carotid endarterectomy, it should start immediately and last for up
to 24-48 h. Readers should review QEEG at a more frequent rate
especially during sleep [20].
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TCD Versus EEG in Common Clinical Scenarios
1. Acute Subarachnoid Hemorrhage (SAH):

According to the recommendations from the Neurocritical Care
Society’s multidisciplinary consensus published in 2011 [21], TCD
is considered a good test bridging between physiological (cerebral
microdialysis and brain tissue oxygenation) and radiological stud-
ies (CT angiogram). It has high specificity but moderate sensitivity.
In general, daily monitoring for vasospasm and delayed cerebral
ischemia clinically or by using TCD in patients with good-grade
aneurysmal SAH is recommended and if suspicious, should be fol-
lowed by confirmatory neuroimaging of the cerebral vessels and/or
perfusion (Class I evidence, Strong recommendation).

Degree of vasospasm as determined by the MCA mean flow
velocities and Lindegaard ratio:

e A MFV of <120 cm/s or MCA/ICA LR <3 indicates absent
vasospasm.

e A MFV =120-159 cm/s and LR of 3-6 are indicative of mild
vasospasm.

e A MFV =160-199 cm/s and LR of 3-6 are indicative of mod-
erate vasospasm.

e MFV >200 cm/s and LR >6 are indicative of severe vasospasm.

Degree of vasospasm as determined by the basilar artery (BA)
mean flow velocity and BA/VA . acranial (BA/ECVA) ratio:

*  AMFV of <70 cm/s or BA/ECVA <2 indicates absent vasospasm

* A MFV of >70 cm/s and BA/ECVA of 2-2.49 are indicative of
mild vasospasm

* A MFV of >85 cm/s and BA/ECVA of 2.5-2.99 are indicative
of moderate vasospasm

e A MFV of >85 cm/s and BA/ECVA of >3 are indicative of
severe vasospasm

Similarly, using the relative alpha variability on QEEG [17,
18] or using the intracortical EEG [22] individually or as part of a
multimodal approach is of some value especially in high-grade
patients like in SAH Hunt & Hess score of 3-5 and Fischer score
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of >3 (Class III evidence, moderate [type C] recommendation).
Three most reliable measures are usually followed:

e Alpha/Delta ratio (ADR): A decrement (focal, hemispheric, or
diffuse) can predict delayed cerebral ischemia (DCI) as follows:
— ADR decrease of 10% below baseline lasting 6 consecutive
hours (100% sensitive and 76% specific).
— ADR decrement of at least 50% below baseline lasting one
or more hours (89% sensitive and 84% specific)
¢ Relative Alpha Variability (RAV): relies on qualitative visual
inspection of the variability of the relative alpha power:
— Poor RAV (Figs. 1 and 2)
— Fair RAV (Fig. 3)

a

L

R
Fig. 1 (a) Example of a quantitative EEG showing a good relative alpha
variability (good-RAV) — moderate amplitude peaks above the trough- on
the left and poor relative alpha variability (poor-RAV) — No variability
(peaks) above the trough on the right in a patient with aneurysmal (right
MCA) SAH (Hunt Hess 2 Modified Fischer 3). (b) Correlating TCD of the
middle cerebral artery (MCA) and basilar artery (BA) mean flow velocities at
post-bleed day 7 showing severe vasospasm in the right MCA
(MFV = 199 cm/s with Lindegaard ratio of 8.96). The left MCA and the
basilar artery show normal velocities
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Fig. 1 (continued)

— Good RAV (Fig. 1)

— Excellent RAV (Figs. 3 and 4)
A persistent drop by one or more grades is considered

alarming (Figs. 5 and 6). However, based on the author’s expe-

rience, a drop from excellent to good falls within the normal

variation and should be interpreted with caution. Also a persis-

tent drop is defined as one degree drop for 6 consecutive hours

or two degree drop for more than 1 h.
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Fig. 2 Example of a quantitative EEG showing a poor relative alpha vari-
ability (poor-RAV) — minimal variability (peaks) above the trough that start
to show some improvement at the end of recording. Of Note, this patient had
aneurysmal subarachnoid hemorrhage post-bleed day 10 (Hunt Hess 2 Modi-
fied Fischer 4). Improvement was a response to a fluid bolus and increasing
vasopressor requirement that helped raise the blood pressure. This is an
example of real time management of vasospasm

e New or increasing periodic or rhythmic (epileptiform) dis-
charges on the raw-EEG: These are lateralized periodic dis-
charges (LPD), generalized periodic discharges (GPD),
lateralized rhythmic delta activity (LRDA), or LRDA with
bilateral asymmetry (LRDA-BA). Generalized rhythmic delta
activity (GRDA) is usually less epileptogenic and unless asso-
ciated with other epileptogenic modifiers should not be consid-
ered alarming.

These QEEG abnormalities could be focal, hemispheric, or dif-
fuse. QEEG readers should be aware and look for confounders
before rushing for a conclusion. Looking at the raw-EEG is impor-
tant especially to rule out artifacts. In addition, making sure that the
patient did not receive any sedation during this period of change is
important. In addition, when the change is diffuse, it could be due
to state change. In this situation, looking at the RAV is important.

An important study of patients with SAH compared TCD-PSV to
EEG ADR, RAYV, and new periodic and rhythmic discharges for the
accuracy of detection of DCI. Worsening RAV had the highest odds
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Fig. 3 (a) Example of a quantitative EEG showing an excellent relative
alpha variability (Excellent-RAV) in a patient with aneurysmal subarach-
noid hemorrhage (Hunt Hess 1 Modified Fischer 4) post-bleed day 5: Con-
tinuous variability (peaks of high amplitude above the trough). (b)
Correlating TCD findings of the patient described above at post-bleed day 5
showing bilateral MCAs and basilar artery mean flow velocities below the
threshold for vasospasm. Lindegaard ratio was <3 bilaterally. BA/ECVA
ratio <2. (¢) Example of a quantitative EEG showing a fair relative alpha
variability (fair-RAV): few low amplitude spikes (peaks) above the trough.
This is the same patient described above at post-bleed day 10 (5 days later).
It shows persistent two grade drop that correlated with a decline in the clini-
cal examination and moderate to severe vasospasm on the conventional
angiogram. (d) Correlating mean flow velocities of the bilateral MCAs and
the BA showing mild to moderate diffuse vasospasm (MCA: mean flow
velocities between 120 and 160 cm/s with Lindegaard ratio of 4.0 on the left
and 3.7 on the right — BA: mean flow velocities >85 cm/s with BA/ECVA
ratio of 2.85)
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Fig.3 (continued)
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Fig. 3 (continued)

ratio followed by the appearance of new or increasing periodic or
rhythmic discharges (Table 1) [23]. However, these have not made
their way to the guidelines yet as larger prospective studies are needed.

In the author’s opinion, whichever technique is available
should be done along with frequent clinical exams and as needed
radiological testing. However, if both techniques are available,
TCD is more appropriate (once a day is sufficient if the clinical
exam is reliable) for good-grade aneurysmal SAH and QEEG is
more appropriate (runs continuously if clinical exam is unreli-
able) for poor-grade aneurysmal SAH [24].
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a

Fig. 4 (a) Example of a quantitative EEG showing an excellent relative
alpha variability (Excellent-RAV) in a patient with aneurysmal subarach-
noid hemorrhage (Hunt Hess 1 Modified Fischer 2): Continuous small spikes
superimposed over larger peaks of high amplitude above the trough. (b) Cor-
relating TCD mean flow velocities from the bilateral MCAs, ACAs, and ter-
minal internal carotid arteries (T-ICA) of the same patient. Lindegaard ratio
(LR) on the left is 1.46 and on the right is 1.19
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Fig.5 A quantitative EEG showing an Alpha/Delta Ratio display in a patient
with aneurysmal diffuse subarachnoid hemorrhage — It shows a sudden dif-
fuse drop in the ratio (black arrows). Each segment (between green lines)
represent one hour and twelve minutes

/

/

Fig. 6 A quantitative EEG showing a Relative alpha variability (RAV) dis-
play in the same patient described in Fig-5. It shows a sudden diffuse drop in
the ratio (black arrows). Of note, the drop occurred several minutes before it
happens with the ADR [69]. Each segment (between green lines) represent
one hour and twelve minutes
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Table 1 Comparison between accuracy of TCD and EEG parameters

No DCI

(n=52) DCI(n=51) OR p-value
PSV >200 cm/s 45% 75% 3.65 <0.01
PSV > 250 cm/s 33% 58% 273 0.01
PSV >300 cm/s 20% 31% 1.8 0.14
Worsening ADR 10% 33% 447  <0.01
Worsening RAV 2% 42% 36.7 <0.01
New periodic or thythmic 8% 64% 204  <0.01

discharges

DCI delayed cerebral ischemia, OR odds ratio, PSV peak systolic velocity,
ADR Alpha/Delta Ratio, RAV Relative Alpha Variability

2. Acute Intracerebral Hemorrhage (ICH):

TCD can detect some ICH as homogenous hyperechogenic
foci that can be clearly distinguished from the surrounding brain
tissue. Unlike acute ischemic strokes, it is not associated with
absent or damping signal along a major intracerebral vessel. The
detection of ICH using TCD is limited by the location of the
ICH. It can detect 53% of the deep structure ICH and 33% of the
cortico-subcortical lobar ICH. In addition, it is difficult to detect
intraventricular hemorrhages (IVH) due to similar echogenicity
with calcified choroid plexus and cerebellar tentorium.
Furthermore, tumors, arteriovenous malformation, and cerebral
microangiopathies can mimic ICH on TCD [25].

Elevated PI calculated from TCD flow velocities can predict
elevation in the intracranial pressure (ICP) and midline shift.
This is because high ICP lowers end-diastolic flow velocity.
Specifically, elevated PI from the unaffected side has been con-
sidered an independent predictor of mortality in ICH (sensitivity
80%, specificity 94%). Additionally, if the MCA PI of the unaf-
fected hemisphere >1.055, it might be associated with hematoma
expansion. Those with radiologically proven hematoma expan-
sion had MCA PI of the unaffected side increase by 48% from
the baseline [26].
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As for QEEG, it is not specific for the detection of ICH as a
primary diagnostic tool. However, ADR was found to be an inde-
pendent prognostic factor in ICH. In a study which combined PI/
TCD & ADR/QEEG together, the accuracy of the combined tech-
nique increased the predictive prognostic value (i.e. prediction of
mortality) than when each was done separately (area under curve
AUC = 0.949 compared to 0.822 for PI/TCD alone and 0.860 for
QEEG alone) [27].

3. Acute Ischemic Stroke (AIS):

Similar to ICH, Elevated PI/ TCD is indicative of increased
ICP. Additionally, TCD can be used earlier to detect large vessel
occlusion by detecting absent or diminished cerebral blood flow
signals in a major intracerebral vessel. In middle cerebral artery
occlusion, there is a hyperechogenic signal of the MCA with
absent, minimal, damped, or blunted CBF throughout the artery
with a diverted signal from the distal ICA, ACA, and PCA. Anterior
and posterior cerebral artery LVO is defined by absent or minimal
CBF. This should be associated with an asymmetry index >21%.
This method has a sensitivity of 68-100% and a specificity of
78-99%. The utility of this method can be most useful in the pre-
hospital setting where it can streamline patient care and allow
direct transfer to a comprehensive stroke center with endovascular
capabilities. However, such a protocol still needs to be further
investigated. Of note, lacunar strokes or distal branch strokes are
difficult to detect by TCD [25].

Furthermore, TCD can provide information about the status of
the collateral circulation through the detection of flow reversal
(good collaterals) or flow diversion (poor collaterals) [11].

TCD also can detect microemboli (microembolic signals MES)
in different clinical scenarios like during CEA or carotid artery
stenting (CAS), during cardiac surgery, symptomatic carotid ste-
nosis, or cardioembolic strokes. MES is defined as unidirectional,
>3 dB in intensity above background signal, <300 ms in duration,
and accompanied by a characteristic pop sound. Large emboli are
characterized by those of >12 dB in intensity above the back-
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ground signal [28]. This technique is used by some to direct ther-
apy for symptomatic carotid stenosis with dual antiplatelet drugs
if MES are found versus monotherapy if MES are not found [29].

Additionally, paradoxical cerebral venous or fatty emboli with
patent-foramen-ovale (PFO) can be diagnosed using TCD with a
bubble (agitated saline) challenge. According to the number of
emboli, the PFO can be classified as poor (<30 emboli) group or
high (>30 emboli) conductance shunt [30].

QEEG is not a specific marker for detecting acute ischemia.
However, ADR & RAV within 72 h post-stroke were predictors
of short and long term outcomes. Additionally, a research param-
eter called the brain symmetry index (BSI) which compares the
spectral power of the two hemispheres and estimates the magni-
tude of the asymmetry, is found to be helpful in prognostication
of acute ischemic stroke. It provides a scale from zero to one.
Zero means perfect symmetry and one means maximum asym-
metry. Unlike with ICH, The BSI in ischemic stroke was signifi-
cantly increased and thus can differentiate between acute stroke
and transient ischemic attack (TIA) [31, 32]. The inconsistent
results between ICH and AIS in terms of BIS prediction of mor-
tality is assumingly related to contralateral hemispheric swelling
during ICH and not AIS making the asymmetry less evident in
ICH [33]. Additionally, upon detection of diminished ADR and
RAV on QEEG, it might be worth looking at the raw EEG for
detection of RAWOD (Regional Attenuation Without Delta). The
pattern and sequence of abnormality on raw EEG with acute
ischemia is as follows:

e CBF 35-70 (ml/100 g/min) — Normal EEG — Intact neurons

e CBF 25-35 (ml/100 g/min) — Loss of fast beta activity
(RAWOD) — Reversible neuronal injury

e CBF 18-25 (ml/100 g/min) — Background slowing 5-7 Hz —
Potentially reversible neuronal injury

e CBF 12-18 (ml/100 g/min) — Background slowing 1-4 Hz —
Potentially reversible neuronal injury

e CBF <8-10 (ml/100 g/min) — Suppression of all frequencies
— Neuronal cell death [34]
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RAWOD is a marker of early changes in acute ischemia.
Practically, detecting RAWOD is most valuable during Carotid
Endarterectomy after clamping. However, patients with high-risk
of acute stroke-like in SAH, subdural hematoma (SDH) [35], or
recent acute stroke might benefit from looking for RAWOD if
continuous EEG is placed early enough or following TCD CBFV
and PI. Also, the effect of blood pressure augmentation can be
monitored with these parameters.

Additionally, there is growing interest for using both TCD and
EEG in the post thrombectomy or post carotid stenting period to
detect relative changes identifying reocclusion or hyperperfusion
injuries. This might guide blood pressure management in the post
thrombectomy period as well [36].

4. Carotid Endarterectomy (CEA):

Monitoring the cerebral blood flow and/or the cerebral activity
during clamping of the carotid artery gives important guidance for
the need for shunt placement during the procedure. Clinical
change might not always be as early as these parameters. Clinical
changes can actually happen in the postoperative period without
any postoperative flow changes but rather after intraoperative
alteration in these parameters. TCD blood flow changes (dimin-
ished or absent) are likely to be detected earlier than EEG changes.
Furthermore, TCD can detect emboli after unclamping the carotid
artery [37, 38].

EEG changes are similar to those discussed in AIS. Usually,
raw-EEG is used rather than QEEG as immediate changes are
looked for rather than changes over time. However, QEEG-BSI
changes >0.6 during test clamping correlated with raw-EEG
changes while BSI <0.3 had no associated raw-EEG changes [39].

5. Traumatic brain injury
There is a lot of enthusiasm regarding the role of TCD in intra-

cranial monitoring after traumatic brain injuries. TCD is used to
monitor various flow velocities, and measure LR for vasospasm



Electroencephalography Versus Transcranial Doppler... 351

watch, PI for intracranial pressure (ICP) and cerebral perfusion
pressure (CPP) monitoring, and vasomotor (VMR) for auto-
regulation monitoring. In a recent meta-analysis, patients with
TBI who had abnormal TCD (MFV >120 cm/s or MFV
<35 cm/s + PI >1.2 had a significant 3-fold increase in having
poor outcome and a significant 9-fold increase in mortality [40].
In another study that tested early TCD-guided treatment to
increase CPP and decrease cerebral edema for severe TBI where
TCD studies were applied within 18 + 11 min from admission,
there was a reduction in the extent of hypoperfusion and second-
ary ischemic events [41].

The role of QEEG monitoring in severe TBI, aside of seizure
detection, is still under investigation. Several parameters have
been suggested for outcome prediction. These include declining
variability of the faster frequencies (theta, alpha, and beta powers)
as poor predictive parameters [42-44]. Additionally, a high
bispectral index (BIS) was associated with good outcomes [45].
BIS simplifies EEG into a single number that is used to monitor
the depth of anesthesia (2—4 pads applied to the forehead). When
QEEG was combined with SSEP, it had better predictive values
[46, 47].

As for mild traumatic brain injury, QEEG in the acute phase
(up to first 2 weeks) showed a decrease in the alpha, theta, and
delta powers with reduced ADR and alpha/theta ratio (ATR). In
the subacute phase (weeks — 6 months), there was diffuse slowing,
especially in the left temporal region. In the chronic phase, there
was a persistent decrease in the alpha power and an increase in the
delta power compared to controls [48].

6. Cardiac Surgery:

Brief cerebral hypoperfusion episodes are common during car-
diac surgery. However, prolonged hypoperfusion episodes are
concerning. Arterial blood pressure monitoring and cerebral
oximetry might not provide an accurate measurement of cerebral
hypoperfusion.
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Interest in TCD for cerebral monitoring during cardiac surger-
ies is growing. TCD monitoring during cardiac surgeries is mainly
focused on the MFV in the MCAs. During the pulsatile flow
phase, a reduction of MFV by 60% from baseline or loss of dia-
stolic flow is indicative of cerebral hypoperfusion. During the
non-pulsatile phase, a reduction of the MFV by 80% is indicative
of cerebral hypoperfusion. During the circulatory arrest phase,
TCD can be used to monitor antegrade and retrograde flow in the
MCA to evaluate selective cerebral perfusion. Additionally, TCD
can monitor microemboli during surgery [49, 50].

On the other hand, EEG technology that is commonly used
during cardiac surgeries is the BIS. Over-suppression, defined as
BIS <40 for a prolonged time, correlates with prolonged recovery
time, poor neurological outcome, and higher one-year mortality
rate. In the deep hypothermic circulatory arrest phase, complete
suppression is desired. In the rewarming phase, over-stimulation
should be avoided [49, 51, 52].

7. Post-cardiac arrest:

In the first 24 h, TCD could identify patients who have pro-
gressed to irreversible neurological damage. In patients who
remain comatose 2 h after return of spontaneous circulation
(ROSC), persistent diffuse hypodynamic TCD patterns (Low
MFV and high PI) or diffuse hyperdynamic TCD patterns (high
MFV and low PI) are also associated with poor prognosis
because of progression to intracranial hypertension and brain
death. These could be of early prognostic value to avoid thera-
peutic futility.

The presence of a mix of hypodynamic, normal, and hyperdy-
namic TCD patterns may indicate the presence of hypoperfused
regions in the brain. Thus, serial TCD examinations in comatose
patients after ROSC can detect and guide treatment of early
changes in cerebral hemodynamics which can decrease the likeli-
hood of secondary neurological damage.

An advantage of TCD is that it can be performed irrespective
of the effect of sedation, paralytics, and/or hypothermia [53].
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On the other hand, raw-EEG has a great prognostic role in the
post-cardiac arrest scenarios according to recent studies. Post-
cardiac arrest patients are divided into: Predicted poor outcome
and indeterminate outcome.

For the predicted poor outcome group, they should have any of
the first-line criteria or at least two of the second-line criteria.

¢ First-line criteria: Bilateral absence of N20 wave on SSEP and/
or absent both pupillary and corneal reflexes.

e Second-line criteria: Presence of at least two of the following:
(a) Status myoclonicus <48 h after resuscitation.
(b) Diffuse anoxic brain injury on CT and/or MRI.
(c) Peak serum Neuron-specific-enolase (NSE) >75 pg/L.
(d) Unreactive EEG with burst suppression and/or status epi-

lepticus after rewarming.

For the indeterminate outcome group: EEG finding at Day 2
are divided into the following:

¢ Highly malignant (suppression, suppression with periodic dis-
charges, burst suppression)

e Malignant (periodic or rhythmic patterns, pathological or non-
reactive background)

e Benign (none of the malignant features)

If the EEG is not showing highly malignant patterns, then it
has a sensitivity of 99.5%, a specificity of 8.5%, a positive predic-
tive value (PPV) of 66.1%, and a negative predictive value (NPV)
of 91% for predicting good neurological outcomes in 3 months. If
combined with NSE <33 pg/L, then it has a sensitivity of 84.4%,
a specificity of 46.6%, a PPV of 74%, and a NPV of 62.5% for
predicting good neurological outcomes in 3 months.

If the EEG is showing a highly malignant pattern, then it has a
sensitivity of 8.5%, a specificity of 99.5%, a PPV of 91%, a NPV
of 66.1% for predicting poor neurological outcomes in 3 months.
If combined with NSE >75 pg/L, then the specificity increases to
100% [54, 55].
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8. Brain Death:

Both TCD and EEG are ancillary tests for brain death evalua-
tion. Both are not needed if the clinical evaluation of brain death
(full cranial nerve reflexes and apnea test) is successfully com-
pleted. However, if the clinical evaluation cannot be fully assessed
or is inconclusive, an ancillary test should be performed. Several
ancillary tests are available. According to several studies, the
validity of these tests is as follows: TCD 57-92%, EEG ~94%,
CTA ~94%, SSEP ~82%, and auditory evoked potentials (AEP)
2-32%. However, due to technical difficulties and artifacts, these
tests are still not strongly reliable. Brain perfusion scintigraphy is
currently considered the most sensitive and specific test and the
most trusted by many physicians [56, 57].

TCD finding in brain-dead patients is the absence of a flow
signal (cerebral circulatory arrest). Of note, a baseline TCD before
perfusion cessation is vital for TCD interpretation. This is because
the lack of an ultrasound window can lead to a false picture mim-
icking absent flow signals (false-positive; 10-20%). Additionally,
TCD can provide false-negative results due to residual cerebral
flow in patients with skull defects and CSF drainage. Furthermore,
Other TCD findings like oscillation, reversed diastolic flow, or
sharp peak waveforms were considered early signs of brain death
and lack of response to treatment (Fig. 7). However, these conclu-
sions were found to have exceptions [58].

On the other hand, EEG should be set on the double distance
montage. It shows electrocerebral silence or inactivity (ECI) in
case of brain death (no cerebral electrical activity >2pV without
any variability or reaction to external stimuli). While a good
quality 30 min EEG recording with ECI is sufficient, other proto-
cols exist. These include two EEG recordings separated by a four-
hour observation period especially if the quality of the EEG is not
optimal [59].

Of note, all ancillary tests should be performed under all con-
ditions mandatory for performance of the apnea test which include
no sedation, no paralysis, SBP >90 mmHg (even with the aid of
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Fig.7 (a) TCD findings of a 66-year-old female patient who presented with
aneurysmal subarachnoid hemorrhage (Hunt Hess 4 Modified Fischer 4) —
These velocities were obtained on post-bleed day six showing normal pulsa-
tility index (<1). (b) On post-bleed day seven, her exam worsened and her
head CT scan showed extensive cerebral edema with herniation. A repeat
TCD exam showed evidence of brain death (oscillations and sharp peak
waveforms). This was confirmed by a brain death exam
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Fig. 7 (continued)

vasopressors), temp >36° Celsius, normocapnea, serum sodium
<160 meq/L. If the patient is still under the effects of sedation or
paralysis, TCD and CTA might have an advantage over EEG and
SSEP.

9. Cerebral Venous Sinus Thrombosis (CVST)

TCD or Transcranial color-coded duplex sonography (TCCS)
have a limited role in diagnosing CVST. Lack of the color signal
on TCCS can point towards the diagnosis but cannot differentiate
thrombotic occlusion from aplasia or hypoplasia. Incidental find-
ings on TCD like a prominent venous signal (increased velocities
of the cerebral veins) or significant side differences (>50%) can



Electroencephalography Versus Transcranial Doppler... 357

also point towards the diagnosis and trigger further investigations
like CT venogram [60]. This prominent signal is usually due to
presence of collateral venous flow. Another finding that can hint
towards the diagnosis of cerebral venous sinus thrombosis
(CVST) is the presence of a retrograde flow in a vein like the basal
vein which can indicate straight sinus thrombosis. Another
maneuver that sonographers occasionally use for detection of
abnormality in the transverse sinus is contralateral compression
of the jugular vein (Fig. 8). This is expected to produce a decent
increase in the flow velocity of the tested sinus. However, no or
poor rise in the velocity (especially when compared to the other
side) might suggest an abnormality in this sinus and warrant fur-
ther investigations [61]. It is important to note that a normal exam
does not rule out the diagnosis [62]. Table 2 provides a normal
range of flow velocities in each cerebral sinus from different
insonation windows. In severe cases where there are hemorrhagic
sequelae and/or brain ischemia, measuring the PI may reflect an
ICP elevation.

The role of EEG in CVST is limited except for the detection of
early seizures. Early seizures were associated with worse early,
but not late, outcomes [63]. This might guide physicians towards
more aggressive treatment during the course of the disease.

10. Sickle cell Disease

TCD can be used as a good and effective screening test for
the detection of brain ischemia in patients with sickle cell ane-
mia. When correlated with MRI-FLAIR findings, Increased
TCD-PSV in the middle cerebral artery had 73% sensitivity and
81% specificity. PSV >200-<250 cm/s or time average maxi-
mum mean velocity (TAMV or TAMM) >170-<200 cm/s is
considered conditionally elevated and it requires increased sur-
veillance (3—6 months) while PSV >250 cm/s or TAMV
>200 cm/s is considered abnormal and high risk of cerebrovas-
cular involvement [64, 65]. The Stroke Prevention Trial in Sickle
Cell Anemia (STOP) concluded that in children with at least two
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Fig. 8 (a) TCD of the left transverse sinus through a temporal bone window
while applying compression on the right jugular vein — It shows significant
increase in the blood flow velocity in the left transverse sinus. (b) TCD of the
right transverse sinus through a temporal bone window while applying com-
pression on the left jugular vein — It shows modest increase in the velocity in
the right transverse sinus. While this can be due to partial occlusion (throm-
bosis), hypoplasia cannot be ruled out — Only neuroimaging (CT venogram)
confirmed the diagnosis of partial right transverse sinus thrombosis
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Table 2 Normal flow velocities of the cerebral veins and sinuses [61]

Cerebral Vein or Sinus Flow Velocities® Detection Rate
TCCS (temporal bone window) n® = 250

dMCV 4-15/3-11 0.53-0.95
BV 7-20/5-15 0.85-1.0
GCV 6-32/4-25 0.84-0.94
SRS 6-39/4-27 0.23-0.82

TS 6-56/5-38 0.20-0.84
SSS 6-20/3-14 0.38-0.67
TCCS (temporal bone window) n = 43

SPaS + SPS 27 17 0.84

TCCS (occipital and frontal bone windows) n = 120, 75 respectively
GCV 12-34/7-26 0.20-0.34
SRS 7-64/2-43 0.50-0.81
Icv 7-22/4-16 0.13-0.60
TCD (transforaminal bone window) n = 80

1PS 20+9 0.78

TCCS Transcranial Color-coded Duplex Sonography, dMCV deep Middle
Cerebral Vein, BV Basal Vein, GCV Great Cerebral Vein of Galen, SRS
Straight Sinus, 7S Transverse Sinus, SSS Superior Sagittal Sinus, SPaS Sphe-
noparietal Sinus, SPS Superior Petrosal Sinus, /CV Internal Cerebral Veins,
IPS Inferior Petrosal Sinus

“Flow velocities are demonstrated in range of systolic/diastolic values

°n number of tested individuals in each window

elevated TCD-PSV, receipt of chronic blood transfusions
reduced the risk of stroke by 92% compared with standard care.
Eleven percent of sickle cell children will have an ischemic
stroke by the age of 20 years [65-67].

The role of EEG in sickle cell anemia is potentially promising
in pain assessment and management. Few studies showed that
there was increased theta power in areas related to pain process-
ing. This can lead to using the EEG in grading pain objectively
and not subjectively, which can help in pain management [68].
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Conclusion

TCD and EEG are two contemporary technologies for intracranial
monitoring that should be used in conjunction rather than compet-
ing with each other. Although both modalities occasionally have
common indications, the increasing workload will force both into
practice. An example of that is the use of TCD for vasospasm
watch in post aneurysmal SAH cases presenting with good clini-
cal exam while using EEG for the same indication when the exam
is poor. Nonetheless, both modalities currently lack enough evi-
dence to be utilized as the standard of care. Additionally, both
modalities lack enough training and resources to be practiced in a
wide-scale fashion although scientific societies and hospital
administrations are starting to put more effort and resources into
these two promising noninvasive technologies. Large randomized
controlled studies are needed to activate these roles.

Quality of Level Rating

1. Class I: Evidence obtained from one or more well-designed
prospective, controlled, blinded studies.

2. Class II: Evidence obtained from one or more well designed
clinical studies.

3. Class III: Evidence obtained from expert opinion(s), case
series, or case reports.

Strength of Recommendation Rating

1. Type A (strong): Based on class I or overwhelming class II
evidence.

2. Type B (moderate): Based on class II evidence.

3. Type C (moderate): Based on a strong consensus of class III
evidence.

4. Type D (weak): Based on inconclusive or conflicting class IT or
IIT evidence.

5. Type E (weak): Based on lack of efficacy evidence.
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Moyamoya Disease

Deepak Gulati

Moyamoya disease (MMD) is characterized by chronic progres-
sive steno-occlusion at the terminal portion of the internal carotid
artery, proximal portion of the anterior cerebral artery, and the
middle cerebral artery (MCA) with concomitant abnormal collat-
eral networks. The insidious development of a network of com-
pensatory enlarged collateral vessels at the base of the brain
appear as a puff of smoke (‘moyamoya’) on angiography. It is
called moyamoya syndrome when a moyamoya-like pattern of
obstruction and collateral formation develops in the setting of
another condition (eg. atherosclerosis) [1]. In 1969, Suzuki and
Takaku named this novel disorder “moyamoya disease”, because
“moyamoya” means “puff of smoke” in Japanese [2].

Epidemiology

Moyamoya is a rare disease. It is discovered throughout the world,
especially in East Asian countries such as Japan, Korea and China.
Moyamoya arteriopathy is ten times higher in Asian countries and

D. Gulati (<))
The Ohio State University Wexner Medical Center, Columbus, OH, USA
e-mail: Deepak.gulati@osumc.edu

© Springer Nature Switzerland AG 2022 367
W. C. Ziai, C. L. Cornwell (eds.), Neurovascular Sonography,
https://doi.org/10.1007/978-3-030-96893-9_23


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-96893-9_23&domain=pdf
mailto:Deepak.gulati@osumc.edu
https://doi.org/10.1007/978-3-030-96893-9_23

368 D. Gulati

more common in females. It has a bimodal age of distribution,
5-10 years and 40-50 years. The familial forms account for 15%
of patients with this disease [3].

Moyamoya is the most common pediatric cerebrovascular dis-
ease in Japan, with a prevalence of 3 cases per 100,000 children.
The incidence among all patients with moymoya in Europe
appears to be about 1/10th of that observed in Japan. Results from
a 2005 American review suggest an incidence of 0.086 case per
100,000 persons [4].

Etiology

Two plausible mechanisms underlying MMD with ischemic
stroke — (1) hemodynamic compromise, and (2) artery-to-artery
embolism, have been suggested. Both mechanisms have been
assumed to coexist and thus, are complementary in MMD with
ischemic stroke.

The exact pathogenesis of moyamoya disease is unknown,
partly due to the lack of animal models. The stenotic vessels show
eccentric fibro-cellular thickening of the intima from abnormal
proliferation of smooth-muscle cells, thinned media, tortuous or
duplicated internal elastic lamina and absence of atheromatous
involvement. The majority of dilated vessels are fibrotic, have
thinned media, and often segmentation of the elastic lamina and
microaneurysms.

There is increased prevalence of autoimmune disease in
patients with moyamoya disease. There might be a genetic predis-
position for moyomoya as suggested by strong regional differ-
ences (high occurrence in Asia), higher incidence in females in
familial cases and lower age of onset (11.8 years as compared to
30.8 years). There is noted to be an association with some herita-
ble disorders (Down syndrome, Neurofibromatosis 1, sickle dis-
ease).

Genetic factors are most likely involved but the causative genes
have still to be identified (mostly in Western countries). A recent
study has identified RNF213 as the first gene associated with
moyamoya [5]. The proportion of patients who have affected first-
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degree relatives is reported to be 10% in Japan, while one US
study found a rate of 6% [6].

Clinical Features

Hypoperfusion has been considered as a cause of transient isch-
emic attack or ischemic stroke in MMD. However, increasing evi-
dence supports the notion that artery-to-artery embolism may also
contribute to ischemic events.

The clinical picture of moyamoya disease is complex. Patients
develop different symptoms in relation to age and geographical
distribution.

Symptoms are due to the following —

1. Steno-occlusive disease: manifesting as TIA/stroke in carotid
artery territory, seizures or cognitive disorders

2. Compensatory mechanisms and development of collateral ves-
sel network: Intracranial hemorrhage/subarachnoid hemor-
rhage or headache.

Children present mainly with ischemic events while adults pres-
ent with ischemic or hemorrhagic stroke. TIA is more frequent in
children. There is a lower rate of hemorrhages in Western coun-
tries. Bleeding typically occurs in the frontal horn of the lateral
ventricle, basal ganglia, and thalamus, leading to severe headache,
vomiting and focal neurological deficit. The rate of hemorrhage
among adults is approximately seven times as high as the rate
among children in the United States [7].

Atypical presentations include headache, seizures, cognitive
impairment, and dementia, but MMD can also be asymptomatic.

It has been reported that the annual risk of ischemic stroke can
be 1.4% even in the hemodynamically stable patients presenting
with hemorrhagic strokes [8]. The annual risk of developing isch-
emic stroke in incidental MMD patients has been reported to be
0.8% in the literature [8, 9].

Headache (from dilated transdural collaterals) is one of the
serious symptoms associated with moyamoya disease, particu-
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larly in pediatric patients. Typically, headache is migraine-like in
quality and refractory to medical therapies; it persists in up to
63% of patients, even after successful surgical revascularization.
In addition, epilepsy and involuntary movements are important
clinical presentations in moyamoya disease: involuntary move-
ments are mostly seen in pediatric patients.

The natural history of moyamoya disease is not fully under-
stood because there have been only a few studies on the progres-
sion of the disease.

Differential Diagnosis

Because MMD is a rare cause of complicated headache syndrome
with a variable symptomatology, moyamoya can masquerade as
migraine. Other differentials include intracranial atherosclerosis,
radiation vasculopathy, CNS vasculitis and sickle cell disease

Role of Transcranial Doppler

Although digital subtraction angiography (DSA) has been
regarded as the diagnostic gold standard, the potential compli-
cations often limit its usefulness. Transcranial Doppler sonog-
raphy (TCD) is a noninvasive, reliable method to evaluate
intracranial stenosis or occlusion. TCD is easier to perform and
less expensive.

Transcranial Doppler sonography criteria for the diagnosis of
intracranial stenosis include circumscribed flow velocity increase,
distal signal damping, and side-to-side differences in velocity. Mild
(<50%) stenoses are not reliably detected by these criteria [10].

In MMD, stenosis usually starts at the terminal internal carotid
and proximal portions of the ACAs and MCAs. The collateral
channels including moyamoya vessels develop as the stenosis
progresses and subsequently fade away as the occlusive changes
become more severe. The morbidity of MMD is directly related to
the changes of cerebral blood flow, and it is therefore important to
detect the vascular status in clinical practice.
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Increasing evidence supports the notion that artery-to-artery
embolism may also contribute to ischemic events [11, 12]. As a
potential indicator of artery-to-artery embolism, microembolic
signals (MES), also known as high-intensity transient signals
detected by transcranial Doppler (TCD), are thought to represent
solid emboli (HITS) composed of thrombi and platelet aggregates
[13]. The clinical role of MES in MMD has yet to be identified.

Rating the angiographic findings according to the Suzuki and
Takaku criteria [2], which classify the angiographic stage of
MMD as narrowing of carotid fork (stage I); initiation of MMD
(dilated major cerebral artery and a slight moyamoya vessel net-
work, stage II); intensification of MMD (disappearance of the
middle and anterior cerebral artery, and thick and distinct moy-
amoya vessels, stage III); minimization of moyamoya (disappear-
ance of posterior cerebral artery and narrowing of individual
moyamoya vessels, stage IV); reduction of the moyamoya (disap-
pearance of all main cerebral arteries from the internal carotid
artery system, further minimization of the moyamoya vessels and
an increase in the collateral pathways from the external carotid
artery system, stage V); and disappearance of the moyamoya (dis-
appearance of the moyamoya vessels, with cerebral blood flow
derived only from external carotid artery and vertebrobasilar
artery system, stage VI) [14].

Early stage MMD (eg. Suzuki stage I and II) are more likely to
have high MFVs. Symmetric high MFVs and low PI on TCD
without color Doppler image are characteristic features of
MMD. However, these features are not specific to MMD and are
observed in other conditions such as migraine, anemia and diffuse
hyperperfusion.

Internal Carotid Artery

Velocities in terminal ICA are higher in early stages while very
low-flow velocity values were still detected even though both
supraclinoid ICAs were hardly opacified on angiograms in later
stages. This discrepancy might have been caused by the very pro-
longed regional circulation time in moyamoya vessels; the con-
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trast medium did not reach the “stenotic but patent” vessels on
time. Angiography is not necessarily accurate, since the
opacification of a particular vessel and its direction of flow depend
on the pressure of contrast injection.

Middle Cerebral Artery

Normally, the MCA has the highest flow velocity among the basal
cerebral arteries. Mild to moderate stenosis increases flow veloc-
ity, and this increase is inversely correlated to the residual lumen’s
diameter. Decreased flow velocity occurs distal to the stenotic
segment when the stenosis exceeds 60%—80%.

With progressive stenotic lesions of ICA, the mean flow veloc-
ities of the MCAs are found to be lower than those of the ipsilat-
eral ICAs. The presence of stenotic lesions proximal to the
insonated vessels, that is, arterial segment proximal to the supra-
clinoid ICA, leads to low flow velocity of the distal ICAs and the
MCAs, only if the stenosis was very severe.

MFV was higher and PI was lower in moderate stenosis (>50%
stenosis with intact distal segment), and MFV was lower and PI
was higher in severe steno-occlusion (severe stenosis with no
apparent distal segment) compared with normal or mild stenosis
(<50% stenosis). These results suggest that MFV might increase
and PI decrease with progression from normal to stenosis, while
MFV might decrease and PI increase with progression from ste-
nosis to occlusion.

There are few reports related to TCD diagnosis of MMD, and
the results are complex and variable. Flow velocities of proximal
or distal MCA were reduced or increased with dampened wave-
forms, reversed flow, or musical murmurs [15]. One study com-
paring TCD and DSA showed low flow velocity in stenosis and
very low flow velocity in occlusion. Takase et al. classified TCD
findings of MMD as a high-high pattern, high-low pattern, or low-
low pattern, which was correlated with the age of patients and the
severity of disease [16]. These variable results seem to be inevi-
table because the number of cases was small and the cases were
mixed with variable stages of the disease.
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Posterior Cerebral Artery

Significantly higher flow velocity of the PCAs in children are
found as compared to that of adults, demonstrating the more
important role performed by the PCAs as collateral circulation to
the ischemic brain in children than in adult cases. The higher inci-
dence of aneurysm in the vertebrobasilar system, especially at
basilar bifurcation in Moyamoya patients may be explained by the
presence of hemodynamic stress caused by the very high flow
velocity at the bilateral PCAs.

When a vessel narrows, regardless of the cause, the velocity of
the blood flow increases to allow the same volume of blood to
pass the narrowed lumen. This “law of continuity” is the basis for
the compensatory flow velocity increase found in vascular spasm
after aneurysmal subarachnoid hemorrhage. Velocity also
increases when there is augmentation due to collateral contribu-
tion to other vessels’ territories. This latter reason applies for the
abnormally high flow velocity of the PCAs in children, and of the
ophthalmic arteries in adult Moyamoya cases, since no stenotic
lesion was observed in those insonated arterial segments.

MMD may be suspected in young adults whose TCD findings
show symmetrical high MFV and low PI in basal arteries. Careful
interpretation with clinical correlation is required. In general,
high MFV (MCA > 85 cm/s, ACA > 80 cm/s, PCA > 60 cm/s) and
low PI (<0.60) suggested moderate stenosis, while low MFV
(MCA < 50 cm/s) suggested severe steno-occlusion.

Microembolic Signals (MES) in Moyamoya

MES on TCD examination are typically visible and audible (click,
chirp, whistle), short-duration, unidirectional, high-intensity sig-
nal (=5 dB) within the Doppler flow spectrum with its occurrence
at random in the cardiac cycle.

Recent studies found that microembolic signals (MES), also
called high-intensity signals (HITS), could be detected by tran-
scranial Doppler (TCD) in MMD patients, and they were associated
with rapid progression of middle cerebral artery (MCA) stenosis.
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The presence of MES was confirmed to be an independent predic-
tor of future stroke in atherosclerotic occlusive cerebrovascular
diseases, however, the clinical significance of MES in MMD, a
non-atherosclerotic disease, remains unknown [17, 18].

There is no consistency about the presence of MES in relation
to Suzuki staging among various studies. In one study, MES were
found to be common in patients with MMD and were associated
with both recent ischemic symptoms and subsequent cerebral
ischemic events [12]. In the 19 hemispheres with ischemic events
within 3 months, the rate of MES detection was up to 26.3%. The
increasing stages did not appear to reduce the presence of
MES. MES were present in both early and late stages of MMD,
from Suzuki stage II to stage VI. Horn et al. performed MES
monitoring in 24 patients with angiographic features of MMD
(21 bilateral and three unilateral), whose clinical symptoms were
heterogeneous, including not only stroke, TIA, but also head-
ache, seizures and cognitive impairment etc. MES were detected
in three (6.6%) hemispheres, which were all in early stages of
MMD [18]. They assumed artery-to-artery embolism was an
important mechanism of cerebral ischemia in MMD, but the pro-
gression of MMD might lead to a reduction of embolism. In
another study, Kraemer et al. reported that MES were detected in
three of 14 MMD patients, all of them with previous ischemic
events [17].

It is unclear if the detection of MES might be helpful for fur-
ther stratifying the patients with revascularization surgery or anti-
platelet therapy. MES detection may be of potential clinical value
in the management of patients with MMD.

Autoregulation and Vasomotor Reactivity

Cerebral hemodynamics have been intensively studied in MMD
suggesting that a decreased cerebrovascular reserve predicts an
increased risk of ischemic events [19].

Cerebral arterial autoregulation is accomplished by resistance
changes that occur at the level of cerebral arteries of 400
micrometer in diameter or less. Transcranial Doppler sonography



Moyamoya Disease 375

evaluation of large basal conducting vessels, which remain rela-
tively constant in diameter during moderate pressure fluctuations,
can provide an index of relative flow changes in response to small
blood pressure changes and assess the autoregulatory response of
the distal bed.

Vasomotor reactivity can be assessed with TCD by measur-
ing changes in flow velocities in response to acetazolamide
injection, hyperventilation, or C02 inhalation. The C02 method
of testing is preferred as there is less risk, the effect is stronger,
and there is greater certainty regarding which arterial segments
are affected. In healthy patients, flow velocities may drop 35%
with hyperventilation and increase 50% with hypercapnia. The
response to dilatory stimuli is reduced in the setting of severe
carotid disease because the resistance bed is presumed to be
dilated at baseline. Vasomotor reactivity may be as low as 30%
distal to occluded, symptomatic internal carotid arteries and it
may approach 60% in arteries that had occluded asymptomati-
cally. Vasomotor reactivity is calculated as the percentage
change of MBFV.

Identification of decreased reactivity may cause physicians to
allow blood pressure to remain higher after internal carotid artery
severe stenosis or occlusion, and to select patients with decreased
reactivity for extracranial-intracranial bypass surgery [10].

Other Procedures

TCD is a noninvasive technique that is quite available and can be
performed at the bedside. However, it is very operator dependent
and prone to spurious results. It can be used to measure blood flow
volume in the ICA as a correlate for CBF in the corresponding
hemisphere. However, this hemispheric CBF is an estimation
based on the ICA blood flow volume measurement. It has poor
spatial resolution because it cannot relay information on focal
CBF impairments [20].

Other procedures used to evaluate cerebral hemodynamics and
metabolism in patients with moyamoya disease include Xenon
(Xe-133) CT, SPECT and PET.
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EEQG is used to demonstrate “re-build-up” phenomenon which
is the return of high voltage slow waves 30—-60 seconds following
hyperventilation.

Cerebral angiography is the gold standard for the diagnosis of
moyamoya disease.

Magnetic resonance angiography (MRA) is also useful to diag-
nose moyamoya disease in a non-invasive way, however, the pos-
sibility of overestimation of accuracy should always be taken into
account because of the imaging quality. MRI and MRA are non-
invasive methods that can be repeated after surgery.

Recently, new neurovascular imaging modalities such as high-
resolution vessel wall imaging (HR-VWI) have led to advance-
ments in the diagnosis of MMD. Features such as small and
concentric narrowing or occlusion of intracranial arteries consti-
tute the distinguishing features of MMD.

Treatment

For adults with ischemic MMD, antiplatelet agents (mostly aspi-
rin) can be recommended especially in the setting of acute isch-
emic stroke. However, the long- term use of antiplatelet agents for
preventing ischemic events may also increase the risk of hemor-
rhagic events [21]. Revascularization surgery is an option recom-
mended to consider in patients with ischemic MMD and even
with hemorrhagic or asymptomatic MMD depending on the
hemodynamic status [1].

The preventive role of antiplatelet treatment in MMD remains
to be determined in clinical trials. The use of antiplatelet agents
may be considered in ischemic MMD but not in hemorrhagic or
incidental MMD because of presumed risk of future hemorrhagic
risk [1, 21].

Overall, there are no effective medical therapies for moyamoya
disease. Through the provision of collateral pathways, surgical
revascularization is the most successful therapy to improve cerebral
hemodynamics, and to reduce the risk of subsequent stroke. Surgical
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procedures for moyamoya disease can be classified into three cate-
gories: direct bypass, indirect bypass, and combined bypass.

Case 1

A young adult female presented with right lower extremity weak-
ness. MRI brain showed left ACA/MCA watershed stroke. DSA-
showed stenosis of terminal ICA along with left MCA and ACA,
stage 1 Suzuki classification (Fig. 1).

Case 2

A young adult female presented with right sided weakness. MRI
brain showed left basal ganglia stroke. DSA- severe moyamoya
disease with stage III Suzuki classification. TCD demonstrated
severe diminished cerebrovascular reserve bilaterally (Fig. 2).
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Fig. 1 Top left — DSA shows narrowing of terminal ICA along with left
MCA and ACA, stage I Suzuki classification. Top right — DWI MRI brain —
left ACA/MCA watershed stroke. Bottom — Increase MFV in left MCA and
ACA, indicative of underlying stenosis
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Fig.2 Top left- Digital Subtraction Angiography showing severe stenosis of
left terminal ICA, ACA and MCA with moyamoya changes (collateral pat-
tern), stage III Suzuki classification. Top right. DWI MRI — Left basal ganglia
hyperintensity, indicative of stroke. Bottom. TCD vasomotor reactivity (CO2
test) showing severely reduced autoregulation bilaterally

References

1. Scott RM, Smith ER. Moyamoya disease and moyamoya syndrome. N
Engl J Med. 2009;360(12):1226-37.

2. Suzuki J, Takaku A. Cerebrovascular “moyamoya” disease. Disease
showing abnormal net-like vessels in base of brain. Arch Neurol.
1969;20(3):288-99.

3. Wakai K, Tamakoshi A, Ikezaki K, Fukui M, Kawamura T, Aoki R, et al.
Epidemiological features of moyamoya disease in Japan: findings from a
nationwide survey. Clin Neurol Neurosurg. 1997;99(Suppl 2):S1-5.

4. Uchino K, Johnston SC, Becker KJ, Tirschwell DL. Moyamoya disease
in Washington State and California. Neurology. 2005;65(6):956-8.

5. Fujimura M, Sonobe S, Nishijima Y, Niizuma K, Sakata H, Kure S, et al.
Genetics and biomarkers of moyamoya disease: significance of RNF213
as a susceptibility gene. J Stroke. 2014;16(2):65-72.

6. Starke RM, Crowley RW, Maltenfort M, Jabbour PM, Gonzalez LF,
Tjoumakaris SI, et al. Moyamoya disorder in the United States.
Neurosurgery. 2012;71(1):93-9.



Moyamoya Disease 379

7.

15.

16.

17.

18.

19.

20.

21.

Hallemeier CL, Rich KM, Grubb RL Jr, Chicoine MR, Moran CJ, Cross
DT 3rd, et al. Clinical features and outcome in North American adults
with moyamoya phenomenon. Stroke. 2006;37(6):1490-6.

. Cho WS, Chung YS, Kim JE, Jeon JP, Son YJ, Bang JS, et al. The natural

clinical course of hemodynamically stable adult moyamoya disease. J
Neurosurg. 2015;122(1):82-9.

. Kuroda S, Hashimoto N, Yoshimoto T, Iwasaki Y. Research committee on

moyamoya disease in J. Radiological findings, clinical course, and out-
come in asymptomatic moyamoya disease: results of multicenter survey
in Japan. Stroke. 2007;38(5):1430-5.

. Babikian VL, Feldmann E, Wechsler LR, Newell DW, Gomez CR,

Bogdahn U, et al. Transcranial Doppler ultrasonography: year 2000
update. J Neuroimaging. 2000;10(2):101-15.

. Jeon C, Yeon JY, Jo KI, Hong SC, Kim JS. Clinical role of microembolic

signals in adult moyamoya disease with ischemic stroke. Stroke.
2019;50(5):1130-5.

. Chen J, Duan L, Xu WH, Han YQ, Cui LY, Gao S. Microembolic signals

predict cerebral ischaemic events in patients with moyamoya disease. Eur
J Neurol. 2014;21(5):785-90.

. Babikian VL, Hyde C, Pochay V, Winter MR. Clinical correlates of high-

intensity transient signals detected on transcranial Doppler sonography in
patients with cerebrovascular disease. Stroke. 1994;25(8):1570-3.

. Suzuki J, Kodama N. Moyamoya disease--a review. Stroke.

1983;14(1):104-9.

Muttaqin Z, Ohba S, Arita K, Nakahara T, Pant B, Uozumi T, et al.
Cerebral circulation in moyamoya disease: a clinical study using tran-
scranial Doppler sonography. Surg Neurol. 1993;40(4):306—-13.

Takase K, Kashihara M, Hashimoto T. Transcranial Doppler ultrasonog-
raphy in patients with moyamoya disease. Clin Neurol Neurosurg.
1997;99(Suppl 2):S101-5.

Kraemer M, Heienbrok W, Berlit P. Moyamoya disease in Europeans.
Stroke. 2008;39(12):3193-200.

Horn P, Lanczik O, Vajkoczy P, Daffertshofer M, Bueltmann E, Werner A,
et al. Hemodynamic reserve and high-intensity transient signals in moy-
amoya disease. Cerebrovasc Dis. 2005;19(3):141-6.

SoY, Lee HY, Kim SK, Lee JS, Wang KC, Cho BK, et al. Prediction of
the clinical outcome of pediatric moyamoya disease with postoperative
basal/acetazolamide stress brain perfusion SPECT after revascularization
surgery. Stroke. 2005;36(7):1485-9.

Lee M, Zaharchuk G, Guzman R, Achrol A, Bell-Stephens T, Steinberg
GK. Quantitative hemodynamic studies in moyamoya disease: a review.
Neurosurg Focus. 2009;26(4):ES.

Kraemer M, Berlit P, Diesner F, Khan N. What is the expert’s option on
antiplatelet therapy in moyamoya disease? Results of a worldwide survey.
Eur J Neurol. 2012;19(1):163-7.



®

Check for
updates

Vertebral Steal

Sanjeev Sivakumar and Ryan Hakimi

Introduction

The subclavian steal phenomenon was first reported in the 1960s,
with coining of the term by Fisher in 1961 [1-3]. The phenomenon
involves flow reversal in a branch of the subclavian artery, usually
the vertebral artery, which results from a hemodynamically signifi-
cant ipsilateral occlusion or severe stenosis of the proximal subcla-
vian artery. Blood siphons from the contralateral vertebral artery
into the vertebral artery ipsilateral to subclavian stenosis, thus
“stealing” blood from the basilar artery [3]. Subclavian stenosis is
often asymptomatic. In some patients however, subclavian steal
syndrome is symptomatic, manifesting as transient brain ischemia
[4]. Determination of blood pressure differences between the arms
and identification of retrograde flow in the vertebral artery are fea-
tures that diagnose this syndrome [5, 6]. Retrograde flow and sub-
clavian steal has been well studied with Doppler ultrasound [7-23].
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This chapter will provide a brief neuroanatomical overview of ver-
tebrobasilar arterial system and Doppler ultrasound characteristics
of vertebral-subclavian steal syndrome.

Brief Anatomy of the Vertebrobasilar Arterial
System and Antegrade Flow

The posterior circulation also known as the vertebrobasilar arte-
rial system supplies blood to the cerebellum, brainstem, thalami,
posterior parietal lobes, posterior inferior temporal lobes and
occipital lobes. The right and left subclavian arteries originate
from the brachiocephalic trunk and the aortic arch, respectively.
The subclavian arteries course outward as they turn from the
superior mediastinum towards the sub-clavicular fossa. The verte-
bral arteries arise from the top of the subclavian arteries at the
apex of this lateral curve.

The vertebral artery is typically divided into four segments.
The extracranial vertebral artery is comprised of the V,—V; seg-
ments and while the V, segment forms the intracranial vertebral
artery. The V1 (extraosseous) segment travels medially then
upwards from its origin, to enter the transverse foramina of the
cervical spine at the C5 or C6 level, but can be as high as the C3
level [24]. The V2 (foraminal) segment continues from the lowest
traversed transverse foramen (usually C6 vertebrae), cranially to
the C1 level. The V3 (extraspinal) segment extends from the C1
transverse foramen to the foramen magnum. The intracranial V4
segment is also termed the intradural segment.

The cervical vertebral arteries give off muscular branches (to
deep cervical muscles) and spinal branches that supply the spinal
cord, cervical spinal meninges and cervical vertebra [8].
Intracranially, the two V4 segments give off a posterior meningeal
artery, posterior and anterior spinal arteries, perforating arteries
and a posterior inferior cerebellar artery (PICA), after which they
unite to form the basilar artery. The basilar artery is usually
straight, but can be tortuous in some patients. The basilar artery
gives off multiple perforating branches, the anterior inferior cer-
ebellar arteries (AICAs), superior cerebellar arteries (SCAs)
before terminating in the posterior cerebral arteries (PCAs) in
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most patients. In approximately 20% of patients, the embryonic
fetal condition can persist on one side [8]. In this case, the PCA is
derived primarily from the ipsilateral internal carotid artery via a
prominent posterior communicating artery (PComA) with a small
ipsilateral P1-PCA segment. This is known as “fetal origin” or
“fetal configuration” of the PCA (Fig. 1).

Fig. 1 The right PCA (yellow arrow) originates from the basilar artery. The
left PCA is derived primarily from the ipsilateral internal carotid artery via a
prominent posterior communicating artery (red arrow); this is known as “fetal
origin” or “fetal configuration” of the PCA
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The vertebral arteries can be asymmetrical. Up to 15% of the
population have one vertebral artery that is atretic. The smaller
vertebral artery often functionally terminates as the posterior infe-
rior cerebellar artery (PICA), with an atretic segment between the
PICA origin and the V4 confluence. Approximately 50-60% have
a dominant left vertebral, 25% a dominant right vertebral and
25% have both vertebral arteries of similar caliber [25, 26].
Fenestrations, which are duplicate, endothelially lined parallel
lumens, are common in vertebral arteries [8].

Normal antegrade flow in the posterior circulation consists of
blood flow from the subclavian artery to the vertebral arteries, and
then to the basilar artery. This is represented by flow directed
away from the probe, when insonating the vertebral arteries and
the basilar artery via the suboccipital window. Posterior circula-
tion vessels, however, can recruit collateral flow. Most important
among them being the reversed basilar arterial flow, when the
dominant vertebral artery is occluded [27]. In this case, basilar
flow descends from the top of the basilar artery (flow towards
probe) towards cerebellar branches, which is supplied via the pos-
terior communicating arteries (PComAs).

Subclavian-Vertebral Artery Steal
Syndrome (SSS)

Subclavian-vertebral artery steal syndrome (SSS) is a hemodynamic
phenomenon of blood flow reversal in the vertebral artery due to
significant stenosis or occlusion of the proximal subclavian artery or
innominate artery that may result in significant vertebrobasilar isch-
emia [1-3]. Ipsilateral upper extremity claudication, or coronary
insufficiency (among patients with internal mammary artery bypass
grafts) are other clinical features that may be caused by subclavian
steal phenomenon [28]. The prevalence varies from 3—4% in patients
evaluated with diagnostic cardiac catheterization, to up to 11-18%
in patients with peripheral vascular disease [29, 30].

The pathophysiology involves stenosis or occlusion of proxi-
mal to the origin of vertebral artery-segment take-off from the
subclavian or innominate artery. This causes hypoperfusion of the
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ipsilateral arm leading to a pressure gradient and flow diversion
from the ipsilateral vertebral to subclavian artery. The vertebral
artery contributes to the blood supply of upper extremity via the
contralateral vertebral artery with or without other collaterals and
at times the basilar artery. Thus blood is “stolen” from the poste-
rior circulation, and this phenomenon is aggravated during physi-
cal activity involving muscles of the arm [31]. In SSS, the left
subclavian artery is more frequently affected by atheromatosis
[31], however, Takayasu and giant cell arteritis can cause SSS
[12]. Vertebrobasilar insufficiency can be attributed to blood flow
steal from high output arteriovenous graft (AVG), and can be
detected using Duplex ultrasonography [23].

Subclavian stenosis is seldom symptomatic. When symptom-
atic, it usually indicates widespread atherosclerosis in the aortic
branches. The most important predictive factor is the magnitude
of blood pressure difference between the upper extremities [32].
Symptomatic SSS can manifest as paroxysmal vertigo, syncope,
diplopia, ataxia and ipsilateral arm claudication or paresthesia.

When steal is present at rest, the key findings are a difference in
blood pressure of >20 mmHg between arms and systolic flow
reversal (an alternating flow signal or absent diastolic flow) in the
“stealing” vertebral artery. This is often accompanied by a low
resistance flow in the donor artery. When the inter-arm blood pres-
sure difference is 10-20 mmHg and with absence of steal wave-
forms at rest or when flow reversal is incomplete, the hyperemia
test or the ischemic cuff test can be performed to provoke the steal
and to augment flow reversal. Here, the blood pressure cuff is
inflated to about 20 mm Hg greater than the patient’s own systolic
blood pressure, and flow reduction to the arm is maintained for
60-90 seconds (maximum 3 min, if tolerated by patient). This
induces ischemia in the arm. During this process, the ipsilateral
vertebral artery is monitored using TCD by insonating the verte-
bral artery in the sub occipital window. The cuff is then rapidly
deflated, resulting in rapid reperfusion of the arm. The increased
metabolic demand induced by the short period of ischemia aug-
ments the steal. This can manifest as varying degrees of flow rever-
sal or alternating flow for a short period of time, in the recipient
vertebral artery confirming the diagnosis of SSS (Figs. 2, 3 and 4).



386 S. Sivakumar and R. Hakimi

Fig. 2 Alternating flow signal in the vertebral artery (VA). PMD display: on
the yellow line, red color signal, steal direction/toward the probe in systole;
blue, away (normal direction) in diastole. Spectral display: negative and pos-
itive waveforms corresponding with direction changes. (Reproduced with
permission from Hakimi et al. [35])
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Fig. 3 Abnormal waveform in the VA indicates subclavian steal phenome-
non. V-shaped cutout is the first form of the alternating flow signal. (Repro-
duced with permission from Hakimi et al. et al. [35])
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Fig. 4 Hyperemia test: overinflated blood pressure cuff released, flow rever-
sal (red signal) in the vertebral-basilar system, and various waveforms
returned to baseline (spectral display). (Reproduced with permission from
Hakimi et al. [35])

Steal phenomenon can also be identified by alternating flow signa-
tures on a motion mode display. Dissection of the intracranial ver-
tebral artery is a differential diagnosis that must be considered. In
patients with known or suspected disease, a subclavian artery flow
velocity exceeding 240 cm/s on Doppler ultrasound has been vali-
dated to be predictive of significant subclavian stenosis [33].

Computed tomography or magnetic resonance angiography
can confirm the presence and degree of severity of subclavian ste-
nosis. Angiographic confirmation is necessary since vertebral
artery waveforms suggestive of steal can be seen in the absence of
subclavian stenosis among patients with hypoplastic vertebral
arteries with or without fetal-type posterior vertebral arteries [34].
Most commonly these patients are treated with medical therapy
(antiplatelets and statins) and a cardiovascular evaluation. In more
advanced cases, subclavian artery angioplasty and stenting is
required.
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Conclusions

Subclavian-vertebral steal syndrome is a phenomenon of varying
degrees of blood flow reversal in the vertebral artery, which is
often asymptomatic or can be associated with symptoms of verte-
brobasilar ischemia. Doppler ultrasound is a non-invasive bedside
tool, which can be used to demonstrate reversed vertebral artery
flow and to confirm the diagnosis.
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Cerebral Metabolism in Acute Bacterial
Meningitis

Patients with meningitis usually hyperventilate spontaneously
and cerebrospinal fluid (CSF) shows signs of metabolic acidosis
(low CO2, low bicarbonate and elevated lactate) [1]. This is prob-
ably not only related to the presence of inflammation in the
meninges but also a systemic phenomenon related to sepsis [2]. A
correlation between CSF pH and cerebral blood flow (CBF) sup-
port the fact that brain interstitial fluid pH and CSF pH are key
factors determining CBF and involved in the hemodynamic and
metabolic derangements observed in meningitis [1]. However, the
metabolic activity of the brain in cases of meningoencephalitis
and therefore variables like CBF, oxygen consumption (VO2),
lactate efflux, and cerebral metabolic rate (CMR) seem to rely on
more factors, not fully understood, related to a pattern of non-
ischemic metabolic distress and mitochondrial dysfunction [3]
leading to an uncoupling between oxygen delivery (DO2) and
VO2 that is the process behind impaired autoregulation,
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vasoreactivity and the so-called luxury perfusion. The key in this
scenario seems to be an individualized approach guided by moni-
toring modalities including TCD [4]. Besides these local vascular
and metabolic phenomena there is also a systemic inflammatory
response with releasing of cytokines that leads to disruption of
brain blood barrier (BBB) and altered neurotransmission. Septic
patients from a source other than SNC often have an impaired
cerebral autoregulation and the level of PaCO2 can affect the abil-
ity of the patient to adjust CBF to changes in mean arterial pres-
sure (MAP) which implies a risk of ischemia or hyperemia [2].
Ultimately the patient with meningoencephalitis is septic and
exposed to the systemic repercussions that contribute to the pre-
sentation of sepsis associated encephalopathy.

Cerebral Blood Flow in Acute Bacterial
Meningitis

Nuclear imaging, SPECT, have been used to evaluate variations of
CBF caused by changes in microcirculation. Compared to healthy
volunteers, the group of patients with bacterial meningoencepha-
litis had a decreased global perfusion assessed by SPECT and
increased asymmetry between brain regions in the same patient.
The highest level of asymmetry was found in the frontotemporal
region and may represent zones of hypoperfusion or hyperperfu-
sion. On top of these, a decreased perfusion and higher asymme-
try was related to worse mental status and focal signs on
presentation [5]. Areas of hypoperfusion often correspond to focal
clinical symptoms but not to signs of ischemia in the non-contrast
computed tomography (CT) and not always to detectable abnor-
malities on cerebral angiography (DSA), probably related to an
alteration of small vessels or at a metabolic level. A follow up
examination with SPECT 3 to 45 weeks after the acute disease
revealed improvement or disappearance of these abnormalities.
This suggests a functional and reversible disorder not necessarily
related to structural injury detectable on CT [9]. Cerebral angio-
gram (DSA) can sometimes demonstrate the presence of arterial
narrowing and stenosis at the base but also dilation of surface
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arteries [8]. These alterations can be secondary to arterial narrow-
ing from vasculitis as well as microvascular and metabolic
changes as mentioned above [6, 7] however, histopathological
inflammatory changes compatible with vasculitis or thrombosis
are not always present suggesting vasospasm plays also an impor-
tant role [10].

Transcranial Doppler and Evaluation
of Cerebrovascular Involvement

TCD has been used as a reliable and noninvasive tool to detect
hemodynamic changes early in the disease and alert the team
about the risk of stroke and hypoperfusion. These hemodynamic
changes are thought to be related to arterial narrowing secondary
to vasospasm and/or inflammation of the arterial wall. There is a
correlation between CSF concentration of proinflammatory cyto-
kines (IL-1B IL-6), leucocyte count and high systolic CBFv in
middle cerebral artery (MCA) in cases of meningitis [14, 15].

Some studies have proposed a classification of the severity of
vasospasm in meningitis based on previous physiologic studies
[12] (Table 1). Resistance Index (RI) > 0.6 was also used as a sign
of increased vascular resistance and increased intracranial pres-
sure (ICP).

After evaluation of anterior cerebral artery (ACA), middle
cerebral artery (MCA), internal carotid artery (ICA), posterior
cerebral artery (PCA) and basilar artery (BA), 43% (n = 94) of
patients with ABM had increased systolic blood flow velocities

Table 1 Grades of Grade SBFV MCA
f:erebrovascular 0 <140 cm/s
involvement
Ia 140-170 cm/s
b 170-210 cm/s
11 210-280 cm/s
11T >280 cm/s

SBFV MCA Systolic Blood Flow Velocity in the
Middle Cerebral Artery
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(SBFv) mostly within the first week of therapy but, could happen
later. SBFv greater than 150 cm/s was considered high in this
study. 63% of these patients had increased SBFv in anterior and
posterior circulation and 35% only in anterior circulation.
Vasospasm or stenosis does not always correlate to findings in
DSA, MRA or CT angiography [11]. Serial measurement showed
that the highest CBFv occurs during day 3—6 after onset of symp-
toms and normalization of flow is observed within 3 weeks. CBFv
was commonly asymmetrical and patients with velocities in
Grade II and I1I had a lower Glasgow Coma Scale on presentation
and higher frequency of stroke and fatal outcome [13, 17].

It remains unclear which threshold of cerebral blood flow
velocity (CBFv) is pathologic in meningitis but there is definitely
a correlation between these values and increased occurrence of
ischemic stroke and worse outcomes. Increased SBFv was associ-
ated with an odds ratio of 9.15 (95% CI: 1.96 to 42.67) for isch-
emic stroke diagnosed by MRI and an increased incidence of
unfavorable outcome defined by Glasgow Outcome Scale (GOS)
1,2 or 3 [11]. Correlation between TCD and other imaging tech-
niques like Magnetic Resonance Angiography (MRA) and DSA
is debatable and each study has its own pitfalls [12].

In case of clinical signs of elevated ICP there is a direct corre-
lation between decreased MFV in the MCA probably as a sign of
global hypoperfusion. This was also related to increased pulsatil-
ity index (PI). Lower GOS was also related to decreased MFV and
increased PI [18].

To summarize, there is an increase in CBFv in ABM probably
related to vasospasm and/or vasculitis, the highest velocities occur
within the first week of symptoms and patients with a higher
grade of vasospasm may be more obtunded on presentation and
have increased frequency of stroke and worse functional out-
comes. However, patients with elevated ICP and lower cerebral
perfusion pressure (CPP) may have decresed CBFv. There are
only a few studies with heterogeneous populations and different
TCD criteria, this limits our ability to draw any definitive conclu-
sions about risk factors or establish standardized criteria in this
setting however, it does tell us the potential role of routine TCD
examination for this population.
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Cerebral Autoregulation in Acute Bacterial
Meningitis

Patients with acute bacterial meningitis are often critically ill and
require use of vasopressors to maintain organ perfusion.
Impairment of cerebral autoregulation leads to dependency of
cerebral blood flow (CBF) and cerebral blood volume (CBV) on
mean arterial pressure (MAP) exposing the patient to the risk of
hypoperfusion or hyperperfusion and vasogenic edema develops.
In this setting, increased MAP can cause elevated ICP secondary
to higher CBF and CBYV; if the critical care team is not aware of
this phenomenon it would be tempted to prescribe specific inter-
ventions (i.e. hyperoncotic therapy) aimed to lower the ICP
instead of adjusting MAP and CPP which could be an effective
measure.

For evaluation of autoregulation a study performed in Denmark
used elevated MAP induced by norepinephrine and simultaneous
measurement of mean flow velocity (MFV) in the MCA by TCD
as well as arterial to jugular oxygen saturation difference
(a-vDO?2). In conditions of a constant cerebral metabolic rate of
oxygen (CMRO?2), an increase or decrease in CBF would result in
an inversely proportional change of a-vDO2 (Egs. 1 and 2):

CMRO2 = CBFx(Ca02-Cv02) (1)

CBF: Cerebral blood flow, CaO2: arterial content of oxygen,
CvO2: venous content of oxygen

Ca02 = (Hg x1.34x $a02) +(0.0031x Pa02)

(2)
CvO2 = (Hgx1.34xSv02)+(0.0031x PvO2)

CaO2: arterial content of oxygen, CvO2: venous content of
oxygen, PaO2: arterial pressure of oxygen, PvO2: venous pres-
sure of oxygen, Hg: hemoglobin.

The initial autoregulation study was performed within the
first 24 h after lumbar puncture and measurement of MAP and
MFV was recorded simultaneously. On average, 6 studies were
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performed per patient (16 patients). MFV in the MCA increased
by a median of 36% (10% to 81%) when MAP was raised by
46% (25% to 93%). Simultaneous measurement of a-vDO2
decreased by 37% (10% to 51%). The proportional increase in
MAP and MFV tells us about the loss of autoregulation in these
patients and a lower a-vDO2 is a sign of constant CMRO2 and
metabolic uncoupling [16].

A second study confirmed these results using the gold standard
for quantitative perfusion, the Kety-Schmidt technique with Xe as
radiotracer. They found results consistent with an increase in CBF
directly proportional to an elevated MAP after norepinephrine
infusion within the first 48 h of diagnosis of ABM. CMRO2
remained unchanged in patients and controls. No cerebral net flux
of norepinephrine was found in patients or controls; this answered
the question whether leakage of norepinephrine into interstitium
could be affecting CMRO2 or metabolism and biasing results.
They did also evaluate these variables after propofol infusion
founding that propofol decreased CMRO2 and a-vDO2 but CBF
remained unchanged, supporting also the idea of vascular and
metabolic uncoupling [16].

To summarize, cerebral autoregulation is impaired in patients
with ABM; recognition of an individualized plateau as well as
multimodality monitoring may be of value when optimizing
hemodynamic variables and to guarantee an adequate perfusion
and oxygen delivery. TCD is again a bedside and non-invasive
method to evaluate changes in CBF related to systemic pressures.

Vasoreactivity in Acute Bacterial Meningitis

The presence of arterial narrowing of the arteries of the base is
often accompanied by arteriolar dilation and loss of tone which
probably hinders the ability of the cerebral vasculature to adjust to
changes in cerebral perfusion. However, the arterial vasorreactiv-
ity to carbon dioxide seems to be partially preserved. One study
evaluated the change in CBF in ventilated patients with ABM
after dropping the PaCO2 by 7.5 mmHg from baseline for 30 min-
utes and its relation to autoregulation. A computer program vali-
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dated for this purpose created a slope of autoregulation and fitted
a lower and upper limit of autoregulation according to recorded
measurements. Autoregulation was defined as MVF increase
<10% per increase in MAP of 30 mmHg (slope of linear regres-
sion line <0.33%/mmHg). Norepinephrine was used to increase
MAP and changes in MFV in the MCA were recorded by
TCD. During normoventilation, 8 out of 9 patients were found to
have impaired autoregulation. After hyperventilation, 4 patients
had autoregulation recovered. Global cerebral ischemia was not
present during normoventilation or hyperventilation when evalu-
ated by SjvO2 [19]. However, this effect may last a few hours and
compensatory mechanisms will push CBF toward baseline despite
persistent hypocapnia [18].

A different study using the Kety-Schmidt technique and
SPECT-Xe in patients with ABM confirmed that compared to
healthy subjects, ABM patients have a higher variability of CBF
and CO2 reactivity. The pH at baseline for patients with ABM was
normal despite slight spontaneous hyperventilation which means
that hypocapnia had been already compensated and its effect on
CBF was not present anymore. That could explain the similar
CBF between controls and patients and suggest that correcting
PaCO2 to normal values for baseline hypocarbic patients may
lead to transitory vasodilation and rebound hyperperfusion [19].

Summary

e Cerebrovascular complications in patients with ABM are fre-
quent, well recognized and have an impact on clinical out-
comes.

e The metabolic activity of the brain in cases of bacterial menin-
goencephalitis (CBF, VO2, lactate efflux, and CMR) seems to
rely on several factors not fully recognized and is related to a
pattern of non-ischemic metabolic distress and mitochondrial
dysfunction that leads to DO2 - VO2 uncoupling.

e Nuclear imaging has demonstrated asymmetry in the perfusion
of the brain in ABM that represents changes at a macro and
microvascular level. This is reversible most of the time.
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e Increased MFV in the MCA recorded through TCD could be
secondary to arterial narrowing (vasospasm, vasculitis) or to a
hyperdynamic state. Higher MFVs are associated with
increased incidence of stroke and worse functional outcomes.

e SBFv in the MCA greater than 150 cm/s seems to have a good
sensitivity to identify patients at risk of stroke or poor out-
come. There are no validated scales for the severity of vaso-
spasm in ABM.

e Impairment of cerebral autoregulation is frequent in ABM and
identification of upper and lower limits of autoregulation could
be critical when dealing with ICP issues and hemodynamic
management.

e Vasoreactivity is partially preserved in ABM and could be a
short term measure for control of intracranial hypertension.
Correcting PaCO2 to normal values in hypocapnic patients can
cause a transient rebound of CBF.
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Introduction

There are two types of non-invasive ultrasound used for intracra-
nial vessel interrogation (TCD and TCCD). TCD is a non-inva-
sive, portable, bedside tool for assessment of cerebral
hemodynamics. With TCD, the sonographer must rely on the
audible Doppler signal as well as the spectral waveform display.
With TCCD, the sonographer can see the vessels with color Dop-
pler and has the ability to angle correct. This visualization allows
the sonographer to be sure which vessel they are insonating,
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thereby eliminating the uncertainty of correct vessel insonation.
As such, TCCD requires less training and technical skill than
TCD. Once the exams are completed, both types of equipment
should have the ability to send images directly into a picture
archiving system (PACS). Serial examination is needed for sub-
arachnoid hemorrhage patients as changes from day to day as well
trends guide patient management. Therefore, TCD/TCCD must
be made available seven days per week in order to provide opti-
mal care. The most common study, the TCD/TCCD complete
requires evaluation of the right and left anterior circulation by the
transtemporal approach as well as the posterior circulation by the
suboccipital approach which must include the vertebral and basi-
lar arteries. There are a select group of indications for which
TCD/TCCD is approved, and a specific indication must be listed
in each study report. Ideally, every TCD/TCCD laboratory should
be accredited by the Intersocietal Accreditation Commission,
every sonographer within the lab be certified to perform TCD/
TCCD via the NVS (Neurovascular Specialist) designation, and
every interpreting physician should carry the RPNI credential
from the American Society of Neuroimaging or its equivalent, to
ensure accuracy, safety, and quality neuroimaging.

There are two types of non-invasive ultrasound used for intra-
cranial vessel interrogation. The starting point for determining the
equipment your transcranial Doppler ultrasound (TCD) labora-
tory will need is to determine whether you will be using non-
imaging/blind TCD, herein referred to as TCD or imaging TCD
herein referred to as TCCD (transcranial color coded duplex)/
transcranial color coded sonography). From a cost perspective,
which type of system (TCD vs TCCD) depends on the type of
existing equipment the laboratory has and whether there is avail-
ability to use the equipment.

TCD

TCD is a non-invasive, portable, bedside tool for assessment of
cerebral hemodynamics [1]. With TCD, the sonographer must
rely on the audible Doppler signal as well as the spectral wave-
form display. The presence of power-motion mode (PMD) allows
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Fig. 1 Normal TCD signals on Power M-Mode screen: middle cerebral
artery (MCA) (red: 40-60 mm), anterior cerebral artery (ACA) (blue:
60-70 mm), contralateral ACA (red: 70-80 mm), and contralateral MCA
(blue: 80-90 mm). (From Hakimi R, Alexandrov AV, Garami Z. Neuro-
ultrasonography. Neurol Clin. 2020 Feb;38(1):215-229; with permission)
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Fig. 2 From https://rimed.com/products/auto-track/. Accessed September
21, 2020. (a, b). From: https://novasignal.com/solutions/lucid-tcd/. Accessed
September 21, 2020. (c, d)

the spectral waveforms to represent the depth, direction, and
intensity of the blood flow through the intracranial vasculature
(Fig. 1).

There are several TCD manufacturers who typically provide
two 2 MHz Doppler probes and a headframe allowing the opera-
tor to affix two probes for bilateral continuous insonation in a
hands-free fashion. Some examples are shown in Fig. 2.


https://rimed.com/products/auto-track/
https://novasignal.com/solutions/lucid-tcd/
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The blind TCD equipment is much smaller than the imag-
ing equipment and costs thousands of dollars less. The equip-
ment is easier to move and maneuver when used for portable
exams. However, one disadvantage is that greater training and
skill is required as the sonographer has to depend on the coor-
dinated movements of the probe, assessing the audible signal,
and analyzing the waveform morphology in one synchronous
process.

TCCD

The second type of non-invasive ultrasound used to evaluate the
vessels of the brain is TCCD. With this type of testing, the
sonographer uses an ultrasound cart that can also be used for
other vascular ultrasound testing. This test and equipment is
usually deemed easier by the sonographer as most sonogra-
phers have experience using this equipment for other studies
such as echocardiography, peripheral vascular ultrasound, and
carotid duplex imaging. In addition, most medical facilities
already have this equipment and thus only have to purchase a
software package or separate probe to be able to perform these
studies. The total TCCD equipment cost can be in excess of
$100,000. The equipment is also bigger and is difficult to
maneuver into small spaces such as the emergency department
or in most ICUs.

With TCCD, the sonographer can see the vessels with color
Doppler and has the ability to angle correct. This visualization
allows the sonographer to be sure which vessel they are
insonating. As such, TCCD requires less training and techni-
cal skill than TCD. In contrast to the TCD exam, the TCCD
exam does not allow for continuous monitoring as to date
there are no existing headframes for TCCD thereby essen-
tially precluding its use for emboli detection or intraoperative
monitoring.
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TRANSCRANIAL IMAGE FUSION

1. From: https://www.usa.philips.com/healthcare/solutions/ultra-
sound/all-ultrasound-products#filters=FG_HC_US_
SYSTEM%3AShow%20A11%2CFG_HC_US_CLINICAL_
SEGMENT%3AFK_HC_US_INTERVENTIONAL_
RADIOLOGY. Accessed September 22, 2020.

2. From: https://www.usa.philips.com/healthcare/resources/land-
ing/ultrasound-article-pages/interventional-radiology.
Accessed September 22, 2020.

Image Storage and Retrieval

Once the exams are completed, both types of equipment should
have the ability to send images directly into a picture archiving
system (PACS). There are many different PACS systems to choose
from which allow for image review from multiple locations. This
makes it very convenient for physicians and other medical staff to
review images quickly and communicate the report to the order-
ing provider. In some cases, physicians can see the PACS images
remotely while off-campus. All worksheets and images showing
the waveform analyses should be stored in a PACS system for
easy retrieval and comparison study review with any future exams.
In addition, it is incumbent on the laboratory to be able to produce
not only the interpretation reports but also the raw images for
accreditation bodies and insurance carriers during (re)accredita-
tion or audits, respectively.


https://www.usa.philips.com/healthcare/solutions/ultrasound/all-ultrasound-products#filters=FG_HC_US_SYSTEM:Show All,FG_HC_US_CLINICAL_SEGMENT:FK_HC_US_INTERVENTIONAL_RADIOLOGY
https://www.usa.philips.com/healthcare/solutions/ultrasound/all-ultrasound-products#filters=FG_HC_US_SYSTEM:Show All,FG_HC_US_CLINICAL_SEGMENT:FK_HC_US_INTERVENTIONAL_RADIOLOGY
https://www.usa.philips.com/healthcare/solutions/ultrasound/all-ultrasound-products#filters=FG_HC_US_SYSTEM:Show All,FG_HC_US_CLINICAL_SEGMENT:FK_HC_US_INTERVENTIONAL_RADIOLOGY
https://www.usa.philips.com/healthcare/solutions/ultrasound/all-ultrasound-products#filters=FG_HC_US_SYSTEM:Show All,FG_HC_US_CLINICAL_SEGMENT:FK_HC_US_INTERVENTIONAL_RADIOLOGY
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https://www.usa.philips.com/healthcare/resources/landing/ultrasound-article-pages/interventional-radiology
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Reporting

For consistent and organized reporting, consider a structured
reporting software system. Some manufacturers provide this
with their equipment, while others choose to utilize the report-
ing structure of their electronic medical record system. This
type of software allows standardized reporting with consistent
and clear reports. Reports can be created by selecting from a set
of preprogrammed report statements that coordinate with the
diagnostic criteria for each vessel. Structured reporting also
allows a chart to be inserted into the report that lists all veloci-
ties making it quicker and easier for the interpreting physician
to review the study. These structured reports also ensure com-
pliance with the Intersocietal Accreditation Commission (IAC)
guidelines [2].

Examination

The TCD exams generally take between 30 minutes to one hour to
perform. Schedulers should also account for the time that it takes
for the sonographer to verify all images are in the PACS system
and a preliminary structured report has been completed. If the
sonographer is scheduled to work an eight-hour day, one should
expect approximately seven complete TCD exams to be com-
pleted during that time frame. Most providers prefer that TCD
exams be performed in the early morning hours. For inpatients,
this allows treating teams the opportunity to make treatment
decisions based on the findings of the study, while also allowing
enough time for the patient to be sent for additional studies or
procedures that may be needed.

For many patients, serial examination is needed. Such is the
case for subarachnoid hemorrhage patients. In such patients
changes from day to day as well as trends guide patient manage-
ment decisions as opposed to isolated mean flow velocity mea-
surements. Therefore, TCD/TCCD must be made available seven
days per week in order to provide optimal care [1, 3].
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Accreditation

In the United States, the Intersocietal Accreditation Commission
(TAC) offers standards and guidelines for vascular and neuroim-
aging labs [2]. Guidelines provide requirements including the cre-
dentials of the imaging and interpreting personnel, the extent of
supervision including proper training, experience and continuing
medical education (CME); facility and facility safety require-
ments including transducer cleaning, control of infectious dis-
ease, as well as staff safety which includes information on
avoidance of work-related musculoskeletal disorders.

Information must also include policies on patient confidential-
ity, patient complaints, and primary source verification; multiple
site labs, examinations and procedures; examination reports and
records. IAC requires written protocols for the vascular lab
regarding equipment, testing procedure protocols, and documen-
tation. Written protocols must be in place at each facility for
equipment, technique, complete versus limited exams, anterior
and posterior circulation, technique including power reduction for
transorbital exams, and documentation.

A medical director must be properly trained and credentialed
for interpretation with the Registered Physician Vascular
Interpretation (RPVI) credential or the Registered Physician in
Neurovascular Interpretation (RNPI) certification from the
American Society of Neuroimaging if interpreting only extracra-
nial and intracranial examinations. The medical director must
maintain a minimum of fifteen relevant Category 1 continuing
medical education credits (CME’s) for every three years.

The technical director and other sonographers are required to
be a Registered Vascular Technologist (RVT), Registered Vascular
Specialist (RVS), Registered Technologist Vascular Sonography
[RT(VS)], or a Neurovascular Specialist (NVS) from the American
Society of Neuroimaging for extracranial and intracranial testing
only. Fifteen relevant CME’s every three years must be obtained
for each individual. The technical director has the additional
responsibility for the daily operations including but not limited to
quality, technical training, and compliance to IAC standards.
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The equipment used for intracranial evaluation must be appro-
priate for the intracranial vessels including but not limited to
proper frequencies, audible feedback and visual display. It must
be able to differentiate bi-directional flow and the visual display
should be saved as a permanent record of the examination.
Equipment upkeep must be maintained with records including
routine cleaning, safety inspections, as well as any needed valida-
tion of automated software packages.

Facility specific protocols determine the proper technique with
support of published criteria when available. Protocols should
include information about patient positioning and preparation,
transducer selection and positioning, and appropriate sample vol-
ume size, depth, and positioning. The protocol should discuss
proper identification of vessels, spectral Doppler angle, and spec-
tral velocity measurements. Supplemental imaging such as color
Doppler and power Doppler will require a description of use.
Abnormalities found require additional documentation. Each type
of examination must have a separate written protocol (complete
TCD, emboli detection, vasomotor reactivity, etc.).

The facility specific protocol determines the vessels insonated
with a minimum of proximal M1, A1, terminal ICA (TICA), P1 or
P2, carotid siphon, terminal VA, proximal and distal basilar artery.
When appropriate, the ophthalmic artery and distal ICA at the
skull base should also be interrogated. When detectable, cross fill-
ing via the anterior communicating artery or the posterior com-
municating artery should be evaluated.

The final report must include the exam performed, exam indi-
cation, performing sonographer, exam findings and physician
interpretation. Interpretation must include spectral Doppler
waveforms and velocity, as well as grayscale and color Doppler
if used. When abnormal findings are present, documentation
must include the severity, location, extent, and etiology when
possible. The diagnostic criteria can be formed from published
criteria or internally-validated results. The study and report
should be retained for 5-7 years, based on federal guidelines,
and therefore should be a form of media suitable for long-term
storage.
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Reimbursement

Each study has an associated technical fee and a professional fee
[4]. Each institution will need to work with their local Medicare
carrier and third-party providers to determine the appropriate
charge for each study as they vary widely from region to region.
In addition, there are other variables which impact reimbursement
including the TCD being part of a global procedure fee, being part
of the diagnostic related group (DRG) for inpatient care, etc.
There are currently five Current Procedural Terminology (CPT)
codes that are reimbursable [4, 5] which are listed in Table 1.

The most common study, the TCD complete requires evalua-
tion of the right and left anterior circulation by the transtemporal
approach as well as the posterior circulation by the suboccipital
approach which must include the vertebral and basilar arteries.
Each study must list at minimum the depth, mean flow velocity,
and pulsatility index for each of the insonated vessels as well as
the Lindegaard Ratio for the right and left anterior circulation [5]
which are listed in Table 2.

Table 1 TCD/TCCD CPT Code  Study Name
CPT Codes 93886 TCD intracranial, complete
93888 TCD intracranial, limited
93890 Vasoreactivity study
93892 Embolus detection without
bubbles
93893 Embolus detection with bubbles

Table 2 Common components of a complete TCD/TCCD study

Right Left Basilar
Vertebral artery Vertebral artery

Ml Ml Proximal
M2 M2 Mid
ACA ACA Distal
TICA TICA

PCA PCA

Carotid siphon Carotid siphon

Ophthalmic artery Ophthalmic artery

Extracranial ICA Extracranial ICA
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It is important to note that if all of the components of a com-
plete study are attempted, but not successfully insonated, the
study can still be designated as a complete study. However, in
such a case, the sonographer must document that all of the vas-
cular segments necessary for a complete study were attempted,
to indicate which vessels were not successfully insonated, and
why.

In contrast, if any of the components of a complete study were
not attempted, the study will be designated as a limited TCD and
should be billed as such [5].

Each study must list the indication for the study. Common
indications for TCD are listed in Table 3 [5].

Table 3 Approved indications for TCD/TCCD

Assessing collateral blood flow and embolization during carotid
endarterectomy

Assessing patterns and extent of collateral circulation in persons with
known regions of severe stenosis or occlusion, including persons with
Moya Moya syndrome

Assessing persons suspected of having patent foramen ovale/paradoxical
embolism (symptoms include visual disturbance, weakness, hemiplegia, or
slurred speech)

Assessing persons with suspected brain death

Assessing stroke risk of children (2 to 16 years of age) with sickle cell
anemia (although the optimal time is unknown, accepted guidelines state
that re-screening should be considered approximately every 6 months)

Detecting arterio-venous malformations (AVMs) and studying their supply
arteries and flow patterns

Detecting noncardiac right-to-left shunts
Detecting microemboli in cerebral artery embolism

Detecting severe stenosis in the major basal intra-cranial arteries for
patients who have neurological signs or symptoms or carotid bruits

Diagnosing and monitoring of reversible cerebral vasoconstriction
syndrome

Diagnosing dissection of vertebral artery

Evaluating and following persons with vasoconstriction of any cause,
especially after subarachnoid hemorrhage

Evaluating very low birth weight preterm infants with gestational age less
than 30 weeks
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Table 4 wRVUs for each TCD/TCCD study

CPT Code Study Name wRVU
93886 TCD intracranial, complete 0.91
93888 TCD intracranial, limited 0.50
93890 Vasoreactivity study 1.00
93892 Embolus detection without bubbles 1.15
93893 Embolus detection with bubbles 1.15

In many practices, physician productivity is tracked through
work relative value units (WRVUs), wherein each task a physician
performs has an associated wRVU, the sum of which is used to
track their productivity on a monthly, quarterly or annual basis.
The wRVUs for each TCD/TCCD study are listed in the Table 4
below [6].

Certification of Interpreting Physicians

The American Society of Neuroimaging offers certification of
physicians in TCD through the RPNI (Registered Physician in
Neurovascular Interpretation) credential. To be eligible, a physi-
cian must be certified in their primary specialty, have the requisite
CME in TCD or have recently graduated from a fellowship
program where the program director is able to provide a letter
certifying that the physician was exposed to TCD interpretation
during their training, and pass both the ultrasound physics and the
TCD portions of the neurosonology examination [7]. One
additional certifying body for physicians is the American Registry
for Diagnostic Medical Sonography (ARDMS) [8].

Conclusions

TCD/TCCD allow for non-invasive intracranial vascular imaging.
The choice between the two systems is dependent on a number of
variables unique to each institution. Safety and quality are best
ensured by having a laboratory accredited by the IAC, having
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every sonographer within the lab be certified to perform TCD/
TCCD via the NVS (Neurovascular Specialist) designation, and
every interpreting physician carry the RPNI credential from the
American Society of Neuroimaging or its equivalent, to ensure
accuracy, safety, and quality neuroimaging.
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MOST-CA Mechanisms of Ischemic Stroke In Patients
with Cancer (NCT02604667)

MRA Magnetic resonance angiography

NINDS National Institute of Neurological Disorders
and Stroke

NVUL Neurovascular ultrasound lab

OA Ophthalmic artery

PCA Posterior cerebral artery

SRUCC Society of Radiologists in Ultrasound

STOP Stroke Prevention Trial in Sickle Cell Anemia

SVM Society for Vascular Medicine

SvVU Society for Vascular Technology

TCD Transcranial Doppler

TIA Transient ischemic attack

t-ICA Terminal internal carotid artery aka distal inter-
nal carotid artery [non-cervical]

TOAST Trial of ORG 10172 in Acute Stroke Treatment

TTW Transtemporal window

VA Vertebral artery

VaD Vascular dementia

VCI Vascular cognitive impairment

VMJ Vascular Medicine Journal

WML White matter lesions

The outpatient neurovascular ultrasound lab (NVUL) must be an
integral component for secondary stroke prevention by the vascu-
lar neurology service and stroke clinicians. In addition, preven-
tion of first-ever stroke is also part of the NVUL’s mission. A
special category of patients for TCD exams to prevent first-ever
stroke are pediatric sickle cell patients. Almost 25 years ago, The
Stroke Prevention Trial in Sickle Cell Anemia (STOP), led by Dr.
Robert Adams, demonstrated how to reduce first-time stroke in
children with sickle cell anemia by 70% through the administra-
tion of prophylactic transfusion therapy [1]. The study design was
based on the clinical observation that if hemoglobin S (HbS) lev-
els are maintained at or below 30% in children who have had a
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stroke, the incidence of recurrence can be reduced from 80% to
approximately 10% with periodic exchange or simple transfusions.

Subsequently, the 2002 NIH recommendations and 2014 con-
sensus experts panel’s guidelines called for annual TCD screening
for children with sickle cell disease [2, 3]. The clinical screening
of those pediatric sickle cell carriers at highest risk of stroke is
done with a modified TCD complete protocol that any competent
neurosonologist can learn quickly. Almost always, these pediatric
patients have transtemporal acoustic windows that are easily
insonated. (Pearl: Don’t settle for the first great window that you
find, because these pediatric patients often have multiple easily
found transtemporal windows; be sure to find the TTW with the
highest velocity.) Ensure that your lab is in contact with pediatrics
and hematology departments to get all pediatric sickle cell patients
referred for annual TCD screenings [3-5] (see chapter
“Applications of Transcranial Doppler Ultrasonography in Sickle
Cell Disease, Stroke, and Critical Illness in Children”).

The use of STOP screening protocols for all potential pediatric
stroke victims was promoted in a New York Times (NYT) article in
May 2021 which shared a distressing story about missed opportu-
nities to prevent two sisters’ devastating pediatric strokes and the
simple, painless test that could be preventative [6].

Not infrequently, adult patients at high risk for first-time stroke
are seen in the NVUL whose risk factors were discovered inciden-
tally. The NVUL is therefore an important factor in primary stroke
prevention for adults, too. The ability of the competent neurosonolo-
gist to perform both extracranial and intracranial exams for these
patients is another strength of the outpatient NVUL combining eval-
uation of extracranial and intracranial hemodynamics and detection
of spontaneous microemboli reaching the cerebral vasculature.

Moreover, the use of TCD in peripheral vascular labs that per-
form carotid duplex exams on patients who appear with (or with-
out) symptoms for cerebral ischemia can be extremely valuable to
resolve discrepancies between carotid duplex, cerebral angiogra-
phy and presenting symptoms [7]. Of note, in early 2021, the
U.S. Preventive Services Task Force (USPSTF) updated its 2014
recommendation against general population screening for carotid
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artery stenosis in patients without prior stroke or ischemic attack.
Among the key points in the update is a warning that although
carotid duplex screening itself does not impart harm, subsequent
testing and interventions can lead to harm, including excess risk
for stroke or death [8].

TCD in the Dedicated Neurovascular
Ultrasound Lab

There are estimated to be less than three dozen Intersocietal
Accreditation Commission (IAC) accredited and dedicated
NVULs in the United States!. In a typical lab, many of the patients
presenting for exams are transient ischemic attack (TTIA) and
stroke survivors faring relatively well, but needing regular surveil-
lance. Another large subset of these patients has had a so-called
“cryptogenic stroke” and neurovascular specialists are trying to
determine the best methods of surveillance and secondary stroke
prevention.

There are also individuals who are at high risk of stroke with
their risk discovered incidentally during another encounter with
the healthcare system. Embolic strokes and TIAs are not the only
concern. Full TCD complete diagnostic exams are done for
patients with vasculitis and reversible cerebral vasoconstriction
syndrome (RCVS) among outpatients as well. The author’s lab is
part of an academic medical center and the affiliated hospital is a
comprehensive stroke center that must have TCD and carotid
duplex imaging available; therefore many outpatients have had
hospital stays previously and will have TCD and carotid duplex
exams available for comparison. This means the outpatient neuro-

!Information supplied by the marketing department of the IAC in February
2019 in a private communication with this author. The IAC identified 32 sites
that were dual accredited in extracranial and intracranial vascular testing but
only in those two peripheral vascular modalities. The number of NVULs did
not change during the past year (March 2020 — June 2021) of COVID-19
pandemic that depressed outpatient services across the board. In June 2021,
the TAC marketing department confirmed that the number of sites had
decreased by only one, to 31 sites [9, 10].
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vascular lab should have easy access to the patient’s full medical
and relevant clinical history.

Despite the small number of accredited and dedicated outpa-
tient NVULSs that currently exist, there is a growing need for neu-
rosonologists who can perform quality carotid duplex and TCD
exams on all of these types of patients. The American Society of
Neuroimaging (ASN) has a new Neurovascular Specialist (NVS)
certification available for those candidates who demonstrate com-
petency knowledge and have acquired the skill set for performing
high-quality carotid duplex and TCD exams (see the certification
chapter by Bennett, Rinsky and Douville). The Society for
Vascular Ultrasound has commendably taken some initiatives to
encourage more registered vascular technologists (RVTs) to
acquire good TCD exam skills. Other chapters in this handbook
describe and explain how to build a NVUL equipped with non-
imaging and/or imaging TCD and ultrasound machines with the
appropriate ultrasound transducers and how to start the process
for IAC accreditation.

An Indispensable Tool for Clinical and Academic
Medical Center Research

Whether the patient is in the lab for prevention of first-ever stroke
or is there for follow-up on a chronic condition, the neurosonolo-
gist is using technology that is noninvasive and uniquely can pro-
vide calibrated prognostic information that can determine the
true extent of the ischemic disease and the proper course of treat-
ment (if one exists). So, what do these cases look like? How are
spectral Doppler parameters and waveform morphology applied
to diagnose and treat outpatients for secondary stroke preven-
tion? What are some of the particular collateral pathways of com-
pensation in the setting of a cervical or an intracranial stenosis
that increase the odds of a stroke or ischemic compromise of
brain perfusion?

Always start with the A&P—anatomy and physiology. The
well-known stroke clinicians David Liebeskind, MD and Louis
Caplan, MD explain: “As each imaging modality provides a
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depiction that combines anatomy and flow physiology, it is impor-
tant to interpret each image with a solid understanding of typical
arterial anatomy and corresponding collateral routes.
Compensatory collateral perfusion and downstream flow status
have recently emerged as pivotal variables in the clinical manage-
ment of patients with atherosclerosis” [11].

The four major pathways that have been identified and have
developed TCD exam criteria to identify the collateral or compen-
satory flow channels in ischemic stroke and chronic impaired
brain perfusion cases are (1) collateral flow via the Circle of
Willis; (2) reversed ophthalmic artery flow; (3) reversed vertebro-
basilar flow; and (4) leptomeningeal collaterals in middle cerebral
artery occlusions. These are all discussed in several other chapters
of this handbook as well.

Here is the case of patient A, who has been followed for sec-
ondary stroke prevention starting 5 years ago in 2016, when A
was first diagnosed with a TIA (see Figs. 1, 2, 3, 4, and 5).

On XX/XX/2016, A was getting ready for work and noticed that
A’s right hand felt numb, A could not hold a cup. Also noted right

Fig. 1 Left ICA, proximal to the dampened flow squeezing through in the
right image (Fig. 2)
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Fig. 2 CTA confirmed that this flow was consistent with a string sign. CEA
is planned

Fig. 3 Temporal Tap (TT) in the left ECA helps to confirm correct anatomi-
cal notation (however, it’s not definitive evidence because there are reports of
TTs reflected in true ICAs)
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Fig. 4 This severe stenosis (70-99%) in the right ICA is contralateral to the
left sided string sign ICA. It is graded >70% with the SRU 2003 Consensus
Criteria, but it obviously doesn’t matter whether the PSV was 500 or 600 cm/s
to know that this is a hemodynamically severe stenosis

Fig. 5 If somehow the high-grade focal stenosis was missed initially during
the scan, but the sonographer later saw this waveform, it should suggest
investigating to find the proximal source of this dampened waveform
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facial numbness and a right facial droop when looking in the mir-
ror. A called 911 and was taken to Hospital X. Symptoms resolved
in 10-15 minutes on their own, A was diagnosed with a TIA and
found to have 100% blockage of the left carotid and 80% blockage
of the right. A was transferred to Hospital Y and found to have a
small left precentral gyrus acute stroke. At first, the plan was to place
a left ICA stent but then it was found to be completely occluded and
they decided to continue maximal medical management. A was dis-
charged and is currently taking Atorvastatin 80 mg, Aspirin 81 mg
and Plavix 75 mg.

A has been on a regimen of medical management since the
2016 TIA. As a patient in the outpatient lab, A’s vascular neurolo-
gist is focused on secondary stroke prevention and has followed
up with A by regularly scheduling same-day carotid duplexes,
non-imaging complete TCD exams and TCD monitoring for
spontaneous microemboli during A’s office visits with the care
team. A’s carotid duplex exams and TCD exams provide evidence
of the existence of two of the four major collateral flow pathways
for adequate brain perfusion. From the final TCD and carotid
duplex reports in 2021 before a planned surgical intervention:

The final carotid duplex report using Society of Radiologists in
Ultrasound 2003 Consensus Criteria (SRUCC) velocity criteria,
plaque morphology and clinical medical history stated that “The
left internal carotid artery has abnormal dampened flow consistent
with a severe stenosis or near occlusion. The right internal carotid
artery has heterogeneous plaque producing a 70-99% proximal
stenosis” (see Figs. 4 and 5).

At the time of this writing, two major papers have appeared
that affect clinical interpretations of carotid duplex exams for
diagnosing and reporting of carotid stenosis. First, in July 2020,
two clinical vascular societies, the Society for Vascular Medicine
(SVM) and the Society for Vascular Ultrasound (SVU), jointly
published the first consensus-based nomenclature for arterial
and venous waveforms in their respective journals, Vascular
Medicine (VMJ) and the Journal for Vascular Ultrasound (JVU).
The primary intent of this consensus statement was to “improve
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communication amongst all practitioners who care for vascular
patients” [12].

In addition to proposed standardized nomenclature, this con-
sensus statement produced a comprehensive document with many
examples of waveforms to illustrate the use of standardized termi-
nology and to help implement the findings in clinical practice.
Although the SVU/SVM document includes guidance for extra-
cranial vascular sonography and hemodynamics, there is no guid-
ance for intracranial sonography because the intracranial
vasculature system was recognized as qualitatively different from
the rest of the periphery and required a separate treatment.

Second, in May 2021, the IAC commissioned research (2014)
into optimizing duplex velocity criteria for diagnosis of internal
carotid artery stenosis. This was published in the SVM journal
and offers important discussion and changes for those labs using
the SRUCC for their lab reports and diagnostic interpretations.
Importantly, this document reported that “use of SRUCC overes-
timated the degree of ICA stenosis and identified potential oppor-
tunities for modifications that can enable greater accuracy and
consistency in ICA interpretation across vascular laboratories”
[13, 14].

Their conclusion was that “laboratories currently using SRU
Consensus Criteria should consider modification of existing crite-
ria to incorporate more stringent and accurate parameters for [CA
stenosis greater than 50% by increasing the peak systolic velocity
(PSV) threshold to >180 cm/s or requiring the ICA/CCA PSV
ratio 2.0 in addition to PSV of >125 cm/s.” The IAC Vascular
Testing group promised to disseminate a white paper summariz-
ing the study results and providing guidance to vascular laborato-
ries for implementation of criteria and further steps toward
standardization across the vascular testing community. By the
time this handbook is published it is likely that the planned IAC
white paper will have appeared. These two research papers
together are highly important and should be discussed and incor-
porated into the outpatient NVUL’s work.
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A’s TCD Narrative

TCD Summary Findings (see Figs. 6,7, 8,9, 10, 11, 12,

and 13):

1. There is evidence of a >50% stenosis of the right middle cere-
bral artery (>100 cm/s).

2. There is evidence of narrowing (possibly severe) for the left
middle cerebral artery.

3. There is evidence of narrowing for the terminal ICAs bilater-
ally (>70 cm/s).

4. There is evidence of narrowing for the right anterior cerebral
artery (>80 cm/s).

5. There is evidence of a >50% stenosis of the left vertebral artery
(>80 cm/s).

6. There is evidence of a >50% stenosis of the basilar artery

(>80 cm/s).

R-OA 52 D 2

Fig. 6 Both ophthalmic arteries have bi-directional flow with a strong retro-
grade component
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Fig.7 The carotid duplex exam revealed that both cervical ICAs have severe
proximal stenosis

RMCA 58  ohf -2
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Fig.8 The right cervical ICA has a >70% proximal stenosis and the left ICA
has a string sign. The mean flow velocity is elevated in the right middle cere-
bral artery (>100 cm/s) consistent with a >50% stenosis. N.B. Imaging TCD
uses a different scale of velocity criteria
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Fig. 9 Quite a significant variation from the right MCA
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Fig. 10 Turbulent flow and “spectral bruits” in right ACA
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Fig. 12 The CTA also confirmed stenosis in the posterior circulation
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Fig. 13 The mean flow velocities are highly elevated in the left vertebral and
basilar arteries

TCD Reading Physician Interpretation (see Figs. 6, 7, 8, 9,
10, 11, 12, and 13):

1.

There is evidence for anterior intracranial stenoses of the mid-

dle cerebral arteries, the terminal internal carotid arteries, and

the posterior intracranial stenoses in the left vertebral and bas-
ilar arteries.

. The increased velocities in the left VA and the BA though
could also be explained in part by collateral flow from the pos-
terior to the anterior circulation in this patient with severe
bilateral cervical carotid disease.

. Increased MFV in the right anterior cerebral artery could
reflect narrowing of the artery but could also reflect abnormal
collateral flow.

. Dampened waveforms in the left middle cerebral artery and in

the left anterior cerebral artery likely reflect the severe bilat-

eral cervical ICA stenoses.
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5. Retrograde flow in the OAs reflect abnormal collateral flow
from the external carotid arteries to the cervical internal carotid
arteries in the patient with severe ICA stenoses bilaterally.

Reviewed and Interpreted by Attending Physician: Dr. X,
MD, RPNI
Date Signed: xx/xx/2021

Here is the edited narrative from A’s xx/xx/2021 visit with a
neurosurgeon who confirmed the results of A’s most recent NVUL
visit and exams in xx/xx/2021:

CTA [xx/xx/2021 post-carotid duplex and TCD exams] demon-
strates a tight left ICA (string sign). Dr. X [A’s vascular neurolo-
gist] is recommending A have a left CEA prior to lung surgery.

Serial vessel wall imaging (CTA) indicates progressive stenosis on
the right side which is now greater than 90% and severe stenosis on
the left with a string sign. Physical exam currently is relatively
unremarkable. The plaque on both sides is very calcified and cir-
cumferential. Thus, A is not an excellent stent candidate. Moreover,
the thoracic surgeons want to proceed with resection of A’s lung
mass and placement of stents [which] would require anticoagula-
tion and thereby hold up surgical intervention.

I discussed the case with Dr. X and we agreed that initially a left
carotid endarterectomy should be performed as that was A’s symp-
tomatic side and A still has a string sign. Subsequently, a week or
so later we would perform a right carotid endarterectomy given the
degree of severe stenosis.

ESUS and Cryptogenic Stroke

Although most strokes are ischemic, up to a third of these isch-
emic strokes do not have a known cause after a standard evalua-
tion. Cryptogenic stroke is the term for a category of ischemic
stroke for which a thorough diagnostic evaluation could not find a
probable cause. The National Institute of Neurological Disorders
and Stroke (NINDS) Stroke Data Bank research and the TOAST
trial led clinicians to start using the term in clinical practice as
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they work to find the optimal management strategy related to their
patient’s underlying stroke mechanism. In 2014 the term “embolic
stroke of undetermined source” (ESUS) was coined to replace the
term “cryptogenic stroke.” Since 2014, hundreds of published
studies have appeared to try to shed light on the underlying mech-
anisms of ESUS, its natural history and secondary prevention of
an embolic stroke. It is now realized that there may be multifacto-
rial occult embolic mechanisms in play, confounding treatment
strategies based on antiplatelet and/or anticoagulation therapies
[15, 16].

A Journal of the American College of Cardiology review arti-
cle by Dr. George Ntaios, MD, PhD in 2020 laid out the impor-
tance of the neurovascular imaging modalities for this future
research. It’s fair to predict that much of this research should take
place in the outpatient lab. He noted, “The high prevalence of
ESUS patients, the considerable stroke risk, the availability of
sophisticated diagnostic modalities, the establishment of novel
antithrombotic strategies (like the combination of low-dose rivar-
oxaban/aspirin), and the development of novel classes of oral
anticoagulants (like the FXIa inhibitors) highlight ESUS as an
important priority in stroke research in the coming years” [17]. In
particular, the embolic detection capability of TCD (see Fig. 14)
makes it an important research and clinical tool in unraveling
ESUS and finding effective treatments and prophylactic stroke
prevention.

The prevalence of the two major modern killers worldwide,
cancer and stroke—while individually bad enough for those
afflicted patients—dually affect many patients with both active
cancer and an acute or recurrent stroke. This too is an important
research frontier for the outpatient lab that is now a part of broader
work to better understand and treat all ESUS subgroups. The
MOST-Cancer Trial (NCT02604667) ended in 2020 and the
results and discussion appeared in June 2021 in the Annals of
Neurology [18]. An outpatient NVUL performed the TCD micro-
emboli detection studies cited for this prospective cross-sectional
study, which ran from 2016 to 2020 at two hospitals (n = 150 with
three groups of 50 adult participants).
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Fig. 14 Anexample of a HITS (high intensity transient signal) with transcra-
nial Doppler from the MOST-Cancer Trial. (With permission of author)

MOST-Cancer researchers found that “Transcranial Doppler
microemboli were detected in 32% of patients with cancer-plus-
stroke, 16% of patients with stroke-only, and 6% of patients with
cancer-only (p = 0.005)” [18]. The researchers concluded that
“patients with cancer-related stroke have higher markers of
coagulation, platelet, and endothelial dysfunction, and more cir-
culating microemboli, than matched controls™ [18]. Future studies
are needed to evaluate whether the identified biomarkers can pre-
dict the risk of incident and recurrent stroke and the response to
antithrombotic treatment in patients with solid tumor cancers.

The MOST-Cancer conclusion is that “clinicians should
explore prothrombotic and embolic pathophysiologies in patients
with cancer and stroke, especially when the stroke mechanism is
undetermined after standard evaluation” [18].
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Research into ESUS and other stroke sources and mechanisms
are not the only frontiers for the outpatient NVUL. In other related
medical fields, there is a need for TCD technology and for studies
that can be easily performed in the outpatient lab. For example,
there is now a significant body of literature investigating the patho-
physiology of vascular cognitive impairment (VCI) and mild cog-
nitive impairment (MCI). VCI is thought to be the most common
cognitive disorder in the elderly. However, the exact relationships
between vascular lesion, cognition, and neuroplasticity are not
completely understood. Recent findings point out the possibility to
identify a panel of markers to predict cognitive deterioration in the
“brain at risk” for vascular or mixed dementia. Interested research-
ers and leaders in this field note the role of TCD:

TCD is a non-invasive and feasible neurosonological technique
able to evaluate CBF [cerebral blood flow] velocity, arterial perfu-
sion integrity, and intracranial small vessel compliance. The micro-
angiopathy, demonstrated both in VaD [vascular dementia] and AD
[Alzheimer’s Disease], might lead to arteriolosclerosis, vasocon-
striction, and vascular stiffness, thus resulting in decreased arterial
diameter and CBF. In a recent TCD study, mild VCI patients
showed a hemodynamic pattern of cerebral hypoperfusion and
enhanced vascular resistance, likely arising from small vessels and
then extending to larger arteries. This result provides evidence of
the occurrence and severity of small vessel disease and executive
dysfunction in elderly patients at risk of future dementia. It has
been also demonstrated that a similar hemodynamic dysfunction
might play a pathogenic role in the development of cognitive
impairment in patients with vascular depression and predominant
WML [white matter lesions]. Further studies aiming at a direct
TCD comparison between AD and VaD, and their preclinical stages
(i.e., MCI and VCI, respectively), are warranted. [19]

The outpatient NVUL is a valuable tool for the stroke team of
doctors and clinicians but it should be equally valuable to those in
functional neuroscience research as well as clinical or transla-
tional research from the neurophysiology and neuro-oncology
departments. This handbook provides a compendium of informa-
tion, reference standards, resources and tips and tricks that are
needed to develop a sound and innovative neurovascular ultra-
sound lab.
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Introduction

There are two methods of insonating the intracranial vessels.
There are advantages and disadvantages of both modalities. Non-
imaging Transcranial Doppler (TCD) (Fig. 1). provides a smaller
transducer to place in the window, and easier accessibility to
locate Doppler signals, however it is based on the examiners’ abil-
ity to recognize the distinct sound of each vessel segment.
Transcranial Color Doppler Imaging (TCDI) (Fig. 2) provides a
color map of the circle of Willis (CoW), which is helpful to visu-
alize the vessels in color using Doppler to obtain waveforms.
However, since the probe used for TCDI is a 2 Mhz cardiac probe,
the foot of the probe is often too large and often only segments of
the vessels are seen. Regardless of which modality is used, the
final impression is based on waveform morphology. TCD is per-
formed in multiple specialties including Neurovascular,
Cardiology, Monitoring in OR, Vascular Surgery, and Research
labs. Other uses of TCD such as emboli detection, vasoreactivity,
and evaluation of patent foramen ovale (PFO) can be found in
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Fig. 2 Transcranial Doppler Color Imaging (TCDI)

other chapters. The protocol for TCDI is addressed in the follow-
ing chapter. This chapter will focus on non-imaging freehand
Doppler assessment of the CoW.

Purpose To provide non-invasive assessment of the intracranial
vessels in the circle of Willis using non-imaging Doppler. Time
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Average Mean Velocity (TAMV) is used to assess physiologic
information from averaging all peaks within a cardiac cycle. The
protocol includes a complete bilateral study.

Indications for Transcranial Doppler

Monitoring of vasospasm following subarachnoid hemorrhage
Intracranial occlusive disease

Effects of extracranial stenosis on intracranial hemodynamics
Evaluation of flow following head trauma

Assess degree of intracranial stenosis in the major basal cere-
bral arteries

Assessment of the vertebrobasilar (posterior) circulation
Monitoring of reperfusion therapies in acute stroke

Sickle cell disease

Detection of cerebral emboli

MoyaMoya disease

Cerebral circulatory arrest

Equipment

Dedicated Transcranial Doppler Machine

2Mhz pulsed wave transducer for spectral analysis with
M-Mode software

A direction sensitive Doppler blood flow meter

Doppler waveform monitor that displays bidirectional flow
and signal intensity

Audible output and permanent recording of the waveform
Evidence of validation for the intended application will be pro-
vided if software is used for emboli detection

Ultrasound gel

Wash cloths, towels to support patient’s head

Gloves

Masks
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Equipment Quality Control

e Equipment used for diagnostic testing will be maintained in
good operating condition

e Equipment maintenance includes preventative maintenance
checks quarterly by the vendor

Limitations

e Patient is uncooperative

e Post-operative dressings

e Poor positioning of patient
e Inadequate windows

Procedure
Patient Positioning

If the patient is in the Neurocritical Care unit and not able to follow
commands, it is sometimes necessary to prop their head for proper
positioning in order to assess the transtemporal window, as frequently
the patient will turn their head to one side. For an out-patient, position
the patient comfortably in supine position on the exam table, with
head supported for transtemporal exam, and turned to side with neck
flexed to optimize foramen magnum for suboccipital approach.

e Explain procedure. Obtain patient history by reviewing the
patient’s medical records and interviewing the patient or
patient representative. Record age, gender, race, and current
medical status. Document symptoms, relevant risk factors, and
pertinent lab values.

e Risk factors may include but are not limited to: smoking, dia-
betes, hypertension, peripheral vascular disease, coronary
artery disease.

e Lab values should include hematocrit, hemoglobin, heart rate,
cardiac output, blood pressure, PaCO2, and intracranial pres-
sure [1].

e Set up equipment.
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TCD Acoustic Windows

We use acoustic windows which are the natural indentations in the
temporal bone that allow us to assess the intracranial arteries [1]
(Fig. 3).

Begin Procedure with Insonation of the Middle
Cerebral Artery (MCA)

Begin procedure at the right Middle Cerebral Artery (RMCA), in
the mid transtemporal window. Set the depth at 50-55 mm which
is the M1 segment. (Tables 1 and 4). Place a generous amount of
gel above the zygomatic arch on the temporal region of the
patient’s cranium. Before applying the probe on the patient, use
the index finger to slide across the temporal windows to palpate
the natural indentations in the skull in the temporal window. Place

Fig.3 CD Acoustic Windows. Transcranial Doppler windows for acquisition
of the anterior Circle of Willis. 1 = mid-temporal window; 2 = anterior win-
dow; 3 = posterior window [1]
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Table 1 Criteria for MCA vasospasm
MFV cm/s Lindegaard ratio Interpretation

<120 <3 Hyperemia

>80 34 Hyperemia + possible mild spasm
>120 34 Mild spasm + hyperemia

>120 4-5 Moderate spasm + hyperemia
>120 5-6 Moderate spasm

>180 6 Moderate to severe spasm

>200 >6 Severe spasm

>200 4-6 Moderate spasm + hyperemia
>200 34 Hyperemia + mild/residual spasm
>200 <3 Hyperemia

See Refs. [1, 2, 4]

Fig. 4 Mid transtemporal window with TCD display of MCA flow toward
the probe

the probe in the mid temporal window, (Fig. 4) and aim slightly
upward and anteriorly, listening for the strongest signal. If the sig-
nal is difficult to locate, move the probe without lifting it out of
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Fig. 5 From the temporal window, the MCA, ACA, and PCA can be
insonated [1]

the window into the posterior temporal window. Use caution to be
sure you are insonating the MCA, and not the PCA (see Fig. 10).

While insonating the MCA, the flow will be toward the trans-
ducer, which will appear above the baseline on your screen
(Fig. 5).

Document the spectral MCA waveform. Move the probe in
very small circular motion without lifting the probe out of the
window, to be sure you have the strongest signal. After obtaining
a clear signal, (Fig. 6a) decrease the depth in intervals to
30-40 mm, insonating the M2 segment. (Tables 1 and 4). The M2
segment is also toward the transducer and will be above the base-
line (Fig. 6b). Again, move the probe in a very small circular
motion without lifting the probe and follow the sound listening
for the highest mean velocity. Take several samples of both M1
and M2 at multiple depths (Fig. 6, Tables 1 and 4) [1].
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Fig.6 MCA (M1) depth and MCA (M2) depth

ACA/MCA Bifurcation

Continue to follow sound angling the probe anteriorly while
increasing the depth until flow becomes bi-directional (both above
and below baseline), to insonate the MCA/ACA bifurcation.
(Fig. 7). If a signal is lost while scanning other vessels, return to
the bifurcation as this is a landmark area. Store sample of bifurca-
tion [1].

Depth: 55-65 mm

Flow direction: Bidirectional

Spatial relationship: Anterior and posterior

Flow velocity not assigned as this is a landmark area Fig. 7
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Fig. 8 Anterior Cerebral Artery (ACA) waveform

Anterior Cerebral Artery (ACA)

Continue to follow sound through the bifurcation, continuing to
increase depth to 60—65 mm insonating the ACA (Fig. 8) [4]. The
flow will be going away from the probe so will appear on the
screen below baseline. Take several samples of the Al segment
and store waveforms at multiple depths up to 75 mm. Note that
only Al can be insonated due to the angle of the A2 segment of
the ACA (Tables 3 and 4).

Depth: 60-80 mm

Flow direction: Away from the transducer

Spatial Relationship: Anterior mean velocity: 50 = 11 cm/s
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Fig. 9 Terminal internal carotid artery

Terminal Internal Carotid Artery (tICA)

Return to M1 at a depth of 60 mm, moving the probe slightly
inferior to insonate the terminal internal carotid artery (tICA)
(Fig. 9), and store the sample. The terminal ICA signal is located
just inferior to the bifurcation at 60—65 mm. The sound will be
lower and more pulsatile than the MCA (Tables 3 and 4).

Depth: 60-65 mm

Flow direction: Toward transducer

Spatial Relationship: Inferior to MCA/ICA bifurcation

Mean velocity: 39 + 9 cm/s.

Posterior Cerebral Artery (PCA)

Return to the landmark bifurcation and move probe slightly pos-
teriorly. Continue to move very slowly posteriorly while at a depth
of 60 mm. Slowly turn the transducer posteriorly by 10-30
degrees, (usually there is a sound of flow gap) between the bifur-
cation and the PCA (Fig. 10). The PCA signal will have a lower
velocity and will become bi-directional as you follow sound
increasing depth into the P2 segment. Take a sample at P1 and P2
and store images (Tables 3 and 4).

Depth: 60-80 mm

Flow direction: PCA (P1) toward transducer, PCA (P2) away
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Fig. 10 Posterior cerebral artery (PCA)

Spatial Relationship: Posterior and inferior to MCA/ACA
bifurcation
Mean velocity: 39 + 10 cm/s

Obtain Lindegaard Ratio

The Lindegaard ratio is used to determine the severity of vaso-
spasm, and to differentiate elevated mean flow velocity from
hyperemia. This ratio is obtained by measuring the mean flow
velocity of the ipsilateral MCA / mean flow velocity of the extra-
cranial ICA from the submandibular window (Fig. 11). A ratio of
3-6 is indicative of mild / moderate vasospasm, and greater than
6 is indicative of severe vasospasm. Elevated mean flow velocities
with a Lindegaard ratio of less than 3.0 are suggestive of hyper-
emia [2] (Table 1).

Vertebral Arteries and Basilar Artery Can
Be Insonated in the Suboccipital Window

For insonation of the vertebrobasilar system, if possible, turn the
patients’ head slightly to locate the suboccipital window. Before
placing the probe on the patient, using a generous amount of gel,
place the index finger to palpate the foramen magnum, just below
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Fig. 11 Submandibular window for insonation of the extracranial Internal
Carotid Artery (ICA)

the hairline to locate the suboccipital window (Fig. 12). Place
transducer depth at 60 mm and aim probe toward the patient’s
eyes. Move probe in a small circular movement and locate a ver-
tebral artery (VA) at a depth of 60 mm. The flow will be below
baseline, as flow is moving away from the probe. Move the probe
slowly from left to right to determine which vertebral artery you
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Fig. 12 Suboccipital window for insonation of Vertebral Arteries and Basilar
Artery

are on. Continue on the right side. Take sample waveforms of the
right VA (RVA) once you have determined you are on the right
side. Keep the transducer on the RVA, and while following the
sound, continue to increase the depth from 60 to 75 mm to iden-
tify the distal RVA (Fig. 13a). Continue to follow sound increasing
depth to 80 mm to insonate the proximal basilar artery (BA).
(Fig. 13b). Continue to follow the sound, and store several sam-
ples, while increasing depth to the mid BA at 90 mm. Store sam-
ple of mid BA. Continue to increase depth to 100 mm or greater
to insonate at the distal BA. Store several samples. While still
holding the transducer on the BA, begin to decrease the depth
slowly and follow the sound back to the left VA. Take multiple
samples and store at depth of 75 mm for distal VA and 60 mm for
proximal VA [1, 3, 5] (Table 2).

The Sviri ratio is obtained by dividing the mean flow velocities
of basilar artery (BA) by those of extracranial vertebral artery [2]
(Table 2).
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Table 2 Criteria for basilar artery vasospasm

MFV cm/s Sviri ratio Interpretation

>70 >2 Vasospasm

>85 >2.5 Moderate or severe vasospasm
>85 >3 Severe vasospasm

See Ref. [3]

To calculate Sviri Ratio [3] (Table 2):

Basilar (mean flow velocity) /
(Right Vertebral Artery + Left Vertebral Artery)/ 2

Transorbital Window for Insonation
of the Ophthalmic Artery and Carotid Siphon

NB: reduce power to 10% to avoid retinal damage

Place transducer over eyelid, angle medially

Depth: Ophthalmic artery: located 45-52 mm (Figs. 14 and 15)

Carotid Siphon located 60—64 mm (Fig. 16, Tables 3 and 4) [1].

It is important to watch for flow direction, as small branches
can collateralize with distal branches of the External Carotid
Artery (ECA).

Flow direction in the ophthalmic artery is toward the probe,
appearing on the screen above baseline. Flow direction in the
siphon may be bidirectional. Watch for increased velocities and
store images.

Vasospasm

The most widely used procedure for TCD is for noninvasively
monitoring vasospasm following patients with subarachnoid
hemorrhage and is a required procedure in comprehensive stroke
centers. Mean flow velocities (mFV) are monitored daily, for
approximately 15 days, and each study is compared to the previ-
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Fig. 14 Transorbital window for insonation of the Ophthalmic artery and
Carotid Siphon

ous study. It is necessary to obtain Lindegaard ratios (LR), and
Sviri ratios in order to determine whether or not elevated mFV is
due to vasospasm, hyperemia, or both (Tables 1 and 2).

Example of typical pattern of vasospasm, including anterior
and posterior system beginning on day 3-5, with highest mFV on
day 7, and returning to baseline normal by day 15 (Fig. 17).
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Fig. 15 Ophthalmic artery waveform
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Fig. 16 Carotid siphon waveform

Table 3 Grading criteria for ACA, ICA, PCA & VA vasospasm

Possible vasospasm  Probable vasospasm Definite vasospasm

Artery MFV cm/s MEFV cm/s MFV cm/s
ICA >80 >110 >130
ACA  >90 >110 >120

PCA  >60 >80 >90

VA >60 >80 90

See Ref. [4]
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Table 4 Criteria for intracranial stenosis

Depth
Artery (mm)
MI1-M2 30-65
MCA

A1 ACA  60-75

ICA 60-65
Siphon
PCA 60-72
BA 80-100+
VA 40-80
See Ref. [1]

Day 1

250 — '

§ 200 —
S 150 —
)
g

d

250 —
200 —

LMCA, cm/s

BA, cm/s

100 i E T B e
0

AR

MFV
(cm/s)

>80

MFV >50% MFV >70%
stenosis (cm/s) stenosis (cm/s)

>100 (use 1:2 >128 (1:4 ratio)
ratio)

N/A N/A

>90 (use 1:2 ratio) >128 (1:4 ratio)

N/A N/A
>80 (use 1:2 ratio) >119 (1:4 ratio)
>80 (use 1:2 ratio) >119 (1:4 ratio)

Day 15

Fig. 17 Vasospasm. (a—c) correspond with RMCA days 1, 7 and 15, respec-
tively (d—f) correspond with LMCA days 1, 7 and 15, respectively (g—i)
correspond with BA days 1, 7, 15, respectively

Documentation

Documentation will include grayscale images, Doppler wave-
forms, depth ranges, and velocity measurements of the following

segments [1]

e MCA at M1 and M2

- ACA
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— Cross-filling via anterior cerebral communicating artery
(when detectable)

— Terminal ICA (tICA) when detectable

— Collateral flow via PCA when detectable

— PCA at P1 or P2

— Ophthalmic artery when appropriate

— Internal carotid artery (ICA siphon)

— Terminal vertebral artery (VA)

— Proximal, mid and distal basilar artery

— Pulsatility Index (PI)

Areas of suspected stenosis or obstruction will include Doppler
waveforms and velocity measurements at and distal to the ste-
nosis or obstruction.

Lindegaard and Sviri ratios for vasospasm in SAH patients.
Store all abnormal waveforms, which may include delayed
systolic upstroke, increased pulsatility, high or low diastolic
flow, oscillating or reverberating waveforms, short systolic
spike, hyperemia, hyperdynamic, or stenosis.

Review of the Diagnostic Exam Findings

Review data to ensure that a complete exam has been per-
formed and documented.

Record all technical findings required to complete the final
diagnosis on a worksheet so that the measurements can be clas-
sified according to the laboratory diagnostic criteria.

Record all findings in the logbook including date, tech, indica-
tion, software, ordering physician, and any other necessary
information.

For SAH patients Lindegaard and Sviri index and include find-
ings from previous study [1-5].

TCD normal values
Criteria for MCA, ACA, and PCA vasospasm
Criteria for Basilar, and Vertebral Artery vasospasm
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Spectral Doppler Waveform Examples

Normal waveform

BZEE°E588
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Mild Vasospasm
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Moderate Vasospasm

cm/s -

300
250
200
150 {@
100 §i

Mean 176/23

Probe 2 PW PI 0.81/2.22
Sample Volume 10

Gain[%} 38

Power(ISPTA) 720

Depth[mm] 62

Scale[Hz] 9524

Label MCA_L

Filter 100

Angle Correction 0

Severe Vasospasm M1 (depth 51 mm)

f, gk =

MCA_L
Mean 221140
Pl 0.63/1.02
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2 PW, Depth: 50, SV: 11, PRF: 10000, Power{ISPTA): 720, Filter: 100, Angle Correction: 0
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Severe Vasospasm M2 (depth 41 mm)
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Elevated Pulsatility Index (P.I.). Decreased diastolic flow due
to increased Intracranial Pressure (ICP)
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Elevated ICP resulting in impending Cerebral Circulatory
Arrest
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Cerebral Circulatory Arrest. Oscillating flow. Diastolic flow is
below baseline
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2 PW, Depth: 44, SV: 12, PRF: 6024, Power(ISPTA): 720, Filter: 100, Angle Correction: 0

MCA stenosis with elevated velocity, turbulence, and bruit
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Meningitis with elevated velocity secondary to vasospasm or

inflammation of arterial wall

BECuBSE B

e .(_"‘ all
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Abbreviations

ACA 2 Anterior cerebral artery (post-communicating)
ACA Anterior cerebral artery (pre-communicating)
ACOA Anterior communicating artery

BA Basilar artery

Cl-terminal,
C2-supraclinoid,

C3 genu,

C4 parasellar,

C5- proximal

cavernous Internal carotid artery

EC-ICA Extracranial internal carotid artery

IAC Intersocietal Accreditation Commission
MCA 1 Middle cerebral artery main trunk

MCA 2 Middle cerebral artery proximal branches
OA Ophthalmic artery

PCA 1 Posterior cerebral (pre-communicating)
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PCA2 Posterior cerebral artery (post-communicating)
PCOA Posterior communicating artery
PICA Posterior inferior cerebellar artery
SCA Superior cerebellar artery

SMW Submandibular window

SOW Suboccipital window

TICA Terminal internal carotid artery
TOW Transorbital window

TTW Transtemporal window

VA (V3) Vertebral artery at atlas loop

VA (V4) Vertebral artery intracranial
Introduction

Transcranial Doppler Imaging (TCDI) is a non-invasive ultra-
sound study of cerebral arteries that can be performed at bedside
or in the outpatient setting. TCDI diagnostic exams provide real-
time flow information for patients with a variety of cerebrovascu-
lar diseases and can be repeated serially. Good technique and an
understanding of ultrasound technology and cerebral hemody-
namics are required to produce valid results. Once the technique
to perform a complete study of the basal cerebral arteries has been
mastered, abbreviated exams directed at the vessel/s of interest
can be rapidly achieved in an acute clinical scenario.

Procedure and Purpose

Transcranial Doppler Imaging (TCDI) is used in the clinical man-
agement of patients with a variety of intracranial cerebrovascular
abnormalities. It provides physiologic data in real time comple-
menting computed tomography with contrast (CTA), magnetic
resonance imaging with contrast (MRA) and cerebral angiogra-
phy. Exams can be repeated serially demonstrating the complex
and often changing dynamics of blood flow.

Accurate vessel identification, a shortened learning curve, and
potential expanded applications are advantages of TCDI. This
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technique provides B-mode visualization of boney and parenchy-
mal anatomic landmarks and color flow mapping of blood vessels
in contrast to the purely physiological information acquired using
TCD. Arterial tortuosity, branch points and the confluence of the
vertebral and basilar arteries are easily appreciated. Power Doppler
is a feature that can be used to enhance acquisition of flow signals
and is readily available on duplex ultrasound machines.

Indications

The diagnosis of intracranial vascular disease using TCDI includes
vasospasm secondary to subarachnoid hemorrhage [1, 2] intracra-
nial stenosis, thrombosis, occlusion [2, 3], circle of Willis collat-
eral flow [4-6], significant changes in intracranial pressure and
cerebral circulatory arrest [7-9] (as secondary, supportive evi-
dence), and pediatric sickle cell disease [10—12]. Assessment of
venous thrombosis, arteriovenous malformations and abnormali-
ties of the parenchyma is possible; however, the utility and reli-
ability of these applications are still unknown [2].

Accurately interpreting intracranial findings requires knowl-
edge of the extracranial carotid and vertebral arteries because
hemodynamically significant obstructive disease will greatly
influence intracranial hemodynamics [3]. Modalities to obtain
this information include carotid duplex ultrasound, CTA, MRA
and DSA.

Limitations

Due to the large footprint of a phased array transducer, access
through the temporal and foramen magnum approaches may be
limited and in patients with very small bone windows non-
imaging TCD will perform better than TCDI. Monitoring applica-
tions easily done using TCD by attaching the transducer to the
patient’s head using a head frame and acquiring signals continu-
ously is not performed using TCDI. Duplex ultrasound transduc-
ers are too large to attach to a head frame, have not been validated
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for these applications and may not be FDA cleared for continuous
insonation. Excluded indications are emboli monitoring, right to
left cardiac shunt detection and any intraprocedural monitoring
including carotid endarterectomy, stenting or cardiac surgery.
Some equipment may not have approval for transorbital evalua-
tion. There are fewer diagnostic criteria available for detection
and grading of intracranial disease with TCDI.

Evaluation of flow velocities requires placing the sample vol-
ume gate to obtain spectral waveforms within the vessel color
map at different depths. Due to tortuosity and branching of blood
vessels the color image may not display in a single plane and the
operator must have the skill and anatomical knowledge to place
the sample volume correctly even in the absence of color Doppler.
The accuracy of velocity detection, the primary quantitative char-
acteristic of the spectral Doppler waveform, is dependent on
achieving a low angle of insonation (zero degree) to flow. This is
facilitated by listening for the highest pitch of the Doppler signal
and making small adjustments to decrease the angle in accordance
with pitch change. Developing the skill to acquire and understand
audible feedback from the Doppler signal improves the quality
and accuracy of the examination.

Equipment

A standard duplex vascular ultrasound machine, software specifi-
cally designed for TCDI and a broadband, 1-5 MHz with 2 MHz
range Doppler frequency, phased array transducer is required for
this examination (Fig. 1).

Supplies

Acoustic coupling gel to conduct the sound effectively from the
transducer into the body.

Utilization of hospital gloves is standard for performing ultra-
sound procedures.

Sterile transducer sleeves and sterile gel for use on broken skin
or open wounds.
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Fig.1 (a) Phased array transducer (b) The shape of the display on the moni-
tor is determined by the transducer. Phased array transducers have a curved
near field with sloped sides
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Disinfectants for transducer cleaning post use as recommended
by the machine manufacturer. Some disinfectants can cause the
transducer face to deteriorate so it is important to consult the
equipment company’s specific guidance on products to use.

The body of the ultrasound machine is cleaned using standard
hospital protocols and isolation precautions.

Equipment Quality and Control

The ultrasound instrument should be checked every 6 months by
biomedical engineering for electrical safety. Purchasing a service
contract once the warranty has expired is recommended to main-
tain optimal function and receive software updates.

Patient Assessment and Communication

There are multiple established indications for performance of
diagnostic TCDI studies and locations for the study range from
outpatient laboratories to bedside in a critical care ward. Patient
assessment and preparation are guided by the indication, venue
and the person performing the study which may be an attending
physician or a sonographer. A full diagnostic exam of the basal
cerebral arteries, both anterior and posterior, or a limited study of
one artery, for example post clot lysis, to determine the results of
the procedure, may be required.

If the patient is alert and oriented explain the test and the non-
invasive nature of it to relieve anxiety about the procedure. Instruct
them to rest quietly and not speak during the test. If unknown,
take a relevant history either from the patient and/or from the
medical record.

In all patients it is important to take or record the blood pres-
sure. In the ICU additional physiologic parameters to record are
hematocrit, CO,, intracranial pressure and cerebral perfusion
pressure as these can impact waveform velocities and produce
alterations that inform the final exam interpretation.
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Performance Protocol and Technique

The optimal patient position for TCDI is supine with the head
minimally elevated for all but the occipital approach. Removing
the pillow and replacing it with a rolled towel provides the sonog-
rapher with better range of motion. A semi dark room facilitates
patient relaxation and improves the image on the monitor screen.

To obtain information on the vertebrobasilar arteries a lateral
decubitus position supporting the head with a small pillow pro-
vides good access. If the patient cannot be put into this pose, their
head can be turned to the right and left providing access to the
foramen magnum via a lateral approach.

Sonographer positioning can be either from the head or side of
the bed-exam table (Table 1).

TCDI convention defines color Doppler maps with flow
towards the transducer depicted as red and flow away from the

Table 1 Arteries identifiable utilizing each of the four acoustic windows

TTW TOW SOW SMW

Vessels Vessels Vessels Vessels
Carotid siphon, Ophthalmic artery Vertebral Submandibular
OA (coronal) ICA — siphon artery — V3, ICA (EC-ICA)
TICA (axial) “Check with V4

MCA 1, MCA manufacturer for FDA PICA
2 (proximal approval (M.I. <0.23) BA
segments)

ACA 1,ACA2

(proximal

segment)

ACOA (when

acting as

collateral)

PCA 1,PCA 2

(proximal

segment)

PCOA (when

acting as

collateral)
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transducer blue. There are changes in color Doppler direction
when the physiologic direction of flow changes, for example with
collateral flow through the circle of Willis. When arteries are
recruited as collateral, physiologic flow direction will change in
any non-end artery (ACA1, ICA, PCA1, VA & BA). When physi-
ologic flow direction changes the color map will change accord-
ingly.

Changes in color Doppler also occur in tortuous or anatomi-
cally curving vessels, such as the cavernous internal carotid artery.
In this case, physiologic flow direction (antegrade/retrograde) is
unchanged but the direction of flow relative to the transducer and
ultrasound beam does.

Comments on Angle Correction

Non-imaging transcranial Doppler always assumes a zero degree
angle of insonation for all vessel segments. TCDI allows for angle
corrected flow velocity measurements which will always intro-
duce a variable in the Doppler equation (V = c(Fd)/2f(cosB) and
velocity calculation. It is therefore important to use angle correc-
tion only when the sample volume can be placed in a vessel seg-
ment that is long enough to trace the main flow vector and
positioned to obtain the lowest possible angle [3] (Table 2).

Table 2 Ultrasound equipment control settings for B-mode, color Doppler
and spectral Doppler
B-Mode

Select 1.0-5.0 MHz range phased array sector transducer and presets for
TCD exam

B-mode gain increases or decreases image brightness
Color Doppler
Select a high setting for color persistence

Keep color Doppler box (gate) width as narrow as necessary to improve
the frame rate and color flow signal acquisition

Increase color Doppler gain to increase color fill or decrease if the color is
bleeding outside presumed vessel walls

Set color scale/PRF low for slow flow and high for fast flow

Inverting the color scale changes the way negative and positive Doppler
shifts (flow direction and color) are represented on the image
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Table 2 (continued)

Spectral Doppler

Use spectral Doppler sample volume (SV) size between 3.0 and 10.0 mm;
SV depth and position are adjusted to acquire vessels at different depths or
locations

Set spectral Doppler velocity scale to normal values; adjust baseline and
scale to record higher or lower velocities so the waveform occupies
two-thirds of the area without touching the top or bottom of the display
Optimize spectral gain so the waveform is easily visible without
background noise on the display

Angle correction set at zero degrees unless vessel is >45 degrees off axis
avoids overestimation of velocities.

Other settings

Sweep speed is adjustable, for best analysis of waveform morphology
display about four cardiac cycles per sweep. To appreciate changes over
time or during provocation use a slow sweep speed.

Invert changes the display of the direction of the flow waveform.
Convention has flow towards above and flow away below the baseline
Enlarge an area of interest using the zoom function

Use the ALARA (as low as reasonably achievable) principle to adjust
power output

Finding the Temporal Bone Window

The quality of the exam using the TTW is dependent on the thick-
ness of the temporal bone and approximately 10% of patients will
have incomplete or absent identification of the basal cerebral ves-
sels due to hyperostosis [3].

The left and right hemispheres should each be studied from the
ipsilateral side unless there is access only on one side. Crossing mid-
line to insonate contralateral vessels will diminish signal strength
and make the assessment of Doppler angles challenging (Fig. 2).

Apply gel and place the transducer just above the zygomatic
arch and in front of the external auditory canal. Begin using
B-mode only with a depth setting of 810 cm. Observe the
B-mode image of the skull base. If there is an adequate acoustic
window bright boney landmarks will be seen forming a crescent
shape at the depth of approximately 5 cm. These bright reflections
represent the lesser wing of the sphenoid bone (anterior) and the
petrous ridge of the temporal bone (posterior). If all reflections are
homogenous there may be no ultrasonic window.
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Fig.2 (a) TOW: transducer placed above zygomatic arch; orientation marker
anterior/up (b) SOW: transducer placed below foramen magnum; orientation
marker to the right (¢) TOW: transducer directly over closed eye; orientation
marker medial/nose (d) SMW: transducer below angle of jaw; orientation
marker anterior/up

Continue using B-mode only, increase depth to 15-16 cm and
aim directly parallel to the zygomatic arch. This produces an image
of mesencephalic structures: cerebral peduncle, midline, optic chi-
asma tract and the contralateral skull (Figs. 3 and 4; Tables 3 and 4).

Identifying the terminal ICA

1. Reduce B-mode depth to 8—10 mm to study the ipsilateral
hemisphere

2. Use the base of skull scan plane

3. Turn on color Doppler, center the color box gate over the ante-
rior clinoid process around which the ICA courses. TICA (C1)
will appear in cross section as a small circle of color.
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Posterior

Axial Scan Plane, Base of Skull

Fig. 3 Axial scan plane at the base of skull level showing bright reflections
from bone (A) lesser wing of sphenoid, (B) anterior clinoid process (C)
petrous ridge

TTW, Axial Scan Plane, Mesencephalon

Fig. 4 Axial scan plane at the level of the mesencephalon (A) cerebral
peduncle, (B) contralateral skull (C) midline (D) optic chiasma, tract
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Table 3 Temporal window axial scan planes and anatomy

Scan plane Transducer level ~ B-mode anatomy

Ba

se of skull  Tilt inferior Lesser wing of sphenoid bone,
petrous ridge, anterior clinoid process

Mesencephalon Parallel to Midbrain, peduncles (butterfly

zygomatic arch shaped)

Obtain a spectral Doppler waveform from the TICA and docu-
ment the highest velocity. The angle of insonation may be sub-
optimal due to the perpendicular course of this artery relative
to the sound beam and resultant velocities may be lower than
expected due to this technical limitation.

. Change the transducer orientation to coronal opening the ves-

sel longitudinally. The ICA is tortuous, and color may appear
blue, red or both due to its course. This approach provides
access to the cavernous carotid segments with better insonation
angles (Fig. 5).

Identifying the MCA

1.

Increase the color box size and position above the lesser wing
of the sphenoid bone; the MCA courses parallel and above this
boney landmark, is flowing towards the transducer and will
appear as color Doppler red.

. Tilt the transducer superior/upwards to see the proximal M2

segments which may appear blue in color as they course up
into the sylvian fissure and flow away from the transducer.

. Place the spectral Doppler sample volume in the distal M2

segment/s. Sample the MCA in 2.0-5.0 mm increments obtain-
ing spectral waveforms at each depth.

. Document the M2 branches, distal, mid and proximal seg-

ments of the main trunk of the MCA 1. Record the highest
velocities at each segment.

Th

e Bifurcation Landmark

The terminal ICA bifurcates into the middle and anterior cerebral
arteries and can function as a landmark to use for orientation to

the

other arteries of the circle of Willis. Flow is divided at this
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TIC1.1 MI0.4
-0

L

Coronal Plane
Carotid Siphon

Bilateral T ICA'S 4 =0

SV Depth

PSV

EDV 52.2 cmi
Mean (TCD) 77 cm
PI(TCD) 0.9

| x

Fig. 5 Left: TTW axial scan plane (a) ipsilateral TICA (b) contralateral
TICA. Right: TTW, coronal scan plane, color box placed over cavernous
carotid, spectral waveform from supraclinoid ICA

location to supply the MCA (towards/red) and the ACA (away/
blue). The TICA is inferior to, and the PCA posterior to this land-
mark.
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Identifying the ACA
1. The ACA (A1) is close to midline and often anterior (to the left

of the screen) to the landmark bifurcation. Normal flow direc-
tion is away from the transducer. Moving the transducer into a
coronal plane often provides good visualization of the
ACA. The zoom function may be used to help focus on this
short ACA 1 segment. The ACA 2 portion is seen at midline,
anterior and perpendicular to the ACA 1. Obtain spectral
waveforms from each segment, document the highest velocity.
e Tip: there should be no bright bone reflections around the
ACA,; if seen the artery is the TICA- move the transducer
superior to correct.
e Tip: if there is no color fill try placing the spectral Doppler in
the region where the ACA would normally be located (Fig. 6).

Identifying the PCA

1.
2.

Locate the mesencephalic brainstem using B-mode.

Place the color box over the peduncles, which are encircled by the
PCA’s. The PCA1 and proximal PCA2 will appear as red (flowing
towards the transducer). As the PCA 2 curves around the peduncles
the flow orientation changes to away from the transducer (blue)

. To differentiate between PCA 1 and PCA 2 segments, open the

color box to include the TICA simultaneously with the
PCA. Draw an imaginary line between these two arteries- this
will be the location of the PCOA. If large, serving as collateral
or of fetal origin it will color fill and spectral Doppler signals
can be obtained, however, due to the poor angle of insonation
it may not be positively identified.

. Obtain spectral Doppler signals from PCA1 and PCA2 (Fig. 7).

Finding the Transorbital Window

Considerations

Determine if equipment manufacturer has FDA approval for
orbital imaging then select the machine’s preset for transorbital
testing which will have limited, approved power output. The study
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TIC1.3 MI 0.6
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15

Fig. 6 (a) A. MCA main trunk with spectral waveform B. ACA 1 segment,
color only. (b) A. MCA main trunk, color only B. ACA 1 segment with spec-
tral waveform
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Fig. 7 (a) Ipsilateral PCA1 with spectral waveform (b) ipsilateral TICA,
PCOA and PCA2 flowing away from transducer

must be done at a lowered power setting with a mechanical index
not greater than 0.23 to prevent ocular injury [17].

Recent unhealed trauma or surgery to the eye and artificial
eyes are contraindications for this approach
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Use minimal gel, the salt compounds in the gel may be irritat-

ing or cause eye discomfort. Have patient keep eyelids shut
throughout exam.

Do not apply pressure to the eye.
Remove gel before the patient reopens their eyes

. The transducer orientation marker is pointed towards the nose

(on both right and left sides). The screen will display medial to
the left and lateral to the right

. Gently place the transducer centered on the eyelid
. Start with a B-mode depth of 6.0 cm
. Place a thin layer of gel on the transducer and position in a

horizontal scan plane with an anterior to posterior orientation

. Identify the globe of the eye in the near field and the acoustic

shadow of the optic nerve behind the globe.

Identifying the OA

1.

Rotate the transducer aiming the sound beam about 15-20
degrees medial. The optic nerve shadow will distort or disap-
pear. Turn on color Doppler and orient the color box below the
posterior aspect of the globe and over the optic nerve shadow
at a depth of 3—-6 cm

The OA is lateral to the optic nerve before it crosses over it and
then courses medial sending off branches. It is flowing towards
the transducer and appears red.

. Spectral Doppler signals are taken at depths ranging from 3.0

to 6.0 cm depending on the level of best visualization. The
characteristic OA waveform has high resistance. Evaluate the
direction of flow, waveform morphology and velocity and doc-
ument.

Identifying the ICA (carotid siphon)

1.

Set B-mode depth to 8.0 cm and locate the B-mode echogenic
reflections arising from the medial and lateral rectus muscles
which form a V shape deep to the orbit.

. Place the color box at 6.0-7.0 cm depth and slowly sweep the

color box from the left to the right of the screen. This part of
the ICA is tortuous, and flow may appear as blue (away) or red
(towards) the transducer and represents the parasellar, genu
and supraclinoid ICA segments.
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3. Spectral Doppler: Sample all visible segments documenting

the highest velocities (Fig. 8).

Finding the Suboccipital Window

1.

Place the transducer below foramen magnum with the orienta-
tion marker to the patient’s right (this orients the right verte-
bral on the left of the screen)

Position transducer two finger widths below the skull base, at
midline, aiming the ultrasound beam towards the nasion.
Alternatively, the transducer may be placed slightly lateral to
midline and aimed at the contralateral orbit.

. B-mode appearance of the foramen magnum appears as an

anechoic circular shape surrounded by bright reflections from
the occipital bone at a depth of about 5.0 cm.

Identifying the VA’s and BA

1.

Place the color box at a depth of 5.0-9.0 cm. In the near field
(depths of 5.0-5.5 cm) color Doppler will be bidirectional
caused by the artery changing course as it moves from the atlas
through the foramen magnum and continues as the V4 seg-
ment which travels away from the transducer (blue). Both VA’s
may or may not be seen simultaneously depending on their
course, plane and tortuosity.

. The two VA’s confluence at depths ranging from 7.0 to 9.0 cm

depending on body habitus. They meet and form a V shape
which extends into a Y shape as the basilar artery is observed
at a greater depth. The PICA is often seen as a branch coming
off prior to the VA confluence and usually flows towards the
transducer (red).

. Spectral Doppler signals are obtained in 2—5 mm increments

from proximal to distal.

To identify the BA, narrow the color box and place between
7.0 and 10.0 cm depth. It is often curving (C shape) to the left/
right of the screen. Slide the transducer slightly inferior and
aim superior to open up the mid-distal portions. If no color
signal is seen use the spectral Doppler to locate a signal in the
expected area of the vessel course.
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Fig. 8 (a) A. Eye globe B. optic nerve (b) ophthalmic artery (¢) carotid
siphon
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Fig. 8 (continued)

5. When possible obtain and document proximal, mid and distal
spectral Doppler signals, from the right and left VA’s and BA;
always seeking to acquire the highest velocity (Fig. 9).

Finding the Submandibular Window

This approach is useful to obtain the retromandibular, extracranial
ICA in patients with subarachnoid hemorrhage in order to calcu-
late the Lindegaard ratio. Obtaining this ratio differentiates high
MCA velocities caused by vasospasm from high MCA velocities
caused by hyperdynamic flow. It may also be useful for intracra-
nial stenosis, feeding vessels to arteriovenous malformations and
fistulae and other etiologies of increased cerebral blood flow.
Identifying the EC-ICA using this technique can also be used to
identify distal EC-ICA dissections and narrowing secondary to
fibromuscular dysplasia.

Power can be reduced since no bone penetration occurs with
this approach. Depth is set at 7.0 cm.
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Fig. 9 (a) Suboccipital window, left VA (b), right VA (c) BA
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Fig. 9 (continued)

Place the transducer orientation marker anterior and use a zero
degree angle of insonation for the spectral Doppler. Do not use a
lateral approach as is the convention for carotid duplex studies.

Place transducer at the angle of the jaw directing the ultra-
sound beam superior with a slight medial and posterior orienta-
tion. The EC-ICA will appear in the near field, coursing from the
right to the left side of the screen, flowing away from the trans-
ducer. Obtain the spectral Doppler at depths of 4.0-5.0 cm where
a zero-degree angle can be obtained. Take the highest velocity
signal; failure to achieve the highest velocity because of poor
technique can cause false positive Lindegaard ratio results
(Fig. 10).

Documentation

IAC standards for documentation for a full TCDI study include
B-mode, color and spectral Doppler waveforms from the follow-
ing arteries: Proximal MCA1, ACA1, ACOA when cross filling,
TICA, PCA1 or PCA2, PCOA when collateralizing, OA, ICA
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Fig. 10 (A) EC-ICA flowing away from the transducer (B) internal jugular
vein flowing towards the transducer

(siphon), VA4, BA proximal and distal, EC-ICA when used for
Lindegaard ratio [18].

A permanent record of all images representative of the inter-
pretation along with any incidental findings are recorded and
stored. Images should be labeled with patient and facility identifi-
cation, date of exam, and side (right or left) of the anatomy. A
formal report of the findings should be placed into the patient’s
medical record. Retention of these records should comply with
clinical and legal requirements [17].

Diagnostic Findings (Fig. 11)

There are four main features of the Doppler spectral waveform
used for the interpretation of the intracranial hemodynamics.
They are velocity, pulsatility, systolic upstroke and spectral distri-
bution.
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Fig. 11 Waveform analysis. (Adapted from: Douville [20])

Velocity

Waveform analysis requires quantification of velocity and the
convention for TCDI is to use the “mean” velocity defined as the
time mean of the peak velocity envelope or the tracing of all peak
flow velocities as a function of time. The mean velocity is calcu-
lated and displayed automatically and can be relied on only when
there is visual confirmation that the envelope trace is accurately
following the spectral waveform. This may require adjusting the
Doppler gain settings and in some instances a manual trace will
be required to achieve accurate values [19].

Pulsatility

Describes the amount of variability in the velocity between sys-
tole and diastole as a result of the pulsatile nature of the heart. The
more similar these values are the lower the pulsatility, and con-
versely the greater the difference, the higher the pulsatility.
Goslings pulsatility is normally used in the adult population and
is influenced by distal resistance in the brain and proximal effects,
commonly from the heart [19].

Systolic Upstroke
The initial slope of the peak velocity envelope during acceleration
phase of systole creates a steep slope with short time from onset
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to peak systole. This becomes delayed when distal to a lesion in a
supply vessel [19].

Spectral Distribution

Refers to the velocity distribution within the spectral waveform,
also called bandwidth. A narrow bandwidth demonstrates high
amplitude concentrated in the upper part of the waveform and is
consistent with laminar flow. When the amplitude migrates across
the waveform and is greatest around the baseline it represents tur-
bulent flow [19].
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TCD Procedures
and Protocols: Protocol
for Monitoring for Emboli

Detection (and
With Microbubbles)

Larry N. Raber

Transcranial Doppler monitoring for emboli will be performed
using the blind Doppler technique.

A dedicated TCD unit should be used with 2 MHz pulsed
Doppler transducers.

The examination will be explained to the patient.

Patient is supine with head in the neutral position.

The vessel to be insonated for emboli detection will be identi-
fied. The middle cerebral artery is the easiest vessel to utilize for
this purpose. Either bilateral or unilateral MCA monitoring will
be performed depending on the suspected embolic source. If a
central embolic source is suspected (cardiac, A-fib, aortic arch
pathology) bilateral monitoring will be performed. If carotid
pathology is the suspected source of emboli unilateral monitoring
can be performed on the ipsilateral MCA.

As with the diagnostic TCD examination the MCAs will be
identified using the transtemporal approach. The MCA is
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insonated at depths of 45-65 mm for the skin surface. The direc-
tion of flow of the MCA in normal pathology will be towards the
transducer. The lowest power settings will be used that will pro-
vide optimal penetration. Spectral gain will be optimized.

It is easier to identify the optimal temporal acoustic window using
the diagnostic 2 MHz transducer first before placing the head band on
the patient. This will give you a good idea of where to place the
monitoring probe and the best angle to direct the monitoring probe to
insonate the MCA for an optimal spectral signal. Some facilities will
put a small mark on the patient’s skin after locating the optimal spec-
tral window with the diagnostic probe to help locating the best win-
dow with the monitoring probes attached to the head band.

After localizing the optimal temporal acoustic windows the
head band will be placed on the patient with the monitoring probes
attached according to the manufacture of the head bands recom-
mendations. The proper placement of the head band and monitor-
ing probes is demonstrated Fig. 1.

The MCAs will be monitored at the same depth bilaterally for
a set amount of time that is established by your institution. If a
MCA stenosis is suspected the monitoring depth should be set
distal to the stenosis if possible to detect emboli.

Fig. 1 Proper placement of the monitoring head band
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Routinely the MCAs are monitored continuosly for 30-60 min.
Depending on the patients clinical presentation a longer monitor-
ing time may sometimes be required.

The automatic emboli detection software on your unit will be
enabled and the entire examination saved on hard drive for review.

All suspected emboli will be recorded for later visual and audi-
tory review. Number of emboli will be counted and documented on
the final report. Showers or curtain of emboli will be reported as the
duration of the shower measured in seconds. Criteria for the identi-
fication of emboli have been established and should be followed.
Emboli have characteristic signals. They occur sporadically within
the cardiac cycle. They are usually transient (.01-.1 s) in duration.
They can, however, be seen in showers giving prolonged rough sig-
nal similar to artifact. They have intensities which are 3 dB greater
than the background Doppler signal. Emboli may have variable sig-
nal intensities in the same patient. The sound produced by an
embolus is harmonic and described as chirps, whistles or plops.

Consensus committee of the ninth International Cerebral
Hemodynamics Symposium. Basic identification criteria of
Doppler microembolic signal. Stroke. 1995;26:1123

Reporting

The number of embolic events will be reported bilaterally. The
mean flow velocity and PI within the insonated depth of the MCA
will be reported. An asymmetry >20% within the mean flow
velocities or PIs may require a complete TCD diagnostic exam to
be performed.

Agitated Saline Protocol: TCD Bubble Study

The TCD bubble study will be performed using the blind Doppler
technique.

Dedicated TCD unit will be used with 2 MHz pulsed Doppler
transducers.
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Transcranial Doppler is a simple method to detect a right-to-
left shunt as a Patent Forman Ovale or pulmonary AVM. Patients
with a possible stroke risk factor from a paradoxical embolism
can be easily identified by this examination.

The examination is explained to the patient.

Patient is supine with the head in the neutral position.

Optimal MCA spectrums will be obtained using the docu-
mented conventional TCD protocol.

The Transcranial Doppler head band will be positioned on the
patient using same protocol as the when performing bilateral TCD
monitoring for emboli.

The middle cerebral arteries will be identified bilaterally and
monitored continuously during the procedure. Intravenous access
will be established by a caregiver trained in venipuncture.

Automated emboli detection software will be enabled and
entire examination saved on hard drive for review.

Set up for the examination will include:

1. Two 10 cc syringes
2. One 3 way stopcock
3. 9 cc normal saline

The set up used for the TCD bubble study, Fig. 2, one 10 cc
syringe is filled with 9 cc normal saline and attached to the 3-way
stop cock. The other empty 10 cc syringe is attached to the other
port of the stop cock.

One syringe is filled with 9 cc of normal saline solution. The
second syringe is filled with 1 cc of air. Using the saline filled
syringe, several drops of the patient’s blood will be withdrawn to
act as an emulsifier.

The solution will be agitated by withdrawing and injecting
between the two syringes with the stopcock turned off to the
patient. Once the solution is agitated to satisfaction (usually with-
drawing and injecting between the two syringes 10 times). After
agitating the saline the saline is collected into a single syringe, the
stopcock is turned on to the patient and injected into the venous



TCD Procedures and Protocols: Protocol for Monitoring for Emboli... 495

Fig.2 Set-up for the TCD bubble study

access of the patient. Immediately after injection the patient is
asked to perform a Valsalva maneuver to provoke right-to-left
shunting. It helps to explain the Valsalva maneuver to the patient
before the procedure to be sure it is done correctly. Any air emboli
will be detected and recorded.

Reporting

Air emboli will be detected and recorded. Emboli will be counted
and classified as detected with injection, Valsalva, and post
Valsalva. The number of air emboli detected in the MCAs will be
reported individually. If a shower or curtain of emboli is detected
it will be reported in seconds of duration. If emboli only detected
post Valsalva, late in the cardiac cycle, this may suggest pulmonary
shunting vs. cardiac. Examination is reported as negative, no evi-
dence of right to left shunt if no embolic events are detected.
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Protocol for Procedures:
How to Obtain
Measurements of the Optic
Nerve Sheath Diameter

in Adults and Children
Utilizing Point-of-Care
Ophthalmic
Ultrasonography

Becky J. Riggs and Megan F. Hunt

Purpose: Non-invasive diagnostic and monitoring tool to detect intracranial
hypertension.

Indications: Clinical exam or pathology suggestive of possible intracranial
hypertension. Suggested pathology is traumatic brain injury, brain tumor,
stroke, liver failure, diabetic ketoacidosis, cerebral edema, and ventriculo-
peritoneal shunt failure. See chapters “Clinical Application of Cerebrovascu-
lar Physiology” and “Optic Nerve Sheath Diameter for Increased Intracranial
Pressure” for expanded clinical applications of ultrasound guided ONSD
measurements.

Equipment: bedside ultrasound machine, linear array ultrasound probe, oph-
thalmic safe eye gel or Tegaderm™ with ultrasound gel.
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Introduction

Rapid assessment of intracranial pressure is essential in the diag-
nosis and management of acute intracranial insults. A recent
review of the literature concluded that optic nerve sheath diameter
(ONSD) and transcranial Doppler are the most superior non-inva-
sive tools clinically proven to detect intracranial hypertension [1].
Bedside ultrasound measurements of the ONSD is an accurate,
non-invasive, radiation-free, and easily repeated method of detect-
ing intracranial hypertension in adults and children [2—11]. As part
of the central nervous system, the optic nerve is surrounded by
cerebrospinal fluid which is encased within the optic nerve sheath
[12—-14]. Fluctuations in intracranial pressure are transmitted
through the subarachnoid space causing the pliable retrobulbar
segment of the optic nerve sheath to distend or deflate in response
to changes in intracranial pressure [12—14]. Ophthalmic ultrasound
detection and monitoring of changes of the ONSD in response to
intracranial hypertension has been extensively studied and is reli-
ably reproducible in children and adults [2-5, 8—11]. This chapter
details training, equipment needed, suggestions for setting up your
equipment and patient, step wise directions on how to obtain, mea-
sure, and interpret ultrasound guided ONSD measurements. For
further information concerning the physiologic premise for ONSD
measurements, clinical applications, methods for interpreting
results, and limitations in obtaining ultrasound guided ONSD
measurements are detailed in chapter “Optic Nerve Sheath Diam-
eter for Increased Intracranial Pressure” of this book.

Suggested Training for Obtaining Ultrasound
Guided ONSD Measurements

There is a general understanding that obtaining the skills to per-
form ultrasound guided ONSD measurements safely, effectively,
and accurately takes minimal training; however, the exact extent
of that training is debatable. Some have suggested that experi-
enced ultrasonographers can be taught by an expert how to take
images of the ONSD followed by 10 supervised examinations to
become proficient, while the inexperienced ultrasonographer
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requires at least 25 supervised examinations to become proficient
[3, 15]. Others suggest that 25 measurements should be the uni-
versal standard learning curve for ultrasound guided ONSD mea-
surements [16, 17]. Vigilant training and regular practice at
obtaining ultrasound guided ONSD measurements is advised.
Several studies have reported a high inter-rater reliability with
ultrasound guided ONSD measurements obtained after training
with 15-25 observed exams [18-20].

How to Set Up the Ultrasound and the Patient

High frequency (10—22 mHz) linear array probes are ideal for
ophthalmic ultrasound; however, low frequency (6—13 mHz) lin-
ear array probes often referred to as “vascular probes” are more
commonly used due to their availability [21]. To safely perform
ophthalmic point-of-care ultrasound, after connecting the linear
array probe, the ultrasound machine must either be placed in
“ophthalmic safety mode” or the power (<30%), mechanical
index (<0.23), and thermal index (<1) must be manually decreased
below safety thresholds [21-24]. To protect the cornea, the degree
of heat (thermal index) and vibration (mechanical index) pro-
duced by the ultrasound soundwaves must be reduced. Animal
studies have suggested that if the heat and vibration are not
decreased, the cornea can be injured [25-27]. The cornea and lens
of the eye contain a large amount of collagen which can absorb
heat during ultrasound exposure that if prolonged can lead to
transient chemosis, conjunctival injection, lens opacities, corneal
clouding, reduction in intraocular tension, or permanent destruc-
tion of the ciliary body [24, 28]. Contact your ultrasound vender
for instructions on how to manually decrease the power below
30%, the mechanical index below 0.23, and the thermal index
below 1 [29-31]. All pre-programed “ophthalmic safety modes”
for bedside ultrasound machines automatically decrease the
power, mechanical index, and thermal index below the above
listed safety thresholds. To locate the “ophthalmic safety mode”
push the exam button and scroll through the exam options avail-
able, often the “ophthalmic safety mode” is embedded within the
“small parts,” “ED,” or “other” exam modalities. If you are unable
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to find the “ophthalmic safety mode,” contact your ultrasound
vender for further assistance. The duration of the ophthalmic
ultrasound exam should always be minimized, especially when
Doppler flow analysis is performed as to shorten the exposure of
high frequency soundwaves to the vulnerable cornea [25-27]. The
fragile nature of the cornea puts it at risk for thermal injury when
prolonged ocular ultrasounds are performed even when in “oph-
thalmic safety mode” [27, 32]. Never perform ophthalmic ultra-
sound if there is a concern for glaucoma, penetrating or direct eye
trauma.

Always perform bedside ophthalmic ultrasonography through
a closed eyelid. Never allow the ultrasound probe to come in con-
tact with an open eye, as this can cause corneal abrasions and puts
the patient at risk for ocular infection. Only highly trained oph-
thalmic ultrasonographers with specialized equipment and train-
ing should perform ocular ultrasound through an opened eyelid
(A-mode scanning). To protect your patient’s eyes, either apply a
generous amount of ophthalmic safe eye gel to the ultrasound
probe (instead of ultrasound gel), or place a Tegaderm™ over a
closed eye and then cover the Tegaderm™ with ultrasound gel
[17, 33]. Two commonly used over the counter ophthalmic safe
lubricating gels are GenTeal® eye Ilubricant (Novartis
Pharmaceuticals Corporation, East Hanover, NJ) and Systane®
eye lubricant (Alcon laboratories, Inc., Fort Worth, TX). A thick
layer of gel must be applied over the closed upper eyelid and or
directly over the footprint of the ultrasound probe prior to probe
placement.

ONSD images are most easily obtained with the patient lying
supine at 15-30° to horizontal [3, 17, 34]. Ideally, have your
patient’s neck straight with their head and eyes facing forward,
understanding that this is often not possible to achieve with young
pediatric patients [3, 19, 35, 36]. Optimal alignment of the optic
nerve can be achieved by having your patient close the eye being
imaged while the other eye focuses on an object straight ahead.
However, ONSD measurements can be obtained from any patient
position if the orbits can be easily accessed with the ultrasound
probe. The ultrasound machine should be placed in two-
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Fig. 1 (a) Ultrasonographer using a high frequency linear array ultrasound
probe gently placed over the closed left eyelid in the transverse position to
obtain ophthalmic ultrasound images while facing the patient. Ultrasonogra-
pher’s right hand is securely anchored on the patient’s left mandible to mini-
mize pressure placed on the left eye and maximize control of the probe while
scanning. (b) Ultrasonographer is standing behind the patient in the more tra-
ditional approach to obtaining ophthalmic ultrasound images. Ultrasonogra-
pher has a high frequency linear array ultrasound probe placed over the closed
right eyelid in the transverse position, while her hand is securely anchored on
the patient’s right forehead to minimize pressure placed on the eye

dimensional B-mode with ophthalmic safety settings and set at a
depth of 2.0-3.5 cm in children and 3—4.5 cm in adults. At these
depths, ideally the entire globe of the eye and 0.5-1 cm of the
optic nerve should be in view. The high frequency linear array
probe should be cleaned, and either ophthalmic safe eye gel
should be utilized or a Tegaderm™ directly placed over the closed
eye covered in ultrasound gel should be utilized. The ultrasonog-
rapher should sit or stand behind the patient’s head and the probe-
cable should have minimal tension to maximize fine movements
[17], see Fig. 1b. While less ideal, some prefer to perform the
examination while facing their patients (Fig. 1a). Always securely
ground the hand holding the ultrasound probe on your patient’s
face (forehead, cheek, nose, or orbital ridge) hold the probe deli-
cately between your thumb and forefinger to minimize the pres-
sure placed on the eye through the closed eyelid (Figs. 1, 2, and
3). If unable to ground your hand on your patient’s face, place a
firm pillow or rolled up towel next to their face to stabilize your
hand to prevent pressure on the closed eye (Fig. 2c).
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Fig. 2 (a) High frequency linear array ultrasound probe covered in ophthal-
mic eye gel and placed over the closed left eye in the sagittal position. The
probe is gently held like a pen, with the hand of the ultrasonographer anchored
to the patient’s left cheek and forehead to stabilize the transducer and prevent
any pressure to the eye from the probe. (b) Proper probe placement to obtain
sagittal views of the patient’s right eye. (c¢) Ultrasonographer is standing
behind the patient obtaining sagittal ophthalmic ultrasound images of the
patient’s right eye, while her hand is securely anchored on a rolled up towel
next to the patient’s face to prevent pressure on the closed eye

How to Obtain Optic Nerve Sheath Diameter
Images

Gently place the ultrasound probe midline over the closed eye in
either the sagittal (vertical) (Fig. 2) or transverse (horizontal)
position (Fig. 3) with minimal pressure on the closed eye. Patients
are instructed to look straight ahead while relaxing their eyes dur-
ing the exam [17]; however, if compliance is not possible, the
ultrasonographer must gently track the optic nerve until the ultra-
sound beam is exactly parallel to the straight and symmetric optic
nerve, or until a perfect 90° transection of the optic nerve just
behind the orbit is obtained. The position of the probe is adjusted
to give a suitable angle for displaying the entry of the optic nerve
into the globe. To assure an accurate 90° transection of the optic
nerve, a double circle or “bullseye” appearance of the optic nerve
must be obtained (Fig. 5). Ideally, 3 quality “bullseye” images
(Fig. 5) in the transverse plane (Fig. 3) and 3 quality “bullseye”
images in the sagittal plane (Fig. 2) should be taken and saved for
measurements. To assure that the ultrasound beam is exactly par-
allel to the optic nerve, the image must be straight with the lens/
cornea of the eye aligning with the optic nerve, which appears
straight and symmetric (Fig. 4). If an accurate 90° transection or
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Fig. 3 (a) High frequency linear array ultrasound probe covered in ophthal-
mic eye gel and placed over the closed left eye in the transverse position. The
probe is gently held like a pen, with the hand of the ultrasonographer anchored
to the patient’s left cheek and forehead to stabilize the transducer and prevent
any pressure to the eye from the probe. (b) Proper probe placement to obtain
transverse views of the patient’s left eye
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Fig. 4 (a) Normal ophthalmic ultrasound images obtained in the transverse
view with the anterior cornea of the eye facing upwards and the hypoechoic
optic nerve (dark) attaching posteriorly. (b) The same ultrasound image
showing a symmetric and straight longitudinal section of the optic nerve (blue
arrow) surrounded by a symmetric and straight hyperechoic optic nerve
sheath (red lines). (¢) The same image with straight green lines along the edge
of the optic nerve and optic nerve sheath and yellow lines on the external
border of the optic nerve sheath reinforcing the straight and symmetric align-
ment of the optic nerve and nerve sheath
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Fig. 5 (a) Normal ophthalmic ultrasound images obtained in the transverse
view showing a circular cross-section of the optic nerve (dark circle) sur-
rounded by the optic nerve sheath mimicking a bullseye. (b) The same image
with green dotted lines outlining the outer edge of the optic nerve and yellow
dotted lines outlining the outer edge of the optic nerve sheath to emphasize the
appropriately aligned bullseye appearance. (¢) Ophthalmic ultrasound images
obtained in the transverse view showing a circular cross-section of the optic
nerve surrounded by the optic nerve sheath mimicking a bullseye. (d) The
same image with green dotted lines outlining the outer edge of the optic nerve
and yellow dotted lines outlining the outer edge of the optic nerve sheath

Fig. 6 (a—-d) All images of poorly aligned, asymmetric, and crooked images
of the hypoechoic or dark optic nerve surrounded by the hyperechoic or
lighter optic nerve sheath with the outermost boarder of the optic nerve sheath
appearing hypoechoic or black where the cerebral spinal fluid flows through
the subarachnoid space. (d) Inaccurate measurement of the optic nerve sheath
diameter (due to poor alignment) measured 3 mm behind the orbit

an exactly parallel image of the optic nerve cannot be obtained,
the ONSD measurements will not be accurate, and the study
should be aborted. See Fig. 6 for examples of inaccurate optic
nerve images that cannot be accurately measured.
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How to Measure the ONSD from Saved Images

Obtaining measurements of the ONSD can occur in real time by
obtaining an accurate image, “freezing” the image, and utilizing
the electronic measurement calipers of the ultrasound machine to
obtain immediate results. This must be repeated three times for
each eye to assure an accurate interpretation of the ONSD [3, 19].
If time allows, it is encouraged to obtain three accurate ONSD
images or short video clips of each eye saving each image or clip
to the ultrasound machine immediately followed by sequential
measurements of all six images at once. The latter of these two
measuring approaches is slightly more time consuming; however,
it minimizes the time actually spent with the ultrasound machine
taking up valuable real-estate at the critically ill patient’s bedside.
The average of three measured ONSD values of each eye is calcu-
lated and serves as the ONSD value for that eye. This average
reduces the intra-observer variability and serves as a quality check
assuring all three measurements are similar [3, 19]. Most studies
reported in the literature do not show a significant difference
between the right and left eye ONSD measurements of patients;
therefore, in the rare case where time will not allow for six mea-
surements, some studies would suggest that obtaining the average
value of 3 quality ONSD measurements of one eye could suffice.
However, standard practice for determining the ONSD of a patient
should be to obtain the average measurement of 3 quality images
per eye for a final ONSD value for each eye [3, 19]. The ONSD of
each eye should be extremely similar in measurement. If there is
a significant difference in the ONSD measurements of each eye,
the study should be aborted due to inaccurate technique, unless
the patient’s genetics or underlying pathology explains why a dif-
ference should exist between the ONSD in each eye.

Prior to measuring the ONSD, assure that accurate images are
obtained. Accurate axial cuts through the eye and optic nerve
should include a straight longitudinal section of the optic nerve
(Fig. 4). Accurate transection of the optic nerve, which is often an
approach obtained in uncooperative pediatric patients, shows a
double circle or “bullseye” appearance of the optic nerve (Fig. 5).
Examples of inaccurate crooked optic nerve images are reflected
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Fig. 7 (a) Normal ophthalmic ultrasound image zoomed in focusing on the
posterior chamber of the eye where the optic nerve (blue star) meets the orbit
often referred to as the papilla. (b) The same ultrasound image with a blue
line with arrows showing a cross-section of the optic nerve. Blue lines along
the pia mater enhance the separation of the optic nerve (hypoechoic) from the
internal edge of the optic nerve sheath (hyperechoic). Red lines show the
distance between the internal and external edges of the optic nerve sheath.
Green dashed lines along the external edge of the optic nerve sheath or the
outer hyperechoic borders of the subarachnoid space internal to the
hypoechoic (light) dura mater. (¢) The same image with a yellow dashed line
measuring 3 mm behind the papilla with a white line transecting the optic
nerve sheath measured from the distance between the external edges of the
subarachnoid space. (d) Pink line measuring 3 mm up the optic nerve from
the papilla with orange line measuring the optic nerve sheath diameter
between the external edges of the subarachnoid space

in Fig. 6. To obtain measurements of the ONSD from your saved
images, first measure 3mms directly posterior to where the orbit
and the optic nerve meet see Fig. 7b, ¢ [3, 29, 30]. Next, measure
the optic nerve sheath in a straight line from one end of the sheath
to the other while transecting the optic nerve at 90° crossing the
3 mm mark (Fig. 7b, c). Studies have proven that at 3 mm behind
the optic disc, the optic nerve sheath is subject to maximum
diameter fluctuations due to ICP changes. It is also at the 3 mm
mark that shadowing artifact is at a minimum [17, 29, 30, 36].
Most published cut-off values for diagnosing ICH are based on
measurements obtained from the external edge of the optic nerve
sheath or the outer hyperechogenic (dark) borders of the sub-
arachnoid space internal to the hypoechogenic (light) dura mater
[17, 35, 37, 38]. Therefore, the correct way to measure ONSD is
the distance inside the dura mater, not the distance outside the
dura mater see Fig. 7. Some studies have published data incor-
rectly measuring from the internal edges of the optic nerve sheath,
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or the distance between the outer edges of the pia mater.
Measurements taken from the internal edge of the ONSD will be
smaller than those taken from the external edge, which can lead to
inconsistent data [35, 38]. Several studies also exist where the
ONSD was incorrectly obtained by measuring the distance
between the outer hypoechogenic borders of the dura mater, lead-
ing to falsely enlarged ONSD values [38, 39]. Therefore, it is
important when evaluating the literature to identify exactly how
the ONSD measurements were obtained.

Interpretation of ONSD Measurements for Adult
Patients

Once the image is acquired and the measurement determined, the
ONSD must be interpreted and used as a complementary tech-
nique combined with the clinical exam and standard neuro-imaging
findings to guide the care of the patient. In 2011, Dubourg et al.
conducted a systematic review and meta-analysis of adult patients
finding a pooled sensitivity of 0.90 (95% CI 0.8-0.95), specificity
of 0.85 (95% CI1 0.73-0.93), and diagnostic odds ratio of 51 (95%
CI 22-121) with the area under the SROC curve of 0.94 (95% CI
0.91-0.96) [11]. However, the cutoff thresholds for optimal ONSD
to identify ICH from normal ICP ranged from 5.0 to 5.9 mm in this
systematic review. Eight years later, Koziarz et al. provided an
updated systematic review and meta-analysis with over ten times
the studies compared to Dubourge et al. including both pediatric
and adult studies. Koziarz group also separated data based on trau-
matic brain injury and non-traumatic brain injury, finding pooled
sensitivity and specificity of ONSD ultrsonography to identify
ICH in patients with traumatic brain injury to be 97% (95% ClI,
92-99%) and 86% (CI, 74-93%) respectively [2]. For patients
with non-traumatic brain injuries the pooled sensitivity was 92%
(CI, 86-96%) and specificity was 86% (CI, 77-92%). The SROC
curve of all patients showed a pooled sensitivity and specificity of
94% (CI, 91-96%) and 87% (CI, 82-91%), respectively [2].
Koziarz et al. was the first systematic review and meta-analysis to
compare variable cut off values and calculation methods to deter-
mine that 5.0 mm is the optimal cutoff to diagnose ICH in adult
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patients [2]. However, other studies have shown that an ONSD of
5.5 mm can be a normal finding in adults stating that a more reli-
able cutoff value to predict ICH is 5.7-6.0 mm showing sensitivity
of 87-95% and specificity of 79-100% [37, 40-43].

Further questions exist in the global meaning of these ONSD
measurements. Individual trends are trusted more than absolute
numbers regarding the ONSD. We recommend averaging at least
three measurements, as the average best accommodates for tech-
nique, anomalies in images, and anatomic differences [3, 19].
There also remains controversy regarding the validity of ONSD
measurements in acute versus chronic changes of intracranial
pressure. Acute changes have been more robustly studied, and it
has been suggested that chronically elevated ICP may undergo a
decrease in optic nerve sheath distensability such that measure-
ments will not reflect accurately the clinical context. Ensure that
the duration of intracranial pathology is a consideration with
interpretation of the ONSD measurements.

Interpretation of ONSD Measurements
for Pediatric Patients

Despite the limited number of pediatric specific studies compared
to adult studies investigating ultrasonographic measurements of
ONSD in detecting intracranial hypertension, the first suggested
cutoff value for children was published nearly 25 years ago,
suggesting a cutoff of 5.0 mm based on 39 children all over the age
of 4 years old [30, 36]. Three years later, Ballantyne et al. created
generalized normative pediatric ONSD based on optic nerve growth
curves from 102 children ages 0-15 years proposing far lower cut
off values of 4 mm for infants <1 year old and 4.5 mm for children
>1 year old [44]. These same lower cutoff values were reproduced
several times over the following 10 years [4, 5, 29, 45, 46], with the
addition of Moretti and Pizzi suggesting a cutoff of 4.0 mm for
children <1 year old, 4.5 mm for children 1-4 years old, and
5.0 mm for children >4 years old [18]. However, Le et al., calcu-
lated the accuracy of the 4 mm and 4.5 mm cutoff points and found
a sensitivity of 83% and specificity of 38% based on 64 pediatric
patients [47]. Beare et al., published a study including 51 pediatric
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patients >1 year old using a cutoff value of 4.2 mm, finding the
sensitivity and specificity of ONSD to diagnose ICH to be 100%
and 86% respectively [6]. Young et al. was less keen on a direct cut-
off that could be applied across pediatric cohorts. Instead, they indi-
cated that <4.9 mm was unlikely to correlate with increased ICP
suggesting an optimal cut off of 6.1 mm with a sensitivity of 77%,
specificity of 91%, and area under the ROC curve of 0.85 [48];
however, this was only based on 36 patients with an average age of
8 years old. Padayachy et al. reported a cutoff of 5.16 mm for chil-
dren <1 year old and 5.75 mm for children >1 year old and an
overall cutoff for their entire cohort of 5.5 mm based on 174 patients
[7, 49]. Steinborn et al. has also suggested a significantly higher
ONSD cutoff value be used in children to suggest ICH [50].

In the past few years, it has been argued that the optic nerve
growth curve must be more heavily considered when establishing
ONSD cutoff values in relation to children as their visual pathways
are developing through childhood [51]. The development of the ner-
vous system and the visual pathway has a rapid initial growth phase
significantly slowing by age 4 with continued very slow develop-
ment until the age of 8—10 years old [51, 52]. Therefore, it has been
suggested that age stratification is essential when interpreting ONSD
in children. Fontanel et al. developed an optic nerve growth curve for
normal children 4-18 years of age based on 165 children, which
showed progressive increase of the optic nerve up to approximately
10 years of age; therefore, they calculated cutoff values for children
between 4 and 10 years and between 11 and 18 years old separately
based on 29 children with ICH and 165 healthy children [53]. They
reported an optimal cut off value of 4.1 mm for the 4-10 year old
subgroup and a cutoff of 4.4 mm for the 11-18 year old subgroup
both cutoffs had a 100% sensitivity with specificity ranging from
83.9% to 98.8%. Fontanel et al. also evaluated a cutoff of 5.0 mm in
their 29 children with ICH finding a sensitivity of 28.6% with 100%
specificity [53], thus reinforcing lower cut off values. Never before
have such low cutoff thresholds been suggested. A possible limita-
tion of Fontanel and associates is that all patients had non-traumatic
chronic ICH (pseudotumor 52%, cerebral tumors 38.5%, and cere-
bral venous sinus thrombosis 10%), and ICH was defined as having
an opening pressure on LP > 28 cm H,0, though no absolute or aver-
age opening pressures were reported by the study.
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To our knowledge, there are no pediatric studies that have deter-
mined optic nerve growth curves or more precise age stratification
of ONSD measurements for neonates, babies, and children
<4 years old. Along with the rapid growth of the optic nerve within
the first year of life, it has also been suggested that having an open
fontanel might affect accurate readings of ONSD measurements
[49, 54]. Research has shown that patency of the anterior fonta-
nelle can be used to help stratify patients into different ICP cutoff
values [49]. With infants experiencing such profound growth of
their optic nerves and closure of their fontanelles in the first year of
life, it would be worthwhile to develop normative values and
ONSD cut-off points with tighter age stratification cohorts such as:
0-6 months, 6-12 months, 12-24 months, 2-3 years, 3—4 years.
Specifically, with the pediatric population the recent variability in
reported cutoff thresholds without consensus suggests that caution
should be used when interpreting ONSD measurements in chil-
dren. It is imperative that ONSD measurements are interpreted in
conjunction with physical exam and other imaging modalities
when making clinical decisions. It appears that the application of
ONSD measurements in the pediatric population is most likely pri-
marily utilized in research as opposed to daily clinical practice.

Conclusion

Because this bedside tool allows for fast and safe real time
assessment of conditions associated with elevated intracranial
pressure, we propose routine inclusion of ONSD measurements
in the multimodal monitoring of patients in adult and pediatric
neurocritical care. Ultrasound guided ONSD measurement
should be used in conjunction with invasive ICP monitoring for
patients with neurological conditions at risk for developing
ICH. Ultrasound guided ONSD measurements should be used as
a complementary technique at identifying and monitoring ICH
but should not substitute current standard techniques of measur-
ing ICP. The technique can also provide interval monitoring to
follow responses of ICP to therapy or disease progression.
Caution should be used when applying universal cutoff values to
determine ICH. While further research is warranted to elucidate
further granularity and application of the technique, clinicians
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should utilize optic nerve sheath diameter in the diagnostic
workup of pediatric patients with suspected intracranial pathol-
ogy, especially in emergency settings.
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William K. Cornwell

Introduction

The carotid duplex exam has become the standard noninvasive
diagnostic test to determine the presence of flow limiting stenosis
in the extracranial carotid arteries. It is the recommended test for
symptomatic and asymptomatic patients with suspected or known
carotid occlusive disease. Elevated velocities obtained by the
carotid exam can be used to estimate the degree of stenosis in the
carotid arteries. In the hands of a credentialed technologist using
a state-of-the-art duplex scanner, this exam can readily identify
irregular plaques, stenosis, and occlusion of the carotid arteries.

The Carotid Arterial Examination
Indications

The following are indications for which noninvasive assessment
of the carotid arteries is indicated:

¢ Cervical bruits
¢ Cerebrovascular accident
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e Transient ischemic attacks

e Visual disturbances

e Pulsatile neck mass

e Neck trauma

* Amaurosis fugax

e Post-op or post-intervention
e Vertebral insufficiency

e Follow up of known stenosis

Equipment

* Duplex imaging system with color flow and transducer fre-
quencies from 4 to 10 MHz.
e Ultrasound gel [1].

Description of Procedure

The exam is routinely performed as a bilateral study unless
ordered as a limited exam. The procedure should be explained to
the patient and any questions answered. The patient should lie on
an exam table or in bed in a supine position with the head slightly
elevated, chin raised, and head turned slightly away from the
sided being scanned (Fig. 1).

The exam usually begins on the right side. It is helpful to start
by making a grey scale sweep through the entire carotid system in

Fig. 1 Patient position and probe placement for the carotid exam
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Fig.2 Transverse view of the bifurcation

a transverse view. This will allow for identification of unusual
anatomy or pathology. Begin at the base of the neck with the prox-
imal common carotid artery (CCA) as low on the neck as possible.
Scan through the CCA, bifurcation (Fig. 2), bulb, proximal exter-
nal carotid artery (ECA) and proximal, mid and distal segments of
the internal carotid artery (ICA). Make note of the location and
extent of any plaque observed.

After completing the transverse scan, follow the same sequence
in the longitudinal view starting with the CCA at the base of the
neck [2].

During the scan the technologist should continually optimize the
image by adjusting the grey scale display, color, depth and focal zone.

Anatomic Variations

Normally the bifurcation occurs in the mid portion of the neck with
the ICA taking a posterior lateral course and the ECA branching
more medial and anterior. Occasionally the bifurcation may occur
either very low or very high in the neck making multiple Doppler
samples of the CCA or ICA very difficult. In rare cases only the
distal CCA or proximal ICA may be able to be sampled. The posi-
tion of the ICA and ECA may also be reversed. In this case the I[CA
may be identified by its low resistant flow pattern compared to the
high resistant waveform of the ECA. A temporal tap or identifica-
tion of the superior thyroid artery can also help identify the ECA.
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Documentation

Document the study by obtaining loops or still frame images
including grey scale, color and Doppler spectral waveforms
according to the facility protocol.

Example:

e In the long view document in grey scale the:
— CCA in the proximal and mid-distal segments (Fig. 3)
— Carotid bulb
— Proximal ECA
— Proximal, mid and distal segments of the ICA
e In the long view document in color the:
— Carotid bulb
— Proximal, mid and distal segments of the ICA (Fig. 4)
— Proximal ECA

e ———

Fig.3 Long view mid-distal CCA
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Fig.4 Long view proximal ICA

e In the long view obtain a spectral Doppler waveform measur-
ing peak systolic (PSV) and end diastolic velocities (EDV) of
the:

— CCA in the proximal and mid-distal segments

Carotid bulb

Proximal ECA (peak systolic only)

— ICA in the proximal, mid and distal segments (Fig. 5).

Vertebral (as near the origin as possible) (Fig. 6).

For interpretation areas of stenosis should include the highest
velocity measurements at the stenosis and a waveform just distal
to the stenosis to document post stenotic turbulence.



520 W. K. Cornwell

L] <]
+28.0

+ PSV 553 cm‘s]

EDV -17.6 cmvs
Rl 0.
> 68

Fig.5 Proximal ICA velocities

If a stent is present velocity measurements should be obtained
in the proximal, mid and distal segments of the stent as well as the
native artery just proximal to and distal to the stent. Grey scale
images should be taken in the long view of the proximal and distal
ends of the stent [2].

As with imaging the Doppler display should be optimized dur-
ing the scan in regard to scale, gain, sample size and angle (60
degrees or less).

The technologist performing the exam should use his/her dis-
cretion to obtain a combination of loops, still frame grey scale and
color images (transverse and longitudinal) and spectral wave-
forms to adequately portray pathology to the reader.

Interpretation

Carotid Doppler velocities along with a visual estimation of the
degree of stenosis of the plaque (Figs. 7 and 8) are used to cate-
gorize percent stenosis. The PSV and EDV of the ICA are the
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Fig. 6 Antegrade flow in the Right Vertebral Artery

primary criteria (Figs. 9 and 10). Additionally, the ICA/CCA
ratio may be used. Although there is variability of carotid inter-
pretation criteria, each lab should use either one of the accepted
criteria (Table 1) or internally developed and validated velocity
criteria [1].
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Fig. 7 ICA Stenosis — Greyscale

Stent criteria is also variable. The peak systolic velocity of the
stenotic segment of the stent has been found to be the best predic-
tor of in-stent restenosis compared to the end diastolic velocity or
the ICA/CCA ratio. An example of in-stent restenosis criteria is as
follows:

e PSV of greater than or equal to 154 cm/s = greater than 30%
stenosis
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Fig. 8 ICA Stenosis — Color

e PSV of greater than or equal to 222 cm/s = greater than 50%
stenosis

e PSV of greater than or equal to 325 cm/s = greater than 80%
stenosis

Interpretation normally includes at minimum an estimate of the
percent stenosis of the right and left carotid systems as well as a
description of the plaque. Plaque may be described as being
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Table 1 Society of Radiologists in ultrasound consensus criteria for carotid
stenosis

Primary parameters Secondary parameters
Degree of Plaque ICA/CCA ICAEDV,
stenosis, % ICAPSYV, cm/s  estimate, %* PSV ratio cm/s
Normal <125 None <2.0 <40
<50 <125 <50 <2.0 <40
50-69 125-230 >50 2.0-4.0 40-100
>70 but less  >230 >50 >4.0 >100
than near
occlusion
Near High, low, or Visible Variable Variable
occlusion undetectable
Total Undetectable Visible, no Not Not
occlusion detectable applicable  applicable

lumen

“Plaque estimate (diameter reduction) with grayscale and color Doppler ultra-
sound

homogenous (of similar characteristics or echogenicity), or heter-
ogenous (of mixed characteristics or echogenicity) and whether
the plaque surface is smooth or irregular in contour [3]. A com-
ment should also be included on whether vertebral flow is absent,
antegrade, retrograde or some variation.

The SRUCC criteria (Table 1) are among the most widely used
for classification of carotid stenosis [4]. In October 2021 the
Intersocietal Accreditation Commission (IAC) recommended
modifications to the SRUCC velocity criteria [5]. The recommen-
dation followed a more than 6 year study by IAC involving
accredited labs validating the SRU’s velocity criteria. In general,
the study found that the SRU criteria tended to overestimate the
degree of stenosis for moderate (50-69%) stenosis compared to
angiography. The IAC recommended raising the PSV for 50-69%
stenosis to 180 cm/s. Table 2 displays the revised criteria.
Laboratories should perform center-specific validation studies by
correlating results derived from ultrasonography with angio-
graphic findings, to determine which criteria are most appropriate
for their facility.
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Table 2 Intersocietal Accreditation Commission (IAC) recommended modi-
fications to the SRUCC velocity criteria

Primary parameters Secondary parameters
Degree of Plaque ICA/CCA ICAEDV,
stenosis, % ICA PSV, cm/s estimate, %* PSV ratio cm/s
Normal <180 None <2.0 <40
<50 <180 <50 <2.0 <40
50-69 180-230 >50 2.0-4.0 40-100
>70 but less  >230 >50 >4.0 >100
than near
occlusion
Near High, low, or Visible Variable Variable
occlusion undetectable
Total Undetectable Visible, no Not Not
occlusion detectable applicable  applicable

lumen

aPlaque estimate (diameter reduction) with grayscale and color Doppler ultra-
sound
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