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Asymptomatic carotid artery stenosis is associated with cerebral
hypoperfusion

Amir A. Khan, PhD,? Jigar Patel, MD,” Sarasijhaa Desikan, MD,““ Matthew Chrencik, BS,“

Janice Martinez-Delcid, BS,““ Brian Caraballo, BS,““ John Yokemick, RVT,“ Vicki L. Gray, PhD¢

John D. Sorkin, MD, PhD,* Juan Cebral, PhD,? Siddhartha Sikdar, PhD,? and Brajesh K. Lal, MD,“¢ Fairfax, Va:
and Baltimore, Md

ABSTRACT

Objective: We have shown that almost 50% of patients with asymptomatic carotid stenosis (ACS) will demonstrate
cognitive impairment. Recent evidence has suggested that cerebral hypoperfusion is an important cause of cognitive
impairment. Carotid stenosis can restrict blood flow to the brain, with consequent cerebral hypoperfusion. In contrast, cross-
hemispheric collateral compensation through the Circle of Willis, and cerebrovascular vasodilation can also mitigate the
effects of flow restriction. It is, therefore, critical to develop a clinically relevant measure of net brain perfusion in patients with
ACS that could helpinrisk stratification and in determining the appropriate treatment. To determine whether ACS results in
cerebral hypoperfusion, we developed a novel approach to quantify interhemispheric cerebral perfusion differences,
measured as the time to peak (TTP) and mean transit time (MTT) delays using perfusion-weighted magnetic resonance
imaging (PWI) of the whole brain. To evaluate the utility of using clinical duplex ultrasonography (DUS) to infer brain
perfusion, we also assessed the relationship between the PWI findings and ultrasound-based peak systolic velocity (PSV).

Methods: Structural and PWI of the brain and magnetic resonance angiography of the carotid arteries were performed in
20 patients with =70% ACS. DUS provided the PSV, and magnetic resonance angiography provided plaque geometric
measures at the stenosis. Volumetric perfusion maps of the entire brain from PWI were analyzed to obtain the mean
interhemispheric differences for the TTP and MTT delays. In addition, the proportion of brain volume that demonstrated a
delay in TTP and MTT was also measured. These proportions were measured for increasing severity of perfusion delays
(0.5, 1.0, and 2.0 seconds). Finally, perfusion asymmetries on PWI| were correlated with the PSV and stenosis features on
DUS using Pearson'’s correlation coefficients.

Results: Of the 20 patients, 18 had unilateral stenosis (8 right and 10 left) and 2 had bilateral stenoses. The interhemi-
spheric (left—right) TTP delays measured for the whole brain volume identified impaired perfusion in the hemisphere
ipsilateral to the stenosis in 16 of the 18 patients. More than 45% of the patients had had ischemia in at least one half of
their brain volume, with a TTP delay >0.5 second. The TTP and MTT delays showed strong correlations with PSV. In
contrast, the correlations with the percentage of stenosis were weaker. The correlations for the PSV were strongest with
the perfusion deficits (TTP and MTT delays) measured for the whole brain using our proposed algorithm (r=0.80 and r=
0.74, respectively) rather than when measured on a single magnetic resonance angiography slice as performed in current
clinical protocols (r = 0.31 and r = 0.58, respectively).

Conclusions: Interhemispheric TTP and MTT delay measured for the whole brain using PWI has provided a new tool for
assessing cerebral perfusion deficits in patients with ACS. Carotid stenosis was associated with a detectable reduction in
ipsilateral brain perfusion compared with the opposite hemisphere in >80% of patients. The PSV measured at the carotid
stenosis using ultrasonography correlated with TTP and MTT delays and might serve as a clinically useful surrogate to
brain hypoperfusion in these patients. (J Vasc Surg 2021;73:1611-21.)
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Asymptomatic carotid stenosis (ACS) affects ~4% of
adults, with an even greater prevalence in the elderly
(~12%)." We recently showed that patients with ACS
can exhibit dysfunction in composite and domain-
specific cognitive function compared with age- and
vascular risk factor-matched controls.* The Rotterdam
Scan Study found that cerebral hypoperfusion is an
important cause of cognitive dysfunction in commu-
nity dwelling adults>® Carotid stenosis can restrict
the blood flow to the brain and cause cerebral hypo-
perfusion. However, cross-collateral compensation of
flow through the Circle of Willis and additional
compensatory intracerebral vasodilation could collec-
tively mitigate the effects of stenosis-induced flow re-
striction. However, ~50% of these patients will have
partial or complete disconnection of their Circle of
Willis. Also, intracerebral vasodilation can vary among
individuals and could be inadequate in the presence
of intracranial atherosclerosis. Therefore, compensation
for the flow restriction from a stenosis varies across
the population, and the measurement of the stenosis
alone is insufficient to assess its true hemodynamic
effects on the brain. Therefore, a need exists to
develop a direct clinical measure of net brain perfu-
sion in patients with ACS. The conventional selection
of ACS patients for revascularization is informed by
the findings from the ACAS (asymptomatic carotid
atherosclerosis study), which used the percentage of
narrowing of the carotid artery as its criterion for
intervention, a metric that has increasingly been
shown to be unreliable’” An assessment of brain
perfusion in these patients could provide additional
information for risk stratification.

Perfusion-weighted magnetic resonance imaging
(PWI) is a readily available minimally invasive modality
in which passage of an injected contrast agent can
be serially tracked through the cerebrovascular sys-
tem.®'° The resulting PWI data can be processed to
obtain measurements of the cerebral blood volume
and cerebral blood flow!° The first passage of
contrast can be quantified in terms of the time to
peak flow (TTP), defined as the mean time in seconds
to the arrival of the maximum signal after initiation
of the perfusion scan, and mean transit time (MTT),
defined as the time in seconds required for the
contrast agent to pass through the microcirculation.’
The MTT is computed as the ratio of blood volume
to blood flow.° The current clinical PWI protocols
measure these parameters from one arbitrarily
selected image slice at the level of the basal ganglia
of each hemisphere" This allows for quantification of
differences in the TTP and MTT between the right
and left hemispheres from the single image slice.
However, these measurements cannot identify any
variability in perfusion that might be present in other
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locations of the brain and cannot provide a reliable
measure of whole brain perfusion. Therefore, an
approach that allows for quantification of whole brain
perfusion is required.

Doppler ultrasound-based peak systolic velocity (PSV)
measurements are conventionally obtained from pa-
tients with ACS during the preliminary assessments of
the degree of stenosis.'” However, the relationship of
the PSV to brain perfusion has not yet been evaluated.
PSV, which is a dynamic measurement, will be influ-
enced by the stenosis and by cross-collateralization
through the Circle of Willis. Therefore, assessments of
the relationship between the PSV and cerebral perfusion
might provide an effective surrogate for brain perfusion
that could help make the risk stratification of patients
with ACS more clinically convenient.

In the present study, we measured brain perfusion def-
icits using the conventional evaluation of PWI by
analyzing a single two-dimensional image slice at the
level of the basal ganglia in patients with ACS. We also
measured perfusion deficits using a novel approach
that evaluates PWI of the whole brain in three dimen-
sions. We then determined whether ACS was associated
with cerebral hypoperfusion by identifying the propor-
tion of patients demonstrating hypoperfusion and by
quantifying the proportion of brain volume affected by
hypoperfusion. Finally, we evaluated the relationship be-
tween the ultrasound-based PSV at the stenosis and
brain perfusion deficits. To the best of our knowledge,
the present study is the first to investigate the relation-
ship between ACS and PWI-based cerebral perfusion of
the whole brain, quantify the hypoperfusion in terms of
the proportional brain volume affected, and define the
relationship between the PSV and brain perfusion.

METHODS

Patients. A total of 20 consecutive patients with asymp-
tomatic high-grade carotid stenosis (=70% diameter
reduction) with normal National Institutes of Health
stroke scale and modified Rankin scale scores were
selected for the present study. The criterion for =70%
stenosis was determined by the Doppler ultrasound ve-
locity (PSV >230 cm/s).> Demographic information and
comorbidities such as coronary artery disease, diabetes
mellitus, hypertension, hypercholesterolemia, smoking
history, and peripheral arterial occlusive disease were
recorded.” The University of Maryland School of Medi-
cine Institutional Review Board approved the present
study protocol, and all patients provided written
informed consent for participation.

Imaging. Carotid duplex ultrasound imaging was per-
formed using a linear array transducer (L15) using a clin-
ical ultrasound machine (Ultrasonix SonixTouch,
Richmond, British Columbia, Canada). The spectral
Doppler waveforms at the proximal, mid, and distal
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common and internal carotid arteries were recorded to
obtain the velocity measures in both the ipsilateral and
the contralateral arteries.*'*'"® The patients then under-
went three-dimensional Tl-weighted magnetic reso-
nance imaging (MRI) of the brain, magnetic resonance
angiography of the carotid artery, and PWI of the brain
after injection of gadolinium (0.1 mmol/kg dose, injected
at 5 mL/s)."®"” The spatial resolution and slice thickness of
the PWI acquisition was 2 x 2 x 35 mm. All MRI was
performed using a 3T Philips Scanner (Philips Healthcare,
Best, Netherlands). Quantitation of cerebral perfusion
dynamics was accomplished using IB Neuro (Imaging
Biometrics, EIm Grove, Wis), a plug-in application for
Horos (Purview, Annapolis, Md).'®'° As the gadolinium
contrast enters the cerebral circulation, it induces sus-
ceptibility changes owing to its paramagnetic properties,
leading to signal intensity loss captured by PWI. The
perfusion sequence is relatively quick (<2 minutes) as the
contrast enters and then leaves the brain and does not
add any significant additional overhead to a routine MRI
examination. The resulting time curves at each voxel
were processed to generate maps of the TTP, MTT, rela-
tive cerebral blood flow (rfCBF), defined as the computed
blood flow of a voxel in arbitrary units, and relative ce-
rebral blood volume (rCBV), defined as the computed
volume of a voxel in arbitrary units (saved in DICOM
[Digital Imaging and Communications in Medicine]
format) for each slice of the PWI (Supplementary Fig,
online only).

Single slice analysis of perfusion at the basal ganglia
level. A board-certified neuroradiologist identified the
axial slice of the PWI study at the level of the basal
ganglia and outlined both cortical hemispheres (ie,
excluding the ventricles). The interhemispheric perfusion
differences between the two cerebral hemispheres for
each of the four perfusion measures (TTP, MTT, rCBF,
rCBV) were computed as the difference in the mean
values of the perfusion parameters between the left and
right hemispheres visible on the image slice.

Whole brain analysis. The T1-weighted structural brain
volumes were normalized to the standard Montreal
Neurological Institute brain atlas using FreeSurfer soft-
ware (General Hospital Corp, Boston, Mass)?°% The
resulting volumes had the spatial resolution of
2 x 2 x 2 mm and allowed for a standardized compari-
son across patients. The raw perfusion maps were then
co-registered with the structural MRI scans to automat-
ically generate outlines for the left and right hemispheres
in the entire brain across all slices using statistical para-
metric mapping.?*?> This automation removed any
operator bias for outlining the hemispheres. For each
subject, the mean perfusion value for TTP, MTT, rCBF, and
rCBV was computed for each hemisphere for the entire
brain across all slices. Histograms for the left and right
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hemispheres were analyzed to remove any outliers. The
interhnemispheric perfusion differences were then
computed for the mean value of each parameter (TTP,
MTT, rCBF, rCBV). The interhemispheric time delays were
typically on the order of tenths of a second to several
seconds (depending on the nature of the disease).

Proportional brain volume analysis. Of the four mea-
sures of perfusion, TTP and MTT are the most sensitive
identifiers of early perfusion deficits, because they incor-
porate the timing information of the contrast agent as it
washes through different regions of brain.?®?’ To assess
the volume of the brain affected by hypoperfusion and
the severity of hypoperfusion in different regions of the
brain, we quantified the TTP and MTT delays between
the left and right hemispheres at four temporal hypo-
perfusion thresholds: >05 second, >1 second, and
>2 seconds. We devised a method that allowed us to
compute the voxel-level interhemispheric delays be-
tween the left and right hemispheres. We quantified the
passage of contrast through one voxel in one hemi-
sphere and compared it with the corresponding voxel in
the opposite hemisphere. The TTP and MTT maps for
each subject were co-registered to their Tl-weighted
structural images and normalized to the symmetric
Montreal Neurological Institute template.?® To allow for a
voxel-level analysis, the maps were smoothed using a
Gaussian blurring filter to remove the influence of
spurious voxels that were generated during the normal-
ization process. These processed maps were then used to
compute the proportion of hemispheric brain volume
corresponding to TTP and MTT delays of >0.5 second,
>1 second, and >2 seconds in flow to one side vs the
other side of the brain. Details of the method used to
determine temporal hypoperfusion are presented in the
Supplementary Fig (online only).

Statistical analysis. The interhemispheric TTP and MTT
delays were computed in seconds and the rCBV and
rCBF differences in arbitrary units. The degree of stenosis
was characterized in one and two dimensions: the mini-
mum luminal diameter at the stenosis in millimeters,
minimum luminal cross-sectional area at the stenosis in
square millimeters, maximum percentage of stenosis by
diameter (MSD), and maximum percentage of stenosis
by area (MSA). The MSD and MSA were computed using
the distal internal carotid artery with parallel walls as the
denominator (NASCET [North American Symptomatic
Carotid Endarterectomy Trial Collaborators] criteria).®
Scatter plots were used to visualize the relationship be-
tween the PSV at the stenosis and the interhemispheric
perfusion differences. The single slice and whole brain
analyses were represented on the same figures. The
relationship between the interhemispheric perfusion
differences and stenosis measurements (PSV, minimum
diameter, area at stenosis, MSD, and MSA) are expressed
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Fig 1. Raw perfusion maps at the level of basal ganglia for a sample patient with a right-sided stenosis: time to
peak (TTP: A), mean transit time (MTT; B), relative cerebral blood volume (rCBV; C), and relative cerebral blood flow
(rCBF; D). Interhemispheric perfusion differences are visible, especially for TTP (arrow in A) and MTT maps. No
difference was found in perfusion between hemispheres when the color in any given part of the brain was the
same in the two hemispheres. Blue and red represent the lowest and highest values in each scan, respectively.
The ventricles in each hemisphere were excluded from the analysis. A.U., Arbitrary units.

using Pearson’s correlation coefficients. Statistical anal-
ysis was performed using MATLAB, version R2016b
(MathWorks Inc, Natick, Mass). A two-tailed P < .05 was
considered to indicate statistical significance.

RESULTS

Patient characteristics. The mean age of the patients
was 67 = 11 years and 84% were men (Supplementary
Table I, online only). As would be expected, the risk fac-
tors for vascular disease were very common in the pa-
tients. Of the 20 patients, 18 had unilateral and 2 had
bilateral stenoses. The patients had a mean + standard
deviation PSV at the stenosis of 436 = 141 cm/s on the
ipsilateral side and 119 * 72 cm/s on the contralateral
side.

Interhemispheric perfusion differences. The raw perfu-
sion maps of a subject with a right-sided stenosis in a
single slice at the level of the basal ganglia are presented
in Fig 1. A clear asymmetry between the left and the right
hemispheres was manifested in this patient, which was
especially evident in the TTP and MTT maps (Fig 1, A and
B, arrow).

The differences between hemispheres for the four
perfusion parameters are shown in Fig 2. The single slice

and whole brain analyses are presented adjacent to each
other. Perfusion differences were computed from left to
right. Therefore, a negative TTP value indicates that the
time taken for the contrast agent to pass through the
right hemisphere was longer than the time required for
the left. A TTP delay was identified on the side of the ste-
nosis in 15 of the 18 patients (83%) with a unilateral steno-
sis on single slice analysis. Both of the patients with
bilateral stenosis had experienced a TTP delay on the
right side. The TTP for the whole brain was delayed in
16 of the 18 patients (89%) with unilateral stenosis, with
1 of the 2 patients with bilateral stenosis exhibiting no
delay and one, a right-sided delay. An MTT delay was
observed in 16 of the 18 patients (89%) on both single
slice and whole brain analysis. The rCBF was reduced
on the stenosis side in 16 (89%) and 15 (83%) of the 18 pa-
tients on single and whole brain analysis, respectively.
The rCBV was reduced in 7 of the 18 patients (39%) on
the stenosed side using both single and whole brain
analysis. The interhemispheric asymmetries across the
entire cohort are summarized in Supplementary
Table Il (online only).

The percentage of hypoperfused brain volume is shown
in Fig 3. As expected, the results varied, depending on the
threshold used to define hypoperfusion. The results are
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Fig 2. Interhemispheric (left—right) differences in perfusion parameters at the level of the basal ganglia and whole
brain: time to peak (TTP: A), mean transit time (MTT: B), relative cerebral blood flow (rCBF; C), and relative cerebral
blood volume (rCBV: D). Negative values indicate increased perfusion deficits in the right hemisphere because the
differences were computed by subtracting the right hemisphere values from those of the left. Laterality is indi-
cated by the sign of the parameter, and the magnitude quantifies the extent of interhemispheric dissimilarity. The
patients were arranged by stenosis laterality (left, bilateral, right) and decreasing whole brain TTP differences for all

four parameters.

presented for increasing thresholds (>0.5 second,
>1 second, and >2 seconds) of perfusion delays for
TTP and MTT. A total of nine patients (45%) had
had =50% of their brain hypoperfused when hypo-
perfusion was defined as a TTP delay >0.5 second.
The number was slightly lower when the MTT delay
was measured at a threshold of >0.5 second at eight
patients (40%). When the TTP delay threshold was
>1 second, three patients (15%) demonstrated hypo-
perfusion in >50% of their brain at that severity
and seven (35%) demonstrated hypoperfusion in
=35% of their brain volume. With a threshold of a
>2-second delay for either TTP or MTT, two patients
had had =35% of the brain volume ischemic. There-
fore, when the temporal threshold to define hypoper-
fusion was set at a sensitive level of >0.5 second,

80% of the patients had had hypoperfusion to
=35% of their brain and 45% had had hypoperfusion
to =50% of their brain.

The influence of cross-collateralization through the Cir-
cle of Willis on the cerebral perfusion is depicted in Fig 4.
The perfusion metrics for the 14 patients with a defect in
the anterior cerebral circulation (eg, hypoplastic, aplastic,
or atherosclerotic segment) was compared with the 6
patients with a completely normal Circle of Willis. The
timing parameters, TTP delay (Fig 4. A) and MTT delay
(Fig 4, B), were greater in the presence of an incomplete
Circle of Willis compared with an intact one. Statistically
significant differences were observed in the TTP delay for
the whole brain (P = .02) and the MTT delay for both the
whole brain (P = .03) and the single slice (P = .003)
analyses.
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Fig 3. Proportion of ipsilateral brain volume with hypoperfusion, when the hypoperfusion threshold was set at a
delay of >0.5 second, >1 second, and >2 seconds relative to the contralateral hemisphere using voxel-level
analysis for time to peak (TTP; A) and mean transit time (MTT; B). The threshold of >0.5, 1, and 2-second coun-
ted all voxels at which the TTP or MTT was greater than 0.5, 1, or 2 seconds, with the proportion determined by the
corresponding hemispheric brain volume. The mean percentage for the three thresholds (gray bars) and standard
deviation (error bars) are also presented for each patient. Patients were presented in decreasing order of the mean

percentages.

The relationship of the PSV measured at the stenosis
using ultrasonography and the measures of interhemi-
spheric perfusion differences using Pearson’s correla-
tion coefficient are illustrated in Fig 5 and the Table
(P < .05). A strong correlation was observed between
the PSV and TTP delay for the whole brain (r = 0.8),
which was also observed between the PSV and MTT
delay (r = 0.78). The single slice analysis did not depict
a clear trend for TTP (r = 0.31). However, the MTT per-
formed slightly better against the PSV (r = 0.58). The
rCBF (r = 0.23 for single slice; r = 0.35 for whole brain)
and rCBV (r = 0.31 for single slice; r = 0.27 for whole
brain) showed weaker, although correctly directed,
trends with the PSV. The minimum diameter at steno-
sis demonstrated negative correlations with the TTP
and MTT measured for the whole brain, albeit weaker
than the PSV. Similar trends were observed when other
stenosis measurements were correlated with the whole
brain perfusion measures. The end-diastolic velocities
and the ratios of PSVs in the internal and common ca-
rotid arteries showed results consistent with the PSVs
and correlated with the brain perfusion measures,
especially the TTP delay. The correlation coefficients
are presented in detail in the Table. Finally, the PSV
for the patients with defects in their anterior Circle of
Willis circulation (hypoplastic/aplastic and atheroscle-
rotic segments) was greater (461.07 = 160.11 cm/s)
than that in the group with no defects (378.67 =
61.31 cm/s).

DISCUSSION

We have described a method that computes the inter-
hemispheric cerebral perfusion differences for the whole
brain using clinically acquired PWI. A large proportion of
patients with neurologically asymptomatic carotid artery
stenosis demonstrated cerebral hypoperfusion on PWI.
The four perfusion parameters measured (ie, TTP, MTT,
rCBF, rCBYV) identified impaired cerebral perfusion in
88% of patients with asymptomatic high-grade (=70%)
carotid stenosis. Most patients demonstrated a TTP delay
of >0.5 second in at least one half of the affected cere-
bral hemisphere and a TTP delay of >1.0 second in
=35% of the affected hemisphere. The PSVs measured
on clinical duplex ultrasonography correlated with the
MRI measures of cerebral hypoperfusion, especially
with respect to the TTP (r = 0.80) and MTT (r = 0.78).

Our computer circuit modeling had previously pre-
dicted that narrowing of the carotid artery would result
in a pressure gradient across the stenosis that could be
compensated for by collateral circulation from the oppo-
site hemisphere via the Circle of Willis.*° The Circle of Wil-
lis is, however, known to be incomplete (with segments
that can be hypoplastic, aplastic, or diseased) in a large
proportion of the population.® Therefore, we anticipated
that many patients with carotid stenosis could experi-
ence a decrease in pressure across their stenosis that
remained undercompensated through the collateral cir-
cuits, thereby rendering the brain hypoperfused. The re-
sults of the present study have provided confirmation
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Fig 4. Interhemispheric perfusion differences (absolute values) as a function of collateralization through the Circle
of Willis (CoW) for whole brain (WB) and single slice (SS) analysis. Time to peak (TTP: A), mean transit time (MTT:; B),
relative cerebral blood flow (rCBF; C), and relative cerebral blood volume (rCBV: D). *P < .05; *P < .005.

of brain hypoperfusion in a large proportion of patients
with high-grade ACS, especially in the absence of effec-
tive collateralization through the Circle of Willis (Figs 3
and 4).

PWI is a clinically, reliable, noninvasive tool for quanti-
fying interhemispheric cerebral perfusion differences in
patients with ACS. Previous studies have assessed several
PWI parameters in selected brain image slices in a mix of
symptomatic and asymptomatic patients with ACS.*>?
The present study focused solely on asymptomatic pa-
tients and extended the scope of the analysis to the
whole brain. The TTP and MTT parameters appeared to
be the most sensitive to perfusion differences because
these two parameters directly track the traversal of
contrast as it passes from the cervical to the cerebral
vascular circuit. The rCBV and rCBF are not expected to
be as sensitive to the stenosis as the two time-related pa-
rameters.’® Conventionally, clinical radiologists have
assessed these maps in a single image slice subjectively
selected at the level of the basal ganglia. We have devel-
oped an efficient method for analyzing imaging data
from the entire brain volume that is more representative
of the perfusion status of the entire brain. The results for
TTP and MTT obtained using this approach identified
more patients (88%) with interhemispheric perfusion

deficits than were obtained by comparing perfusion at
a single arbitrary slice at the basal ganglia level as most
commonly used in current clinical practice.”

Several chronic diseases are known to be associated
with cerebral hypoperfusion, and these, in turn, have
been correlated with cognitive and mobility dysfunction
and progression to dementia.** Cerebral hypoperfusion
from intracranial vasculopathy due to diabetes, hyper-
tension, and sleep apnea®**® and cerebral hypoperfusion
from cardiac failure both result in cognitive dysfunc-
tion.*®*” The existence of clinical comorbidities (eg, dia-
betes, coronary artery disease, hypertension, smoking,
hyperlipidemia) did not influence the perfusion metrics
for our cohort, with no significant differences found on
the t tests between the groups with and without these
comorbidities (data not shown). Similarly, balloon occlu-
sion or clamping of the carotid artery leads to attentional
deficits proportionate to the degree of reduction in
blood flow to the brain***° In older individuals and,
especially, in older patients with diabetes, impaired cere-
bral perfusion during exertional stress is also associated
with reduced gait speed and falls.“““' We recently re-
ported that overall cognitive function and the domain-
specific functions of fine motor and processing speed,
learning and memory, and executive function were
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Fig 5. The in vivo peak systolic velocity (PSV) measured at stenosis using Doppler ultrasonography as a function of
the magnitude of interhemispheric differences in perfusion parameters. A.U., Arbitrary units; MTT, mean transit
time; rCBF, relative cerebral blood flow; rCBYV, relative cerebral blood volume; SS-BG, single-slice at basal ganglia;

TTP, time to peak; WB, whole brain.

Table. Correlation coefficients between perfusion parameters and stenosis measurements?

TTP 0.31 0.81 0.30 0.65 0.34 0.78
MTT 0.58 0.78 0.50 0.60 0.46 0.63
rCBF 0.23 0.35 0.32 0.39 0.32 0.19
rCBV 031 0.27 0.32 0.20 0.32 018

—0.17
—0.56
-0.27
—0.36

-055 016 —0.44 022 0.55 0.15 0.44
-053 055 —0.47 0.42 0.48 0.38 0.42
-029 -028 -019 0.28 0.25 0.30 018
—-047 042 041 0.32 0.46 0.37 038

EDV, End-diastolic velocity; ICA/CCA, internal carotid artery to commmon carotid artery velocity ratio; MDA, minimum area at stenosis; MDS, minimum
diameter at stenosis; MSA, maximum stenosis by area; MSD, maximum stenosis by diameter; MTT, mean transit time; PSV, peak systolic velocity; rCBF,
relative cerebral blood flow; rCBY, relative cerebral blood volume; SS-BG, single-slice at basal ganglia; TTP, time to peak; WB, whole brain.

Boldface values represent highest correlations.
2All correlations reported were significant at P < .05.

impaired in patients ACS compared with age- and
vascular risk factor-matched controls.*? These impair-
ments were not related to plaque disruption and could
be related to cerebral hemodynamics. Additional studies
have also reported that ACS is associated with reduced
global cognition (MMSE [mini-mental state examina-
tion]*®> and MOCA [Montreal cognitive assessment]**),
reduced scores for tests of mental speed, learning, visuo-
spatial abilities, verbal processing, and reasoning“>“® and
for executive function® compared with healthy controls.
Mobility impairment coexists with cognitive dysfunction
in many older adults.*”>* In addition, mobility dysfunc-
tion shares most of the vascular risk factors that also
affect cognition.>*>° We have recently reported that pa-
tients with ACS have declining gait speed and balance
function.®© Our findings of cerebral hypoperfusion result-
ing from flow restriction in patients with ACS in the

present study can explain the cognitive and mobility im-
pairments identified in these patients.

The true contribution of carotid stenosis to cerebral
hypoperfusion can only be determined after accounting
for both the pressure decrease across the stenosis and
the pressure generated from cross-collateralization.*®°"
5% Thus, it can be anticipated that the net PSV measured
at the stenosis would be affected by both the degree of
narrowing at the stenosis and the extent of cross-
collateral flow. Our computer circuit model predicted
that a 70% carotid stenosis in the presence of a
completely disconnected Circle of Willis would result in
a higher PSV compared with a 70% stenosis in the pres-
ence of an intact Circle of Willis*° In the present study,
we have confirmed these findings in actual patients
with carotid stenosis. The PSV for patients with defects
in their anterior Circle of Willis circulation (hypoplastic/
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aplastic and atherosclerotic segments) was higher
(461.07 = 160.11 cm/s) compared with that of the group
with no defects (378.67 = 61.31 cm/s). Therefore, in the
present study, we hypothesized that severely elevated
PSVs could be a marker for cerebral hypoperfusion. Our
results have demonstrated that cerebral hypoperfusion
measured by quantitative volumetric PWI is strongly
related to the in vivo velocity measurements at the ste-
nosis. These results suggest that, in addition to defining
the degree of stenosis, the PSV in patients with ACS is
a potentially useful marker of cerebral perfusion.

Although we found a strong relationship between the
in vivo PSV measurements and perfusion parameters for
the whole brain (TTP and MTT), an appropriate threshold for
the PSV that would indicate significant cerebral hypoperfu-
sion requires a larger patient cohort and is being pursued in
an ongoing study. Although we found clear evidence for ce-
rebral hypoperfusion in neurologically asymptomatic pa-
tients, in contrast to stroke patients, the differences
between the ipsilateral and contralateral hemispheres
were more subtle in this asymptomatic population. Very
limited data are available to suggest clinically significant
thresholds for brain hypoperfusion in general, with none re-
ported for the ACS population. This is the direct result of (1)
the lack of a sensitive protocol to objectively quantify brain
perfusion, and (2) the lack of sensitive tools to measure the
clinical consequences of the hypoperfusion beyond simple
neurologic sensory and motor testing. In the present report,
we have offered a solution that quantifies brain perfusion.
In previous reports, we provided evidence for subtle, yet clin-
icallyimportant,cognitiveand mobilityimpairmentsinthese
patients. Alargerstudyisongoingto test howthese perfusion
delays correlate with the cognitive and mobility function
assessment scores. This could potentially lead to the identifi-
cation ofasubpopulation of ACS patients who might benefit
fromn more aggressive treatment.

CONCLUSIONS

Cerebral hypoperfusion is known to be associated with
cognitive and mobility dysfunctioninseveral chronic disease
states. We have described a clinically applicable approach to
quantifying cerebral perfusion deficits for the whole brain
using PWI. We found that a large proportion of patients
with neurologically asymptomatic high-grade carotid ste-
nosis demonstrated detectable cerebral hypoperfusion.
The in vivo ultrasound-based PSV at the stenosis correlated
with the interhemispheric TTP delay and MTT delay derived
from the PWI and might serve as a surrogate measure of ce-
rebral perfusion status. Knowledge of cerebral hypoperfu-
sion mightassistin the risk stratification of patients with ACS.
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Supplemental Fig (online only). Overall schematic for computing the interhemispheric perfusion deficit. Single
slice (SS) and whole brain (WB) analyses provided asymmetry metrics (left vs right hemispheres) for quantifying
and lateralizing perfusion deficits. The proportional brain volume provides an objective measure of the actual
regions of the brain with perfusion deficits compared with the whole brain.
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Supplementary Table | (online only). Patient de-
mographics, vascular risk factors, and stenosis
measurements

Age, years

White race 55 (11)

Coronary artery disease 25 (5)

Smoking (past or present) 70 (14)

Stenosis features

Minimal area at stenosis, mm? 232 * 131

MSD 0.83 = 0.1

Bilateral stenosis 10 (2)

PSV at stenosis, ipsilateral side, cm/s 436 + 141

Velocity in vertebral arteries, cm/s

Contralateral side 57 =17
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Supplementary Table Il (online only). Interhemispheric
asymmetries for entire cohort

MTT 0.63 = 0.34 (0.17-1.4) 0.46 = 0.29 (0.05-0.94)

rCBV 11.82 + 13.54 (0.53-42.84) 736 = 7.73 (0.1-29.82)




