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Background and Purpose High-grade carotid artery stenosis may alter hemodynamics in the 
ipsilateral hemisphere, but consequences of this effect are poorly understood. Cortical thinning is 
associated with cognitive impairment in dementia, head trauma, demyelination, and stroke. We 
hypothesized that hemodynamic impairment, as represented by a relative time-to-peak (TTP) delay 
on MRI in the hemisphere ipsilateral to the stenosis, would be associated with relative cortical 
thinning in that hemisphere. 
Methods We used baseline MRI data from the NINDS-funded Carotid Revascularization and 
Medical Management for Asymptomatic Carotid Stenosis–Hemodynamics (CREST-H) study. Dynamic 
contrast susceptibility MR perfusion-weighted images were post-processed with quantitative 
perfusion maps using deconvolution of tissue and arterial signals. The protocol derived a hemispheric 
TTP delay, calculated by subtraction of voxel values in the hemisphere ipsilateral minus those 
contralateral to the stenosis. 
Results Among 110 consecutive patients enrolled in CREST-H to date, 45 (41%) had TTP delay of at 
least 0.5 seconds and 9 (8.3%) subjects had TTP delay of at least 2.0 seconds, the maximum delay 
measured. For every 0.25-second increase in TTP delay above 0.5 seconds, there was a 0.006-mm 
(6 micron) increase in cortical thickness asymmetry. Across the range of hemodynamic impairment, 
TTP delay independently predicted relative cortical thinning on the side of stenosis, adjusting for age, 
sex, hypertension, hemisphere, smoking history, low-density lipoprotein cholesterol, and preexisting 
infarction (P=0.032). 
Conclusions Our findings suggest that hemodynamic impairment from high-grade asymptomatic 
carotid stenosis may structurally alter the cortex supplied by the stenotic carotid artery.
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Introduction

High-grade carotid artery stenosis may reduce cerebral perfu-
sion in the hemisphere ipsilateral to the stenosis by 8% to 24%.1,2 
Other hemodynamic measures, such as a relative delay in arrival 
time of contrast material to the hemisphere supplied by the 
stenotic carotid artery, may be seen in up to 50% of patients.3,4 
Although hemodynamic impairment is associated with increased 
risk of stroke5,6 and cognitive dysfunction,7-9 the consequence of 
these hemodynamic abnormalities on brain structure is not cur-
rently known. Cortical thinning is an imaging marker associated 
with cognitive impairment,10 seen in patients with traumatic 
brain injury,11 neurodegeneration,12,13 and cerebrovascular dis-
ease.14-16 In this study, we investigated the effect of hemody-
namic impairment on cortical thickness in patients with unilat-
eral, high-grade, asymptomatic carotid artery stenosis. 

The Carotid Revascularization and Medical Management for 
Asymptomatic Carotid Stenosis–Hemodynamics (CREST-H) is a 
National Institute of Neurological Disorders and Stroke (NINDS)-
funded clinical investigation, ancillary to the NINDS-funded Ca-
rotid Revascularization and Medical Management for Asymp-
tomatic Carotid Stenosis Study (CREST-2) randomized clinical 
trial.17 CREST-2 is a pair of outcome-blinded, phase 3 random-
ized clinical trials to assess treatment differences in stroke and 
death rates in patients assigned to: (1) carotid endarterectomy 
(CEA) plus intensive medical management (IMM) versus IMM 
alone, and (2) carotid artery stenting (CAS) plus IMM versus 
IMM alone.18 CREST-H is designed to determine if a subset of 
CREST-2 patients with high-grade, asymptomatic carotid artery 
stenosis and hemodynamic impairment would demonstrate 
cognitive benefit by revascularization of the stenotic carotid ar-
tery by CEA or CAS (clinicaltrials.gov NCT03121209). For this re-
port, we used baseline imaging data from the CREST-H study to 
investigate whether degree of hemodynamic impairment as 
measured by time-to-peak (TTP) delay in the hemisphere ipsilat-
eral to the stenotic carotid artery correlated with relative corti-
cal thinning in that hemisphere. We hypothesized that patients 
enrolled in CREST-2 and CREST-H with severe carotid occlusive 
disease but without recent stroke would show cortical thinning 
in the hemisphere ipsilateral to the side of the stenosis prior to 
treatment onset (baseline) if there was hemodynamic impair-
ment in that hemisphere. Because the CREST-H and CREST-2 
clinical trials are still ongoing, there are additional imaging and 
cognitive outcomes data that remain blinded. These will be an-
alyzed for publication at a later date. The present study contains 
baseline data currently available for analysis.

Methods

Participants

Baseline images were assessed from consecutive subjects ran-
domized into the CREST-2 parent study and enrolled in CREST-H 
between January 30, 2018 and November 9, 2020. Per the CREST-2 
protocol, patients had ≥70% internal carotid artery (ICA) ste-
nosis and no symptomatic stroke or transient ischemic attack (TIA) 
in the target carotid territory within the last 180 days. Stenosis 
was defined by a catheter angiogram showing ≥70% stenosis, 
or a carotid duplex ultrasound showing a Doppler peak systolic 
velocity ≥230 cm/sec plus one of the following additional find-
ings: end-diastolic velocity ≥100 cm/sec or ICA/CCA (common 
carotid artery) ratio ≥4.0, or CT angiography or MR angiography 
demonstrating ≥70% stenosis. Additional eligibility criteria for 
CREST-H included age 18–86, fluency in English, no contralateral 
ICA occlusion or stenosis ≥70%, no pre-existing diagnosis of de-
mentia, no history of severe head trauma or current major de-
pression, and education ≥8 years.17 Written informed consent 
based on Institutional Review Board (IRB) approval from a cen-
tral IRB at University of Cincinnati or local site IRB was obtained 
from all participants, first for CREST-2 and then separately for 
CREST-H. The current study was approved by the Columbia Uni-
versity Irving Medical Center IRB (AAAR4210), according to the 
ethical standards of Columbia University under the Common 
Rule as revised January 21, 2019.

Imaging acquisition
MR images were obtained on 1.5-T and 3-T scanners according 
to parameters established in the CREST-H study protocol and 
were processed centrally at the imaging core lab at UCLA Gef-
fen School of Medicine for the perfusion imaging, at the Mayo 
Clinic at Rochester, MN for the structural imaging, and at Co-
lumbia University Irving Medical Center for cortical thickness 
measurements. The protocol included dynamic contrast suscep-
tibility MR perfusion-weighted images (PWI), T2-weighted fluid-
attenuated inversion recovery (FLAIR) images to assess infarcts 
and white matter hyperintensities (WMH), and high-resolution 
T1-weighted images for cortical thickness measurements. PWI 
sequences were tailored for each participating site’s standard 
MRI vendor system field strength. 3-T parameters included: slice 
thickness 5.0 mm, gap=0 mm, slices=max for repetition time (TR), 
TR=1,500 ms, echo time=30 ms, field of view=22 cm, frequen-
cy=96 Hz, phase=128°, mode=2D. PWI source images were post-
processed with a semi-automated system that computed quan-
titative perfusion maps using deconvolution of tissue and arterial 
signals (Olea, Cambridge, MA, USA), yielding standardized data 
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regardless of the acquisition system at each site. The relative TTP 
delay was represented as a difference TTP (dTTP) calculated by 
subtraction of voxel values in the hemisphere ipsilateral minus 
those contralateral to the stenosis, using OleaSphere 3.0 software, 
with the TTP delay measured in the middle, anterior, and poste-
rior cerebral artery territories. TTP thus reflects any extracranial 
or intracranial proximal stenosis, as well as variations in circle 
of Willis collateral anatomy. We used the whole hemisphere to 
assess hemodynamic asymmetry since ICA stenosis may affect 
blood flow in the anterior brain regions directly and posterior 
regions indirectly.2,19 We chose TTP delay as the hemodynamic 
measure for this study because of its high sensitivity to inter-
hemispheric asymmetry, reproducibility, and availability across 
different scanners and field strengths.20 Arterial Spin Labeling is 
a means to obtain quantitative perfusion data, but is not widely 
available and so could not be used in this study. TTP delay in ca-
rotid artery disease has been shown to correlate with other per-
fusion-related measures such as increased mean transit time 
(MTT) and time to maximum (Tmax) and does not require an ar-
terial input function.3,21 The computer algorithm binned dTTPs into 
thresholds of 0.25-second increments up to ≥2 seconds, except 
for 0–0.5 seconds, the only interval requiring a larger delay for 
reliable measurements distinguishing asymmetry from no asym-
metry by the automated algorithm. To be classified as asymmet-
rical, a minimum volume of 10 cm3 was required at each level of 
relative TTP delay. As a result, there were 8 gradations of asym-
metry, ranging from no asymmetry (TTP delay=0.0–0.49 seconds) 
to a TTP delay of ≥2 seconds. Because infarcts may be associ-
ated with cortical thinning independent of hemodynamic im-
pairment,14,15 presence and volume of prior ischemic lesions on 
the ipsilateral and contralateral sides were considered in statis-
tical models. A neuroradiologist blinded to clinical information, 
side of stenosis and perfusion imaging data, measured (1) cor-
tical and subcortical infarct size and location in the hemisphere 
ipsilateral and contralateral to the carotid stenosis, including la-
cunes, and (2) degree of WMH using the Fazekas scale.22 Infarct 
burden on the side ipsilateral and contralateral to the stenosis 
was measured by taking the sum of the largest diameters of each 
lesion from axial FLAIR slices in that hemisphere. Total infarct 
volume was derived by summing the infarct burden from each 
hemisphere. We also a priori defined a binary measure for infarct 
burden in each hemisphere, setting a threshold of ≥10 mm di-
ameter for cortical infarcts and ≥15 mm for subcortical infarcts, 
thresholds that would exclude small and punctate infarcts that 
would be unlikely to contribute to cortical thinning.

Cortical thickness measurement
We used Freesurfer (version 6), a semi-automated, validated MRI 

analytic package23 to calculate the average cortical thickness 
of the ipsilateral versus contralateral hemisphere. For our main 
analysis we chose to use an asymmetry measure rather than ab-
solute measure in each hemisphere to control for inter-individual 
differences in cortical thickness, which can be substantial24 com-
pared with the intra-subject difference between hemispheres, 
which was our outcome of interest. The arithmetic difference 
between the mean thickness in the contralateral minus the ip-
silateral hemisphere served as a measure of thickness asymme-
try. A positive asymmetry value indicated a thinner cortex in the 
hemisphere ipsilateral to the carotid stenosis. The asymmetry 
approach would also help control for scan acquisition and scan 
platform differences. 

Statistical analysis
We used Spearman’s correlation to examine the association be-
tween TTP delay and cortical thickness asymmetry and adjusted 
linear regression models with significance level set at α=0.05 
for our primary analysis. A linear regression model with cortical 
thickness asymmetry as the outcome variable was calculated 
with TTP delay as the primary predictor, adjusting for age, sex, 
left vs. right hemisphere, hypertension as defined by systolic 
blood pressure >140 mm Hg or on hypertensive medication for 
control of blood pressure, current or past smoking history, low-
density lipoprotein (LDL) cholesterol, HbA1c, WMH, and ipsilat-
eral and contralateral infarction. Our covariates were chosen 
from data available in the CREST-2 data set, based on clinical and 
demographic factors that could contribute to stroke risk, cogni-
tive impairment, and cortical thickness, independently of hemo-
dynamics. All covariates were kept in the fully adjusted model. 

Data availability
Data will be made available to all researchers in the academic 
community subsequent to the publication of the manuscript 
upon reasonable request.

Results

There were 110 participants included in the study. As shown in 
Table 1, average age was 70.2±7.8 years, 61% male. Eighty-five 
percent had hypertension, mean HbA1c=6.1%, mean LDL cho-
lesterol=79.1 mg/dL, 64% were current or prior smokers, and 47% 
had left sided stenosis. Twenty-four percent of participants re-
ported a history of prior stroke, and 44% had infarctions on struc-
tural MR imaging, ranging in size from 3 mm to 74 mm in larg-
est diameter (average=10.5±10 mm). Of the 110 participants, one 
had inadequate perfusion imaging and two others had incom-
plete structural imaging, thus 107 were included in the regres-
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sion analysis. The distribution of TTP delay across the 109 partici-
pants with perfusion imaging and cortical thickness measurements 
is shown in Figure 1. Of these, 64 (59%) had no TTP asymmetry, 
45 (41%) had TTP delay of at least 0.5 seconds. With increasing 
TTP delay thresholds, fewer subjects were represented, with 9 
(8.3%) subjects having TTP delay of at least 2.0 seconds. Of note, 
no subjects included in the study had TTP greater than 4.0 seconds.

Our primary goal was to determine whether there was an 
association between degree of TTP delay and cortical thickness 
asymmetry between the ipsilateral and the contralateral hemi-
sphere. Results for this multivariable model are shown in Table 2, 
which represents the fully adjusted model, including all variables. 
Our findings demonstrate that TTP delay was an independent 
predictor of cortical thickness asymmetry (P=0.032), indicating 
that relative hemodynamic impairment on the side of the ste-
nosis was associated with relative cortical thinning on the ipsi-
lateral side relative to the contralateral side. The relationship 
between degree of TTP delay and mean cortical thickness asym-
metry is illustrated in Figure 2, based on the unadjusted model: 
the greater the TTP delay, the greater the asymmetry in cortical 

Table 1. Demographic, medical, and radiographic characteristics of the 
study subjects

Characteristic Value (n=110)

Age (yr) 70.2±7.8

Sex 

Male 67 (60.9)

Female 43 (39.1)

Race

White 99 (90.0)

Hispanic 8 (7.3)

Asian 1 (0.9)

Native American 1 (0.9)

Not reported 1 (0.9)

HTN 

Yes 93 (84.5)

No 17 (15.5)

Smoking

Never smoked 40 (36.4)

Current or prior smoker 70 (63.6)

HbA1c (%) (n=109) 6.1±1.20

LDL cholesterol (mg/dL) (n=107) 79.1±32.55

Prior stroke (by report)

Yes 26 (23.6)

No 84 (76.4)

iINFARCT (n=108)

Yes 12 (11.1)

No 96 (88.9)

cINFARCT (n=108)

Yes 14 (13.0)

No 94 (87.0)

Side of stenosis

Left 51 (46.6)

Right 59 (53.4)

Fazekas (n=108)

0 14 (13.0)

1 10 (9.3)

2 63 (58.3)

3 3 (2.8)

4 18 (16.7)

TTP delay, sec (n=109)

<0.50 64 (58.7)

0.50–0.75 11 (10.1)

0.75–1.00 3 (2.8)

1.0–1.25 5 (4.6)

1.25–1.50 5 (4.6)

1.50–1.75 7 (6.4)

1.75–2.00 5 (4.6)

≥2 9 (8.3)

Table 1. Continued

Characteristic Value (n=110)

Cortical thickness mean difference (contra-ipsi) (mm) -0.01±0.08

Values are presented as mean±SD or n (%). All percentages may not total 
100% due to rounding. 
HTN, hypertension; smoking, current or past history of smoking; LDL, low-
density lipoprotein; side, left-right hemisphere; iINFARCT, infarct ipsilateral 
to the stenotic carotid (≥10 mm for cortical, ≥15 mm for subcortical); cIN-
FARCT, infarct contralateral to the stenotic carotid; Fazekas, white matter 
hyperintensity burden by Fazekas scale; TTP delay, time-to-peak delay in 
seconds.

Figure 1. Histogram showing the distribution of time-to-peak (TTP) delays 
among 109 subjects, with n=64 (59%) having no delay (0.00–0.49 sec), the 
remainder having TTP delay ≥0.5 seconds. Nine patients (8.3%) had TTP de-
lay ≥2.0 seconds. Number of subjects in each TTP category is shown above 
the bars.
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thickness. For every 0.25 second increase in TTP delay, there is 
a 0.006 mm (6 micron) increase in cortical thickness asymmetry. 
The magnitude of the difference in thickness between the 2 
hemispheres averaged 0.025 mm (25 microns) at TTP delay of 
2 seconds (approximately 1% of mean cortical thickness of the 
human brain).25 The association between TTP delay and cortical 
thickness asymmetry remained significant in the presence of in-
farction. As shown in Table 2, hypertension, left vs. right hemi-
sphere and contralateral infarction were also associated with 
cortical thickness asymmetry. Of note, in all analyses we chose 
to use the binary variable for infarct because it provided a nat-
ural cut-point for interpretation (≥10 mm diameter for cortical 
infarcts and ≥15 mm for subcortical infarcts). In addition, the 
distribution of infarct volumes was highly skewed; a majority of 
patients had no infarct at all (infarct volume=0) in either the 
ipsilateral hemisphere (n=74, 69%) or the contralateral hemi-
sphere (n=78, 73%). This violates assumptions for linear regres-
sion. Using infarct as a continuous variable, which would incor-
porate the skew, the P-value for TTP was nonsignificant (P=0.074). 

Discussion

Cortical thinning, an imaging marker associated with cognitive 
decline, is found in different brain pathologies, including neuro-
degenerative diseases, traumatic brain injury, demyelinating dis-
ease, and stroke.10-16,26 It also occurs with normal aging.10 Asso-
ciations between cerebral hemodynamic impairment and some 
of these conditions have been reported. In stroke, cognitive dys-

function has been reported when ipsilateral flow velocities are 
reduced in the middle cerebral artery7 or when there is impaired 
cerebrovascular vasoreactivity.8,9 The question has remained un-
settled, however, whether cerebral hemodynamic impairment 
can be a contributing factor in cortical thinning. At least one ca-
rotid study showed no correlation between degree of stenosis, 
cortical thickness, and cognition, although no hemodynamic 
measurement was made in that study.27 When reduced cerebral 
blood flow has been identified in the setting of neurodegener-
ation, cortical flow reduction is thought to be a consequence of 
reduced metabolism in the thinner cortex.28 In the current study, 
we showed that relative cortical thinning was associated with 
hemispheric TTP delay on the side of asymptomatic high-grade 
carotid artery stenosis and so it is plausible to infer that the 
thinning might have been a consequence of chronic hemody-
namic impairment.

Vascular cognitive impairment is widely described clinically 
as a step-wise or progressive condition resulting from accumu-
lated ischemic injury.29,30 Cerebral hemodynamic failure in pa-
tients with high-grade carotid artery stenosis can also impair 
cognition, even if no overt clinical stroke has occurred. This has 
been shown with measures of resting cerebral blood flow and 
metabolism,31 with low middle cerebral artery mean flow veloc-
ity,7 and with impaired vasoreactivity,8,9 contributing indepen-
dently to cognitive decline either directly,32 or as a consequence 
of silent infarction.33 Whether cognitive function can improve 
with restored flow is also unclear. Recent case series showed 
cognitive improvement after carotid endarterectomy or stent-
ing,34-36 but the hypothesis has never been tested in the context 
of a randomized clinical trial. We recently found that the base-

Table 2. Independent predictors of cortical thickness asymmetry by linear 
regression model 

Parameter Estimate SD t P>|t|

Intercept -0.120 0.814 -1.51 0.134

Age 0.001 0.009 0.94 0.348

Sex -0.002 0.155 -0.16 0.873

HTN 0.039 0.196 2.04 0.044

Smok -0.006 0.144 -0.40 0.689

HbA1c 0.002 0.062 0.26 0.794

LDL cholesterol 0.000 0.002 0.71 0.477

Side -0.034 0.144 -2.48 0.015

Fazekas 0.009 0.064 1.45 0.150

iINFARCT 0.042 0.227 1.91 0.059

cINFARCT -0.134 0.237 -5.86 <0.001

TTP delay 0.023 0.103 2.34 0.032

HTN, hypertension; Smok, current or past history of smoking; LDL choles-
terol, low-density lipoprotein cholesterol; Side, left-right hemisphere; Faze-
kas, white matter hyperintensity burden by Fazekas scale; iINFARCT, infarct 
ipsilateral to the stenotic carotid; cINFARCT, infarct contralateral to the 
stenotic carotid; TTP delay, time-to-peak delay in seconds.

Figure 2. Linear regression line showing the relationship between time-to-
peak (TTP) delay and cortical thickness asymmetry in the unadjusted model. 
A positive slope indicates that the greater the TTP delay (greater relative 
TTP delay in the hemisphere ipsilateral to the carotid stenosis) the greater 
the relative thinning of the cortex in that hemisphere. Dashed lines indicate 
the 95% confidence intervals. 
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line cognitive profile of the first 1,000 patients in the CREST-2 
trial is diminished relative to control participants from the Rea-
sons for Geographic And Racial Differences in Stroke (REGARDS) 
study, matched for age, education, and comorbidity.37 In rodent 
studies of ischemia, experimental occlusion of large arteries has 
been reported to produce selective neuronal loss38 and thinning 
of the neuropil.39 It is unknown whether cellular correlates of 
cortical thinning are the same for human subjects as for animal 
models. The magnitude of the cortical thickness asymmetry in 
the current study was quite small and could be consistent with 
selective cellular loss. For context, the diameter of a human red 
blood cell is about 8 microns, and the diameter of a human hair 
is about 70 microns. Nonetheless, the magnitude of thinning we 
identified in this study is equivalent to about a decade of aging 
in normal healthy adults, as shown in a high-resolution MRI 
study of 106 healthy subjects, age 18–93.40 Cortical thinning oc-
curred on average at a rate of 0.016 mm (16 microns) per de-
cade.40 Thus, the ipsilateral cortical thickness we observed in a 
75-year-old subject from our study with a TTP delay of 2 seconds 
would be the equivalent of the thickness we might expect if 
that subject were 85 years old and had no carotid disease.

Patients in this study were required to be asymptomatic for 
stroke or TIA within the preceding 6 months, but 26 (24%) re-
ported a history of stroke >6 months before, and 47 (44%) had 
radiographic evidence of ischemic infarctions on structural MR 
imaging. Because both cortical41 and subcortical14 infarction have 
been associated with cortical thinning, we tested whether the 
presence of infarction could explain our findings. Adjusting for 
ipsilateral and contralateral infarction, the association between 
TTP delay and cortical asymmetry remained significant, sup-
porting an independent role of hemodynamic impairment in 
the pathophysiology of cortical thinning. Our data also showed 
that contralateral infarction was independently associated with 
cortical thinning asymmetry, with relative thinning in the con-
tralateral hemisphere; that is, there was a negative correlation 
between contralateral infarct and cortical thickness asymmetry 
in our model. An interpretation would be that relative cortical 
thinning in the ipsilateral hemisphere was affected by both he-
modynamic impairment and infarction, whereas in the contra-
lateral hemisphere where there was no hemodynamic impair-
ment, the thinning was driven predominantly by infarction. 
Hemisphere side was also independently associated with corti-
cal thickness asymmetry, presumably due to the left hemisphere 
being dominant in most patients.40 

Limitations for this study include the small number of partici-
pants, although the study had positive findings with 110 subjects. 
We also did not have information about the duration of hemo-
dynamic impairment in each subject, nor data on directional flow 

across the circle of Willis to assess collateral status. Finally, we 
recognize that TTP delay is not equivalent to measuring hypo-
perfusion by relative cerebral blood flow (rCBF). Much of the 
information about the impact of hemodynamic impairment has 
come in the setting of acute stroke. TTP delay of ≥2 seconds is 
well described in regions with low rCBF in the infarct core and 
penumbra, and both TTP and MTT have been shown to be sen-
sitive markers of hemodynamic impairment.42,43 In the chronic 
setting, correlations between TTP delay and rCBF have been in-
consistent,44 although one recent study showed concordant re-
duced rCBF and delayed TTP in 16 of 18 patients with high-
grade unilateral carotid stenosis.45 TTP itself has also been shown 
to be highly predictive of subsequent vascular events in carotid 
stenosis, including for TIA,46 hyperperfusion syndrome after 
CAS,47 and poor stroke outcomes.21 Thus both TTP delay and re-
duced rCBF may be considered part of hemodynamic pathophys-
iology. Our findings are consistent with a prior study showing 
significant cortical volume loss after a mean 3.9 years in patients 
with severe or bilateral high-grade carotid stenosis.48 Additional 
information about the evolution of the hemodynamic effect as 
well as correlations with cognition will be assessed using longi-
tudinal data from this cohort once the clinical trial is completed 
and cognitive data are fully unblinded. Demonstration of the 
baseline cognition in the first 1,000 patients in the CREST-2 trial 
confirmed that this asymptomatic, high-grade stenosis popula-
tion was a plausible substrate to examine the hemodynamic as-
sociations in this study.37

Conclusions

Our study showed an association between hemodynamic impair-
ment and relative cortical thinning in the hemisphere ipsilateral 
to asymptomatic high-grade carotid artery stenosis. A causal re-
lationship will require further validation. Although our findings 
indicated that there are several variables that may contribute to 
cortical thinning, the hemodynamic association remained sig-
nificant after adjusting for the presence of other variables in-
cluding prior infarction. Our findings thus suggest that cortical 
thinning in this population may be a consequence of chronic he-
modynamic impairment. As an imaging marker associated with 
cognitive decline, identification of cortical thinning may have 
implications for the management of asymptomatic high-grade 
carotid artery disease. Whether revascularization can mitigate or 
reverse cognitive decline is an essential question that remains to 
be determined and is the primary hypothesis being tested in the 
ongoing CREST-H study.
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