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Purpose: Our objectives were to assess the abnormalities of subcortical nuclei by combin-
ing volume and shape analyses and potential association with cognitive impairment.
Patients and Methods: Twenty-nine patients with severe ACS of the unilateral internal
carotid artery and 31 controls were enrolled between January 2017 to August 2018. All
participants underwent a comprehensive neuropsychological evaluation, blood lipid bio-
chemical measurements, and structural magnetic resonance imaging (MRI) to measure
subcortical volumes and sub-regional shape deformations. Basic statistics, correction for
multiple comparisons. Seventeen ACS patients underwent carotid endarterectomy (CEA)
within one week after baseline measurements, cognitive assessments and MRI scans were
repeated 6 months after CEA.

Results: The ACS patients had higher apolipoprotein B/apolipoprotein A1 (ApoB/ApoAl)
ratio and worse performance in all cognitive domains than controls. Moreover, the ACS
patients showed more profound thalamic atrophy assessed by shape and volume analysis,
especially in the medial dorsal thalamus. No significant differences were found in other
subcortical nuclei after multiple comparisons correction. At baseline, thalamic atrophy
correlated with cognitive impairment and ApoB/ApoAl ratio. Furthermore, mediation ana-
lysis at baseline showed that the association of carotid intima-media thickness with executive
functioning was mediated by thalamic volume. After CEA, cognitive improvement and
increase in the bilateral medial dorsal thalamic volume were observed.

Conclusion: Our study identified the distinct atrophy of subcortical nuclei and their associa-
tion with cognition in patients with ACS. Assessments of the thalamus by volumetric and
shape analysis may provide an early marker for cerebral ischemia and reperfusion after CEA.
Keywords: asymptomatic carotid stenosis, cognitive impairment, magnetic resonance

imaging, endarterectomy, thalamus

Introduction

Asymptomatic carotid stenosis (ACS) is a common finding in the elderly, espe-
cially in patients with coronary artery disease or peripheral artery disease.'
Patients with ACS often experience subtle cognitive deficits (including attention,
memory, processing speed, and executive function) which have received little
attention in the clinical setting, but the cognitive impairment may gradually
progress, and eventually contribute to subsequent dementia.” Individuals with
carotid atherosclerosis have a 2.4-5.0-fold increased risk of dementia compared
with those without carotid stenosis.” Current treatments can hardly reverse or
delay the progression of dementia once stenosis becomes severe* With the aging
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population growing worldwide, and increasing preva-
lence of atherosclerosis, it is imperative to find biomar-
kers for early diagnosis, prognosis, and monitoring of the
cognitive decline. Several studies have reported that
patients with severe ACS showed cognitive improvement
after 3 or 6 months of carotid endarterectomy (CEA).
Brain atrophy is a sensitive marker of cognitive
impairment.” Magnetic resonance imaging (MRI) can non-
invasively evaluate brain structural changes and the patho-
of ACS-related
impairment.® Previous studies using structural MRI have

physiological mechanisms cognitive
identified cortical atrophy in patients with ACS.%’
Similarly, the atrophy of subcortical nuclei including the
thalamus, caudate, putamen, pallidum, hippocampus, amyg-
dala, and nucleus accumbens was also reported in patients
with Alzheimer’s disease dementia. Moreover, in ACS
patients, reduced cerebral blood flow® and decreased vascu-
lar reactivity’ of the basal nuclei (caudate, pallidum and
thalamus) were reported. However, it is unknown how and
to what extent the ACS affects the subcortical nuclei and the
cognitive function; ie, some of the complex nuclei such as the
hippocampus and thalamus can be further divided into sev-
eral distinct subregions. These subregions might be differen-
tially affected by long-term cerebral hypoperfusion that
could contribute to cognitive impairment in ACS patients.
Our objectives were to determine whether subcortical
nuclei abnormalities are related to cognitive impairment in
ACS patients; to identify potential clinical risk factors for
cognitive impairment. We investigated subcortical nuclei
using volume and shape analysis in 29 consecutive
patients with ACS compared to 31 controls who also
underwent neuropsychological evaluations. We determined
the correlations of the volumes of subcortical nuclei with
cognitive measures, the carotid intima-media thickness
(CIMT), and blood
Moreover, in a subset of patients with ACS who under-

lipid biochemistry measures.

went CEA, we evaluated changes on MRI and cognitive
decline in a follow-up study to aid future studies examin-
ing ACS progression and treatments.

Materials and Methods

Participants

This study was conducted from January 2017 to August 2018
at the Drum Tower Hospital Affiliated with Nanjing
University, Nanjing, China. We recruited patients with
severe, unilateral ACS of the extracranial internal carotid
artery (ICA; >70% by the color Doppler ultrasound;

contralateral carotid stenosis degree <50%). For comparison,
we also recruited participants without significant (>50%)
stenosis of the main cerebral arteries as controls. The inclu-
sion criteria were 1) age between 50 and 85 years; 2) right-
handed; 3) more than 6 years of education; 4) no evidence of
acute ischemic stroke, cerebral hemorrhage or subarachnoid
hemorrhage; 5) no dementia. The exclusion criteria for all
participants were 1) Mini-Mental State Examination
(MMSE) score <26 (a cutoff score for mild cognitive impair-
ment suggested by a large-population urban and rural area
survey in China'%); 2) severe systemic diseases such as con-
gestive heart failure, infections, kidney disease, or malig-
nancy; 3) major neurological or psychiatric disorder and
depression; 4) contraindication for MRI such ad metal
implants; 5) significant stenosis (=50%) of the intracranial
artery stenosis and 6) alcohol or substance abuse. Finally,
a total of 29 patients with severe ACS and 31 controls were
included in the final analysis. The flowchart is provided in
Supplementary Figure 1.

The study was approved by the Ethics Committee of
the Drum Tower Hospital Affiliated to Nanjing University
Medical School. All subjects volunteered to participate in
the study and written informed consent was obtained from
all participants.

Clinical Information, Biochemical

Variables, and Cognitive Assessments

The medical histories were recorded on the presence of
stroke, hypertension, diabetes mellitus, hypercholesterole-
mia, cardiovascular diseases, and peripheral arterial occlu-
sive disease. Smoking habits and alcohol consumption,
years of education, and resting blood pressure were also
recorded. Blood was collected for the measurement of the
total cholesterol (TC), triglyceride (TG), apolipoprotein
Al (ApoAl), and apolipoprotein B (ApoB) levels.

A Dbattery of neuropsychological assessments was
administered to all participants by a trained neuropsychol-
ogist, blind to clinical diagnosis, within 7 days of the MRI
scan. The assessments included the MMSE, evaluation of
working memory (digit span test, forward and backward),
processing speed (Trail-Making Test A and B), verbal
fluency (Boston naming test and animal naming test) and
executive functioning (Stroop color and word test).
Hamilton Rating Scale was used to assess anxiety and
depression. The scores for the individual cognitive
domains on each of the cognitive assessments were con-
verted to normalized z-scores.
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Carotid Artery Color Doppler

Ultrasound

All participants enrolled were examined by the color
Doppler ultrasound. The maximum degree of stenosis
was determined based on caliper measurements at the
narrowest point in the ICA of the residual lumen and
diameter of the ICA according to the NASCET criteria
(North American Symptomatic Carotid Endarterectomy
Trial (NASCET) Steering Committee, 1991): the degree
of stenosis = (1 — internal carotid artery blood flow nar-
rowest width/normal stenosis distal internal carotid artery
diameter) x 100%. According to the above formula, the
degree of stenosis can be divided into four levels: mild
stenosis (0—49%), moderate stenosis (50-69%), severe
stenosis (70-99%), and complete occlusion. CIMT was
defined as the distance between the intimal-luminal and
the medial-adventitial inter-faces of the carotid artery wall
represented as a double-line density on the ultrasound
image. The measurement of CIMT was performed at
three segments in the bilateral carotid arteries: at 1 cm
before the bifurcation, bulb, and 1 cm after the bifurcation.
The average value was considered as the final CIMT. Flow
velocities in the common carotid artery (CCA) and internal
carotid artery (ICA) were also obtained.

MRI Acquisition

Brain MRIs were acquired using a 3.0T scanner (Achieva TX,
Philips, Eindhoven, Netherlands) with an 8-channel head
coil. A sagittal, high-resolution three-dimensional T1-
weighted imaging sequence with TR/TE= 9.8/4.6 ms, FOV
=256 mmx256 mm; flip angle = 8°, and slice thickness =
1 mm. Fluid attenuation inversion recovery (FLAIR) images
were acquired to evaluate white matter hyperintensity
(WMH) using the following parameters: TR/TE =4800/
275ms, time (TI) =1650ms, FOV
=250 mmx250 mm, and slice thickness = 0.56 mm. 3D time-
of-flight (TOF) magnetic resonance angiograms (MRA) were

inversion

acquired to exam intracranial artery stenosis using the follow-
ing parameters: 3D fast-field echo acquisition with C-SENSE
=3.5, FOV =200 x 200 x 134 mm’, TE/TR = 3.5/22 ms, flip
angle = 18°, voxel size = 0.60 x 0.93 x 1.00 mm?>.

Image Analyses

Periventricular and deep WMH were visually evaluated by
an experienced radiologist using the Fazekas scale.'
Quality control of the tissue segmentation was performed
by an experienced radiologist blinded to clinical diagnosis.

No participants were excluded because of poor segmenta-
tion or image quality.

For the subcortical nuclei volume and shape analysis,
each anatomical image was first preprocessed to perform
intensity correction and skull stripping using the Statistical
Parametric Mapping 12. FSL toolbox (FMRIB, Oxford,
UK)'? was used to segment gray matter (GM), white
matter (WM), cerebrospinal fluid (CSF), and bilateral
nuclei (thalamus, caudate, putamen, pallidum, hippocam-
pus, amygdala, and nucleus accumbens). Additionally, for
each participant, we computed the intracranial volume
(ICV) and volumes of the individual subcortical nucleus.
The ICV was used to adjust for individual differences in
head size. For each subcortical nucleus, a vertex index was
calculated using the FSL vertex analysis script, which was
based on the signed vertical distance from the surface
mesh of the corresponding structure in the MNI 152 tem-
plate. The positive index indicates outward deformations
(expansions) of the nucleus’s surface, and the negative
index indicates inward deformations (shrinking, atrophy).
Additionally, we computed the degree of deformation
value across all participants, solely within the atrophic
areas to increase the sensitivity via fewer multiple
comparisons.

When between-group differences in the volumes of the
subcortical nuclei were detected, the segmentation of
the subregions of these nuclei was performed to assess
the microstructural changes on the subregional level. The
automated segmentation of the thalamus was performed
using the publicly available probabilistic atlas of thalamic
subregions based on ex vivo brain MRI and histology,
included in the Freesurfer algorithm.'® The bilateral thala-
mus was divided into six subregions: anteroventral (AV),
lateral posterior (LP), centromedian (CM), medial dorsal
(MD), ventral lateral (VL), and pulvinar (PU) (Figure 1B).

Follow-Up Study

The indication for carotid endarterectomy (CEA) is
defined as a degree of stenosis more than 70% and
instability of carotid plaque according to the class Ila
recommendation of the guideline on the management of
patients with extracranial carotid and vertebral artery
disease'* Only 17 ACS patients in our cohort underwent
CEA intervention within no later than 1 week after base-
line measurements (see Supplementary Table S1 for

detailed baseline information), while the others chose to
continue conservative treatment for various reasons.
Eleven of 17 individuals completed the longitudinal
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Figure | Subcortical nuclei abnormalities between the ACS patients and controls.
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Notes: (A) Vertex-wise shape analysis of the left and right thalamus between ACS patients and normal controls. Blue color or inward arrows indicate regional atrophy. Red
color or outward arrows indicate regional expansion. Regional atrophy on the medial-dorsal aspects of the left and right thalamus is shown. TFCE-corrected, P<0.05. (B)
Thalamus subfields segmentation. 3D T|-weighted images in the sagittal, coronal, and axial planes. (C) The group differences in the thalamic subfields volume at baseline.

*Statistically significant after FDR correction.
Abbreviation: ACS, asymptomatic carotid stenosis.

follow-up at 6 months after CEA, unfortunately, another 6
patients refused follow-up or withdrew midway. The same
MRI scan and neuropsychology assessment as baseline
were performed in follow-up study.

Statistical Analyses

We used SPSS 23.0 for statistical analyses. The Chi-square
test was used to evaluate the categorical variables. The
independent sample #-test or Mann—Whitney U-test was
used to compare the continuous variables. In the long-
itudinal study, the nonparametric Wilcoxon signed-rank
test was used to measure the change in thalamic subregio-
nal volumes and cognitive decline between baseline and 6

months following the CEA. Significance was considered
as a corrected P<0.05.

For the volumetric analyses of subcortical nuclei and
thalamic subregions, we used a regression-based covar-
iance method to adjust the observed volumes by an
amount proportional to the difference between an indivi-
observed ICV and the mean ICV for all
participants.'> This method has shown a higher reliability

dual’s

than the proportion method.'® The equation for the correc-
tion is as follows:

Volume(adjusted) = volume(observed) — B(ICV;
— ICV yean), where ICV; = the participant’s ICV, ICV yean
represents the average ICV, and B is the slope of the
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regression line between each subcortical nucleus or thala-
mic subregion ICV."?

The group differences in the volume of brain structures
and subregions were evaluated using multivariate analysis
of covariance (MANCOVA) controlling for age, sex, edu-
cation, intracranial volume, hypertension, diabetes, coron-
ary heart disease, and smoking. False discovery rate (FDR)
correction was conducted per hemisphere to measure
potentially  significant  between-group  differences.
Cohen’s d was calculated to evaluate the effect size,
where the effect size can be divided into small (0.2),
medium (0.5), and large (0.8). Between-group differences
in the shape of the subcortical nuclei were assessed using
a general linear model for each nucleus using the FSL
randomize procedure. Findings were corrected by the
threshold-free cluster enhancement (TFCE) method with
5000 random permutations.'’

The significant structural abnormalities as indicated by the
between-group differences in the volumes or the shape defor-
mations were correlated with lipid/metabolic, cognitive
z-scores, and CIMT using Spearman correlations. To assess
the associations between thalamic volumes, blood lipid/meta-
bolic measures, CIMT, and cognitive z-scores in the entire
cohort, the mediation analysis was performed using the
PROCESS SPSS macro toolbox.'® The indirect effect in the
mediation model was estimated using a bias-corrected boot-

strap 95% Cls, and the number of bootstrap samples was 5000.

Results

Participants’ and Cognitive
Characteristics at Baseline

There were no between-group differences in age, sex,
years of education, smoking habits, alcohol consumption,
vascular risk factors, Fazekas scores and silent infarction
(Table 1). The patients with ACS showed a higher ApoB/
ApoAl ratios compared with controls. The ACS patients
performed worse than controls in terms of global cogni-
tion, working memory, processing speed, verbal fluency,
and executive function (Table 1).

Volume and Shape Abnormalities of
Subcortical Nuclei and Their Subregions
in Patients with ACS

No significant differences were observed in the GM,

WM, or CSF volumes between the two groups

Table | Baseline Characteristics and Cognitive Assessment
Scores of Subjects with or Without ACS

Characteristics Controls | ACS P value
(n=31) Patients
(n=29)

Age, y 6716 6818 0.68
Sex, male (%) 20 (65) 23 (80) 0.21
Education, y 12+4 103 0.16
Current smoker (%) 8 (26) 10 (34) 0.46
Alcohol consumption (%) 9 (29) 3 (10) 0.07
Hypertension (%) 15 (48) 19 (66) 0.18
Diabetes mellitus (%) 15 (48) 10 (34) 0.28
Dyslipidemia (%) 8 (26) 10 (34) 0.46
Ischemic heart disease (%) 3 (10) 8 (28) 0.07
Peripheral arterial occlusive disease (%) | 0 (0) 3 (10) 0.11
Fazekas score 2.1%1.2 2.0£1.6 0.79
Lacunar infarction (%) 7 (23) 8 (28) 0.66
Silent infarction (%) 3 (10) 4 (14) 0.70
Carotid variables

Main plaque side, left - 12 (41) -

Degree of stenosis (Doppler), % - 86| | -

PSVica, cm/s 95+16 41572 <0.001

EDVica, cm/s 42+4 9118 <0.001

PSVica/PSVcca 2x1 7+2 <0.001

CIMT, mm 0.60.1 1.2+0.1 <0.001
Clinical variables

Systolic BR, mmHg 129+15 13617 0.08

Diastolic BR, mmHg 8015 72£12 0.06

TG, mmol/L 1.240.8 1.4£0.5 0.03

TC, mmol/L 3.9%1.0 4.1£1.3 0.49

ApoB/ApoAl 0.7+0.2 1.0+0.3 <0.001
Cognitive assessment

Mini-Mental State Examination 29+1 28+1 0.006
Working memory

DST, forward 9x1 71 <0.001

DST, backward 6%l 4+ <0.001
Processing time

TMT-A 2610 5212 <0.001

TMT-B 130+50 159+48 0.003
Verbal fluency

ANT 185 13+5 <0.001

BNT 5614 4748 <0.001
Executive time

Stroop-color 207 22+6 0.10

Stroop-word 24+8 30+9 0.003

Stroop-color word 33%11 53%15 <0.001

Note: Values are presented as the mean £ SD or n (%).

Abbreviations: ACS, asymptomatic carotid stenosis; BP, blood pressure; TG,
triglyceride; TC, total cholesterol; ApoB, apolipoprotein B; ApoAl, apolipoprotein
Al; PSV, peak systolic velocity; EDV, end-diastolic velocity; CCA, common carotid
artery; ICA, internal carotid artery; CIMT, carotid intima-media thickness; DST, digit
span test; TMT, trail-making test; ANT, animal naming test; BNT, Boston naming
test.
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Table 2 Global Measurements and Subcortical Nuclei Volumes in ACS Patients and Controls at Baseline

Volume, cm?® Controls (n=31) ACS Patients (n=29) Significance Effect Size
F P Cohen’s d
Global
Intracranial volume 1482+177 1434£140 4.555 0.037 0.479
Gray matter 569+73 538+68 0.798 0.376 0.468
White matter 5194172 493+63 0.521 0.474 0.407
Cerebrospinal fluid 588171 561175 0.119 0.732 0.421
Subcortical
Thalamus
Left .5+0. .00. 7412 0.009* 0.652
Right 6.310.7 5.7+0.8 7.826 0.007* 0.699
Caudate
Left .2+0. .0+0. 6.398 0.015 0.607
Right 3.310.4 3.0£0.6 5.078 0.029 0.440
Putamen
Left 4.5+0.9 4.2+0.5 4,088 0.049 0.442
Right 4.6+0.7 4.1£1.0 5.044 0.029 0.426
Pallidum
Left 1.6£0.5 1. 1.390 0.244 0.289
Right 1.6£0.4 1.4+ 2.668 0.109 0.421
Hippocampus
Left 3.7£0.4 .60. 2.563 0.116 0.290
Right 4.1+£0.5 3.81£0.6 5.753 0.020 0.544
Amygdala
Left .8+0. .8+0. 0.009 0.927 -0.077
Right 1.2+0.3 1.0£0.3 0.239 0.627 0.266
Nucleus Accumbens
Left 0.5+0.1 0.410.1 0.463 0.499 0.250
Right 0.310.1 0.310.1 0.995 0.323 0.137

Notes: Adjusted for age, sex, education, intracranial volume, hypertension, diabetes, coronary heart disease, and smoking. *Statistically significant after FDR correction.

Abbreviation: ACS, asymptomatic carotid stenosis.

(Table 2). In MANCOVA, we found that volumes in the
bilateral thalamus were decreased in the ACS patients
(left: F=7.412, P=0.009; right: F=7.826, P=0.007) after
FDR correction. We also observed reduced volume of
the bilateral caudate (left: F=6.398, P=0.015; right:
F=5.078, P=0.029), bilateral putamen (left: F=4.088,
P=0.049; right: F=5.044, P=0.029) and right hippocam-
pus (F=5.753, P=0.02); however, these results did not
survive the multiple comparison correction (Table 2).
Correlation analyses showed that the thalamic volumes
were inversely associated with the ApoB/ApoAl ratios
(left thalamus: =—0.596, P=0.001; right thalamus: r=
—0.637, P<0.001). The thalamic volume inversely

correlated with processing time z-score (left: 7=—0.463,
P=0.012; right: =—0.598, P=0.001) and executive time
z-score (left: r=—0.512, P=0.004; right: r=—0.561, P=
0.002) (Table 3).

In the shape analysis, we found a deformation (sug-
gesting the atrophy or shrinking) in the anterior medial
part of the right and left thalamus in the ACS patients after
multiple comparisons correction (all corrected P<0.05,
TFCE-corrected; left: P=0.001; right: P=0.015; Figure
1A). No significant outward shape deformations (expan-
sion) were found. The correlation analyses showed that the
between-group differences in the shape of the bilateral

thalamus were inversely correlated with the ApoB/
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Table 3 Correlations of Morphometric Abnormalities with Clinical Variables, Cognitive Scores, and Carotid Variables in ACS Patients

and Controls

Group Index Subcortical Nuclei Volume Subcortical Nuclei Shape Thalamic Subregion Volume
Deformation
L_Thalamus R_Thalamus L_Thalamus R_Thalamus L_Mediodorsal | R_Mediodorsal
r P r P r P r P r P r P
ACS ApoB/ApoAl —0.596 | 0.001 | —0.637 | <0.001 | —0.402 | 0.031 | —0.545 | 0.002 | —0.410 | 0.027 | —0.529 | 0.003
Patients | Working memory | 0.032 0.871 | 0.209 0.276 —0.086 | 0.657 | —0.045 | 0.817 | —0.110 | 0.570 | 0.068 0.728
Processing time —0.463 | 0.012 | —0.598 | 0.001 —0.403 | 0.030 | —0.460 | 0.012 | —0.371 0.047 | —0.304 | 0.109
Verbal fluency 0.162 0.402 | 0.335 0.075 0.285 0.134 | 0.267 0.161 | 0.224 0.242 | 0.405 0.029
Executive time —0.474 | 0.009 | —0.539 | 0.003 —0.312 | 0.100 | —0.359 | 0.056 | —0.151 0434 | —0.449 | 0.014
CIMT —0.512 | 0.004 | —0.561 | 0.002 —0.390 | 0.037 | —0.430 | 0.020 | —0.468 | 0.010 | —0.45I 0.014
Controls | ApoB/ApoAl 0.005 0.980 | 0.021 0911 —0.036 | 0.845 | —0.088 | 0.637 | —0.059 | 0.752 | O 0.999
Working memory | 0.045 0.810 | 0.097 0.603 —0.073 | 0.696 | —0.233 | 0.207 | —0.233 | 0.208 | 0.070 0.709
Processing time 0.182 0327 | 0.l116 0.535 —0.205 | 0.268 | 0.044 0.814 | 0.277 0.131 | 0.121 0.518
Verbal fluency —0.096 | 0.607 | —0.024 | 0.898 —0.415 | 0.020 | —0.324 | 0.076 | —0.287 | 0.118 | —0.061 0.746
Executive time 0.038 0.841 | —0.024 | 0.897 0.118 0.527 | 0.239 0.196 | 0.303 0.098 | —0.034 | 0.856
CIMT —0.274 | 0.136 | —0.213 | 0.249 0.100 0.593 | —0.041 | 0.827 | 0.075 0.69 0.112 0.549

Notes: Spearman correlation analyses. Compound scores for each cognitive domain were calculated by averaging the z-scores of all individuals.
Abbreviations: L, left; R, right; CIMT, carotid intima-media thickness; ApoB/ApoAl, apolipoprotein B/apolipoprotein Al ratio; ACS, asymptomatic carotid stenosis.

ApoAl ratio (left: » =—0.402, P=0.031; right: r=—0.545,
P=0.002). There was a significant inverse correlation
between the thalamic shape deformation and processing
time z-score (left: =—0.403, P= 0.03; right: =—0.460,
P=0.012) (Table 3).

Considering the laterality of carotid stenosis, we did
the correlation analysis between CIMT with the volume
and shape of ipsilateral and  contralateral
subcortical nuclei. Then, we found that both thalamic
volume and shape on the ipsilateral and contralateral
side were significantly correlated with CIMT (all
P<0.05), the

ipsilateral side was higher than contralateral side

and correlation  coefficient  of

(Supplementary Table S4).

The Volume of Thalamic Subregions
Figure 1C and Table 4 show that the volumes of the
medial dorsal thalamus (left MD: F=7.707, P=0.008;
right MD: F=10.678, P=0.002) were lower in the ACS
patients compared with controls. There was an inverse
correlation between the medial dorsal thalamic nuclei
volumes and the ApoB/ApoAl ratio (left MD: r =
-0.410, P=0.027; right MD: r =-0.529, P=0.003).
The right MD volume correlated with verbal fluency
z-score (r=0.405, P=0.029), and inversely correlated
with executive time z-score (»=—0.449, P=0.014)
(Table 3).

Association Among Carotid Stenosis,
Thalamic Volumes, Clinical Variables, and
Cognition

Mediation analysis was applied to test our hypothesis that
the reduction of thalamic volumes or clinical and blood
biochemistry abnormalities serves as a mediator between
the ACS severity and cognitive impairment in ACS
patients. Figure 2A demonstrates that the association
between CIMT and executive time z-score was in part
mediated by the (reduced) left thalamus volume [f
=1.8017, 95% CI (0.3730, 4.1001)] and (reduced) right
thalamus volume[f =2.0893, 95% CI (0.5056, 4.6147)].
The association between ApoB/ApoAl ratio and right
thalamus volume was in part mediated by the CIMT [ =
—0.5590, 95% CI (-1.2762, —0.0377)] (Figure 2B).

Effect of Carotid Reperfusion Surgery on
Cognitive Function and Thalamic

Subregional Volumes

In the eleven ACS patients with CEA surgery and long-
itudinal follow up, we observed significant improvement
in processing time z-score (p<0.001) and executive time
z-score (p=0.006) after statistical correction (Figure 3A;
Supplementary Table S2), although the cognitive perfor-

mance remained lower than that of controls. Interestingly,
at follow up, we found a significant increase in the
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Table 4 Volumes of Thalamic Subregions in ACS Patients and Controls at Baseline

Volume, mm? Controls (n=31) ACS Patients (n=29) Significance Effect Size
F P Cohen’s d

Anteroventral (AV)

Left 104+16 10315 0.009 0.923 0.048

Right 109£15 I11£19 0.112 0.739 —0.182
Later posterior (LP)

Left 98+15 97x16 0.056 0.814 —0.012

Right 9113 8717 0.046 0.831 0.127
Centromedian (CM)

Left 209+20 205+22 4.264 0.044 0.186

Right 19619 199+23 0.230 0.634 —0.233
Mediodorsal (MD)

Left 892192 818113 7.707 0.008* 0.708

Right 870+73 799+103 10.678 0.002* 0.755
Ventral lateral (VL)

Left 1211114 1183+107 4.380 0.041 0.289

Right 1197108 1169132 1.249 0.269 0.114
Pulvinar (PU)

Left 1433117 1350+178 5.294 0.026 0.491

Right 1416136 1444329 0.626 0.432 —0.228

Notes: Adjusted for age, sex, education, intracranial volume, hypertension, diabetes, coronary heart disease, and smoking. *Statistically significant after FDR correction.

Abbreviation: ACS, asymptomatic carotid stenosis.

bilateral medial dorsal thalamus volume (left: P=0.045;
right: P=0.027; Figure 3B) in CEA patients compared
with baseline. However, there was no difference in the
whole thalamus volume between the baseline and follow-
up (left: P=0.120; right: P=0.777; Supplementary
Table S3).

Discussion

In this study using shape and volumetric analyses, we
showed the global and local structural abnormalities in
the subcortical nuclei are associated with cognitive impair-
ment in ACS patients. ACS patients showed poorer per-
formance compared to controls without ACS in cognitive
scores on working memory, processing speed, verbal flu-
ency, and executive functioning. The ACS patients showed
atrophy in the medial and dorsal part of the left and right
thalamus by volumetric and shape analyses compared to
controls. Although the volumes of other subcortical nuclei
were also decreased, such as the caudate, putamen and
hippocampus, these differences were not statistically sig-
nificant after statistical correction. Furthermore, the left
and right thalamic volume were the mediating factors
(mediators) between carotid stenosis and impairment in

after CEA,
improvement in cognitive scores and increased bilateral

the executive functioning. Six months

medial dorsal thalamic volume were observed.

Our major finding was that patients with ACS had
significantly reduced bilateral thalamic volume, particu-
larly in the medial dorsal thalamus. Previous studies have
reported global gray matter atrophy in patients with ACS,’
however, these studies did not investigate (or only margin-
ally investigated) the relationship between subcortical
with
in our cohort had

and Consistent

19,20

cognitive impairment.
the ACS patients
a poorer cognitive performance in multiple cognitive

nuclei

previous,

domains compared to controls. Additionally, we found
thalamic atrophy and medial dorsal thalamic shape defor-
mations (contractions) in the ACS patients, and these
morphometric abnormalities correlated with CIMT. The
thalamus serves as a pivotal relay station to the cerebral
cortex,”' and is predominantly supplied with blood by the
ipsilateral ICA and basilar artery.® Previous studies have
demonstrated impaired cerebral hemodynamic autoregula-
tion in patients with unilateral carotid stenosis both in the
ipsilateral and contralateral hemispheres, with more severe
in the stenotic side.” Our results also provided evidence
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CIMT

N

=0.2650
P=0.0021
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~,

Right Thalamus

»
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Volume

Subcortical Nucleus

Figure 2 Mediation analysis for associations among carotid stenosis, lipid/metabolic variables, thalamic volume, and cognition at baseline.

Notes: The standardized B coefficients were derived from the mediation models. Values are standardized path coefficients with 95% Cis in parentheses. (A) Association of
CIMT, thalamic volume, and executive function (time). (B) Association of ApoB/ApoAl ratio, CIMT and right thalamus volume.

Abbreviations: CIMT, carotid intima-media thickness; ApoB/ApoAl, apolipoprotein B/apolipoprotein Al ratio.

from the side that the stenotic laterality affect both hemi-
sphere differently. Moreover, the medial-dorsal part of the
thalamus is anatomically connected to the prefrontal cor-
tex and medial temporal lobes.*> Functionally, the medial
dorsal thalamus plays an important role in multiple cogni-
tive processes, particularly in executive functioning, asso-
ciative learning and decision-making.”® In our study, we
found a significant association between poorer executive
function and severe atrophy in the right medial dorsal
thalamus, suggesting that atrophy in medial-dorsal thala-
mus is associated with the impairment in executive func-
tion in ACS patients.

The bilateral caudate, putamen and right hippocampus
also showed some degree of atrophy, although did not
survive the correction. It has been reported that in patients
with carotid stenosis, the basal ganglia (caudate, putamen

and pallidum) is supplied with blood by the contralateral
ICA more often than in normal side,® which might be
a compensation strategy to mitigate chronic ischemic
damage on the stenotic side. Hippocampal atrophy has
been reported in aging-related disease, thus may imply
that the mechanism of ACS-related cognitive impairment
has some common pathophysiology of aging.
Additionally, we observed that the ApoB/ApoAl
ratio was negatively associated with bilateral thalamic
volumes and shape deformations: a higher ApoB/ApoAl
ratio indicated more severe atrophy in the thalamus. The
ApoAl level is a determinant of cholesterol efflux
capacity,”® and ApoB mainly reflects low-density lipo-
protein cholesterol (LDL-C) levels, while increased
LDL-C is a major risk factor for the development and

progression of atherosclerosis.”> On the other hand,
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Figure 3 The changes in cognitive assessment scores and thalamic subfield volumes
in ACS patients 6 months after CEA.

Notes: (A) Cognitive scores of processing speed and executive function signifi-
cantly improved 6 months after CEA; *P<0.01, Bonferroni corrected. The error
bars represent the standard errors of the mean. (B) Changes in the left and right
thalamic subfield volumes after CEA; *P<0.05.

Abbreviations: CEA, carotid endarterectomy; ACS, asymptomatic carotid steno-
sis; MMSE, Mini-Mental State Examination; AV, anteroventral; LP, later posterior;
CM, centromedian; MD, mediodorsal; VL, ventral lateral; PU, pulvinar.

dyslipidemia, oxidative stress, and inflammation result

26 atherosclerotic plaque for-

in endothelial dysfunction,
mation, and vascular remodeling. Medial thickening and
intimal proliferation lead to reduction of luminal dia-
meter, which in turn causes increased resistance to blood
flow, decreased cerebral perfusion, and cerebral struc-
tural changes. Thus, intensive lipid metabolism control
has been widely recommended in the treatment and
prevention of carotid stenosis. It was speculated that
the thalamus with its multiple reciprocal connections is
sensitive to inflammatory processes occurring in the
brain.?” As a result, the inadequate supply of oxygen-
rich blood and oxidative stress may injure neurons and

later cause thalamic atrophy.

Our mediation model suggested that the bilateral tha-
lamic volume was the mediating factors between CIMT
and executive function, and the CIMT was the mediating
factors between ApoB/ApoAl ratio and thalamic volume.
This may contribute to disentangling the complex associa-
tions among atherosclerosis, lipid metabolic disorders,
structural brain changes, and cognition. Therefore, early
reperfusion and lipid metabolism management may
directly or indirectly protect neurons and cognition in
patients with ACS.*® In our longitudinal study, eleven
ACS patients accepted CEA for carotid revascularization
and completed follow-up MRI scan and cognitive assess-
ment. Although the effect of CEA on the cognition
remains controversial®’ we found subtle but significant
improvement in processing speed, executive functioning,
and increased bilateral medial dorsal thalamic volume in
follow-up 6 months after baseline. These beneficial
changes may be attributed to recovered perfusion and
thus potentially enhanced neuronal activity. Indeed, cogni-
tive improvement after CEA in our study are a result of
not only the surgical intervention but also the intensive
medical management (such as hypertension management,
lipid-lowering, and glycemic control). Previous studies
have suggested that uncertainty during the CEA can also
affect cognitive benefit, including cerebral ischemia during
clamping, emboli from the air or the surgical site, oxida-
tive stress, and postoperative cerebral hyperperfusion.®®?!
Thus, the benefits of surgery should be weighed against
short- and long-term complications, but regardless, inten-
sive medical management is of particular importance.

This study had several limitations. First, because males
generally have more risks of carotid stenosis than
females’® and education level can affect cognitive
performance,® the difference in the percentage of males
(P=0.21) and education levels (P=0.16) between the two
groups, though not significant, might have introduced
a potential bias. Hence, sex and education were corrected
for in our analyses. Second, the sample size was relatively
small since ACS is usually an incidental diagnosis. The
impact of CEA on cognition and brain structural changes
needs to be further investigated in a larger population
(contain normal controls, CEA group, and non-CEA
group) and over a longer observation period to determine
whether thalamic atrophy progress or remains constant,
whether cognition can be improved after CEA and how
the thalamic volume correlates with cognitive recovery.
Third, some ACS patients in our study received lipid-
lowering management that may have subtle effects on
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subcortical nuclei morphology.®® Future studies should
include medication-naive subjects to avoid this possible
bias. Finally, although we accounted for the effect of small
vessel disease by evaluating the history of stroke, present
of intracranial artery stenosis and the degree of WMH, we
did not exclude other possible relevant markers such as
microbleeds.

Conclusion

This study demonstrated for the first time the significant
alterations in subcortical nuclei and subregional volumes
of these nuclei in ACS patients. Our findings indicated that
patients with ACS have an increased risk of cognitive
impairment and thalamic atrophy, especially in the medial
dorsal nucleus of the thalamus. Furthermore, these struc-
tural changes were associated with impaired performance
on tests of executive functioning. At the follow-up after
CEA, cognitive improvement or recovery was observed 6
months after revascularization.
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