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Abstract
Introduction: It has been hypothesized that carotid artery 
stenosis (CAS) may lead to greater atrophy of subserved 
brain regions; however, prospective studies on the impact of 
CAS on progression of hemispheric brain atrophy are lack-
ing. We examined the association between CAS and progres-
sion of hemispheric brain atrophy. Methods: We included 
654 patients (57 ± 9 years) of the SMART-MR study, a pro-
spective cohort study of patients with manifest arterial dis-
ease. Patients had baseline CAS duplex measurements and 
a 1.5T brain MRI at baseline and after 4 years of follow-up. 
Mean change in hemispheric brain volumes (% of intracra-
nial volume [ICV]) was estimated between baseline and fol-
low-up for left-sided and right-sided CAS across three de-
grees of stenosis (mild [≤29%], moderate [30–69%], and se-
vere [≥70%]), adjusting for demographics, cerebrovascular 
risk factors, and brain infarcts. Results: Mean decrease in left 

and right hemispheric brain volumes was 1.15% ICV and 
0.82% ICV, respectively, over 4 years of follow-up. Severe 
right-sided CAS, compared to mild CAS, was associated with 
a greater decrease in volume of the left hemisphere (B = 
−0.49% ICV, 95% CI: −0.86 to −0.13) and more profoundly of 
the right hemisphere (B = −0.90% ICV, 95% CI: −1.27 to 
−0.54). This pattern was independent of cerebrovascular risk 
factors, brain infarcts, and white matter hyperintensities on 
MRI, and was also observed when accounting for the pres-
ence of severe bilateral CAS. Increasing degrees of left-sided 
CAS, however, was not associated with greater volume loss 
of the left or right hemisphere. Conclusions: Our data indi-
cate that severe (≥70%) CAS could represent a risk factor for 
greater ipsilateral brain volume loss, independent of cere-
brovascular risk factors, brain infarcts, or white matter hyper-
intensities on MRI. Further longitudinal studies in other co-
horts are warranted to confirm this novel finding.
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Introduction

Brain atrophy is an important hallmark of dementia 
and is commonly seen in patients with atherosclerotic 
disease [1, 2]. Although brain volume loss occurs with 
normal aging, accelerated brain atrophy has been shown 
to represent an important risk factor for cognitive impair-
ment and dementia [3–5]. The underlying causes that 
lead to progression of brain atrophy remain largely un-
known; however, previous studies suggest that cerebro-
vascular disease, male sex, and reduced cerebral blood 
flow may represent potential risk factors [6, 7].

Carotid artery stenosis (CAS) may also represent a risk 
factor for accelerated brain atrophy and the development of 
dementia [8, 9]. Several hypotheses linking CAS to acceler-
ated brain atrophy have been formulated. First, CAS can 
lead to atheroembolic stroke, which is a risk factor for ac-
celerated brain atrophy [10]. Second, CAS may represent a 
proxy marker for cerebrovascular risk factors, which may 
negatively impact brain health through greater brain tissue 
loss over time [9]. Third, high-grade CAS may lead to com-
promised blood flow through the affected carotid artery 
that, if not adequately compensated for by collateral circula-
tion, may result in brain tissue loss [11]. Several aspects of 
the association between CAS and progression of brain atro-
phy, however, are unclear. For example, it is not known 
whether CAS represents a risk factor for greater atrophy of 
the ipsilateral cerebral hemisphere, the contralateral cere-
bral hemisphere, or both. The limited number of studies on 
this relationship reported smaller brain volumes ipsilateral 
to the side of the stenosis [12–15]. The cross-sectional de-
sign of these studies, however, precludes establishing a 
cause–effect relationship, and to our knowledge, no previ-
ous longitudinal studies examined the effects of CAS on 
hemispheric brain volume changes.

Here, we hypothesized that CAS was associated with 
greater ipsilateral hemispheric brain atrophy. Using data 
from the Second Manifestations of ARTerial disease-
Magnetic Resonance (SMART-MR) study, we examined 
the longitudinal association of CAS with changes in hemi-
spheric and total brain volumes over 4 years of follow-up, 
adjusting for demographics, cerebrovascular disease, and 
its risk factors.

Material and Methods

Study Population
Data were used from the SMART-MR study, a prospective co-

hort study at the University Medical Center Utrecht with the aim 
of investigating risk factors and consequences of brain changes on 

magnetic resonance imaging (MRI) in patients with manifest arte-
rial disease. In brief, between 2001 and 2005, 1,309 middle-aged 
and older patients newly referred to the University Medical Center 
Utrecht for treatment of manifest arterial disease (manifest coro-
nary artery disease [59%], cerebrovascular disease [23%], periph-
eral arterial disease [22%], or abdominal aortic aneurysm [9%]) 
were included for baseline measurements. During a 1-day visit to 
our medical center, a physical examination, ultrasonography of the 
carotid arteries, blood and urine samplings, neuropsychological 
assessment, and a 1.5 T brain MRI scan were performed. Question-
naires were used to assess demographics, risk factors, medical his-
tory, and medication use. Between 2006 and 2009, follow-up mea-
surements took place, including a 1.5 T MRI of the brain. In total, 
754 patients of the surviving cohort gave written informed consent 
and participated in the follow-up. The SMART-MR study was ap-
proved by the Medical Ethics Committee of the University Medical 
Center Utrecht according to the guidelines of the Declaration of 
Helsinki of 1975, and written informed consent was obtained from 
all patients.

Assessment of CAS
Presence of CAS was assessed at baseline with ultrasonography 

consisting of color Doppler-assisted duplex. Measurements were 
performed with a 10 MHz linear-array transducer (ATL Ultra-
mark 9) by ultrasound technicians. The severity of CAS was evalu-
ated on the basis of blood flow velocity patterns [16]. The greatest 
stenosis observed on the right or the left side of the common or 
internal carotid artery was taken to determine the severity of CAS. 
CAS was classified into groups of mild (≤29%; peak systolic veloc-
ity [PSV] ≤100 cm/s), moderate (30–69%; PSV >100 to ≤210 cm/s), 
and severe (≥70%; PSV >210 cm/s) for each side. In addition, to 
examine the effects of unilateral CAS on brain volumes in the pres-
ence of bilateral stenosis, we classified patients into (i) mild-to-
moderate CAS on both sides, (ii) severe unilateral left-sided CAS, 
(iii) severe unilateral right-sided CAS, and (iv) severe bilateral 
CAS.

MRI Protocol
MR imaging of the brain was performed on a 1.5T whole-body 

system (Gyroscan ACS-NT, Philips Medical Systems, Best, The 
Netherlands) using a standardized scan protocol. Transversal T1-
weighted (repetition time [TR] = 235 ms; echo time [TE] = 2 ms), 
T2-weighted (TR = 2,200 ms; TE = 11 ms), fluid-attenuated inver-
sion recovery (FLAIR) (TR = 6,000 m; TE = 100 ms; inversion time 
= 2,000 ms), and T1-weighted inversion recovery images (TR = 
2,900 ms; TE = 22 ms; inversion time = 410 ms) were acquired with 
a voxel size of 1.0 × 1.0 × 4.0 mm3 and contiguous slices.

Brain Infarcts
Brain infarcts were visually rated by a neuroradiologist blinded 

to patient characteristics on the T1-weighted, T2-weighted, and 
FLAIR images. Lacunes were defined as focal lesions between 3 
and 15 mm according to the STRIVE criteria [17], whereas nonla-
cunar lesions were categorized into large infarcts (i.e., cortical in-
farcts and subcortical infarcts not involving the cerebral cortex) 
and infarcts located in the cerebellum or brain stem.

Brain Volume Measurements
The T1-weighted, the T1-weighted inversion recovery, and 

FLAIR sequence were used for automated brain segmentation. 



Carotid Artery Stenosis and Hemispheric 
Brain Atrophy

3Cerebrovasc Dis
DOI: 10.1159/000526261

A probabilistic brain segmentation method consisting of k-near-
est neighbor classification was performed to segment cortical 
gray matter, white matter and deep gray matter, sulcal and ven-
tricular cerebrospinal fluid, and white matter hyperintensities 
(WMH) [18]. The kNN segmentation method has been shown 
to be suitable for detecting longitudinal brain volume changes 
[19]. Brain infarcts were manually segmented, and the other seg-
mentations were corrected for the presence of infarcts. All WMH 
segmentations were visually checked by an investigator (RG) us-
ing an image processing framework (MeVisLab 2.7.1., MeVis 
Medical Solutions AG, Bremen, Germany) to ensure that brain 
infarcts were correctly removed from the WMH segmentations 
[20].

Total brain volume was calculated by summing the volumes of 
cortical gray matter, white matter, WMH, and, if present, the vol-
ume of brain infarcts. The total intracranial volume (ICV) was cal-
culated by summing the total brain volume and the volume of ce-
rebrospinal fluid. Hemispheric brain volumes were obtained using 
an automated method based on the extraction of the midsagittal 
surface [21]. An illustration of the midsagittal is shown in Figure 
1. Infratentorial volumes were automatically subtracted from the 
volumes to obtain hemispheric cerebral volumes that were used in 
analyses.

Cerebrovascular Risk Factors
At baseline, age, sex, smoking habits, and alcohol intake were 

assessed using questionnaires. Height and weight were measured, 
and the body mass index (BMI) was calculated (kg/m2). Systolic 
blood pressure (mm Hg) and diastolic blood pressure (mm Hg) 
were measured twice with a sphygmomanometer, and the average 
of these measures was calculated. Hypertension was defined as a 
mean systolic blood pressure of >160 mm Hg, a mean diastolic 
blood pressure of >95 mm Hg, self-reported use of antihyperten-

sive drugs, or a known history of hypertension at inclusion. An 
overnight fasting venous blood sample was taken to determine glu-
cose and lipid levels. Diabetes mellitus was defined as the use of 
glucose-lowering drugs, a known history of diabetes mellitus, or a 
fasting plasma glucose level of ≥7.0 mmol/L. Hyperlipidemia was 
defined as a total cholesterol of >5.0 mmol/L, a low-density lipo-
protein cholesterol of >3.2 mmol/L, use of lipid-lowering drugs, or 
a known history of hyperlipidemia.

Study Sample
Of the 1,309 patients included, 15 had no MRI and 12 had no 

FLAIR sequence. Furthermore, brain volume data were missing 
due to motion or artifacts in 39 patients. Of the remaining 1,243 
patients, 695 patients underwent a follow-up MRI. Of these, 16 
patients had missing brain volume data due to motion or artifacts 
and CAS measurements were missing in 25 patients on one or 
both sides. As a result, the analyses were performed on 654 pa-
tients.

Statistical Analysis
To examine the relationship of sidedness of CAS with total 

and hemispheric brain volume changes at follow-up, we chose 
a mixed model approach using the MIXED procedure of SAS 
(SAS Institute, Cary, NC, USA). We used this statistical ap-
proach because mixed models can estimate the effects of CAS 
on hemispheric brain volumes while taking into account the ef-
fects on the contralateral cerebral hemisphere. Degrees of left-
sided and right-sided CAS at baseline were entered as indepen-
dent variables, whereas total brain volume and hemispheric 
brain volumes at follow-up were entered as dependent vari-
ables.

Next, to examine the effects of severe unilateral CAS on brain 
volumes in the presence of severe bilateral CAS, we entered a cat-
egorical variable with mild to moderate CAS on both sides, severe 
unilateral left-sided CAS, severe unilateral right-sided CAS, and 
severe bilateral CAS as outcomes as the independent variable. Mild 
to moderate CAS on both sides was chosen as the reference cate-
gory. Total and hemispheric brain volumes at follow-up were en-
tered as the dependent variables.

All of the abovementioned models were run in two steps. In the 
first model, we adjusted for age, sex, and baseline brain volumes. 
In the second model, we added covariates indicating hypertension, 
diabetes mellitus, BMI, smoking pack years, alcohol use, and num-
ber of infarcts (including lacunes) and WMH volume on baseline 
and follow-up MRI.

As a supplementary analysis, we used analysis of covariance 
(ANCOVA) to estimate changes in hemispheric brain volumes 
for degrees of left-sided and right-sided CAS. Age, sex, and the 
abovementioned cerebrovascular risk factors were added as co-
variates in addition to the number of infarcts and WMH volume 
on baseline and follow-up MRI in the cerebral hemisphere ipsi-
lateral to the side of stenosis. This supplementary analysis al-
lowed us to estimate changes in hemispheric brain volumes 
while specifically taking into account cerebrovascular lesions on 
the side of the stenosis. We excluded patients with severe bilat-
eral CAS from these analyses. Estimates were considered statisti-
cally significant when their 95% confidence intervals (CIs) ex-
cluded zero.

Fig. 1. Illustration of the midsagittal surface (white line) separating 
the cerebral hemispheres on an axial T1-weighted MR image of a 
52-year-old male patient. Note that the midsagittal surface also ac-
counts for the presence of left-right asymmetry of the occipital 
lobes (i.e., “brain torque”) in this patient.
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Results

Baseline characteristic of the study sample (n = 654, 57 
± 10 years, 81% male) and stratified according to the 
highest degree of CAS are shown in Table 1. At baseline, 
the mean total brain volume of the study sample was 79.4 
± 2.6% ICV. The mean right hemispheric volume was 
79.9 ± 2.6% ICV, whereas the mean left hemispheric vol-
ume was 78.8 ± 2.7% ICV. Severe CAS was present in 64 
patients (left-sided CAS: 37 [6%], right-sided CAS: 43 
[7%]) (Table 1). Patients with moderate or severe CAS 
were on average older, had a worse cardiovascular profile, 
and showed more infarcts and a greater WMH volume on 
MRI compared to patients with mild CAS (Table 1). The 

mean decrease of total brain volume was 0.97% ICV, of 
left hemispheric brain volume 1.15% ICV, and of right 
hemispheric brain volume 0.82% ICV over 3.9 years of 
follow-up for the study sample.

Sidedness of CAS and Brain Volume Changes
Compared to mild right-sided CAS, moderate right-

sided CAS was associated with a greater decrease in total 
brain volume (B = −0.20% ICV, 95% CI: −0.55 to −0.14), 
left hemispheric volume (B = −0.20% ICV, 95% CI: −0.58 
to 0.18) and, more strongly, in right hemispheric volume 
(B = −0.37% ICV, 95% CI: −0.76 to 0.02), although these 
estimates did not reach statistical significance (Table 2). 
Stronger associations, but in a similar pattern, were ob-

Table 1. Baseline characteristics of the study sample and stratified according to the highest degree of CAS

Total sample 
(n = 654)

Mild CAS 
(n = 541)

Moderate CAS 
(n = 49)

Severe CAS 
(n = 64)

Age, years 57±10 57±10 61±7 60±8
Sex, % men 81 82 74 84
History of stroke, % 22 16 28.6 70.3
BMI, kg/m2 27±3 27±4 26±3 27±3
Smoking, pack yearsa 22 (0, 49) 20 (0, 48) 12 (0, 72) 26 (0, 54)
Alcohol intake, % current 77 78 79 78
Hypertension, % 46.8 43.4 55.1 68.8
Diabetes mellitus, % 15 13.5 22.4 26.6
Large infarcts on MRI, % 10 6.1 6.1 20.8
Lacunes on MRI, % 17 14.2 12.2 46.9
Infarcts on MRI, nb

Total 0.6±1.3 0.4±1.1 0.6±1.2 2.0±2.1
Left hemisphere 0.2±0.7 0.2±0.6 0.2±0.6 0.8±1.4
Right hemisphere 0.3±0.8 0.2±0.6 0.2±0.7 1.1±1.7

WMH volume on MRI, mL
Total 2.2±5.1 2.2±5.3 2.3±3.2 2.5±3.4
Left hemisphere 1.1±2.6 1.1±2.6 1.2±1.8 1.4±2.5
Right hemisphere 1.1±2.6 1.1±2.7 1.1±1.6 1.1±1.5

Brain volumes, % ICV
Total 79.4±2.6 79.6±2.5 78.7±2.4 78.1±2.7
Left hemisphere 78.8±2.7 79.0±2.6 78.1±2.5 77.6±2.9
Right hemisphere 79.9±2.6 80.1±2.6 79.1±2.2 78.6±2.7

CAS, n (%)
Left-sided CAS

Mild (≤29%) 580 (88) – – –
Moderate (30–69%) 37 (6) – – –
Severe (≥70%) 37 (6) – – –

Right-sided CAS – – –
Mild (≤29%) 576 (88) – – –
Moderate (30–69%) 35 (5) – – –
Severe (≥70%) 43 (7) – – –

Characteristics are presented as mean ± SD, n (%), or %. ICV, intracranial volume; WMH, white matter 
hyperintensity; CAS, carotid artery stenosis. a Median (10th percentile, 90th percentile). b Including large infarcts, 
lacunes, cerebellar infarcts, and brain stem infarct.
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served for severe right-sided CAS in relation to change in 
total brain volume (B = −0.69% ICV, 95% CI: −1.02 to 
−0.37), left hemispheric volume (B = −0.49% ICV, 95% 
CI: −0.86 to −0.13), and right hemispheric volume (B = 
−0.90% ICV, 95% CI: −1.27 to −0.54). Estimates slightly 
attenuated after adjusting for cerebrovascular risk factors 
and the number of infarcts and WMH volume on baseline 
and follow-up MRI (Table 2).

For left-sided CAS, a severe stenosis was associated 
with a greater decrease in volume of the left hemisphere 
(B = −0.32% ICV, 95% CI: −0.71 to 0.06); however, this 
estimate did not reach statistical significance and attenu-
ated after additionally adjusting for the abovementioned 
covariates (Table 2). No associations were observed be-
tween degrees of left-sided CAS and change in total or 
right hemispheric volumes (Table 2). Repeating the anal-
yses after exclusion of patients with large infarcts showed 
a similar pattern (online suppl. Table 1; for all online suppl. 
material, see www.karger.com/doi/10.1159/000526261), 
with severe right-sided CAS being significantly associated 
with a greater decrease in brain volumes compared to 
mild right-sided CAS, most profoundly of the right hemi-
spheric volume (B = −1.19% ICV, 95% CI: −1.68 to −0.69).

Unilateral and Bilateral Severe CAS and Brain 
Volume Changes
Consistent with the previous analysis, a severe unilat-

eral right-sided CAS was associated with a greater de-
crease in total brain volume (B = −0.72% ICV, 95% CI: 
−1.09 to −0.35) and more profoundly in the right hemi-
spheric volume (B = −0.97% ICV, 95% CI: −1.39 to −0.55), 
compared to mild-to-moderate CAS on both sides. These 
estimates attenuated but remained significant after ad-
justing for cerebrovascular risk factors, number of in-
farcts, and WMH volume on baseline and follow-up MRI 
(Table 3). A severe unilateral right-sided CAS was also 
associated with a greater decrease in the left hemispheric 
volume; however, this relationship lost significance after 
adjusting for the abovementioned covariates (B = −0.27% 
ICV, 95% CI: −0.69 to 0.15; Table 3).

Compared to mild-to-moderate CAS at both sides, a 
severe unilateral left-sided CAS was associated with a 
greater decrease in volume of the left hemisphere (B = 
−0.41% ICV, 95% CI: −0.88 to 0.04); however, this rela-
tionship did not reach statistical significance and attenu-
ated after adjusting for the abovementioned covariates 
(Table 3). No significant associations were observed be-
tween a severe unilateral left-sided CAS and decrease in 
total and right hemispheric brain volumes (Table 3).

Table 2. Associations between degrees of CAS according to the sidedness and changes in total and hemispheric brain volumes after a 
median of 3.9 years of follow-up compared to mild (≤29%) stenosis on the same side

Change in total brain 
volume (% ICV)

Change in brain volume 
left hemisphere (% ICV)

Change in brain volume 
right hemisphere (% ICV)

B 95% CI B 95% CI B 95% CI

Left-sided CAS
Moderate (30–69%)

Model 1 0.22 −0.11 to 0.55 0.32 −0.06 to 0.69 0.21 −0.16 to 0.59
Model 2 0.27 −0.07 to 0.61 0.32 −0.05 to 0.70 0.22 −0.16 to 0.60

Severe (≥70%)
Model 1 −0.14 −0.50 to 0.22 −0.32 −0.71 to 0.06 0.09 −0.30 to 0.49
Model 2 0.03 −0.33 to 0.40 −0.16 −0.55 to 0.23 0.27 −0.13 to 0.67

Right-sided CAS
Moderate (30–69%)

Model 1 −0.20 −0.55 to 0.14 −0.20 −0.58 to 0.18 −0.37 −0.76 to 0.02
Model 2 −0.30 −0.65 to 0.05 −0.22 −0.60 to 0.16 −0.38 −0.77 to 0.01

Severe (≥70%)
Model 1 −0.69 −1.02 to −0.37* −0.49 −0.86 to −0.13* −0.90 −1.27 to −0.54*
Model 2 −0.59 −0.93 to −0.25* −0.36 −0.72 to 0.00 −0.78 −1.15 to −0.41*

Model 1: Adjusted for age, sex, and baseline brain volumes. Model 2: model 1 with adjustment for hypertension, diabetes mellitus, BMI, 
smoking pack years, alcohol use, number of infarcts on baseline and follow-up MRI, and white matter hyperintensity volume on baseline 
and follow-up MRI. ICV, intracranial volume; CI, confidence interval; CAS, carotid artery stenosis. * p < 0.05.
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Severe bilateral CAS, compared to mild-to-moderate 
CAS at both sides, was significantly associated with a 
greater decrease in total brain volume (B = −0.72% ICV, 
95% CI: −1.20 to −0.25), right hemispheric volume (B = 
−0.64% ICV, 95% CI: −1.17 to −0.10), and more pro-
foundly in left hemispheric volume (B = −0.81% ICV, 
95% CI: −1.34 to −0.28). These estimates slightly attenu-
ated after additionally adjusting for the abovementioned 
covariates (Table 3).

Supplementary Analysis
Change in the right hemispheric brain volume differed 

significantly among degrees of right-sided CAS (ANCO-
VA p = 0.002). Consistent with the primary analysis, 
moderate and severe right-sided CAS were associated 
with a greater decrease in right hemispheric volume 
(mean difference −0.29% ICV, 95% CI: −0.66 to 0.08; 
−0.74% ICV, 95% CI: −1.18 to −0.30, respectively) com-
pared to mild right-sided CAS, adjusting for demograph-
ics, cerebrovascular risk factors, and number of infarcts 
and WMH volume in the right hemisphere on baseline 
and follow-up MRI (online suppl. Table 2).

Change in left hemispheric brain volume did not differ 
significantly among degrees of left-sided CAS (ANCOVA 
p = 0.36). Similarly, change in left hemispheric brain vol-
ume did not differ between degrees of right-sided CAS 

(ANCOVA p = 0.19), and change in right hemispheric 
brain volume did not differ significantly between degrees 
of left-sided CAS (ANCOVA p = 0.88).

Discussion

In this cohort of patients with manifest arterial disease, 
we found that severe right-sided CAS was associated with 
a greater decrease in right hemispheric brain volume over 
4 years of follow-up. This relationship was independent 
of age, sex, cerebrovascular risk factors, and brain infarcts 
and WMH on baseline and follow-up MRI. A severe left-
sided CAS however was not associated with a greater de-
crease of left hemispheric volume.

As noted in the introductory section, several hypoth-
eses have been formulated that may explain the relation 
between CAS and progression of brain atrophy. First, 
brain infarcts may mediate the association between ca-
rotid atherosclerosis and brain atrophy [22]. Second, it 
has been hypothesized that carotid atherosclerosis may 
represent a proxy marker for cerebrovascular risk factors 
that result in both carotid atheroma formation and pro-
gression of brain atrophy [9]. Third, CAS may lead to re-
duced cerebral blood flow that, if not adequately compen-
sated for by collateral circulation, may result in greater 

Table 3. Associations between sidedness of ≥70% CAS and changes in total and hemispheric brain volumes after 
a median of 3.9 years of follow-up compared to <70% stenosis at both sides

Change in total brain 
volume (% ICV)

Change in brain volume 
left hemisphere (% ICV)

Change in brain volume 
right hemisphere (% ICV)

B 95% CI B 95% CI B 95% CI

Severe (≥70%) unilateral left-sided CAS
Model 1 −0.31 −0.73 to 0.11 −0.41 −0.88 to 0.04 −0.18 −0.64 to 0.29
Model 2 −0.10 −0.53 to 0.32 −0.20 −0.66 to 0.26 0.05 −0.42 to 0.52

Severe (≥70%) unilateral right-sided CAS
Model 1 −0.72 −1.09 to −0.35* −0.45 −0.86 to −0.04* −0.97 −1.39 to −0.55*
Model 2 −0.56 −0.95 to −0.17* −0.27 −0.69 to 0.15 −0.80 −1.22 to −0.37*

Severe (≥70%) bilateral CAS
Model 1 −0.72 −1.20 to −0.25* −0.81 −1.34 to −0.28* −0.64 −1.17 to −0.10*
Model 2 −0.54 −1.04 to −0.05* −0.60 −1.13 to −0.07* −0.42 −0.96 to 0.12

Model 1: Adjusted for age, sex, and baseline brain volumes. Model 2: model 1 with adjustment for hypertension, 
diabetes mellitus, body mass index, smoking pack years, alcohol use, number of infarcts on baseline and follow-up 
MRI, and white matter hyperintensity volume on baseline and follow-up MRI. Number of patients with <70% CAS 
at both sides (reference): 590 (91%), ≥70% unilateral left-sided CAS: 21 (3%), ≥70% unilateral right-sided CAS: 27 
(4%), and ≥70% bilateral CAS: 16 (2%). ICV, intracranial volume; CI, confidence interval;. CAS, carotid artery stenosis. 
* p < 0.05.
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brain atrophy [11]. Until now, however, no previous 
studies to our knowledge reported on the association of 
CAS with progression of ipsilateral and contralateral 
brain atrophy. The findings of the present study suggest 
that severe CAS could represent a risk factor for greater 
tissue loss of the ipsilateral cerebral hemisphere. Our ob-
servation that this relationship was largely independent 
of brain infarcts and WMH on MRI suggests that mecha-
nisms other than ischemic cerebrovascular disease may 
underlie the relation between CAS and brain atrophy. 
Given the novelty of our findings, however, further lon-
gitudinal studies in other cohorts are needed to the repli-
cate the present association and to further investigate the 
exact underlying mechanisms.

As noted previously, a limited number of cross-sec-
tional studies examined the association between CAS and 
hemispheric brain volumes [12–15]. A study in patients 
with ≥70% unilateral CAS reported smaller hemispheric 
brain volumes ipsilateral to the side of CAS but only in 
patients with moderate or severe WMH [13]. In our 
study, however, we observed that the association between 
severe right-sided CAS and right hemispheric atrophy 
was independent of WMH volume on baseline and fol-
low-up MRI. In two studies comparing regional brain 
volumes between patients with ≥70% unilateral CAS and 
healthy controls, it was found that patients with ≥70% 
CAS showed smaller cortical gray matter volumes ipsilat-
eral to the side of stenosis [14, 15]. Similarly, a study com-
paring cortical thickness in patients with ≥80% unilateral 
CAS reported smaller cortical gray matter volumes on the 
side of stenosis [12].

Our study has several limitations. First, we observed 
that some estimates, in particular those reflecting change 
between mild and moderate left-sided CAS, were positive 
(i.e., suggesting an increase in brain volume over time). 
Although none of these estimates were statistically sig-
nificant, an underlying technical measurement error can-
not be excluded. Second, the present study had a relative-
ly short follow-up period and a relatively small number 
of patients with a severe CAS, which may have led to re-
duced statistical power to detect small differences in brain 
volume change. Third, we did not adjust the analyses for 
multiple comparisons. Fourth, the volumetric technique 
that we used did not allow us to measure region-specific 
brain volume changes. We therefore could not determine 
whether brain atrophy was due to volume loss of the gray 
matter, white matter or both.

Strengths of our study are the longitudinal design, the 
use of a large cohort of patients with varying degrees of 
CAS, and volumetric assessment of total and hemispher-

ic brain volumes. In addition, the data on cardiovascular 
risk factors and cerebrovascular lesions allowed us to de-
termine whether the association between CAS and ipsi-
lateral hemispheric brain atrophy was independent of po-
tential confounders.

In conclusion, our findings indicate that severe (≥70%) 
CAS could represent a risk factor for greater ipsilateral 
brain volume loss in patients with manifest arterial dis-
ease, independent of cerebrovascular risk factors, brain 
infarcts or WMH on MRI. Further longitudinal studies in 
other cohorts are needed to confirm this novel finding.
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