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HIGHLIGHTS

® Low carotid wall shear stress was associated with increased risks of the progression of cerebral small vessel disease.
® Endothelial dysfunction induced by low wall shear stress might play a crucial role in this association.
® This study was a long-term and population-based prospective cohort study.

ARTICLE INFO ABSTRACT

Keywords: Background and aims: The association between carotid wall shear stress (WSS) and cerebral small vessel disease
Cerebral small vessel disease has yet to be fully elucidated. The major purpose of this study was to investigate this association in older
Hemodynamic subjects.

Shear stress

Methods: Common carotid artery WSS, endothelial function, white matter hyperintensities (WMH), lacunes, and
Endothelial function

microbleeds were assessed in 1396 older adults. Participants were followed-up for an average of 69.7 months.
Results: Mean (M) and peak (P) WSS and changes in endothelial function were independently associated with
changes in WMH volume and fraction, lacune counts, and microbleed counts (all p < 0.05). The risks of new-
incident Fazekas scale =2 [hazard ratio (HR) with 95% confidence interval (CI): 2.141 (1.469-3.119),
p = 0.005 and 1.731 (1.197-2.505), p = 0.004, respectively], lacunes [HR (95% CI): 2.034 (1.369-3.022),
p < 0.001 and 1.693 (1.151-2.490), p = 0.003, respectively], and microbleeds [HR (95% CI): 2.311
(1.509-3.541), p < 0.001 and 2.208 (1.299-3.751), p < 0.001, respectively] were significantly higher in the
lowest quartile group than in the higher quartile group, as classified by either MWSS or PWSS, after adjustment
for confounders.

Conclusions: Low carotid WSS is an independent risk factor for the progression of cerebral small vessel disease in
older adults.
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1. Introduction

Cerebral small vessel disease is a common and prevalent vascular
disease of the brain caused by white matter hyperintensities (WMH),
lacunes, and microbleeds [1,2]. It contributes to more than 15% of all
strokes, 30% of the future risk for stroke, and 45% of dementia cases in
older populations. Cerebral small vessel disease, therefore, imposes
high personal and societal healthcare burdens [1,2].

The etiology of cerebral small vessel disease is ischemia, affecting
the perforating arterioles, capillaries, and venules [1,2]. Studies have
demonstrated that vascular endothelial dysfunction plays a crucial role
in the pathological process of cerebral small vessel disease [1,2]. En-
dothelial dysfunction leads to cerebral vessel wall stiffness, lumen
narrowing, and a loss of hemodynamic autoregulation [1,2].

Wall shear stress (WSS) is one of the most important hemodynamic
forces regulating vascular endothelial function [3]. WSS is the frictional
force exerted by the movement of blood on the endothelial surface of
the inner vessel wall, which modulates endothelial cell activity via
regulating the release of vasoactive molecules such as nitric oxide (NO),
endothelin (ET)-1, soluble intercellular cell adhesion molecule
(sICAM)-1, and soluble vascular cell adhesion molecule (sVCAM)-1 [4].
Low or oscillatory WSS can lead to endothelial dysfunction and ather-
ogenesis [5-7].

The common carotid artery supplies a precisely regulated volume
and velocity of blood flow [8]. The common carotid artery is commonly
thought of as an “observation window” into the systemic hemodynamic
condition. Evidence has shown that the common carotid WSS is a
measure that reflects the overall hemodynamic condition of the cere-
bral vessels, as it is strongly associated with ischemic and hemorrhagic
strokes [2,8,9]. Previous studies have demonstrated that the common
carotid WSS is inversely and independently related to WMH burden and
cerebral infarcts in older adults [2,9,10]. Mutsaerts et al. reported that
the diastolic common carotid WSS is correlated with both cerebral in-
farcts and periventricular WMH [9]. Similarly, Okada et al. found that
the peak systolic and end diastolic common carotid WSS correlated with
subcortical WMH [10]. However, the results of these aforementioned
studies do not clearly elucidate the association between the common
carotid WSS - and related endothelial function — and cerebral small
vessel disease, mainly due to their cross-sectional study design. In ad-
dition, there are few studies investigating the association between the
common carotid WSS and cerebral lacunes and microbleeds.

In this study, we followed up 1396 older adults aged =60 years
from a community-based population for an average of 69.7 months to
shed light on the association between the common carotid WSS - and
related endothelial function — and the progression of cerebral small
vessel disease.

2. Patients and methods
2.1. Subjects

This study used brain magnetic resonance imaging (MRI) to eval-
uate a subset of subjects from a population-based prospective cohort
study (Registration number: ChiCTR-EOC-17013598) [11]. In the ori-
ginal cohort, we recruited 21,000 subjects aged 15 years and older,
between April 2007 and November 2009, in the area of Shandong,
China. The main goals were to investigate the determinants of chronic
disease in the general population. In this sub-study, 1519 participants
aged =60 years from the original cohort were deemed eligible for in-
clusion. The exclusion criteria were as follows: a Mini-Mental State
Examination (MMSE) score <23 points, Alzheimer's disease, Parkin-
son's disease, seizures, schizophrenia, claustrophobia, bipolar disorder,
stroke or transient ischemic attack, contraindication to MRIL, myocardial
infarction, decompensated heart failure, secondary hypertension, renal
failure and dialysis treatment, drug and alcohol abuse, prior inclusion
in other studies, and unwillingness to provide informed consent.
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The study protocol was approved by the Research Ethics Committee
of the Institute of Basic Medicine, Shandong Academy of Medical
Sciences, and was in compliance with the Declaration of Helsinki.
Written informed consent was obtained from each participant. The
corresponding author has access to and responsibility for all the data
supporting the findings of this study.

2.2. Brain magnetic resonance imaging assessment

Brain MRI was performed on a 3.0-T GE Signa Horizon scanner
(Signa Horizon LX, General Electric Medical Systems, USA) and on a
3.0-T Siemens Allegra scanner (Siemens Medical, Erlangen, Germany)
by neuroradiologists blinded to the clinical data of participants. Scans
were performed at baseline, at the first MRI follow-up (between April
2010 and November 2012), and at the second MRI follow-up (between
April 2013 and November 2015). A uniform MRI protocol was used and
consisted of T1-weighted 3D magnetization-prepared rapid gradient
echo, T2-weighted 3D fast spin-echo, T2*-weighted gradient-echo type
echoplanar, and fluid-attenuated inversion recovery (FLAIR) sequences.
The WMH volume was computed on FLAIR axial images and assessed
using the Fazekas scale (a score of 0-3 given for none, punctuate, early
confluent, or confluent lesions, respectively) [12]. Lacunes, defined as
cavities with a diameter of 3-15 mm with cerebrospinal-fluid-like
signal, were assessed on T1-weighted, T2-weighted, and FLAIR images.
Microbleeds, defined as smaller than 10 mm oval or round, hy-
pointense, and homogeneous foci in the brain parenchyma, were as-
sessed on T2*-weighted images. Mimics of microbleeds, such as calci-
fications and sulcal vessels, as well as signals averaging from bone,
were systematically excluded [13]. Fazekas scale lesion assignments
were dichotomized as 0 or 1 vs. 2 or 3, lacunes as 0 vs. 1 or more, and
microbleeds as 0 vs. 1 or more [1]. After being tested in random sam-
ples of 140 patients, the weighted Cohen's kappa of inter-observer
variability was 0.85 for the Fazekas scale lesions, 0.81 for lacunes, and
0.81 for microbleeds.

2.3. Common carotid artery ultrasonography and wall shear stress
calculations

The common carotid artery ultrasound examinations were per-
formed by experienced ultrasonographers who were blinded to the
clinical details of participants. Measurement was performed using a
high-resolution ultrasound with a 7.5-MHz linear array transducer (GE
Medical Systems Ultrasound Israel Ltd, Tirat Carmel, Israel) and si-
multaneous electrocardiogram recording. The common carotid intima-
media thickness (IMT) was assessed, and a plaque was defined as a
localized IMT > 1.5mm, with protrusion into the lumen or focal
structure encroaching into the lumen by = 0.5mm, or 50% of the
surrounding IMT [14]. Internal diameters of the common carotid artery
at the R (IDg) and peak T (IDt) waves on the electrocardiogram were
measured using the B-mode tracings, as previously described [2]. Mean
velocity (Vy), end diastolic velocity, and peak systolic velocity (Vps)
were detected 1-2 cm below the bifurcation with the sample volume
reduced to the smallest possible sample size (1 mm) in the center of the
lumen time-averaged mean velocity over one cardiac cycle. The Dop-
pler angle was kept between 44 and 55° and he sample volume box was
placed in the mid-lumen parallel to the vessel wall. The mean of Vy; and
Vps of three cardiac cycles were computed and used for further analysis.
The weighted Cohen's kappa of the inter-observer variability was 0.94
for carotid plaques, and the coefficients of variation for blood flow
velocity and carotid internal diameter were 0.84 and 0.81, respectively
(p < 0.001), after being tested in random samples of 140 patients.

The following equations, described elsewhere [2,7,15], were used to
calculate the mean (M) and peak (P) WSS: MWSS (Pa) is equal to
8 X n X Vy/IDg; PWSS (Pa) is equal to 8 X 1 X Vpg/ID, where 1 is the
blood viscosity, regarded as equal to 0.0035Pas in the present study
[16]. Lower velocity from both sides was used for further analysis.
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21,000 participants aged 15 years and older were enrolled in the original study
from April 2007 to November 2009

1,519 older adults aged >60 years were eligible and included
in the brain MRI sub-study

For an average of
69.7 months follow-up

123 excluded
49 died
30 lost to follow-up
44 failure to complete
MRI assessment

1,396 older adults were used for further analysis

Grouped by the quartile of MWSS

Grouped by the quartile of PWSS

v v

v v

334 in Lowest 1,062 in Higher
quartile group quartile group

346 in Lowest 1,050 in Higher
quartile group quartile group

Fig. 1. The protocol flowchart.
MRI

2.4. Measurement of biomarkers of endothelial function

Vascular endothelial function was assessed using the serum levels of
NO, ET-1, sICAM-1, and sVCAM-1, at baseline and biennial follow-up.
Serum levels of NO were assessed by the quantification of nitrite levels,
a stable metabolite of NO, using the Griess assay [17]. Serum levels of
ET-1, sICAM-1, and sVCAM-1 were determined by enzyme-linked im-
munosorbent assay kits, according to the manufacturer's instructions.
Reagents used for NO measurement were purchased from Sigma-Al-
drich (St. Louis, MO, USA). All ELISA kits were purchased from Bender
(Bender MedSystems, Vienna, Austria). Each serum sample was tested
in duplicate and the mean was used for further analysis.

2.5. Covariates

The possible covariates included age; sex; smoking; alcohol intake;
history of hypertension, diabetes, and dyslipidemia; medication for
hypertension, diabetes, and dyslipidemia; body mass index; blood
pressure; fasting plasma glucose; and lipids.

2.6. Outcomes

The primary outcomes included the changes in WMH volume and
fraction, lacune and microbleed counts, as well as new-incident Fazekas
scale =2 lesions, lacunes, and microbleeds during the follow-up period.
New incidents were defined as =1 newly diagnosed Fazekas scale =2
lesions, lacunes, or microbleeds during the follow-up period [18].
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2.7. Statistical analysis

Statistical analyses were performed using SPSS version 24.0 soft-
ware (SPSS Inc., Chicago, IL, USA). The normality of data was de-
termined using the Kolmogorov-Smirnov test. Continuous data are
presented as the mean + standard deviation (SD), or the median with
interquartile range (IQR). Categorical data are presented as numbers
with percentages. Participants were categorized into two groups,
namely, the lowest WSS quartile (Q;) group and the higher quartile
WSS (Q2+3+4) group, according to the IQR of the mean and peak WSS
separately. A Student's t-test or a Mann-Whitney U test was used to
assess the differences in continuous data depending on their normality.
A chi-square test was performed to assess differences in categorical
data. A Kruskal-Wallis test with a Wilcoxon rank-sum test was per-
formed to compare the differences in NO, ET-1, sICAM-1, sVCAM-1,
WMH volume and fraction, and the counts of lacunes and microbleeds
between baseline and follow-up assessments. A linear mixed model was
performed to compare changes in NO, ET-1, sICAM-1, sVCAM-1, WMH
volume and fraction, and counts of lacunes and microbleeds during the
follow-up period between groups. Multiple linear backward stepwise
regression analyses were used to assess whether any factors were in-
dependently associated with the changes in WMH volume and fraction,
lacune counts, and microbleed counts. The changes were defined as the
difference in value between the baseline and the second MRI follow-up
assessment. The changes in NO, ET-1, sICAM-1, and sVCAM-1 levels
were also defined as the difference in value between the baseline and
the second MRI follow-up assessment, and were used as independent
variables in the models. A Kaplan-Meier with log-rank test was per-
formed to compare the differences in the risks over time for new-
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Fig. 2. Differences in the progression of cerebral small vessel disease lowest quartile group and higher quartile groups classified by the quartile of mean wall shear

stress.

(A) Changes in WMH volume. (B) Changes in WMH fraction. (C) Changes in lacune counts. (D) Changes in microbleed counts. WSS.

incident Fazekas scale =2 lesions, lacunes, and microbleeds between
groups. The hazard ratio (HR) with 95% confidence intervals (CIs) was
assessed using a Cox proportional hazards model. The contributions of
the changes in NO, ET-1, sSICAM-1, and sVCAM-1 levels to new-incident
Fazekas scale =2 lesions, lacunes, and microbleeds were assessed using
logistic regression analysis. All models were adjusted for age; sex;
current smoking; alcohol consumption; history of hypertension, dia-
betes, and dyslipidemia; medication for hypertension, blood glucose
levels, dyslipidemia, and platelet aggregation; common carotid IMT and
plaques; profiles of blood pressure and lipids; and the differences in
time between the baseline MRI and the follow-up visit. A two-sided p
value less than 0.05 was considered statistically significant.

3. Results
3.1. Baseline demographic and clinical characteristics
The protocol flowchart of the study is summarized in Fig. 1. After an

average of 69.7 (range: 66 to 75) months of follow-up, 123 participants
were excluded, leaving 1396 participants eligible for analysis. The IQR

of the MWSS was < 0.89, 0.89 to 1.03, 1.04 to 1.25, and =1.26 Pa. The
IQR of the PWSS was < 1.71, 1.71 to 2.03, 2.04 to 2.37, and =2.38 Pa.
Supplementary Table 1 shows the details of the baseline demographic
and clinical characteristics, grouped by mean and peak WSS.

3.2. Changes in white matter hyperintensities volume and fraction, and
counts of lacunes and microbleeds

Compared to the baseline, at the first and second follow-up visits,
WMH volumes were increased by 0.78 and 1.32mL and the fraction
was increased by 0.06 and 0.11%, lacune counts were increased by 0.24
and 0.53, and microbleed counts were increased by 0.16 and 0.40 (all
p < 0.001). The increasing tendencies of WMH volume (p < 0.001
and < 0.001, respectively) and fraction (p < 0.001 and < 0.001,
respectively), lacunes (p < 0.001 and < 0.013, respectively), and
microbleeds (p < 0.001 and < 0.001, respectively) were all sig-
nificantly higher in the lowest quartile group than in the higher quartile
group, as classified by the quartile of mean and peak WSS (Fig. 2 and
Supplementary Fig. 1), separately. These significant differences re-
mained after adjustment for confounders.
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Fig. 3. Difference in the cumulative new-incidents of cerebral small vessel disease between lowest quartile group and higher quartile groups classified by the quartile

of mean wall shear stress.

(A) Difference in the cumulative new incidents of Fazekas scale =2 lesions. (B) Difference in the cumulative new incidents of lacunes. (C) Difference in the
cumulative new incidents of microbleeds. WSS = wall shear stress; MRI = magnetic resonance imaging.

3.3. The contribution of wall shear stress and endothelial function to
changes in white matter hyperintensities volume and fraction, and lacune
and microbleed counts

A multiple linear regression analysis was conducted to investigate
possible factors independently associated with the progression of cer-
ebral small vessel disease (Supplementary Table 2). Changes in WMH
volume and fraction, and lacune and microbleed counts between the
baseline assessment and the second MRI follow-up assessment were
treated as separate dependent variables in their corresponding model.
The mean and peak WSS and hanges in NO, ET-1, sICAM-1, and
sVCAM-1 levels were separately included as independent variables in
every model. The results indicated that mean and peak WSS, and
changes in NO levels were significantly and independently associated
with changes in WMH volume and fraction, as well as changes in lacune
and microbleed counts, after adjustment for covariates (all p < 0.05).
Changes in ET-1, sSICAM-1, and sVCAM-1 levels were also significantly
associated with changes in WMH volume and fraction, as well as
changes in lacune and microbleed counts. However, the association
between changes in ET-1, sSICAM-1, and sVCAM-1 levels and change in
microbleed counts was no longer observed after adjustment for
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common carotid IMT and plaques, baseline WMH volume, and the
differences in time between the baseline and MRI follow-up visits.

3.4. The contribution of wall shear stress and endothelial function to new-
incidents of Fazekas scale =2 lesions, lacunes, and microbleeds

Of 1396 participants, 1255 participants had a Fazekas scale scoring
of less than two, 1279 participants had no lacunes, and 1300 partici-
pants had no microbleeds. Over the follow-up period, 146 participants
(2.3% per year) developed Fazekas scale =2 lesions, 135 (2.1% per
year) participants developed lacunes, and 115 (1.7% per year) parti-
cipants developed microbleeds among the 1396 participants.

The lowest quartile group had a significantly higher risk for new
incidents of Fazekas scale =2 lesions, lacunes, and microbleeds, re-
lative to the higher quartile group, after participants were grouped by
quartile of MWSS (p < 0.001, < 0.001, and < 0.001, respectively,
Fig. 3). The cumulative HR with 95% CI was 2.141 (1.469-3.119) for
new incidents of Fazekas scale =2 lesions, 2.034 (1.369-3.022) for new
incidents of lacunes, and 2.311 (1.509-3.541) for new incidents of
microbleeds, after adjustment for confounders. Similarly, after partici-
pants were grouped by quartile of PWSS, the risks of new incidents of
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Contribution of the changes in endothelial function to new incidents of cerebral small vessel disease.

New-incident Fazekas scale =2 lesion

New-incident lacunes

New-incident microbleeds

Exp (B) (95% CI) p value Exp (B) (95% CI) p value Exp (B) (95% CI) p value

Changes in NO (umol/L)’x

Model 1 0.551 (0.484-0.628) < 0.001 0.574 (0.498-0.661) < 0.001 0.598 (0.518-0.691) < 0.001
Model 2 0.550 (0.483-0.627) < 0.001 0.575 (0.499-0.662) < 0.001 0.597 (0.517-0.690) < 0.001
Model 3 0.546 (0.479-0.622) < 0.001 0.563 (0.483-0.657) < 0.001 0.587 (0.504-0.683) < 0.001
Changes in ET-1 (pg/mL)"

Model 1 1.786 (1.558-2.046) < 0.001 1.779 (1.527-2.073) < 0.001 1.693 (1.449-1.978) < 0.001
Model 2 1.777 (1.549-2.038) < 0.001 1.771 (1.521-2.062) < 0.001 1.689 (1.453-1.985) < 0.001
Model 3 1.747 (1.516-2.013) < 0.001 1.771 (1.521-2.062) < 0.001 1.686 (1.441-1.972) < 0.001
Changes in sICAM-1 (ng/mL)*

Model 1 1.052 (1.039-1.065) < 0.001 1.052 (1.037-1.066) < 0.001 1.053 (1.038-1.068) < 0.001
Model 2 1.047 (1.033-1.062) < 0.001 1.051 (1.036-1.065) < 0.001 1.052 (1.037-1.067) < 0.001
Model 3 1.044 (1.028-1.060) < 0.001 1.045 (1.031-1.059) < 0.001 1.051 (1.036-1.066) < 0.001
Changes in sVCAM-1 (ng/mL)*

Model 1 1.036 (1.027-1.046) < 0.001 1.032 (1.023-1.041) < 0.001 1.033 (1.023-1.043) < 0.001
Model 2 1.033 (1.025-1.041) < 0.001 1.029 (1.020-1.039) < 0.001 1.031 (1.022-1.040) < 0.001
Model 3 1.028 (1.019-1.037) < 0.001 1.025 (1.017-1.034) < 0.001 1.030 (1.021-1.039) < 0.001

“The changes were defined as the differences between the second MRI follow-up assessment and baseline.
NO = nitric oxide; ET-1 = endothelin-1; SICAM-1 = soluble intercellular cell adhesion molecule-1; sVCAM-1 = soluble vascular cell adhesion molecule-1.
In models, the changes in NO, ET-1, ICAM-1, and VCAM-1 were used as continuous data.

Model 1: adjusted for baseline age and sex.

Model 2: model 1 + smoking; alcohol intake; history of hypertension, diabetes, and dyslipidemia; medication for hypertension, blood glucose levels, dyslipidemia,
and platelet aggregation; and baseline body mass index, systolic and diastolic blood pressure, fasting blood glucose, triglycerides, high-density lipoprotein cho-

lesterol, and low-density lipoprotein cholesterol.

Model 3: model 2 + carotid artery intima-media thickness, carotid artery plaques, baseline white matter hyperintensities, and differences in time between the

baseline and MRI follow-up visits.

Fazekas scale =2 lesions (HR: 1.731, 95% CI: 1.197 to 2.505;
p = 0.004), lacunes (HR: 1.693, 95% CI: 1.151 to 2.490; p = 0.003),
and microbleeds (HR: 2.208, 95% CI: 1.299 to 3.751; p < 0.001) were
higher in the lowest quartile group than in the higher quartile group,
after adjustment for covariates (Supplementary Fig. 2).

We assessed the contribution of changes in endothelial function to
new incidents of Fazekas scale =2 lesions, lacunes, and microbleeds
using a logistic regression analysis (Table 1). The results showed that
changes in NO levels were negatively associated with an increased risk
for new incidents of Fazekas scale =2 lesions, lacunes, and micro-
bleeds, whereas changes in ET-1, sSICAM-1, and sVCAM-1 levels were
positively associated, after adjustment for confounders (all adjusted
p < 0.001).

3.5. Association between wall shear stress and change in endothelial
function

During the follow-up period, NO levels were significantly decreased,
whereas ET-1, sSICAM-1, and sVCAM-1 levels were increased compared
to the baseline assessment (p < 0.05). The median changes were as
follows: NO, —5.02 (IQR: 6.61 to —3.44) umol/L; ET-1, 4.07 (IQR: 2.70
to 5.50) pg/mL; sSICAM-1, 22.47 (IQR: 10.67 to 37.03) ng/mL; sVCAM-
1, 27.44 (IQR: 14.64 to 39.51) ng/mL. The tendencies for NO to de-
crease and for ET-1, sICAM-1, and sVCAM-1 to increase were sig-
nificantly higher in the lowest quartile group than in the higher quartile
group, classified by the quartile of MWSS (allp < 0.001, Fig. 4). These
significant differences remained after adjustment for confounders (all
adjustments p < 0.001). Similar results were found between the lowest
quartile and higher quartile groups as classified by the quartile of
PWSS, even after adjustment for confounders
(p < 0.001, = 0.001, < 0.001, and = 0.013, respectively,
Supplementary Fig. 3).

4. Discussion

In this longitudinal study, the major findings were as follows: (1)
low carotid WSS was independently associated with WMH volume and
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fraction, lacune, and microbleed progression in older adults; (2) de-
creased NO levels and increased ET-1, sICAM-1, and sVCAM-1 levels,
markers of endothelial dysfunction, were associated with WMH volume
and fraction, lacune, and microbleed progression; (3) low carotid WSS
was significantly correlated with the progression of endothelial dys-
function. Together, these results indicated that endothelial dysfunction
may act as a crucial mediator between low carotid WSS and cerebral
small vessel disease progression.

In addition to systemic risk factors such as age and genetic variation
[19,20], vascular pathophysiological factors such as arterial WSS are
increasingly thought to be important contributors to chronic cere-
brovascular disease [2,9,21,22]. A few cross-sectional studies have
demonstrated that carotid WSS is related to ischemic stroke and WMH
[2,9,21]. However, the results of these studies were vague, and the
nature of the association between carotid WSS and cerebral small vessel
disease remains inconclusive. In this study, we found that the lowest
carotid WSS, either mean or peak WSS, was strongly associated with an
increased risk of WMH, lacune, and microbleed progression. The risk of
new incidents of Fazekas scale =2 lesions, lacunes, and microbleeds
was significantly higher in the lowest MWSS quartile group relative to
those in the higher MWSS quartile group. Similar associations were
observed between PWSS and WMH, lacune, and microbleed progres-
sion. Furthermore, we found that WMH and the prevalence of Fazekas
scale =2 lesions and microbleeds at baseline were significantly higher
in the lowest WSS quartile group than in the higher quartile WSS group,
classified by either mean or peak WSS. These results are in agreement
with and further complement a previous study that revealed an in-
dependent association between carotid WSS and cerebral small vessel
disease [2]. Furthermore, these results indicated that older adults with
lower carotid WSS may be more prone to developing cerebral small
vessel disease than those with higher carotid WSS.

It is well-known that low WSS is closely associated with endothelial
failure [3,5,6]. Low carotid WSS predicting cerebral small vessel dis-
ease might be linked to impaired lumen diameter adaption (endothelial
dysfunction per se) or also to higher resistance of cerebral vessels. In
this study, consistent with previous studies [3,5,6], we found that low
common carotid WSS was closely associated with the progression of
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Fig. 4. Differences in the changes in endothelial function between lowest quartile group and higher quartile groups classified by the quartile of mean wall shear

stress.

(A) Changes in NO. (B) Changes in ET-1. (C) Changes in sSICAM-1. (D) Changes in sVGCAM-1. NO = nitric oxide; ET-1 = endothelin-1; SICAM-1 = soluble intercellular
cell adhesion molecule-1; sSVCAM-1 = soluble vascular cell adhesion molecule-1; WSS = wall shear stress; SD = standard deviation.

endothelial dysfunction. At the capillary level, the endothelium forms
the most important part of the blood-brain barrier [23,24]. Endothelial
failure may result in damage to endothelial tight junction proteins such
as claudins and occludins, leading to significantly increased perme-
ability of the blood-brain barrier [23,24]. In arterioles, endothelial
disruption may lead to arteriolar thrombosis, luminal occlusion, and
impaired autoregulation [23,25]. Finally, endothelial failure leads to
ischemic changes in brain tissue [23]. The underlying cause of cerebral
small vessel disease is usually assumed to be ischemia, resulting from
either arteriolar occlusion or the structural or functional narrowing of
vessels [23]. Our study demonstrated that decreases in NO levels and
increases in ET-1, sICAM-1, and sVCAM-1 levels were significantly as-
sociated with an increased risk of new incidents of Fazekas scale =2
lesions, lacunes, and microbleeds, even after adjustment for con-
founders.

Previous studies have demonstrated that WMH is associated with
lacunes and microbleeds [23,26]. A baseline WMH burden might be an
important contributor to WMH progression and incidents of lacunes and
microbleeds. Besides a baseline WMH burden, we observed significant
differences in smoking, common carotid IMT and plaques among
groups classified by either MWSS or PWSS. Smoking has been found to
be associated with worse brain microstructure [27], endothelial
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dysfunction [28], and arterial stiffness [29]. To reduce the bias of our
results, we introduced these variables into the models using logistic
regression and Cox proportional regression analyses, and found that
common carotid WSS was still independently associated with the pro-
gression of WMH and new incidents of lacunes and microbleeds.

In multiple linear models, we found that there were no significant
associations between changes in microbleed counts with changes in ET-
1, sICAM-1, and sVCAM-1 levels after adjustment for confounders, in-
cluding common carotid IMT and plaques, baseline WMH, and the
differences in time between the baseline and MRI follow-up visits.
Possible causes for this lack of association may be the presence of dif-
ferent underlying etiologies and pathophysiological mechanisms in
WMH, lacunes, and microbleeds, despite the fact that these features
share some common mechanisms and risk factors, as well as associate
with each other [13,23,26,30]. Red blood cell leakage, bleeding vessels,
and amyloid angiopathy may be some of the primary mechanisms re-
sponsible for microbleeds [19,23,30]. WMH and lacunes, however,
might result from ischemic damage to brain blood vessels, and gen-
erally manifests as increases in endothelial dysfunction and proin-
flammatory mediators [23,30].

A population-based prospective cohort study design with a nearly 6-
year follow-up time was the major strength of this study. This reduced
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the amount of bias in the results and enabled us to assess the association
between common carotid WSS and cerebral small vessel disease, an
association which could not be elucidated by cross-sectional or short-
term follow-up studies.

There are some limitations that must be considered in our study.
First, carotid WSS did not exactly represent the WSS in cerebral vas-
cular vessels, especially in small cerebral vessels [31]. In cerebral ves-
sels, the response to WSS was thought to be dependent on vessel size, or
vessel location within the vascular tree [32]. Second, genetic factors of
participants were not considered in this study. It has been reported that
WMH is strongly genetically influenced [33,34]. Thirdly, we assessed
the vascular endothelial function using the serum levels of NO, ET-1,
SICAM-1, and sVCAM-1 in peripheral venous blood. It may not corre-
spond to the local level of endothelial function in the common carotid
artery where shear stress was calculated. In addition, as an observa-
tional cohort study, we were unable to control for medication sche-
dules, such as treatment for hypertension, blood glucose levels, or
dyslipidemia. All data were observational in nature with known lim-
itations, which may have led to the introduction of bias in the results.

In conclusion, our findings demonstrated that low common carotid
WSS was an independent risk factor for cerebral small vessel disease in
older adults. Endothelial dysfunction might act as a crucial mediator
between low common carotid WSS and cerebral small vessel disease.
These results indicated that interventions that improve hemodynamics,
such as enhanced external counterpulsation [35,36], may be effective
preventative measures and/or treatments for cerebral small vessel dis-
ease. However, larger sample sizes, as well as multinational and mul-
tiracial studies are needed to further validate the association between
common carotid WSS and cerebral small vessel disease.

Conflicts of interest

The authors declared they do not have anything to disclose re-
garding conflict of interest with respect to this manuscript.

Financial support

This work was supported by the National Natural Science
Foundation of China (grant numbers 81670432, 81202778, and
81470489), the Natural Science Foundation of Shandong Province,
China (grant numbers ZR2016HM82 and ZR2014HMO098), the Key
Research and Development Project of Shandong Province (grant num-
bers 2018GSF118044 and 2017GSF218060), and the Innovation Project
of the Shandong Academy of Medical Sciences.

Author contributions

Z.L. and Y.G. had full access to all the data in the study and had final
responsibility for the decision to submit for publication. Z.L., Y.G., and
H.Z. planned and initiated the trial. H.Z. and Y.C. contribute to the
management of data. Z.L., Y.G., Y.C., and Q.C. contribute to the analysis
and interpretation of data. Y.C., H.Y., J.Z., and Z.L. contribute to the
drafting of the manuscript. Z.L., Y.G., G.G. and Q.C. contribute to the
critical revision of the manuscript for important intellectual content. All
authors contribute to the data collection. All authors interpreted data,
critically reviewed the report, and approved the final version of the report.

Acknowledgments

The authors thank the staff members involved in the study and the
subjects who took part in the study.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.atherosclerosis.2019.07.006.

49

Atherosclerosis 288 (2019) 42-50

References

[1] J.M. Wardlaw, E.E. Smith, G.J. Biessels, et al., STandards for ReportIng Vascular
changes on nEuroimaging (STRIVE v1), Neuroimaging standards for research into
small vessel disease and its contribution to ageing and neurodegeneration, Lancet
Neurol. 12 (2013) 822-838, https://doi.org/10.1016,/51474-4422(13)70124-8.

Z. Liu, Y. Zhao, X. Wang, et al., Low carotid artery wall shear stress is independently
associated with brain white-matter hyperintensities and cognitive impairment in
older patients, Atherosclerosis 247 (2016) 78-86, https://doi.org/10.1016/j.
atherosclerosis.2016.02.003.

M.L Papafaklis, S. Mizuno, S. Takahashi, et al., Incremental predictive value of
combined endothelial shear stress, plaque necrotic core, and plaque burden for
future cardiac events: a post-hoc analysis of the PREDICTION study, Int. J. Cardiol.
202 (2016) 6466, https://doi.org/10.1016/j.ijcard.2015.08.208.

J. Zhou, Y.S. Li, S. Chien, Shear stress-initiated signaling and its regulation of en-
dothelial function, Arterioscler. Thromb. Vasc. Biol. 34 (2014) 2191-2198, https://
doi.org/10.1161/ATVBAHA.114.303422.

B.R. Kwak, M. Bick, M.L. Bochaton-Piallat, et al., Biomechanical factors in ather-
osclerosis: mechanisms and clinical implications, Eur. Heart J. 35 (2014)
3013-3020, https://doi.org/10.1093/eurheartj/ehu353.

K.C. Koskinas, Y.S. Chatzizisis, M.I. Papafaklis, et al., Synergistic effect of local
endothelial shear stress and systemic hypercholesterolemia on coronary athero-
sclerotic plaque progression and composition in pigs, Int. J. Cardiol. 169 (2013)
394-401, https://doi.org/10.1016/j.ijcard.2013.10.021.

E. Chytilov4, J. Malik, Z. Kasalova, et al., Lower wall shear rate of the common
carotid artery in treated type 2 diabetes mellitus with metabolic syndrome, Physiol.
Res. 58 (2009) 185-191.

O. Onaizah, T.L. Poepping, M. Zamir, A model of blood supply to the brain via the
carotid arteries: effects of obstructive vs. sclerotic changes, Med. Eng. Phys. 49
(2017) 121-130, https://doi.org/10.1016/j.medengphy.2017.08.009.

H.J. Mutsaerts, I.H. Palm-meinders, A.J. de Craen, et al., PROSPER Study Group,
Diastolic carotid artery wall shear stress is associated with cerebral infarcts and
periventricular white matter lesions, Stroke 42 (2011) 3497-3501, https://doi.org/
10.1161/STROKEAHA.111.614453.

Y. Okaday, K. Kohara, M. Ochi, et al., Mechanical stress, arterial stiffness, and brain
small vessel diseases: Shimanami Health Promoting Program Study, Stroke 45
(2014) 3287-3292, https://doi.org/10.1161/STROKEAHA.114.006539.

H. Zhang, Y. Cui, Y. Zhao, et al., Association of circadian rhythm of blood pressure
and cerebral small vessel disease in community-based elderly, J. Gerontol. A Biol.
Sci. Med. Sci. Sep 25 (2018), https://doi.org/10.1093/gerona/gly212.

M.L Kester, J.D. Goos, C.E. Teunissen, et al., Associations between cerebral small-
vessel disease and Alzheimer disease pathology as measured by cerebrospinal fluid
biomarkers, J.A.M.A. Neurol. 71 (2014) 855-862, https://doi.org/10.1001/
jamaneurol.2014.754.

S.M. Greenberg, M.W. Vernooij, C. Cordonnier, et al., Mcirobleed Study Group,
Cerebral microbleeds: a guide to detection and interpretation, Lancet Neurol. 8
(2009) 165-174, https://doi.org/10.1016/51474-4422(09)70013-4.

J. Malik, J. Kudlicka, V. Tuka, et al., Common carotid wall shear stress and carotid
atherosclerosis in end-stage renal disease patients, Physiol. Res. 61 (2012) 355-361.
A.C. van Es, W.M. van der Flier, F.M. Box, et al., Carotid and basilar artery wall
shear stress in Alzheimer's disease and mild cognitive impairment, Dement. Geriatr.
Cognit. Disord. 28 (2009) 220-224, https://doi.org/10.1159/000237740.

J.P. Mynard, B.A. Wasserman, D.A. Steinman, Errors in the estimation of wall shear
stress by maximum Doppler velocity, Atherosclerosis 227 (2013) 259-266, https://
doi.org/10.1016/j.atherosclerosis.2013.01.026.

L.C. Green, D.A. Wagner, J. Glogowski, et al., Analysis of nitrate, nitrite and [15N]
nitrate in biological fluids, Anal. Biochem. 126 (1982) 131-138.

T. Ji, Y. Zhao, J. Wang, et al., Effect of low-dose statins and apolipoprotein E
genotype on cerebral small vessel disease in older hypertensive patients: a subgroup
analysis of a randomized clinical trial, J. Am. Med. Dir. Assoc. 19 (2018) 995-1002,
https://doi.org/10.1016/j.jamda.2018.05.025 e4.

L.T. Grinberg, D.R. Thal, Vascular pathology in the aged human brain, Acta
Neuropathol. 119 (2010) 277-290, https://doi.org/10.1007/s00401-010-0652-7.
M. Schuur, J.C. van Swieten, S. Schol-Gelok, et al., Genetic risk factors for cerebral
small-vessel disease in hypertensive patients from a genetically isolated population,
J. Neurol. Neurosurg. Psychiatry 82 (2011) 41-44, https://doi.org/10.1136/jnnp.
2009.176362.

C. Carallo, L.F. Lucca, M. Ciamei, et al., Wall shear stress is lower in the carotid
artery responsible for a unilateral ischemic stroke, Atherosclerosis 185 (2006)
108-113.

A.M. Nixon, M. Gunel, B.E. Sumpio, The critical role of hemodynamics in the de-
velopment of cerebral vascular disease, J. Neruosurg. 112 (2010) 1240-1253,
https://doi.org/10.3171,/2009.10.JNS09759.

J.M. Wardlaw, C. Smith, M. Dichgans, Mechanisms of sporadic cerebral small vessel
disease: insights from neuroimaging, Lancet Neurol. 12 (2013) 483-497, https://
doi.org/10.1016/S1474-4422(13)70060-7.

I. Bechmann, I. Galea, V.H. Perry, What is the blood-brain barrier (not)? Trends
Immunol. 28 (2007) 5-11.

E.A. Winkler, R.D. Bell, B.V. Zlokovic, Central nervous system pericytes in health
and disease, Nat. Neurosci. 14 (2011) 1398-1405, https://doi.org/10.1038/nn.
2946.

S.E. Vermeer, T. den Heijer, P.J. Koudstaal, et al., Incidence and risk factors of silent
brain infarcts in the population-based Rotterdam Scan Study, Stroke 34 (2003)
392-396.

M. de Groot, M.A. Ikram, S. Akoudad, et al., Tract-specific white matter

[2

[3

[4

[5]

[6]

[7

[8

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]


https://doi.org/10.1016/j.atherosclerosis.2019.07.006
https://doi.org/10.1016/j.atherosclerosis.2019.07.006
https://doi.org/10.1016/S1474-4422(13)70124-8
https://doi.org/10.1016/j.atherosclerosis.2016.02.003
https://doi.org/10.1016/j.atherosclerosis.2016.02.003
https://doi.org/10.1016/j.ijcard.2015.08.208
https://doi.org/10.1161/ATVBAHA.114.303422
https://doi.org/10.1161/ATVBAHA.114.303422
https://doi.org/10.1093/eurheartj/ehu353
https://doi.org/10.1016/j.ijcard.2013.10.021
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref7
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref7
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref7
https://doi.org/10.1016/j.medengphy.2017.08.009
https://doi.org/10.1161/STROKEAHA.111.614453
https://doi.org/10.1161/STROKEAHA.111.614453
https://doi.org/10.1161/STROKEAHA.114.006539
https://doi.org/10.1093/gerona/gly212
https://doi.org/10.1001/jamaneurol.2014.754
https://doi.org/10.1001/jamaneurol.2014.754
https://doi.org/10.1016/S1474-4422(09)70013-4
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref14
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref14
https://doi.org/10.1159/000237740
https://doi.org/10.1016/j.atherosclerosis.2013.01.026
https://doi.org/10.1016/j.atherosclerosis.2013.01.026
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref17
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref17
https://doi.org/10.1016/j.jamda.2018.05.025
https://doi.org/10.1007/s00401-010-0652-7
https://doi.org/10.1136/jnnp.2009.176362
https://doi.org/10.1136/jnnp.2009.176362
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref21
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref21
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref21
https://doi.org/10.3171/2009.10.JNS09759
https://doi.org/10.1016/S1474-4422(13)70060-7
https://doi.org/10.1016/S1474-4422(13)70060-7
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref24
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref24
https://doi.org/10.1038/nn.2946
https://doi.org/10.1038/nn.2946
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref26
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref26
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref26

Y. Chen, et al.

[28]

[29]

[30]

[31]

degeneration in aging: the Rotterdam Study, Alzheimers Dement 11 (2015)
321-330, https://doi.org/10.1016/].jalz.2014.06.011.

H.M. Johnson, L.K. Gossett, M.E. Piper ME, et al., Effects of smoking and smoking
cessation on endothelial function: 1-year outcomes from a randomized clinical trial,
J. Am. Coll. Cardiol. 55 (2010) 1988-1995, https://doi.org/10.1016/j.jacc.2010.
03.002.

W. Yu-Jie, L. Hui-Liang, L. Bing, et al., Impact of smoking and smoking cessation on
arterial stiffness in healthy participants, Angiology 64 (2013) 273-280, https://doi.
org/10.1177,/0003319712447888.

C. Moran, T.G. Phan, V.K. Srikanth, Cerebral small vessel disease: a review of
clinical, radiological, and histopathological phenotypes, Int. J. Stroke 7 (2012)
36-46, https://doi.org/10.1111/j.1747-4949.2011.00725.x.

X. Zhao, M. Zhao, S. Amin-Hanjani, et al., Wall shear stress in major cerebral ar-
teries as a function of age and gender-a study of 301 healthy volunteers, J.

50

[32]
[33]

[34]

[35]

[36]

Atherosclerosis 288 (2019) 42-50

Neuroimaging 25 (2015) 403-407, https://doi.org/10.1111/jon.12133.

R.M. Bryan Jr., M.L. Steenberg, S.P. Marrelli, Role of endothelium in shear stress-
induced constrictions in rat middle cerebral artery, Stroke 32 (2001) 1394-1400.
J.C. Choi, Genetics of cerebral small vessel disease, J. Stroke 17 (2015) 7-16,
https://doi.org/10.5853/j0s.2015.17.1.7.

P.S. Sachdev, A. Thalamuthu, K.A. Mather, et al., OATS Collaborative Research
Team, White matter hyperintensities are under strong genetic influence, Stroke 47
(2016) 1422-1428, https://doi.org/10.1161/STROKEAHA.116.012532.

M. Shechter, S. Matetzky, M.S. Feinberg, et al., External counterpulsation therapy
improves endothelial function in patients with refractory angina pectoris, J. Am.
Coll. Cardiol. 42 (2003) 2090-2095.

R. Liu, Z.J. Liang, X.X. Liao, et al., Enhanced external counterpulsation improves
cerebral blood flow following cardiopulmonary resuscitation, Am. J. Emerg. Med.
31 (2013) 1638-1645, https://doi.org/10.1016/].ajem.2013.08.035.


https://doi.org/10.1016/j.jalz.2014.06.011
https://doi.org/10.1016/j.jacc.2010.03.002
https://doi.org/10.1016/j.jacc.2010.03.002
https://doi.org/10.1177/0003319712447888
https://doi.org/10.1177/0003319712447888
https://doi.org/10.1111/j.1747-4949.2011.00725.x
https://doi.org/10.1111/jon.12133
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref32
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref32
https://doi.org/10.5853/jos.2015.17.1.7
https://doi.org/10.1161/STROKEAHA.116.012532
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref35
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref35
http://refhub.elsevier.com/S0021-9150(19)31397-8/sref35
https://doi.org/10.1016/j.ajem.2013.08.035

	Low carotid endothelial shear stress associated with cerebral small vessel disease in an older population: A subgroup analysis of a population-based prospective cohort study
	Introduction
	Patients and methods
	Subjects
	Brain magnetic resonance imaging assessment
	Common carotid artery ultrasonography and wall shear stress calculations
	Measurement of biomarkers of endothelial function
	Covariates
	Outcomes
	Statistical analysis

	Results
	Baseline demographic and clinical characteristics
	Changes in white matter hyperintensities volume and fraction, and counts of lacunes and microbleeds
	The contribution of wall shear stress and endothelial function to changes in white matter hyperintensities volume and fraction, and lacune and microbleed counts
	The contribution of wall shear stress and endothelial function to new-incidents of Fazekas scale ≥2 lesions, lacunes, and microbleeds
	Association between wall shear stress and change in endothelial function

	Discussion
	Conflicts of interest
	Financial support
	Author contributions
	Acknowledgments
	Supplementary data
	References




