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ABSTRACT

Objective: Since arterial stiffness is a functional measure of arterial compliance and may be an
important marker of cerebrovascular disease, we examined the association of carotid artery stiff-
ness with white matter hyperintensity volume (WMHV) in a cross-sectional study of 1,166 stroke-
free participants.

Methods: Carotid beta stiffness index (STIFF) was assessed by M-mode ultrasound of the com-
mon carotid artery and calculated as the ratio of natural log of the difference between systolic
and diastolic blood pressure over STRAIN, a ratio of the difference between carotid systolic
and diastolic diameter (DD) divided by DD. WMHV was measured by fluid-attenuated inversion
recovery MRI. The associations of STIFF, DD, and STRAIN with WMHV were examined using lin-
ear regression after adjusting for sociodemographic, lifestyle, and vascular risk factors.

Results: In a fully adjusted model, larger carotid DD was significantly associated with greater log-
WMHV (b 5 0.09, p 5 0.001). STIFF and STRAIN were not significantly associated with WMHV.
In adjusted analyses stratified by race–ethnicity, STRAIN (b 5 21.78, p 5 0.002) and DD (b 5

0.11, p5 0.001) were both associated with greater log-WMHV among Hispanic participants, but
not among black or white participants.

Conclusions: Large carotid artery diameters are associated with greater burden of white matter
hyperintensity (WMH) in this multiethnic population. The association between increased diame-
ters, decreased STRAIN, and greater WMH burden is more pronounced among Hispanics. These
associations suggest a potential important pathophysiologic role of extracranial large artery re-
modeling in the burden of WMH. Neurology® 2017;88:2036–2042

GLOSSARY
BMI 5 body mass index; CCA 5 common carotid artery; CI 5 confidence interval; cIMT 5 carotid intima media thickness;
DBP 5 diastolic blood pressure; DD 5 diastolic diameter; FLAIR 5 fluid-attenuated inversion recovery; HDL 5 high-density
lipoprotein; ICA 5 internal carotid artery; ICV 5 intracranial volume; IMT 5 intima media thickness; LDL 5 low-density
lipoprotein;NOMAS5Northern Manhattan Study;OR5 odds ratio; PWV5 pulse wave velocity; SBI5 silent brain infarction;
SBP 5 systolic blood pressure; WMH 5 white matter hyperintensity; WMHV 5 white matter hyperintensity volume.

The burden of white matter hyperintensity (WMH) has been associated with cerebral small ves-
sel disease,1 traditional cardiovascular risk factors,2 dementia,3,4 and risk of stroke.5,6 An associ-
ation between WMH, arterial structural wall changes such as carotid intima media thickness
(cIMT), and cerebral small vessel disease has also been suggested,7,8 but little is known regarding
the link among arterial stiffness, arterial remodeling, and WMH.

Carotid arterial stiffness (STIFF) refers to a reduction in the ability of carotid to readily
accommodate the increase in blood volume ejected from the heart during systole and it is con-
sidered a functional measure of the arterial wall resistance to pressure deformation during the
cardiac cycle.9 STIFF was proposed to be an independent prognostic marker for cerebrovascular
accidents,10 cerebral small vessel disease, and cognitive decline.11–13
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Most of the studies used pulse pressure and
pulse wave velocity (PWV) as surrogate
markers of peripheral arterial stiffness, while
fewer studies used carotid artery stiffness to
investigate these associations.14 A measure-
ment of arterial stiffness in the carotids may
be more relevant in the pathophysiology of
WMH because of its anatomic proximity to
the brain. An association between carotid dia-
stolic diameter (DD), which is a component of
carotid stiffness measure, and WMH has been
suggested.15

Information on the association between
STIFF and WMH is sparse in large multieth-
nic populations. We hypothesized that
increased STIFF would be associated with
greater burden of subclinical WMH across 3
major race–ethnic groups and independent
of vascular risk factors. Therefore, we investi-
gated the relationship between STIFF and its
components with WMH volume (WMHV)
in a large, multiethnic cohort free of stroke.

METHODS Study population. The Northern Manhattan

Study (NOMAS) is an ongoing prospective cohort study of inci-

dent stroke and cognitive decline. Study design, methods, and

determination of risk factors used in this study have been

described previously.16 Briefly, race–ethnicity was based on self-

identification through interview questions modeled after the US

census.17 In 2003, NOMAS participants who remained stroke-

free and who were 50 years or older were offered the opportunity

to participate in the NOMAS MRI substudy. The final NOMAS

MRI substudy sample consisted of 1,290 participants. Of these,

1,166 individuals had both MRI and carotid ultrasound meas-

urements of carotid stiffness and were included in this analysis.

Carotid ultrasound was performed on the same day (39%) or

within a mean of 2 6 2 years of the MRI.

Standard protocol approvals, registrations, and patient
consents. The study was approved by the Institutional Review

Board of Columbia University Medical Center and the University

of Miami Miller School of Medicine. All participants provided

written informed consent.

Carotid ultrasound. Carotid arteries were imaged using the GE

LOGIQ 700 system (GE Healthcare, Milwaukee, WI) equipped

with a multifrequency 9/13-MHz linear array transducer ac-

cording to standardized carotid ultrasound protocols as described

previously.18 In brief, we scanned the 10-mm segment of the right

common carotid artery (CCA) below the origin of the carotid

bulb using B-mode and followed by M-mode ultrasound ob-

tained in an orientation perpendicular to the CCA wall. Scan M-

mode clips were recorded throughout 15 cardiac cycles. We

traced the best-visualized intima–media boundaries for up to 10

cardiac cycles offline and computed the mean systolic and dia-

stolic intraluminal CCA diameters in mm using automated edge-

detection software M’Ath (Imt Inc., Paris, France). Presence of

plaque was defined as a focal wall thickening or protrusion in the

lumen more than 50% greater than the surrounding thickness.19

cIMT was measured in areas without plaque and calculated as

a composite measure of the near and the far walls of the CCA,

bifurcation, and internal carotid artery (ICA) intima media

thickness (IMT) of both sides of the neck, and expressed as

a mean of the maximum measurements of the 12 carotid sites.

We also examined IMT in the bifurcation and ICA exclusively

and IMT in the CCA exclusively.19 Beta stiffness index was cal-

culated as a ratio between natural log transformation of systolic

blood pressure (SBP) 2 diastolic blood pressure (DBP) over

STRAIN (ln[SBP 2 DBP]/STRAIN), where STRAIN was ex-

pressed as (systolic diameter 2 DD)/DD.20 Blood pressure was

measured in the right arm using a Dinamap Pro100 (Critikon

Inc., Tampa, FL) automatic sphygmomanometer after the par-

ticipants had rested for 10 minutes in a supine position.21

Measurement of WMHV. Participants were enrolled in the

MRI substudy between 2003 and 2008. Brain images were ob-

tained with a 1.5T MRI (Philips Medical Systems, Best, the

Netherlands). Quantitative analyses of WMHV were obtained

with the Quantum 6.2 package run on a Sun Microsystems Ultra

5 workstation.1 Fluid-attenuated inversion recovery (FLAIR)

images were quantified for WMHV as previously described.2,3,22

Briefly, after image segmentation of the brain from the CSF was

performed, the pixel intensity histogram of the brain-only FLAIR

image was modeled as a log normal distribution, and pixel

intensities 3.5 SD above the mean were considered as WMH.23

To correct for head size, we expressed WMHV as percent total

intracranial volume (ICV), ICV (100*[WMH/ICV] 5

WMHV), and log-transformed the result (log-WMHV) to nor-

malize the distribution.24

Risk factors. We analyzed associations between beta stiffness

index and the sociodemographic factors of age, sex, race/ethnicity,

and education, and traditional vascular risk factors such as diabe-

tes and current or former smoking.18 We also included body mass

index (BMI), physical activity, alcohol use, high-density lipo-

protein (HDL) and low-density lipoprotein (LDL) cholesterol,

and use of cholesterol and blood pressure–lowering medications

as covariates in the analyses.18 Standard techniques were used to

measure height, weight, and cholesterol levels, and their contin-

uous measures were used in the analyses.18 Diabetes was defined

as a fasting blood glucose $126 mg/dL, self-reported diagnosis,

or self-reported use of insulin or hypoglycemic medications.

Education was self-reported and categorized as completed high

school, yes or no. We defined leisure time physical activity cat-

egorically as no exercise to light exercise less than weekly vs

moderate to heavy weekly exercise. Reported alcohol use was

categorized as moderate consumption (.1 drink/month up to 2

drinks per day) in the last year compared to other amounts (heavy

drinkers [.5 drinks per week] constituted fewer than 4% of total

participants). Smoking was categorized as never, former, and

current smoking (within the past year). Mean arterial pressure was

defined as 1/3 [(diastolic blood pressure 3 2) 1 systolic blood

pressure].

Statistical analysis. The associations of carotid beta stiffness

index and its metrics (diastolic diameter and STRAIN) with

log-WMHV were evaluated with linear regression in a sequence

of 3 models. Model 1 included the independent variables of

interest (beta stiffness index or diastolic diameter or STRAIN)

only. Model 2 adjusted for race–ethnicity, sex, age at MRI, and

educational attainment. Model 3 included variables from model 2

and BMI, diabetes, medications for hypertension, mean arterial

pressure, LDL cholesterol, HDL cholesterol, cholesterol medi-

cations use, alcohol use, smoking, reported physical activity, the

time span from carotid ultrasound to MRI, presence of carotid
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plaque, cIMT, and STIFF. Model 4 additionally adjusted for

mean arterial pressure. We then tested for interactions of beta

stiffness index, diastolic diameter, and STRAIN with all co-

variates in model 3. Stratified analyses by race–ethnicity were

conducted after finding significant interactions between race–

ethnicity and independent variables (STIFF, DD, STRAIN) in

relation to log-WMHV.

RESULTS Characteristics of the study sample (n 5

1,166) overall and stratified by race–ethnicity are
described in table 1. The mean age was 716 9 years,
and 60% of participants were women; 65% were of
Hispanic ethnicity, 18% non-Hispanic black, and

15% non-Hispanic white. As in our previous studies,
Hispanic participants were younger than our black or
white participants. The mean beta stiffness index was
8.366 5.47, mean DD was 6.216 0.95 mm, mean
STRAIN 0.08 6 0.04, and mean WMHV 0.08 6

0.04% ICV.
The results of multiple linear regression models

with continuous measures for beta stiffness index,
diastolic diameter, STRAIN, and the outcome vari-
able (log-WHMV) are shown in table 2. DD was
positively associated with log-WMHV in all models
and remained significant after additional adjustment

Table 1 Clinical, carotid ultrasound, and MRI characteristics of the study population overall and by race–
ethnicity

Variable Overall (n 5 1,166) Black (n 5 211) White (n 5 175) Hispanic (n 5 754)

Age at MRI, y, mean 6 SD 71 6 9 74 6 9 74 6 10 69 6 8

Male sex, % 40 36 48 38

High school completion, % 47 80 88 27

Moderate alcohol use, % 42 40 60 38

Smoking

Never, % 47 39 39 51

Former, % 37 36 49 35

Current, % 16 24 12 14

Moderate to heavy physical activity, % 10 12 18 8

BMI, mean 6 SD 28 6 5 29 6 5 26 6 5 28 6 5

Diabetes, % 19 18 8 22

LDL, mean 6 SD 128 6 36 122 6 37 131 6 34 129 6 35

HDL, mean 6 SD 47 6 15 53 6 16 51 6 18 44 6 13

Mean arterial pressure, mean 6 SD 102 6 12 103 6 13 98 6 11 102 6 12

Antihypertensive medication use, % 40 46 29 42

Carotid diastolic diameter, mm, mean 6 SD 6.21 6 0.95 6.27 6 0.93 6.35 6 1.03 6.16 6 0.94

Carotid STRAIN 0.08 6 0.04 0.07 6 0.03 0.09 6 0.04 0.08 6 0.04

Carotid STIFF, mean 6 SD 8.36 6 5.47 9.05 6 6.00 8.13 6 5.00 8.27 6 5.47

WMHV, mean 6 SD 0.68 6 0.84 1.01 6 1.15 0.62 6 0.72 0.60 6 0.74

Abbreviations: BMI 5 body mass index; HDL 5 high-density lipoprotein; LDL 5 low-density lipoprotein; WMHV 5 white
matter hyperintensity volume.

Table 2 Association between carotid stiffness, diastolic diameter, and STRAIN with log–white matter
hyperintensity volume (WMHV) (n 5 1,166)

Model 1, b, p value Model 2, b, p value Model 3, b, p value Model 4, b, p value

Carotid STIFF 0.02, ,0.0001 0.01, 0.15 0.005, 0.29 0.004, 0.34

Carotid diastolic diameter, mm 0.13, ,0.0001 0.13, ,0.0001 0.08, 0.003 0.09, 0.001

STRAIN 22.21, 0.002 21.18, 0.06 21.03, 0.11 21.04, 0.10

Model 1: unadjusted. Model 2: adjusted for age, sex, race–ethnicity, education. Model 3: adjusted for age, sex, race–
ethnicity, education, moderate alcohol use, smoking, moderate to heavy physical activity, body mass index (BMI), diabetes,
low-density lipoprotein (LDL), high-density lipoprotein (HDL), antihypertensive medication use, time from carotid ultrasound
to MRI, carotid plaque, carotid intima media thickness (IMT), STIFF. Model 4: adjusted for age, sex, education, moderate
alcohol use, smoking, moderate to heavy physical activity, BMI, diabetes, LDL, HDL, antihypertensive medication use, time
from carotid ultrasound to MRI, carotid plaque, carotid IMT, STIFF, mean arterial pressure.
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for carotid IMT and the presence of carotid plaque.
Beta stiffness index and STRAIN were not signifi-
cantly associated with log-WMHV in the total sam-
ple. However, race–ethnicity was a significant effect
modifier (p for interactions, ,0.05).

Stratified analyses by race–ethnicity and the
adjusted model 3 are shown in table 3. The associa-
tion between diastolic diameter and log-WMHV re-
mained significant for black and Hispanic
participants, but not among white participants.
STRAIN was negatively associated with log-
WMHV among Hispanic participants only.

When silent brain infarction (SBI) (n 5 98) as
other manifestation of cerebrovascular disease was
used as outcome adjusting for the covariates in model
1, STRAIN (odds ratio [OR] 35.02, 95% confidence
interval [CI] 0.22–999, p 5 0.17) and STIFF (OR
0.98, 95% CI 0.94–1.02, p 5 0.38) were not signif-
icantly associated with SBI, but diastolic diameter was
positively associated with SBI (OR 1.31, 95% CI
1.07–1.61). No statistically significant race–ethnic
interactions were present for diastolic diameter,
STIFF, or STRAIN with SBI. Only a marginally
significant positive interaction was present between
black participants and diastolic diameter in relation to
SBI.

No other significant interactions were found
between beta stiffness index or diastolic diameter or
STRAIN and the covariates in model 3 in relation
to WMHV.

DISCUSSION We report a relationship between
larger carotid diameter and brain white matter load
in a race–ethnically diverse elderly US cohort. This
association was independent of demographics and
vascular risk factors and suggests that structural
carotid artery remodeling may be of importance in
the pathophysiology of WMH.

Our finding of the association between diastolic
diameter and WMH suggests that increase in carotid
diastolic diameter could be a potential novel bio-
marker of cerebral small vessel disease. Therefore, val-
idation of the present results in a cohort population of

patients with an increased risk of stroke and dementia
would be of importance. We also reported an interest-
ing significant association of greater diastolic diameter
and lower STRAIN with increased WMH that was
observed only among Hispanic participants. We have
previously demonstrated race–ethnic differences in
the associations between age, carotid stiffness, and its
parameters.18 Age was positively associated with
greater carotid diastolic diameter in Hispanic partic-
ipants but not among black or white participants.18

This age-dependent carotid dilation observed pre-
dominately in Hispanic participants may influence
the hemodynamic flow changes and the arterial re-
modeling process that extends to small intracranial
arteries and predispose these individuals to more
white matter lesions. Interestingly, larger relative
brain volumes and more WMH were reported in
Hispanic and African American participants com-
pared to white patients in a previous study conducted
in northern Manhattan.25 Moreover, differences
between WMH among race–ethnicities seemed to
be partially attributable to variation in the degree of
vascular diseases present in Hispanic participants.
Taken together, these data suggest that arterial re-
modeling may play an important role in the increased
burden of WMH. Nevertheless, the race–ethnic dif-
ferences that we observed may also be dependent on
ethnic variation in carotid geometry26 and race-
specific genetic risk,27 which may predispose more
Hispanic participants to develop arterial enlargement.

Carotid diastolic diameter was previously linked
with white matter load in a predominantly white pop-
ulation using carotid ultrasound,11 although, in con-
trast to our results, this association disappeared after
adjustment for vascular risk factors. Other studies
have reported association between stiffness and cere-
bral small vessel disease but only in hypertensive pa-
tients. Also, other authors have used different
measurement methods of arterial stiffness (e.g.,
PWV)28 and WMHV (a visual rating scale).29

Recently, a meta-analysis of 64 studies with a total
of 73,337 patients has shown that greater arterial
stiffness was associated with WMH.13 However, dif-
ferences in study populations (participant selection,
including race–ethnicity); variation in the method-
ology to evaluate arterial stiffness, with possible var-
iability in validity of measurements; and consistency
in performing statistical analysis (whether or not re-
sults were adjusted for important confounders such as
blood pressure and duration of follow-up that made
this association relatively weak in our study) may
explain the inconsistency between these studies and
our results.

Larger carotid diameters may be indicative of out-
ward remodeling, which in turn may influence blood
flow hemodynamics distally, and thus affect

Table 3 Association between carotid stiffness, diastolic diameter, and STRAIN
with log–white matter hyperintensity volume (WMHV) by race–
ethnicitya

Black (n 5 211),
b, p value

White (n 5 175),
b, p value

Hispanic (n 5 754),
b, p value

Carotid STIFF 20.01, 0.63 0.003, 0.83 0.01, 0.07

Carotid diastolic diameter, mm 0.15, 0.06 0.01, 0.89 0.11, 0.001

STRAIN 20.57, 0.75 0.70, 0.64 21.78, 0.02

aAdjusted for age, sex, education, moderate alcohol use, smoking, moderate to heavy
physical activity, body mass index, diabetes, low-density lipoprotein, high-density lipopro-
tein, antihypertensive medication use, time from carotid ultrasound to MRI.
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intracranial arterial remodeling. For example, nonste-
notic carotid atherosclerosis, defined either as IMT or
carotid plaque, was associated with larger ipsilateral
intracranial artery diameters.30 The effect of extracra-
nial carotid atherosclerosis was greater when intracra-
nial collaterals were present, which may be
interpreted as evidence of compensatory intracranial
dilation to incipient extracranial carotid atherosclero-
sis. This may provide a possible link between changes
in the vascular and neuronal homeostasis of the brain
tissue, which characterizes the brain parenchymal
integrity that when lost may lead to white matter
lesions.

In our study, carotid diastolic diameter was associ-
ated with WMHV even after adjusting for carotid
IMT and the presence of atherosclerotic plaque. This
finding is in agreement with previous data from the
3C-Dijon Study among 1,800 European participants
that described an association between carotid lumen
diameter and WMHV independent of plaque pres-
ence.11 Carotid stiffness was also associated with
WMHV independently of atherosclerosis in the same
study.11 Therefore, investigating further the relation-
ship among outward arterial remodeling, stiffness,
and WMH may improve our understanding of the
effects of systemic arterial functional status on cere-
brovascular outcomes among individuals with dif-
fusely dilated brain arteries.30

We also investigated the association between SBI,
as another manifestation of cerebral small vessel dis-
ease, and carotid arterial properties. Only DD was
significantly associated with SBI, while no significant
associations for carotid stiffness and STRAIN were
present. Moreover, for SBI, compared to WMH,
there was no significant race–ethnicity interaction
for carotid diameter, stiffness, or STRAIN. This can
be attributed to low number of SBI cases in our
analysis. In this study, we had insufficient power to
detect significant interactions, as this was not a pri-
mary aim. The power was particularly low for the
dichotomous SBI outcome. As a result, these analyses
should be viewed as exploratory and confirmed in
future studies. In addition, there is a possibility of
observing interactions due to chance alone and the
possibility of false-positive findings remains. A study
conducted in 1,296 Asian participants suggested that
arterial stiffness measured by PWV was associated
with parameters of arterial remodeling such as carotid
circumferential wall tension and longitudinal shear
stress that were also associated with WMH and
SBI, indicating that these remodeling vascular mech-
anisms may be pivotal for development of cerebral
small vessel disease.31

Our cross-sectional study design precludes deter-
mination of causality, but our findings are consistent
with the observations that extracranial carotid dilation

results in greater pulsatility transmission in the setting
of systemic arterial stiffening.32 In fact, reduction in
wave reflection associated with extracranial large ves-
sels stiffness results in greater pulsatile power to the
intracranial vessels leading to cerebral small vessel dis-
eases.32 Elevated pulsatility combined with increased
flow volume may result in microvascular damage de-
tected by MRI as cerebral microbleeds and subclinical
infarcts leading to white matter lesions.33 Exposure of
small vessels to increased pulsatility may also result in
leukoaraiosis via endothelial dysfunction.34,35 We
recently reported a significant association of the pul-
satile and steady components of blood pressure with
perivascular spaces and WMH burden, further sup-
porting the effect of extracranial arterial pulsatility
and remodeling mechanism in the development of
leukoaraiosis.32 However, in our analysis, after adjust-
ing for major confounders, only increase in carotid
diameter was associated with WMHV. The associa-
tion between the pulsatile and steady components of
blood pressure with vascular diameters, as already
suggested,11 may act as a compensatory mechanism
to counteract increasing arterial wall stiffness, and
therefore help maintain arterial compliance in the
normal ranges. However, the presence of the associ-
ation between carotid diameter and WMH in the
absence of atherosclerosis allows speculation on the
role of cellular and molecular mechanisms of diameter
enlargement, where processes such as apoptosis, extra-
cellular matrix turnover, and lack of vascular smooth
muscle cell proliferation may play a role.36 These pro-
cesses in the arterial dilation could not be only a char-
acteristic of the large vessels, but also concomitantly
in small cerebral arteries directly involved in the
causal pathways of the WMH.

Some strengths of the present study are the use of
a large cohort of stroke-free individuals, the use of
standardized ultrasound scanning and reading proto-
cols that have been demonstrated as reliable, and
a quantitative technique to measure brain WMHV,
rather than the semiquantitative or qualitative techni-
ques used in other studies.8,37 The future relevance of
our results may be that measures of the carotid artery
function using readily available and low-cost ultra-
sound predict cerebral white matter burden that con-
fers an increased risk of stroke, dementia, and other
poor neurologic outcomes. However, to better under-
stand these relationships, well-designed longitudinal
studies in large cohorts at high risk to develop cere-
brovascular disease and cognitive decline, followed
with carotid ultrasound and MRI, are needed. A lim-
itation of this study is that the time between MRI and
carotid ultrasound measurements was up to 4 years
and this may have led to an underestimation of
the investigated associations. Moreover, we did not
test the individual contribution of the potential
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confounding factors in explaining the association
between carotid stiffness, its components, and
WMH of presumed vascular origin. It is therefore
possible that this association is fully explained by
one factor and not by any of the other factors.

In the present study, larger CCA diameters were
associated with greater WMH burden even after
adjusting for carotid IMT, carotid plaques, and
carotid stiffness, and thus possibly with cerebral
small vessel disease. Further studies are imperative
to define whether carotid ultrasound is a useful tool
for determining an increased risk of brain white
matter disease and cognitive decline in a preclinical
stage.
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