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ABSTRACT

BACKGROUND AND PURPOSE: Arterial stiffness is a biomarker of cerebrovascular disease and dementia risk. Studies have shown an
association between carotid artery stiffness and increased white matter hyperintensity volume and, as a result, reduced total brain volume
on MR imaging, but none have had prolonged follow-up to fully evaluate the slow change seen in white matter hyperintensity volume and
total brain volume with time. Our objective was to determine whether common carotid artery stiffness on sonography accurately predicts

white matter hyperintensity volume and total brain volume on MR imaging more than 20 years later.

MATERIALS AND METHODS: We performed a secondary analysis of the Atherosclerosis Risk in the Community study to compare 5
measurements of carotid artery stiffness, including strain, distensibility, compliance, Stiffness index, and pressure-strain elastic modulus,

with the white matter hyperintensity volume and total brain volume on a follow-up MR imaging using linear regression.

RESULTS: We included 1402 patients enrolled in the Atherosclerosis Risk in the Community study. There was a significant relationship
between increasing carotid artery stiffness and both higher white matter hyperintensity volume and lower total brain volume on MR
imaging, measured at a mean of 21.5 years later. In multivariable linear regression models, the carotid strain, distensibility, Stiffness index,
and pressure-strain elastic modulus were associated with white matter hyperintensity volume. Only compliance was associated with total

brain volume in the multivariate models.

CONCLUSIONS: Sonography measurements of carotid artery stiffness are predictive of white matter hyperintensity volume and total
brain volume on MR imaging more than 20 years later. The association is more robust for white matter hyperintensity volume than total
brain volume. These findings support the role of arterial stiffness as a method for identifying patients at risk of developing white matter
hyperintensity volume and as a potential mechanism leading to small-artery disease of the brain.

ABBREVIATIONS: CS � carotid artery stiffness; TBV � total brain volume; WMH � white matter hyperintensity; WMHv � white matter hyperintensity
volume

White matter hyperintensity (WMH), a radiographic signa-

ture of diffuse small cerebral vasculopathy, and brain atro-

phy on MR imaging are associated with impaired cognitive func-

tion and poor neurologic outcomes.1-3 Arterial stiffness is a

marker of cerebrovascular disease, which is caused by advanced

age, hypertension, smoking, and diabetes.4,5 Carotid artery stiff-

ness (CS), measured with sonography, is an independent risk fac-

tor for cerebrovascular disease, cognitive impairment, and mor-

tality.4,6 Carotid wall stiffness is postulated to transmit the

increase in blood pressure during systole to the brain, where it can

harm the sensitive microvasculature, whose dysfunction is impli-

cated in the pathogenesis of WMH and, as a result, brain atrophy.7

Most studies that examined the association of CS with WMH or

brain atrophy have been cross-sectional with concurrent sonog-

raphy and brain MR imaging or relied on aortic or peripheral

arterial stiffness measurements rather than those of the carotid

artery.4,8,9 Two longitudinal studies failed to show an association

between CS and WMH or total brain volume (TBV) with time,

but both had significantly shorter periods of follow-up.10,11 Given

the slow pace of WMH and brain atrophy development, we

sought to explore their association with CS during a more physi-

ologically plausible time interval spanning 2 decades.

Received December 27, 2018; accepted after revision May 28, 2019.

From the Department of Neurology (A.d.H., K.-H.W., A.E., J.S.M., J.J.M.), University of
Utah, Salt Lake City, Utah; and Harvard Medical School (N.S.R.). Boston,
Massachusetts.

Research reported in this publication was supported by an American Heart Associ-
ation Scientist Development Grant 17SDG33670114 (Dr de Havenon).

The content of this work is solely the responsibility of the authors and does not
represent the official views of the American Heart Association.

Please address correspondence to Adam de Havenon, MD, University of Utah,
Department of Neurology, 175 N Medical Dr, Salt Lake City, UT 84132; e-mail:
adam.dehavenon@hsc.utah.edu

http://dx.doi.org/10.3174/ajnr.A6115

AJNR Am J Neuroradiol ●:● ● 2019 www.ajnr.org 1

 Published June 27, 2019 as 10.3174/ajnr.A6115

 Copyright 2019 by American Society of Neuroradiology.

https://orcid.org/0000-0001-8178-8597
https://orcid.org/0000-0001-9597-8105
https://orcid.org/0000-0002-8714-5549
https://orcid.org/0000-0003-3770-1153
https://orcid.org/0000-0003-3191-262X
https://orcid.org/0000-0002-7056-8561


MATERIALS AND METHODS
This is a secondary analysis of the Atherosclerosis Risk in the

Community (ARIC) study,12 a large prospective epidemiologic

study conducted in 4 communities in the United States. Partici-

pants were 45– 64 years of age at enrollment in 1987–1989, and

they continue to be followed periodically for vascular health sta-

tus. No study-based intervention was provided. With a local in-

stitutional review board waiver from the University of Utah, we

obtained the anonymized ARIC dataset from the National Heart,

Lung, and Blood Institute Biologic Specimen and Data Repository

Information Coordinating Center. We included patients who had

both a carotid sonography at visit 2 (1990 –1992) and a brain MR

imaging at visit 5 (2011–2013). No brain MR imaging was per-

formed at visit 2. The methods of carotid sonography measure-

ments have been previously described,13 as have the methods of

the white matter hyperintensity volume (WMHv) and TBV mea-

surement on MR imaging.14 In short, the MR imaging was per-

formed at a 3T field strength with a standardized protocol for all

study sites. The ARIC MR imaging reading center (Mayo Clinic,

Rochester, Minnesota) was responsible for quality control and

interpretation of the scans. TBV was measured on a sagittal T1-

weighted 3D volumetric MPRAGE pulse sequence using Free-

Surfer (Version 5.1; (http://surfer.nmr.mgh.harvard.edu) and an

ARIC-specific algorithm. WMHv was

measured using similar methodology on

an axial T2 FLAIR pulse sequence.

We included 5 measures of CS of the

common carotid artery, which take into

account the peak systolic diameter

(PSD) of the carotid artery, end diastolic

diameter (EDD), systolic blood pressure

(SBP), diastolic blood pressure (DBP),

and pulse pressure (PP). The 5 CS mea-

sures are the following: strain [(PSD-

EDD) / EDD], distensibility [100 �

(PSD2 � EDD2) / (PP � EDD2)], com-

pliance [� � (PSD2 � EDD2) / (4 �

PP)], Stiffness index [log(SBP / DBP) /

strain], and pressure-strain elastic mod-

ulus [PP / strain]. For strain, distensibil-

ity, and compliance, higher values re-

flect less CS. For the Stiffness index and

pressure-strain elastic modulus, higher

values reflect more CS. All measures of

CS were treated as continuous variables

in statistical analyses, unless otherwise

specified.

We report the association between

visit 2 baseline demographics and ca-

rotid distensibility as a surrogate for CS,

using linear regression and the Student t

test. We further divided the 5 CS mea-

surements into quintiles and tested for

differences in the mean WMHv and

TBV with ANOVA. We fit multivariate

linear regression models to the out-

comes of WMHv and TBV. Model 1 was

adjusted for all available systolic blood

pressure measurements between visits 2 and 5 because chronic

hypertension has shown the best correlation with WMHv. For the

subsequent models, we tested candidate covariates from the de-

mographic data in Table 1 with stepwise backward selection fit to

the outcomes and set to a threshold of a P � 0.1 for inclusion.

Using this methodology, we adjusted model 2 for selected visit 2

demographics (the WMH model adjusted for patient age, sex,

body mass index, high-density lipoprotein cholesterol level, cur-

rent smoking, history of hypertension; the TBV model adjusted

for patient age, sex, black race, fasting glucose level, and current

smoking), and model 3 was adjusted for selected visit 3 demo-

graphics (1993–1995) (the WMH model adjusted for patient age,

current cigarette smoking, history of hypertension, and voltage of

left ventricular leads on electrocardiography; the TBV model ad-

justed for patient age, sex, black race, diabetes, and high-density

lipoprotein cholesterol level). Sensitivity analyses were conducted

adjusted for demographics from visit 4 and with the WMHv stan-

dardized to TBV (WMHv:TBV).

RESULTS
The final cohort included 1402 patients with a mean of 21.5 years

between carotid sonography and MR imaging. The mean age at

Table 1: Baseline demographics at visit 2 and P values for association with concurrent
carotid distensibility measurementa

Variable
Full Cohort
(n = 1402)

P Value for
Association with

Carotid Distensibility

Age (mean) 55.6 � 5.3 �.001
d

Male (No.) (%) 571, 40.7 .214
Caucasian (No.) (%) 1,023, 73.0 .007d

Hypertension (No.) (%) (n � 1396) 280, 20.1 �.001d

Diabetes (No.) (%) (n � 1398) 71, 5.1 .265
History of myocardial infarction (No.) (%) 26, 1.9 .898
History of stroke (No.) (%) 10, 0.7 .602
Prevalent coronary heart disease (No.) (%) 16, 1.2 .297
Current cigarette smoking (No.) (%) (n � 1400) 206, 14.7 �.001d

Current alcohol consumption (No.) (%) (n � 1400) 846, 60.4 .009d

Body mass index (mean) 27.1 � 4.6 �.001d

LDL cholesterol (mean) (mg/dL) (n � 1376) 131.2 � 35.0 .493
HDL cholesterol (mean) (mg/dL) (n � 1328) 49.3 � 16.7 .067
Fasting blood glucose (mean) (mmol/L) 5.9 � 1.6 .077
Antihypertensive in last 2 weeks (No.) (%)

(n � 1397)
248, 17.8 �.001d

Aspirin in last 2 weeks (No.) (%) (n � 1400) 632, 45.1 .369
Statin in last 2 weeks (No.) (%) (n � 1400) 29, 2.1 .651
Plaque in either carotid on ultrasound (No.) (%)

(n � 1392)
310, 22.3 .270

Voltage of left ventricular leads on ECG (mean)
(n � 1391)

1174.2 � 525.4 �.001d

WMH volume (mean) (mL) 17.5 � 17.4
Total brain volume (mean) (mL) (n � 1397)b 1015.8 � 109.4
Ratio of WMH/TBV (mean) (%) (n � 1397)b 1.7 � 1.7
Mean systolic blood pressure (mm Hg)c 135.0 � 12.4
Mean systolic SD (mm Hg)c 15.8 � 4.2
Mean number of blood pressure readingsc 23.3 � 3.1
Years between carotid ultrasound and MRI (mean) 21.5 � 0.9

Note:—ECG indicates electrocardiography; HDL, high-density lipoprotein; LDL, low-density lipoprotein.
a Association tested with linear regression for continuous variables and Student t test for categoric variables.
b Derived from visit 5 MRI.
c Derived from all available blood pressure readings from visit 2 through visit 5.
d Significant.
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sonography was 57 years, and at MR imaging, it was 76 years.

Baseline demographics from visit 2, when the carotid sonography

was performed, are shown in Table 1. Although cerebrovascular

risk factors were modestly prevalent (hypertension � 20.1%,

smoking � 14.7%, diabetes � 5.1%, plaque in either carotid

artery on sonography � 22.3%), only 0.7% had a history of

prior stroke. The mean values for CS were the following: strain �

5.4% � 1.9%, distensibility � 1.8% � 0.8%/kPa, compliance �

8.0 � 3.1 mm3/kPa, Stiffness index � 0.11 � 0.04 (unitless),

pressure-strain elastic modulus � 131.1 � 56.1 kPa. We found

that the following visit 2 variables were significantly associated

with increased CS: advanced patient age, black race, hypertension,

smoking, not consuming alcohol, higher body weight, and evi-

dence of left ventricular hypertrophy (LVH) on electrocardiogra-

phy (Table 1).

The mean WMHv increased linearly with higher CS (Figure).

In the linear regression models fit to WMHv, carotid strain, dis-

tensibility, Stiffness index, and the pressure-strain elastic modu-

lus were consistently associated with WMHv, while compliance

failed to maintain significance (Table 2). The relationship be-

tween CS and TBV was less consistent

than WMHv, and strain was not signifi-

cantly predictive. Only compliance had

an association with TBV in the multivar-

iate models. These results were not

changed in our sensitivity analyses (data

not shown).

DISCUSSION
CS is associated with WMHv, and, to a

lesser extent, with TBV on MR imaging

obtained �2 decades later. The associa-

tion with WMHv is more robust than

for TBV, which is a multifactorial out-

come that combines vascular injury and

neurodegeneration. The percentage

difference in WMHv between the least

stiff to most stiff quintile of CS was on

the order of 30%, while for TBV, it was

on the order of 2%. These represent

clinically meaningful differences that

may translate to divergent outcome

rates. Arterial stiffness has a direct

pathophysiologic link to WMH, which

is caused by dysfunction of cerebral

microvasculature that is hypothesized

to be uniquely sensitive to the hyper-

tension transmitted by stiffer arteries.7

In addition, our findings may be ex-

plained by shared long-term WMHv

and CS risk-factor exposure, including

hypertension, diabetes, smoking, and

hyperlipidemia.

Our study is consistent with prior

studies that were either cross-sectional

or used peripheral measures of arterial

stiffness,4,8,9 but the findings conflict

with 2 prior longitudinal studies. The

Second Manifestations of ARTerial disease-MR (SMART-MR)

study looked at the change in WMHv and TBV and failed to find

an association with CS, but it had only 4 years of follow-up.10

Likewise, in the Framingham Offspring Cohort, the carotid-

femoral pulse wave velocity was not associated with change in

WMHv and TBV, but the follow-up period was 6 years.11

While baseline MR imaging scans are not available for this

analysis to account for temporal change in WMHv or TBV,

these patients were relatively young at baseline, making the

large volumes of WMH and brain atrophy seen on MR imaging

at visit 5, when the mean age was 76 years, an effective, though

imperfect, proxy for change in WMHv or TBV. We posit that

our findings reflect the more biologically meaningful interval

between the measurements of CS and WMHv or TBV, which

would allow the gradual progression of disease and accumula-

tion of damage from increased arterial stiffness.

This analysis has the unique strength of a prolonged exposure

period, a larger cohort than prior longitudinal studies, and vali-

dated measurements of the exposures and outcomes in a land-

mark epidemiologic study. Limitations include the lack of a base-

FIGURE. Mean values of WMH and TBV in the quintiles of carotid sonography measurements. For
strain, distensibility, and compliance, the higher quintiles reflect less carotid stiffness. For the
Stiffness index and pressure-strain elastic modulus, the higher quintiles reflect more carotid
stiffness.
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line MR imaging, inability to adjust with more granularity for

potential confounders such as medication use or blood pressure,

and the absence of data on cerebrovascular stenosis or perfusion

during the exposure period.

CONCLUSIONS
We report a strong association between CS and WMHv on MR

imaging performed �20 years later and a less consistent associa-

tion between CS and TBV. A larger WMHv is independently as-

sociated with impaired cognitive function, higher risk of both

ischemic and hemorrhagic stroke, and worse outcomes after

stroke. The Systolic Blood Pressure Intervention Trial-Memory

and Cognition in Decreased Hypertension (SPRINT-MIND) trial

recently reported that intensive blood

pressure control attenuates WMH pro-

gression,15 and several other ongoing

studies are being planned to evaluate in-

terventions that could reduce WMH.

Against this backdrop, our data suggest

the importance of CS as an intermediate

step in the WMH development pathway,

which could be informative for clinical

trials of WMH reduction.
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