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Abstract

Background

Arterial stiffness may play a role in the development of vascular and 
neurodegenerative brain changes. However, evidence is largely limited to cross-
sectional studies. Therefore, we examined the cross-sectional and prospective 
associations between arterial stiffness and structural brain changes within the 
SMART-MR study, a prospective cohort study among patients with manifest 
arterial disease. 

Methods

Distension measurements of the common carotid arteries and a brain MRI 
were performed in 526 patients (mean age 59 ± 10 years). After a mean follow-
up of 4.1 years (range 3.6 - 5.8), brain MRI was repeated in 308 patients. Brain 
segmentation was used to quantify total brain volume, cortical gray matter 
volume, ventricular volume and white matter lesion (WML) volume (as % of 
intracranial volume). Infarcts were rated visually. 

Results

Cross-sectional multivariable regression analyses showed that one standard 
deviation decrease in carotid distension (indicating increased arterial stiffness) 
was associated with smaller relative total brain and cortical gray matter 
volumes (B=-0.24%, 95% CI -0.44; -0.04% and B=-0.47%, 95% CI -0.75; -0.19%), 
with larger WML volume (B=0.09%, 95% CI -0.01; 0.19%), and with higher risk 
of having non-lacunar brain infarcts (RR=1.44, 95% CI 1.14; 1.81). However, 
our prospective findings showed that carotid distension was not significantly 
associated with progression of brain atrophy, WMLs, or brain infarcts. 

Conclusion

In this population of patients with manifest arterial disease, stiffening of the 
carotid arteries was cross-sectionally associated with more brain atrophy, 
WMLs, and non-lacunar infarcts, but did not lead to changes in brain volumes 
or infarcts after 4 years.
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Introduction

One of the hallmarks of the aging cardiovascular system is stiffening of the 
arterial wall. Besides its association with age, arterial stiffness is also related 
to cardiovascular risk factors, especially elevated blood pressure, smoking, 
obesity and diabetes mellitus.1 It can therefore be seen as a summary measure 
of vascular risk. Yet, it may also be a cardiovascular risk factor in itself, as studies 
have shown that it is an independent risk factor for myocardial infarction, 
cardiovascular death and clinical stroke.2-5 
The last decades, it has been well-established that cardiovascular risk factors 
play an important role in the development of cognitive decline and dementia.6 
Arterial stiffness may be among these factors, as it has been associated with 
cognitive decline7 and dementia.8-10 
The mechanisms by which arterial stiffness may lead to dementia are 
several. It has been suggested that particularly the small arteries of the 
brain are vulnerable to high pulsatile pressure and flow, caused by increased 
arterial stiffness.11 This may contribute to cerebral small vessel disease and 
brain atrophy.12 Also, stiffness of the large arteries may impair cerebral 
autoregulation, predisposing to hypoperfusion during hypotension, which 
may subsequently lead to ischemia.13 
Several cross-sectional studies relating arterial stiffness to the subclinical 
markers of dementia showed a relation between increased arterial stiffness 
and larger white matter lesion (WML) volumes,14-18 more lacunar infarcts,14,19 
more brain atrophy,12 and lower cerebral perfusion.20 However, it is unknown 
whether arterial stiffness contributes to an increased development of ischemic 
and degenerative brain changes over time. Also, no studies were performed in 
patients with manifest arterial disease, whereas they may be subject to early 
vascular aging.
We examined the cross-sectional and prospective relations of common carotid 
artery stiffness with presence and progression of brain atrophy, WML volume 
and brain infarcts in patients with manifest arterial disease.
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Methods

SMART-MR study

Data were used from the Second Manifestations of ARTerial disease-Magnetic 
Resonance (SMART-MR) study, a prospective cohort study on brain changes on 
MRI in patients with manifest arterial disease.21,22 Between 2001 and 2005, all 
patients newly referred to the University Medical Center Utrecht with coronary 
artery disease (CAD), cerebrovascular disease (CVD), peripheral artery disease 
(PAD), or abdominal aortic aneurysm (AAA) and without MR contraindications 
were invited to participate. All patients underwent an MRI of the brain, a physical 
examination, ultrasonography of the carotid arteries, and blood sampling. Risk 
factors, medical history, and functioning were assessed with questionnaires. 
Carotid distension was measured from 2001 until 2003, when 554 patients 
were included. Of these, brain MRI data were available in 526 patients. After on 
average 4.1 years (range 3.6 - 5.8), 325 (59%) patients had follow-up measures, 
and a brain MRI was repeated in 308 patients. The ethics committee of our 
institution approved the SMART-MR study and written informed consent was 
obtained from all participants.

Arterial stiffness

Stiffness was measured by distension of both common carotid arteries. The 
distension of an artery is the change in diameter in systole relative to the 
diastolic diameter during the cardiac cycle. The displacement of the walls of the 
left and right common carotid artery was measured with a Wall Track System 
(Scanner 200, Pie Medical, Maastricht, The Netherlands) equipped with a 7.5 
MHz linear array transducer and vessel wall moving detector system. Coefficient 
of variations for intra-observer variability study of distension and end-diastolic 
lumen diameter measurements were 6.2 and 2.1%; inter-observer variability 
coefficients were 7.3 and 3.5%.23 Adjusted carotid distension was the primary 
stiffness measure,24 using blood pressure (BP) simultaneously measured at 
the brachial artery at 4 minutes intervals. In addition, traditional indexes of 
arterial stiffness were used for comparison. β stiffness index was determined 
as ln (SBP/DBP)/(DD/Dd) with DD indicating the mean carotid distension, and 
Dd indicating end-diastolic diameter. Cross-sectional compliance coefficient 
(CC) in mm2 kPa-1 was given as (π*Dd*ΔD)/(2*PP) with PP indicating pulse 
pressure (SBP-DBP). Distensibility coefficient (DC) in 10-3 kPa-1 was (2*DD/Dd)/
PP. Peterson’s modulus (EP) in kPa 102 was defined as (PP*Dd)/DD. Young’s 
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elastic modulus (YEM) in kPa was (PP*Dd2)/(ΔD*2*IMT). Increasing distension, 
CC, and DC imply decreasing stiffness. Distensibility is the relative change in 
diameter and compliance is the absolute change in diameter with pressure. 
Peterson’s (elastic) modulus is the pressure change required for (theoretic) 
100% increase in diameter, and Young’s modulus is the pressure per square 
millimeter required for (theoretic) 100% extension.25 

MRI protocol 

At baseline and follow-up, the MR investigations were performed on a 1.5-Tesla 
whole-body system (Gyroscan ACS-NT, Philips Medical Systems, Best, The 
Netherlands). The protocol consisted of transversal T1-weighted (repetition 
time (TR) / echo time (TE) = 235 / 2 ms), T2-weighted (TR / TE = 2200 / 11 ms 
and 2200 / 100 ms), FLAIR (TR / TE / inversion time (TI) = 6000 / 100 / 2000 ms) 
and inversion recovery (IR) (TR / TE / TI = 2900 / 22 / 410 ms) sequences. Field 
of view was 230 x 230 mm, matrix size 180 x 256, slice thickness 4.0 mm, no 
gap, 38 slices). On the basis of a localizer MR angiographic slab in the sagittal 
plane, a 2D phase-contrast section was positioned at the level of the skull 
base to measure the volume flow in the internal carotid arteries (ICAs) and the 
basilar artery (BA). The 2D phase-contrast section was positioned through the 
ICAs and the BA (TR / TE = 16 / 9 milliseconds; flip angle, 7.5°; FOV, 250 x 250 
mm; matrix size, 256 x 256; slice thickness, 5.0 mm; 8 acquired signals; velocity 
sensitivity, 100 cm/s).26 

Brain segmentation

We used the T1-weighted gradient-echo, IR sequence and FLAIR sequence 
for the probabilistic segmentation technique,27,28 and has been proven to be 
very reliable with similarity indices exceeding 0.8 for all segmented tissue and 
cerebrospinal fluid volumes, indicating an excellent agreement between the 
results of the segmentation program and manual segmentation. The results 
of the segmentation analysis were visually checked for the presence of infarcts 
and adapted if necessary to make a distinction between WML and infarct 
volumes. Total brain volume was calculated by summing the volumes of gray 
matter, white matter, WML, and infarct volumes. Total intracranial volume 
(ICV) was calculated by summing total brain volume and volumes of sulcal and 
ventricular cerebrospinal fluid. Total brain, cortical gray matter and ventricular 
volume were normalized for ICV (%).
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Brain infarcts and white matter lesions

At baseline and follow-up infarcts were rated visually by an investigator and a 
neuroradiologist blind to clinical characteristics and re-evaluated in a consensus 
meeting. Infarcts were defined as focal hyperintensities on T2-weighted images 
of >3 mm in diameter. Hyperintensities located in the white matter also had 
to be hypointense on T1-weighted and FLAIR images to distinguish them from 
WML. Dilated perivascular spaces were distinguished from infarcts on the 
basis of their location, form and absence of gliosis. Infarcts were categorized 
as lacunar (sized 3 - 15 mm) and non-lacunar (cortical infarcts, large subcortical 
infarcts). Volumes of WML were normalized for ICV (%).

Cardiovascular risk factors

Brachial BP was measured twice by a trained nurse in a sitting position 
with a sphygmomanometer and the average of the two measurements was 
calculated. Mean arterial pressure (MAP) was calculated as ((2*DBP)+SBP)/3 
and pulse pressure (PP) as SBP-DBP. Hypertension was defined as BP >140/90 
mmHg or self-reported use of antihypertensive drugs. Body mass index (BMI) 
was calculated (kg/m2). An overnight fasting venous blood sample was taken to 
determine glucose and lipid levels. Diabetes mellitus was defined as a known 
history of diabetes, a fasting glucose level of ≥7.0 mmol/L or self-reported 
use of glucose-lowering agents. Hyperlipidemia was defined as fasting total 
cholesterol >5.0 mmol/L, fasting low-density lipoprotein cholesterol >3.2 
mmol/L or self-reported use of lipid lowering drugs. Smoking habits and 
alcohol intake were assessed with questionnaires and were categorized as 
never, former or current. Presence of atherosclerosis in the carotid arteries 
was assessed at baseline by measuring carotid intima media thickness (CIMT) 
of the common carotid arteries using ultrasonography and the degree of 
carotid artery stenosis in the internal carotid arteries using color Doppler-
assisted duplex scanning. Carotid artery stenosis ≥70% was defined as peak 
systolic velocity >210 cm/s.23 Total parenchymal CBF (pCBF) was calculated by 
summing the flow through the left and right ICAs and BA (ml/min) per 100 ml 
brain parenchymal volume.26 

Data-analyses

We used multiple imputation (10 datasets) to address missing values (see 
below Table 1) using the statistical program R (aregImpute) (version 2.10.0).29 
Data was analyzed using SPSS version 20.0 (Chicago, Ill, USA), by pooling the 10 
imputed datasets. 
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First, linear regression analyses and ANCOVA were used to investigate the 
cross-sectional associations of measures of carotid stiffness (continuous and 
tertiles) with baseline relative total brain, cortical gray matter, ventricular, and 
total WML volume. We estimated relative risks (RR) rather than odds ratio’s 
which are likely to overestimate the RR in cohort studies, particularly for 
outcomes that are common.30 Using Poisson regression analyses with robust 
standard errors, we estimated cross-sectional associations of carotid stiffness 
with presence of lacunar and non-lacunar brain infarcts. The primary measure 
of carotid stiffness was distension, divided by the SD of the mean population. 
Additionally, analyses were performed for the other indexes of arterial stiffness 
(DC, β-index, CC, Ep, YEM). All analyses were adjusted for age, sex, carotid end-
diastolic diameter and MAP (Model 1). In Model 2, we additionally adjusted for 
smoking, alcohol, BMI, antihypertensive treatment, hyperlipidemia, diabetes 
and CIMT.  In Model 3, we also adjusted for concomitant vascular brain lesions 
(for analyses with brain volumes) or brain volume (for analyses with WMLs and 
brain infarcts).
Second, regression analyses, and ANCOVA were used to investigate the 
prospective associations of carotid stiffness (continuous and tertiles) with 
change in brain MRI measures, by using the brain volume and WML volume 
measures and progression of lacunar and non-lacunar brain infarcts at 
follow-up as dependent variable, and stiffness parameters and the respective 
volumes or infarcts at baseline as independent variable. Progression of infarcts 
was defined as patients with >=1 new infarct vs. no new infarct during follow-
up. Analyses were adjusted using the same models as described above, with 
inclusion of follow-up time.
Third, to evaluate whether age, hypertension, antihypertensive treatment, 
CIMT or pCBF were effect modifiers, interaction terms were entered and, if 
significant (p<0.10), stratified analyses were performed (categories or median 
split), except for infarcts, due to limited power.
Finally, to further explore the role of antihypertensive treatment on the 
prospective associations we additionally adjusted for increase in number of 
antihypertensive drugs during follow-up. 

Results

Mean (SD; range) age of the total study population was 59 (10; 29 - 82) years 
and 83% were men. Compared with the total baseline population (n=526), 
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patients with follow-up measurements (n=308) were somewhat younger, had 
less stiff arteries and slightly smaller CIMT. BP measures were similar for both 
groups (Table 1). 

Table 1. Baseline characteristics of the total study sample after imputation (n=526) and 
the study sample with follow-up measurements (n=308).

Total study sample
(N=526)

Study sample
with follow-up
(N=308)

Demographics

Male sex, % 83% 83%

Age (years) 59 (10) 57 (9)

Carotid stiffness

Distension (mm) 0.44 (0.15) 0.46 (0.14)

EDD carotid artery (mm) 7.92 (1.04) 7.84 (0.95)

Distensibility coefficient (kPa-1 x 10-3) 15.3 (6.4) 15.9 (6.2)

β stiffness index 11.0 (5.5) 10.3 (4.2)

Compliance coefficient (mm2/kPa) 0.74 (0.33) 0.76 (0.32)

Peterson’s modulus (kP x 102) 1.60 (0.86) 1.49 (0.68)

Young’s modulus (kPa x 103) 0.68 (0.38) 0.65 (0.29)

Arterial disease categories

Coronary artery disease, % 62% 65%

Cerebrovascular disease, % 25% 24%

Peripheral artery disease, % 20% 17%

Abdominal aortic aneurysm, % 8% 6%

Vascular risk factors

Body mass index (kg/m2) 27 (4) 27 (4)

Smoking, current, % 27% 23%

Alcohol, current, % 74% 79%

Diabetes mellitus, % 21% 19%

Hyperlipidemia, % 77% 77%

Blood pressure measures

Systolic blood pressure (mmHg) 140 (22) 140 (21)

Diastolic blood pressure (mmHg) 81 (11) 81 (11)

Pulse pressure (mmHg) 59 (15) 59 (15)

Mean arterial pressure (mmHg) 101 (14) 101 (13)

Antihypertensive medication, % 62% 64%
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Cross-sectional analyses

Lower carotid distension (indicating increased carotid stiffness) was related to 
smaller relative total brain and cortical gray matter volume; with larger relative WML 
volume and with more non-lacunar brain infarcts, but not with relative ventricular 
volume or lacunar infarcts (Table 2). Further adjustments for cardiovascular risk 
factors and carotid atherosclerosis (Model 2) or concurrent vascular brain lesions 
or brain volume at baseline slightly attenuated the observed associations: B (95% 
CI) became -0.20% (-0.40 ; -0.01%) for total brain volume, -0.34% (-0.61 ; -0.07%) 
for cortical gray matter volume, and 0.08% (-0.02 ; 0.17) for WML volume (Model 
3). The RR for non-lacunar infarcts became 1.37 (95% CI 1.10 - 1.72). Comparable 
associations were found for the other indices of arterial stiffness (Table 2 & 3).

Table 1. Continued.

Total study sample
(N=526)

Study sample
with follow-up
(N=308)

Carotid atherosclerosis

Intima media thickness (mm) 0.96 (0.34) 0.93 (0.28)

Carotid stenosis>50%, % 19% 19%

Carotid stenosis>70%, % 14% 14%

Cerebral blood flow

Total CBF (ml/min) 602 (131) 605 (25)

Parenchymal CBF (ml/min/100ml) 52 (11) 52 (10)

Vascular brain lesions 

White matter lesion volume (ml) † 1.6 (0.4-9.2) 1.4 (0.4-5.9)

Presence of lacunar infarcts, % 21% 20%

Presence of non-lacunar infarcts, % 16% 15%

Brain volumes

Total brain volume (% ICV) 78.8 (2.9) 79.1 (2.6)

Cortical gray matter volume (% ICV) 36.1 (3.4) 36.3 (3.0)

Ventricular volume (% ICV) 2.2 (1.0) 2.1 (0.09)

Results are given in mean (SD) unless specified otherwise,  † median (10th–90th percentile).
EDD= end diastolic diameter, ICV = intracranial volume, CBF: cerebral blood flow. Percentage 
of missing values before imputation: diabetes mellitus and hyperlipidemia: 2.9%; smoking 
and alcohol use: 1.6%; antihypertensive treatment: 1.0%; CIMT: 1.3%; carotid stenosis: 
3.2%; cortical gray matter volume: 21.3%; all other variables: 0.0%. 
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Table 2. Cross-sectional relation between baseline carotid arterial stiffness and baseline 
brain volume.

Model Total brain volume 
(% ICV)

Cortical gray matter 
volume (% ICV)

Ventricular 
volume (% ICV)

B (95% CI) B (95% CI) B (95% CI)
Decline in 
distensiona,b,c

1 -0.28 (-0.48;-0.09)** -0.51 (-0.79; -0.23)** 0.03 (-0.05; 0.10)
2 -0.24 (-0.44;-0.04)* -0.47 (-0.75; -0.19)** 0.02 (-0.06; 0.10)

Distensibility 
coefficientc

1 -0.04 (-0.08; -0.01)* -0.09 (-0.14; -0.04)** 0.00 (-0.01; 0.02)
2 -0.03 (-0.07; 0.00) -0.08 (-0.13; -0.02)** 0.00 (-0.01; 0.02)

β stiffness indexc 1 -0.06 (-0.09; -0.02)** -0.08 (-0.14; -0.03)** 0.01 (-0.00; 0.03)
2 -0.05 (-0.09; -0.01)** -0.07 (-0.13; -0.02)** 0.01 (-0.00; 0.03)

Compliance 
coefficientc

1 -0.50 (-1.09; 0.08) -0.71 (-1.56; 0.13) 0.07 (-0.16; 0.30)
2 -0.36 (-0.94; 0.22) -0.53 (-1.35; 0.30) 0.04 (-0.20; 0.27)

Peterson’s 
modulusc

1 -0.36 (-0.60; -0.12)** -0.53 (-0.89; -0.17)** 0.09 (-0.01; 0.18)
2 -0.30 (-0.55; -0.06)* -0.44 (-0.80; -0.08)* 0.07 (-0.03; 0.17)

Young’s modulusc,d 1 -0.36 (-0.85; 0.13) -0.65 (-0.37; 0.07) 0.10 (-0.10; 0.30)
2 -0.38 (-0.86; 0.11) -0.71 (-1.42; 0.00)* 0.10 (-0.10; 0.30)

Model 1: adjusted for age and sex. Model 2: additionally adjusted for cardiovascular risk factors 
a per SD = 149 µm. b In Model 1, we additionally adjusted for diastolic diameter of the carotid 
artery and mean arterial pressure. c Distension, distensibility coefficient and compliance 
coefficient are given per 1 unit decrease, and β stiffness index, Peterson’s modulus and 
Young’s modulus are given per 1 unit increase so that all measures indicate more stiffness, 
d In Model 2, we did not adjust for IMT since this was included in the calculation of YEM.
*p < 0.05, **p < 0.01.

Age, hypertension and CIMT significantly modified the association between 
carotid distension and relative total brain volume, with stronger associations 
in older patients, patients with uncontrolled hypertension, and patients with 
larger CIMT (Supplementary Table 1). Also, age significantly modified the 
association between carotid distension and relative WML volume, with a 
stronger association in older patients (Supplementary Table 1). 
When repeating the cross-sectional analyses in the 308 patients with follow-
up data, the effect estimates were similar for brain volumes and non-lacunar 
infarcts, but disappeared for total WML volume: B’s (95% CI) for total brain, 
cortical gray matter, and total WML volume were -0.28% (-0.54; -0.03%), -0.56% 
(-0.92; -0.19%) and 0.06% (-0.08; 0.20%). The RR (95% CI) for non-lacunar 
infarcts became 1.48 (1.05; 2.09) (Model 1). 
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Prospective analyses

After a mean (SD; range) follow-up of 4.1 (0.34; 3.6 - 5.8) years, mean (SD) 
relative total brain volume and cortical gray matter volume decreased with 
1.1% (1.2%) and 2.0% (2.2%), and mean (SD) ventricular and WML volume 
increased with 0.24% (0.30%) and 0.07% (0.26%). At follow-up, there were 
51 new lacunar infarcts in 26 patients, and 23 new non-lacunar infarcts in 
14 patients. All secondary preventive treatment increased during follow-up, 
particularly ACE-inhibitors and beta-blockers increased in the lowest distension 
tertile (Supplementary Table 2).
Carotid distension (continuous or tertiles) was not significantly related to 
changes in total brain, cortical gray matter or ventricular volume, nor with 
changes in WML volume. An association was found with lower carotid distension 
and less progression of non-lacunar brain infarcts, and increasing YEM was 
associated with more progression of lacunar infarcts, but these relations were 
not found for the other stiffness measures (Table 4).

Table 3. Cross-sectional relation between baseline carotid arterial stiffness and vascular 
brain lesions.

Model Ln total WML 
volume (% ICV)

Lacunar infarcts 
(n=113)

Non-lacunar 
infarcts (n=82)

B (95% CI) RR (95% CI) RR (95% CI)

Decline in  
distensiona,b,c

1 0.10 (0.00; 0.19)* 1.03 (0.86; 1.24) 1.45 (1.17; 1.79)**

2 0.09 (-0.01; 0.19) 1.01 (0.83; 1.23) 1.44 (1.14; 1.81)**

Distensibility
coefficientc

1 0.02 (0.00; 0.04)* 1.04 (1.00; 1.09)* 1.09 (1.04; 1.15)**

2 0.02 (0.00; 0.04)* 1.03 (0.99; 1.08) 1.08 (1.03; 1.14)**

β stiffness indexc 1 0.03 (0.01; 0.04)** 1.03 (1.01; 1.04)** 1.03 (1.02; 1.05)**

2 0.02 (0.01; 0.04)* 1.02 (1.01; 1.04)** 1.03 (1.01; 1.05)**

Compliance
coefficientc

1 0.13 (-0.15; 0.42) 1.59 (0.86; 2.92) 2.86 (1.22; 6.70)*

2 0.11 (-0.18; 0.39) 1.43 (0.78; 2.63) 2.58 (1.11; 5.98)*

Peterson’s
modulusc

1 0.17 (0.05; 0.29)** 1.25 (1.13; 1.38)** 1.32 (1.17; 1.47)**

2 0.15 (0.03; 0.27) 1.24 (1.09; 1.40)** 1.30 (1.12; 1.51)**

Young’s modulusc,d 1 0.25 (-0.00; 0.50) 1.39 (1.18; 1.64)** 1.48 (1.23; 1.76)**

2 0.27 (0.01; 0.52)* 1.38 (1.19; 1.60)** 1.43 (1.23; 1.67)**

Model 1: adjusted for age and sex. Model 2: additionally adjusted for cardiovascular risk factors 
a per SD = 149 µm. b In Model 1, we additionally adjusted for diastolic diameter of the carotid 
artery and mean arterial pressure. c Distension, distensibility coefficient and compliance 
coefficient are given per 1 unit decrease, and β stiffness index, Peterson’s modulus and 
Young’s modulus are given per 1 unit increase so that all measures indicate more stiffness, 
d In Model 2, we did not adjust for IMT since this was included in the calculation of YEM.
Ln = log transformed. *p < 0.05, **p < 0.01
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The results did not change after additional adjustment according to Model 2.
Interaction terms and stratified analyses did not suggest any effect modification. 
Also stratifying for hypertension status (no/controlled/uncontrolled) and 
additional adjustment for increase in number of antihypertensive drugs did 
not change the results (data not shown).

Table 4. Prospective relation between baseline carotid arterial stiffness and progression 
of brain atrophy and cerebrovascular lesions.

Change in  total
brain volume 
(% ICV)

Change in cortical 
gray matter volume 
(% ICV)

Change in ventricular 
volume
(% ICV)

B (95% CI) B (95% CI) B (95% CI)

Decline in distensiona,b,c 0.04 (-0.10; 0.18) -0.05 (-0.34; 0.23) -0.01 (-0.04; 0.03)

Distensibility coefficientc 0.01 (-0.02; 0.03) 0.01 (-0.04; 0.06) -0.00 (-0.01; 0.00)

β stiffness indexc 0.00 (-0.03; 0.03) -0.02 (-0.09; 0.05) 0.00 (-0.01; 0.01)

Compliance coefficientc 0.16 (-0.23; 0.56) -0.07 (-0.88; 0.74) 0.05 (-0.05; 0.15)

Peterson’s modulusc -0.01 (-0.22; 0.20) -0.10 (-0.53; 0.34) -0.01 (-0.06; 0.05)

Young’s modulusc,d -0.27 (-0.73; 0.19) -0.64 (-1.61; 0.33) 0.05 (-0.08; 0.17)
Change in ln total 
WML volume 
(% ICV) 

Change in lacunar 
infarcts 
(n=26)

Change in non-lacunar
infarcts
(n=14)

B (95% CI) RR (95% CI) RR (95% CI)

Decline in distensiona,b -0.07 (-0.16; 0.01) 1.36 (0.83; 2.23) 0.63 (0.40; 0.99)*

Distensibility coefficientc -0.01 (-0.03; 0.00) 1.11 (0.99; 1.25) 0.97 (0.88; 1.07)

β stiffness indexc -0.02 (-0.04; 0.00) 1.06 (0.98; 1.14) 0.97 (0.83; 1.32)

Compliance coefficientc 0.00 (-0.25; 0.26) 1.55 (0.36; 6.72) 2.71 (0.45; 16.52)

Peterson’s modulusc -0.06 (-0.19; 0.07) 1.43 (0.91; 2.23) 0.93 (0.32; 2.76)

Young’s modulusc,d -0.19 (-0.49; 0.11) 2.98 (1.03; 8.56)* 0.28 (0.05; 1.57)

Adjusted for age and sex. a per SD = 149 µm, b We additionally adjusted for diastolic diameter 
of the carotid artery and mean arterial pressure c Distension, distensibility coefficient and 
compliance coefficient are given per 1 unit decrease, and β stiffness index, Peterson’s 
modulus and Young’s modulus are given per 1 unit increase so that all measures indicate 
more stiffness. *p < 0.05.

Discussion

In a population with manifest arterial disease, increased arterial stiffness 
was cross-sectionally associated with more brain atrophy and more vascular 
brain lesions, independent of vascular risk factors, and only partly explained 
by (other) cerebrovascular lesions. However, prospective analyses showed 
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that increased arterial stiffness was not associated with progression of brain 
atrophy, WMLs, or brain infarcts after 4 years of follow-up. 
The cross-sectional findings are largely in agreement with previous studies 
in the general population which reported that higher aortic stiffness was 
associated with larger WML volume,12,16 and that increased carotid stiffness 
was associated with smaller total, gray and white matter volume.12 However, in 
previous studies the association between aortic stiffness and lacunar or silent 
subcortical brain infarcts was inconsistent, and no association was found with 
cortical infarcts.12,16 
In our study, the associations were stronger in older patients, in patients with 
hypertension, and in patients with larger CIMT. Since these are factors related 
to endothelial dysfunction and atherosclerosis,31 it suggests that, together with 
arterial stiffness, these are among the conditions that may aggravate brain 
damage. The associations between arterial stiffness and more brain atrophy 
or WML volume could partly be explained by damage to the small cerebral 
arteries, caused by the high pulsatile pressure and flow as a consequence 
of increased arterial stiffness.11 This is indeed suggested by our finding that 
adjustments for vascular brain lesions slightly attenuated the associations. 
Also, impaired cerebral autoregulation, predisposing to hypoperfusion during 
hypotension, subsequently leading to ischemia could play a role.13 However, 
we did not find that pCBF modified the association. 
To our knowledge, this is the first study that examined the prospective 
relationship between arterial stiffness and progression of brain atrophy, 
WMLs, and brain infarcts. One previous study in a community-dwelling 
older population found that increased aortic stiffness was associated with 
larger WML volume 10 years later, although they did not report on change 
in WML volume over time.18 Although we do not have a sound explanation 
for the disparity between the cross-sectional and prospective findings, there 
are some suggestions to make. First, it is possible that only severe arterial 
stiffness contributes to brain changes. Compared to a population-based 
older population, arterial stiffness was mild in our population,16 and possibly 
not severe enough to lead to brain pathology. Second, we examined carotid 
stiffness, which may reflect an earlier stage than aortic stiffness.32 Although 
carotid stiffness is preferred as an early marker for vascular disease,32 the 
predictive value may be delayed and a longer follow-up period between the 
two brain MRIs may be needed to find an association between carotid stiffness 
and progression of brain damage. Third, all preventive treatment intensified 
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during follow-up, especially ACE-inhibitors and beta-blockers increased in 
the patients with most stiff arteries (Supplementary Table 2). This might have 
decreased arterial stiffness and thereby prevented further progression of 
brain damage. Unfortunately, data on change in stiffness was not available, so 
we could not verify this. Yet, stratifying by hypertension status and adjusting 
for increase in number of antihypertensive drugs as a measure of intensified 
treatment did not change the results. Also, antihypertensive treatment was not 
associated with brain changes, so this could not explain the lack of prospective 
associations. Fifth, it could be that arterial stiffening on the one hand, and brain 
lesions on the other hand, are independent processes with common elements 
in the causal pathway,13 since many of the contributing factors in arterial 
stiffness are also potential contributors in brain aging and cognitive decline. 
Common pathophysiological elements include hypertension, hyperlipidemia, 
impaired glucose metabolism, inflammation, and genetic factors.1,6,33 Although 
adjustments for vascular risk factors did not materially change the cross-
sectional associations, this explanation cannot be ruled out since residual 
confounding might be present. Finally, the disparity could not be explained by 
a healthy survivor effect, since the cross-sectional results showed similar effect 
estimates within the 308 patients with complete follow-up, except for WML 
volume. Yet, it could be that limited power for the prospective analyses may 
partly explain our findings.
Further, we used carotid distension as a measure of arterial stiffness, whereas 
most studies used carotid-femoral pulse wave velocity measuring aortic 
stiffness. In healthy individuals the aorta and carotid artery stiffen in a similar 
rate with aging. Yet, with age and other cardiovascular risk factors the carotid 
artery stiffens less than the aorta in patients with hypertension or diabetes.34 
Since our population consists of mainly male patients with high cardiovascular 
risk, the extent of stiffness could be underestimated. Also, results may not be 
applicable to the general population. 
Strengths of our study include the prospective design, and the volumetric 
assessment of brain segmentation of different brain tissue types, which 
made it possible to differentiate between cortical gray matter, ventricular and 
WML volume. Finally, the extensive information on cardiovascular risk factors 
and markers of vascular brain lesions allowed us to investigate whether the 
associations were independent of these factors.



Arterial stiffness, progression of brain atrophy and vascular brain lesions

3

Chapter

55

In conclusion, in this population of patients with manifest arterial disease, 
stiffening of the carotid arteries was cross-sectionally associated with more 
brain atrophy, WML volume, and non-lacunar infarcts, but did not lead to 
changes in brain structure after 4 years.
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Supplementary Table 1. Cross-sectional association of baseline carotid arterial stiffness 
with baseline brain volume or cerebrovascular lesions stratified by effect modifiers.

Total brain volume
B (95% CI)

Ln total WML volume
B (95% CI)

Age ≤ 58 y (n=264)

Decline in distensiona -0.13 (-0.39; 0.14) 0.03 (-0.09; 0.15)

Age > 58 y (n=262)

Decline in distensiona -0.43 (-0.73; -0.14)** 0.18 (0.02; 0.33)*

No hypertension (n=118)

Decline in distensiona 0.00 (-0.44; 0.44)

Controlled hypertension (n=160)

Decline in distensiona -0.18 (-0.50; 0.15)

Uncontrolled hypertension (n=248)

Decline in distensiona -0.38 (-0.71; -0.05)*

CIMT ≤ 0.90 (n=269)

Decline in distensiona -0.04 (-0.31; 023)

CIMT > 0.90 (n=257)

Decline in distensiona -0.45 (-0.75; -0.16)**

Adjusted for age, sex, diastolic diameter of the carotid artery, mean arterial pressure and 
cardiovascular risk factors. a per SD = 149 µm. *p < 0.05, **p < 0.01.
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Supplementary Table 2. Baseline and follow-up secondary preventive treatment 
according to tertiles of distension.

Distension
Tertile 1

Distension
Tertile  2

Distension 
Tertile 3

N=175 N=176 N=175

Baseline medication (n=526)

ACE inhibitors (%) * 19% 15% 10%

Diuretics (%) * 14% 6% 6%

ARBs (%) 6% 4% 3%

CCBs (%) 13% 12% 14%

Beta-blockers (%) 32% 32% 33%

Statins (%) 34% 35% 37%

Glucose-lowering drugs (%) 10% 5% 5%

Anti-platelet drugs (%) 47% 38% 43%

Oral anticoagulants (%) 5% 6% 2%

Distension
Tertile 1

Distension
Tertile 2

Distension
Tertile 3

N=89 N=104 N=111

Follow-up medication (n=308)

ACE inhibitors (%) * 36% 27% 22%

Diuretics (%) 27% 24% 19%

ARBs (%) 15% 15% 20%

CCBs (%) 21% 20% 22%

Beta-blockers (%) * 60% 47% 43%

Statins (%) 80% 88% 88%

Glucose-lowering drugs (%) 19% 10% 13%

Anti-platelet drugs (%) 85% 86% 89%

Oral anticoagulants (%) 5% 11% 10%

ACE: angiotensin-converting enzime; ARBs: angiotensin receptor blockers; CCBs: calcium 
channel blockers. *p-linear < 0.05




