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Abstract
Introduction: We evaluated the association between carotid 
compliance, a measure of arterial stiffness, to parahippo-
campal volume (PHV) and hippocampal volume (HV) over 20 
years later in the Atherosclerosis Risk in the Community 
study. Methods: We included participants with common ca-
rotid compliance measurements at visit 1 (1987–1989) and 
volumetric brain MRI at visit 5 (2011–2013). The primary out-
comes are pooled bilateral PHV and HV. We performed linear 
regression models adjusting for age, sex, vascular risk fac-
tors, and total brain volume. Results: Of the 614 participants, 
higher compliance was correlated with higher PHV (R = 
0.218[0.144–0.291], p < 0.001) and HV (R = 0.181 [0.105–
0.255, p < 0.001]). The association was linear and significant 
after adjusting for confounders. At follow-up MRI, 30 pa-
tients with dementia had lower PHV and HV than patients 
without dementia (p < 0.001 and p < 0.001, respectively). 

Conclusion: Carotid compliance is associated with higher 
PHV and HV when measured 20 years later, further support-
ing the link between arterial stiffness and cognitive decline.

© 2021 The Author(s).
Published by S. Karger AG, Basel

Introduction

Given the increasing prevalence and economic impact 
of cognitive decline and dementia, there have been inten-
sified efforts in recognizing targets for prevention or 
treatment [1]. Recently, the link between vascular disease 
and cognitive impairment and dementia has become 
more apparent with more evidence of an association with 
all-cause dementia and Alzheimer’s disease [2, 3]. Arte-
rial stiffness, loosely defined as the rigidity of arterial 
walls, can be measured using a variety of different tech-
niques in different vascular beds but is most commonly 
measured centrally [4]. Arterial stiffness is an established 
marker for cerebrovascular disease and can be caused by 
hypertension, advanced age, smoking, diabetes, and ge-
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netic predisposition [5, 6]. Sonographically measured ca-
rotid artery stiffness is also an independent risk factor for 
cerebrovascular disease, cognitive impairment, and mor-
tality [6–8].

In addition, MR markers of brain aging, specifically, 
low parahippocampal volume (PHV), and hippocampal 
volume (HV) are associated with general dementia and 
cognitive decline [9–13]. Decreased PHV and HV are val-
idated early biomarkers for Alzheimer’s disease [14–16]. 
While carotid artery disease and PHV/HV appear to be 
independently associated with cognitive decline, the rela-
tionship between carotid artery disease and PHV/HV is 
less established. Though there is some evidence that cen-
tral arterial stiffness is associated with lower volumes in 
the HV and PHV regions [17], the association between 
carotid stiffness measures and brain volumes in the HV 
and PHV regions is unclear. Given the known deleterious 
downstream effects of arterial stiffness [7, 18], it is bio-
logically plausible that carotid stiffness could lead to mea-
surable brain atrophy, which could in turn cause cogni-
tive impairment [19, 20]. In order to further elucidate the 
contribution of carotid vascular disease to cognitive de-
cline and dementia, we sought to examine the association 
between carotid artery compliance, a measure of arterial 

stiffness, and PHV and HV. We evaluated the association 
between carotid compliance measured on carotid ultra-
sound (US) to PHV and HV measured on brain MRI ap-
proximately 20 years later in the community-based Ath-
erosclerosis Risk in the Community (ARIC) study.

Materials and Methods

Subjects
This study is a secondary analysis of the ARIC study, which is 

a large prospective epidemiological study performed in 4 commu-
nities in the US [21]. Participants were 45–64 years old at enroll-
ment in 1987–1989 and were followed periodically to identify vas-
cular health status. We performed a secondary analysis using the 
anonymized ARIC dataset from the National Heart, Lung, and 
Blood Institute Biologic Specimen and Data Repository Informa-
tion Coordinating Center. The Institutional Review Board at the 
University of Utah provided a waiver to evaluate this anonymized 
dataset. All participants provided informed consent. We included 
614 participants (Fig. 1) who had common carotid artery compli-
ance measurements on US at visit 1 (1987–1989) and who also had 
brain MR imaging at visit 5 (2011–2013).

Imaging Technique
The detailed methodology for obtaining carotid sonographical 

measurements has been described previously [22, 23]. Briefly, B-

Total patients in the Atherosclerosis
Risk in Communities (ARIC) study

n = 15,028

Exclude: participants without MRI due to
contraindications, death, or loss to follow-up

n = 13,212

Participants in the ARIC cohort with
brain volume measurements

n = 1,816

Exclude: participants without a carotid
ultrasound measuring carotid compliance due

to contraindications, death, or loss to follow-up
n = 1,125

Participants in the ARIC cohort with
both carotid compliance and MR-

based brain volume measurements
n = 691

Exclude: participants without complete
data on covariates

n = 77

Final analysis sample
n = 614Fig. 1. Flowchart of participant inclusion 

from the total Atherosclerosis Risk in 
Communities cohort.
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mode US was performed to measure the continuous variation of 
arterial diameter throughout the cardiac cycle with echo tracking 
techniques. Immediately before, after, and during the US examina-
tion, supine blood pressure was measured automatically from the 
right brachial artery in 5-min intervals using Dinamap equipment. 
Systole, mean arterial pressure, diastole, and pulse rate were mea-
sured by the Dinamap cuff [22]. Based on the US measurements 
and concomitant supine blood pressure measurements, arterial 
compliance was calculated. Carotid compliance is defined as the 
absolute volume increase within the carotid artery segment during 
the cardiac cycle divided by the arterial pulse pressure (π × [Peak 
systolic arterial diameter2-end diastolic-arterial diameter2]/[4 × 
Pulse pressure]). Higher values of compliance indicate less carotid 
stiffness. Methodology for the MR imaging protocols and mea-
surement of PHV and HV has also been previously described [24]. 
Briefly, MR imaging was performed using a standardized protocol 
at 3T field strength. The PHV and HV were measured on sagittal 
T1-weighted 3D volumetric MPRAGE sequences and reported as 
a pooled bilateral volume in mL. Freesurfer (version 5.1; [http://
surfer.nmr.mgh.harvard.edu]) was used with an ARIC-specific al-
gorithm. The ARIC MRI reading center (Mayo Clinic, Rochester, 
MN, USA) was responsible for quality control and interpretation 
of the imaging studies.

Statistical Analysis
We report the mean values for carotid compliance with the cor-

relation coefficients for the association with pooled bilateral PHV 

and HV measured on brain MR. To assess the association of ca-
rotid compliance with PHV and HV, we utilized the mean value of 
each of the measured vascular risk factors over the course of their 
follow-up for each subject. We also adjusted for baseline vascular 
risk factors for each subject. Vascular risk factors include current 
and former cigarette smoking, current and former alcohol use, 
presence of diabetes mellitus, systolic blood pressure, body mass 
index, cholesterol levels, aspirin use, history of myocardial infarc-
tion, and history of hypertension. We fit multivariate linear regres-
sion models adjusted for total brain volume, patient age, sex, race, 
and vascular risk factors. We first fit a saturated model controlled 
for confounders determined a priori. Then, we performed a second 
model adjusting for variables with p < 0.1 in stepwise backward 
elimination. This model resulted in total brain volume, patient age, 
mean blood glucose, and smoking status being added as covariates 
in the model. Carotid compliance was treated as a continuous vari-
able and split into quartiles for the statistical analyses. We per-
formed an additional analysis, and we derived inverse probability 
weighting based on baseline measurements on all participants who 
had carotid compliance measures. We weighted the same regres-
sion models as reported above.

The assumptions of linear regression were met. A linear rela-
tionship between dependent and independent variables was as-
sessed graphically via scatterplots and correlation between the 2 
variables. Normality of residuals was assessed graphical and statis-
tically via the Shapiro-Wilk test for normality. The Shapiro-Wilk 
test resulted in p values greater than the 0.05 threshold indicating 

Table 1. Demographics for included participants

Variable Value across cohort 
(n = 614)

Association with HV, 
p value

Association with PHV, 
p value

Baseline age 52.87 (2.25) <0.001 <0.001
Race, n (%)

White 538 (83.9) 0.08
<0.001

Nonwhite 103 (16.1)
Sex, n (%)

Male 264 (41.2) <0.001
<0.001

Female 377 (58.8)
Carotid compliance in, mm3/kPa 8.00 (2.96) <0.001 <0.001
HV, mL 6.94 (0.95) N/A N/A
PHV, mL 3.92 (0.57) N/A N/A
Total intracranial volume, mL 1,444.75 (154.68) <0.001 <0.001
Mean, BMI 27.48 (4.46) 0.30 0.07
Mean fasting blood glucose, mmol/L 105.68 (20.38) 0.88 0.52
Mean HDL, mg/dL 52.32 (15.47) 0.004 0.05
Mean LDL, mg/dL 124.26 (24.83) 0.09 0.09
Mean systolic blood pressure 138.87 (12.05) 0.001 0.006
Mean proportion of current drinking status 0.57 (0.43) 0.006 <0.001
Mean proportion of current smoking status 0.12 (0.27) 0.54 0.87
Mean proportion of diabetes status 0.10 (0.22) 0.34 0.53
Mean proportion of hypertension status 0.37 (0.35) 0.016 0.007
Mean proportion of prevalent CVD 0.04 (0.14) 0.41 0.02
Mean proportion of statin status 0.14 (0.16) 0.02 0.10
Mean proportion of prevalent stroke status 0.02 (0.10) 0.46 0.59

HV, hippocampal volume; PHV, parahippocampal volume; BMI, body mass index; CVD, cerebrovascular disease.
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evidence for normality of residuals. Homoscedasticity of residuals 
was checked visually and statistically via the Breusch-Pagan/Cook-
Weisberg test for heteroskedasticity at the 0.05 significance thresh-
old. Multicollinearity was assessed using the variance inflation fac-
tor. No concerning variance inflation factor values were observed 
in relation to either set of models.

Results

We included a total of 614 participants with a mean 
(standard deviation [SD]) age of 52.9 (2.3) years (59% fe-
male) at baseline. Demographics for the included partici-
pants adjusted for mean values of confounders are shown 
in Table 1 and for baseline covariates in Table 2. Mean 
(SD) carotid compliance was 8.0 (3.0) mm3/kPa. The 
mean (SD) values for PHV and HV at visit 5 were 3.9 (0.6) 
mL and 6.9 (1.0) mL, respectively. Carotid compliance, 
for which higher values indicate lower carotid stiffness, 
was positively correlated with PHV (R = 0.218 [0.144–
0.291], p < 0.001) and HV (R = 0.181 [0.105–0.255], p < 
0.001). The associations were linear (Fig. 2) and nearly all 
remained significant after adjusting for confounders in-
cluding patient age, race, sex, cigarette smoking, and fol-
low-up total brain volume (Table 3). We also derived in-

verse probability weighting based on baseline carotid 
compliance measurements and received similar results 
for both HV and PHV. Furthermore, at the follow-up 
MR, 30 (4.7%) participants had an adjudicated diagnosis 
of dementia with lower PHV (3.4 ± 0.6 vs. 4.0 ± 0.6 mL,  
p < 0.001) and lower HV (5.8 ± 1.4 vs. 7.0 ± 0.9 mL, p < 
0.001) than participants without dementia, further vali-
dating the significance of PHV and HV. Nearly all asso-
ciations remained significant after excluding participants 
with a diagnosis of dementia and controlling for total 
brain volume and vascular risk factors (Table 4).

Discussion

We found that higher carotid compliance is associated 
with higher PHV and HV measured 20 years after the 
baseline carotid artery measurements. This association is 
independent of potential confounders including basic de-
mographics, vascular risk factors, and follow-up total 
brain volume. Notably, at the 20-year follow-up, those 
with dementia were more likely to have lower PHV and 
HV than those without dementia, further validating the 
significance of PHV and HV in this cohort. Our findings 
further support the link between medium artery vascular 

Table 2. Demographics from baseline visit (visit 1) at the time of carotid US

Variable Value across cohort 
(n = 614)

p value for 
association with PHV

p value for 
association with HV

Age (mean) 52.78±5.28 <0.001 <0.001
White, n (%) 563 (83.2) 0.001 0.083
Female, n (%) 394 (58.2) <0.001 <0.001
Diabetes, n (%) 25 (3.7) 0.799 0.944
Hypertension, n (%) 119 (17.8) 0.003 0.132
Heart failure, n (%) 11 (1.7) 0.111 0.186
History of myocardial infarction, n (%) 8 (1.2) 0.945 0.630
Current cigarette smoking, n (%) 120 (17.9) 0.956 0.779
Ever cigarette smoker, n (%) 341 (50.8) 0.513 0.210
Current alcohol consumption, n (%) 411 (61.3) 0.004 0.158
Ever alcohol drinker, n (%) 506 (75.5) <0.001 0.004
Antihypertensive use, n (%) 99 (14.8) 0.005 0.07
Aspirin use, n (%) 316 (47.2) 0.002 0.05
Cholesterol medication use, n (%) 6 (0.9) 0.362 0.413
Mean systolic blood pressure, mm Hg 133.6±12.0 0.002 <0.001
BMI 26.4±4.1 0.092 0.681
LDL cholesterol (mean), mg/dL 134.1±35.2 0.06 0.024
HDL cholesterol (mean), mg/dL 53.1±17.5 0.027 0.007
Fasting blood glucose (mean), mmol/L 100.8±20.5 0.116 0.250

HV, hippocampal volume; PHV, parahippocampal volume; BMI, body mass index; US, ultrasound.
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findings, as measured by carotid compliance, and cogni-
tion [2, 3, 18, 25].

Our study is unique because it relates baseline carotid 
compliance to future PHV and HV. There is evidence of 
a link between carotid stiffness and cognitive decline and 
dementia, although the mechanism is unclear. While 
some studies have not shown an association between ar-
terial stiffness and cognitive decline and dementia [26], 
other studies, including a systematic review and meta-
analysis, found that arterial stiffness was predictive of 

cognitive decline [25, 27]. Another recent study showed 
no association between arterial stiffness and HV [20]. 
Many of these studies used other methods for measuring 
arterial stiffness, including carotid-femoral pulse wave 
velocity, rather than measuring carotid stiffness more di-
rectly with carotid compliance [20, 25–27]. Furthermore, 
many studies have shown that cerebral volume loss, par-
ticularly lower HV, is associated with cognitive impair-
ment [9, 12, 13]. Although the exact pathophysiological 
mechanism underpinning the association between carot-
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Table 3. Linear regression model fit to the PHV and HV

β coefficient for continuous carotid 
compliance (95% CI) (p value)

β coefficient for quartile carotid 
compliance (95% CI) (p value)

PHVs
Model 1* (n = 614) 0.022 (0.008–0.359) (0.002) 0.078 (0.042, 0.114) (<0.001)
Model 2† (n = 614) 0.026 (0.012, 0.041) (<0.001) 0.089 (0.051–0.127) (<0.001)

HVs
Model 1* (n = 614) 0.024 (0.002–0.046) (0.03) 0.074 (0.017–0.132) (0.01)
Model 2† (n = 614) 0.024 (0.001–0.048) (0.049) 0.076 (0.014–0.138) (0.02)

* Adjusted for total brain volume, age, mean glucose level, current or former cigarette smoking. † Adjusted for 
patient age, race, sex, BMI, current or former cigarette smoking, current or former alcohol use, total brain volume, 
history of hypertension, diabetes, heart failure, or myocardial infarction, the mean systolic blood pressure, mean 
LDL, mean HDL, and mean glucose levels, and use of aspirin, antihypertensive medication, or cholesterol medications. 
HV, hippocampal volume; PHV, parahippocampal volume; BMI, body mass index; CI, confidence interval.

Fig. 2. Positive linear correlation between increasing carotid compliance and (a) PHV and (b) HV. CI, confidence 
interval; HV, hippocampal volume; PHV, parahippocampal volume.
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id stiffness and lower PHV and HV is still unclear, some 
studies have shown that arterial stiffness may lead to ce-
rebral gliosis mediated by oxidative stress [28], microvas-
cular injury and early brain capillary damage, or that in-
creased arterial stiffness, and cerebral hypoperfusion may 
interfere with β-amyloid clearance from the brain [29–
32]. Further evaluation of how carotid stiffness relates to 
HV and PHV is warranted.

The strengths of our study include the long-term 20-
year follow-up of a cohort of asymptomatic participants 
to assess for lower PHVs. Despite the fact that the includ-
ed participants had a generally younger age and lower vas-
cular risk profile at baseline, we still found a robust asso-
ciation between carotid stiffness and PHV, independent 
of potential confounders. Furthermore, having a large 
number of participants with volumetric measures of PHV 
allowed for the power to detect significant associations.

Our study is limited by the lack of baseline brain MRI 
to evaluate for changes in PHV and HV over time. An ad-
ditional limitation is the inability to rigorously control for 
other potential confounders specifically antihypertensive 
use, as some studies have shown that the use of antihyper-
tensive may blunt the association between carotid artery 
disease and cognitive function and HVs [25]. We have 
attempted to adjust for potential confounders by adjust-
ing for both mean and baseline values for included con-
founders, though there is still some residual confounding 
due to the time-variation of exposure to vascular risk fac-
tors and other unmeasured confounders. Another limita-
tion is the inherent variability in defining and measuring 
arterial stiffness which can be expressed using multiple 
methods and measured in different vascular beds [4]. In 

this study, we evaluated a single measure of stiffness, 
which is carotid compliance, but many of the other cited 
studies used other methods, most commonly pulse wave 
velocity. Although the hippocampus receives its blood 
supply predominantly from the posterior circulation 
[33], carotid stiffness is thought to represent a surrogate 
biomarker for general vascular health [4, 7, 8, 34–37]. 
Last, another major limitation is inherent selection bias 
as we did not account for participants who were lost to 
follow-up and who did not undergo a follow-up brain 
MR. To mitigate this limitation, we performed an addi-
tional analysis and we derived inverse probability weight-
ing based on baseline measures from all participants with 
carotid compliance measures and found similar results to 
our original analysis.

Conclusions

We have found a strong association between elevated 
carotid compliance on baseline US and higher PHV and 
HV on MR imaging performed 20 years later. This asso-
ciation was seen in a relatively young population and per-
sisted even when accounting for potential confounders. 
Since lower HVs are thought to precede the development 
of clinically apparent cognitive decline and clinical de-
mentia [14–16], carotid stiffness may be a preclinical tar-
get for preventative efforts. Though carotid stiffness is not 
routinely measured in clinical practice, our findings sug-
gest further investigation of the role of carotid stiffness 
measurement in the evaluation of dementia-risk may be 
warranted. Our findings further support the link between 

Table 4. Linear regression model fit to the PHV and HV with participants with dementia excluded

β coefficient for continuous carotid 
compliance (95% CI) (p value)

β coefficient for quartile carotid 
compliance (95% CI) (p value)

PHVs
Model 1* (n = 602) 0.021 (0.007–0.347) (0.003) 0.073 (0.037, 0.109) (<0.001)
Model 2† (n = 602) 0.026 (0.012, 0.041) (<0.001) 0.087 (0.049–0.125) (<0.001)

HVs
Model 1* (n = 602) 0.019 (−0.002 to 0.040) (0.07) 0.066 (0.011–0.121) (0.02)
Model 2† (n = 602) 0.020 (−0.003 to 0.043) (0.08) 0.072 (0.012–0.131) (0.02)

* Adjusted for total brain volume, age, mean glucose level, current or former cigarette smoking. † Adjusted for 
patient age, race, sex, BMI, current or former cigarette smoking, current or former alcohol use, total brain volume, 
history of hypertension, diabetes, heart failure, or myocardial infarction, the mean systolic blood pressure, mean 
LDL, mean HDL, and mean glucose levels, and use of aspirin, antihypertensive medication, or cholesterol medications. 
HV, hippocampal volume; PHV, parahippocampal volume; BMI, body mass index; CI, confidence interval.
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medium artery vascular disease and cognitive decline 
which may have implications for the prevention of cogni-
tive impairment and dementia.
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