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Abstract

The study was performed to determine age, gender, and time-dependent changes in aortic wall 

thickness (AWT), and to evaluate cross-sectional associations between AWT and arterial stiffness 

in older adults. Three hundred seventy-one (371) longitudinal and 426 cross-sectional 

measurements of AWT from cardiovascular magnetic resonance (CMR) imaging studies 

conducted within the Multi-Ethnic Study of Atherosclerosis (MESA) were analyzed at two points 

in time: in 2000-2002 and then again from follow-up examinations in 2010-2012. Aortic wall 

thickness was determined from a double inversion recovery black-blood fast spin-echo sequence, 

and aortic stiffness was measured from a phase-contrast cine gradient echo sequence. The 

thickness of the mid-thoracic descending aortic wall was measured and correlated to distensibility 

of the ascending aorta (AAD) and aortic pulse wave velocity (PWV). The average rate of AWT 

change was 0.032mm per year. The increase in AWT was greater for those aged 45 to 54 years 

relative to individuals older than age 55 years (p-trend<0.001). Ascending aortic distensibility was 

lower (p<0.001) and PWV was higher (p=0.012) for hypertensive subjects. After adjustment for 

traditional risk factors, AAD was significantly related to AWT in participants without 

hypertension. Hypertension was associated with increased aortic stiffness independent of aortic 

wall thickness.
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Introduction

Arterial wall thickening is an early sign of atherosclerosis,1,2 and is associated with the 

prevalence and incidence of cardiovascular disease.3 There are reports of age-related 

increases of arterial wall thickness (AWT) in several cross-sectional community-based 

studies;4,5 however, rates of change in AWT among middle-aged and older adults have not 

been defined. Moreover, the relationship between AWT and aortic stiffness after accounting 

for cardiovascular risk factors has not been defined.

In a subset of individuals from the Multi-Ethnic Study of Atherosclerosis (MESA), we 

measured AWT and aortic distensibility using cardiac magnetic resonance (CMR) imaging 

as well as demographic and clinical variables. The purpose of this study was two-fold. First, 

we sought to characterize the age, demographic, and gender-specific distributions along with 

the yearly rates of change of AWT in adults aged > 45 years without symptomatic 

arteriosclerotic disease. Second, we desired to evaluate associations between AWT and 

arterial stiffness (measured by aortic distensibility and pulse wave velocity [PWV]) in these 

same individuals.

Methods

Study population

The first CMR exam from the MESA was initiated by the National Heart, Lung, and Blood 

Institute (Bethesda, MD) in 2000. This exam was performed to obtain a baseline from which 

future longitudinal studies could be performed to further understanding of the pathogenesis 

of atherosclerosis and other cardiovascular diseases in individuals whom were otherwise 

without evidence of symptomatic arteriosclerotic disease.6 In the longitudinal follow-up of 

the fifth examination (MESA5), each subject in the MESA study underwent CMR from 

April 2010 to February 2012. Institutional review boards at each center approved the study 

protocol. Of these, only one clinical site (Wake Forest University, Winston Salem, NC) had 

AWT images acquired in both the baseline and the follow-up CMR studies. Researchers 

analyzed 371 participants at baseline and 423 participants in the follow-up sessions. We 

excluded participants with myocardial scarring (based on the CMR late gadolinium 

enhancement studies) from the analysis.

MR aortic wall thickness and stiffness imaging

Baseline CMR was performed using 1.5-T whole-body MRI systems: Signa CV/i or Signa 

LX (GE Medical Systems, Waukesha, Wisconsin). A double-inversion recovery black-blood 

fast spin-echo sequence with ECG gating was used to obtain the AWT images. We acquired 

axial images of the descending thoracic aorta at the level of the right pulmonary artery. 

Imaging parameters were TR=2 R-R intervals; TE=42ms; field of view=36×36 cm; slice 

thickness=6 mm; echo-train length=32; and matrix size=512×256. In the follow-up 
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examinations, CMR was performed using a 1.5T Siemens scanner (Avanto, Siemens 

Medical Systems, Erlangen, Germany). The imaging sequence and plane were similar to 

those used in the baseline, but employed a different protocol: TR=2 R-R intervals; 

TE=66ms; field of view =36×30 cm; slice thickness=10 mm; echo-train length=17; and 

matrix size=256×216. Aortic wall thickness was measured by a single observer using the 

same method and software as described in the MESA AWT study.7 The thickness of the 

midthoracic descending aortic wall was measured using electronic calipers at 4 standard 

positions: 12, 3, 6, and 9 o'clock (QMASS 7.2, Medis, Leiden, The Netherlands). We 

calculated AWT as the average value of these 4 measurements. Phase contrast cine gradient 

echo sequence was also obtained to evaluate aortic stiffness in the follow-up study. An 

aortic sagittal oblique plane with a black-blood sequence was acquired to position the aortic 

phase-contrast imaging, and also allowed for the measurement of the path- length between 

the ascending and descending aorta. Imaging parameters were as follows: temporal 

resolution=35 ms; field of view=36×27 cm; slice thickness=10 mm; matrix size=128 × 96; 1 

signal average; velocity encoding gradient=100 cm/s.

Using validated automated software (ARTFUN. INSERM U678),8 the study recorded 

distensibility of the ascending aorta (AAD) and PWV. The study calculated distensibility as: 

AAD (mmHg−1) = [(maximum area ascending aorta – minimum area ascending aorta)] / [PP 

× minimum area ascending aorta] × 1,000, where PP is the brachial pulse pressure measured 

from the systolic and diastolic pressure during CMR aortic acquisition. Pulse wave velocity 

was measured as: PWV (m/s) = distance (mm) / transit time between ascending to 

descending aorta (ms). As previously described, the transit time was calculated as the 

average time difference using the least squares estimate between all data points on the 

systolic upslopes of the ascending and descending aortic flow curves after peak flow 

normalization.9

Statistical Analysis

We performed statistical analysis using SPSS (Chicago, Illinois). All continuous data were 

expressed as mean ± 1 standard deviation. Only those participants with aortic wall imaging 

at both time points were included in the longitudinal data analysis. For categorical variables, 

we used a Chi-square test. An unpaired student's t-test was utilized to compare the 

continuous variables between groups. To detect determinants of AWT changes over 10 

years, multivariate linear regression analysis was performed that adjusted for the baseline 

age, gender, body mass index (BMI), race/ethnicity, smoking status, pack-year, low-density 

lipoprotein (LDL), high-density lipoprotein (HDL), systolic and diastolic blood pressure, 

diabetes, and hypertension status.

For the cross-sectional analysis in the follow-up exam, we first determined the relationship 

between AWT and the risk factors using the same model described above. To examine the 

association between AAD and PWV with AWT, we stratified populations by hypertensive 

status. Ascending aorta distensibility and PWV were continuous variables to determine their 

associations to AWT. Linear regressions with multivariable adjustments for demographic 

characteristics and risk factors were performed. Model 1 reflected adjustments for age, sex, 

BMI, and race/ethnicity, and model 2 demonstrated adjustments for variables in model 1 as 
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well as systolic and diastolic blood pressure, diabetes mellitus, LDL, HDL, current smoking 

status, and smoking pack years. A two-tailed p-value of <0.05 was considered statistically 

significant.

Results

Table 1 lists demographics and aortic measurements in the latter (MESA5, 2010-2012) 

exams, and changes of AWT over ten years. The study cohort consisted of 61% non-

Hispanic white and 39% African American subjects. Aortic wall thickness was significantly 

different between men and women. Men had thicker aortic walls than women (for men the 

baseline measure was 2.40±0.44mm, and during the MESA5 exam it was 2.75±0.26mm for 

men, and baseline: 2.32±0.43mm, MESA5: 2.61±0.26mm for women), but aortic stiffness 

measures (i.e. AAD and PWV) were similar. The change of AWT over ten years was 

0.35±0.48 mm for men and 0.30±0.44 mm for women (p=0.26). The average AWT change 

was 0.32±0.46 mm in ten years. Figure 1 displays the average AWT at the baseline and 

AWT increase over ten years by age categories (at the baseline age). Aortic wall thickness 

increased more for those with a baseline age of 45-54 years, and reached a plateau as age 

increased (p-trend < 0.001).

In the fully adjusted models, the baseline age, race, and BMI were the major predictors for 

the rate of change in AWT. Age was inversely correlated with greater rate of change in 

AWT (B= -0.013 mm/year, p<0.001, consistent with Figure 1), while higher BMI was 

related to increased AWT. (B=0.018 mm/kg/m2, p=0.001). White race was also positively 

associated with greater AWT increase when compared to African-Americans (p=0.03). 

Blood pressures at baseline were not related to the AWT change.

Among the risk factors examined, AWT in MESA5 was mainly related to older age (B= 

0.007 mm/year, p<0.001), higher BMI (B=0.009 mm/kg/m2, p=0.001), higher diastolic 

blood pressure (B=0.005 mm/mmHg, p=0.005), and lower HDL cholesterol 

(B=-0.002mm/mg/dl, p=0.02).

To study the correlations between aortic morphology and function, Table 2 lists basic 

demographics, AWT, AAD and PWV stratified by hypertension status in the latter exam 

(2010-2012). When comparing these two groups, we found that AWT was not different 

(p=0.35) but distensibility was lower (p<0.001) and PWV was higher (p=0.012) in those 

with hypertension. Multivariable linear regression analyses (Table 3) demonstrated that 

distensibility was significantly correlated to AWT in the cohort without hypertension. Aortic 

wall thickness predicted PWV in the first model (Model 1, Table 3) in those with 

hypertension, but this correlation diminished after adjusting for more variables (Model 2, 

Table 3).

Discussion

Using CMR, we analyzed the change of aortic stiffening (distensibility and pulse wave 

velocity), thoracic AWT, and the relationship of these changes to traditional cardiovascular 

risk factors in an older (55 to 85 years aged) population that was free of established 

cardiovascular disease. Change in AWT using the same MRI methods has been previously 
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evaluated in a cross-sectional study of 198 younger individuals.7 Compared to the 0.07 mm 

AWT increase in five years reported by the prior study in younger participants, our findings 

reveal a greater increment of change in older individuals free of symptomatic atherosclerotic 

disease: 0.16 mm in five years longitudinally.

After multivariable adjustment, the primary factors related to change in AWT were age, 

race, and BMI. While older age was associated with increased AWT, the rate of increase 

peaked in those 45-55 years in age and then plateaued with advancing age. This is an 

interesting finding, but we cannot rule out survival bias. Body mass index remained a 

significant factor associated with an increased AWT. Our results concerning differences in 

gender were consistent with previous studies:7,10 men had greater AWT than women, but 

AWT increase over 10 years was similar between genders.

In the longitudinal studies reported by Lam et al. from the Framingham Heart Study,9 

morphological changes measured by the aortic root diameters were greater in men and 

women with obesity and/or hypertension over wide ranges of age. Brandts et al.11 compared 

15 patients with hypertension and 15 age- and sex-matched healthy volunteers (mean age 49 

years). Aortic wall thickness and PWV were all significantly higher in patients with 

hypertension. However, in the cross-sectional part of the present study, hypertension was 

more directly associated with functional impairments (stiffer aorta) than AWT.

The trend of increased arterial wall thickness with atherosclerosis and cardiovascular disease 

was observed in most subjects.2,3,12 Atherosclerosis and plaque deposition can increase 

AWT, which, combined with alterations in blood pressure, may lead to progressive increases 

in stiffness. While higher diastolic blood pressure was related to increased AWT and aortic 

stiffness was associated with hypertension, there were no overt cardiovascular symptoms in 

our study population.

Arterial stiffness is accepted as a major determinant of increased systolic and pulse pressure 

with aging and, therefore, is a major determinant of stroke13 and myocardial infarction. 

Aside from age and hypertension, arterial stiffness has been associated with numerous 

conditions, including heart failure14 and ischemic heart disease.13,15 Distensibility measures 

local stiffness, while PWV is considered to be an integrated marker of arterial stiffness when 

predicting fatal and non-fatal cardiovascular events. Those with hypertension in our study 

demonstrated greater aortic stiffness by reduced distensibility and increased PWV than those 

without hypertension. In subjects without hypertension, AWT was associated more strongly 

with distensibility than with PWV. Pulse wave velocity was not related to AWT in both 

groups in the fully adjusted model. This might suggest that AWT has greater impact on local 

stiffness in late adulthood. Although this finding contrasts with the study by Brandts et al.,11 

in which AWT was significantly related to PWV regardless of hypertension status, our 

participants were 20 years older and PWV was higher than those in the Brandts, et al. study.

We recognize several limitations in our study. Current analyses included only non-Hispanic 

white and African-American subjects from a single site in the MESA study. Generalization 

to the entire MESA cohort, which includes Hispanic and Chinese participants, is therefore 

not possible. We only acquired AWT on a single cross-section of the descending aorta, and 
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compared to the distensibility of the ascending aorta. Pulse wave velocity was also limited to 

the aortic arch. These standardized sampling sites were for both cross-sectional and 

longitudinal comparisons without increasing the scanning burden. Because of the 

heterogeneity in the vascular remodeling process and atherosclerotic changes across the 

arterial tree, the local measurement is not able to reflect the plaque burden as a systemic 

disease, particularly in the abdominal aorta.

Perspectives

In conclusion, using standardized MRI methods, we demonstrated longitudinally from the 

Multiethnic Study of Atherosclerosis that during mid to late adulthood, thoracic aortic wall 

thickens in a yearly rate of 0.032mm. While men demonstrated thicker walls than women, 

there was difference between genders in the rate of change in thickening. This change in 

aortic wall thickness over time has particular importance while considering risk factors for 

atherosclerosis in longitudinal research studies. Increase in AWT beyond this nominal 

change may identify individuals at higher risk for atherosclerosis. The data presented herein 

suggests aortic structural change is primarily related to age, race, and BMI. In those with 

hypertension, the aorta stiffens without necessarily impacting aortic wall thickness.
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Novelty and Significance

1) What Is New: Using standardized MRI methods, we demonstrated 

longitudinally from the Multiethnic Study of Atherosclerosis that during mid 

to late adulthood, the thoracic aortic wall thickens in a yearly rate of 

0.032mm over.

2) What Is Relevant: This change has particular importance while considering 

risk factors for atherosclerosis in longitudinal research studies. The data 

presented herein suggest aortic structural change is primarily related to age, 

race, and BMI. In those with hypertension, the aorta stiffens without 

necessarily impacting aortic wall thickness.

3) Summary: The increase in AWT was greater for those aged 45 to 54 years 

relative to individuals older than age 55 years. Ascending aortic distensibility 

was lower and PWV was higher for hypertensive subjects. Hypertension was 

associated with increased aortic stiffness independent of aortic wall 

thickness.
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Figure 1. 
(a) Aortic wall thickness at the baseline study by age categories. (b) Average aortic wall 

thickness increase in ten years by age categories (in the baseline age).
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Table 1

Mean characteristics of the MESA5 participants

At MESA5 (2010-2012), mean±SD Global (N=423) Women (N=244) Men (N=179) p-value

Age (years) 70.8±8.7 70.9±8.9 70.5±8.5 0.7

Race (N of white/African-American) 259/164 144/100 115/64 0.29

Body mass index (kg/m2) 28.7±5.3 28.7±5.9 28.3±5.3 0.72

Systolic blood pressure (mmHg) 125±21 125±21 124±21 0.65

Diastolic blood pressure (mmHg) 68±10 65±10 71±10 < 0.001

Low-density lipoprotein (mg/dl) 106±34 110±36 101±30 0.008

High-density lipoprotein (mg/dl) 56±16 61±17 50±13 <0.001

Metabolic Syndrome, (%)
* 34.3 39.5 28.1 0.014

Aortic wall thickness (mm) 2.67±0.27 2.61±0.26 2.75±0.26 < 0.001

Aortic wall thickness at baseline (mm) 2.36±0.44 2.32±0.43 2.40±0.44 0.074

AWT difference in ten years (mm) 0.32±0.46 0.30±0.44 0.35±0.48 0.26

Distensibility of ascending aorta (mmhg−1) 2.04±1.4 2.04±1.4 2.04±1.5 0.97

Pulse wave velocity (m/s) 9.12±3.82 9.03±3.48 9.29±4.32 0.54

*
Metabolic Syndrome was defined by NCEP guidelines.
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Table 2

Mean characteristics of the MESA participants stratified by hypertension status

At MESA5 (2010-2012), mean±SD With hypertension (N=264) W/O hypertension (N=159) p-value

Age (years) 72±8.5 69±8.6 < 0.001

Race (% of white/black) 51/49 77/23 < 0.001

Body mass index (kg/m2) 29.3±5.3 27.7±5.1 0.002

Men (%) 38 49 0.03

Systolic blood pressure (mmHg) 131±22 114±13 < 0.001

Diastolic blood pressure (mmHg) 69±11 66±10 0.012

Low-density lipoprotein (mg/dl) 102±33 113±35 0.002

High-density lipoprotein (mg/dl) 56±16 57±17 0.49

Metabolic Syndrome, (%)* 45 17 < 0.001

Aortic wall thickness (mm) 2.68±0.27 2.66±0.26 0.35

Ascending aortic distensibility (mmHg−1) 0.18±0.11 0.25±0.18 < 0.001

Pulse wave velocity (m/s) 9.5±4.4 8.5±2.8 0.012
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Table 3

Regression analysis for association of distensibility and PWV with AWT (Regression coefficients B/P).

Stiffness Measures With hypertension (N=264) W/O hypertension (N=159)

B p B p

Ascending aortic distensibility (mmHg−1) Model 1
* −0.09 0.54 0.38 0.003

Model 2
† −0.10 0.55 0.43 0.003

Pulse Wave Velocity (m/s) Model 1 0.008 0.046 0.005 0.6

Model 2 0.006 0.15 0.005 0.58

*
Model 1: multivariable analysis accounting for age, sex, race, and BMI.

†
Model 2: adjusted for variables in model 1 in addition to systolic and diastolic blood pressure, diabetes mellitus, LDL, HDL, current smoking 

status, and smoking pack years.
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