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Original Article

Research suggests stress is a risk factor for cardiovascular 
disease (CVD),1–4 but the underlying mechanisms remain 
unclear. Mental stress activates the sympathetic nerv-
ous system,5 causing a constellation of adverse cardiovas-
cular effects, including increased blood pressure, heart 
rate, and endothelial dysfunction.6 One potential pathway 
through which chronic exposure to psychosocial stressors 
are hypothesized to influence CVD risk is through injury 
to the endothelial lining of blood vessels due to sustained 
and repeated activation of the sympathetic nervous system.7 
Endothelial dysfunction plays a critical role in the initia-
tion and progression of atherosclerosis,8 and thus, may be a 
major pathway linking chronic stress and CVD.

Studies have shown that acute exposure to a mental 
stressor is significantly associated with prolonged endothe-
lial dysfunction,6,9 but few studies have examined the impact 
of chronic stress and these studies have been in ethnically 
homogeneous populations. A  national study of non-His-
panic Whites found that chronic exposure to discrimination 
predicted higher levels of circulating endothelial-leukocyte 
adhesion molecule-1 (E-selectin), an indicator of endothelial 

dysfunction, in men but not women.10 Two studies of car-
egivers (>80% non-Hispanic White) found that global stress 
and caregiver stress were each associated with lower brachial 
artery flow-mediated dilation (FMD).11,12

In this study, we examined associations of chronic stress 
with 3 markers of endothelial dysfunction in a multiethnic 
population of middle- and older-age adults. Brachial artery 
FMD is a noninvasive, commonly used method to assess 
endothelial function of the peripheral conduit artery. With 
this method, reduced artery dilation is suggestive of poorer 
endothelial function. We also included 2 serological bio-
markers of endothelial dysfunction: intercellular adhesion 
molecule-1 (ICAM-1) and E-selectin. These cellular adhe-
sion molecules are expressed on the surfaces of endothelial 
cells as part of the inflammatory response to endothelial 
damage. We hypothesized that higher chronic stress would 
be associated with lower FMD, higher ICAM-1, and higher 
E-selectin levels. Given previous heterogeneous findings by 
gender,10 and the dearth of studies in multiethnic popula-
tions, we also examined whether associations varied by race/
ethnicity or gender.
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BACKGROUND
Endothelial dysfunction may represent an important link between 
chronic stress and cardiovascular disease (CVD) risk. However, few stud-
ies have examined the impact of chronic stress on endothelial dysfunc-
tion. The purpose of this study was to examine whether chronic stress 
was associated with flow-mediated dilation (FMD) and 2 biomarkers of 
endothelial dysfunction (intercellular adhesion molecule-1 (ICAM-1) 
and E-selectin) in a multiethnic sample of adults (ages 45–84 years).

METHODS
Data come from the baseline examination of Multi-Ethnic Study of 
Atherosclerosis participants. Chronic stress was assessed based on self-
report of the presence and severity of ongoing problems in 5 domains. 
FMD was obtained using high-resolution ultrasound; biomarkers were 
assayed in different subsets of participants.

RESULTS
Higher chronic stress was associated with lower absolute FMD (mm 
FMD) in models adjusted for demographic and socioeconomic 

characteristics (0.169 mm in high-stress participants vs. 0.178 
and 0.179 mm in medium and low-stress participants; P for 
trend  =  0.04). This association remained unchanged with further 
adjustment for behavioral and biological CVD risk factors. Higher 
stress was related to higher ICAM-1 in models adjusted for soci-
odemographic characteristics and biological risk factors (P for 
trend = 0.005), but this association attenuated with adjustment for 
cigarette smoking (P for trend = 0.07). Chronic stress was not asso-
ciated with E-selectin.

CONCLUSIONS
Our findings suggest chronic stress is related to endothelial dysfunc-
tion, possibly in part through other stress-associated CVD risk factors 
such as cigarette smoking.
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METHODS

Study population

The Multi-Ethnic Study of Atherosclerosis is an observa-
tional cohort study designed to examine the determinants 
of subclinical CVD in adults aged 45–84 years. Participants 
free of clinical CVD at baseline were recruited from 6 field 
centers (New York, New York; Baltimore City and County, 
Maryland; Forsyth County, North Carolina; St. Paul, 
Minnesota; Chicago, Illinois; and Los Angeles County, 
California) between 2000 and 2002. Random population 
samples were selected at each field center using lists of area 
residents. Additional details are provided elsewhere.13 Of the 
selected persons deemed eligible after screening, 59.8% par-
ticipated in the study. Institutional review board’s approval 
was obtained at each site and all participants gave informed 
consent. Four additional examinations have been completed 
since baseline: exam 2 (2002–2004), exam 3 (2004–2005), 
exam 4 (2005–2007), and exam 5 (2010–2012).

This study uses data from the baseline exam. Data on the 
study outcomes were collected as part of different ancillary 
studies that included different subsets of the MESA popu-
lation. Of the 2,622 participants with data on ICAM-1, 55 
were excluded for missing data on the exposure and 44 were 
excluded for missing data on one or more of the other study 
covariates (n = 2,523). Among the 999 participants with data 
on E-selectin, 12 were excluded for missing data on the expo-
sure and another 16 were excluded for missing data on other 
covariates (n  =  971). Of the 3,027 participants with FMD 
data, 27 were excluded for missing data on the exposure and 
another 37 for missing data on other covariates (n = 2,963).

Chronic stress

Chronic stress was assessed using the Chronic Burden 
scale, measured at baseline.14 Participants were asked 
whether or not they had ongoing, financial, job, relationship, 
or health-related (both self and someone close to the par-
ticipant) problems lasting over 6 months. In addition, they 
were asked to indicate how stressful the problems were on 
a scale ranging from 1 (not very stressful) to 3 (very stress-
ful). Consistent with previous studies,15,16 chronic burden 
score was created by summing the number of domains in 
which moderate to severe stress was reported. Possible 
scores ranged from 0 to 5 and were modeled categorically 
in approximate tertiles as high (2 or more), medium (1), and 
low (0; referent).

Endothelial dysfunction

Brachial artery FMD was ascertained via ultrasound in 
MESA participants at baseline.17 Participants were required 
to fast for at least 6 hours prior to undergoing measurement, 
and they were examined in the supine position after 15 min-
utes of rest. An automated sphygmomanometer (Dinamap 
device) was used to monitor blood pressure and pulse in 
the left arm at 5-minute intervals throughout the examina-
tion. A standard blood pressure cuff was positioned around 
the right arm, 2 inches below the antecubital fossa, and the 

artery was imaged 5–9 cm above the antecubital fossa. A lin-
ear-array multifrequency transducer operating at 9 MHz 
(GE Logiq 700 Device) was used to acquire images of the 
right brachial artery. After baseline images were obtained, 
the cuff was inflated to 50 mm Hg above the participant’s 
systolic blood pressure for 5 minutes. Digitized images of 
the right brachial artery were captured continuously for 30 
seconds before cuff inflation and for 2 minutes beginning 
immediately before cuff deflation to document the maxi-
mum vasodilator response.

Although FMD was measured in the majority of MESA 
participants (n = 6489), for cost reasons, only a subset had 
their ultrasound videotapes analyzed as part of a nested 
case–cohort study.17 This subset included a random sam-
ple of MESA participants who had not had a cardiovascular 
event and all participants who had an adjudicated cardiovas-
cular event by 10 October 2005. All analyses were completed 
at the Wake Forest University Cardiology Image Processing 
Laboratory with the use of a previously validated semiauto-
mated system. The semiautomated readings (media-adven-
titial interfaces to media-adventitial interfaces) of these 
digitized images generated the baseline and maximum diam-
eters of the brachial artery. Change in FMD was calculated 
in 2 ways: absolute FMD (mm FMD), defined as maximum 
diameter—baseline diameter, and relative FMD (%FMD), 
calculated as ((maximum diameter − baseline diameter)/
baseline diameter) × 100%. We chose to examine associa-
tions with mm FMD because it is not correlated with base-
line diameter, as can be the case with %FMD.18 However, we 
also included %FMD because it is a commonly used measure 
that has been shown to predict cardiovascular events.17

Intrareader reproducibility for baseline diameter, maxi-
mum diameter, and %FMD was evaluated by comparing an 
original and a blinded quality control reread of ultrasounds 
from 40 MESA participants. The intraclass correlation coef-
ficients were 0.99, 0.99, and 0.93, respectively. Intrasubject 
variability was evaluated by comparing results from repeated 
examinations of 19 subjects on 2  days a week apart. The 
intraclass  correlation coefficients were 0.90 for baseline 
diameter, 0.90 for maximum diameter, and 0.54 for %FMD. 
Percent technical error of measurement was 1.39% for base-
line diameter measurement, 1.47% for maximum diameter 
measurement, and 28.4% for %FMD measurement.

Blood was drawn after a 12-hour fast, and samples were 
stored at −70  °C. Lipids were measured at a central labora-
tory (Collaborative Studies Clinical Laboratory at Fairview 
University Medical Center, Minneapolis, MN). Plasma ICAM-1 
was measured at baseline among 2,621 MESA participants 
using an ELISA assay (Parameter Human sICAM-1; R&D 
Systems, Minneapolis, MN). The coefficient of variation was 
5.0%. Serum E-selectin was measured at baseline for 998 MESA 
participants (Parameter Human sE-selectin Immunoassay; 
R&D Systems; coefficient of variation 5.7–8.8%).

Covariates

We adjusted for several sociodemographic variables 
including age, sex, race or ethnicity (non-Hispanic White, 
non-Hispanic Black, Chinese, or Hispanic), education (cate-
gorized as less than high school, high school graduate, some 
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college, and college or more completed), and income (bro-
ken into quartiles).

We also adjusted for several CVD risk factors explain 
associations of chronic stress with endothelial dysfunction, 
either as mediators or confounders. Waist circumference was 
measured at the umbilicus to the nearest 1 cm. Seated, resting 
blood pressure was measured 3 times at 2-minute intervals 
using an automated oscillometric device with appropriate 
sized cuffs (Dinamap Monitor Pro 100, GE Healthcare). 
Systolic blood pressure and diastolic blood pressure were 
modeled continuously based on the average of the final 2 
readings. Plasma high-density lipoprotein cholesterol and 
total cholesterol were measured by the cholesterol-oxidase 
method and modeled continuously. Use of blood pressure-
lowering and any lipid-lowering medication were each self-
reported. Cigarette smoking was based on self-report and 
categorized as current, former, and never. Physical activ-
ity was assessed using the MESA Typical Week Physical 
Activity Survey, adapted from the Cross-Cultural Activity 
Participation Study.19 Participants were asked to report the 
time and frequency spent in 28 different types of physi-
cal activities during a typical week in the previous month. 
Minutes of each activity were multiplied by the appropriate 
metabolic equivalent level and summed to obtain a compos-
ite score. Physical activity was modeled continuously.

Statistical analysis

Participant characteristics were generated for all study 
covariates separately for those with available data on FMD, 
ICAM-1, and E-selectin. Age- and sex-adjusted mean bra-
chial artery FMD, ICAM-1, and E-selectin levels were esti-
mated by chronic stress categories using linear regression.

Linear regression was used to estimate adjusted mean lev-
els of each measure of endothelial dysfunction by category 
of chronic stress. Model 1 adjusted for age, race/ethnicity, 
sex, education, and income. Model 2 further adjusted for 
waist circumference, systolic blood pressure, diastolic blood 
pressure, antihypertensive medication use, total cholesterol, 
high-density lipoprotein cholesterol, and lipid-lowering 
medication use. Model 3 further adjusted for cigarette smok-
ing and physical activity. Race/ethnicity * chronic stress 
and gender * chronic stress interaction terms were incor-
porated in separate models to test whether associations of 
chronic stress with endothelial dysfunction varied by these 
characteristics. Because the selection of participants for 
FMD readings was not completely random, the inverse of 
the probability of selection was used as weights to account 
for the sampling scheme in the analyses where FMD is the 
outcome. All analyses were conducted using SAS 9.4 (SAS 
Institute, Cary, NC).

RESULTS

Associations did not vary significantly by race/ethnicity 
(P for interaction > 0.3) or sex (P for interaction > 0.2), so 
pooled results are presented. Participant characteristics were 
similar among the study populations for the different mark-
ers of endothelial dysfunction (Table  1). Participants with 

FMD data were slightly older and more likely to be male than 
participants with ICAM-1 data. A larger percentage of FMD 
participants also had high chronic burden scores compared 
with ICAM-1 participants. FMD participants also had lower 
levels of socioeconomic attainment, and they were more 
likely to be racial/ethnic minorities. There were no notable 
differences across the populations in waist circumference, 
blood pressure, or cholesterol.

Participants in the high-stress category had lower age- and 
sex-adjusted mm FMD than those in the low-stress category 
(Figure  1a; 0.169 mm vs. 0.181 mm); findings were similar 
for %FMD (Figure 1b; 4.1% vs. 4.4%). Age- and sex-adjusted 
mean ICAM-1 levels were higher among participants in the 
high-stress category than in the low category (Figure  2a; 
281.3 ng/ml and 266.5 ng/ml, respectively). There was no 
difference in E-selectin for those in the high- vs. low-stress 
category (Figure 2b; 54.9 ng/ml and 55.3 ng/ml).

Chronic stress was associated with mm FMD and 
%FMD in models adjusted for age, sex, race/ethnicity, 
education, and income (Table  2). Mean mm FMD was 
0.169 mm among high-stress participants compared with 
0.179 mm among participants in the low-stress category. 
This remained essentially unchanged with further adjust-
ment for traditional CVD risk factors. Mean %FMD was 
4.1% among those in the high-stress category compared 
with 4.4% in the low-stress category in sociodemographic-
adjusted models. These estimates were similar with further 
adjustment for risk factors, but they were no longer statisti-
cally significant.

Participants in the high-stress category had an adjusted 
mean ICAM-1 level of 272.0 compared with 270.4 in the 
medium stress category, and 261.6 in the low-stress category 
(Table 3; P for trend = 0.003). Findings were similar for mod-
els further adjusted for waist circumference, blood pressure, 
and cholesterol but were attenuated with further adjustment 
for physical activity and cigarette smoking. Cigarette smok-
ing was strongly associated with ICAM-1; adjustment for 
smoking attenuated the relationship between chronic stress 
and ICAM-1 even without physical activity in the model. 
Chronic stress was not associated with E-selectin.

DISCUSSION

In this multiethnic study of middle- and older-age adults, 
we found evidence suggesting chronic stress is associated 
with poorer endothelial function. Chronic stress was asso-
ciated with lower FMD independent of sociodemographic 
characteristics. Effect estimates were similar with further 
adjustment for blood pressure, waist circumference, and 
cholesterol, but associations were no longer statistically 
significant for %FMD. Chronic stress was associated with 
ICAM-1 but not E-selectin, and associations with ICAM-1 
were explained by cigarette smoking status.

Few studies have examined associations of chronic stress 
with markers of endothelial dysfunction, and findings are 
mixed. In contrast to our findings, a study of discrimination 
and E-selectin found men who experience 3 or more instances 
of major discrimination and more chronic exposure to eve-
ryday discrimination had higher E-selectin levels than men 
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Figure 1.  Age- and sex-adjusted mean levels of (a) FMD change in diameter and (b) FMD percent dilation by category of chronic stress. Abbreviation: 
FMD, flow-mediated dilation.

who experienced fewer or no instances of discrimination. 
However, they found no association in women.10 A study of 
work stress and endothelial function found no association 
between job strain and %FMD in adjusted models.20 Two 
studies have examined FMD in caregivers. Both showed those 

who had been caregivers longer had lower FMD,11,12 but those 
who reported feeling overloaded in their roles as caregivers 
only had significantly lower FMD in one of the studies.11 The 
diverse ways in which stress was measured across these studies 
make it difficult to compare their findings with ours, but the 

Table 1.  Selected characteristics for participants with data on FMD, ICAM-1, and E-selectin

FMD (n = 2,963) ICAM-1 (n = 2,523) E-selectin (n = 971)

Chronic burden, %

  High 21.7 25.2 23.5

  Medium 27.9 27.9 29.3

  Low 50.4 46.9 47.3

Age, mean years (SD) 61.8 (13.6) 59.4 (9.7) 59.3 (9.8)

Sex, % male 47.0 44.0 42.7

Education, % <HS 17.9 16.6 16.7

Family income, % <$15,999 18.1 15.7 14.1

Race/ethnicity, %

  Black 23.0 18.1 20.8

  Chinese 14.3 12.0 9.9

  Hispanic 25.9 22.0 23.1

  White 36.8 47.9 46.2

Systolic BP, mean mm Hg (SD) 125.2 (27.2) 124.5 (21.0) 123.8 (20.9)

Diastolic BP, mean mm Hg (SD) 71.6 (13.8) 71.8 (10.3) 71.3 (10.2)

Waist circumference, mean cm (SD) 97.8 (19.4) 97.8 (14.8) 97.9 (14.7)

Total cholesterol, mean mg/dl (SD) 194.7 (48.7) 196.7 (36.3) 195.2 (35.0)

HDL cholesterol, mean mg/dl (SD) 50.9 (19.9) 51.8 (15.2) 51.1 (14.5)

Cigarette smoking, %

  Never 51.4 50.6 50.5

  Former 35.8 35.3 34.1

  Current 12.8 14.1 15.5

Physical activity, mean MET-hour/week (SD) 25.4 (49.6) 24.7 (36.4) 25.8 (41.3)

Abbreviations: BP, blood pressure; FMD, flow-mediated dilation; ICAM-1, intercellular adhesion molecule-1; HDL, high-density lipoprotein; 
HS, high school; MET, metabolic equivalent.
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Figure 2.  Age- and sex-adjusted mean levels of (a) ICAM-1 and (b) E-selectin by category of chronic stress. Abbreviation: ICAM-1, intercellular adhesion 
molecule-1.

Table 2.  Adjusted mean FMD change in diameter (mm FMD) and FMD percent dilation (%FMD) and SE by category of chronic stress

mm FMD %FMD

Model 1a Model 2b Model 3c Model 1a Model 2b Model 3c

High 0.169 (0.004) 0.169 (0.004) 0.169 (0.004) 4.1 (0.1) 4.1 (0.1) 4.1 (0.1)

Medium 0.178 (0.004) 0.178 (0.004) 0.179 (0.004) 4.3 (0.09) 4.3 (0.09) 4.3 (0.09)

Low 0.179 (0.003) 0.180 (0.003) 0.180 (0.003) 4.4 (0.07) 4.4 (0.07) 4.4 (0.07)

P value for trend 0.04 0.04 0.04 0.04 0.06 0.05

Abbreviations: FMD, flow-mediated dilation; HDL, high-density lipoprotein; mm FMD, absolute FMD; %FMD, relative FMD.
aAdjusted for age, sex, race/ethnicity, education, and income.
bAdjusted for age, sex, race/ethnicity, education, income, waist circumference, systolic blood pressure, diastolic blood pressure, total choles-

terol, HDL cholesterol, antihypertensive medication use, and lipid-lowering medication use.
cAdjusted for model 2 covariates, physical activity, and cigarette smoking.

inconsistencies suggest the contributions of different sources 
of stress to endothelial dysfunction is in need of further study.

A major strength of our study is that we were able to include 
multiple markers of endothelial dysfunction. Our findings 
for ICAM-1 were consistent with our findings for FMD, 
but not for E-selectin. There are multiple potential explana-
tions for the different findings by marker of endothelial dys-
function. The smaller sample size for E-selectin may have 
reduced our power to detect differences by chronic burden 

category. Alternatively, the different findings may be indica-
tive of the way in which chronic stress impacts endothelial 
dysfunction. Although E-selectin and ICAM-1 are both cell 
adhesion molecules, E-selectin is uniquely expressed by 
endothelial cells, while ICAM-1 is expressed on multiple 
cell types. Thus, it is possible that our measure of chronic 
stress is more strongly associated with nonspecific endothe-
lial damage that leads to dysfunction. Cigarette smoking 
was strongly associated with ICAM-1 and E-selectin, but 

Table 3.  Adjusted mean ICAM-1 (ng/ml) and E-selectin (ng/ml) and SE by category of chronic stress

ICAM-1 E-selectin

Model 1a Model 2b Model 3c Model 1a Model 2b Model 3c

High 272.0 (3.2) 271.5 (3.2) 280.7 (3.2) 56.7 (1.7) 56.5 (1.7) 57.9 (1.7)

Medium 270.4 (3.1) 270.8 (3.0) 280.7 (3.0) 56.9 (1.6) 57.1 (1.6) 58.6 (1.6)

Low 261.6 (2.3) 262.0 (2.3) 273.1 (2.4) 57.1 (1.2) 57.9 (1.2) 59.8 (1.3)

P value for trend 0.003 0.005 0.08 0.83 0.46 0.30

Abbreviations: HDL, high-density lipoprotein; ICAM-1, intercellular adhesion molecule-1.
aAdjusted for age, sex, race/ethnicity, education, and income.
bAdjusted model 1 covariates, waist circumference, systolic blood pressure, diastolic blood pressure, total cholesterol, HDL cholesterol, anti-

hypertensive medication use, and lipid-lowering medication use.
cAdjusted for model 2 covariates, physical activity, and cigarette smoking.
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unassociated with FMD, which may explain why adjusting 
for cigarette smoking attenuated the relationship between 
stress and ICAM-1 but not between stress and FMD.

This study has several strengths and limitations. The large 
sample size and well-measured exposure and outcome are 
the key strengths of this study. Chronic stress was assessed by 
not only asking about ongoing problems but also having par-
ticipants appraise the extent to which those experiences were 
stressful. In addition, brachial artery FMD is a direct measure 
of endothelial dysfunction, and the assessment of both abso-
lute and relative changes further strengthens our study. A key 
limitation of our study is the cross-sectional design, which pre-
cludes us from being able to establish causality or the tempo-
ral ordering of the relationship between stress and endothelial 
dysfunction. However, since FMD, ICAM-1, and E-selectin 
are all subclinical markers of endothelial dysfunction, it is less 
likely that levels of any of these markers would cause high lev-
els of chronic stress. In addition, the dependency of %FMD 
on baseline artery diameter, along with the higher intraindi-
vidual variability of %FMD compared with baseline and maxi-
mum diameter described in the Methods section, may provide 
biased estimates of endothelial dysfunction.18 However, the 
general consistency in our findings for mm FMD and %FMD 
suggest this potential bias may be small in this case.

In summary, examining the relationship between chronic 
stress and endothelial dysfunction may provide important 
mechanistic insights into the role of stress in CVD risk. Our 
findings provide further evidence supporting physiologic 
wear-and-tear due to repeated activation of the sympathetic 
nervous system as a key contributor to stress-associated 
increased CVD risk. A better understanding of these path-
ways linking stress to CVD risk could help support the design 
of more effective interventions that target stress and stress 
coping behaviors in addition to more traditional approaches.
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