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Background: Endothelial dysfunction is associated with common risk factors for AF and 
has been implicated in the pathophysiology of atrial fibrillation (AF) through a variety of 
mechanisms. We determined the prospective association of brachial flow-mediated dilation 
(FMD) with incident AF among older adults.
Methods: We included 2027 Cardiovascular Health Study participants (mean age=78.3 
years, male=39%, Black=17%) who underwent brachial FMD measurement at the 1997 to 
1998 clinic visit. Incident AF was ascertained by study electrocardiograms, hospital dis-
charge diagnosis coding and Medicare claims data. Cox regression models were used to 
examine the association between FMD and incident AF.
Results: We identified 754 incident of AF cases (37%) over a median follow-up of 11.0 
years. After adjusting for age, sex, race, height, weight, cardiovascular disease, cigarette 
smoking, hypertension, diabetes, kidney function, c-reactive protein, physical activity, alco-
hol consumption, and statins, the risk of AF did not differ according to brachial FMD 
response (4th vs 1st quartile hazard ratio (HR)=1.01, 95% confidence interval (CI): 0.81, 
1.26; per FMD unit increment HR=1.01, 95% CI: 0.97, 1.05).
Conclusion: We found no relationship between brachial FMD and the risk of developing 
AF in this elderly cohort. Our findings suggest that the utility of brachial FMD as a risk 
marker for AF in older individuals is minimal.
Keywords: atrial fibrillation, arrhythmia, endothelium, flow-mediated dilation, subclinical 
disease

Background
Atrial fibrillation (AF) is the most commonly presenting cardiac arrhythmia in 
clinical practice. While only 2% of people younger than age 65 are estimated to 
have AF, both the prevalence and incidence of AF increase sharply after 65 years of 
age and more than 10% of patients aged at least 85 years have AF.1,2 A better 
understanding of AF disease mechanisms and identification of additional risk 
factors in older age are important.

Arterial flow-mediated dilation (FMD) is an indirect measure of endothelial 
nitric oxide (NO) release and, when impaired, is representative of underlying 
vascular endothelial dysfunction.3 Endothelial dysfunction is associated with com-
mon AF risk factors, including diabetes mellitus, hypertension, and smoking, 
presumably through mechanisms related to impaired NO release.4–7 In each of 
these studies, a significant difference was noted in the brachial FMD response for 
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patients with each of these comorbidities compared to 
controls. In the case of smoking, a dose-related phenom-
enon was also observed in that total pack-years smoked 
was inversely related to brachial FMD response.6

Endothelial dysfunction has also been directly asso-
ciated with the development of AF.8,9 In an analysis of 
2936 Multi-Ethnic Study of Atherosclerosis (MESA) par-
ticipants, 137 of whom developed AF over a median fol-
low-up period of 8.5 years, each standard deviation 
increase in brachial FMD response was associated with 
a 16% reduced risk of AF.8 A similar analysis was per-
formed in the 3921 Framingham Heart Study participants, 
270 of whom developed AF over a median follow-up 
period of 7.1 years.9 In this study, a 21% reduced risk of 
AF was observed with each standard deviation increase in 
brachial FMD response.9

Participants from both of these studies were relatively 
young (mean age=61 years) with a lower prevalence of 
important AF risk factors. Considering that older age is 
independently associated with a diminished brachial FMD 
response and that much of the AF risk is explained by 
older age and known risk factors, it is important to deter-
mine whether the relationship between brachial FMD and 
incident AF persists in an older population.10 We deter-
mined the association of brachial FMD with the risk of 
developing AF in a population-based cohort of older 
adults.

Methods
Study Participants
The Cardiovascular Health Study (CHS) recruited 5888 
participants in 2 waves (1989–1990 and 1992–1993) 
from four US field centers.11 In 1997–1998, 2791 of 
these participants underwent brachial artery ultrasound 
measurements. This was considered the baseline visit for 
the analysis. The study was approved by the institutional 
review board at each field center (Sacramento County, 
Sacramento, CA – University of California, Davis; 
Washington County, Hagerstown, MD – Johns Hopkins 
University; Forsyth County, Winston-Salem, NC – Wake 
Forest University School of Medicine; Pittsburgh, PA – 
University of Pittsburgh) and was performed in accordance 
with the principles of the Declaration of Helsinki. All 
participants provided written informed consent.

We excluded 400 participants who had a history of AF 
at the time of measurement and another 195 participants 
with a pacemaker at baseline or who reported either 

digoxin or anti-arrhythmic drug use at any time prior to 
1997–1998 due to the concern for suspected AF. We 
additionally excluded 169 participants who were missing 
either covariate or follow-up data.

Brachial Flow-Mediated Dilation (FMD)
The CHS scanning and reading protocol for brachial FMD 
has been previously published.12,13 Sonographers under-
went centralized training in brachial FMD measurement at 
Wake Forest University School of Medicine and were 
deemed proficient after performing at least 20 acceptable 
scans on volunteers.

Participants were instructed to avoid caffeine, cigar-
ettes or food for at least 8 h prior to the examination. All 
the examinations took place at approximately the same 
time (morning) in a room with an ambient temperature 
of 72 degrees Fahrenheit. After 15 minutes of rest in the 
fasting state, participants were examined in the supine 
position. The left arm was used for pulse and automated 
blood pressure monitoring at 5-minute intervals through-
out the examination. A standard pediatric cuff was posi-
tioned around the right arm, 5 cm below the antecubital 
fossa. Right brachial artery images were captured using 
a 10-MHz Biosound Phase 2 ultrasound system (Biosound 
Esaote, Indianapolis, Ind). Baseline images of the right 
brachial artery were obtained for 2 minutes. Occlusion of 
the right brachial artery was then performed by inflating 
the pediatric cuff to 50 mm Hg above the participant’s 
systolic blood pressure and this was maintained for 4 
minutes. Images of the right brachial artery were captured 
continuously for 2 minutes after cuff deflation. Images of 
the brachial artery diameters were captured in diastole 
(gated with ECG R wave). Videotapes of the acquired 
images of the brachial artery were analyzed at the Wake 
Forest University Cardiology Image Processing 
Laboratory with a previously validated semiautomated 
system. The semiautomated readings (media-adventitial 
interfaces to media-adventitial interfaces) of these digi-
tized images generated the baseline and maximum dia-
meters of the brachial artery from which %FMD was 
computed. %FMD was computed with the formula:

maximum diameter � baseline diameter
baseline diameter

� �

x100% 

Correlations for repeated measures of baseline dia-
meter, maximum diameter, and %FMD were performed 
in 80 CHS participants scanned on 2 separate occasions 
more than 2 weeks apart and values were 0.94, 0.94, and 
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0.67, respectively.12 The reproducibility of the method was 
evaluated in 127 CHS participants based on two separate 
examinations less than 1 week apart. The mean±SD dif-
ference in percent change in diameter (brachial FMD) was 
0.02±1.54%, and R2 was 0.7.14

Atrial Fibrillation
AF was identified from three sources: (1) ECGs obtained 
yearly at study examinations through 1998–1999 and 
interpreted by the EPICARE ECG reading center;15 (2) 
hospital discharge diagnoses with ICD-9 codes for AF or 
atrial flutter (427.31, 427.32) found through CHS hospita-
lization surveillance or Medicare claims data, excluding 
diagnoses assigned during the same hospitalization as cor-
onary artery bypass or heart valve surgery, and (3) out-
patient or physician service claims from Medicare data for 
AF or atrial flutter. AF was ascertained through 
December 2014. Participants were followed until the 
development of AF, death, or the end of the follow-up 
period, whichever came first.

Covariates
All variables were assessed at the time of FMD measure-
ment, unless otherwise specified. Age, gender, race, smok-
ing status (never, former, current), alcohol consumption, 
medication use (anti-hypertensive, including angiotensin- 
converting enzyme inhibitors and angiotensin receptor 
blockers, and statin use) and physical activity (kcals, mea-
sured 1996–1997) were obtained by self-report. Blood 
pressure, height (measured 1996–1997), and weight were 
directly measured by trained staff. C-reactive protein 
(CRP), fasting glucose, estimated glomerular filtration 
rate by cystatin C (eGFR), and NT-proBNP were all 
determined from serum samples taken in 1996–1997. 
Coronary heart disease (CHD), heart failure (HF), periph-
eral artery disease (PAD), and stroke were confirmed by 
physician adjudication.

Statistical Analysis
We described baseline characteristics across FMD 
response quartiles by mean (standard deviation) for con-
tinuous variables and N (%) for categorical variables. We 
calculated AF incidence rates by FMD response quartiles. 
We used Cox regression models to examine the association 
between FMD (both as a continuous variable and by 
quartiles) and incident AF. In the first model, we adjusted 
for age, sex, race, and clinic site. In the second, we 
adjusted for the above and height, weight, CHD, HF, 

cigarette smoking, SBP, DBP, anti-hypertension medica-
tion use, diabetes, eGFR, CRP, physical activity, alcohol 
consumption, and statin use. We also repeated this analysis 
excluding participants either with baseline CVD (CHD, 
PAD, or stroke at the time of FMD measurement) both 
using the original models and additionally adjusting for 
incident CHD, PAD, and stroke during follow-up. Finally, 
because baseline brachial artery diameter was previously 
demonstrated to have the same prognostic accuracy as 
brachial FMD for CVD risk in this cohort, we repeated 
the above analysis to evaluate its relationship with AF as 
well.16 STATA version 12.1 was used for all analyses.

Results
A total of 2027 participants (mean age=78.3 years, 
male=39%, Black=17%) were included in the analysis and 
followed for a median duration of 11.0 years and a maximum 
duration of 17.5 years. Baseline characteristics according to 
brachial FMD response quartiles are shown in Table 1. We 
identified 754 incident cases of AF. Kaplan–Meier curves for 
the cumulative incidence of AF based on FMD response 
quartiles are shown in Figure 1. Compared to participants 
in the lowest quartile of brachial FMD, those in higher 
quartiles were not at a significantly reduced risk of incident 
AF (Table 2). Excluding participants with either baseline 
CVD did not meaningfully change the results (Table 3). 
Results were also similar when analyses were time-updated 
for incident CHD, PAD, or stroke during follow-up (Table 3). 
Baseline brachial artery diameter also showed no association 
with AF risk (adjusted hazard ratio per FMD unit incre-
ment=0.93, 95% confidence interval: 0.83, 1.04).

Discussion
We found no association of brachial FMD with the risk of 
incident AF amongst a population of older adults. Prior 
studies reporting a relationship between endothelial dys-
function and AF included substantially younger patient 
populations.8,9

Endothelial dysfunction has previously been implicated 
in the pathophysiology of AF through a variety of mechan-
isms. Dysfunctional endothelium downregulates NO and 
upregulates adhesion molecules, leading to increased 
levels of inflammation and oxidative stress. NO has been 
shown to reduce electrical activity in cardiomyocytes iso-
lated from the pulmonary vein and decreased levels may 
increase AF susceptibility.17 Increased inflammation can 
result in more atrial ectopy discharging from cells near the 
pulmonary veins.18,19 Finally, the generation of reactive 
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Table 1 Baseline Characteristics of All CHS Participants According to Brachial FMD Response (n=2027)*

Characteristics Brachial FMD Percentage Change

Quartile 1 Quartile 2 Quartile 3 Quartile 4

(<1.9) (1.9–2.8) (2.9–4) (>4)

Age, years (SD) 78.6 (4.5) 78.6 (4.5) 78.2 (4.2) 78.0 (4.0)

Male, % 246 (50.9) 225 (42.9) 180 (36.4) 144 (27.5)

Black, % 125 (25.9) 99 (18.9) 68 (13.7) 59 (11.3)

Height, cm (SD) 165 (9.5) 164 (9.5) 163 (9.4) 162 (9.0)

Weight, lbs (SD) 167 (31.7) 162 (30.0) 159 (32.5) 155 (30.9)

Systolic blood pressure, mmHg (SD) 134 (20.7) 132 (19.7) 131 (19.1) 132 (19.7)

Diastolic blood pressure, mmHg (SD) 67 (10.7) 68 (10.3) 66 (10.8) 67 (10.0)

Diabetes, % 90 (18.6) 91 (17.3) 82 (16.6) 76 (14.5)

eGFR, mL/min/1.73 m2 (SD) 71.4 (18.6) 73.4 (20.0) 72.6 (18.3) 75.3 (16.7)

Smoking status, %

Never 183 (37.9) 212 (40.4) 204 (41.2) 206 (39.3)

Former 266 (55.1) 278 (53.0) 250 (50.5) 281 (53.6)

Current 34 (7.0) 35 (6.7) 41 (8.3) 37 (7.1)

Alcohol use, drinks/week (SD) 2.3 (5.7) 2.1 (5.4) 2.2 (6.6) 2.2 (6.1)

Prevalent CHD, % 116 (24.0) 109 (20.8) 79 (16.0) 82 (15.6)

Prevalent PAD, % 13 (2.7) 10 (1.9) 12 (2.4) 10 (1.9)

Prevalent stroke, % 20 (4.1) 17 (3.2) 30 (6.1) 25 (4.8)

Heart failure, % 30 (6.2) 19 (3.6) 16 (3.2) 15 (2.9)

Anti-hypertensive use, % 300 (62.1) 301 (57.3) 278 (56.2) 243 (46.4)

ACEI use, % 89 (18.4) 64 (12.2) 66 (13.3) 47 (9.0)

ARB use, % 10 (2.1) 8 (1.5) 15 (3.0) 10 (1.9)

Physical activity, kcals/week (SD) 1445 (1803) 1431 (1809) 1315 (1612) 1349 (1708)

C-reactive protein, mg/dl (SD) 3.9 (4.5) 4.9 (8.7) 4.7 (9.0) 4.4 (6.3)

Baseline brachial artery diameter, mm (SD) 4.9 (0.8) 4.6 (0.8) 4.4 (0.8) 4.1 (0.8)

Percent FMD response 1.2 (0.5) 2.4 (0.3) 3.4 (0.3) 5.7 (1.5)

Statin use, % 78 (16.1) 59 (11.2) 53 (10.7) 81 (15.5)

Incident CHD, %† 116 (24.0) 109 (20.8) 79 (16.0) 82 (15.6)

Incident PAD, %† 17 (3.6) 14 (2.7) 13 (2.7) 10 (1.9)

Incident stroke, %† 41 (8.9) 51 (10.0) 33 (7.1) 46 (9.2)

Notes: *Continuous variables are expressed as mean (SD). Categorical variables are N (percent). †Participants with baseline CHD, PAD or stroke were not included in the 
percentage calculation. 
Abbreviations: ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; CHD, coronary heart disease; FMD, flow-mediated dilation; eGFR, 
estimated glomerular filtration rate; PAD, peripheral artery disease.
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oxygen species and oxidative injury as a result of 
increased oxidative stress has been reported to precede 
the electrophysiological remodeling observed in AF.20

Since much of the AF risk can be explained by age and 
clinical risk factors, it was important to determine whether 
the relationship between brachial FMD and incident AF 
persists in an older population. Results from two prior 
prospective population-based studies both report 
a significant inverse relationship between brachial FMD 
and incident AF risk.8,9 There are key differences in the 
study participant baseline characteristics between the cur-
rent and prior studies, however, that may help to explain 
the discrepant findings. Participants from both of these 
prior studies were much younger (mean age of 61 years 
compared to 78 years). Additionally, participants from 
these earlier studies had a much lower prevalence of 
primary AF risk factors. The prevalence of anti- 
hypertensive medication use, diabetes, and smoking his-
tory in these studies were 29–34%, 9–13%, and 46% 
(MESA study only) respectively. This compared to 55%, 

18%, and 60% in the current study.8,9 Finally, nearly 20% 
of CHS participants had established CHD compared to 
none in MESA and less than 5% in the Framingham 
Heart Study (only prevalent MI reported). Although cor-
onary artery calcification was not available in CHS, it is 
likely that participants had a much higher subclinical 
atherosclerotic disease burden compared to those in earlier 
studies. Older age, traditional risk factors, and coronary 
artery disease are the strongest known risk factors for AF 
development.15,21–23 Considering the increased presence 
of each of these factors in our study population and their 
long-term impact on AF development, it is possible that 
the ability to evaluate the association of brachial FMD 
with AF in this setting was markedly reduced.

The average age of our study population being nearly 
80 years old is important to recognize also because 
brachial FMD response diminishes with older age.23 In 
a small study brachial FMD response was 50–60% lower 
in 60 to 79 years-old women compared with 20 to 30 
years-old women (8.1% vs 15.8%).24 Similarly, in a study 
of 36 healthy men, brachial FMD response was 30% 
lower in middle-aged men compared to young men 
(6.4% vs 8.7%).25 The utility of brachial FMD as a risk 
marker for AF in older individuals may be insignificant 
because the brachial FMD response is already poor by 
this time.

The degree of arterial stiffness that was likely present 
in the study participants may have also contributed to the 
lack of association seen here. The average diastolic blood 
and pulse pressures for the study participants were nearly 
identical (~65–70 mmHg), suggesting the presence of 
increased arterial stiffness, which is known to worsen 
with advancing age. A strong inverse correlation has 
been demonstrated between arterial stiffness measures 
and brachial FMD regardless of age or cardiovascular 

Figure 1 Kaplan–Meier of AF-free survival by baseline FMD quartiles. 
Abbreviations: AF, atrial fibrillation; FMD, flow-mediated dilation.

Table 2 Association of Brachial FMD with Incident Atrial Fibrillation (n=2027)

n/N (%) AF/Total Incidence Rate (/100 Person-Years) Model 1* HR  
(95% CI)

Model 2† HR  
(95% CI)

% FMD

1st quartile (<1.9) 171/483 (35.4) 3.91 1 (referent) 1 (referent)
2nd quartile (1.9–2.8) 190/525 (36.2) 4.01 0.97 (0.79, 1.20) 1.00 (0.81, 1.23)

3rd quartile (2.9–4) 205/495 (41.4) 4.50 1.09 (0.89, 1.35) 1.15 (0.93, 1.42)

4th quartile (>4) 188/524 (35.9) 3.78 0.92 (0.74, 1.14) 1.01 (0.81, 1.26)
Per FMD unit increment 754/2027 (37.2) 0.99 (0.95, 1.03) 1.01 (0.97, 1.05)

Notes: *Model 1 adjusted for age, sex, race, and clinic site. †Model 2 adjusted for Model 1 + height, weight, coronary heart disease, congestive heart failure, cigarette 
smoking, SBP, DBP, use of anti-hypertensive medication, statin use, diabetes, eGFR, CRP, physical activity, and alcohol consumption. 
Abbreviations: AF, atrial fibrillation; FMD, flow-mediated dilation; HR, hazard ratio; CI, confidence interval.
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disease status.26–28 In one such study of 262 never-treated 
hypertensive patients between 30 and 55 years of age, each 
mmHg increment in pulse pressure was associated with an 
8.7% decrease in FMD response.26 The reduction in shear 
stress seen with elevations in pulse pressure may be 
a primary contributing factor to FMD impairment by 
increasing oxidative stress and reducing the production 
of nitric oxide.26 Therefore, the level of arterial stiffness 
already present may have played a role in the reduced 
range of FMD response seen in this population.

Our study has limitations. Our method for AF detec-
tion was not able to distinguish amongst AF subtypes 
and the overall sensitivity for capturing cases of parox-
ysmal AF, especially those that are asymptomatic, was 
likely reduced. The study population was comprised of 
older, predominantly white individuals and findings can-
not be generalized to younger and/or non-white popula-
tions. The duration or severity of adjusted risk factors 
was not available. Arterial stiffness measures were not 
available in this cohort and correlations with brachial 
FMD response could not be performed. Individuals with 
chronic inflammation such as autoimmune diseases, 
infectious diseases or active cancer were not excluded; 
however, doing so would likely only move results more 
towards the null. Finally, certain baseline covariates 
were measured from an earlier clinic visit.

Conclusion
In conclusion, we found no relationship between brachial 
FMD and the risk of developing AF in this older cohort.

Abbreviations
AF, atrial fibrillation; CHD, coronary heart disease; 
CHS, Cardiovascular Health Study; CRP, c-reactive pro-
tein; CVD, cardiovascular disease; eGFR, estimated 

glomerular filtration rate; FMD, flow-mediated dilation; 
HF, heart failure; MESA, Multi-Ethnic Study of 
Atherosclerosis; NO, nitric oxide; PAD, peripheral 
artery disease.
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