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1 | INTRODUCTION

Arterial stiffness is caused by a loss of the capacity of elastic arteries to

stretch and increase arterial diameter in response to changes in blood

| Adam Gepner MD? | James H.Stein MD? |
Chia-Ying LiuPhD* | Philip Greenland MD"
Abstract

Majority of previous studies showed no association between a single health behavior
and arterial stiffness, but the benefit of simultaneously having multiple healthy behav-
iors (optimal lifestyle) on the progression of arterial stiffness is unknown. Among 2810
individuals (age 60.0 + 9.4,46.5% male), optimal lifestyle marker (yes/no) on four health
behaviors (ie, BMI < 25 kg/m?, never or former smoker, never or moderate drinker,
exercised > 500 METS min/week) across four visits (~ 5 years) were summed to cre-
ate an optimal lifestyle score. Carotid arterial stiffness was measured using distensi-
bility coefficient (DC) and Young's elastic modulus (YEM) at visit 1 and after a mean
of 9.5 years (visit 5). The association of optimal lifestyle with 10-year percent change
in DC and YEM was assessed using multiple linear regression. DC decreased by 5.3%
and YEM increased by 24.4% over 10 years. Mean optimal lifestyle score was 9.4 + 3.1
(range: 0-16). Individuals in quintiles 2-5 of optimal lifestyle score compared to quin-
tile 1 (with the least optimal lifestyle score) did not show slower deceleration of DC
[Q2, —0.3% (95% Cl: —6.0, 5.4); Q3, —0.01% (—4.5, 4.5); Q4, —0.6% (-5.2, 3.9); Q5,
—0.4% (—5.3, 4.4)], trend p-value = .82] or slower progression of YEM [Q2,0.1% (—7.1,
7.3); Q3, —0.8% (—8.0, 6.5); Q4, 4.5% (—2.3, 11.3); Q5, —0.2% (—8.3, 7.9)], trend p-
value = .49] after adjusting for risk factors. The association remained non-significant
when stratified by categories of age, sex, race, BP control, and diabetes. Our findings
indicate that optimal score on multiple health behaviors may not independently slow
arterial stiffness progression.
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pressure (BP).12 Greater arterial stiffness is an independent predictor
of cardiovascular events, chronic kidney disease (CKD), and all-cause
mortality.3~> Aging and elevated BP are major risk factors for arterial

stiffness.6=8
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Healthy lifestyle habits such as regularly exercising, avoiding
tobacco smoking and alcoholic beverages, and maintaining opti-
mal body weight were associated with anti-oxidative and anti-
inflammatory effects, reduced pro-inflammatory cytokines, and
production of nitric oxide within vascular endothelium.”-1? These
physiological signals may reduce structural changes within the arte-
rial wall such as fragmentation of elastin, deposition of collagen,
and smooth muscle proliferation which are precursors of arterial
stiffness.” Despite these favorable effects on the artery, individual
health behavior have not been consistently associated with arterial
stiffness.20-23 |n a systematic review of 77 studies?® and meta-analysis
of 41 randomized controlled trials, 2! the majority of studies (> 80%)
found no association of arterial stiffness with smoking, body mass
index (BMI) and aerobic exercise. Whether simultaneously maintaining
favorable scores on multiple health behaviors (optimal lifestyle) slow
the progression of arterial stiffness is unknown.

The objective of this study was to investigate the association
between long-term (~ 5 years) optimal lifestyle (ie, BMI < 25 kg/m2,
never smoker or quit smoking >12 months ago, never or moderate
drinker, and exercised > 500 METS -/week) and 10-year progression
of arterial stiffness.

2 | MATERIALS AND METHODS

2.1 | Study design and participants

The Multi-Ethnic Study of Atherosclerosis (MESA) is a population
based longitudinal study of risk factors for subclinical and clinical car-
diovascular diseases (CVD).2* In the MESA, 6814 men and women aged
44-84 years and free of cardiovascular events were recruited between
July 2000 and August 2002 (visit 1, baseline) from 6 centers across the
United States (Baltimore, Maryland; Chicago, IL; Forsyth County, NC,
USA; Los Angeles County, CA, USA; Northern Manhattan, NY, USA; and
St. Paul, MN, USA). The study protocol was approved by the institu-
tional review boards at each field center, and written informed consent
was obtained from all participants. Follow up examinations were con-
ducted between September 2002 and February 2004 (visit 2), March
2004 and September 2005 (visit 3), September 2005 and May 2007
(visit 4), and April 2010 and December 2011 (visit 5). Participants were
included in the current analysis if they had ultrasonography of the com-
mon carotid artery at visits 1 and 5 and a non-missing value for lifestyle

factors and covariates.

2.2 | Carotid artery stiffness

Ultrasound images of the right common carotid artery, approximately
1 cm below the carotid bulb, were obtained using a Logiq 700 ultra-
sound system (General Electric Medical Systems, transducer frequency
13 MHz) at visits1 and 5. Images were digitized at high resolution
using a Medical Digital Recording device (PACSGEAR, Pleasanton, CA,

USA). Immediately before obtaining ultrasound images, supine brachial

BP was measured using a standardized protocol with an automated
upper arm sphygmomanometer (DINAMAP, GE Medical Systems, Mil-
waukee, WI, USA) after participants rested for 10 min in supine
position. These BP measurements were used to calculate brachial
artery pulse pressure (AP) in the calculation of arterial stiffness
indicators.

Carotid artery systolic and diastolic diameters were determined by
the largest and smallest diameters during the cardiac cycle. Three mea-
surements from three consecutive cardiac cycles were taken to derive
mean internal diameter at peak systole (Dy) and end-diastole (Dg), and
external (D) diameters at end-diastole. Ninety percent of the read-
ings were performed by two different readers. Inter-reader reliabil-
ity was excellent with intra-class correlation 0.998 for internal end-
diastolic diameter, 0.98 for vessel wall thickness, and 0.85 for delta
diameter (peak systolic internal diameter minus internal end-diastolic
diameter).2> Intra-reader reliability test was performed on 25 repre-
sentative images. Reproducibility was excellent with intra-class corre-
lation of 0.99 for internal end-diastolic diameter, 0.92 for vessel wall
thickness, and 0.87 for delta diameter (peak systolic internal diame-
ter minus internal end-diastolic diameter).2> Using formulas recom-
mended by expert consensus, 26 carotid artery distensibility coefficient
(DC) was calculated as (Ds2-Dg42)/(AP*D24) and Young’s elastic modu-
lus (YEM) as 3(1+(D?4/(D2, — D2))l/DC. Ten-year percent changes in
DC and YEM scores were calculated as [(visit5 - visit1)/|visit 1|]*100.
DC and YEM are inversely related, and arterial stiffness corresponds to

a higher score on YEM and a lower score on DC.

2.3 | Optimal lifestyle

BMI was calculated as weight (measured by a calibrated scale to the
nearest 0.5 kg) in kilograms divided by height (measured by a stadiome-
ter to the nearest 0.1 cm) in meters squared and optimal BMI was
defined as a score of < 25 kg/m2.2” Smoking status was classified as
never (smoked < 100 cigarettes per lifetime), former (smoked > 100
cigarettes, but stopped for >1 year prior to examination visit), or cur-
rent smoker (smoked > 100 cigarettes per lifetime and still smokes
or quit < 1 years prior to examination visit). Participants who never
smoked or quit smoking >12 months ago were considered as hav-
ing optimal smoking status.?’ Self-reported frequency and duration of
participation in nine different activities during a typical week in the
past month were used to calculate total Metabolic Equivalent of Task
(MET) minutes per week for moderate-vigorous activities and a score
of >500 MET min/week was considered optimal physical activity.2
Participants were asked, “Have you ever consumed alcoholic bever-
ages?” “Do you presently drink alcoholic beverages?” and “number of
drinks of drinks per week”. Optimal alcohol consumption was defined
as never or moderate alcohol consumption (ie, <14 drinks/week for
men and <7 drinks/week for women). Number of optimal lifestyle indi-
cator (yes/no) on four health behaviors (ie, BMI < 25 kg/mZ, never
or former smoker, never or moderate drinker, exercised > 500 METS
min/week) across visits 1-4 were summed to create an overall optimal

lifestyle score (ranged 0-16).
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2.4 | Statistical analysis

Multiple imputation using chained equations with 50 repetitions was
used to impute missing values on adjusted covariates. In a multiple lin-
ear regression, we evaluated the association between quintiles of over-
all optimal lifestyle score and 10-year change in carotid artery DC and
YEM using quintile 1 (least healthy) as a reference group. Trend tests
were performed by including quintile of optimal lifestyle as a continu-
ous ordinal variable. We also examined the association between opti-
mal score of each individual health behavior across visits 1-4 and 10-
year change in DC and YEM using participants with optimal score of
zero (ie, no optimal score for individual health behavior across all visits
1-4) as a reference group. Our analysis was weighted by inverse prob-
ability of being a participant in this study because individuals included
in our analysis were younger and less likely to be hypertensive and dia-
betic compared to all eligible participants. Age, hypertension and dia-
betes are known to be strong predictors of arterial stiffness.6~8 In all
the models, plots of the residuals against the fitted was checked to
assess assumptions of linearity and homoscedasticity and to check out-
lier observations.2? All analyses were performed using Stata 16.1 (Stat-
aCorp. 2019).3°

3 | RESULTS

3.1 | Participant characteristics

In the MESA, there were 6814 participants at baseline. Only a sub-
set of MESA participants (ie, 2810) had ultrasonography imaging of
the carotid artery at both visits 1 and 5 (see Figure S1-flow diagram
of participants included in the analysis). Of those 2810, 24.6% (691
individuals) had missing value on covariates needed for adjustment
and their values were imputed. There was no significant difference on
most demographic and clinical characteristics, but participants include
in our analysis (n = 2810) were on average slightly younger (60.0 vs.
62.2 years) and less likely to be hypertensive (42.9% vs. 48.5%) and dia-
betic (9.1% vs. 13.0%) compared to all eligible participants (N = 6814)
(Table S1).

Participants’ age at baseline ranged from 44 to 84 years (mean age:
60.0 years), 47.2% were male, 38.5% were White, 27.8% were Black,
22.0% were Hispanic, and 11.8% were Chinese (Table 1). At baseline,
individuals with the highest optimal lifestyle score (quintile 5) com-
pared to those with the lowest score (quintile 1) were slightly older, less
likely to be Blacks, Hispanic, current smokers, hypertensive, on antihy-
pertensive medications but more likely to be Whites, Chinese, never
smoker, former smokers, nondrinker or moderate drinker, exercisers
and had lower BMI, systolic and diastolic BP, and eGFR.

Mean DC and YEM were 3.5 x 1073 mm Hg! and 3.0 x 10% mm Hg
at baseline and changed to 3.0 x 103 mm Hg! and 3.4 x 10 mm Hg
at visit 5, respectively (Table 2). On average, DC decreased by 5.3% and
YEM increased by 24.4% over 10 years. Mean optimal lifestyle score
from all four health behaviors across visits 1-4 was 9.4 + 3.1 (range:

0-16). Mean optimal score for each health behavior was 1.2 + 1.7 for
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BMI, 2.7 + 1.4 for exercise, 3.5 + 1.2 for smoking, 1.9 + 1.6 for drinking.
The proportion of participants with optimal score on all four visits was
24.1% for BMI, 41.3% for exercise, 84.2% for smoking and 28.2% for
drinking (Table S2).

3.2 | Optimal lifestyle and progression in arterial
stiffness

In models adjusted for age, sex, race, study site, baseline distensibil-
ity coefficient or Young’s elastic modulus, there was no significant
association between optimal lifestyle score and 10-year arterial
stiffness progression (Table S3: DC p-trend = 0.66, YEM p-trend = .96).
After adjusting further for baseline systolic and diastolic BP, diabetes
mellitus, total cholesterol, HDL cholesterol, glomerular filtration
rate, use of antihypertensive and lipid medications, and change in BP
between visits 1 and 4, individuals in quintiles 2-5 of optimal lifestyle
score compared to quintile 1 (ie, those with the least optimal lifestyle
score from the four health behaviors during all the four visits) did not
show slower deceleration of DC [Q2, —0.3% (95% Cl: —6.0, 5.4); Q3,
—0.01%(—4.5,4.5); Q4,-0.6% (-5.2,3.9); Q5,—0.4% (—5.3,4.4)], trend
p-value = .82] or slower progression of YEM [Q2,0.1% (—7.1, 7.3); Q3,
—0.8% (—8.0, 6.5); Q4, 4.5% (—2.3, 11.3); Q5, —0.2% (—8.3, 7.9)], trend
p-value = .49] (Figure 1). The association of optimal lifestyle score with
percent change in DC and YEM was also not significant when stratified
by age, sex, race, blood pressure control, and diabetes status (trend
p-value > = .05 for all) (Tables S4 and S5).

There was also no significant difference in the decline of DC or
progression of YEM over 10 years by the individual health behaviors
in the less adjusted model (Table S3: for BMI - DC p-trend = .88, YEM
p-trend = .52; for exercise - DC p-trend = .77, YEM p-trend = .71; for
smoking - DC p-trend = .63, YEM p-trend = .75; and for drinking -
DC p-trend = .34, YEM p-trend = .54) and the fully adjusted model
(Figure 2: for BMI - DC p-trend = .45, YEM p-trend = .17; for
exercise - DC p-trend = .58, YEM p-trend = .95; for smoking - DC
p-trend =.59, YEM p-trend = .79; and for drinking - DC p-trend = .60,
YEM p-trend =.89).

4 | DISCUSSION

In this study, using two measures of local arterial stiffness, we assessed
whether long-term optimal lifestyle on multiple health behaviors
(BMI < 25 kg/m?, never or former smoker, never or moderate drinker,
and exercise > 500 METS min/week) was associated with a slower pro-
gression in arterial stiffness over10-years. Optimal score in individual
health behaviors or simultaneous optimal score in all four health mea-
sures across four visits (= 5 years) was not associated with slower pro-
gression of arterial stiffness independent of age, systolic and diastolic
BP, diabetes mellitus and other risk factors.

The absence of associations between each individual’'s health
behavior and arterial stiffness concurs with findings from previ-

ous studies?0-233132 |n 3 systematic review study, Cecelja et al.2®
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TABLE 1 Baseline demographics and clinical characteristics by quintiles of optimal lifestyle score
Quintiles of optimal score on four lifestyle factors across four visits
All participants Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5
(N=2810,range,0-16) (range,0-7) (range,8-8) (range,9-10) (range, 11-12) (range,13-16) Trend
Participant characteristics Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) p-value
Age (years) 60.0 (9.4) 59.1(9.2) 60.3(9) 60.3(6.5) 60.0(10.9) 61.2(10) .002
Male (%) 46.5 40.8 44.0 47.0 52.1 50.9 <.001
Race (%)
White 39.1 285 35.7 35.8 46.1 58.0 <.001
Black 26.2 325 29.9 26.6 23.9 125 <.001
Hispanic 20.8 30.1 234 20.8 13.2 11.7 <.001
Chinese 13.8 9.0 11.0 16.8 16.7 17.8 <.001
Smoking status (%)
Never smoker 52.8 46.4 53.8 55.2 55.9 57.2 <.001
Former smoker 35.6 27.0 35.7 39.1 40.5 418 <.001
Current smoker 11.3 26.6 10.4 5.8 3.5 1.0 <.001
Moderate or nondrinker (%) 58.1 328 38.2 65.4 73.6 93.2 <.001
Exercise (met-h/week) 27.5(40.6) 14.3(35.3) 28.5(36.4) 26.2(26.4) 37.6(52.7) 39.2(43.1) <.001
BMI (kg/m?) 27.8(5.0) 30.2(4.8) 28.9(4.7) 27.7 (3.2) 26.9(5.5) 23.0(1.8) <.001
Systolic BP (mm Hg) 123.7 (20.1) 126.4(20.4) 125.6(19.3) 122.5(134) 123.3(23.%) 118.4(20.3) <.001
Diastolic BP (mm Hg) 718(10.1) 72.2(10.5) 72.7(9.6) 71.0(6.7) 72.3(12.2) 69.9(10.0) .009
Hypertension (%) 42.9 48.8 46.7 42.2 41.6 30.0 <.001
HDL cholesterol (mg/dl) 51.6(15.2) 48.9(13.9) 50.6(14.3) 51.1(10) 52.4(18.2) 57.5(17.5) <.001
Total Cholesterol (mg/dl) 194.1(34.9) 193.6(35.8) 192.2(35.5) 196.5(25.5) 194.2(39.1) 193.7 (33) 49
Diabetes mellitus (%) 9.1 12.6 11.5 8.1 7.9 2.9 <.001
GFR (ml/min/1.73m?) 79.5(15.1) 81.7(16.2) 79.9(15.7) 785(9.7) 78.2(17.1) 78.1(14.3) <.001
Antihypertensive medication (%) 33.2 39.1 36.8 335 31.1 20.1 <.001
Lipid lowering medication (%) 15.0 15.1 15.7 16.5 15.6 10.7 .25

Abbreviations: BMI, body mass index; BP, blood pressure; GFR, glomerular filtration rate; HDL, high density lipoprotein; MET, Metabolic Equivalent of Task;

SD, standard deviation.

TABLE 2 Baseline and year-ten arterial stiffness indicators by categories of optimal lifestyle factors

Exposure characteristics
(N=2810

All participants

Quintiles of optimal lifestyle
Quintile 1 (range, 0-7)
Quintile 2 (range, 8-8)
Quintile 3 (range, 9-10)
Quintile 4 (range, 11-12)
Quintile 5 (range, 13-16)

Optimal lifestyle score Baseline DC Year-ten DC e
Percent
Mean (SD) Mean (SD) Mean (SD) Change
9.4(3.1) 3.5(1.5) 3.0(1.4) -53
5.6(1.5) 3.3(1.5) 2.9(1.3) -3.7
8.0(0) 3.4(1.5) 3.0(1.4) -34
9.5(0.5) 3.5(1.5) 3.1(1.4) -4.5
11.6 (0.5) 3.5(1.5) 3.1(1.5) -6.0
14.4(1.2) 4.0(1.8) 3.3(1.6) -10.1

Baseline YEM  Year-ten YEM
Mean (SD) Mean (SD)
3.0(1.8) 3.4(2.6)
3.2(2.2) 3.6(2.6)
3.1(1.7) 3.4(2.2)

2.9 (1.6) 3.3(2.5)

2.9 (1.6) 3.5(2.6)

2.7 (1.3) 3.2(3.0)

Abbreviations: BMI, body mass index; DC, distensibility coefficient; SD, standard deviation; YEM, Young's elastic modulus.
“Mean and SD values are (x103 mm Hg~1) for DC and (x10° mm Hg) for YEM.

YEM
percent
change

24.4

222
225
22.6
28.9
25.7
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FIGURE 1 Linear regression association between quintiles of optimal lifestyle score (from four healthy behaviours - BMI <25 kg/m2, never or

former smoker, never or moderate drinker, exercised >500 METS min/wk) across four visits (~5 years) and ten-year percent change in
distensibility coefficient (DC) and Young's elastic modules (YEM). Adjusted for baseline age, sex, race, study site, systolic and diastolic BP, diabetes
mellitus, total cholesterol, HDL cholesterol, eGFR, anti-hypertensive and lipid lowering medications, baseline DC or YEM, and change in systolic
and diastolic BP between visits 1 and 4. Circular dots denote estimates and horizontal lines indicate the corresponding 95% confidence intervals

investigated predictors of arterial stiffness from 77 studies that per-
formed a multiple regression analysis to identify independent associa-
tions and concluded that the contribution of risk factors other than age
and BP to arterial stiffness is small or insignificant. In Cecelja’s study,
smoking and BMI were not associated with arterial stiffness in > 86%
of the reviewed studies while age and BP were consistently associated
in 91% and 90% of the studies, respectively.?® Likewise, a systematic
review and meta-analysis of 41 randomized controlled trials by Ashor
et al.?! concluded no effect of a combination of aerobic and resistance
exercise lasting >4 weeks on pulse wave velocity. Inconsistent asso-
ciation between alcohol consumption and arterial stiffness was also
reported.?223.33 While cross-sectional studies reported J-shaped asso-

2333 prospective

ciation between alcohol intake and arterial stiffness,
cohort study reported no association.??

Studies have shown that regularly exercising, not smoking and
drinking, and maintaining optimal body weight have anti-oxidative
effects, increase anti-inflammatory cytokines while reducing pro-
inflammatory cytokines, and enhances production of nitric oxide.?1?
These functional changes within vascular endothelium are believed
to reduce the fragmentation of elastin, deposition of collagen, and
smooth muscle proliferation which may result in slower progression
for arterial stiffness.” However, the findings of our study and other
studies?1-23:31-33 jndjcate that the physiologic change in the vascular
wall due to healthy lifestyle may not have significant impact on slowing
arterial wall stiffening.

Unhealthy lifestyle is known to be a risk factor for elevated BP-a
major modifiable risk factor for arterial stiffness. However, even in a
model unadjusted for baseline BP and other risk factors (diabetes melli-

tus, total cholesterol, HDL cholesterol, glomerular filtration rate, use of

antihypertensive and lipid medications), we did not find an association
between healthy lifestyle and lesser progression in arterial stiffness
(Table S3). Aging and uncontrolled BP are major risk factors for arte-
rial stiffness,®~8 thus, we investigated if maintaining optimal lifestyle is
associated with slower progression of arterial stiffness among younger
or those with controlled BP. However, the association between opti-
mal lifestyle and percent change in arterial stiffness remained non-
significant when stratified by different categories of age and blood
pressure control (Tables S4 and S5).

Our study is the first, to our knowledge, to show maintaining healthy
lifestyle simultaneously on multiple health behaviors is not indepen-
dently associated with a slower progression in arterial stiffness. Some
limitations should be noted. During a mean follow-up time of 4.8 years,
health behaviors were measured only at four visits, and this may not
accurately reflect participants’ level of healthy lifestyle during that
time. Brachial pulse pressure was used as a proxy for carotid pulse
pressure in the calculation of DC and YEM. Brachial pulse pressure
has been shown to overestimate central pulse pressure among younger
individuals?3% and this may have over-estimated arterial stiffness
among younger participants. In addition, the first arterial stiffness mea-
surement was made when individuals were about 10 years younger
than the second measurement. Hence, 10-year changes in arterial
stiffness may have been underestimated, particularly in participants
who transitioned from middle age to elderly between the two mea-
surements. Furthermore, compared to all eligible participants, those
included in our analysis were younger, less likely to have hyperten-
sion, diabetes and were healthier (more likely to be never smoker, non-
drinkers or moderate drinkers, exercisers and had lower BMI). This

may have limited generalizability of our findings, because if there is
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Mean difference in percent change of distensibility coefficient

Mean difference in percent change of Young's elastic modules

Optimal BMI Trend p-value=0.45 Trend p-value=0.17
1 visit ——— 4.2(-1.9,10.4) — -4.8 (14.0, 4.5)
2 visits | S S 11 (-10.9, 8.6) o 11.3 (-2.2, 24.8)
3 visits | — 2.7 (-9.1,3.8) - -0.6 (-13.7, 12.5)
4 visits - — o — 1.0 (-5.2,3.2) S P — 3.7 (-2.7,10.1)
Optimal exercise Trend p-value=0.58 Trend p-value=0.95
1 visit — -0.2 (-7.1, 6.6) B | — 1.4 (10.0, 12.8)
2 visits | —a— -0.6 (-7.2, 6.0) —_— -6.0 (-15.6, 3.5)
3 visits — 2.0 (-8.7,4.7) — T 2.5(-6.9, 11.9)
4 visits — — -1.4 (-7.5, 4.8) —_—0— -1.1(-9.8,7.5)
Optimal smoking — Trend p-value=0.59 Trend p-value=0.79
1 visit e -3.0 (-13.6, 7.6) ° 7.7 (-21.6, 6.2)
2 visits | ° 7.6 (-5.6, 20.8) ° -8.5 (-26.1, 9.1)
3 visits — — 3.8 (-6.6, 14.3) ® -11.9 (-24.9, 1.03)
4 visits - - 1.4(72,43) S E— 1.0 (-9.0, 7.1)
Optimal drinking — Trend p-value=0.60 Trend p-value=0.89
1 visit - — -2.7 (-7.5,2.1) —T— 2.4 (-5.3,10.0)
2 visits - -3.1 (-8.3, 2.0) — o — 1.5 (-9.4, 6.3)
3 visits | - -3.5(-8.3,1.3) —_— 5.3(-2.3,13.0)
4 visits o 1.6 (2.7, 6.0) — o -1.4(-7.8,5.0)
-2I0 0 22) 4I0 -2I0 0 2IO 4I0

FIGURE 2

Linear regression association between number of visits with optimal health behaviours (BMI <25 kg/m?, never or former smoker,

never or moderate drinker, exercised >500 METS min/wk) across four visits (~ 5 years) and ten-year percent change in distensibility coefficient
and Young’s elastic modules. Adjusted for baseline age, sex, race, study site, systolic and diastolic BP, diabetes mellitus, total cholesterol, HDL
cholesterol, eGFR, anti-hypertensive and lipid lowering medications, baseline DC or YEM, and change in systolic and diastolic BP between visits 1
and 4. Circular dots denote estimates and horizontal lines deonte 95% confidence intervals. Reference group are individuals with no optimal

health behaviours at all visits

any beneficial effect of improving healthy lifestyles on arterial stiff-
ness, the effect might be more noticeable in individuals with unhealth-
ier lifestyles at baseline. However, our analysis was weighted by inverse
probability of being a participant in this study to improve generaliz-
ability our findings. Underestimating smoking and drinking habits while
overestimating exercise habit are also common®>-37 and this non-
differential misclassification may have played a role in underestimating
the true association between optimal lifestyle and arterial stiffness.

In conclusions, Prolonged (~ 5 years) optimal lifestyle on multi-
ple health behaviors (BMI < 25 kg/m?, never smoker or quit smok-
ing >12 months ago, never drinker or current non-drinker, and exer-
cised > 500 METS min/week), although known to help at reducing risk

of cardiac events,383?

was not associated with slower progression in
arterial stiffness over 10-years independent of age, systolic and dias-

tolic BP, diabetes mellitus and other risk factors.

ACKNOWLEDGMENTS
The authors thank the other investigators, the staff, and the partici-
pants of the MESA study for their valuable contributions. A full list of

participating MESA investigators and institutions can be found at http:
//www.mesa-nhlbi.org. This research was supported by contracts
HHSN2682015000031, NO1-HC-95159, NO1-HC-95160, NO1-HC-
95161, NO1-HC-95162, NO1-HC-95163, NO1-HC-95164, NO1-HC-
95165, NO1-HC-95166, NO1-HC-95167, NO1-HC-95168 and NO1-
HC-95169 from the National Heart, Lung, and Blood Institute; and
by grants UL1-TR-000040, UL1-TR-001079, and UL1-TR-001420 from

the National Center for Advancing Translational Sciences.

CONFLICT OF INTEREST

None to disclose.

AUTHOR CONTRIBUTIONS

Yacob G. Tedla conceptualized the study, performed data analysis,
and drafted the manuscript. Adam Gepner, James H. Stein, and Philip
Greenland were involved in the conceptualization of the study, data
interpretation, and reviewed and edited the manuscript. Joseph A.

Delaney and Chia-Ying Liu reviewed and edited the manuscript and


http://www.mesa-nhlbi.org
http://www.mesa-nhlbi.org

TEDLAETAL.

involved in data interpretation. All authors read and approved the final

version of the manuscript.

ORCID

Yacob G. Tedla PhD

https://orcid.org/0000-0002-1403-547X

REFERENCES

1

10.

11.

12.

13.

14.

15.

16.

17.

18.

Mackenzie IS. Assessment of arterial stiffness in clinical practice. QJM:
J Assoc Phys. 2002;95(2):67-74.

. Boutouyrie P, Lacolley P, Briet M, et al. Pharmacological modulation of

arterial stiffness. Drugs. 2011;71(13):1689-1701.

. Mitchell GF, Hwang S-J, Vasan RS, et al. Arterial stiffness and

cardiovascular events: the Framingham Heart Study. Circulation.
2010;121(4):505-511.

. Vlachopoulos C, Aznaouridis K, Stefanadis C. Prediction of cardiovas-

cular events and all-cause mortality with arterial stiffness: a system-
atic review and meta-analysis. J Am Coll Cardiol. 2010;55(13):1318-
1327.

. Tomiyama H, Tanaka H, Hashimoto H, et al. Arterial stiffness and

declines in individuals with normal renal function/early chronic kidney
disease. Atherosclerosis. 2010;212(1):345-350.

. Benetos A, Adamopoulos C, Bureau J-M, et al. Determinants of accel-

erated progression of arterial stiffness in normotensive subjects and
in treated hypertensive subjects over a 6-year period. Circulation.
2002;105(10):1202-1207.

. Mitchell GF, Parise H, Benjamin EJ, et al. Changes in arterial stiffness

and wave reflection with advancing age in healthy men and women: the
Framingham Heart Study. Hypertension. 2004;43(6):1239-1245.

. Te Velde SJ. Birthweight and arterial stiffness and blood pressure in

adulthood-results from the Amsterdam growth and health longitudi-
nal study. Int J Epidemiol. 2004;33(1):154-161.

. Correia MLG, Haynes WG. Arterial compliance and endothelial func-

tion. Curr Diab Rep. 2007;7(4):269-275.

Deepika V, Vijayakumar R. Impact of body mass index on arterial stiff-
ness in young prehypertensives: a cross sectional study. J Res Health
Sci. 2017;18(1). e00402.

Pal S, Radavelli-Bagatini S. Association of arterial stiffness with obe-
sity in Australian women: a pilot study. J Clin Hypertens (Greenwich).
2013;15(2):118-123.

Seals DR, Desouza CA, Donato AJ, Tanaka H. Habitual exercise and
arterial aging. J Appl Physiol. 2008;105(4):1323-1332.

Roque FR, Briones AM, Garcia-Redondo AB, et al. Aerobic exer-
cise reduces oxidative stress and improves vascular changes of small
mesenteric and coronary arteries in hypertension. Br J Pharmacol.
2013;168(3):686-703.

Teixeira-Lemos E, Nunes S, Teixeira F, Reis F. Regular physical exercise
training assists in preventing type 2 diabetes development: focus on
its antioxidant and anti-inflammatory properties. Cardiovasc Diabetol.
2011;10:12.

Higashi Y, Yoshizumi M. Exercise and endothelial function: role of
endothelium-derived nitric oxide and oxidative stress in healthy
subjects and hypertensive patients. Pharmacol Ther. 2004;102(1):
87-96.

Peluffo G, Calcerrada P, Piacenza L, Pizzano N, Radi R. Superoxide-
mediated inactivation of nitric oxide and peroxynitrite formation by
tobacco smoke in vascular endothelium: studies in cultured cells and
smokers. Am J Physiol Heart Circ Physiol. 2009;296(6):H1781-92.
Rahman M, Laher I. Structural and functional alteration of blood ves-
sels caused by cigarette smoking: an overview of molecular mecha-
nisms. Curr Vasc Pharmacol. 2007;5(4):276-292.

Partridge CR, Sampson HW, Forough R. Long-term alcohol consump-
tion increases matrix metalloproteinase-2 activity in rat aorta. Life Sci.
1999;65(13):1395-1402.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

WILEY -

Altura BM, Gebrewold A, Zhang A, Altura BT. Ethanol induces rapid
lipid peroxidation and activation of nuclear factor-kappa B in cere-
bral vascular smooth muscle: relation to alcohol-induced brain injury
in rats. Neurosci Lett. 2002;325(2):95-98.

Cecelja M, Chowienczyk P. Dissociation of aortic pulse wave velocity
with risk factors for cardiovascular disease other than hypertension: a
systematic review. Hypertension. 2009;54(6):1328-1336.

Ashor AW, Lara J, Siervo M, Celis-Morales C, Mathers JC. Effects of
exercise modalities on arterial stiffness and wave reflection: a system-
atic review and meta-analysis of randomized controlled trials. PLoS
One. 2014;9(10).

Kurihara T, Tomiyama H, Hashimoto H, Yamamoto Y, Yano E,
Yamashina A. Excessive alcohol intake increases the risk of arte-
rial stiffening in men with normal blood pressure. Hypertens Res.
2004;27(9):669-673.

Nakanishi N, Suzuki K, Kawashimo H, Nakamura K, Tatara K. Risk fac-
tors for the incidence of aortic stiffness by serial aortic pulse wave
velocity measurement in middle-aged Japanese men. Environ Health
Prev Med. 1998;3(3):168-174.

Bild DE. Multi-ethnic study of atherosclerosis: objectives and design.
Am J Epidemiol. 2002;156(9):871-881.

Gepner AD, Korcarz CE, Colangelo LA, et al. Longitudinal effects of a
decade of aging on carotid artery stiffness: the multiethnic study of
atherosclerosis. Stroke. 2014:45(1):48-53.

Laurent S, Cockcroft J, Van Bortel L, et al. Expert consensus document
on arterial stiffness: methodological issues and clinical applications.
Eur Heart J. 2006;27(21):2588-2605.

Lloyd-Jones DM, Hong Y, Labarthe D, et al. Defining and setting
national goals for cardiovascular health promotion and disease reduc-
tion: the American Heart Association’s strategic Impact Goal through
2020 and beyond. Circulation. 2010;121(4):586-613.

U.S. Department of Health and Human Services. 2008 physical activity
guidelines for Americans. https://health.gov/sites/default/files/2019-
09/paguide.pdf, 2020.

Greenland S. Introduction to Regression Modeling. In: Rothman KJ,
Greenland S, Lash TL, eds. Modern Epidemiology. 3rd ed. Lippincott
Williams & Wilkins; 2008:418-458.

StataCorp. 2016 Stata Statistical Software: release 16. College Sta-
tion, TX: stataCorp LP.

Demirovic J, Nabulsi A, Folsom AR, et al. Alcohol consumption and
ultrasonographically assessed carotid artery wall thickness and dis-
tensibility. The Atherosclerosis Risk in Communities (ARIC) Study
Investigators. Circulation. 1993;88(6):2787-2793.

Pierce DR, Doma K, Raiff H, Golledge J, Leicht AS. Influence of exercise
mode on post-exercise arterial stiffness and pressure wave measures
in healthy adult males. Front Physiol. 2018;9:1468.

Sasaki S, Yoshioka E, Saijo Y, et al. Relation between alcohol con-
sumption and arterial stiffness: a cross-sectional study of middle-aged
Japanese women and men. Alcohol. 2013;47(8):643-649.

Wilkinson IB, Franklin SS, Hall IR, Tyrrell S, Cockcroft JR. Pressure
amplification explains why pulse pressure is unrelated to risk in
young subjects. Hypertension (Joint National Committee On Prevention).
2001;38:1461-1466.

Livingston M, Callinan S. Underreporting in alcohol surveys: whose
drinkingis underestimated?. J Stud Alcohol Drugs. 2015;76(1):158-164.
Janevic MR, Mclaughlin SJ, Connell CM. Overestimation of physical
activity among a nationally representative sample of underactive indi-
viduals with diabetes. Med Care. 2012;50(5):441-445.

Liber AC, Warner KE. Has underreporting of cigarette consump-
tion changed over time? Estimates derived from US national health
surveillance systems between 1965 and 2015. Am J Epidemiol.
2018;187(1):113-119.

Ogunmoroti O, Oni E, Michos ED, Spatz ES, et al. Life’s simple 7 and
incident heart failure: the multi-ethnic study of atherosclerosis. J Am
Heart Assoc. 2017;6(6).


https://orcid.org/0000-0002-1403-547X
https://orcid.org/0000-0002-1403-547X
https://health.gov/sites/default/files/2019-09/paguide.pdf
https://health.gov/sites/default/files/2019-09/paguide.pdf

“ | WILEY

TEDLAETAL.

39. Ogunmoroti O, Oni E, Michos ED, et al. Life’s simple 7 and incident
heart failure: the multi-ethnic study of atherosclerosis. J Am Heart
Assoc. 2017;6(6):27.

SUPPORTING INFORMATION
Additional supporting information may be found in the online version
of the article at the publisher’s website.

How to cite this article: Tedla YG, Gepner A, Stein JH, Delaney
JA, Liu C-Y, Greenland P. Optimal lifestyle behaviors and
10-year progression of arterial stiffness: The Multi-Ethnic
Study of Atherosclerosis. J Clin Hypertens. 2022;24:401-408.
https://doi.org/10.1111/jch.14430


https://doi.org/10.1111/jch.14430

	Optimal lifestyle behaviors and 10-year progression of arterial stiffness: The Multi-Ethnic Study of Atherosclerosis
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Study design and participants
	2.2 | Carotid artery stiffness
	2.3 | Optimal lifestyle
	2.4 | Statistical analysis

	3 | RESULTS
	3.1 | Participant characteristics
	3.2 | Optimal lifestyle and progression in arterial stiffness

	4 | DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


