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Arterial stiffness is an important cardiovascular disease risk 
factor and a strong predictor of adverse health outcomes.1 
Aging is a major contributor to the adverse structural and 
functional changes in blood vessels that lead to arterial stiff-
ness.2 Stiffer vessels increase systolic blood pressure (BP), 
decrease diastolic BP, and widen pulse pressure, which can 
have damaging effects on the brain, heart, and kidneys.3,4 
Obesity may accelerate vascular aging and has been asso-
ciated with increased arterial stiffness.5,6 Weight loss may 
be beneficial for improving arterial stiffness in obese older 
adults, due in part to reductions in total and abdominal fat.7 
However, weight loss also reduces lean mass, and low muscle 
mass has been associated with increased arterial stiffness.8,9 
Thus, optimizing body composition changes during weight 

loss will likely promote favorable changes in arterial stiffness 
in older adults.

A sedentary lifestyle is another factor that predisposes to 
increased arterial stiffness.10 Current guidelines recommend 
resistance training (RT) for the promotion of overall health, 
fitness, and well-being.11 Although RT may have beneficial 
effects on some cardiovascular disease risk factors, including 
body composition and BP,12,13 earlier reports suggest that RT 
may actually lead to increases in arterial stiffness.14–16 Recent 
meta-analyses indicate that the effects of RT are likely depend-
ent on age, as well as the type and intensity of exercise.17–19 To 
our knowledge, no studies have specifically examined adults 
aged 65 years and older. Of the studies that included some older 
adults, over half reported nonsignificant increases in arterial 
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BACKGROUND
Arterial stiffness is an important marker of vascular aging that is 
increased in sedentary, obese older adults. Weight loss induced by 
caloric restriction (CR) can improve arterial stiffness in this population; 
however, the effects of resistance training (RT) are not clear. This pilot 
study determined the effects of RT with and without CR on arterial stiff-
ness in overweight and obese older adults.

METHODS
Participants (mean age = 68 ± 3 years, mean body mass index = 31.1 ± 2.7 kg/
m2, 56% female, 13% Black) were randomly assigned to 3  days/week of 
supervised moderate-intensity RT (n = 16) or RT+CR (n = 16) for 5 months. 
Three indices of arterial stiffness were measured: brachial-ankle pulse wave 
velocity, large artery elasticity, and small artery elasticity.

RESULTS
Body mass was significantly reduced in the RT+CR group compared 
to the RT group (−6.2 ± 4.8 vs. 0.2 ± 1.2 kg, P = 0.0006). Within-group 
analyses showed that none of the arterial stiffness measures changed 

with RT or RT+CR. There were also no significant between-group differ-
ences, though median changes in large artery elasticity were slightly 
greater with RT+CR: 0.7 (−2.5, 5.1) vs. 0.3 (−2.6, 0.9) ml/mm Hg × 10, P = 
0.07. Changes in large artery elasticity were negatively correlated with 
changes in waist circumference (r = −0.36, P < 0.05), systolic blood pres-
sure (r = −0.38, P = 0.03), and diastolic blood pressure (r = −0.41, P = 0.02).

CONCLUSIONS
The combination of RT and CR, leading to a modest amount of weight 
loss (7%), tended to increase large artery elasticity more than RT alone. 
Our data suggest that reductions in waist circumference and blood 
pressure may promote improvements in elasticity.
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stiffness after low-to-moderate intensity RT.20–24 Since RT is 
important for maintaining muscle mass, strength, and func-
tion, especially in obese older adults,25,26 it is essential to iden-
tify ways to prevent or ameliorate a potential increase in arterial 
stiffness with RT in this population. Therefore, the goal of this 
study was to determine the effects of adding caloric restriction 
(CR) for weight loss to a moderate-intensity RT intervention on 
arterial stiffness in overweight and obese older adults.

METHODS

Study participants

The present study includes a subset of participants who 
completed arterial stiffness measurements in the Improving 
Muscle for Functional Independence Trial (I’M FIT). I’M FIT 
was a 5-month randomized controlled trial comparing the 
effects of RT with and without CR (RT+CR vs. RT, respec-
tively) on skeletal muscle function (NCT01049698). The main 
trial results reported beneficial effects of both RT and RT+CR 
on body composition, muscle strength, and physical func-
tion.27 Eligible participants were 65–79 years old, overweight 
or obese (body mass index  =  27–34.9 kg/m2), sedentary (no 
formal RT in the previous 6 months), weight-stable, and non-
smokers. Individuals with cardiovascular disease, uncontrolled 
hypertension, insulin-dependent or uncontrolled diabetes, 
kidney disease, liver disease, or chronic pulmonary disease 
were excluded from the study. All participants provided writ-
ten informed consent prior to participation in this ancillary 
study and procedures were approved by the Institutional 
Review Board of Wake Forest School of Medicine.

RT intervention

All participants underwent a supervised, progressive, mod-
erate-intensity RT program 3 days/week for 5 months. Each 
exercise session began and ended with 5 minutes of walking or 
cycling and light stretching. Upper and lower body exercises 
were performed using the following machines: seated leg curl, 
leg press, leg extension, seated calf raise, triceps press, biceps 
curl, incline press, and compound row. The maximal weight 
that could be lifted with correct form in 1 repetition (1-repeti-
tion maximum, 1RM) was used to prescribe intensity, with a 
target goal of 70%. The volume and intensity of exercise were 
gradually increased during the first month to allow partici-
pants to familiarize themselves with the equipment, minimize 
muscle soreness, and reduce potential for injury. Once partici-
pants were capable of completing 10 repetitions on the third 
set for 2 consecutive sessions the weight was increased. Every 
4 weeks strength testing was repeated in order to adjust the 
training load as needed to maintain exercise intensity at 70%. 
Maximal knee extensor strength of the right leg was measured 
on a dynamometer (Biodex Medical Systems, Inc., Shirley, NY) 
in Newton-meters (Nm), as previously described.27

Dietary intervention

Participants randomized to RT+CR were instructed to 
reduce their energy intake by ~600 kcal below their esti-
mated energy expenditure per day. This caloric deficit was 

designed to result in a weight loss of ~5–10%. Two meal 
replacements per day were provided in the form of Slim-
Fast shakes or bars, with participants self-selecting their 
third meal according to recipes recommended by the study 
dietitian. These participants were asked to keep a diet log 
of all foods consumed, and the logs were monitored weekly 
to verify compliance with the weight loss intervention. 
Participants randomized to the RT group were instructed 
to continue their normal diet throughout the intervention. 
All participants were provided with daily calcium (1,200 mg/
day) and vitamin D (800 IU/day) supplements.

Arterial stiffness measures

Brachial-ankle pulse wave velocity (baPWV), large artery 
elasticity, and small artery elasticity were measured to assess 
arterial stiffness. Higher baPWV and lower elasticity val-
ues reflect stiffer arteries. Measurements were performed in 
the afternoon with participants in the supine position after 
resting for 5–10 minutes in a quiet, temperature-controlled 
room. Participants were fasted for at least 3 hours and 
refrained from strenuous activity for at least 24 hours.

Brachial-ankle PWV was assessed using a waveform 
analyzer (Colin VP-2000, Wave Nexus Corporation, San 
Antonio, TX). Oscillometric BP cuffs were placed around 
both arms and ankles, electrodes were placed on both 
wrists, and a microphone for detecting heart sounds was 
placed on the left side of the sternum. PWV was calculated 
as the distance between sampling points (using an equa-
tion based on participant height28) divided by the transit 
time (i.e., the time interval between the foot of the brachial 
waveform and the foot of the ankle waveform). The aver-
age of the left and right baPWV values was used in the 
analysis.

Measurements of large and small artery elasticity were 
obtained using the HDI/PulseWave CR-2000 (Hypertension 
Diagnostics Inc., Egan, MN). A piezoelectric, acoustic sen-
sor was placed perpendicular to the left radial artery at the 
point of maximum pulsation in order to obtain radial artery 
waveforms, and a wrist stabilizer was placed on the forearm 
to minimize movement. Radial waveforms were calibrated 
to the brachial BP obtained by an oscillometric cuff placed 
on the upper right arm. This automated device uses pulse 
wave analysis to evaluate the diastolic portion of the wave-
form using a third-order, 4-element modified Windkessel 
model.29,30 Elasticity parameters are calculated as a change 
in volume for a given change in BP and reflect the ability 
of the large arteries (i.e., capacitive component) and small 
arteries (i.e., reflective component) to withstand distending 
pressures throughout the cardiac cycle.

Other vascular measures

Systolic and diastolic BP values were reported from the 
HDI device. This device also provides an estimate of systemic 
vascular resistance, which is calculated as the mean arterial 
pressure divided by the estimated cardiac output.29,30 Ankle-
brachial index calculated as the ratio of the systolic BP in 
each ankle to the highest brachial systolic BP was obtained 
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with the Colin device. The lower ankle-brachial index value 
was used in the analysis.

Anthropometric and body composition measurements

Body mass was measured using a digital scale with an 
attached stadiometer to measure height (SECA Model 703, 
Hamburg, Germany). Waist circumference was measured at 
the narrowest part of the torso below the ribcage and above 
the umbilicus, hip circumference was measured at the level 
of the maximal gluteal protuberance, and thigh circumfer-
ence was measured midway between the inguinal crease and 
the proximal border of the patella. Percent body fat, total fat 
mass, and total lean mass were assessed using dual-energy 
x-ray absorptiometry (Hologic Delphi QDR, Bedford, MA).

Statistical analysis

All analyses were performed using SAS version 9.3 (SAS 
Institute Inc., Cary, NC). The baPWV and large artery 
elasticity data were log-transformed for analysis. Chi-
square frequency tests and analysis of variance were used 
to assess baseline differences. Paired t-tests were used to 
assess changes in the outcome variables within interven-
tion groups. Two-sample paired t-tests were used to com-
pare changes in the outcome variables between intervention 
groups. Pearson correlation coefficients were used to assess 
relationships among the adiposity, arterial stiffness, and 
other vascular measures. A P value ≤ 0.05 was considered 
statistically significant.

RESULTS

Baseline characteristics

The study sample was mostly female (56%) and Caucasian 
(87%) with a mean age of 68 ± 3 years and a mean body mass 

index of 31.1 ± 2.7 kg/m2 (Table 1). There were no significant 
differences in these variables between groups at baseline. 
Body mass, body composition, body fat distribution, and 
knee strength were also similar between groups at base-
line (Table  2). Baseline baPWV was higher in the RT+CR 
group (P = 0.01); however, no other arterial stiffness or vas-
cular measures were different between groups at baseline 
(Table 3). Adherence to the RT program was high and did 
not differ between groups (P = 0.65), with individuals in the 
RT and RT+CR groups attending 84% and 86% of the RT 
sessions, respectively.

Changes in body mass, body composition, body fat 
distribution, and muscle strength

Body mass was significantly reduced in the RT+CR group 
compared to the RT group (P < 0.0006), corresponding to a 
−7.2 ± 5.4% weight loss and 0.1 ± 3.1% weight gain, respec-
tively (Table 2). There were also significant reductions in 
body mass index, waist, hip, and thigh circumferences, per-
cent body fat, fat mass, and lean mass in the RT+CR group 
(all P ≤ 0.05), but not in the RT group. Thus, between-group 
differences were significant for all of these measures (P ≤ 

Table 1.  Baseline characteristics by intervention group

Variable RT (n = 16) RT+CR (n = 16)

Age (years) 68 ± 3 69 ± 3

Female 8 (50%) 10 (63%)

Black 3 (19%) 1 (6%)

Diabetes 1 (6%) 1 (6%)

Hypertension 9 (56%) 9 (56%)

Table values are mean ± SD or N (%). There were no differences 
between groups.

Abbreviations: CR, caloric restriction; RT, resistance training.

Table 2.  Body mass, body composition, body fat distribution, and muscle strength by intervention group

Variable

RT (n = 16) RT+CR (n = 16)

Pre Post Change Pre Post Change

Body mass (kg) 89.1 ± 12.7 89.3 ± 13.5 0.2 ± 2.7 85.1 ± 12.5 78.9 ± 12.1 −6.2 ± 4.8a,b

BMI (kg/m2) 31.0 ± 2.7 31.1 ± 3.4 0.08 ± 0.9 30.7 ± 2.5 28.5 ± 3.0 −2.2 ± 1.7a,b

Waist circumference (cm) 102.6 ± 6.4 101.2 ± 7.8 −1.4 ± 3.9 103.8 ± 12.6 95.8 ± 10.5 −8.0 ± 7.3a,b

Hip circumference (cm) 107.5 ± 7.8 105.8 ± 9.5 −1.7 ± 4.9 107.0 ± 7.0 100.9 ± 6.8 −6.1 ± 3.0a,b

Waist-to-hip ratio 0.96 ± 0.06 0.96 ± 0.06 0.002 ± 0.04 0.97 ± 0.09 0.95 ± 0.07 −0.02 ± 0.05

Thigh circumference (cm) 52.4 ± 5.4 52.3 ± 4.7 −0.1 ± 2.0 50.8 ± 2.5 49.0 ± 2.8 −1.9 ± 1.8a,b

Body fat (%) 38.2 ± 6.9 38.0 ± 7.3 −0.2 ± 1.3 40.8 ± 5.6 37.7 ± 6.9 −3.1 ± 2.2a,b

Total fat mass (kg) 34.0 ± 6.5 33.9 ± 7.5 −0.2 ± 1.8 34.6 ± 5.9 29.8 ± 6.6 −4.7 ± 3.2a,b

Total lean mass (kg) 55.9 ± 12.0 55.8 ± 11.5 −0.1 ± 1.5 50.7 ± 9.9 49.6 ± 9.6 −1.1 ± 1.5a,b

Knee strength (Nm) 110.1 ± 31.8 121.7 ± 44.7 11.6 ± 24.0 112.0 ± 40.4 120.9 ± 34.8 8.9 ± 16.1a

Table values are mean ± SD. 
Abbreviations: BMI, body mass index; CR, caloric restriction; RT, resistance training.
aSignificant within-group change, P ≤ 0.05.
bSignificant between-group difference, P ≤ 0.05.
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0.05). Both groups increased knee strength to a similar 
degree (P = 0.72); however, the change was only significant 
with RT+CR (P = 0.04).

Changes in arterial stiffness and other vascular measures

There were no significant within-group changes in 
baPWV, large or small arterial elasticity, BP, systemic vas-
cular resistance, or ankle-brachial index in either group. 
Analyses of between-group differences showed a tendency 
for the RT+CR group to have a greater increase in large 
artery elasticity compared to the RT group (P = 0.07). At an 
individual level, the changes in arterial stiffness measures 
were highly variable in both intervention groups (Figure 1). 
Overall, changes ranged from −30% to +29% for baPWV, 
−73% to +411% for large artery elasticity, and −19% to 
+131% for small artery elasticity. Similarly, changes in sys-
tolic BP (−17% to +18%), diastolic BP (−25% to +26%), 
systemic vascular resistance (−29% to +34%), and ankle-
brachial index (−36% to +21%) were highly variable, with 
significant overlap between the RT and RT+CR groups.

Correlates of arterial stiffness

In the entire sample, individuals with higher arterial stiff-
ness at baseline had greater reductions in arterial stiffness in 
response to the interventions. This was true for large artery 
elasticity (r = −0.60, P = 0.0003) and small artery elasticity 
(r = −0.54, P = 0.001), but not baPWV. No other variables at 
baseline including age, adiposity (i.e., body mass index, per-
cent body fat, fat mass, waist circumference, and waist-to-
hip ratio), and lean mass were associated with changes in the 
arterial stiffness measures. In response to the interventions, 
increases in large artery elasticity correlated with decreases 
in waist circumference (r  =  −0.36, P  =  0.046, Figure  2). 
Changes in large artery elasticity also correlated negatively 
with changes in both systolic (r = −0.38, P = 0.03) and dias-
tolic BP (r = −0.41, P = 0.02) (Figure 2). There was a bor-
derline significant association between changes in baPWV 
and changes in thigh circumference (r  =  −0.34, P  =  0.07). 
Changes in arterial stiffness measures were not significantly 
correlated with changes in body mass or lean mass.

DISCUSSION

The present study evaluated the effects of adding CR for 
weight loss to RT on arterial stiffness in overweight and 
obese older adults. We found that, although there were large 
interindividual changes in baPWV, large artery elasticity, and 
small artery elasticity with RT and RT+CR, overall there was 
no effect of either intervention on these 3 measures of arterial 
stiffness. However, greater reductions in central adiposity in 
the RT+CR group may have led to slightly greater improve-
ments in large artery elasticity compared to RT alone.

In several recent reviews, arterial stiffness was shown to 
increase, decrease, or remain the same after RT,17–19 high-
lighting the need for more definitive studies. These reviews 
also underscore the fact that the effects of RT on arterial 
stiffness have not been adequately studied in individuals Ta
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>65 years old. Consistent with our findings, prior studies in 
middle-aged and older adults found that RT at low, moder-
ate, or high intensity had a minimal effect on several indices 
of arterial stiffness.20–24 Of note, baPWV increased nonsig-
nificantly (13 cm/s, 1.0%) with RT in obese postmenopausal 
women.21 In the present study, there was a small decrease in 

baPWV with RT (37 cm/s, 2.7%). In addition, our study is 
the first to investigate the effects of RT on elasticity meas-
ures. On average, we found nonsignificant increases in both 
large (2.0%) and small (11.6%) artery elasticity.

Several studies demonstrate that weight loss is associ-
ated with reductions in arterial stiffness.7,21,31–33 However, to 

Figure 1.  Individual changes in arterial stiffness measures by intervention group. Note: Each bar represents the change in arterial stiffness in a single 
individual. A decrease in PWV and an increase in elasticity reflect an improvement in arterial stiffness. Abbreviations: CR, caloric restriction; PWV, pulse 
wave velocity; RT, resistance training.

Figure 2.  Association between changes in large artery elasticity and changes in waist circumference and blood pressure (BP).
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our knowledge, only one other study compared the effects 
of RT with and without CR on arterial stiffness. Figueroa 
and colleagues21 reported a significant reduction in baPWV 
(60 cm/s, 4.3%) when RT was combined with a hypocaloric 
diet that led to a 5.5% weight loss; however, this was not 
different from RT alone. Similarly, the median change in 
baPWV with RT+CR in our study (62 cm/s, 4.1%) did not 
differ from RT alone. Despite the fact that our study popula-
tion was older, included men and diabetics, and had a higher 
prevalence of antihypertensive medication use, these find-
ings suggest that adding CR to RT may mitigate potential 
RT-induced increases in baPWV. Changes in small artery 
elasticity were also similar between intervention groups in 
our study. The RT+CR group did, however, have slightly 
greater increases in large artery elasticity.

We observed large interindividual differences in the 
change in arterial stiffness measures in response to both 
interventions. The presence of such heterogeneity has been 
reported previously for other measures of arterial stiff-
ness.34 While characteristics of both the participants and 
the RT intervention may influence the response to RT,17–19 
baseline demographics and body composition were not 
predictive of changes in arterial stiffness in the current 
analysis. RT is also associated with significant reductions in 
BP and increases in peripheral blood flow.12,34,35 Although 
the mean change in BP was not significant in our study, 
changes in both systolic and diastolic BP were negatively 
correlated with changes in large artery elasticity. Increases 
in large artery elasticity were also related to improvements 
in waist circumference. Additionally, changes in baPWV 
tended to correlate negatively with changes in thigh circum-
ference. A  reduction in thigh circumference could reflect 
muscle loss and a potential increase in arterial stiffness;8,9 
yet, this does not appear to explain the current observation, 
as changes in lean mass were not associated with changes 
in arterial stiffness. These data suggest that interventions 
that elicit significant reductions in BP and adiposity may 
help to improve arterial stiffness in overweight and obese 
older adults.

Strengths of this study include the randomized study 
design; the structured, well-controlled RT and CR interven-
tions; the carefully characterized study participants; and the 
phenotypic measures of body composition. However, there 
were also some limitations. The sample size was small, albeit 
similar to previous studies on this topic.20–22 As a result, we 
had limited power to detect differences between interven-
tion groups. For example, we would need at least 38 sub-
jects per group to detect an effect size of 0.65 for changes in 
large artery elasticity. This also precluded a more extensive 
investigation into the sources of variation in the training 
responses (e.g., comparison of responders vs. nonrespond-
ers). In addition, although we did not assess the reproduc-
ibility of baPWV and elasticity in the current study, previous 
studies demonstrate high reproducibility for both meas-
ures.28,36 We did, however, follow the recommendations for 
arterial stiffness assessments in order to standardize the test-
ing conditions.37 We also examined only systemic measures 
of arterial stiffness, which may reflect different aspects of the 
aging vasculature and respond differently to RT than local 
measures (e.g., distensibility, leg PWV).21,22

In conclusion, our study found that the combination of 
RT and CR tended to improve large artery elasticity more 
than RT alone, which may be partly due to greater decreases 
in waist circumference. Additionally, our data suggest that 
favorable changes in BP may also contribute to increases in 
large artery elasticity. Overall, RT was not associated with 
increases in arterial stiffness, as has been observed in some 
young and middle-aged populations. However, some par-
ticipants did have adverse changes (i.e., increases) in arterial 
stiffness in response to the interventions, which highlights 
the need to better understand the clinical, physiological, and 
molecular mechanisms underlying changes in arterial stiff-
ness with RT and CR. This knowledge will help to character-
ize individuals who are least likely to benefit from a given 
exercise intervention (i.e., nonresponders) and may identify 
adjuvant therapies that can be used to maximize the training 
response.
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