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Background-—Age-related endothelial dysfunction and vascular stiffening are associated with increased cardiovascular (CV) risk.
Many groups have encouraged goals of ≥10 000 steps/day or ≥30 min/day of moderate intensity physical activity (MPA) to
reduce age-related CV risk. The impact of MPA on the vasculature of older adults remains unclear.

Methods and Results-—We randomized 114 sedentary older adults ages ≥50 to 12 weeks of either no intervention (group 1), a
pedometer-only intervention (group 2), or a pedometer with an interactive website employing strategies to increase the adoption of
habitual physical activity (PA, group 3). Endothelial function by brachial flow-mediated dilation (FMD%), vascular stiffness by
tonometry, step-count by pedometer, and PA intensity/distribution by accelerometer were measured. Step-count increased in
groups 2 (5136�1554 to 9596�3907, P<0.001) and 3 (5474�1512 to 8167�3111, P<0.001) but not in group 1 (4931�1667 to
5410�2410). Both groups 2 and 3 increased MPA ≥30 min/day. Only group 3 increased MPA in continuous bouts of ≥10 minutes
(P<0.001) and improved FMD% (P=0.001). Neither achievement of ≥10 000 steps/day nor ≥30 min/day of MPA resulted in
improved FMD%. However, achieving ≥20 min/day in MPA bouts resulted in improved FMD%. No changes in vascular stiffness
were observed.

Conclusions-—MPA reverses age-related endothelial dysfunction, but may require MPA to be performed in bouts of ≥10 minutes
duration for ≥20 min/day to be effective. Commonly encouraged PA goals do not guarantee improved endothelial function and
may not be as effective in reducing CV risk.

Clinical Trial Registration-—URL: Clinicaltrials.gov. Unique identifier: NCT-01212978. ( J Am Heart Assoc. 2014;3:e000702 doi:
10.1161/JAHA.113.000702)
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A ging is associated with reduced physical activity (PA)
levels.1 Only �¼ of adults ≥50 years old meet physical

activity goals as outlined by the Department of Health and
Human Services (HHS), a disproportionately high rate of
failure relative to younger adults.2 Reduced PA in older adults

has a significant adverse effect on their overall cardiovascular
(CV) health.3,4

The beneficial impact of PA on CV risk appears in
significant part independent of its effects on traditional CV
risk factors and related to repeated bouts of increased
laminar shear stress that act favorably on the vascular
endothelial structure and function.5–7 Sedentary aging is
associated with pathological remodeling of muscular arteries,
resulting in larger vessel diameters, lower shear stress, and
impaired endothelium-dependent vasodilation.7–10 In addition,
sedentary aging also results in reduced compliance of large
elastic arteries.11 Structured, habitual exercise performed at
vigorous intensities (�6 to 7 metabolic equivalents [METs])
and frequent intervals (5 to 6 days/week) protects against
and reverses age-associated vascular dysfunction in older
adult men.7,12,13

These data supply key conceptual information about the
vascular benefits of exercise. However, the duration and
intensity of exercise in these studies exceeds current PA
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recommendations. Whether MPA (3 to 6 METs), achievable by
brisk walking, the most common PA engaged in by older
adults, also reverses age-related vascular endothelial dys-
function and stiffening remains unclear.14 We recently piloted
a study that combined pedometer use with motivational
messaging, and showed we could significantly increase MPA
in previously sedentary older adults with a high rate of
adherence through increased walking.15 In the context of a
randomized trial that included quantification of step count by
pedometer measurement and PA intensity by accelerometry
as recommended by the American Heart Association’s most
recent PA guidelines,16 we hypothesized that an intervention
that combines pedometer guidance with internet-based
motivational messaging designed to guide sedentary older
adults to increase their average daily step count to
≥10 000 steps, a widely accepted equivalent to the currently
promulgated PA goal for older adults,17–20 would reverse age-
related endothelial dysfunction and vascular stiffening.

Methods

Subjects
One hundred thirteen sedentary older adults (ages ≥50 and
≤80 years of age) were recruited for this study based at the
Medical College of Wisconsin (Milwaukee, WI) between 2010
and 2012. Participants were recruited from the local Milwau-
kee metropolitan area by posted and distributed flyers,
newspaper ads, and internet-based advertisements. The study
protocol was approved by the Medical College of Wisconsin’s
Institutional Research Board, and all participants provided
written informed consent.

Screening prior to randomization included a detailed
medical history and a focused cardiac and vascular physical
exam by a study physician to screen for occult disease. Blood
pressure measurement was also performed in triplicate.
Individuals with uncontrolled hypertension (≥160/100),
recent myocardial infarction (within 1 month of enrollment),
angina, clinical evidence of heart failure or documented left
ventricular ejection fraction of ≤45%, renal insufficiency, liver
dysfunction, active malignancy, or cognitive impairment were
excluded. All potential participants were screened for walking
ability using either a 2-stage treadmill test (2 and 3 miles/
hour stages for 5 minutes) or asked to take 650 walking steps
over 10 minutes in the study center if the subject was not
comfortable walking on a treadmill. Individuals who could not
complete one of these tasks were excluded from participa-
tion. At the end of the screening visit, those potential
participants not yet excluded were provided a pedometer
(Omron HJ-720ITC; Omron), an accelerometer (ActiGraph
GTX3; ActiGraph), a 7-day log to record daily step-count, and
asked to return in 1 week. Participants were asked to wear

the pedometer and accelerometer during all waking hours.
Potential participants who averaged ≤8000 steps/day and
met all other inclusion criteria were subsequently randomized.
Individuals were blinded to the step count limit for study
inclusion.

Randomization
Subjects who passed screening were randomized into 1 of 3
groups: a control group (group 1), a pedometer-only interven-
tion group (group 2), and a pedometer combined with
interactive website intervention group (group 3). Due to
technical issues with the website server, individuals enrolled
in the first 4 months of the protocol were randomly selected
to be in either group 1 or 2 if their designation by the initial
randomization scheme was group 3. This accounts for the
imbalance in numbers among groups. The control group was
asked not to change their behavior during the study period.
The pedometer-only intervention group received a pedometer
to wear on their belt during walking hours with a goal to
increase their PA by 10% each week above baseline levels
in order to reach an average of 10 000 steps/day. They
received pedometer logs and 12 self-addressed, stamped
envelopes in which to return a 7-day log each week to the
study investigators. Group 3 received a pedometer and was
additionally asked to log onto a secure website through the
University of Wisconsin-Milwaukee on at least a weekly basis
throughout the intervention period. The interactive website
employed key strategies proven to increase the adoption and
retention of lifestyle-integrated habitual physical activity in
older adults.21,22 These strategies included the use of
frequent feedback,21 self-regulation of activity,23,24 education
and practice in realistic behavioral change strategies and goal
setting,24 and rewarding.25 At the end of each week, upon
uploading pedometer information through a USB, graphical
representations were provided of daily steps and how such
corresponded with intrinsically set goals. At this stage of the
program, each individual was either in compliance with set
goals (defined as meeting walking step targets 5 out of
7 days), or they were not in compliance. If a participant was in
compliance the user was guided through a series of congrat-
ulatory screens and a directive for setting the upcoming
week’s step goal. If the participant did not attain compliance,
the user was guided through a series of interactive screens
that were designed to collect barriers identified and then
deliver motivational messages tagged and retrieved from a
database library. The motivational messages were designed to
offer strategies and tips for overcoming identified barriers to
set goal attainment. Each week of the interactive program
was also guided by an ongoing discussion forum, posing
questions and solutions to increase PA, and access to “ask
the expert” for points of clarification. Once a participant
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reached the 10 000 steps/day goal, the software encouraged
the user to maintain this level of activity through continued
tailored messaging.

Study Visit Procedures (Prior to and Following the
12-Week Intervention Period)

General procedures

All subjects fasted overnight prior to their study visit. Height
and weight were measured in metric units. Waist circumfer-
ence was measured at the level of the umbilicus while
standing. Heart rate and blood pressure (BP) were measured
in triplicate and averaged. Peripheral venous blood was drawn
from an upper extremity vein for biomarker analyses,
including plasma glucose, insulin, and lipid profiles. We
estimated insulin resistance by calculating the homeostatic
model of assessment-insulin resistance (HOMA-IR=fasting
glucose [mg/dL]9fasting insulin [lU/mL]/405) and the
quantitative insulin sensitivity check test [QUICKI=1/[log
(fasting insulin lU/mL)+log (fasting glucose mg/dL)]].

Measurement of endothelial function by brachial artery
reactivity

In vivo measurement of endothelial function using high-
frequency vascular ultrasound (Logiq 500Pro; GE) of the
brachial artery in the dominant arm were obtained with
the arm supinated and abducted �80° 1 to 3 cm proximal to
the cubital fossa. Brachial artery diameters were measured
throughout the cardiac cycle at rest (baseline) and during
reactive hyperemia produced by 5 minutes of forearm cuff
inflation above suprasystolic levels (50 mm Hg above systolic
pressure or 200 mm Hg, whichever is greater) was performed
as previously described.26 Endothelial function is reported as
percent flow-mediated dilation (FMD%). Baseline and peak
hyperemic flow velocity were also recorded to calculate
resting and hyperemic shear stress in the brachial artery as
previously described.26 Nitroglycerin-mediated dilatation
(NMD%) was assessed as a measure of endothelium-indepen-
dent vasodilation in all subjects without contraindication.
Individuals who did not receive nitroglycerin were statistically
more likely to be female (60% versus 85%, P=0.02) and had a
higher average heart rate (67�10 versus 63�8 beats/min,
P=0.02) but were otherwise similar to those who received
nitroglycerin. All analyses were performed blinded to the
subject’s randomization assignment by trained technicians.
Our laboratory intra- and inter-observer variation for FMD%
based on 10 to 15 subjects selected at random from this
study showed correlation coefficients ranging between 0.76
and 0.87 and intra-class correlation coefficients ranging from
0.72 to 0.87. The average intra-observer variation was
1.1�0.7% and 1.3�1.1% for inter-observer variation.

Measurement vascular compliance by peripheral
tonometry

Carotid-femoral pulse wave velocity (cfPWV) and augmenta-
tion index (AIx) were measured using commercially available
digital tonometry equipment and software (Sphygmocor Mx;
Atcor Medical). cfPWV was calculated by dividing the
measured distance between the carotid and femoral sites of
pulse wave capture by the time between the foot (initial sharp
upstroke) of the carotid pulse wave to the foot of the femoral
pulse wave. Aortic AIx was measured by sampling the radial
arterial pulse. A validated transfer function was then
employed by the Sphygmocor Mx to generate the corre-
sponding central aortic waveform.27,28 AIx, which is inversely
proportional to systemic arterial stiffness, was calculated
automatically by the device as the difference between the
second and first systolic peaks divided by the central pulse
pressure and normalized to a heart rate of 75 beats/min. A
minimum of 10 pulse waves were obtained and averaged for
each measurement of AIx and cfPWV. Internal quality controls
employed by the Sphygmocor Mx were used to assure the
quality of the waveforms obtained. Our laboratory intra- and
inter-observer variation for cfPWV based on 10 subjects
selected at random from this study showed correlation
coefficients ranging between 0.89 and 0.92. The average
intra-observer variation was 0.3�0.2 m/s and 0.6�0.2 m/s
for inter-observer variation. For AIx, intra- and inter-observer
variation based on 10 subjects selected at random showed
correlation coefficients ranging between 0.95 and 0.96. The
average intra-observer variation was 0.9�1.2 m/s and
2.5�1.6 m/s for inter-observer variation. Individuals missing
AIx or cfPWV data were secondary to inadequate quality of
waveforms for those individuals at either the week 1 or week
12 visit. Other than a borderline lower percentage of current
smokers those with missing data (0% versus 8.8%, P=0.05),
there were no significant differences in baseline characteris-
tics between individuals with and without full sets of AIx or
cfPWV measurements (data not shown).

Accelerometry data

Accelerometry data was collected using the ActiGraph GT3X
device for 1 week at the time of enrollment and during the
final week of the 12-week intervention period for all groups.
We used standardized data quality procedures to assess
validity of the accelerometer data and create categories of
activity intensity based on accelerometer counts.28 A bout
of MPA was defined as at least 10 consecutive minutes of
MPA.

Analysis of Accelerometer Data
Data equal to or >60 minutes where the accelerometer
activity count data was zero was considered time when the
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monitor was not worn. This data was removed for analysis
purposes. Valid days of accelerometer wear were deemed
when the accelerometer was worn for a minimum of
600 minutes per day. Although all participants were asked
to wear the device for 7 consecutive days, some did not wear
it for the full time, or had days when they had <600 minutes
of usable data. Only participants who had at least 4 days of
valid accelerometer data were included in analysis.

A minute of accelerometer data was coded as sedentary
activities (0 to 100 counts, <1.5 METs intensity), light activity
(101 to 1951 counts, 1.5 to 3 METs), moderate intensity
activity (1952 to 5924 counts, 3 to 6 METs), or vigorous
activity (>5925 counts, >6 METs).29 Further, a bout of PA was
defined as at least 10 consecutive minutes of MPA.

Statistical Analysis
Statistical analyses were performed using SigmaStat 12.0 and
SPSS 21.0. The baseline characteristics were compared by 1-
way ANOVA or v2 as appropriate. Correlations between step
count and minutes of PA were calculated using Pearson’s r.
Anthropomorphic measurements, measurements of endothe-
lial function and vascular stiffness, step count, and time spent

in differing levels of PA intensity were compared using general
linear models with time (measurements pre- and post-
12 week intervention period) as the within-subjects factor
and randomization assignment as the between-subjects
factor. Group by time interactions were analyzed for all
outcomes. Post hoc testing was performed using Tukey HSD
as appropriate. The primary outcome for this study was
brachial artery FMD%. Our ad hoc power analysis suggested
that enrollment of 114 subjects would give us 80% power to
detect a 25% increase in FMD% from baseline assuming a 20%
drop-out rate at a=0.05. P values of <0.05 are considered
statistically significant.

Results

Baseline Characteristics
Figure 1 delineates the study subject enrollment and ran-
domization data. There were no significant differences
between groups with respect to age, sex, history of hyper-
tension, history of diabetes, and smoking status. There were
no baseline differences in body mass index, waist circumfer-
ence, blood pressure, heart rate, lipid profile, insulin

153 Subjects Screened

33 Subjects Excluded:
-31 subjects averaged > 
8000 steps/day
-2 subjects failed walking 
ability screening

120 Subjects Passed 
Screening

6 Subjects withdrew 
a�er passing screening 

but prior to 
randomiza�on

114 Subjects 
Randomized

Group 1: 42 Subjects Group 2: 38 Subjects Group 3: 34 Subjects

2 subjects withdrew 4 subjects withdrew

Group 1: 41 Subjects for 
analyses

Group 2: 36 Subjects for 
analyses

Group 3: 30 Subjects for 
analyses

1 subjects withdrew

Figure 1. Study enrollment flow diagram.
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sensitivity by both HOMA-IR and QUICKI, fasting plasma
glucose level, or high sensitivity CRP (Table 1).

Changes in Baseline Characteristics by
Intervention Group
Over the study period, weight (P=0.01), BMI (P=0.003) and
waist circumference (P=0.009) decreased for the entire
cohort. However, there were no significant differences over
time based on randomization assignment. No changes in
heart rate, blood pressure, fasting glucose, insulin sensitivity,
lipid profile, or CRP were seen over the 12-week period within
or between study groups (Table 2).

Changes in Step Count and Physical Activity by
Intervention Group
The full set of step count and accelerometer measurements
are reported in Table 3. One subject in group 3 had
inadequate pedometer data for one visit and was excluded
from the step count averages. Due to having <4 days of valid
accelerometer measurements, (8 subjects [6 in group 1, 4 in

group 2]) did not have adequate accelerometer data for
analysis at one of the measurement time points. There were
no significant differences in baseline step count between
activity groups at baseline (P=0.71). Average step count
significantly increased in groups 2 and 3 (5136�1554 to
9596�3907 and 5474�1512 to 8167�3111 steps in groups
2 and 3, respectively, P<0.001 for time9group interaction,
P<0.001 within groups 2 and 3) with no change in step count
for group 1 (4931�1667 to 5410�2410 steps, P=0.12).
There was no significant difference between the 12-week step
counts of groups 2 and 3 (P=0.16). Overall, 5%, 50%, and 31%
of subjects achieved ≥10 000 steps/day by week 12 in group
1, 2, and 3, respectively.

Accelerometer data revealed a significant decrease in
overall sedentary time for the entire cohort over the study
period (P=0.04) but this decrease was not significantly
different between groups (P=0.77). We observed no differ-
ences in the total time observed, the amount of light activity
time, and the amount of vigorous activity time between or
within groups over the 12-week period (Table 3). However,
average daily MPA increased between weeks 1 and 12
(P<0.001). There were no differences in MPA at baseline

Table 1. Demographics and Characteristics by Study Group

Control (N=41) Pedometer Only (N=36) Pedometer+Website (N=30)

Age, y 62�7 64�7 63�8

Sex, % female 24.4 38.9 40.0

History of diabetes, % 0 0 2.9

History of hypertension, % 29.3 30.6 36.7

Smoking status, % current 9.8 5.6 6.7

Smoking status, % past 26.8 33.3 40.0

Weight, kg 79.1�16.6 83.0�17.2 87.3�18.1

Body mass index, kg/m2 29.4�6.4 28.8�4.9 29.7�5.5

Waist circumference, cm 98.6�14.3 99.7�12.8 102.4�13.9

Glucose, mg/dL 89�13 89�9 96�24

Insulin, lU/L 14.2�7.7 14.3�8.2 13.2�5.1

QUICKI 0.33�0.02 0.33�0.03 0.33�0.02

HOMA-IR 3.2�1.9 3.2�2.0 3.2�2.1

Total cholesterol, mg/dL 134�35 130�31 134�34

LDL cholesterol, mg/dL 76�35 69�31 76�36

HDL cholesterol, mg/dL 41�16 45�17 41�12

Triglycerides 79�23 80�32 86�39

hsCRP, mg/dL 3.2�3.2 3.2�2.4 2.9�3.3

Systolic blood pressure 129�13 129�15 130�14

Diastolic blood pressure 70�8 68�8 69�6

Heart rate, bpm 64�9 63�9 63�9

HDL indicates high-density lipoprotein; HOMA-IR, homeostatic model of assessment-insulin resistance; hsCRP, high-sensitivity C-reactive protein; LDL, low-density lipoprotein; QUICKI,
quantitative insulin sensitivity check test.
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between activity groups (P=0.60). MPA significantly increased
in groups 2 (19�11 to 48�31 minutes, P<0.001) and 3
(19�4 to 35�11, P=0.001) but not in group 1 (16�10 to

17�14 minutes, P=0.86). There was no difference in the
amount of MPA between groups 2 and 3 at the conclusion of
the intervention period (P=0.08). There were no significant

Table 2. Changes in Baseline Characteristics by Study Group

Control (N=41) Pedometer Only (N=36) Pedometer+Website (N=30) P Values (Time Effect) P Values (Time9Group Interaction)

Weight, kg �0.5�3.0 �1.0�2.1 �1.2�5.2 0.01 0.72

Body mass index, kg/m2 �0.7�2.0 �0.4�1.4 �0.6�1.8 0.003 0.69

Waist circumference, cm �0.6�4.8 �1.0�3.9 �2.0�4.8 0.009 0.40

Glucose, mg/dL 1.4�6.9 1.9�6.6 �1.2�8.7 0.33 0.21

Insulin, lU/L �0.2�4.2 �0.6�4.9 �0.4�3.3 0.38 0.94

QUICKI 0.0�0.0 0.0�0.0 0.0�0.0 0.49 0.39

HOMA-IR 0.0�1.1 0.0�1.2 �0.1�0.8 0.78 0.86

Total cholesterol, mg/dL 4.9�26.0 4.3�40.4 �6.3�36.9 0.79 0.39

LDL cholesterol, mg/dL 1.7�28.7 0.9�41.7 �10.4�36.8 0.48 0.36

HDL cholesterol, mg/dL 2.1�16.3 3.8�17.4 4.14�10.9 0.03 0.84

Triglycerides 3.9�25.7 0.7�26.9 2.7�25.4 0.36 0.87

hsCRP, mg/dL 0.7�3.5 0.2�2.7 0.1�1.6 0.20 0.62

Systolic Blood Pressure 0�12 �3�10 �1�12 0.21 0.66

Diastolic blood pressure �1�7 1�5 0�5 0.79 0.66

Heart rate, bpm 1�5 �1�7 �2�5 0.19 0.07

HDL indicates high-density lipoprotein; HOMA-IR, homeostatic model of assessment-insulin resistance; hsCRP, high-sensitivity C-reactive protein; LDL, low-density lipoprotein; QUICKI,
quantitative insulin sensitivity check test.

Table 3. Step Count and Physical Activity Data by Study Group

Control
N=41 (Step Count)
N=35 (Accelerometry)

Pedometer Only
N=36 (Step Count)
N=32 (Accelerometry)

Pedometer+Website
N=29 (Step Count)
N=29 (Accelerometry)

P Values
(Time Effect)

P Values
(Time9Group
Interaction)Baseline Week 12 Baseline Week 12 Baseline Week 12

Average step count 4931�1667 5410�2410 5136�1554 9596�3907 5474�1512 8167�3111 <0.001 <0.001

Average minutes observed/day 909�98 889�75 934�112 930�121 944�93 944�133 0.48 0.75

Average minutes-sedentary,
≤1.5 METS

654�109 636�109 659�115 624�120 657�90 641�113 0.04 0.77

Average light activity minutes,
1.5 to 3 METS

237�62 234�71 256�62 257�67 266�74 267�74 0.98 0.94

Average moderate intensity
activity minutes, 3 to 6 METs

16�10 17�14 19�11 48�31 19�14 35�11 <0.001 <0.001

Average vigorous intensity
minutes, ≥6 METs

1�5 1�4 0�2 1�3 1�2 0�1 0.94 0.22

Average moderate intensity
in bouts

4�8 4�8 7�8 14�10 7�9 27�21 <0.001 <0.001

Subjects achieving ≥10 000
steps

0 2 0 18 0 9 — <0.001

Subjects achieving ≥20 min/day
of MPA in bouts

2 3 2 12 2 18 — <0.001

Subjects achieving ≥30 min
total of MPA

5 8 4 21 6 17 — 0.001

METs indicates metabolic equivalents; MPA, moderate intensity physical activity.
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differences in MPA performed in bouts at baseline (P=0.38).
MPA bout activity significantly increased within both group 2
(7�8 to 14�10 minutes, P<0.001) and group 3 (7�9 to
27�21 min, P<0.001), but not group 1 (4�8 to 4�8,
P=0.71). MPA bout activity was significantly higher in groups
2 and 3 at week 12 compared with group 1 (P=0.01 and
<0.001 for group 1 versus group 2 and group 3, respectively),
and MPA bout activity was significantly higher in group 3 than
group 2 at week 12 (P=0.005).

Changes in Brachial Artery Endothelial Function
and Vascular Stiffness by Intervention Group
Full data on the vascular changes over the study period are
presented in Table 4 and Figure 2. Brachial FMD% signifi-
cantly increased overall during the study period for the entire
cohort and this increase differed by activity group (Figure 2,
P<0.001 for time, P=0.004 for time9group interaction). FMD
% did not significantly change in group 1 (5.6�2.5% to
6.3�2.7%, P=0.10) or group 2 (6.5�3.0% to 6.7�3.9%,
P=0.85), but significantly increased in group 3 (4.7�2.5% to
8.0�4.3%, P=0.001).

There was a significant interaction between time of
brachial artery diameter measurement and activity group
(P=0.02). Brachial artery diameter was significantly smaller at
baseline in group 1 compared with both group 2 (P=0.03) and
group 3 (P=0.01), but was not significantly different at the
week 12 visit (P=0.46 and 0.18 comparing group 1 to groups
2 and 3, respectively). Brachial artery diameter was larger at
week 12 compared with week 1 in group 1 (3.49�0.57 to
3.60�0.58 mm, P=0.01) and trended toward a smaller size at
week 12 in group 3 (4.03�0.87 to 3.93�0.91, P=0.08). There
was no change in brachial diameter in group 2 (3.84�0.70 to
3.81�0.70, P=0.58). There were no significant changes in

baseline and peak hyperemic shear, cfPWV, Aix, or nitroglyc-
erin-mediated vasodilation over the study period (Table 4).

Changes in Endothelial Function Based on
(1) 10 000 Steps/Day Threshold and (2)
30 Min/Day MPA Average
Twenty-nine subjects reached ≥10 000 steps/day by the end
of the study protocol. As shown in Figure 3A¸ step count
increased to a significantly greater extent in the group that
achieved a ≥10 000 steps/day average compared with those
who did not meet this goal (4803�1531 to 5741�2111 steps

Table 4. Endothelial Function and Vascular Compliance Data by Study Group

Control (N=41) Pedometer Only (N=36) Pedometer+Website (N=29)
P Values
(Time Effect)

P Values
(Time9Group
Interaction)Baseline Week 12 Baseline Week 12 Baseline Week 12

Baseline brachial diameter, mm 3.49�0.57 3.60�0.58 3.84�0.70 3.81�0.70 4.03�0.87 3.93�0.91 0.77 0.02

Baseline peak shear, dynes/cm2 44�13 43�14 45�16 40�13 40�13 40�14 0.08 0.19

Hyperemic peak shear, dynes/cm2 80�22 77�26 74�23 72�29 71�22 70�23 0.41 0.93

Nitroglycerin mediated dilation, %* 22.4�7.8 19.9�6.6 18.7�5.5 17.2�6.4 21.0�6.2 20.5�6.7 0.14 0.70

Carotid-femoral pulse wave velocity,
cm/s†

9.6�2.2 9.2�2.3 9.8�2.0 9.6�1.7 9.7�2.0 9.8�2.7 0.44 0.61

Augmentation index‡ 29.2�9.8 27.1�9.7 26.1�7.3 26.6�15.1 25.4�8.6 24.4�8.0 0.39 0.52

Aortic systolic blood pressure‡ 120�12 121�16 119�14 117�14 120�12 121�14 0.87 0.31

Aortic diastolic blood pressure‡ 72�9 71�20 68�8 70�8 71�7 71�8 0.88 0.16

*N=30, 23, and 18 for groups 1, 2, and 3, respectively.
†N=35, 31, and 24 for groups 1, 2, and 3, respectively.
‡N=40, 34, and 29 for groups 1, 2, and 3, respectively.
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Figure 2. Brachial flow-mediated dilation (FMD)
improved in the group randomized to access to the
pedometer and website, but not in either of the other
groups. (P<0.001 for time, P=0.004 for time9group
interaction by ANOVA). FMD% did not significantly
change in group 1 (5.6�2.5% to 6.3�2.7%, P=0.10)
or group 2 (6.5�3.0% to 6.7�3.9%, P=0.85), but
significantly increased in group 3 (4.7�2.5% to
8.0�4.3%, *P=0.001 within the group).
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versus 6069�1371 to 12486�1947 steps, P<0.001 overall,
P<0.001 time9group interaction, P<0.001 between groups at
week 12). Similarly, the 46 subjects who achieved ≥30 min/
day of MPA by week 12 also significantly increased their step
count over the study period while those who did not achieve
this goal did not reach 10 000 steps (4825�1604 to
5327�2671 steps versus 5570�1517 to 10196�3149,
P<0.001 overall, P<0.001 time9group interaction, P<0.001
between groups at week 12, Figure 3B). There was no
interaction between FMD% changes over time and achieving
either ≥10 000 steps/day or ≥30 min/day of MPA (P=0.40
and 0.93 for time9group interaction terms for ≥10 000 steps/
day and ≥30 min/day, respectively Figures 3C and 3D).

Changes in Endothelial Function Based on
≥20 Min/Day Average of MPA in Bouts
≥10 Minutes in Length
A total of 33 subjects averaged ≥20 min/day of MPA in bouts
of ≥10 minutes in length by the end of the study protocol.

Those who achieved ≥20 min/day in MPA bouts signifi-
cantly increased their step count to a greater extent
compared those who did not achieve this goal
(4866�1599 to 6204�3172 steps versus 5785�1437 to
10439�3313 steps, P<0.001 for both time and time9group
interaction, P<0.001 between groups at week 12, Figure 4A).
Further, those who achieved ≥20 min/day in MPA bouts
significantly increased their FMD% over the study period,
while those who were not performing ≥20 min/day of MPA
bouts showed no increase (5.4�3.2% to 8.1�3.7% versus
6.0�2.6% to 6.3�3.4%, P=0.001 for time, P=0.008 for
time9group interaction, P<0.001 for ≥20 min/day of MPA in
bouts at week 12 versus baseline and versus both FMD
measurements for those achieving ≤20 min/day of MPA,
Figure 4B). Table 5 presents more detail on the impact of
increased MPA bout activity of vascular structure and func-
tion. While brachial artery diameter did not change in
those achieving ≤20 min/day (3.66�0.61 to 3.71�
0.70 mm, P=0.25), brachial diameter trended toward a
decrease in those achieving ≥20 min/day (3.98�0.91 to
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Figure 3. Step count and FMD% based on analysis by achievement of ≥10 000 steps/day (A and C) or
≥30 min/day of MPA (B and D). A, Step count increased to a greater extent in the group that achieved
≥10 000 steps/day compared to those who did not achieve this goal (4803�1531 to 5741�2111 steps
vs 6069�1371 to 12486�1947, *P<0.001 between groups at week 12). B, The 46 subjects who achieved
≥30 min/day of MPA also increased their step count over the study period (4825�1604 to
5327�2671 steps vs 5570�1517 to 10196�314, *P<0.001 between groups at week 12). There was
no interaction between FMD% changes over time and achieving either ≥10 000 steps/day (C), 5.5�3.1 to
7.4�3.6 for <10 000 group vs 5.7�2.6 to 6.7�3.5 for ≥10 000 step group, P=0.40 for interaction) or
≥30 min/day of MPA (d, 5.5�2.2 to 6.6�3.5 for <30 min/day vs 6.1�3.3 to 7.2�3.6 for ≥30 min/day,
P=0.93 for interaction). FMD indicates flow-mediated dilation; MPA, moderate intensity physical activity.
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3.88�0.88 mm, P=0.066). Similar to the intention to treat
analysis, we found no differences within or between groups
with respect to baseline and hyperemic peak shear,
nitroglycerin mediated dilation, cfPWV, AIx, aortic or brachial
pressures, fasting glucose levels, insulin levels, measures of
insulin sensitivity, or serum lipids. While both BMI and weight
decreased over the study period, there was no interaction
between activity grouping and either of these parameters.
However, an interaction between activity group and time was
seen with waist circumference (P=0.048), with waist circum-
ference significantly decreasing in those who achieved
≥20 min/day in MPA bouts (98.7�13.6 to 96.2�13.2 cm,
P=0.003) but not for those who did not achieve this
landmark (100.5�12.1 to 100.0�12.2, P=0.38). Resting

heart rate was significantly lowered in those who achieved
this goal (64�9 to 61�8 beats/min, P=0.002).

A subgroup analysis of the 46 subjects achieving
≥30 min/day of MPA was performed, stratifying these
subjects into 2 groups: those who concomitantly achieved
≥20 min/day of MPA bouts versus and those who did not to
determine how MPA bout activity might impact the 30 min/
day MPA threshold’s effect on FMD%. While FMD% for the
combined group did not significantly change with intervention
(P=0.69), there was a significant interaction for time by bout
achievement for FMD%. FMD% did not significantly increase
over the study period in those who did not also reach
≥20 min/day average (N=15, 7.7�2.9 versus 5.7�2.7,
P=0.12) while FMD% significantly increased in those who

Table 5. Endothelial Function, Vascular Stiffness, Blood Chemistries, and Vital Signs by Achievement of Bout Activity

Bout <20 minutes (N=63) Bout ≥20 minutes (N=33)

P Values (Time Effect)
P Values
(Time9Group Interaction)Baseline Week 12 Baseline Week 12

Baseline brachial diameter, cm 3.67�0.61 3.71�0.70 3.98�0.92 3.88�0.89 0.43 0.03

Baseline peak shear, dynes/cm2 44�13 41�15 43�14 38�13 0.07 0.47

Hyperemic peak shear, dynes/cm2 78�21 76�29 71�23 69�22 0.44 0.99

Nitroglycerin mediated dilation, %* 21.1�7.0 18.3�6.7 20.0�5.6 20.0�5.9 0.17 0.20

Carotid-femoral pulse wave velocity, cm/s† 9.6�2.2 9.4�2.1 9.6�1.6 9.6�2.1 0.60 0.48

Augmentation index‡ 27.5�9.3 26.2�13.3 26.6�8.8 24.8�7.6 0.19 0.85

Aortic systolic blood pressure‡ 119�13 118�14 120�11 121�15 0.93 0.33

Aortic diastolic blood pressure‡ 69�8 69�8 71�8 71�9 0.85 0.79

Weight, kg 82.0�16.1 81.4�16.4 83.9�16.7 82.0�17.6 0.002 0.08

Body mass index, kg/m2 29.2�4.9 28.9�5.3 29.1�5.8 28.3�6.1 0.001 0.09

Waist circumference, cm 100.5�12.1 100.0�12.2 98.7�13.6 96.2�13.2 0.003 0.048

Glucose, mg/dL 92�20 93�23 90�8 89�11 0.88 0.18

Insulin, lU/L 14.2�7.5 13.9�7.1 13.3�6.9 12.6�7.6 0.34 0.62

QUICKI 0.33�0.03 0.33�0.03 0.33�0.02 0.34�0.03 0.27 0.11

HOMA-IR 3.3�2.1 3.3�2.1 3.0�1.7 2.9�.2.1 0.56 0.60

Total cholesterol, mg/dL 132�35 132�29 134�31 141�30 0.42 0.44

LDL cholesterol, mg/dL 73�36 71�31 75�32 78�29 0.96 0.52

HDL cholesterol, mg/dL 42�15 44�16 42�16 45�13 0.11 0.71

Triglycerides 79�26 82�31 82�31 85�40 0.31 0.94

hsCRP, mg/dL 3.23�3.00 3.90�3.95 2.69�2.95 2.83�3.21 0.22 0.42

Brachial systolic blood pressure 129�14 127�15 130�13 129�14 0.14 0.40

Brachial diastolic blood pressure 69�8 68�8 69�7 70�9 0.85 0.51

Heart rate, bpm 63�9 63�10 64�9 61�8 0.01 0.003

HDL indicates high-density lipoprotein; HOMA-IR, homeostatic model of assessment-insulin resistance; hsCRP, high-sensitivity C-reactive protein; LDL, low-density lipoprotein; QUICKI,
quantitative insulin sensitivity check test.
*N=45 and 21 for <20 min/day in bouts and ≥20 min/day in bouts.
†N=53 and 29 for <20 min/day in bouts and ≥20 min/day in bouts.
‡N=61 and 32 for <20 min/day in bouts and ≥20 min/day in bouts.
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achieved both goals (N=31, 5.4�3.3 versus 7.9�3.8,
P=0.002).

Correlations Between Step Counts, Bout Minutes,
and Total Moderate Intensity Minutes
The step count at the end of the study correlated strongly
with total MPA minutes (r=0.82, P<0.001), but less strongly
with the total MPA done in bouts (r=0.62, P<0.001).

Discussion
The present study reports several important findings. First,
while both pedometers alone and pedometers combined with
our internet-based tailored messaging significantly increased
MPA in our study, only the group that received the pedom-
eters with our internet-based tailored messaging and feed-
back concomitantly improved vascular endothelial function.
Second, improvements in endothelial function seen with our
combined intervention occurred in the absence of significant
changes in traditional cardiovascular risk factors or systemic
inflammation measured by hsCRP. Third, commonly promul-
gated goals for MPA, including 10 000 steps/day and
≥30 min/day of MPA, do not appear sufficient to reverse
age-related vascular endothelial dysfunction in older adults.
However, reaching these goals in the context of a self-
regulated PA regimen where individuals engage in ≥20 min/
day of MPA in continuous bouts of ≥10 minutes does reverse

age-related endothelial dysfunction. Taken together, these
data provide important and novel dosing dimensions to
current PA recommendations for older adults. The lack of
dependence of the favorable impact of this dose of PA on
changes to traditional cardiovascular risk factors and sys-
temic inflammation suggests bout-centered PA with its
sustained increases in shear stress may be responsible for
the favorable effects of PA on CV risk that are independent of
known CV risk factors.

Previous work in healthy older adults establishes that
aerobic exercise training reverses both age-related endothe-
lial dysfunction and arterial stiffening.7,12,13 The exercise
regimens in these studies were 8 to 12 weeks in duration and
involved 40 to 50 minutes of continuous activity at 70% to
75% of maximal predicted heart rate. While not reported,
based on age, sex, and the intensity of work reported, the PA
intensity performed by most of the participants in these
studies likely exceeded 6 METs and the overall duration of
activity significantly exceeds current PA guidelines. Our work
significantly extends these prior data by establishing that self-
regulated PA at more moderate intensities (3 to 6 METs) that
are more sustainable and attainable by many older adults also
improves endothelial function.

We did not identify any improvements in age-related
vascular stiffness in our study protocol regardless of the
thresholds achieved. MPA may either require a longer
duration to impact vascular remodeling to alter vascular
stiffness. However, we did observe a significant decrease in
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Figure 4. Step count and FMD% based on those who achieved ≥20 min/day. (A) Those who achieved
≥20 min/day of in MPA in bouts significantly increase their step count to a greater extent than those who
did not (4866�1599 to 6204�3172 steps vs 5785�1437 to 10439�3313 steps, *P<0.001 for both time
and time9group interaction, P<0.001 between groups at week 12). (B) Those who achieved ≥20 min/day
in moderate intensity in bouts significantly also increased their FMD% (5.4�3.2% to 8.1�3.7% vs 6.0�2.6%
to 6.3�3.4%, *P=0.001 for time, P=0.008 for time9group interaction, P<0.001 for ≥20 min/day of MPA in
bouts at week 12 vs baseline and vs both FMD measurements for those achieving ≤20 min/day of MPA).
FMD indicates flow-mediated dilation; MPA, moderate intensity physical activity.
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brachial artery diameter in individuals who achieved
≥20 min/day average of MPA bouts with no change in those
who did not achieve this goal. Increased brachial diameter
size strongly correlates with increased CV risk.30,31 With
sedentary aging, the brachial artery pathologically outwardly
remodels resulting in lower overall shear stress in a vessel
with a larger luminal diameter.32 Our data, from a group of
older adults with an overall modest CV risk factor burden
outside of age, suggest this duration, intensity, and architec-
ture of PA may result in favorable reverse remodeling of
muscular conduit arteries.

While the “some PA is better than none” and “more PA is
better than less” statements are well supported, more precise
dosing of PA by frequency, intensity, and duration has been an
elusive and limiting knowledge gap with respect to PA
interventions.16,33,34 Current recommendations are based
largely on epidemiological studies with primarily self-reported
PA levels.14,35–37 Only a minority of the studies focused on
older adults.36 The data are dominated by self-reported
activity levels and are conflicting with respect to the intensity
of activity required to earn PA’s CV benefits.33 While current
recommendations state that PA can be done in separate
bouts of ≥10 minutes duration,38 there is limited quantitative
data behind this recommendation and recent data suggested
short bout lengths could be equally effective.39,40 We
significantly extend these findings by adding specificity to
the dosing and duration (≥20 min/day of MPA performed in
bouts of ≥10 minutes in length) of PA required for older adults
to earn its CV benefits through our quantitative approach to
PA measurement and our randomized trial design.

The use of step count, particularly the goal of
10 000 steps/day, to help guide individuals to meet promul-
gated PA guidelines has risen in popularity with the increased
penetration of low-cost, high-quality pedometers.41,42 The
10 000-step threshold has been adopted by multiple prom-
inent groups, been popularized in the lay press and internet,
and is included as a recommended way to meet the
Department of Health and Human Services’ Physical Activity
Guidelines and the American Heart Association’s literature.43

The health impact of pedometer-based interventions on
traditional CV risk factors appears to vary based on the
comorbidities of the population being followed, and a recent
meta-analysis suggests improvements in blood pressure, BMI,
and glycemic control may be attained through pedometer-
based interventions in hypertensive and insulin resistant
populations.44 However, recent data suggest that
10 000 steps may not well approximate current PA goals,
particularly in older adults who may have musculoskeletal or
other issues that limit their walking speed.41,45 Our data
provide important new evidence that PA interventions focus-
ing solely on the number of steps without emphasis on
appropriate PA architecture are likely to be less effective at

reducing CV risk. Specifically, our study results suggest that in
older adults, the commonly used 10 000 steps/day goal is
not sufficient to reverse age-related endothelial function
unless it occurs in the context of ≥20 min/day of MPA in
bouts.

While the mechanisms behind all of PA’s CV benefits
remain to be elucidated, PA’s protective effects on vascular
physiology derive from its intermittent bouts of increased
laminar shear stress. Shear stress has recently been shown
to be the primary stimulus for improvements in endothelial
function related to PA, largely independent of PA’s effect on
other CV risk factors.5,6 Sedentary aging leads to increased
endothelial inflammation, reduced endothelium-derived NO
synthase expression, and increased oxidative stress leading to
phenotypical endothelial dysfunction.46,47 Episodes of
increased laminar shear stress activate shear responsive
elements inducing profound epigenetic changes and changes
in genomic expression leading to favorable changes in the
vascular endothelial phenotype.48 This study largely supports
the concept that age-related vascular endothelial dysfunction
can be reversed by PA independent of its influence of CV risk
factors. Further work will be necessary to more precisely
determine the dose-response relationship between different
“doses” of shear stress and the responses of the vasculature.

Our study has some limitations. Our cohort represents a
relatively healthy group of adults aged ≥50 years. It is
possible that different intensities and durations of PA may
have different effects in patients with different comorbidity
profiles or at younger ages. MPA could also have greater
impact on vascular structure in a longer duration study.
Balanced against these limitations are the important new
quantitative PA dosing data this study suggests that may
enhance the clinical impact of current PA recommendations
for older adults.

Our randomized trial demonstrates that self-regulated PA
at moderate intensities can reverse age-related vascular
endothelial dysfunction. Our data suggests the most
important aspect of PA is that it be done at moderate
intensity in continuous bouts of ≥10 minutes for ≥20 min/
day. Future work further delineating the ideal bout length
for CV risk reduction and the mechanisms by which bout
activity reverse age-related endothelial dysfunction hold
promise for maximizing PA’s CV risk reduction in older
adults as well as unlocking mechanisms behind pathological
vascular aging.
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