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Abstract
Purpose—To examine the influence of a unilateral exercise training protocol on brachial artery
reactivity (BAR) in 12 men (aged 81 ± 5 yr).

Methods—Brachial artery diameters and blood flow parameters were assessed, in both arms, using
high-resolution ultrasonography, before and after 5 min of forearm occlusion, before and at the end
of each week of a 4-wk training program. Training consisted of a unilateral handgrip training protocol
(nondominant arm) at 60% of maximal voluntary handgrip strength, performed for 4 wk, 4
d·wk −1, 20 min per session, and a cadence of one contraction per 4 s.

Results—After training, handgrip strength increased 6.2% (baseline = 32.4 ± 7.0 kg vs week 4 =
34.4 ± 6.7 kg) in the trained arm only but failed to reach statistical significance (P = 0.10). No
statistical changes were observed for blood pressure or resting HR. In contrast, BAR increased 45%
(Pre = 2.9% vs Post = 4.1%, P = 0.05) in the trained arm only. Improvements in BAR were observed
after the second week of training, without significant changes in the main vasodilatory trigger, defined
as the relevant shear stimulus after forearm occlusion (P > 0.05).

Conclusions—These data indicate that a localized short-term exercise program results in
significant improvements in vascular function in the trained arm of elderly men compared with the
control arm. Furthermore, the findings indicate a statistically significant increase in BAR at the end
of the second week of training, despite a similar trigger for dilation versus before training.
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Advancing age is associated with a decline in peak oxygen consumption (peak V̇O2), which
is accelerated in the later decades of life (10). The reduction in peak V̇O2 has been attributed
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to a myriad of factors, including reduced cardiac output reserve and stroke volume (21) and
maldistribution of cardiac output (4). Of particular concern are the age-related changes in
vasodilatory function of large conduit and resistance vessels, which contribute to the delivery
of blood to active skeletal muscle during a time of increasing need (such as during exercise).
Previous work by others indicates a strong relation between vasodilatory function and aerobic
capacity in older endurance-trained men (26,27) and older women (22). Recent work from our
laboratory indicating a link between vascular health and physical function in the elderly (36)
further emphasizes the importance of maintaining a healthy vasculature throughout life.

Vasoactivity of large conduits and resistance vessels is partly mediated through the
endothelium, which responds to changes in wall shear stress by releasing vasoactive substances
(e.g., nitric oxide [16]) to cause smooth muscle relaxation. Measurement of brachial artery
reactivity (BAR) in response to 5 min of forearm occlusion is a validated noninvasive tool to
assess global vascular health and is associated with vasoreactivity of the coronary arteries (3,
30). BAR is reduced in individuals with cardiovascular risk factors (20,29) and with advancing
age (6).

Exercise training has emerged as an effective therapy to improve vascular function in the young
and middle-aged adults with cardiovascular disease (11). Previous data from our laboratory
(1) have shown significant improvements in BAR after 4 wk of unilateral handgrip training in
younger individuals. The restorative capacity of exercise training also extends to adults
between 50 and 76 yr of age (8,37). However, given the predictions by the National Institute
on Aging, that the fastest growing segment of the US population is the age group older than
80 yr, it is important to determine the efficacy of an exercise intervention on vascular health
in the “oldest old.”

Interestingly, our previous findings indicate that BAR improved within 4 d of training onset,
in younger individuals (1). We are unaware of any exercise training studies in the elderly that
have examined the time course of vascular changes. Ultimately, knowledge regarding the time
course of vascular changes in the elderly may contribute to the refinement of exercise guidelines
designed to preserve functional ability and independence in the elderly.

Accordingly, the purpose of this study was to examine the influence of a unilateral exercise
training protocol on BAR, in 73- to 90-yr-old men. It was hypothesized BAR would
significantly change in the trained arm only. A second objective of the study was to determine
the time course of changes in BAR. It was hypothesized that the changes in BAR would be
noticeable after 1 wk of training.

METHODS
Participants

Men older than 70 yr were recruited to participate in this study. Exclusion criteria for the study
included the following: 1) active smokers, 2) known alcohol or drug abuse problems, 3) heart
attack or stroke in the last 3 months or changes in a resting ECG, 4) American Heart Association
Class D (i.e., symptoms of cardiovascular and/ or metabolic disease at rest), 5) poorly
controlled high blood pressure or diabetes (i.e., change in medication within the last 6 months),
6) known blood clotting disorders, 7) known blood vessel aneurysm (weakness or
enlargements), 8) myasthenia gravis, 9) known acute infection and/or significant emotional
distress, 10) adults dementia or other neurological impairment, and 11) inability to see or hear.
Each participant signed an informed consent approved by the institutional review board of the
Pennington Biomedical Research Center.
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Experimental Design
The study was a prospective design consisting of 4 wk of handgrip exercise training of the
nondominant arm. The dominant arm of the participant served as the control. The major
dependent variable for the study was BAR. A power analysis conducted in our laboratory
revealed that, to detect a 30% change in vasoreactivity at 90% power using a prospective design,
10 subjects would be required (35). The resolution of the brachial images in the previous power
calculation was limited by a caliper accuracy of 0.028 mm. The analysis system (see “Brachial
artery imaging”) used in the current study allows a caliper accuracy of 0.01 mm. HR, blood
pressure, blood flow, and estimated shear rate were the major independent variables. Finally,
maximal handgrip strength and forearm circumference were also assessed. All variables were
examined before training and at the end of each week of the protocol.

Experimental Procedures
Physical fitness—The Physical Activity Scale for the Elderly (PASE) was used to estimate
the level of physical activity of each participant before training (33). Participants were asked
to avoid changing physical activity behavior during the study. Forearm circumferences of each
arm were assessed using a weighted measuring tape approximately 10 cm distal to the midpoint
between the lateral epicondyle and the olecranon process. Maximum voluntary handgrip
contractions (MVC) of the right and left arms were evaluated using a dynamometer
(Baseline®). The participants stood upright while bending forward slightly and were instructed
to grip at a maximum effort for 3 s. The average of three consecutive trials was used to
determine MVC.

Brachial artery imaging—All brachial artery imaging was conducted by the same
ultrasonographer in accordance with the guidelines set forth by the Brachial Artery Reactivity
Task Force (7). Brachial artery ultrasound measures were obtained with participants in the
supine position, using a 7.5-MHz linear array transducer before, during, and after 5 min of
forearm occlusion. Before scanning, the participant was instructed to fast for 12 h. Baseline
ultrasound images were obtained after 20 min of supine rest. All images were obtained in the
longitudinal view, approximately 4 cm proximal to the olecranon process, in the anterior/
medial plane. Image depth was initially set at 4 cm, and gain settings were adjusted to provide
an optimal view of the anterior and posterior intimal interfaces of the artery and were kept
constant throughout. The arm of the participant was immobilized and slightly supinated.
Forearm occlusion consisted of inflation of a blood pressure cuff, positioned approximately 1
cm distal to the olecranon process, to 200 mm Hg for 5 min. Images were obtained at rest and
continuously from the final 30 s of occlusion until 5 min after the release of the blood pressure
cuff. Doppler velocity profiles were collected simultaneously using a pulsed Doppler signal at
an angle of approximately 60° to the vessel. All ultrasound images were recorded digitally,
stored on discs, for subsequent offline analysis.

Exercise training—Exercise training involved 20 min of handgrip exercise at an intensity
of 60% of maximal handgrip strength for four consecutive days each week. Exercise sessions
were not conducted on the same day as BAR assessments. The intervention lasted for 4 wk.
For each session, the handgrip dynamometer was squeezed at a rate of one contraction per 4
s. These sessions were monitored by members of the research team. Maximal handgrip strength
was assessed on a weekly basis to ensure that the relative training intensity would be maintained
during the study.

Brachial Artery Dimensions, Reactivity, and Estimated Shear Analysis
Brachial artery diameters were analyzed using the Brachial Imager software (Medical Imaging
Applications, LLC, Coralville, IA). Arterial diameters were calculated as the mean distance
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between the anterior and the posterior wall at the blood vessel interface, with the image in
diastole, defined as the peak of the r-wave. Resting diameter was defined by the average of 30
s of data obtained after 20 min of resting conditions. Peak dilation was defined (by visual
inspection of the arterial diameter curve) as the largest diameter after release of the occluding
cuff. The value was calculated by the average of 10 images (5 s) surrounding this highest
observable peak. Finally, BAR was defined as the absolute (mm) and percent change in vessel
diameter from rest to peak. The reproducibility of this technique in our laboratory has yielded
intraclass correlation coefficients for days, testers, and readers of 0.92, 0.94 and 0.90,
respectively (35).

Blood flow velocity was defined as the average of three mean velocities measured at rest and
during the first 10 s of reactive hyperemia. Briefly, three flow velocity integrals (FVI; cm)
were randomly selected and traced using Image Pro 4.0 software (Media Cybernetics Inc.,
Bethesda, MD). The FVI was then divided by the ejection time (s) to subsequently determine
the mean velocity (cm·s−1) for each of the selected cardiac cycles. Resting blood flow and
hyperemic blood flow (mL·min−1) were then calculated using the after equation: Q̇ = (velocity
× HR) × πr2. In accordance with recent recommendations (24), the continued shear stimulus
imposed on the vessel wall before peak diameter response (“relevant” shear stimulus) was used
to quantify the stimulus for BAR. Shear rate [4 × mean blood velocity (cm·s−1) / diameter (cm)]
was measured at 10-s intervals during reactive hyperemia up to the point of maximum vessel
diameter and plotted against time (s). A trapezoidal model was then used to calculate area under
the curve (AUC) above baseline.

Statistical Analyses
All statistical analyses were performed using SPSS for Windows (version 11.0 [SPSS Inc.,
Chicago, IL]). To determine the effect of the 4-wk intervention on BAR, a two (trained arm
vs nontrained arm) by two (pre vs post) repeated-measures ANOVA was performed. To
determine the time course of the changes in BAR across the training protocol, a repeated-
measures ANOVA was used. Differences between means were evaluated using a post hoc least
significant difference (LSD) test. Relationships among BAR, shear rate, and hyperemic blood
flow were examined using Pearson product moment correlations. An α level <0.05 was
considered statistically significant.

RESULTS
Participant characteristics

Twelve men (81 ± 5 yr) completed all facets of the study. All individuals were free from
symptoms indicative of chronic illness; although two individuals were taking ACE inhibitors,
three were on cholesterol lowering medications, and two were taking β-blocking drugs.
Dosages were kept constant throughout the study. The average PASE score of this sample
indicates that these individuals were moderately active. The baseline characteristics of these
individuals are presented in Table 1.

Forearm circumference, handgrip strength, and hemodynamics
All subjects completed a total of 16 training sessions. Maximal handgrip strength increased
6.2% (baseline = 32.4 ± 7.0 kg vs week 4 = 34.4 ± 6.7 kg) in the trained arm only but failed to
reach statistical significance (P = 0.10). No significant change was observed in the forearm
circumference of either arm. Also, the results of a paired-samples t-test for pretraining and
posttraining measures for cardiovascular hemodynamics did not reveal significant changes in
systolic blood pressure (Pre = 133 ± 11 mm Hg vs Post = 131 ± 10; P = 0.08), diastolic blood
pressure (Pre = 76 ± 6 mm Hg vs Post = 75 ± 6 mm Hg; P = 0.69), or resting HR (Pre = 61 ±
9 beats·min−1 vs Post = 59 ± 10 beats·min−1; P = 0.32).
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Effects of exercise training on BAR
The vascular parameters of the trained and untrained arm during the training program are
presented in Table 2. No significant differences were noted between brachial artery diameter
at rest and before release of the blood pressure cuff in either arm during the study (data not
shown). ANOVA revealed no difference in resting brachial artery diameter between arms
before training and during the study. The two (trained arm vs nontrained arm) by two (pre vs
post) repeated-measures ANOVA revealed a significant interaction effect, whereby BAR
improved 45% in the trained arm only (P = 0.05). No significant differences were observed in
pretraining BAR between arms or between pretraining and posttraining BAR in the untrained
arm. Individual training responses for both trained and untrained arms are shown in Figure 1.
The data clearly show a consistent improvement in BAR, for most trained arms from before
to after training. In contrast, no improvements were noted in BAR in any of the untrained arms.

Time course changes of BAR
The time course of change in BAR is presented in Figure 2. BAR of the trained arm improved
30% by the second week of training (2.9 ± 1.5 at baseline vs 3.8 ± 1.7 at week 2, P = 0.02) and
remained statistically significant compared with pretraining values for the remainder of the
intervention (P < 0.05). BAR continued to increase from week 2 to week 4 (maximal
improvement 45%), but the changes were not significant from week 2. No significant changes
in BAR were noted in the untrained arm during the intervention.

Effects of exercise training on blood flow and shear rate
Estimates of blood flow at rest and immediately after cuff occlusion for the trained and control
arms are presented in Table 3. In addition, the estimated peak wall shear rate immediately after
cuff occlusion and the relevant shear stimulus (AUC) are also shown in Table 3. No significant
differences in flow and the shear values were observed between arms before training. Estimates
of blood flow during reactive hyperemia were significantly higher in the trained arm at weeks
3 and 4 compared with pretraining values. No such changes were noted for the control arm.
Peak wall shear rates also increased significantly by week 3 in the trained arm. In contrast, the
relevant shear stimulus did not change significantly in the trained arm across the training period
but was significantly higher compared with that in the control arm at weeks 2 to 4.

Finally, Pearson product moment correlations revealed significant relationships between the
average relevant shear stimulus (AUC) and BAR (r = 0.76, P < 0.001) in either arm across all
visits.

DISCUSSION
The purpose of this study was to examine the influence of a unilateral exercise training protocol
on BAR in a group of older men. Four weeks of exercise training resulted in a ~45% increase
in BAR of the trained arm only. A significant improvement was observed by the end of the
second week of training and was maintained throughout the duration of the study. This finding
indicates the vascularture’s ability to respond favorably to an exercise stimulus is preserved in
individuals in their 9th and 10th decades of life. Moreover, BAR adaptations occur relatively
early after the onset of training and are observed before any alterations in the stimulus for
dilation.

Unilateral response to exercise training
Before training, brachial artery resting diameters, blood flow, and peak wall shear rates were
similar to data from the Louisiana Healthy Aging study (36). The BAR observed in the present
study ranged from 2.9% to 4.2%, which is also quite similar to what has been reported in larger
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investigations of older healthy adults (6,14) including our own (36). Typically, when
comparing these findings to younger age groups, BAR is blunted, thus suggesting an age-
related decline in the endothelium-dependent function (15,36).

The improvement in BAR in response to exercise training is also in agreement with others
(8,37) who studied adults between the age of 50 and 76 yr. Desouza et al. (8) reported a 30%
improvement in acetylcholine-induced forearm blood flow in response to 3 months of aerobic
exercise, which consisted mostly of walking. More recently, Wray et al. (37) observed a
significant improvement in BAR after 6 wk of single-leg knee extensor training. Collectively,
the mean age of the participants in the above studies was 63 yr. Thus, the present findings
extend our current knowledge of exercise training effects on vascular function to men in their
9th and 10th decades of life. Importantly, the observed changes, in the present study, were
quite consistent, in that, all trained arms increased the absolute change in vessel diameter after
forearm occlusion. In contrast, there were no improvements in any of the control arms during
the same period.

Whereas the present study was not designed to address the underlying mechanisms for change,
the findings do provide direct evidence of the plasticity of the vasculature, even in those in
their 9th and 10th decades of life. It is hypothesized (17) that the repetitive shear stress
associated with muscle contractions signals formation of beneficial endothelial cell phenotype,
including increased nitric oxide production, endothelial nitric oxide synthase (eNOS),
prostacyclin (PGI2), antioxidant defenses, and a reduction in reactive oxygen species, adhesion
molecules, and vasoconstriction factors (e.g., endothelin 1). That said, we acknowledge that
the improvement in BAR may, in part, be the result of a change in the trigger for vasodilation.
Indeed, both the reactive hyperemic flow response and estimated peak shear rate (23) were
significantly higher at week 4 in the trained arm compared with those in the pretraining
measures. This increase in postocclusion blood flow after training has been reported previously
(2,18,25,37). We speculate that this increase may be secondary to regional adaptations
including enhanced endothelial-dependent resistance vessel function (19) and changes in
microcirculation (28,34). However, it is important to acknowledge that recent evidence
indicates (24) that the continued shear stimulus imposed on the vessel wall before peak diameter
response (“relevant” shear stimulus) is a more accurate predictor of BAR than the peak shear
stimulus. A lack of change in relevant shear rate (AUC) in the trained arm, in the present study,
suggests that the trigger for BAR did not change, yet the reactivity did. This finding would
favor a change in the mechanisms underlying BAR.

Time course of change in BAR
Hypothesizing that handgrip training would indeed result in a significant increase in BAR, a
second objective was to examine the time course of these vascular adaptations. Evidence for
rapid changes in vasoreactivity with training were first reported by Wang et al. (32) who found
an increase in vasodilatory responses in the circumflex coronary artery of dogs, owing to a
greater release of endothelial-derived NO, after 7 d of exercise training. Studies conducted in
our laboratory have confirmed these rapid changes in vasodilatory function in humans (1,2).
For example, Allen et al. (1) observed a significant change in BAR after 4 d of handgrip training
in young men using a similar training protocol. The findings from the current investigation
indicate a statistically significant improvement in the BAR of the trained arm after 8 d of
training. Importantly, the change in BAR after only 8 d of training occurred without significant
changes in the trigger for dilation compared with pretraining. Thus, the present findings seem
to confirm previous studies that indicate that vascular adaptations occur relatively quickly after
the onset of training.

It is worth noting that the improvement in BAR was of lesser magnitude and slower in onset
than our previous observations in young men (1). The reason for the slower response and lower
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magnitude in improvement in the current study is not clear but may include both protocol-
related differences and/or physiologic differences between young and old. About protocol
differences, it is evident that although the relative intensity of the exercise training was the
same (60% MVC) between studies, the older men trained at a lower absolute workload (~20
kg in the old vs 26 kg in the young), perhaps suggesting the importance of training volume
rather than merely exercise intensity. Thus, further research is needed to determine the
threshold of training volume needed to elicit vascular adaptations. However, it is important to
appreciate that the strength gains in the trained arm in the present study are nearly identical to
those reported by Allen et al. (1) (6.3% increase in handgrip strength).

A second factor that may have influenced the magnitude of the training response in the present
study is the size of the brachial artery diameter. Typically, the size of the brachial artery
diameter is inversely related to BAR (5,14). Moreover, brachial artery diameter increases with
age (14), perhaps due to structural modifications or increased resistance in smaller arterioles
downstream. Thus, a lower magnitude of response to training could certainly be a consequence
of the pretraining conditions. Specifically, the pretraining average brachial artery diameter in
the present study (4.47 mm) is much higher than what Allen et al. (1) reported (3.38 mm),
perhaps suggesting that older individuals are closer to their physiologic ceiling. However, the
lower magnitude of response in this study could certainly be the consequence of age-related
changes within the biological systems that underlie the vascular adaptations to exercise
training. This hypothesis has been advanced by others (9) who report that nonfrail
octogenarians who undergo strenuous endurance exercise experience attenuated adaptations
in V̇O2max and insulin action compared with those between the ages of 60 and 70 yr. Our
current findings suggest that this blunted adaptation may apply to the vasculature as well.
Clearly, future efforts should focus on understanding the attenuation in the capacity to adapt
to training in the elderly, as this may lead to determining the optimal mode and volume
(intensity, duration, frequency) of exercise needed to stimulate physiological systems in the
elderly.

Practical implications
We have previously discovered that vascular health is associated with measures of physical
function in older adults (36). These prior findings fit “the disablement process” (31) and suggest
that lower physical function may in part be the consequence of some defect in peripheral
vascular function, which contributes to functional limitations and ultimately contribute to loss
of dependence and disability in the elderly. The apparent specificity of the observed changes,
within the present study, emphasizes the need for a well-rounded exercise program as outlined
in the American College of Sports Medicine’s 1998 position statement. Interestingly, findings
from studies in heart failure and peripheral arterial disease suggest that training-induced
vascular improvements may contribute to improved heart function and aerobic capacity (12,
13) and prognosis. Given our current observations, it seems that exercise training is an effective
strategy to improve vascular function even in individuals in their 10th decade of life. Future
efforts should focus on how/if exercise-induced improvements in vascular function contribute
to the preservation of functional ability and independence in the elderly.

CONCLUSIONS
In conclusion, a localized short-term exercise program resulted in significant improvements in
BAR of the trained arm of elderly men compared with the control arm. Furthermore, the
findings indicate a statistical significant increase in BAR at the end of the second week of
training, despite a similar trigger for dilation versus pretraining. The improved BAR was
maintained throughout the remainder of the training period but may have, in part, been aided
by a larger vasodilatory trigger toward the end of the study. These findings indicate the ability
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of the vasculature to respond favorably to an exercise stimulus even in individuals in their 9th
and 10th decades of life.
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FIGURE 1.
Individual changes in BAR for the trained arm (A) and untrained arm (B) before and after the
4-wk intervention.
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FIGURE 2.
Group mean values ± SE for percent change in BAR across the 4-wk intervention. *P < 0.05
as compared with pretraining.
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TABLE 1

Participant characteristics.

Variable Baseline

Age (yr) 81 ± 1.4

Height (cm) 176 ± 1.7

Weight (kg) 77 ± 3.5

BMI (kg·m−2) 24.9 ± 1.1

PASE score (AU) 165 ± 25

Systolic blood pressure (mm Hg) 133 ± 3

Diastolic blood Pressure (mm Hg) 76 ± 2

HR (beats·min−1) 61 ± 3

Values are means ± SE.
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