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Cardiovascular disease (CVD) begins with damage to the endothelium, the inner lining of
the blood vessels. Endothelial damage occurs as early as childhood and is associated with risk
factors such as obesity, hypertension, diabetes, smoking, and dyslipidemia. Previous research
has documented that exercise enhances endothelial function in individuals of all ages, but there is
no consensus in the literature as to whether this improvement is seen systemically or is localized
to the exercised limb. It is well known that endothelial function is not homogenous throughout
the body, due to differences in limb blood pressure when standing, which can be as high as 65
mmHg. The purpose of this study was to evaluate endothelial function of the brachial and
popliteal arteries of trained and sedentary men via flow-mediated dilation (FMD). FMD is
assessed by measuring changes in arterial diameter in the reperfusion period following a 5minute period of ischemia. We hypothesized that 1) trained men would have greater endothelial
function in both the brachial and popliteal arteries in comparison to sedentary counterparts 2) the
brachial artery would have better endothelial function than the popliteal artery only in sedentary
men. Brachial and popliteal endothelial function will be similar in trained men due to an exercise
training improvement in endothelial function of the leg in trained individuals.
Baseline diameter (cm) and blood flow (ml/min) were measured in the brachial and
popliteal arteries of 7 lower-body aerobically trained (T) and 7 sedentary (S) young, healthy

men. A blood pressure cuff was inflated to occlude the artery for 5 minutes. Upon releasing the
cuff, diameter and blood flow were measured intermittently for 5 minutes via Doppler
Ultrasound to evaluate the vessel’s reactive hyperemic response. FMD was calculated relatively,
as a percent change from pre-occlusion, and absolutely, as a cm change from pre-occlusion. The
data were analyzed utilizing a 2X2 ANOVA and linear regression.
Trained men exhibited enhanced endothelial function in comparison to sedentary
counterparts when FMD was expressed as a percent change (T brachial=15.12 ± 8.44%; S
brachial =8.71 ± 2.57%; T popliteal= 8.35 ± 5.03%; S popliteal 5.24 ± 2.57%; p= 0.029) and as
an absolute change (T brachial= 0.06 ± 0.03cm; S brachial 0.04 ± 0.01cm; T popliteal=0.05 ±
0.29cm; S popliteal 0.03 ± 0.02cm; p=0.013). In both groups, the brachial artery had better
endothelial function than the popliteal artery (p=0.019).
In accordance with the hypothesis, endothelial function was enhanced in trained subjects
compared to sedentary controls. However, contrary to our prediction, greater endothelial
function was expressed in the brachial than popliteal arteries of both groups. It was concluded
that aerobically trained subjects have an improved endothelial function as compared to sedentary
subjects in the lower and upper body.
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CHAPTER I: INTRODUCTION
Cardiovascular disease (CVD) has been the number one cause of death in the United
States for the past fifty years.1 Currently, 12 million Americans have coronary heart disease and
4 million have had a stroke.1 Furthermore, the prevalence of CVD will likely increase as the
United States population lives longer with chronic disease.2 In fact, direct medical costs due to
CVD are projected to triple from 275.5 billion to 818.1 billion dollars between 2010 and 2030.3
CVD begins with damage to the endothelium. This damage begins as early as childhood, and is
correlated with cardiovascular risk factors.4 It is well documented that exercise can improve
endothelial function in individuals of all ages.5,6,7
A process termed flow-mediated dilation (FMD) has been validated as a measure of
endothelial function in conduit arteries.8 This process measures arterial diameter during reactive
hyperemia, an increase in blood flow following a period of ischemia. Several studies have
shown that endothelial function in the brachial artery is positively correlated with endothelial
function in the coronary arteries.9,10 Thus, FMD may be utilized to evaluate endothelial function
and detect the early stages of atherosclerosis.
It is widely accepted that endothelial function is not homogeneous throughout the
systemic arteries.11,12,13 This may be attributed to the blood pressure difference between the arms
and legs when standing, which can be as high as 65mmHg. This blood pressure difference
negatively affects the endothelium of the lower extremities, which initiates the process of
atherosclerosis. This may explain why peripheral artery disease (PAD) is much more common
in lower rather than upper extremities.14 Therefore, performing FMD in the leg in addition to the
arm may provide a better assessment of endothelial function.

Exercise improves endothelial function, but it is unclear whether aerobic exercise training
improves endothelial function in both upper and lower extremities. To our knowledge, no study
has investigated both brachial and popliteal FMD in trained and sedentary young men. Doing so
will allow us to compare endothelial function in the upper and lower extremities in both trained
and sedentary individuals.
Purpose:
The purpose of this study is to assess differences in flow-mediated dilation in the brachial
and popliteal arteries in sedentary and trained young, healthy men.
Hypothesis:
We hypothesized that 1) brachial artery endothelial function would be better than popliteal
endothelial function in sedentary men due to blood pressure differences when standing, which
negatively effects the endothelium of the leg 2) trained men would have better endothelial
function in both brachial and popliteal arteries as compared to sedentary men 3) there would be
no significant differences between brachial and popliteal endothelial function in trained subjects
due to an exercise training improvement in endothelial function of the leg of trained individuals.
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CHAPTER II: LITERATURE REVIEW
Blood flow and the role of endothelium:
Blood flow is the volume of blood moving through a vessel, organ, or entire circulation.
It is equal to cardiac output, which is approximately 5.0 to 5.5 L/min at rest.15 Opposition to
blood flow, peripheral resistance, is affected by blood viscosity, vessel length and vessel
diameter. Peripheral resistance increases with increasing length of the vessels, and decreases
with increased vessel diameter.15 Blood flow is directly proportional to the difference in blood
pressures between two points; as the difference in blood pressures increase, so does blood flow.15
An inverse relationship exists between blood flow and peripheral resistance. Resistance is
altered via vasoconstriction or vasodilatation.15 Blood flow is autoregulated to maintain tissue’s
blood requirements at any instant through metabolic and myogenic mechanisms.15
Endothelium was once thought to simply be a lining of blood vessels, however, it is now
understood that endothelial cells are responsible for maintaining homeostasis through physical,
chemical, and humoral mechanisms.16 Normal endothelium regulates vascular tone, prevents
platelet adhesion and aggregation, has antithrombotic properties, and controls vascular growth.17
Vascular tone is maintained by the release of biologically active substances from endothelial
cells. Some of these substances include prostacyclin, endothelium-derived relaxing factor
(EDRF), known as nitric oxide, and endothelial-derived hyperpolarizing factors. These
chemicals induce vasodilation of the artery through relaxation of the smooth muscle cells.16
Constricting agents include arachidonic acid metabolites and endothelin-1.16 The endothelium
has the ability to initiate both angiogenesis and the abnormal growth of smooth muscle cells in
the presence of disease. Nitric oxide inhibits both of these processes.17

When endothelium is damaged, the cells do not function properly. Anticoagulant,
antithrombotic, anti-inflammatory, and dilatory responses are compromised allowing for the
buildup of plaque.15 Endothelium damage is associated with the following: increasing age, male
sex, dyslipidemia, obesity, stress, diabetes, sedentary lifestyle, cigarette smoking, hypertension,
and a family history of atherosclerosis.15 After endothelial cells are damaged, lipids accumulate
on the arterial walls. This allows foam cell build-up and the formation of fatty streaks, which
progress to atherosclerotic plaques.15 It is widely accepted that the process of atherosclerosis
begins early in life. A study conducted by the Pathobiologic Determinants of Atherosclerosis in
Youth (PDAY) studied the arteries of 1,532 individuals aged 15 to 35 for fatty streaks and raised
lesions.4 The study concluded that early lesions were present in all individuals aged 15 to 19 and
there was a strong correlation between cardiovascular risk factors and lesions.4 Furthermore,
several studies have shown that endothelial function is compromised in obese children compared
to their lean counterparts.6,18 This demonstrates that before atherosclerosis is detectable, vessels
are diseased to a degree even in adolescents.19 Therefore, it is feasible to prevent cardiovascular
disease through modification of risk factors in children and adolescents. A noninvasive method
of testing endothelial function has been in practice for approximately twenty years. As medicine
shifts to a more preventative approach, it may be reasonable to incorporate this new method of
testing to identify individuals with endothelial dysfunction.
Flow-mediated dilation:
Functional endothelial cells release nitric oxide (NO), a powerful vasodilator, in response
to shear stress.20 Shear stress is the tangential pull on the endothelial cells as blood flows through
the artery; it is directly proportional to the viscosity of blood.21 As the endothelial cells release
NO, they send signals to the tunica media, the smooth muscle of the artery, to relax and promote
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vasodilation. Vasodilators in the smooth muscle cause a series of reactions that decrease the
calcium concentration and relax the artery’s smooth muscle, resulting in vasodilation. This
process is termed flow-mediated dilation (FMD). FMD is an indicator of vascular health as it
reflects endothelium-dependent function.12 A normal FMD response in the brachial artery is up
to a 20 percent increase in diameter.8
FMD is affected by several factors including dietary or alcohol intake, recent aerobic or
resistance exercise, supplement or medication use including oral contraceptives and hormone
replacement therapies, time of day, and room temperature.12 Thijssen et al. recommends that
subjects abstain from these activities for at least six hours prior to being tested, and that there be
a standardized time and room temperature for measurements to be taken to eliminate these
extraneous variables.12
Celermajer et al. devised a method to test FMD by using high-resolution ultrasound to
measure the diameters of the brachial and femoral arteries of individuals at rest. To evaluate
endothelial dependent dilation, the conduit artery was occluded, and the diameter was measured
after a period of ischemia. Celermajer et al. also tested endothelium independent dilation, by
administering sublingual glyceryl trinitrate, a drug that releases NO. Upon the release of NO, the
artery was occluded and arterial diameter was observed, allowing the function of the intima
media (smooth muscle) to be evaluated.8 Currently the use of high-resolution ultrasounds is a
valid and reliable method of measuring endothelial function.22,23 An alternative way to determine
endothelial-dependent function is to infuse acetylcholine into the perspective artery and observe
dilation. This drug stimulates the release of nitric oxide, thus it tests endothelial-dependent
function. Conversely, sodium nitroprusside is injected to detect endothelial-independent
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dilation. This drug releases nitric oxide to allow endothelial-independent function to be
assessed.10
Limb Differences and arterial size:
It is well documented that endothelial function is not uniform throughout the body in
healthy individuals.5,11,12,13 Each artery supplies blood to a specific part of the body; thus arteries
differ due to the demands of tissues they supply. The arteries in the legs are larger in diameter as
compared to those in the arm because they supply larger muscle groups and achieve a four-toeight fold increase in blood flow during exercise.13 Blood flow of the upper extremities increases
four fold with leg exercise. A study by Calbet et al. assessed blood flow in the arms and legs in
response to cycle ergometry.24 It was determined that leg vascular conductance was five-to-six
times greater in comparison to arm vascular conductance. The blunted vascular conductance in
the arm is a result of vasoconstrictor signals that oppose vasodilatory metabolies. The
contracting muscles of the leg are less sensitive to this sympathetic response, which increases
with exercise to maintain blood pressure.24 Thus, there is greater dilation and blood flow in the
legs as compared to the arms during upright cycle ergometry. Furthermore, the arms and legs
have very different contributions during lower leg exercise. Calbet et al. determined that leg
work during cycle ergometry was responsible for 84% of whole body VO2 max, while the noncontracting arms contribute just 7-10% of whole body VO2 max.24 This may partially explain
why upper body FMD is not predictive of lower body FMD.12 There is a correlation between the
dominant and non-dominant limbs of the same artery.12 Therefore, we would expect no
significant difference in FMD between the subject’s dominant and non-dominant arm or leg.
Yet another reason for non-uniform endothelial function is the difference in blood
pressure between the upper and lower limbs in an upright posture, which can be as high as
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65mmHg.14 This difference negatively affects the endothelial cells in the legs, allowing the lower
extremities to be more susceptible to plaque build-up.14 A study by Newcomer et al.
demonstrated this by infusing acetylcholine and sodium nitroprusside to test endothelial
dependent and independent responses respectively, into the brachial and femoral arteries of
healthy, young men.5 The study concluded that responses to the drugs were lower in the leg as
compared to the forearm.5 Thus, it appears evident that pressure differences negatively affect the
endothelium of the lower body. Consequently, peripheral artery disease (PAD) is much more
common in lower extremities than the upper extremities.14
Furthermore, FMD is inversely related to artery size. Smaller arteries experience greater
shear stress than larger arteries during reactive hyperemia.25 The femoral artery is on average
twice as large as the popliteal artery, thus it is less reactive to NO in comparison to the
popliteal.26 Therefore, the current study will determine differences between brachial and
popliteal FMD, as they are more similar in size and they are located similarly in the vascular
system relative to their limbs.26
It is important to report FMD as an absolute change in diameter and as a relative change,
or percent change.22 Baseline diameter accounts for 15 percent of the variance in percent change,
while it only accounts for 0.8 percent of the variance in absolute change in diameter.25 Also,
resting artery diameter is correlated with time to peak dilation.22 The slightly smaller brachial
artery will reach peak diameter in response to reactive hyperemia more quickly than the larger
popliteal artery.
FMD as an indicator of endothelial dysfunction in individuals with coronary artery disease:
Several studies have found a positive relationship between endothelial function in the
brachial and coronary arteries.9,10 Studies by Anderson et al. and Takase et al. assessed
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endothelial dependent and independent function of the brachial and coronary arteries.9,10 Patients
with normal endothelial function demonstrated dilation in their coronary arteries, while patients
with endothelial dysfunction experienced vasoconstriction in response to administered
acetylcholine.10 Patients with endothelial dysfunction in the coronary arteries displayed a
decreased FMD in the brachial artery.10 There was a positive correlation (r = 0.78) between
brachial artery FMD and coronary artery endothelial function.9 Therefore, upper extremity
endothelial function can be considered a “barometer” of cardiovascular health, and can be
measured noninvasively via FMD.27 While there is an established relationship between coronary
and brachial endothelial function, there is no evidence that this relationship can be determined by
measuring FMD in the lower limb.12
The presence of CVD, increased age, increased body mass index, and dysfunctional
coronary artery endothelium are independent predictors of adverse cardiac events.28,29,30,31
Cardiac events include death by cardiac causes, congestive heart failure, and coronary artery
bypass graft.29 Furthermore, the likelihood of future cardiac events can be determined by
assessing endothelial function in patients with CVD.27 Abnormal endothelial function is evident
in the brachial arteries of individuals less than 40 years old with CVD.30 As Americans are
developing CVD at younger ages, FMD may be utilized as a non-invasive way to earlier detect
disease in individuals at risk for cardiovascular disease. It may provide a way to save valuable
health care dollars.
FMD and exercise:
Exercise increases blood flow, and consequently shear stress. Thus, exercisers
experience chronic increases in nitric oxide, which has a positive effect on endothelial cells.7,32
Endothelial function can be improved with exercise at all ages. Woo et al. demonstrated that
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endothelial dysfunction was partially reversed with diet and exercise in obese children.6
Similarly, Wray et al. determined that endothelial function improved in older men (72 + 2 years)
after participation in exercise.33 These studies verify that endothelial function can be improved
regardless of age.
It is well known that exercise training improves endothelial function of the active limbs.32
A study by Franke et al. evaluated brachial artery endothelial function after four weeks of
handgrip training. Participants engaged in handgrip training at seventy percent of maximum
voluntary contraction.34 Forearm vascular conductance, measured via strain-gauged
plethysmography of the brachial artery, improved by thirty five percent.34 Furthermore, a study
by Dinenno et al. demonstrated that arterial remodeling is specific to the trained limb.35
Participants engaged in three months of aerobic leg exercise training, mostly walking and
jogging at 65 to 80 percent of their maximum heart rate.35 Brachial and femoral diameter, intima
media thickness, and tangential wall stress were measured via ultrasound. Femoral diameter was
larger, had a decreased intima media thickness, and higher tangential wall stress in trained
subjects compared to the sedentary subjects. There were no differences in the brachial artery
between groups.35 These studies demonstrate that limb specific exercises improve endothelial
function of the trained limb.
Although exercise has been shown to improve endothelial function in the trained limb,
there are conflicting data as to whether exercise training improves endothelial function uniformly
throughout the body. A review by Maiorana et al. stated that improvements in endothelial
function due to exercise can be reflected in untrained limbs due to the systemic response in blood
flow when relatively large amounts of muscle mass are activated32however, several studies have
challenged this hypothesis. Studies by Kingwell et al. and Desouza et al. demonstrated
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endothelial improvement in the brachial artery due to aerobic exercise.36,37 Participants in
Kingwell’s study engaged in four weeks of cycle training, which predominantly utilizes the legs.
However, the non-trained vascular beds in the forearm showed improvement in endothelial
function and increased forearm blood flow in response to lower leg exercise training.36 This
evidence suggests that elevated shear stress occurs in the brachial vascular bed during aerobic
exercise, which may contribute to endothelial adaptations.36
Conversely, studies by Koller et al. and Jasperse et al. compared the arterial diameters
and endothelial function of trained and untrained rats.38,39 It was determined that exercised rats
had greater arterial diameters and better endothelial function in the active vessels, but there was
no significant difference in the passive vessels between trained and untrained rats.38,40 Koller et
al. determined that short-term daily exercise increases active vessel’s sensitivity to shear stress.
This increases nitric oxide production and vasodilatory response, which positively affects
endothelial function of the active limb, but does not affect the inactive limb.38 These results were
seen in humans as well. A study including individuals with risk factors for atherosclerosis
determined that brachial artery FMD was not significantly different before or after aerobic
exercise training, which predominantly involved the legs.40 Endothelial function of the lower
extremities was not measured. This study demonstrates that aerobic training may have no effect
on the endothelial function of inactive limbs.
The conflicting results of the aforementioned studies demonstrate that there is no
consensus in the literature as to whether exercise training improves endothelial function in both
upper and lower extremities, or if it is limb specific. Kingwell’s study, which consisted of lower
body exercise, demonstrated improvement in non-active muscular beds, while studies by Koller
et al. and Jasperse et al. found no improvement in non-active muscle beds.36,38,39
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Supporting Kingwell’s results, a study by Clarkson et al. showed endothelial
improvement in non-trained limbs. Subjects of this study were both aerobically and
anaerobically trained. The training regimen consisted of three-mile runs in addition to upper and
lower body resistance training.7 Endothelial function of the brachial artery improved in trained
subjects, but was unchanged in untrained subjects. However, like Kingwell’s study, endothelial
function of the leg was not measured. It is not clear as to whether the improvements in brachial
endothelial function were solely attributed to upper body resistance training, or if leg aerobic
training also played a role. Research including a comprehensive assessment of endothelial
function is necessary to determine how exercise affects the upper and lower limbs of the body.
Therefore, it would be advantageous to measure and compare endothelial function in both limbs
of lower body aerobically trained and sedentary.
Conclusion:
Endothelial function can serve as a barometer for cardiovascular health. Therefore, FMD
may provide a noninvasive method to assess individuals for the beginnings of CVD at young
ages. It is understood that endothelial function is not uniform throughout the body. This may be
attributed to blood pressure differences when standing, which negatively affects endothelial cells
in the lower extremity. Thus it would be advantageous to measure both upper and lower limbs to
better gauge one’s endothelial function. While aerobic exercise has been shown to improve
endothelial function, it is unclear if this improvement is seen in upper and lower extremities. By
measuring the endothelial function of brachial and popliteal arteries in both trained and sedentary
men, we can determine how exercise affects the endothelial function of both limbs.!
!
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CHAPTER III: METHODS
Prior to testing, approval of methods was obtained by the University and Medical Center
Institutional Review Board.
Subjects
Fourteen young men, aged 18 to 40 years, were recruited to participate in this study.
Seven men were trained, defined as exercising for at least 30 minutes three or more days per
week, and seven men were sedentary. Sedentary was defined as those who exercise no more
than one day per week, and who have not participated in a structured exercise program in the
past two months. Exclusion criteria included: obesity (BMI > 30); hypertension; a “Yes”
response to any questions on the PAR-Q; smoker; and a history of cardiovascular disease. In
order to quantify training status, trained participants were excluded if their VO2 max was below
the 75th percentile for their age and sex. Sedentary participants were excluded if their VO2 max
was above the 50th percentile for their age and sex. All subjects met this criterion, and no
participants were excluded from the study based on their VO2 max. Trained subjects were also
excluded if they participated in upper body resistance training or sports that predominately
utilizes the upper extremities.
Instruments
Body composition was assessed using dual energy X-ray absorptiometry (DEXA;
GE Lunar Prodigy Advance, Madison, WI). A Hokanson Cuff Inflator and an ACUSON
Sequoia 512 Doppler Ultrasound were utilized to assess FMD. Maximal oxygen consumption
was measured via ParvoMedics TrueMax 2400 Metabolic Measurement cart during the treadmill
test.

Testing Protocol
The testing of the subjects was covered in one visit. After the informed consent was
reviewed and signed, height, weight, and body composition was measured. Body composition,
and body mass, measured via DEXA scan, was used to calculate fat-free mass (FFM) and fat
mass (FM). FFM and FM were also assessed specific to the subject’s upper arm and calf.
Subjects were asked to fast for > 6 hours prior to FMD testing. Subjects rested for 10
minutes prior to testing.22 Baseline diameter and blood flow were measured intermittently for
two minutes. The cuff was placed distal to the artery and inflated to 250 mmHg for 5 minutes.22
Diameter and blood flow measurements were assessed four minutes into the occlusion to ensure
the artery was occluded. After cuff deflation, vessel diameter and blood flow were measured
immediately and intermittently, every minute, for five minutes thereafter.
One trained participant demonstrated constriction in response to reactive hyperemia.
Thus, this subject’s popliteal FMD was omitted from the analysis due to measurement error.
FMD was presented as an absolute change (in cm) and as a relative change (in %).22 Absolute
FMD was calculated as: Peak diameter (cm) – Baseline diameter (cm), while relative FMD was
calculated as: [Peak diameter (cm) – Baseline diameter (cm)] * 100%/Baseline diameter (cm).
The day-to-day variability of FMD testing in this laboratory was 0.98 percent (relatively) and
0.01 cm (absolutely). Mean arterial pressure (MAP) was estimated and conductance
(1/resistance) was calculated from MAP and artery blood flow.
Lastly, subjects performed a maximal exercise treadmill test to assess exercise capacity.
The treadmill exercise test was designed to fatigue the subject within 8 to 12 minutes. The
treadmill protocol for trained subjects began at 7.0 mph and progressed to 9.0 mph, with a two
percent increase in grade every two minutes. The protocol for sedentary subjects began at 6.0
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mph and progressed to 7.0 mph, with a two percent increase in grade every two minutes. Heart
rate was monitored throughout the test. Subjects were asked to exercise until volitional fatigue.
A treadmill test was considered maximal if the following criterion are met: 1) a heart rate in
excess of 90% of age predicted max (220-age); 2) a respiratory exchange ratio (RER) greater
than or equal to 1.10; and 3) identification of a plateau (<150ml increase) in VO2 despite a
further increase in workload.
Statistical Analysis
A student’s T-test and two by two ANOVA were utilized to compare differences between
groups. Linear regression was used to investigate associations between variables. Significance
was established as P ! 0.05, and data was reported as the Mean ± SD.
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CHAPTER IV: RESULTS
Subjects
Subject characteristics are outlined in Table 1. There were no significant differences in
age, height, weight, BMI and MAP between trained and sedentary subjects, however a
significant difference in body fat was detected.
Flow Mediated Dilation (FMD)
Trained subjects had significantly higher FMD, expressed as a percent change, than
sedentary counterparts. In both groups, relative FMD was significantly higher in the brachial
artery than the popliteal (Figure 1). However, there were no interactions. Similarly, trained
subjects had significantly higher absolute FMD (cm change) than sedentary subjects. In contrast
to relative FMD, there were no differences between sites. Again, there were no interactions
(Figure 2). Both groups reached peak dilation in the brachial and popliteal artery one-minute
post occlusion (Figures 3 & 4). There were no correlations between brachial and popliteal FMD
in sedentary or trained men (Figure 5). There were no significant between group differences in
baseline, resting diameter of the brachial or popliteal artery (Table 1). There were also no
differences in baseline, resting diameter when adjusted to FFM of the upper arm or calf (Table
1). There were no correlations between resting blood flow and FMD, peak blood flow and FMD,
brachial FMD and VO2, popliteal FMD and VO2, or body fat and FMD.
Blood Flow and Conductance
Table 2 shows the averages in resting and peak blood flow and resting and peak
conductance for trained and sedentary groups by site. There were no differences between groups
or sites in resting or peak blood flow (Figures 6 & 7). Similarly, there were no differences
between groups or sites in resting or peak conductance (Figures 8 & 9). The percent change in

conductance, from rest to maximum, revealed no significant between groups differences (Table
2). In accordance with the absolute findings, there were no between groups differences in resting
blood flow and conductance or peak blood flow and conductance when values were expressed
relative to the limb’s FFM (Table 2).
Trained subjects had significantly more variability in the relationship between resting
blood flow and FMD in comparison to sedentary subjects (Figure 10). There were no significant
interactions. Similarly, greater variation was seen in trained subjects compared to sedentary in
the relationship between peak blood flow and FMD (Figure 11). Again, there were no
significant interactions.
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Age (yr)

Trained
(N = 7)
30.0 ± 5.9

Sedentary
(N = 7)
23.3 ± 5.9

Height (in)

70.4 ± 2.01

72.1 ± 2.71

0.22

Weight (lbs)

160.8 ± 33.6

180.9 ± 29.8

0.26

86.5 ± 9.3

90.8 ± 8.9

0.39

BMI

22.8 ± 4.4

24.5 ± 3.3

0.44

Body Fat %

14.0 ± 8.8

25.7 ± 9.4

0.03

Absolute (L/min)

3.90 ± 0.55

3.21 ± 0.72

0.03

Relative (ml/min)

54.1 ± 4.5

39.1 ± 1.1

0.003

Brachial (cm)

0.42 ± 0.04

0.42 ± 0.03

0.20

Relative to upper arm FFM
(cm/kg)
Popliteal (cm)

0.23 ± 0.05

0.20 ± 0.02

0.87

0.63 ± 0.09

0.61 ± 0.05

0.54

Relative to calf FFM (cm/kg)

0.31 ± 0.06

0.30 ± 0.05

0.75

Mean Arterial Pressure (mmHg)

P Value
0.06

Body Composition

VO2 max

Resting Arterial Diameter

Table 1: Subject Characteristics. BMI - Body Mass Index, VO2max – maximal oxygen
consumption. Values are expressed as Means ± SD.

!

"#!

Figure 1: Brachial and popliteal flow mediated dilation (FMD) as a percent change from
baseline in sedentary (n=7) and trained (n=6) groups. * indicates a significant difference between
groups. Values are expressed as the mean + SD.

Figure 2: Brachial and popliteal flow mediated dilation (FMD) as a cm change from baseline in
sedentary (n=7) and trained (n=6) groups. * indicates a significant difference between groups.
Values are expressed as the mean + SD.
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Figure 3: Brachial diameter (cm) at rest (0 min) and post-occlusion (1-5 min) in trained (n=7)
and sedentary (n=7) subjects. Values are expressed as mean + SD.

Figure 4: Popliteal diameter (cm) at rest (0 min) and post-occlusion (1-5 min) in trained (n=6)
and sedentary (n=7) subjects. Values are expressed as mean + SD.
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5A.

5B.

5C.

Figure 5: 5A. Brachial vs. popliteal FMD in trained (n=6) and sedentary (n=7) men (r=0.02).
5B. Brachial vs. popliteal FMD in sedentary men (n=7) (r=0.25). 5C. Brachial vs. popliteal
FMD in trained men (n=6) (r=0.003).
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Trained
(N = 7)

Sedentary
(N = 7)

P Value

Brachial (ml/min)

41.0± 32.2

68.3± 35.2

0.16

Relative to upper arm FFM
(ml*100g-1*min-1)
Popliteal (ml/min)

22.3± 19.7

31.6± 15.4

0.35

70.8± 40.4

67.5± 42.9

0.88

34.2± 18.2

32.2± 18.6

0.84

Brachial (ml/min)

278.3± 121.6

308.7± 149.1

0.68

Relative to upper arm FFM
(ml*100g-1*min-1)
Popliteal (ml/min)

153.4± 78.7

146.9± 69.7

0.87

349.5± 153.9

326.7± 167.3

0.80

179.2± 101.5

163.4± 75.9

0.75

Resting Brachial (U)

0.46± 0.31

0.68± 0.34

0.20

Peak Brachial (U)

3.20± 1.39

3.37± 1.54

0.84

791.3± 564.0

558.3± 491.8

0.43

0.25± 0.19

0.32± 0.16

0.45

Resting Popliteal (U)

0.81± 0.43

0.74± 0.45

0.77

Peak Popliteal (U)

4.07± 1.74

3.52± 1.54

0.54

675.5± 833.3

519.6± 408.6

0.67

0.39± 0.20

0.35± 0.19

0.72

Resting Blood Flow

Relative to calf FFM
(ml*100g-1*min-1)
Peak Blood Flow

Relative to calf FFM
(ml*100g-1*min-1)
Conductance

% Change
Relative to upper arm FFM (U/kg)

% Change
Relative to calf FFM (U/kg)

Table 2: Blood flow characteristics for brachial and popliteal arteries. Values are expressed as
Means ± SE.
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Figure 6: Resting brachial and popliteal blood flow in trained (n=7) and sedentary (n=7) men. *
indicates significant differences. Values are expressed as mean + SD.

Figure 7: Peak brachial and popliteal blood flow in trained (n=7) and sedentary (n=7) men. *
indicates significant differences. Values are expressed as mean + SD.
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Figure 8: Resting brachial and popliteal conductance in trained (n=7) and sedentary (n=7) men.
* indicates significant differences. Values are expressed as mean + SD.

Figure 9: Peak brachial and popliteal conductance in trained (n=7) and sedentary (n=7) men. *
indicates significant differences. Values are expressed as mean + SD.

!

"#!

Source of Variation
Resting Flow
Group
Site
Group *Site
Group * Resting Flow
Site * Resting Flow

P Value
0.41
0.01*
0.39
0.79
0.44
0.05

Figure 10: FMD (cm change) and resting blood flow (ml/min) in the brachial and popliteal
arteries of trained (n=7) and sedentary (n=7) men. * indicates a statistical significance. Data for
each subject is shown by multi-colored dots.
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Source of Variation
Peak Flow
Group
Site
Group *Site
Group * Peak Flow
Site * Peak Flow

P Value
0.17
0.02*
0.40
0.93
0.90
0.37

Figure 11: FMD (cm change) and peak blood flow (ml/min) in the brachial and popliteal arteries
of trained (n=7) and sedentary (n=7) men. * indicates a statistical significance. Data for each
subject is shown by multi-colored dots.
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CHAPTER V: DISCUSSION
In accordance with our hypothesis, this study demonstrated that trained men had better
endothelial function than their sedentary counterparts in both brachial and popliteal arteries.
Relative FMD, expressed as a percent change, showed significant differences between brachial
and popliteal arteries in both groups. However, absolute FMD expressed as a change in arterial
diameter (cm), was not significantly different between brachial and popliteal arteries in either
group. Thus, our hypothesis that only sedentary men would have better endothelial function in
the brachial artery than the popliteal artery was rejected. Both trained and sedentary groups were
similar in age, height, weight, MAP, and BMI, although they differed in body fat percentage.
Flow Mediated Dilation:
This study found that trained subjects have better endothelial function, demonstrated by
FMD, than their sedentary counterparts. In addition, relative FMD revealed better endothelial
function in the brachial artery than the popliteal in both groups. These results demonstrate that
1) trained individuals exhibit enhanced endothelial function in comparison to sedentary
counterparts 2) aerobic exercise training improves endothelial function systemically,
demonstrated by greater endothelial function in both the brachial and popliteal arteries in trained
subjects as compared to sedentary subjects.
It is well documented that aerobically trained individuals exhibit greater endothelial
function than sedentary controls.6,32–34 The novel finding in the current study is that aerobically
trained men exhibit better endothelial function than sedentary men in the popliteal artery.
Previous studies compared endothelial function of the brachial and femoral arteries, which are
much different in size. To our knowledge, this study was the first to evaluate endothelial function
of the popliteal artery in young, healthy trained and sedentary men. This allows for better

comparison of systemic vascular function as the brachial and popliteal are more similar in
diameter and location in the vascular beds.26
There is no consensus in the literature, however, as to whether enhanced function is seen
systemically or is limited to the exercised limb. The results of this study are in accordance with
studies by Kingwell et al., Clarkson et al., and Desouza et al. Kingwell et al. reported increased
endothelial function of the brachial artery in young men after four weeks of cycle ergometry
training.36 However, in contrast to this study, lower body endothelial function was not assessed.
Clarkson et al. also demonstrated increased endothelial function of the brachial artery after ten
weeks of an aerobic and anaerobic training program.7 Participants in this study participated in
upper body lifting in addition to a running regimen. Thus, it was unclear whether increases in
brachial endothelial function were a result of upper body lifting or aerobic training. The current
study attempted to eliminate this extraneous variable by excluding individuals that participate in
upper body weights. Therefore, any improvements in brachial endothelial function are attributed
to aerobic training. Trained participants in Desouza et al.’s study also showed increased brachial
endothelial function. Participants were runners, and it was not stated that participants refrained
from utilizing upper body weights.37
Conversely, Jasperse et al. and Jodoin et al. do not support the hypothesis that aerobic
training lends to systemic improvements in endothelial function. Jasperse et al. report that the
effects of exercise training on endothelial function are specific to the exercised limb in rat
models.39 In accordance, Jodoin et al. found no improvement in brachial endothelial function in
humans in response to lower body aerobic exercise training.40 The current study challenges these
results, and supports the hypothesis that aerobic training improves endothelial function in
untrained limbs. This is believed to result from increased systemic blood flow and large
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increases in muscle mass recruitment with exercise.32 The non-contracting arms have a four-fold
increase in blood flow in response to cycle ergometry,24 this increase in blood flow causes an
increase in shear stress and NO bioactivity, and consequently dilation. Therefore, leg aerobic
training may have a positive impact on the untrained upper limbs.
Contrary to our prediction, both groups experienced greater endothelial function in the
brachial than the popliteal artery. Rather, an exercise training effect was seen in both limbs.
Trained men showed greater leg and arm endothelial function in comparison to sedentary
controls. Thus, it cannot be concluded that aerobic training improves the negative effects of
blood pressure when standing. Studies by Malhotra et al. report that the lower limbs experience
higher blood pressures than the arm. The pressure difference is 65mmHg higher on average.
These blood pressure differences negatively affect the endothelium in the lower extremities and
predispose individuals to peripheral arterial disease. While aerobic training improves lower body
endothelial function, this study showed that it is significantly blunted in comparison to upper
body endothelial function regardless of training status. In both trained and sedentary groups,
brachial FMD was greater than popliteal FMD. Thus, the hypothesis that brachial FMD would
be greater in comparison to popliteal FMD in only sedentary men was not supported. Rather,
brachial FMD was superior to popliteal FMD in both groups.
In accordance to findings by Thijssen et al.,12 the current study found no correlation
between brachial and popliteal FMD in sedentary men. The current study determined that there
is no correlation in endothelial function in upper and lower limbs in men who participate in
aerobic training.

!

"#!

Arterial Diameter:
The literature suggests that aerobic athletes have larger diameters and thinner intima
thickness due to arterial remodeling.41 In contrast, this study found no significant differences in
either brachial or arterial diameter between trained and sedentary males. This held true when
arterial diameter was evaluated relative to the limb’s FFM. Arterial remodeling is thought to
occur in trained limbs due to repetitive periods of increased shear stress.41 A study by Rowley et
al. demonstrated that elite canoe paddlers and wheel chair athletes had larger brachial arterial
diameters in comparison to controls while runners and cyclists had larger superficial femoral
arteries compared to controls.42 While Rowley et al.’s study suggested arterial remodeling in the
exercised limb of elite athletes, the results of this study did not concur. We found no between
groups differences in arterial size between the brachial or popliteal artery. The literature
provides evidence that decreased arterial wall thickness is found in the peripheral blood vessels
of aerobic athletes, in both exercised and non-exercised limbs.43 Increased arterial wall thickness,
like endothelial dysfunction, is a precursor to atherosclerosis.44 Furthermore, it is understood that
dysfunctioning endothelium initiates this abnormal smooth muscle growth in blood vessels.17
Intima thickness in peripheral arteries can be reduced with aerobic exercise, but coronary arteries
are less affected.44 Thus, it may be feasible that aerobic exercise prevents atherosclerosis
systemically by decreasing intima thickness of peripheral arteries in addition to improving
endothelial function. However, unlike endothelial function,10 a decreased intima thickness in the
periphery is not an indicator of intima thickness in the coronary arteries.
Blood flow and conductance characteristics:
There were no between groups differences in resting blood flow or conductance in either
the brachial or popliteal arteries. Also, there were no differences when resting blood flow and
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conductance were expressed relative to limb FFM in trained and sedentary men. These results
are consistent with a study by Snell et al., which evaluated resting blood flow and conductance of
the brachial artery in aerobically trained and sedentary men.45 In accordance with this study,
Snell at al. found no between group differences in resting blood flow or resting conductance.
However, in contrast, trained subjects in Snell et al.’s study exhibited significantly higher peak
blood flow and conductance in comparison to sedentary counterparts.45 Similarly, a study by
Sinoway et al. demonstrated an increase in peak blood flow of exercised limbs of tennis players.
Peak blood flow in the dominant arm was 42 percent higher than the nondominant arm.46 This
occurrence was not a result of aerobic fitness, as there was no difference in maximal oxygen
consumption between groups. The results of this study challenge the results of Snell et al. and
Sinoway et al.’s study. This study did not detect any significant between groups differences in
peak blood flow or conductance in either the brachial or popliteal arteries. This held true when
peak blood flow and conductance were expressed relative to limb FFM.
In the current study, trained subjects had greater variability in comparison to sedentary
subjects in the relationship between resting blood flow and FMD. Trained individuals had
greater variation in this relationship; a high resting flow was not equated with a high FMD and
vice versa. Whereas sedentary individuals tended to have less variation, lower flow was
associated with lower FMD and vice versa. This same relationship was also demonstrated in the
variability between peak blood flow and FMD. It may seem intuitive that a higher peak blood
flow would create higher shear stress, greater release of NO, and greater dilation. However, this
was not the case in the current study, as some individuals had low peak blood flow and high
FMD, while others had very high peak blood flow and low FMD. Peak blood flow was not
correlated with greater endothelial function.
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Future Studies:
Many unknowns remain regarding exercise training and endothelial function. This study
evaluated multiple participants that were highly trained runners, running between 30 to 70 miles
per week, with VO2 maxes above the 75th percentile for their age and sex. Future studies should
include standardized training programs where participants meet the minimum guidelines for
exercise according to the American College of Sports Medicine. If differences in endothelial
function can be detected between moderately trained and sedentary groups, it will provide yet
another reason why moderate exercise is an integral component in preventing the beginnings of
atherosclerosis and peripheral artery disease.
Conclusions:
The novel findings of this study were that 1) aerobically trained males have better
endothelial function in the popliteal artery than sedentary counterparts 2) aerobic training
improves endothelial function in the brachial and popliteal arteries. Furthermore, there were no
between groups differences in resting blood flow or peak blood flow in response to reactive
hyperemia. Similarly, there were no between groups differences in resting conductance or peak
conductance. Significantly more variability was demonstrated in trained subjects in comparison
to sedentary subjects in the relationship between resting blood flow and FMD. In both groups,
the brachial artery had more variability in the relationship between resting blood flow and FMD
than the popliteal artery. This relationship was also seen both groups in the variability between
peak blood flow and FMD.
It is known that risk factors for CVD begin in childhood and adolescence.4 Therefore, it
is essential to prevent the onset of disease in young adults with risk factor modification.
Exercise has long been associated with good health, and it provides countless physiological
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benefits. This study specifically investigated the changes in endothelial function associated with
exercise training. Trained subjects were found via FMD assessment to have better endothelial
function, making them less susceptible to atherosclerosis, a process that begins with damage to
the endothelium.15 Evaluating endothelial function via FMD is a cost effective and noninvasive
test. Given the importance of preventative care and screening, it may be reasonable to utilize this
technique in the clinic to assess patients' risk for CVD.27 FMD may prove to be a valuable tool
that saves health care dollars by identifying those at risk for CVD so that lifestyle modifications
can be made before the disease progresses.
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Definitions
Myogenic responses- a change in blood flow to an organ due to smooth muscle responding to
passive stretch or reduced stretch. Stretching of the artery results in smooth muscle
vasoconstriction, and consequently a decrease in organ blood flow. Reduced stretch increases
blood flow via vasodilatation, thus increasing blood flow to the organ.15
Humoral responses- a change in blood flow due to an excess of metabolically active tissues. An
accumulation of nitric oxide, H+, K+, adenosine, and prostaglandins result in vasodilatation, and
an increase in blood flow. Accumulation of endothelin, results in vasoconstriction and decreased
blood flow.
Angiogenesis- growth of new blood vessels. An excess of growth may lead to diseases such as
cancer and cardiovascular disease.16

!

""!

Bibliography
1. Cooper R, Cutler J, Desvigne-Nickens P, et al. Trends and Disparities in Coronary Heart
Disease, Stroke, and Other Cardiovascular Diseases in the United States: Findings of the
National Conference on Cardiovascular Disease Prevention. Circulation.
2000;102(25):3137–3147. doi:10.1161/01.CIR.102.25.3137.
2. Hirsch AT, Hartman L, Town RJ, Virnig BA. National health care costs of peripheral arterial
disease in the Medicare population. Vascular Medicine. 2008;13(3):209 –215.
doi:10.1177/1358863X08089277.
3. Heidenreich PA, Trogdon JG, Khavjou OA, et al. Forecasting the Future of Cardiovascular
Disease in the United States A Policy Statement From the American Heart Association.
Circulation. 2011;123(8):933–944. doi:10.1161/CIR.0b013e31820a55f5.
4. Strong JP, Malcom GT, Oalmann MC, Wissler RW. The PDAY Study: natural history, risk
factors, and pathobiology. Pathobiological Determinants of Atherosclerosis in Youth.
Ann. N. Y. Acad. Sci. 1997;811:226–235; discussion 235–237.
5. Newcomer SC, Leuenberger UA, Hogeman CS, Handly BD, Proctor DN. Different
vasodilator responses of human arms and legs. J. Physiol. (Lond.). 2004;556(Pt 3):1001–
1011. doi:10.1113/jphysiol.2003.059717.
6. Woo KS, Chook P, Yu CW, et al. Effects of Diet and Exercise on Obesity-Related Vascular
Dysfunction in Children. Circulation. 2004;109(16):1981 –1986.
doi:10.1161/01.CIR.0000126599.47470.BE.
7. Clarkson P, Montgomery HE, Mullen MJ, et al. Exercise training enhances endothelial
function in young men. J. Am. Coll. Cardiol. 1999;33(5):1379–1385.

!

"#!

8. Celermajer DS, Sorensen KE, Gooch VM, et al. Non-invasive detection of endothelial
dysfunction in children and adults at risk of atherosclerosis. Lancet.
1992;340(8828):1111–1115.
9. Takase B, Uehata A, Akima T, et al. Endothelium-dependent flow-mediated vasodilation in
coronary and brachial arteries in suspected coronary artery disease. Am. J. Cardiol.
1998;82(12):1535–1539, A7–8.
10. Anderson TJ, Uehata A, Gerhard MD, et al. Close relation of endothelial function in the
human coronary and peripheral circulations. J. Am. Coll. Cardiol. 1995;26(5):1235–
1241.
11. Nishiyama SK, Walter Wray D, Berkstresser K, Ramaswamy M, Richardson RS. Limbspecific differences in flow-mediated dilation: the role of shear rate. J Appl Physiol.
2007;103(3):843–851. doi:10.1152/japplphysiol.00273.2007.
12. Thijssen DHJ, Rowley N, Padilla J, et al. Relationship between upper and lower limb conduit
artery vasodilator function in humans. J Appl Physiol. 2011;111(1):244–250.
doi:10.1152/japplphysiol.00290.2011.
13. Wu SP, Ringgaard S, Oyre S, Hansen MS, Rasmus S, Pedersen EM. Wall shear rates differ
between the normal carotid, femoral, and brachial arteries: an in vivo MRI study. J Magn
Reson Imaging. 2004;19(2):188–193. doi:10.1002/jmri.10441.
14. Malhotra A, Cohen D, Syms C, Townsend RR. Blood pressure changes in the leg on
standing. J Clin Hypertens (Greenwich). 2002;4(5):350–354.
15. Marieb EN, Hoehn K. The cardiovascular system: blood vessels. In: Human anatomy &
physiology. 8th ed. San Francisco: Benjamin Cummings; 2010:pp. 703–720.

!

"#!

16. Rubanyi GM. The role of endothelium in cardiovascular homeostasis and diseases. J.
Cardiovasc. Pharmacol. 1993;22 Suppl 4:S1–14.
17. Glasser SP, Selwyn AP, Ganz P. Atherosclerosis: risk factors and the vascular endothelium.
Am. Heart J. 1996;131(2):379–384.
18. Tounian P, Aggoun Y, Dubern B, et al. Presence of increased stiffness of the common
carotid artery and endothelial dysfunction in severely obese children: a prospective study.
Lancet. 2001;358(9291):1400–1404. doi:10.1016/S0140-6736(01)06525-4.
19. Harris LM, Faggioli GL, Shah R, et al. Vascular reactivity in patients with peripheral
vascular disease. Am. J. Cardiol. 1995;76(3):207–212.
20. Cooke JP, Rossitch E, Andon NA, Loscalzo J, Dzau VJ. Flow activates an endothelial
potassium channel to release an endogenous nitrovasodilator. J Clin Invest.
1991;88(5):1663–1671.
21. Glagov S, Zarins C, Giddens D. Artery wall pathology in atherosclerosis. Vascular Surgery.
1995:204–221.
22. Thijssen DHJ, Black MA, Pyke KE, et al. Assessment of flow-mediated dilation in humans: a
methodological and physiological guideline. Am. J. Physiol. Heart Circ. Physiol.
2011;300(1):H2–12. doi:10.1152/ajpheart.00471.2010.
23. Joannides R, Haefeli WE, Linder L, et al. Nitric oxide is responsible for flow-dependent
dilatation of human peripheral conduit arteries in vivo. Circulation. 1995;91(5):1314–
1319.
24. Calbet JAL, Gonzalez-Alonso J, Helge JW, et al. Cardiac output and leg and arm blood flow
during incremental exercise to exhaustion on the cycle ergometer. J Appl Physiol.
2007;103(3):969–978. doi:10.1152/japplphysiol.01281.2006.

!

"#!

25. Herrington DM, Fan L, Drum M, et al. Brachial flow-mediated vasodilator responses in
population-based research: methods, reproducibility and effects of age, gender and
baseline diameter. J Cardiovasc Risk. 2001;8(5):319–328.
26. Parker BA, Ridout SJ, Proctor DN. Age and flow-mediated dilation: a comparison of dilatory
responsiveness in the brachial and popliteal arteries. Am J Physiol Heart Circ Physiol.
2006;291(6):H3043–H3049. doi:10.1152/ajpheart.00190.2006.
27. Vita JA, Keaney JF Jr. Endothelial function: a barometer for cardiovascular risk?
Circulation. 2002;106(6):640–642.
28. Halcox JPJ, Schenke WH, Zalos G, et al. Prognostic value of coronary vascular endothelial
dysfunction. Circulation. 2002;106(6):653–658.
29. Suwaidi JA, Hamasaki S, Higano ST, Nishimura RA, Holmes DR Jr, Lerman A. Long-term
follow-up of patients with mild coronary artery disease and endothelial dysfunction.
Circulation. 2000;101(9):948–954.
30. Lieberman EH, Gerhard MD, Uehata A, et al. Flow-induced vasodilation of the human
brachial artery is impaired in patients <40 years of age with coronary artery disease. Am.
J. Cardiol. 1996;78(11):1210–1214.
31. Schächinger V, Britten MB, Zeiher AM. Prognostic impact of coronary vasodilator
dysfunction on adverse long-term outcome of coronary heart disease. Circulation.
2000;101(16):1899–1906.
32. Maiorana A, O’Driscoll G, Taylor R, Green D. Exercise and the nitric oxide vasodilator
system. Sports Med. 2003;33(14):1013–1035.

!

"#!

33. Wray DW, Uberoi A, Lawrenson L, Richardson RS. Evidence of preserved endothelial
function and vascular plasticity with age. Am. J. Physiol. Heart Circ. Physiol.
2006;290(3):H1271–1277. doi:10.1152/ajpheart.00883.2005.
34. Franke WD, Stephens GM, Schmid PG 3rd. Effects of intense exercise training on
endothelium-dependent exercise-induced vasodilatation. Clin Physiol. 1998;18(6):521–
528.
35. Dinenno FA, Tanaka H, Monahan KD, et al. Regular endurance exercise induces expansive
arterial remodelling in the trained limbs of healthy men. J Physiol. 2001;534(1):287–295.
doi:10.1111/j.1469-7793.2001.00287.x.
36. Kingwell BA, Jennings GL, Dart AM, et al. Exercise and Endothelial Function  Response.
Circulation. 2000;102(22):e179. doi:10.1161/01.CIR.102.22.e179.
37. DeSouza CA, Clevenger CM, Greiner JJ, et al. Evidence for agonist-specific endothelial
vasodilator dysfunction with ageing in healthy humans. J. Physiol. (Lond.). 2002;542(Pt
1):255–262.
38. Koller A, Huang A, Sun D, Kaley G. Exercise training augments flow-dependent dilation in
rat skeletal muscle arterioles. Role of endothelial nitric oxide and prostaglandins. Circ.
Res. 1995;76(4):544–550.
39. Jasperse JL, Laughlin MH. Endothelial function and exercise training: Evidence from studies
using animal models. Med Sci Sports Exerc. 2006;38(3):445–454.
doi:10.1249/01.mss.0000191187.24525.f2.
40. Jodoin I, Bussières LM, Tardif JC, Juneau M. Effect of a short-term primary prevention
program on endothelium-dependent vasodilation in adults at risk for atherosclerosis. Can
J Cardiol. 1999;15(1):83–88.

!

"#!

41. Green DJ, Spence A, Rowley N, Thijssen DHJ, Naylor LH. Vascular adaptation in athletes:
is there an “athlete”s artery’? Exp. Physiol. 2012;97(3):295–304.
doi:10.1113/expphysiol.2011.058826.
42. Rowley NJ, Dawson EA, Hopman MTE, et al. Conduit diameter and wall remodeling in elite
athletes and spinal cord injury. Med Sci Sports Exerc. 2012;44(5):844–849.
doi:10.1249/MSS.0b013e31823f6887.
43. Rowley NJ, Dawson EA, Birk GK, et al. Exercise and arterial adaptation in humans:
uncoupling localized and systemic effects. J. Appl. Physiol. 2011;110(5):1190–1195.
doi:10.1152/japplphysiol.01371.2010.
44. Thijssen DHJ, Cable NT, Green DJ. Impact of exercise training on arterial wall thickness in
humans. Clin Sci (Lond). 2012;122(Pt 7):311–322. doi:10.1042/CS20110469.
45. Snell PG, Martin WH, Buckey JC, Blomqvist CG. Maximal vascular leg conductance in
trained and untrained men. J Appl Physiol. 1987;62(2):606–610.
46. Sinoway LI, Musch TI, Minotti JR, Zelis R. Enhanced maximal metabolic vasodilatation in
the dominant forearms of tennis players. J Appl Physiol. 1986;61(2):673–678.

!

"#!

APPENDIX A: UMCRIB APPROVAL

!

"#!

APPENDIX B: INFORMED CONSENT

!

"#!

!

"#!

!

"#!

!

""!

APPENDIX C: PHYSICAL ACTIVITY READINESS QUESTIONNAIRE
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