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ABSTRACT
The impact of aging on skeletal muscle and systemic capacities for blood flow are
incompletely understood and could differ between the sexes. This dissertation consists of 3
cross-sectional studies designed to better understand age- and sex-associated differences in this
balance. The first two studies characterize age and sex differences in maximal leg vascular
conductance responses to local ischemia (study 1) and maximal isolated quadriceps exercise
(study 2), as well as the maximal cardiac output response to whole body exercise (study 2). The
third study examined age differences in systemic and leg exercise hemodynamics and cardiac
function in response to acute plasma volume (PV) expansion.
In study 1, peak calf vasodilator capacity evoked by 10 min of arterial occlusion was
examined as a function of age (20 to 79 yrs) in healthy women (1). These women exhibited a 57% per decade decline in peak calf blood flow and vascular conductance with increasing age,
nearly twice the rate of decline observed in a similarly aged male cohort tested in an identical
manner (2). This study suggested that maximal vasodilator capacity in the legs is better preserved
with age in men than women. This sex difference was not explained by differences in aerobic
fitness (peak cycle oxygen uptake), which declined similarly in men and women (i.e., 7-8% per
decade). Matching of a subgroup of young and older subjects for fitness abolished the decline in
vasodilator capacity in men but not in women, suggesting a sex-specific and fitness-independent
effect of aging on the leg vasculature of women. Study 2 examined maximal cardiac output
(graded treadmill exercise to maximal exertion) and peak contraction-induced leg blood flow
(single knee extensor exercise to maximal exertion) in younger (20-30 yrs) and older (60-75 yrs)
men and women. These findings indicated that systemic oxygen delivery capacity (maximal
cardiac output and VO2peak) was positively correlated with active muscle vasodilator capacity, as
measured by peak blood flow and conducting capacity of the contracting knee extensor muscles,
in men but not women. This relationship was most pronounced in older men, regardless of how
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peripheral vasodilatory capacity was expressed or normalized. The disparate balance between
maximal cardiac output and peripheral vascular reserve suggest different cardiovascular
limitations to aerobic capacity in men and women particularly with aging.
Study 3 attempted to further assess age and sex differences in the balance between central
and peripheral blood flow during exercise. Phase 1 experiments showed that PV expansion via
5% albumin acutely raised cardiac stroke volume and output at rest and during exercise in young
women and men. The effects of PV expansion on leg exercise hemodynamics were difficult to
detect in older subjects and could not be dissociated from concurrent effects of hemodilution.
Phase 2 (follow-up) studies incorporated high resolution echocardiographic methods to assess the
effects of PV expansion and posture during resting conditions on cardiac filling parameters,
indexes of filling pressure, and cardiac stroke volume and output. Additionally, these same
echocardiographic metrics, along with C2H2 measurement of cardiac output, were acquired during
upright cycling exercise up to near maximal exertion (80% of VO2peak). At rest, in both the
supine and seated postures young and older women had approximately the same ventricular
filling pressure (indexed as the ratio of early filling velocity to mitral annular velocity, E/E‟). At
this consistent filling pressure the young women were able to augment early filling and increase
end-diastolic volume (and therefore stroke volume) to a greater extent than older in both the
supine and seated postures. Cardiac output was more labile in the young women, rising
significantly in the supine compared to seated posture during normovolemia, a response only seen
during hypervolemia in older women, when filling pressure was the highest. Additionally, mitral
valve deceleration slope was steeper and mitral annular velocity higher in the young women
during both normovolemia and hypervolemia. These results collectively suggest a more
compliant ventricle in young women and a lack of sufficient reserve capacity in the older heart to
normalize filling parameters or diastolic function to values observed in the young at rest.
Throughout exercise in the plasma volume expanded state the young had a more significant
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absolute increase in cardiac output than the older, mediated by a greater increase in stroke
volume. This did not translate into an increase in whole body oxygen consumption and therefore
appears only to have corrected the hemodilution attendant to the PV expansion in both groups.
Collectively these studies demonstrate an aging female cardiovascular system that has
both peripheral structural limits to vasodilation and a reduced ability to augment cardiac output
via the Frank-Starling mechanism which could limit older women‟s ability to support the blood
flow demands of working muscles compared with young women. Further, the balance between
peripheral dilatory capacity and cardiac function is sex-specific in aged humans. Collectively
these results suggest different mechanisms for optimizing the perfusion of active muscle in older
men and women and that further investigations into the function of the aging cardiovascular
system should analyze each sex individually as both peripheral arterial function, cardiac function
and the interplay between these two demonstrates sex-specificity.
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Chapter 1

Introduction and Review of Literature

Aging Arteries

Structural changes
Aging is associated with changes in several structural characteristics of the arterial tree.
In a large-scale study of cadaveric aortae from two „occidental‟ (Australia and the United States,
n=192) and a population with low prevalence of atherosclerosis (China, n=80) Virmani et al
characterized age-associated morphologic changes (3). They found, in samples from
normotensive individuals, that when accounting for height and weight there was an ageassociated increase in aortic diameter that was maximal at the ascending aorta and present in
women and men (3). More recently, others have found that the aorta lengthens and becomes
more tortuous with age and that this lengthening is primarily confined to the ascending portion
(4). Without any further structural changes, this dilation of the aorta would increase wall tension
according to the Law of LaPlace:
T=(P*R)/M; where T=wall tension, P= transmural pressure, R=vessel radius and M=wall
thickness.
Likely in order to normalize wall tension, the thickness of the arterial wall increases with
advancing age. In the same cadaveric aortae study cited above, it was found that aortic wall
thickness increased with aging and this was due to hyperplastic growth of the intima (3). More
recently, research in both non-human primates (5) and humans (6) has shown increases in intima-
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medial thickness (IMT) are due to growth of both the intima and medial layers. It is well
established from large-scale non-invasive studies that IMT, while highly variable among
individuals, increases with age in humans (7). Clinically, this is generally assessed in the carotid
artery via 2D ultrasound and increased IMT has been shown to be associated with hypertension
(8), diabetes (9), severity of atherosclerosis (10) and hypercholesterolemia (11). Brachial artery
IMT thickness increases similarly with age along the length of the vessel, including both
predominantly elastic proximal regions as well as more muscular conduit distal regions (12).
Finally, femoral artery IMT increases with age in healthy control (13) and hypertensive subjects
as well (14) and thus the overall literature suggests this is a ubiquitous finding in both central
elastic and large conduit arteries of both the upper and lower limbs. The global nature of this
hyperplasia/hypertrophy across the arterial tree, in both muscular and elastic arteries and vessels
exposed to widely varying transmural pressure gradients associated with posture and bipedal
locomotion, is likely due to the chronic elevation in sympathetic outflow attendant to aging (15,
16), which has been shown to stimulate vascular smooth muscle cell growth (17, 18). In fact,
when accounting for age, elevated muscle sympathetic nerve activity (MSNA) is strongly
associated with femoral artery hypertrophy (19). Systemic low-grade inflammatory activity
associated with the aging process may also contribute to structural changes in arteries (20, 21).
Elastin is a protein with a high elastic modulus (Young‟s modulus) and a half-life of
decades (22). It is thus well suited to provide distensibility to the tunica media of arteries and
allow for the Windkessel pressure damping ability of the central elastic arteries that buffers the
pulse pressure and allows for more consistent fluid flow during diastole. Elastin is intercalated
among the vascular smooth muscle cells of the tunica media and is predominantly produced
neonatally and during the infant stage of life (23). Throughout adulthood the aorta has been
found to undergo progressive reductions in elastin content and the ratio of collagen:elastin
increases, making artery walls stiffer (24). Additionally, over time sugar moieties are added to
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this long-lived protein (25) via the Maillard reaction and this, coupled with thinning and fraying
(26) and calcification (27) of the elastic filaments as they are exposed to cyclic stress throughout
life further degrade the compliance of artery walls.
The arterioles are the primary site of regulation of vascular resistance. Due to the
limitations of imaging technology it is very difficult to directly study the microvasculature in situ
in a whole-human model and thus noninvasive indices of total cross-sectional area of the arterial
vasculature are used to discuss differences in this property between study groups. Specifically,
peak vascular conductance in response to a maximal dilatory stimulus such as prolonged ischemia
or ischemic exercise is indicative of structural limits to vasodilation within a limb segment as the
vasculature is assumed to be maximally dilated following prolonged ischemia or ischemic
exercise to volitional fatigue (28, 29). The peak conductance elicited by ischemic plantar flexor
exercise to fatigue has been shown to be higher in endurance trained young men compared to
sedentary controls (29). This suggests a greater microvascular cross-sectional area in trained
individuals and while increased capillarity has been demonstrated in trained muscle (30)
histological data indicating increased arteriolar density to correlate with observed peak
conductance are lacking. The results with respect to aging and peak vascular conductance are
equivocal with reports of decreased (31, 32), preserved (33, 34) or increased (35) lower leg
vascular conductance in men as age increases. Similarly, non-locomotor muscles have equally
equivocal results with reduced (36) or preserved (37) forearm conductance with aging. This led
to a study of changes in peak vascular conductance across a broad age range (20-79) in response
to 10 minutes of passive limb ischemia of the forearm and lower leg in a rigorously screened
population of healthy men (2). This study found that locomotor muscles have reduced rates of
decline in peak vascular conductance with aging relative to the forearm. Given these results and
the observed reductions in exercising muscle blood flow and conductance unique to older women
(38), the natural follow-up to this investigation was to apply the same methodology to an equally
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rigorously-screened group of women to determine if they have a significantly greater reduction in
peak leg vasodilatory capacity with aging and thus a reduction in vascular cross-sectional area
may be partially responsible for their limited exercising vasodilatory capacity. This follow-up
study was conducted by the author of this dissertation, was published in the Journal of Applied
Physiology (1) and comprises Chapter 2 of this dissertation.

Functional changes
Age-associated functional changes in the arterial vasculature, driven by the
aforementioned structural changes as well as biochemical differences between the young and
aged (altered production of or response to dilator and constrictor substances, vasoregulatory
receptor makeup, bioavailability of dilatory and constrictor substances, etc.) is a broad and
prodigious literature. A truly comprehensive review of the functional changes in the arterial
vasculature with aging would constitute an expansive work in and of itself and is beyond the
scope of this dissertation. However, a brief discussion of changes in arterial function with aging
appears below.
Flow-mediated dilation (FMD) is the dilatory response of a vessel when given an
increase in shear force at the endothelium. This property of regulation of arterial caliber was
characterized in dog femoral arteries in 1970 (39) and later in human brachial arteries (40). Since
that time it has been demonstrated that FMD declines with age in a sex-specific manner.
Celermajer et al found that, in men, FMD begins to decline progressively after the age of 40 and
in women function is preserved until the early 50s, after which their rate of decline is
significantly greater than men (41). This same study found that in both sexes the response to
sublingual glyceryl trinitrate (GTN, an endothelium-independent vasodilator) did not decline with
aging, suggesting a deficit in the ability to sense or respond to shear at the endothelium may
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underlie this difference and not a loss of ability for arteries to dilate when given nitric oxide. In a
follow-up investigation Parker et al examined both the brachial and popliteal arteries of older
women to determine if there is limb-specificity in this functional decline with aging (42). When
normalizing the percentage dilation to shear rate to more appropriately account for the dilatory
response exhibited per unit of stimulus delivered, Parker et al found that there is not limbspecificity in the decline in FMD in older women (42) and normalization may abolish the
decrease in FMD in older men (43). Additionally, in contrast to Celermajer et al, when
normalizing the FMD response in women there is a decrease in endothelium-independent
responsiveness to GTN, which is also equivalent in the upper and lower limb (42). Subsequent
investigations have attributed age-associated changes in FMD to several factors including
alterations in the balance between dilator and constrictor substances. Donato et al found higher
levels of endothelin-1 expression, a potent vasoconstrictor, in the vascular endothelial cells of
aged men and increased levels were associated with lower FMD in the men studied (44).
Additionally, reduced nitric oxide (a potent vasodilator released in response to shear stress)
bioavailability is hypothesized to contribute to reductions in FMD with aging as supplementation
with L-arginine, the substrate for endothelial nitric oxide synthase (NOS) improves FMD
function (45) and animal models supplementing sodium nitrite (a “storage form” of NO) reverses
age-associated endothelial dysfunction (46). Unraveling the mechanisms behind endothelial
dysfunction and aging and its preservation by exercise is a rapidly evolving field comprising
animal studies, human work, clinical information and several molecular pathways.
A direct, functional, noninvasive measure of conduit arterial stiffness is the pulse wave
velocity (PWV), the measured velocity of the pressure pulse through specific segments of the
arterial tree. Due to the ease with which this simple diagnostic can be recorded, this measure has
been acquired in large population studies (47), (48-52). It has been clearly shown that PWV
increases with healthy aging and in several disease states. As described above, several structural
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alterations in the arterial wall contribute to this vascular stiffening attendant to aging. Brachialto-ankle PWV is highly positively correlated with coronary atherosclerosis (53) and incident
hypertension (54); carotid-to-femoral PWV (PWVcentral) is predictive of mortality (55) and
cardiovascular disease (56).
Biological sex has been shown to be a modulatory factor in decrements observed in
measures of arterial function with advancing age. Loss of estrogen at the menopause is
associated with a significant increase in overall cardiovascular disease mortality risk (57-59). It
has been suggested that there is a linear increase in central elastic and/or peripheral muscular
artery pulse wave velocity that is consistent with that found in men (60, 61). Other groups have
suggested a non-linear increase in this parameter with advancing age, with the slope of the
regression line increasing after the common age of the menopause (62, 63). Regardless of the
specific model that best applies, it is clear that vascular stiffness, as indexed by PWV, increases
with age in both sexes and may be accelerated by the change in hormonal milieu after the
menopause.
Finally, it appears habitual exercise training can alter these age-associated increases in
vascular stiffness. Vaitkevicius et al found that PWV was inversely associated with peak oxygen
consumption (fitness) in a sample of men and women between 21 and 96 years old (64).
Additionally, a sub-sample of endurance-trained older (54-75 years old) men exhibited a 26%
lower PWV compared to age-matched peers (64). Post-menopausal women performing
approximately 6 hours/week of aerobic training for road race running competitions did not
demonstrate an increase in aortic PWV compared with women in their 20s who were similarly
training (60). Further, improvements in arterial compliance are not confined to long-term and
intense training in the aged. After a 3 month program of low-intensity aerobic exercise (primarily
walking), a group of men middle aged men (53 ± 2 years) demonstrated improvement in carotid
compliance to a level similar to that of age-matched endurance trained men (65). Similar results
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were subsequently found in post-menopausal women after a 3 month intervention (66),
suggesting that with participation in regular aerobic exercise the functional properties of the
conduit arteries can be at least partially preserved with aging.
Structural properties of the arterioles may impose a greater limit to vasodilation in older
women that is less conducive to modification with training. After an ~31 week moderate
intensity walk/jog training program in older men and women (mean age 64-65 yrs in each sex)
Martin et al observed greater training-induced increases in peak calf blood flow and conductance
in older men compared to older women after ischemic exercise to fatigue (67). This suggests a
sex-specific influence of fitness and/or training on the microvasculature of the aged lower limb.

The Aging Ventricle
The left ventricle, serving as the driving pump which imparts the necessary energy to
circulate blood around the entire body, has its structure and function inextricably tied to the
characteristics of the arterial vasculature. In recent years the teleological discussion of changes in
the ventricle that are associated with aging and various diseases has begun to shift from one of
deleterious alterations in structure and function to adaptations the organ makes in response to
changes in the arterial vasculature (68). Therefore, subsequent to the preceding discussion on
aging-associated changes in the structure and function of the arterial vasculature, those two broad
categories of adaptations will be discussed here about the ventricle and cardiac function.

Structural changes
For several years disparate results existed regarding changes in left ventricular mass with
advancing age. Relatively new technologies such as two-dimensional (2D) Doppler ultrasound
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imaging suggested that, in women but not in men, there was a modest but significant increase in
cardiac mass with advancing age (69). In a follow-up study Park et al compared the results of
calculated left ventricular mass according to American Society of Echocardiography guidelines
with autopsy results from those same individuals (70). Due to the inclusion of papillary muscle
tissue in the Doppler images there was a tendency to overestimate the actual left ventricular mass
as assessed on autopsy. However, because this error does not appear to be affected by sex it is
unlikely to explain the previous observations in aging patients. Around this same time, Olivetti et
al conducted a gross anatomic and histological investigation to determine the changes in
myocardial cell mass and apoptosis with aging and how this might mitigate potential changes in
cardiac mass with aging, which appear to be sex-specific (71). In hearts from 106 women and
men (n=53 in each group) between the ages of 17 and 95 they found that females maintained their
myocardial mass, average cell volume and diameter and number of mononucleated and
binucleated cells. In contrast, men lost approximately 1g/year of myocardial tissue and had larger
cell volumes and diameters with increasing age, suggesting compensatory hypertrophy of the
remaining cells (71). More definitive evidence using improved imaging technology came in 2002
when Hees et al examined this question using magnetic resonance imaging (MRI) techniques to
study not only the myocardial mass but also its geometry (72). As calculations of tissue mass are
based on integrating various measurements into a model which uses geometric assumptions, it
was possible that disparate results were generated by investigators because of variations between
populations with respect to applicability of those geometric assumptions. In fact, when
examining 336 individuals on MRI it was found that the heart shortens along its long axis and
thus the left ventricle becomes less of a hemi-ellipsoid and more of a hemi-spheroid shape (72).
Interestingly, women also thicken their ventricular wall to preserve overall mass in the face of
this long-axis shortening whereas men do not, potentially accounting for the sex differences in
left ventricular mass observed in previous studies. These results were confirmed in a more recent
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study using real-time three-dimensional Doppler imaging (73). Kaku et al found increased
sphericity of the aging ventricle and a higher left ventricular mass/chamber volume ratio in older
women compared with older men (73). Additionally, total arterial compliance was an
independent predictor of this ratio suggesting that the observed morphological changes in the
aged heart may be driven by changes in the mechanical properties of the arterial vasculature (73).
These results also may point to a basis for the preponderance of diastolic heart failure in older
women compared to men (74). Specifically, greater than 60% of female heart failure patients
have preserved systolic function while only approximately 40% of male heart failure patients do
(75, 76).
The myocardium only derives roughly 5% of its ATP from glycolysis (77). The heart‟s
overwhelming dependence on oxidative metabolism means blood sampling of the aorta versus the
coronary sinus reveals approximately 70-80% of the delivered oxygen is extracted by the
myocardium compared to 30-40% in skeletal muscle (78). This requires a much higher capillary
density than skeletal muscle to provide the increased diffusive capacity to allow such high oxygen
extraction, in fact the highest in the human body (79).
Owing to this reliance on high oxidative capacity in order to maintain the nutrient
delivery and gas exchange essential to the life of the organism, cardiomyocytes have large and
abundant mitochondria that are subjected to high levels of continuous oxidative stress (80). As
the mitochondria succumb to the oxidative insults they swell and become structurally
disorganized. The lysosomal mechanisms for uptake and destruction of intracellular debris
eventually fail with aging and accumulate lipofuscin (a polymeric and undegradable material that
may accumulate to a critical level and impair cellular function, initiating apoptosis) as has been
noted in other long-lived cell types throughout the body (80) such as cells of the central nervous
system, which, much like cardiomyocytes, are as long-lived as the organism and therefore have
time to accumulate markers of damage such as lipofuscin (81). The end result is the destruction
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of the cardiomyocyte as its internal housekeeping capabilities wane and it becomes nonfunctional as a contractile element (80). There is some evidence in animal models that estradiol
is protective against lipofuscin accumulation in cells of the central nervous system and this could
play a role in the noted differences between women and men with respect to loss of cardiac cell
mass with aging (81).
These histological observations may well underlie the overall reductions in left
ventricular mass noted above and the changes in cardiac geometry with aging. Myocardial tissue
has a preponderance of type I and III collagen, both with high tensile strength. With aging the
production of type I fibrils is upregulated and they are thicker than in the non-senescent
myocardium (82). The specific mechanism for this change is unclear but it clearly alters the
compliance of the myocardium (detailed in the next section of this chapter) and, similar to other
fibrotic tissues which develop traction and change their shape, could underlie the noted increase
in ventricular sphericity in aged women and men. Estrogen may also confer protection against
this accumulation of fibrotic tissue and thus women may be protected until the menopause. In
vitro and animal studies suggest that 17Beta-estradiol inhibits the growth of cardiac fibroblasts in
culture and may inhibit angiotensin II mediated cardiac hypertrophy (83-85).

Functional Changes
It is clear that there is a reduction in the peak cardiac output with aging in women and
men (86-89). This is largely driven by a reduction in peak exercising heart rate in both sexes (68)
and this reduction is not modifiable by training. Between the ages of 20 and 85 there is an
approximately 30% reduction in peak exercising heart rate (87) or approximately 0.7
beats/min/year (90), and as cardiac output is the product of stroke volume and heart rate, this
severely limits the cardiac output reserve in older individuals. The mechanisms behind this
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reduction in peak heart rate are likely a reduction in sinoatrial node responsiveness to betaadrenergic stimulation and reduced conduction velocity of cardiac neural tissue (91), and a
decreased intrinsic heart rate (92).
Peak exercise stroke volume also falls in old age in both master athletes and sedentary
individuals (86, 93). As stroke volume is the integrated output of several determinants both
intrinsic to the myocardium such as Frank-Starling mechanism dependent increases in
contractility, and extrinsic to the myocardium such as afterload it becomes very difficult to parse
the relative impact of each of these influences during any given condition. Previous studies
investigating the effect of unloading the aged heart during exercise in an attempt to improve
cardiac function have utilized a „balanced vasodilator‟ (equal effects on venous capacitance and
systemic vascular resistance reduce preload and afterload simultaneously) such as sodium
nitroprusside (94, 95). This was found to reduce the work of the heart during exercise yet stroke
volume and cardiac output remained the same as control exercise bouts due to a concomitant
reduction in end-systolic and end-diastolic volume.
It has been clearly established that the pattern of diastolic filling of the ventricle changes
with aging. There are two marked peaks in the spectral Doppler velocity profile of mitral inflow
into the left ventricle. The first is the E-wave or „early‟ filling that occurs at the end of
isovolumic relaxation and is due to the pressure in the left atrium surpassing the rapidly falling
pressure in the ventricle. The second peak is termed the A-wave or „atrial‟ filling wave as it is
due to atrial contraction and visible on the Doppler echocardiogram at heart rates up to 100-120,
beyond which the E and A waves fuse and are generally regarded as E only. With aging, there is
a marked and progressive reduction in E-velocity, an increase in A-velocity and a prolongation of
the deceleration time and slope (MVdecT and MVdecS, respectively; both refer to the decreasing
portion of the E-wave after peak velocity) and a lengthening of the isovolumic relaxation time
(IVRT), which is the duration of the beginning of decreasing intraventricular pressure after
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systole until the mitral valve opens (96, 97). These alterations in diastolic filling pattern,
especially those of early diastolic filling, still occur in master athletes and thus appear to be part
of primary aging and not highly modifiable (87). The prolonged IVRT is indicative of impaired
relaxation of the ventricle and appears independent of static myocardial compliance (98). E- and
A-velocities are related to diastolic function, myocardial stiffness, and filling pressure (98) and so
changes in filling velocity attendant to aging are indicative of a nonspecific cardiac senescence.
Myocardial torsion or the twisting and untwisting that occurs with each beat may play a
role in diastolic function and changes in these measures with aging. As the ventricle relaxes and
the potential energy stored in the tissue elastic elements is released a pressure gradient is
established from base to apex (99) and the magnitude of this gradient is a strong determinant of
E-velocity (98). Conditions associated with reduced diastolic function, such as ischemic heart
disease (100) and diastolic heart failure (101) are associated with reduced intraventricular
pressure gradients and impaired ability to augment them during exercise. Primary aging also
reduces these pressure gradients and training does not preserve them in the aged population (99),
which may be responsible for age-associated reductions in E-velocity.
Spina et al have demonstrated training-induced improvements in VO2max in older women
are dependent on these peripheral adaptations (increased A-VO2 difference) rather than
improvements in filling dynamics, cardiac output, or stroke volume while aged men exhibit
increases in exercising cardiac output (24, 102, 103). Similarly, Murias et al observed an
increased A-VO2 difference was responsible for the majority of the increases in VO2peak after a 12
week moderate-intensity cycle ergometer training intervention in older women (104). However,
an increase in cardiac output that was not statistically significant was also observed in the older
subjects and accounted for ~35% of the improvement in VO2peak with training while A-VO2
difference increases accounted for the remaining 65% (104).
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Balancing cardiac function with skeletal muscle vasodilation in aged humans
Skeletal muscle blood flow capacity greatly exceeds maximal cardiac output in upright
humans, necessitating vasoconstriction in active muscle during whole body exercise to maintain
systemic blood pressure. In healthy, normally active young adults, cardiac output can increase 4to 5- fold during heavy exercise (86, 105) and in highly trained endurance athletes, cardiac output
in excess of 35 to 40 L/min have been reported (106). However, skeletal muscles in the legs have
a tremendous capacity to receive flow while contracting in isolation (i.e., 300 to 400 ml/100 gm
of tissue/min; (107)), which would greatly exceed the flow generating capacity of the heart if all
active muscles in an exercising human (running, cycling) were to receive this level of perfusion
(108, 109). Because active skeletal muscles receive the highest percentage of cardiac output
during whole body exercise (running, cycling, skiing; (38, 108, 110-113), there must be a reflexmediated control mechanism(s) during large muscle dynamic exercise that limits increases in
vascular conductance of exercising muscle, particularly during moderate and higher intensity
exercise; otherwise mean arterial (systemic) blood pressure would drop according to Ohm‟s law
(114, 115).
More direct evidence that active limb vasodilation is “restrained” by the sympathetic
nervous system during moderate and intense exercise in humans comes from the following
observations: 1) leg blood flow is reduced ~10% when moderate intensity arm exercise is added
to leg exercise (108, 116), 2) patients with autonomic failure have exaggerated muscle blood flow
responses and hypotensive blood pressure responses to dynamic exercise (117, 118), 3) studies
demonstrating alterations in exercising limb blood flow during acute manipulation of sympathetic
vasoconstriction via pharmacological (intra-arterial infusions; (119-121)) and physiological
(sympathoexcitatory maneuvers; (122-125) methods and 4) the recent finding that femoral artery
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infusion of ATP (potent vasodilator) increases leg vascular conductance during near maximal and
maximal leg exercise in humans (126).
The degree to which leg vasodilation is restrained during dynamic exercise appears to be
influenced by the intensity and quantity of active muscle involved in the exercise. There is
evidence, both in humans (127) and in dogs (128), that the relative contribution of exercising leg
vasoconstriction to the maintenance of systemic blood pressure becomes progressively more
important as exercise intensity increases. Thus, even though the resistance vasculature of
exercising muscle displays a reduced sensitivity to sympathetic alpha-adrenergic stimuli
(sympatholysis; (129, 130), and blood flow to inactive tissues (visceral regions, inactive muscle;
(131-133) is reduced, the need to vasoconstrict active muscles becomes quantitatively more
important as the size of vasodilated muscle and the “threat” to systemic blood pressure increase.
Collectively, these findings suggest that the increase in blood flow to active muscles in
upright humans must be restrained in order to defend blood pressure during exercise and that this
reflex-mediated restraint is somehow influenced by the balance between cardiac output and
vascular conductance, particularly within the legs. Age- and sex-associated changes in either of
the constituents (cardiac output and vascular conductance) determining this pressure-maintaining
equilibrium may impinge on these regulatory mechanisms and therefore there may be a greater
need for restraint on active muscle blood flow with advancing age. Further, there may be an age
by sex interaction in this relationship.

Effects of reduced cardiac function on exercising limb vasoconstriction
Conditions in which the output of the heart is limited either acutely or chronically have
provided useful models for investigating/evaluating the balance between cardiac output, active
muscle blood flow and the regulation of systemic blood pressure during dynamic exercise.
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Pawelczyk et al (127) observed a reduction in exercising leg blood flow in healthy young subjects
when β-blockade with metoprolol was acutely administered during heavy, but not during lower
intensity upright cycling. This was sympathetically mediated (as evidenced by reduced leg blood
flow and vascular conductance and increased leg norepinephrine spillover during blockade) and
they estimated that at least one-third of the increase in MAP during exercise with β -blockade
could be accounted for by leg vasoconstriction.
In patients and animals with diminished systolic and diastolic cardiac function exercising
limb blood flow is often diminished/attenuated (134-137), attributable at least in part to
sympathetic vasoconstriction (138, 139). Acute augmentation of cardiac output in these patients
can augment leg/limb blood flow appreciably at rest (140) and during large muscle exercise (141143) with little effect on resting blood pressure and a decrease in the exercise-induced rise in
MAP. This effect has also been powerfully demonstrated in conscious dogs during acute,
selective beta blockade (144). These findings suggest that the need for active muscle
vasoconstriction during exercise is elevated in conditions where the flow generating capacity of
the heart is acutely or chronically reduced.

Is there a greater need to vasoconstrict active muscle in aging humans?
Physiological aging represents another situation/condition in which the balance between
cardiac output and active muscle blood flow during exercise, and thus the need to vasoconstrict
active muscle, may be altered. This is suggested by the fact that most healthy, normally active
older adults (>60 yrs) demonstrate a reduced absolute cardiac output response during submaximal
and especially during peak exertion (86-89) compared to young controls, but a relatively wellpreserved peripheral (calf) vasodilator capacity (2, 37), at least in men. Additionally,
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vasoconstriction of renal and splanchnic vascular beds during dynamic exercise is attenuated in
aged humans (145, 146).
Collectively, these results suggest that sympathetic restraint of exercising leg vasodilation
during exercise may become even more important for older adults. However, this age-related
hypothesis has not been systematically investigated with careful measurements of maximal
cardiac output and blood perfusion estimates during small muscle mass exercise (particularly in
the quadriceps), in the same subjects (i.e,.most data are based on reactive hyperemia in the calf).

Does sex modify the influence of age on this balance?
There is indirect evidence for sex differences in the balance between cardiac output and
skeletal muscle vasodilation, both in youth and in old age (147). This is suggested by a) sex
difference in the leg hyperemic response to graded leg cycling with age (38, 110), b) altered %
distribution of CO to the exercising legs with age in men, but not women and c) sex difference in
the age-associated decline in peak calf conductance and d) the larger pressor response to graded
leg cycling associated with aging in women compared to aging in men (38, 110).
These findings suggest that sex may modify the influence of age on the balance between
cardiac function and leg vasodilator responses. As these variables have not been systematically
or simultaneously studied in both sexes, either young or old, the final two studies of this
dissertation were undertaken to address sex differences in the relationship between cardiac
output, cardiac function and leg blood flow during exercise.
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Cardiac aging in women and men: Influence of plasma volume
The total volume of blood in the circulation is another factor that determines the ability to
augment preload and therefore increase cardiac output via Starling mechanisms. There is a clear
increase in blood volume in young subjects after long-term endurance exercise training (148) and
this has also been observed in male master athletes (149). In this same study in male master
athletes Hagberg cited blood volume increases as responsible for much of the increased stroke
volume and cardiac output seen in these fit aged individuals (149). When young and old men are
matched for exercising cardiac output, fitness, and body size, there is a significantly greater
redistribution of flow away from the renal and splanchnic circulations to muscle and skin in
young men compared to old men during moderate exercise (146). After 4-weeks of endurance
training older men show no apparent increase in splanchnic and renal vasoconstriction during
aerobic activity while cardiac output was increased, likely due to preload-dependent mechanisms
consequent to plasma volume expansion in these older subjects (145). Blood volume is therefore
a very important factor in the ability to maintain cardiac output at a sufficient level to supply
working skeletal muscle in older men.
Unlike older men, older women do not appear to augment blood volume after endurance
training. Stachenfeld et al showed that 12 weeks of intense aerobic activity failed to produce an
increase in blood volume, plasma volume or blood protein (150). The reasons for this are unclear
but are likely related to a concomitant lack of attenuation of the cardiopulmonary baroreflex
which would inhibit significant blood volume expansion (150). This inability to augment blood
volume and therefore readily manipulate preload in the aged female heart may be at the center of
observations of a general lack of central (cardiac) adaptation to training in older women while
aged men exhibit increases in exercising cardiac output (24, 103, 151).
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Chapter 2
Age and regional specificity of peak limb vascular conductance in women

Introduction
Age-associated alterations in the ability to increase limb muscle blood flow both in
response to exercise and during reactive hyperemia have recently been identified and could have
important implications for cardiovascular regulation and physical function in our rapidly
expanding older population (2, 38, 123). Recently, we reported significant age-associated
reductions in leg blood flow and vascular conductance during submaximal leg exercise in women
(38). Additionally, leg blood flow and vascular conductance were 29 and 38% lower,
respectively, in the older women compared to the younger women during peak exercise (152).
Older women also display diminished levels of systemic vascular conductance (i.e., elevated
peripheral vascular resistance) during exercise compared with either younger women or older
men (38, 86, 87, 153). These results suggest that women experience dramatic reductions in
exercise-induced peripheral vasodilation with advancing age. Understanding the determinants of
impaired peripheral vasodilation with advancing age is particularly important for women as they
experience more functional impairment and cardiovascular morbidity in old age than men (154,
155).
Reductions in systemic and exercising leg vasodilation with advancing age in women
could reflect, in part, structural changes in the arterial vasculature of the lower extremity that
limit the extent of vasodilation (38, 152). Direct assessment of arterial structure in humans is
difficult. However, peak dilatory responses (peak flow and vascular conductance) immediately
following limb occlusion have been widely used as functional indices of arterial size (vascular
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density, volume, and/or geometry; (28, 29, 33, 34, 156-159). Using a 10 min period of limb
occlusion, we recently confirmed age-dependent declines in calf and forearm reactive hyperemia
and vascular conductance in men (2). To the best of our knowledge only two studies have
directly examined the influence of age on limb reactive hyperemia in women. Lind and
colleagues (36, 160) reported an inverse relationship (r = -0.56; P < 0.01) between age and peak
forearm hyperemia after 3 min of cuff occlusion in women aged 20 to 69. Martin et al reported
that maximal calf hyperemia and vascular conductance were significantly lower (P < 0.05) in
older (60-71 yr) compared to younger (20-35 yr) sedentary women. Additional studies of peak
reactive hyperemia in the leg (34, 36, 161) compared peak conductance values in samples of
older and younger subject groups, with disparate results. Olive et al found that peak conductance
was lower in older subjects, whereas Rueckert et al did not find an age group difference (34, 161).
These findings may have been influenced by the fact that the investigators combined data from
women and men. Taken together, these studies indicate there may be a decline in limb dilator
capacity with age in women, but a comprehensive examination of this issue has not been
conducted.
Because most of the studies of peak limb vasodilation compared two discrete age ranges,
it is not known whether age-related changes in limb flow capacity or peak conductance in women
are linear or exponential. This is important because several studies indicate non-linear ageassociated declines in endothelium-dependent dilator responses in women. Specifically, previous
studies of endothelium-dependent dilator responses in the forearm indicate preservation until
menopause followed by a steep decline (41, 162, 163). Finally, most of the available data on
peak vasodilator capacity and age in women are based on the leg whereas most of the available
data on endothelial dilator responses are based on the forearm. Thus it would be helpful to know
if age associated reductions in the peak flow and conductance within both limbs are similar or if
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there is regional specificity in this response, as we have previously reported in men (2). This
regional specificity has not been explored in women.
With this information as a background, the present study utilized a standardized reactive
hyperemia test (10 min of cuff occlusion proximal to the elbow and knee) in healthy, normally
active women across the adult age range to characterize the age-associated changes in peak limb
blood flow and vascular conductance in the forearm and calf. We hypothesized that ageassociated declines in peak hyperemia and vascular conductance would be greater in the calf than
the forearm of healthy women due to previous reports of greater age-associated reductions in
muscle mass (164) and strength (165) of the lower vs. upper extremity of normally active women.
In addition, we sought to determine if fitness, muscle mass, or other physiological characteristics
mediate age-associated changes in peak limb vascular conductance in women.

Methods
Subjects. Fifty-eight women between the ages of 21 and 79 completed this study. All
subjects, with one exception (71 year old with resting systolic blood pressure = 142 mmHg), were
normotensive (seated resting blood pressure ≤ 140/90 mmHg). Subjects were free of overt
chronic diseases as evaluated by medical history questionnaire, a physical examination, resting
ECG, and blood chemistry (i.e. hemoglobin ≥ 11 g/dL, total cholesterol ≤ 6.2 mmol/L). Subjects
were nonsmokers and abstained from caffeine, aspirin, or ibuprofen, and herbal supplements for
at least 12 h before limb blood flow testing. No subjects were taking medications that had
significant hemodynamic effects, but two women (age 64 and 79 yrs) did take baby aspirin on a
regular basis. Subjects gave their written, informed consent to participate. This study was
approved by the Office for Research Protections and the Institutional Review Board at The
Pennsylvania State University.
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Occupational and physical activity history. Most subjects under 30 yr of age were
college students. The majority of the intermediate (30-65 yr) age group were either employed
(primarily desk jobs) or homemakers caring for children. The older (>65) age groups were
predominantly retired. No subjects reported a current physically demanding job or, if retired, one
within the past decade. Subjects completed a questionnaire to provide information about the type
and frequency of their recreational activities/exercise, including participation in aerobic and/or
strength exercises during the past 6 months. Subjects ranged from completely sedentary to
moderately active with no chronically trained endurance athletes enrolled in the study. The
percentage of women reporting some weekly aerobic exercise activity (walking, biking, aerobic
machines, etc) during the preceding six months decreased from ~88% in the younger subjects
(20-39 yrs) to ~55% in the older groups, averaging two to four days per week. Resistance
exercises were reported in 17 of the 47 subjects over age 30 yrs. The frequency of this activity
averaged two to four times a week and subjects universally reported a light to moderate intensity.
The youngest subjects (<30 yr) reported no resistance training activity.
Other than the peak oxygen uptake test, all protocols were performed in the first 7 days of
the menstrual cycle for all pre-menopausal subjects. This was done in order to control for cycle
phase and therefore estrogen and progesterone levels as they have been shown to influence
hemodynamic measurements (166-168). All protocols and measurement techniques have been
previously described in a recent publication by our laboratory (2). However, a brief explanation
of these will follow.
Peak oxygen uptake test. Subjects pedaled an electronically-braked cycle ergometer
(Lode) to maximal exertion to screen for cardiovascular abnormalities and to determine peak
oxygen uptake (VO2peak), as described previously (110). No subject exhibited evidence of ECG
or blood pressure abnormalities during the test that prohibited them from participating in the
subsequent protocols. All subjects except two (peak RER 1.11, 1.12) had a peak respiratory
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exchange ratio >1.20 and achieved an average of 99.7% of their age-predicted maximum heart
rate (90). Only 4 subjects (age 21, 25, 27, 32 yr) had VO2peak values that exceeded 85% of their
age-adjusted norms (169), consistent with the fact that subjects were nonathletes who ranged
from sedentary to moderately active.
Body composition. Total and regional body composition was measured using dualenergy X-ray absorptiometry (DXA; model QDR 4500W, Hologic, Waltham, MA). Bone-free
lean mass (index of muscle mass) and percent fat for the forearm and calf of each subject‟s
nondominant limbs were calculated using region of interest software (version 9.80D, Hologic).
All DXA scans were performed and analyzed by the same manufacturer-trained operator who
also performed weekly quality control calibrations.
Strength testing. Isometric strength of the nondominant hand was measured using a
Jamar handgrip dynamometer (Sammons Preston, AbilityOne). The highest of three maximal
efforts, each separated by a 1-2 min rest period, was used as an index of maximal forearm
strength. Isometric strength of the plantar flexors of the corresponding leg was measured using
an isokinetic dynamometer (Multi-Joint System 3 Pro, Biodex Medical Systems) at 0°/sec.
During measurements the subjects were fixed in place with chest, waist, and thigh straps and the
knee joint was fixed at 180°. The rotational axis of the ankle was set at 90° using a goniometer.
The highest of three maximal efforts, each separated by a 1 min rest period, was used as an index
of maximal calf strength.

Measurement of ankle-brachial index and arterial pulse wave velocity. Ankle-brachial
index (ABI) and pulse wave velocity (PWV) were measured after 10 minutes quiet supine rest
using the VP2000 vascular profiling machine (Colin Medical) as previously described (170).
Day-to-day variability (coefficient of variation, %) was assessed in a subset of subjects (n=45;

23
22-79 yr) on two separate visits (~28 days apart) and averaged 3.0, and 3.8 for ABI and brachialto-ankle PWV respectively.
Venous occlusion plethysmography. Forearm and calf blood flows (ml•100ml-1•min-1)
of the nondominant limbs were measured using a Hokanson venous occlusion plethysmography
system (171). Limb blood flow studies were conducted in a cool, temperature-controlled room
(20-22ºC) to minimize the contribution of skin blood flow. Subjects were placed in a reclined
position (i.e., torso ~45º from horizontal) on a padded chair with their nondominant forearm and
calf elevated 10-20 cm above heart level as necessary to facilitate venous drainage. Mercury-insilastic strain gauges were placed around the widest portion of the forearm and calf and calibrated
electronically. Venous occlusion cuffs placed around the upper arm and thigh were rapidly
inflated to 45 mmHg every 15s (7s inflate, 8s release) during flow measurements. Wrist and
ankle cuffs were used to occlude blood flow to the hand and foot, respectively, during all flow
measurements.
Measurement of peak limb vascular conductance. Plethysmographic measurements of
forearm and calf blood flow were obtained during rest and reactive hyperemia (after 10 min
arterial occlusion). To establish reproducibility, 48 subjects repeated this protocol on a separate
study visit at least 24 hours after the first. To account for any potential residual effects from the
hyperemia in the first extremity studied on a given visit, the order of the limbs occluded (forearm
or calf first) was randomized for each subject on each visit. Subjects rested quietly for about 10
minutes prior to baseline measurements. To familiarize the subject with the reactive hyperemia
test and to check strain gauge performance, a 2 min arterial occlusion, followed by cuff release,
was performed. After a 5 min recovery period subjects were instructed to raise and contract their
forearm or calf muscles to evacuate the venous vasculature. During this contraction the occlusion
pressure was applied (80-100mmHg supra-systolic). Subjects then relaxed the limb for the
remainder of the 10-min occlusion period. Reactive hyperemic flow was measured within 3 s
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after cuff release and every 15 s thereafter. Peak limb blood flow occurred within the first two or
three measurements (30-45 s) for all subjects and declined rapidly thereafter.
Blood flows were calculated from the slope of the ascending, linear portion of the
plethysmographic response curve by using the line-fitting option in the Hokanson analysis
software package (NIVP3) and manual adjustment (to exclude cuff inflation artifact) by a single
investigator blinded to the age of the subject. Systolic and diastolic blood pressures were
measured by auscultation of the brachial artery of the contralateral arm. Forearm and calf
vascular conductance were estimated as limb blood flow divided by the corresponding brachial
mean arterial pressure (MAP = diastolic blood pressure + 1/3 of the pulse pressure).
Rationale for using the 10-min vascular occlusion protocol. The rationale for selecting
this stimulus to elicit an approximate peak vasodilation and therefore vascular conductance has
been thoroughly described previously (2). The 10 min passive occlusion protocol used in this
study has been shown to yield equally high levels of peak calf conductance compared with
ischemic contractions to fatigue both in younger and older subjects (34, 156).
Reproducibility. Test-retest reproducibility was established for the measurement of peak
conductance in both the forearm and calf by performing a second study visit on some subjects
(n=48 forearm; n=45 calf). The time between study visits varied from 2 days to 2 months. Paired
t-tests indicated that there were no significant mean differences (all p≥0.63) between peak limb
blood flow or peak conductance responses measured during the two study visits. However, testretest differences of ± 20% for peak flow and conductance were noted in a substantial number of
subjects, resulting in an overall coefficient of variation of ~11% for both limbs. When plotted
against each other, there was no evidence that peak conductance measured during the first and
second visits differed in any systematic way from the line of identity (p= 0.77 forearm, 0.81 calf).
Still, we decided to define "peak" flow and vascular conductance as the highest individual value
achieved on the two visits. The use of the highest individual response is a widely used and valid
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approach in studies evaluating peak physiological capacity. Importantly, the overall relations
between age and peak conductance in the forearm and calf were nearly identical for the first and
second study visits: forearm conductance = 0.416 - 0.002 X age (visit 1) and 0.438 - 0.002 X age
(visit 2); calf conductance = 0.548 - 0.004 X age (visit 1) and 0.521 - 0.003 X age (visit 2).
Statistical analysis. Data grouped by decade (subject characteristics Table 2-1)
were compared by using an unbalanced one-way ANOVA. Bonferroni's post hoc test was used to
determine the specific age decades that were significantly different from the youngest subjects
(i.e. 20-29 yr-old group). Line fitting of limb-specific hemodynamic variables vs. age (Figure 21) was performed using simple linear regression. Comparison of slope differences between the
forearm and calf were assessed with an F-test.
Pearson correlations were calculated to assess the relation between peak limb
conductance and other measured variables in the entire sample of subjects (Table 2-2). Forward
stepwise multiple regression (P<0.15 to enter) was then performed to determine which
combination of variables explained the most variance in forearm and calf peak conductance
(Table 2-3) with age entered in both models. Each model was checked for the existence of
influential data points. These points did not influence the variance of any models (forearm and
calf), and so these data were retained in the regression analyses.
All data are presented as means ± SE. Statistical significance was accepted at
P<0.05. Minitab version 14 was used for all statistical analyses.

Results
Subject characteristics (Table 2-1). When compared with the 20-29 yr age group there
were no significant differences in weight between the decades tested. Only the 60-69 yr age
group exhibited a significant increase in body mass index (BMI). A significant increase in total
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body fat % was noted in the 50-59 and 60-69 yr age groups. There was an age-related increase in
total cholesterol that became statistically significant in the 50-59 yr age group and thereafter.
When compared with the 20-29 yr the 70-79 yr group did exhibit a modest increase in supine
resting systolic blood pressure; the same is true for the diastolic pressure of the 60-69 yr group.
Brachial-to-ankle pulse wave velocity (baPWV) showed a progressive increase with age, which
became significant by the 5th decade (40-49 yr old). Cycle VO2peak declined an average of -7.5%
per decade.
Limb characteristics. Unlike a prior experiment performed in men using an
identical protocol (2) age-associated declines were not observed for: limb circumference, muscle
mass or plantar flexor strength. There was a nearly significant decrease in forearm muscle mass
with advancing age (p = 0.058). Neither forearm (p = 0.282) nor calf (p = 0.681) percent fat
exhibited a significant age-associated change.
Relation between age and limb blood flow (Figure 2-1). Peak reactive hyperemic
flow decreased with advancing age in both limbs. The relative decline in peak blood flow was
greater in the calf (-5.3% per decade, p <0.001) than the forearm (-3.0% per decade, p = 0.022).
Relation between age and peak limb conductance (Figure 1). Post-ischemic
conductance declined as a linear function of increasing age in both the upper and lower extremity.
The decline in peak forearm conductance was -4.4% per decade (p = 0.002) and the decline in
peak calf conductance was -6.8% per decade (p <0.001); the difference in these two rates of
decline in peak conductance of the upper and lower extremity was found to be significant (p =
0.032). During the calf RH test there was no statistically significant age-associated increase in
the peak MAP response (Table 2-1). During the forearm RH test the oldest group did exhibit a
significant increase in the peak MAP response in comparison to the youngest age group (Table 21).
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When peak vascular conductance was normalized per kilogram of limb muscle mass (mL
blood flow•100 mL tissue-1•min-1•mmHg-1•kg muscle-1) the age-associated decline was
abolished in the forearm (p = 0.274) and only slightly attenuated in the calf (-6.0% per decade, p
= 0.002).
Predictors of Limb-Specific Peak Vascular Conductance. Table 2-2 shows the
univariate correlations between age, peak limb conductance, and selected physical characteristics.
Age was significantly correlated with VO2peak, PWV, % body fat and total cholesterol, but not
with any of the limb specific variables except for grip strength. Forward stepwise linear
regression analysis was then performed on potential predictors of peak conductance in the
forearm and calf. The variables entered were age, cholesterol, VO2peak, PWV and limb-specific
measures of isometric strength, muscle mass, and % fat. Limb circumference was not included in
these models due to its strong association with limb muscle mass (Table 2-2) and because
plethysmographic flows (and therefore peak conductance) are already normalized to limb
circumference.
Table 2-3 shows the simple and stepwise multiple regression models describing
the variance in peak conductance of the forearm and calf. Chronological age, by itself, was a
statistically significant predictor of peak conductance in both limbs (both p < 0.01). In the
forearm, age was the strongest overall predictor of peak conductance. Total cholesterol and
forearm muscle mass were the second and third factors to enter the equation, improving r 2 from
0.18 to 0.25. In the calf, age was the strongest overall predictor of peak conductance. Total
cholesterol and calf % fat also entered the model, significantly improving the model r2 for the calf
from 0.38 to 0.53. VO2peak did not enter the multiple regression models for peak forearm or calf
conductance unless age was excluded.
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Discussion
The principal new findings of the present investigation are as follows. First, peak
vascular conductance of the forearm and calf are linearly and inversely related to age in healthy
normally active women. The magnitude of decline in peak conductance with age is limb-specific,
with a steeper rate of decline in the calf (-6.8% per decade) compared to the forearm (-4.4% per
decade). Second, normalization of peak conductance to limb-specific muscle mass abolishes the
age-associated decline in the forearm, but has little impact in the calf. Third, chronological age,
total serum cholesterol, and limb-specific tissue composition are significant predictors of peak
conductance in both limbs; however, age is a stronger predictor of peak conductance in the calf.
Collectively, these findings indicate that age-associated declines in skeletal muscle vasodilator
capacity are greater in the leg than in the forearm of normally active women.

Age and forearm vasodilator capacity in women
Although several studies have examined endothelium-dependent vasodilator responses in
the forearm as a function of age in women (41, 160, 162, 163, 172), very few studies have
actually reported the responses to a standardized reactive hyperemia test (i.e, passive arterial
occlusion) in healthy women across the adult age range. Lind and colleagues (36, 160) reported a
linear decline in peak forearm reactive hyperemia with age in “apparently healthy” women who
were not taking any form of estrogen therapy (n=30; 20 to 69 yrs). However, several smokers
and hypertensive subjects were included in the study sample and there was no control for
menstrual cycle phase in the pre-menopausal women. Therefore, to the best of our knowledge,
the present study is the first to document the effects of age on peak forearm reactive hyperemia
and vascular conductance in healthy women in a controlled menstrual cycle phase. Our results
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indicate modest, but significant overall declines in peak forearm blood flow (-3.0% per decade)
and conductance (-4.4% per decade) with age. The slopes of these relationships were linear and
did not differ between our pre- and post-menopausal women. This latter finding suggests that the
peak dilatory response to 10 min of passive arterial occlusion, a measure of structural changes in
the resistance vasculature, is relatively insensitive to menopausal status.
When peak forearm conductance was normalized to an index of regional muscle
mass (DXA lean tissue mass), the age-associated reduction was abolished (p=0.27). This finding
suggests that the age-associated decline in peak conductance in the forearm is secondary to the
loss of muscle.

Age and calf vasodilator capacity in women
To our knowledge, only one previously published study has directly compared reactive
hyperemic responses in the legs of younger and older groups of women. In that study, Martin et
al (33) reported significantly lower reactive hyperemic responses to maximal ischemic lower leg
(calf) exercise in sedentary older (60-71 yrs) women compared to younger (20-35 yrs) controls.
The age group difference in maximal calf conductance they reported is comparable to that
observed over a similar age range (40 yrs) in the present study (25-30% lower in the older
women), even though the stimulus for calf vasodilation differed between the Martin et al study
(standing, ischemic toe/heel raises to fatigue) and the present study (supine, passive arterial
occlusion for 10 min). One noteworthy difference between studies, however, is the blood
pressure response observed when peak hyperemia was measured; the ischemic exercise model
utilized by Martin et al resulted in significant elevations in mean arterial pressure (MAP) that
were markedly higher (>15 mmHg higher) in their older compared to younger women. This
makes it difficult to determine the extent to which reduced responses in their older subjects reflect
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the effects of augmented arterial perfusion pressure and sympathoexcitation vs. the intrinsic
dilator capacity of the local resistance vessels. By contrast, the peak MAP response to 10 min of
passive calf occlusion in the present study did not differ significantly between the younger (20-29
yr) and older groups, providing more direct evidence for diminished vasodilator responsiveness in
the calf musculature of sedentary older women as a function of age. However, it is important to
note that the peak MAP response in our 70-79 year old group did exhibit a trend toward a
significant elevation compared to the 20-29 year old group (p=0.07).

Is there a primary effect of age on limb vasodilator capacity in women?
Age was the strongest predictor of peak conductance in the forearm and calf, explaining
18 and 38%, respectively in these women. Total cholesterol and limb specific tissue composition
improved the model r2 in both limbs (Table 2-1). However, when age was excluded from the
multiple regression models, VO2peak was the only variable that entered (explaining 8% and 29%,
respectively). Because VO2peak and cholesterol are strongly influenced by age in women (Table
2-2), it is difficult to determine whether aging is exerting a primary or secondary effect on limb
vasodilator capacity in the present study. To address this question, we examined conductance
changes within a VO2peak-matched (24.3 + 0.4 ml/kg/min) sample of our subjects (22-71 yrs;
n=26). Controlling for fitness in this way abolished the age-associated decline in peak
conductance of the forearm, but not for the calf. The same results were obtained when we
controlled for cholesterol, i.e., a highly significant decline in peak calf conductance with age, but
not in the forearm (data not shown). Collectively, these results suggest that chronological age is a
stronger predictor of vasodilator capacity of the leg than of the forearm in healthy normally active
women. The decline in peak calf conductance with age in women is not simply due to the agerelated loss of muscle mass (i.e. sarcopenia) because there is a persistent reduction in peak
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conductance with age when normalized to the muscle mass of the calf (-6.0% per decade, p =
0.002).

Gender differences in peak limb vasodilator capacity with age
The age-associated reductions in peak calf blood flow and conductance observed in the
present sample of women are approximately two-fold greater than those seen in our previous
study of men (~3% decline per decade). It is interesting to note that Coggan et al (173) reported
gender differences of a similar magnitude for capillary-to-fiber ratios of gastrocnemius muscle
biopsies taken from older and younger sedentary humans (~40% age difference in women; ~20%
in men). Taken together, these results support the premise that peak conductance during reactive
hyperemia reflects structural changes in the skeletal muscle vasculature (33, 34, 156, 158).
Greater age-associated reductions in calf vasodilator capacity and vascular density in
women vs. those seen in men could result from greater reductions in lower body physical activity
in women vs. men with advancing age. We cannot directly address this possibility due to the
cross-sectional design of the present study and the fact that we did not assess the frequency or
duration of physical activity (past or present) in our male cohort (2). However, there is some
evidence that the prevalence of regular aerobic activities (primarily lower body) differed between
women and men across the age range studied, i.e., the percentage of women reporting some
weekly aerobic exercise activity (walking, biking, aerobic machines, etc) during the preceding six
months decreased from ~88% in our younger subjects (20-39 yrs) to ~55% in the older groups
whereas these activities tended to become more prevalent in our older (compared to younger)
men. Thus, reduced prevalence of aerobic activity participation in older women (174) could
explain their greater reductions in calf vasodilator capacity with advancing age than men. The
impact of gender differences in physical activity on peak calf conductance, however, does not
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appear to be mediated through changes in aerobic fitness because a) VO2peak declined similarly
with age in the overall samples of women (-7.5% per decade) and men (–7.7% per decade) and b)
the association between peak calf conductance and VO2peak was not markedly different in women
vs. men (Table 2-2).
Declines in forearm vasodilator capacity with age may also be gender dependent, as
suggested by the smaller reductions in women (-4.4% per decade) compared to men (-6.6% per
decade). In fact, all forearm characteristics we studied (grip strength, DXA lean tissue mass, etc)
underwent less rapid change with age in women vs. men, consistent with previous studies in the
literature (164, 165, 175). The smaller declines in forearm strength, muscle mass and vasodilator
capacity in women could reflect their lower absolute values, in the youngest age group, compared
to the men (i.e., baseline effect). This is best illustrated in figure 2 (left panel) which includes a
direct comparison of peak forearm conductance between men and women for each decade. This
baseline effect is probably more reflective of inherent gender differences in muscle size and
vascularity (164, 173) than gender differences in the prevalence of upper body strength training in
our younger subjects (20-39 yrs, 21% in women vs. 40% in men) because this form of training
does not normally lead to augmented limb dilator capacity (176, 177).

Experimental Considerations
Although the vast majority of women in the present study were normotensive, there was
an increase in baseline resting blood pressure in the oldest age groups. Additionally, there was a
greater peak MAP response in the oldest women (70-79 yr) during the forearm RH test and a nonsignificant trend toward a greater peak MAP response during the calf RH test (Table 2-1). These
elevated MAP responses could lead to underestimates of the reductions in limb vasodilator
capacity in older women.
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Circulating estrogen can influence both vascular structure and function (33, 41, 178).
Because none of the women in this study were taking any form of hormone replacement therapy,
it cannot be determined whether the differences in limb vasodilator capacity observed across age
or between women and men were due to age or gender related differences in circulating estrogen
levels. However, as discussed above, the slopes of the age vs. peak conductance relationship for
the forearm and calf were linear and did not differ between our pre- and post-menopausal women.
Moreover, gender differences in peak conductance were present well before (age 20-40 yrs in the
forearm) and after (age 60 and beyond in the calf) the menopausal transition (Figure 2-2).
Finally, due to the region-specific nature of these results, it is unlikely that changes in a
circulating (i.e., systemic) factor would exert differential effects in the arms and legs.
Consequently, we do not think the natural loss of estrogen in women is playing a major role in
our results. Whether hormone replacement might modify pressure dependent adaptations in the
upper and lower extremities of older adults (179, 180) due to upright posture and/or habitual
limb-specific activity is unknown.
Finally, although structural changes in the limb resistance vessels is the most likely
explanation for age-associated declines in peak limb conductance in women, it is possible that
changes in responsiveness to vasodilators may also have been involved. Specifically, there is
evidence that aging reduces forearm vasodilation in response to prostaglandin inhibition (181),
and that prostaglandins may modulate peak RH responses in human limbs (182). Age-related
declines in nitric oxide (NO) mediated vasodilation, however, are less likely to contribute to the
observed changes in the present study because the role of NO in mediating the peak reactive
hyperemic response is thought to be minimal (182).
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Conclusions
In conclusion, these findings support our original hypothesis that there is a greater decline
in vasodilator capacity of the calf than of the forearm with advancing age in women. This
regional specificity is directionally opposite that seen in men (i.e., greater decline in peak forearm
conductance vs. the calf) across the same age range using identical techniques. Region-specific
declines in forearm and calf vasodilator capacity with aging in healthy women and men could
reflect gender differences in upper and lower body physical activities with advancing age.
However, much of the decline in peak limb conductance with age (especially in the calf) remains
unexplained. Further research will be required to determine if the decline in lower extremity
vasodilator capacity with age reported here explains diminished exercising leg hyperemia and
vascular conductance in older women.
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Table 2-1. Subject Characteristics.

Decade

20-29 yr

30-39 yr

40-49 yr

50-59 yr

60-69 yr

70-79 yr

N

12

9

9

10

10

8

Age,yr

23.8 ± 0.7

34.2 ± 0.9

43.6 ± 0.8

53 ± 0.9

64.9 ± 0.8

74.6 ± 1.4

Height, cm

164.9 ± 1.8

161.6 ± 1.9

166.4 ± 2.1

164.7 ± 2.2

161.0 ± 1.9

162.7 ± 2.0

Weight, kg

63.7 ± 2.6

59.9 ± 2.8

64.3 ± 3.4

65.22 ± 2.4

67.3 ± 2.7

62.0 ± 3.7

BMI, kg,m2

23.3 ± 0.64

23.0 ± 1.2

23.1 ± 0.75

24.0 ± 0.74

26.0 ± 1.1

23.4 ± 1.0

Body fat, %

29.8 ± 1.2

29.7 ± 2.4

30 ± 1.8

33.4 ± .9

37 ± 1.5*

32.4 ± 1.9

Cholesterol, mmol/L

3.91 ± 0.19

4.07 ± 0.24

4.24 ± 0.25

5.11 ± 0.17*

5.44 ± 0.16*

5.29 ± 0.25*

SBPrest, mmHg

114.7 ± 3.5

112.0 ± 3.1

111.1 ± 4.0

114.4 ± 4.2

119.4 ± 3.9

133.8 ± 1.9*

DBPrest, mmHg

70.3 ± 1.9

72.3 ± 1.9

70.2 ± 2.7

71.7 ± 2.9

78.0 ± 2.3

78 ± 3.5

MAPArmpeak mmHg

80.0 ± 2.3

84.3 ± 2.6

87.2 ± 3.6

89.8 ± 3.3

88.6 ± 3.4

97.6 ± 2.8*

MAPCalfpeak mmHg

80.6 ± 3.0

78.8 ± 1.9

85.3 ± 3.3

86.3 ± 3.2

90.0 ± 2.0

93.7 ± 4.8

baPWV, cm/s

1081 ± 37

1134 ± 27

1186 ± 17

1244 ± 58

1523 ± 69*

1871 ± 122*

ABI

1.09 ± 0.03

1.09 ± 0.02

1.09 ± 0.02

1.15 ± 0.02

1.17 ± 0.02

1.14 ± 0.02

VO2peak, ml/kg/min

32.2 ± 1.9

30.1 ± 1.9

26.5 ± .9

24.4 ± 1.1*

19.2 ± .7*

18 ± 1.4*
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Table 2-2. Pearson Correlation Coefficients.
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Table 2-3. Regression Analysis of Peak Vascular Conductance of the Forearm and Calf.

Limb
Forearm

Dependent Variable
Peak conductance

Age

2

Cumulative r

P value

18.2%

<0.01

Age

18.2%

<0.01

Cholesterol

21.6%

0.145

Regional Muscle Mass

24.9%

0.149

Peak conductance

Age

37.6%

<0.001

Peak conductance

Age

37.6%

<0.001

Cholesterol

49.9%

0.001

Regional % Fat

53.1%

0.082

Peak conductance

Calf

Predictors

38

Calf

Forearm

45

60

y = 34.4 - 0.102x
2
r = 0.093, p = 0.022

y = 41.2 - 0.219x

50

Peak blood flow
(mL/100mL/min)

Peak blood flow
(mL/100mL/min)

40

35

30

25

2

r = 0.252, p <0.001
40

30

20

20
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80

20

30
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Age (yr)

70

80

0.7

0.6

Peak conductance
(mL/100mL/min/mmHg)

Peak conductance
(mL/100mL/min/mmHg)

60

Age (yr)

0.7

y = 0.413 - 0.00181x
0.5

2

r = 0.163, p = 0.002

0.4

0.3

0.2

0.1

0.6

y = 0.543 - 0.00368x
2

r = 0.365, p <0.001
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0.6

y = 0.642 - 0.00179x
1.0

2

r = 0.045, p = 0.124

0.8

0.6

0.4

0.2

Peak normalized conductance
(mL/100mL/min/mmHg/kg)

1.2

Peak normalized conductance
(mL/100mL/min/mmHg/kg)

50

y = 0.367 - 0.00221x

0.5

2

r = 0.173, p = 0.002
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Figure 2-1. Peak blood flow (top), peak vascular conductance (middle), and peak conductance
normalized for limb-specific muscle mass (bottom) of the forearm (A) and calf (B) plotted as a
function of age.
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Figure 2-2. Peak vascular conductance of the forearm (A) and calf (B) in women and a similar cohort of men (from Ref. 31), plotted with age
as a categorical variable grouped by decade. *P < 0.05 vs. 20–29 yr age group; ψP < 0.05 vs. men‟s cohort.
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Chapter 3
Age and sex influence the balance between maximal cardiac output and
peripheral vascular reserve

Introduction
It has been more than three decades since Clausen‟s original report (183) highlighting a
significant inverse relationship between systemic maximal oxygen uptake (VO2max) and the
decrease in peripheral vascular resistance during maximal exercise in humans. This relationship
has been interpreted to reflect a matching between maximal aerobic capacity and peripheral
vasodilatory capacity. Since this original observation, studies have demonstrated that VO 2max is
also correlated with other indices of peripheral vascular reserve; most often examined is the peak
vascular conductance response of the calf musculature which exhibits a positive linear association
with VO2max (29). The relationship between VO2max and peak calf conductance is particularly
robust when examined in aerobically trained populations (28, 29) or when plotted across a broad
range of aerobic fitness levels (33, 184-186). However, close inspection of plots that combine
individuals of different age and/or sex reveals considerable between-group variation, with some
subgroups exhibiting a significantly blunted or absent relationship (33).
One explanation for the apparent between-group variation is that the relationship between
VO2max and peripheral vascular reserve can be altered in conditions that induce a mismatch
between central and peripheral vascular adaptations (177). For example, with advancing age
women and men experience similar relative declines in maximal cardiac output and VO2max (8689, 187).

However, men may exhibit a preserved peripheral vascular reserve with age as
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suggested by modest (188) to no decrement (189) in peak leg blood flow during isolated muscle
mass exercise in older men as compared to younger men. Conversely, in women, peripheral
vascular reserve may be reduced with age as demonstrated by lower peak leg blood flow and
vascular conductance in older women relative to younger individuals (189). These sex-specific
vascular adaptations with aging may alter both the relationship between maximal aerobic capacity
and peripheral vasodilation as well as the cardiovascular determinants of peak exercise capacity.
Accordingly, the aim of the present study was to test the hypothesis that the relationship
between central and peripheral vascular reserve is altered with aging in a sex-specific manner.
Maximal flow generating capacities of the heart (cardiac output) and leg muscles (peak leg blood
flow) were assessed via graded treadmill and single-leg knee extensor exercise, respectively,
because these modalities yield the highest achievable estimates of systemic and active skeletal
muscle blood flow and perfusion in humans (107).

Methods
Participants. Sixty-five participants between 20-35 yrs (19 younger men, 17 younger
women) and 60-79 yrs (12 older men, 17 older women) completed this study. All participants
were normotensive (≤ 140/90 mmHg), apparently healthy, nonsmokers, and abstained from
caffeine, aspirin/ibuprofen, and herbal supplements for at least 12 hours prior to exercise testing.
Younger women were studied in days 1-7 of their menstrual cycle only during the study visit
involving knee extensor exercise to standardize the influence of sex hormones on vasodilator
function. All participants gave their written informed consent to participate. This study was
approved by the Office for Research Protections and the Institutional Review Board at The
Pennsylvania State University and is in accordance with the guidelines set forth by the
Declaration of Helsinki.
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Body composition and muscle mass. Total and regional body composition were
measured using Dual-Energy X-Ray Absorptiometry (DXA; Hologic QDR 4500W) as described
previously (190). Quadriceps muscle mass was estimated from thigh volume as previously
described (189, 191).
Treadmill exercise testing. Participants performed graded treadmill exercise tests to peak
effort using a modified Balke protocol. The protocol consisted of a 2 minute warm-up at 2.5 mph
followed by adjustment of the speed to elicit ~75% of age-predicted peak heart rate after which
the intensity of exercise (2% increase in elevation) increased every 2 minutes until the
participants reached volitional fatigue. Blood pressures were measured via brachial auscultation
during the second minute of each exercise stage until participants indicated an effort level of 15
(“Hard”) or above on the Borg 6-20 rating of perceived exertion. Blood pressure measurements
were not attempted during peak effort to enable participants to fully engage both arms and give
maximum effort without disturbance. However, in a subgroup of participants (younger men: n=9,
older men: n=7, younger women: n=8, older women: n=9) the last blood pressure measured was
at a time that corresponded to ~90% VO2peak and therefore was used as peak blood pressure for
data analyses. Pulmonary oxygen uptake (VO2) was measured using analysis of expired gases by
a Parvomedics metabolic cart (Sandy, Utah).
Cardiac output measurement. The open circuit acetylene uptake method was used for
determination of cardiac output. This technique has been validated against the direct Fick
technique (192) and has proven reliable for measurement of cardiac output during exercise in
both older and younger adults (192).
Graded knee extensor exercise. Single leg knee extensor exercise was performed as
described previously (189). Exercise stages were three minutes in duration and work rate
increased by 8 W in men and 4.8 W in women to produce similar time to exhaustion in all groups
(188). A Doppler ultrasound machine (HDI 5000, Philips, Bothell, Washington) was used to
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measure mean blood velocity and vessel diameter of the left common femoral artery. During
knee extensor exercise, signals were recorded at a sampling frequency of 400 Hz and stored using
a Powerlab system (AD Instruments, Castle Hill, Australia). Diameter measurements were
analyzed using edge-detection software (Brachial Analyzer Software, Medical Imaging
Applications; Iowa City, IA). Femoral blood flow and vascular conductance were calculated as
previously described (189, 193). Heart rate and beat-to-beat blood pressure (radial tonometry of
the right hand; Colin, Medical Instruments Corporation) were measured continuously.
Data analysis and computations. For all study variables, values were calculated as the
average over the last minute of each stage. Peak knee extensor measurements were calculated
with first or second minute data if the subject did not complete the entire final workload. Peak
femoral blood flow measurements were calculated with the diameter from the previous work rate.
In a subgroup of participants where peak blood pressures were obtained, systemic vascular
resistance was calculated by dividing peak blood pressure by the corresponding maximal cardiac
output.
Statistical analysis. Minitab version 14 and SAS version 9.1 software was used to
perform all statistical analyses. A General Linear Model ANOVA procedure was used to test for
significant effects of age, sex and the age*sex interaction for outcome variables. Pearson
correlations were calculated to determine associations between outcome variables. For the
purposes of testing for differences in systemic vascular resistance between age-groups in women
and men, the natural logarithm was taken of both the systemic vascular resistance and VO2 axes
to linearize these data and allow a random coefficients model generated with Proc Mixed in SAS
(SAS Institute Inc., Cary, NC) to converge. Significance was accepted at p < 0.05 for all
statistical analyses.
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Results
Physical characteristics. Anthropometric characteristics of the participants are presented
in Table 3-1. Effects for an age-sex interaction were largely insignificant suggesting that the age
group differences in overall body size and composition were similar between men and women.
Peak exercise responses.

Table 3-2 displays group average data for peak exercise

responses by mode of exercise. During treadmill exercise, VO2max was higher in younger versus
older individuals in both sexes (p < 0.05), even when normalized to body weight and
appendicular muscle mass (i.e., index of active muscle mass). Younger men and women were of
average fitness level while older participants were slightly less fit than their younger counterparts
(p < 0.05). Despite this age difference, on average all groups achieved maximal heart rates >
97% predicted and a RER > 1.09 indicating maximal effort by all participants during treadmill
exercise.
The effects of age on hemodynamic responses to maximal treadmill exercise are
generally consistent with previously published data for non-aerobically trained men and women
(23). Maximal cardiac output was higher in men than women (p < 0.05) and was significantly
reduced by an average 25-30% with age in both sexes (p < 0.05). Group averages for femoral
hemodynamic responses to knee extensor exercise are consistent with our previously published
data in non-aerobically trained men and women (189). Peak femoral blood flow was similar
between younger and older men (p = 0.54), but was 26% lower in older women as compared to
younger women (p = 0.001). Similar findings were found for peak vascular conductance (see
Table 2).
Relationships between aerobic capacity and peripheral vascular reserve. Relationships
between maximal cardiac output and peak femoral blood flow are displayed in Figure 3-1A for
men and Figure 3-1B for women. Maximal cardiac output was positively correlated with peak
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absolute femoral blood flows in L/min in men (younger: r = 0.55, p = 0.02; older: r = 0.74, p <
0.01), but not in women (younger: r = 0.34, p = 0.22; older: r = 0.10, p = 0.90). Similarly, VO2max
was correlated to peak femoral blood flow in men (young: r = 0.56; older: r = 0.62; p < 0.05) but
not in women (younger: r = 0.11; older: r = 0.11; p > 0.6). These relationships held true when
femoral vascular conductance was used as an index of peripheral vascular reserve such that a
significant positive correlation was found between maximal cardiac output and peak femoral
vascular conductance in men (younger: r = 0.48; older: r = 0.77; p < 0.05) but not in women
(younger: r = 0.32; older: r = 0.21; p>0.2) (Figure 1C and 1D).
Normalization of maximal cardiac output to appendicular muscle mass and peak femoral
blood flow to quadriceps muscle mass abolished the correlation between these variables in
younger men (r = 0.30, p = 0.21) while the positive correlation remained in older men (r = 0.68, p
< 0.05) (Figure 3-2A). The lack of relationship between maximal cardiac output and peak
femoral blood flow persisted in women (younger: r = 0.06, p = 0.8; older: r = 0.38, p = 0.13) after
normalization of these variables to muscle mass (Figure 3-2B).
Lastly, in a subgroup of participants in whom treadmill blood pressures at peak exercise
(~90% VO2max) were available, we examined the relationship between systemic vascular
resistance and peak femoral blood flow during knee extensor exercise (Figure 3-3). No
associations were found in the younger groups (men: r = 0.16, p = 0.67; women: r = 0.43, p =
0.34). In the older groups, associations were found that were significant and directionally
opposite with the men having a negative correlation (r = -0.81, p = 0.02) and the women
exhibiting a positive correlation (r = 0.68, p = 0.04). Similar results are observed with comparing
maximal systemic vascular conductance with peak femoral flow (Appendix B). While indirect,
and limited to a small sub-sample of the current participants, these results suggest a
fundamentally different relationship between the local capacity for exercise-induced hyperemia
and the systemic vasodilatory response to intense whole body treadmill exercise.
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Discussion
The postulated link between systemic aerobic capacity and peripheral vascular reserve
has been largely based on studies in men, with limited attention to inter-subject variation or
between-group differences in this relationship (i.e., age or sex comparisons), particularly among
healthy, non-aerobically trained populations. In the present study we measured maximal cardiac
output, a chief determinant of aerobic capacity, and assessed the peak blood flow and conducting
capacity of the contracting knee extensor muscles in order to gain further insight into this balance
and possible sex-dependent alterations with normal aging. The principal new findings are 1)
maximal cardiac output is significantly correlated with peak knee extensor exercise blood flow
and conductance in average fit men but not in women, and 2) sex differences in the balance
between central and peripheral vasodilatory capacity appear more pronounced in older adults.
These findings suggest sex- and potentially age-dependent differences in systemic cardiovascular
regulation during whole-body exercise such that leg vascular reserve influences peak achievable
oxygen delivery and uptake in men but not women.

Associations observed in men
There generally exists a positive linear association between maximal aerobic capacity
(VO2max in ml/kg/min) and peak calf vascular conductance in men (29, 33, 184, 185). Our finding
of a significant positive correlation between maximal cardiac output and peak femoral blood flow
(and conductance) in average fit men is consistent with these previous reports and extends our
understanding of this relationship to a model that includes multiple vasomotor stimuli (e.g.,
endothelial-derived factors, metabolites, sympathetic activity) present during muscular
contraction. Interestingly, the link between systemic oxygen transport and peripheral vascular
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reserve was markedly stronger in older men, and in fact, persisted in this group but not in younger
men when peak femoral blood flow was normalized to quadriceps mass.

The stronger

relationship found in older men may reflect an ability to utilize a greater fraction of their capacity
for leg vasodilation during exercise relative to other groups.
The modest correlations between these variables in younger men are consistent with
several reports in the literature showing lower or non-significant correlations between VO2max and
peak calf conductance in normal-fit as compared to endurance trained younger men (29, 177,
185). We did not include endurance-trained participants in the present study so we cannot
address how higher fitness levels might influence the relationship between maximal cardiac
output and peak femoral blood flow. However, we speculate that the central (cardiac output and
VO2max) and peripheral (vasodilatory capacity) adaptations accompanying endurance training
would only strengthen the relationships found in the present study as demonstrated previously
using peak calf vascular conductance (28, 29).

Lack of association observed in women
In contrast to the results for men, the present study found no significant correlations
between these variables in younger or older women regardless of how the vascular data were
expressed (peak blood flow or conductance) or normalized (absolute or relative to quadriceps
mass). The deviation from the relationship between aerobic capacity and peripheral vascular
reserve differed in women based on age. Specifically, younger women had a lower maximal
cardiac output than would be predicted from their peak femoral blood flow and conductance
relative to younger men. In contrast, older women had a lower peak femoral blood flow than
would be predicted from their maximal cardiac output relative to older men. This interpretation
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suggests that in women peripheral adaptations with age is a factor contributing to the altered
balance between systemic aerobic capacity and peripheral vasodilation.
Possible sex differences in the relationship between maximal aerobic capacity and calf
vasodilatory capacity have not been explicitly discussed in the literature because, to our
knowledge, only one study differentiated responses in women and men (33). Close inspection of
that report suggests a weak relationship exists between these variables in women, particularly in
those who are older. Collectively these studies (the present study and that of Martin et al 1991)
suggest that in women, systemic aerobic capacity bears a relatively weak association with
measures of leg vasodilator reserve.
The mechanisms contributing to the sex-specific differences in the association
between aerobic capacity and local vascular reserve are unknown. Relative aerobic fitness level
and maximal effort during treadmill testing are unlikely explanations given the similarity in lean
body mass-normalized VO2max between women and men of a similar age group, and the
consistent use of VO2max criteria across groups (Table 3-2).

It is possible that the factor(s)

underlying this apparent sex-specific dichotomy differ depending on age. This is suggested by
the fact that normalizing peak femoral blood flow to estimates of active muscle (quadriceps mass)
abolishes the sex-specific association between these variables in the younger groups but not in the
older groups (Figure 3-2).

Disparate associations between older men and women: Potential implications
The sex-based difference in the association between peak femoral blood flow and
maximal cardiac output and minimum systemic vascular resistance was most evident between
older women and older men suggesting a more pronounced sex difference with increasing age.
This is consistent with other studies describing disparate alterations in cardiovascular regulation
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at rest (194-196) and during orthostatic challenges (197-199) with advancing age and/or between
men and women. We cannot determine the precise mechanism(s) underlying the exercisespecific alterations indentified in the present study. Although the ability to reduce systemic
vascular resistance appeared to be impaired in older as compared to younger groups (Figure 3-3),
it is important to note that both older men and older women did exhibit significant reductions in
systemic vascular resistance during graded whole body exercise (across percent VO2max; data not
shown). Thus, despite the apparent disassociation between peripheral vascular reserve and
aerobic capacity in older women, the overall ability to reduce systemic vascular resistance during
exercise appears similarly affected by the normal aging process in women as compared to men.
This may suggest disparate vascular control strategies are used by older men and women to
regulate systemic blood pressure during exercise. For example, sex-specific alterations in muscle
sympathetic nerve activity (24) and/or buffering of sympathetic outflow (26) with advancing age
could influence the mechanisms by which older adults decrease vascular resistance during intense
whole-body exercise. It is also possible that the vascular reserve capacity of the leg muscles in
older women (as reflected during knee extensor exercise) may have less impact on systemic blood
pressure responses when large increases in cardiac output (intense treadmill exercise) are
sufficient to reduce systemic vascular resistance.

Experimental considerations
The correlative approach taken in the present study assumes that mode-specific
differences including body posture, contraction patterns/rates, respiratory muscle activity,
thermoregulation, and possibly baroreflex modulation of sympathetic muscle activity does not
alter our interpretation of the balance between peripheral vasodilator function and maximal
cardiac output. Aerobic fitness level differed between younger and older groups in the present
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study. We do not believe this influenced our primary findings since previous studies show the
relationship between peripheral vascular reserve and VO2max to be strengthened with endurance
training (28, 29). Therefore, it is reasonable to speculate that our findings in men would be
exaggerated if we had examined older men at a higher fitness level that was similar to the
younger men. We would expect no difference in our findings in higher fit older women since
younger women did not exhibit a significant correlation.
Additionally, peak femoral blood flows measured in our participants are lower than values
reported in previous studies (107, 135, 188, 200). Thermodilution estimates of peak femoral
blood flow during knee extensor exercise typically exceed 5 L/min in men while the present study
measured peak flows up to 3 L/min in young and older men. Although our femoral blood flow
values with respect to external work rate are comparable to other studies using Doppler
ultrasound (189, 193, 201-203), we believe several factors can explain the discrepancy in peak
femoral blood flow between thermodilution-based studies and the present study. First, the
contraction frequency used in the present study (40 kpm) is lower than other studies (60 kpm) that
report higher peak blood flow (107, 188, 204). Second, participants in the present study
performed exercise in a nearly supine position which may influence exercise performance and
driving pressure for blood flow. Lastly, our participants were low-to-moderately fit and the
classic thermodiluation-based studies generally included well-trained individuals. Together,
these differences likely explain the lower peak quadriceps power output in our men (30-40 watts)
as compared to previous studies (> 55 watts), and consequently, the lower peak femoral blood
flow estimates reported herein. As such, the peak femoral flows in the present study represent
reasonable estimates of the hyperemic capacity of the contracting quadriceps in average fit, but
non-exercise trained women and men.
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Conclusions
Our findings indicate that systemic aerobic capacity (maximal cardiac output and VO2max)
was positively correlated with peripheral vascular reserve, as measured by peak blood flow and
conducting capacity of the contracting knee extensor muscles, in men but not women. This
relationship was most pronounced in older men, regardless of how peripheral vasodilatory
capacity was expressed or normalized. The disparate balance between maximal cardiac output
and peripheral vascular reserve suggest different cardiovascular limitations to aerobic capacity in
men and women particularly with aging.
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Table 3-1. Anthropometric characteristics and resting blood pressure in young and older women and men.
Younger Men

Older Men

Younger Women

Older Women

Age x Sex

20-32 yrs

61-79 yrs

20-30 yrs\

61-73 yrs

Interaction

n=19

n=12

n=17

n=17

25 ± 4

68 ± 3*

24 ± 3

67 ± 4*

Height, cm

179.6 ± 6.2

175.7 ± 8.2

164.3 ± 6.6

160.7 ± 6.1

P=0.5

Weight, kg

80.1 ± 7.3

78.4 ± 11.3

60.9 ± 8.7

64 ± 8.2

P=0.2

BMI, kg/m2

24.8 ± 2.2†

25.4 ± 2.8

22.5 ± 2.5

24.8 ± 2.8

P=0.3

Body fat, %

19.9 ± 4.8†

22.4 ± 3.6*†

29.1 ± 6

35 ± 4.9

P=0.3

Quad mass, kg

1.9 ± 0.2†

1.7 ± 0.2*†

1.5 ± 0.2

1.4 ± 0.3*

P=0.9

Age, yrs
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Table 3-2. Exercise capacity data for young and older women and men.
Younger Men

Older Men

Younger Women

Older Women

Age x Sex

20-32 yrs

61-79 yrs

20-30 yrs

61-73 yrs

Interaction

n=19

n=12

n=17

n=17

VO2max, l/min

3.4 ± 0.5†

2.2 ± 0.4*†

2.2 ± 0.4

1.4 ± 0.2*

P=0.01

VO2max, ml/kg/min

45.8 ± 4.1†

30.2 ± 4.1*†

38.1 ± 5.4

23.5 ± 2.9*

P=0.7

VO2max, ml/ApMM/min

126.1 ± 11.3

91.8 ± 9.9*

133.5 ± 14.8

91.1 ± 7.9*

P=0.2

VO2max, percentile

56.5 ± 17.9

31.3 ± 15.4*

58.4 ± 19.1

33.2 ± 16.1*

P=0.9

Maximal heart rate, bpm

190.2 ± 9.2

152.8 ± 12.0*

191.8 ± 9.8

154.5 ± 0.9*

P=0.9

Maximal heart rate, %predicted

101.4 ± 4.3

97.3 ± 7.5

101 ± 5.4

97.4 ± 4.5

P=0.8

Maximal cardiac output, l/min

23.6 ± 2.7

17.4 ± 3.5*

17.7 ± 1.9

12.3 ± 1.6*

P=0.3

Maximal stroke volume, ml/beat

142.5 ± 18.2†

134.3 ± 22.3†

103.2 ± 15

97.8 ± 12.8

P=0.4

Respiratory exchange ratio (RER)

1.12 ± 0.04

1.09 ± 0.05

1.13 ± 0.06

1.10 ± 0.05

P=0.9

19 ± 1

19 ± 1

19 ± 1

19 ± 1

P=0.6

Peak power output, watts

40.4 ± 6.8†

33.3 ± 8.8*†

24.9 ± 4.2

21.2 ± 4.2*

P=0.2

Peak power output/kg QMM

16.2 ± 3.3†

15.3 ± 4.6

12.6 ± 2.1

12.8 ±3.3

P=0.4

2.1 ± 0.5

2.2 ± 0.7†

1.9 ± 0.4

1.4 ± 0.4*

P=0.03

Treadmill Exercise

Rating of perceived exertion (RPE)
Knee Extensor Exercise

Peak leg blood flow, l/min
Peak leg perfusion, l/min/kgQMM
Peak leg conductance, ml/min/mmHg

0.8 ± 0.2
18.5 ± 3.6

1.0 ± 0.3

1.0 ± 0.2

0.9 ± 0.3

P=0.04

21.0 ± 7.5†

20.9 ± 6.2

13.6 ± 4.4*

P<0.01
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Figure 3-1. Peak cardiac output during treadmill exercise vs. peak quadriceps blood flow

during knee extensor exercise; ▲Younger men (n=19), Δ Older men (n=12; Panel A); ●
Younger women (n=17), ○ Older women (n=17; Panel B). Peak cardiac output during
treadmill exercise vs. femoral artery conductance during peak knee extensor exercise (Panels
C, D).
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Figure 3-2. Peak cardiac output during treadmill exercise normalized to appendicular muscle mass versus femoral blood flow during
peak knee extensor exercise normalized to quadriceps muscle mass; ▲Younger men (n=19), Δ Older men (n=12; Panel A); ● Younger
women (n=17), ○ Older women (n=17; Panel B).
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Figure 3-3. Subset analysis of the minimum vascular resistance attained during peak treadmill exercise (~90% VO 2max) versus femoral

blood flow during peak knee extensor exercise; ▲Younger men (n=9), Δ Older men (n=7, Panel A); ● Younger women (n=8), ○
Older women (n=9, Panel B).
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Chapter 4
Effects of acute plasma volume expansion on central and leg hemodynamics
during upright exercise in young and older women and men

Introduction
There are sex-specific alterations in hemodynamic regulation in older subjects during
upright dynamic 2-legged exercise in which perfusion is centrally limited. At submaximal
exercise older sedentary men preserve blood flow to the working muscles (110) while older
women cannot maintain leg blood flow during upright cycling exercise (38). This may be due to
a larger percentage of cardiac output being directed to the legs in the older men and possibly due
to a peripheral limitation to blood flow in older women (205). These observations led to an
investigation of the association between pump function and leg vasodilatory reserve, which
concluded that there is a positive association between peak cardiac output and leg vasodilatory
reserve as measured during small muscle exercise in men but not women (206). While these
studies collectively suggest sex-specific alterations in the ability of cardiac pump capacity to meet
the blood flow demands of exercising muscle with advancing age, they do not establish a causal
link. The purpose of the present study was to augment cardiac output (via plasma volume
expansion) during exercise and determine the effect on limb blood flow during large muscle
dynamic exercise (upright 2-leg cycling). It was hypothesized that: 1) acute plasma volume
expansion would increase cardiac output during two-leg cycling in both younger and older
women, but older women would exhibit an attenuated rise in exercising leg blood flow and
vascular conductance for a given increase in cardiac output, consistent with a peripheral
limitation to leg vasodilation; 2) Acute plasma volume expansion would increase cardiac output
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during two-leg cycling in younger and older men while older men would exhibit a similar rise in
leg blood flow, and a larger increase in vascular conductance compared to younger men,
consistent with an altered balance between cardiac output and active muscle vasodilation in older
men.

Subjects
4 young (26 yrs old) men, 6 young women (24-28 yrs old), 2 older men (62 and 63 yrs
old) and 3 older women (60-69 yrs old) completed this phase of the investigation examining
plasma volume expansion effects on exercising leg hemodynamics and cardiac function. and
older (61-73 yrs) women completed this study. Subjects were sedentary to recreationally active,
not taking any prescription medications having significant cardiovascular effects or any form of
hormone therapy (hormonal contraception or replacement therapy), and were free from overt
disease as assessed by medical histories/questionnaires, a physical exam, and a resting 12-lead
electrocardiogram. Subjects were non-smokers, normotensive (resting BP ≤ 140/90 mmHg), nonobese (BMI < 30) and had clinically normal blood chemistries/complete blood counts
(hematocrit, hemoglobin, etc) and pulmonary expiratory function (FEV1, FVC, and ratio between
them > 80% of age-based norms). Older participants also underwent a treadmill exercise
echocardiogram in the clinical echo laboratory of the Hershey Medical Center to rule out
asymptomatic and unrecognized structural heart disease including cardiomyopathy or valvular
abnormalities that might limit the tolerance to acute volume loading. Written informed consent
was obtained from each participant, and all procedures were approved by the Office for Research
Protections and the Institutional Review Board at The Pennsylvania State University. Interim
results and safety compliance were also regularly reviewed by an external data safety and
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monitoring board (DSMB) under the auspices of the National Institute on Aging. This study was
conducted in accordance with the guidelines set forth by the Declaration of Helsinki.

Familiarization and peak cycle exercise test
Following initial GCRC and clinical screening visits, subjects completed a graded leg
cycling test to peak exertion to determine their peak power output and oxygen consumption. An
additional purpose of this visit was to familiarize the subject with the exercise ergometer and
acetylene uptake cardiac output measurement respiratory apparatus that would be used during the
subsequent experimental (plasma volume expansion) visit. The peak cycle exercise protocol
consisted of a light warm-up (2 min at ~15 watts) followed by continuous incremental 1-min
stages to peak exertion. Work rate increments were individually selected to elicit peak exertion
within 10-14 minutes. This exercise test was conducted on a electronically braked cycle
ergometer (Lode) equipped with toe clips and custom-built back and arm rests designed to
maintain the subject in a fully upright posture and to facilitate arm access for blood sampling and
blood pressure as well as keeping all femoral vein thermodilution lines and thermister wires free
from accidental snagging or movement by the subject. Peak power output, oxygen uptake, heart
rate, and ratings of perceived exertion from this test are shown for both the younger and older
subjects in Table 4-1 and indicate the female population was well matched for age-adjusted
relative fitness and anthropometric variables whereas the older men tended to be heavier than the
young (86 vs 70 kg, respectively). No acetylene-based (i.e., cardiac output) or
echocardiographic measurements were obtained during this study visit.
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Experimental study visit and procedures
Subjects were instructed to hydrate well with water the night before and/or morning of
the experimental (plasma volume expansion) study and to eat their normal breakfast prior to
arriving at the facility. They also abstained from caffeine, alcohol and vigorous physical activity
for a minimum of 24 hours prior to this study visit. After voiding, subjects were weighed (socks
and light clothing only) and then comfortably positioned on a gurney in the exercise study room
(temperature ~ 20-22 °C) for catheter placement(s) and instrumentation.

Thermodilution preparation and measurement
Comprehensive discussion of the femoral vein thermodilution preparation and
measurement in human subjects has been previously published by our laboratory (110). Briefly,
subjects were instructed on how to shave their right groin region and clothing (exercise shorts)
were tied up with a lanyard to keep the area clear during catheter insertion and exercise protocols.
Lidocaine (1%) was injected subcutaneously over the region of the right femoral vein where the
catheter will be placed (below the inguinal ligament and medial to the Sartorius muscle). A
flexible single-lumen catheter (Merit Medical, 5.0-Fr 10cm angiographic catheter) was inserted
just below the right inguinal ligament into the femoral vein and advanced ∼10 cm distally for
blood sampling and saline infusion. A second catheter was inserted ∼5 cm proximally into the
femoral vein for introduction of a thermister (IT-18, Physitemp Instruments, Clifton, NJ). This
catheter was then removed, leaving the thermister in the vein. Whole leg blood flow was
measured during exercise by using the constant infusion, femoral vein thermodilution technique
as described previously (207) wherein iced saline (3–5°C) was infused for 10–15 s until femoral
vein temperature had decreased to a stable level. The rate of saline infusion was adjusted with a
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roller-pump controller to achieve an ∼1°C drop in femoral vein temperature at each workload.
Thermister signals and saline bag weight changes were displayed on lab data acquisition software
(Powerlab, ADI Instruments, USA), which enabled real-time observation of each measurement.
Leg blood flow was calculated by using the thermal balance equation detailed by Andersen and
Saltin (107).
After instrumentation was complete and the subject had rested on the gurney quietly for
at least 20 minutes, baseline blood samples were drawn and supine resting hemodynamic
measurements were obtained. These baseline measurements included venous hematocrit (Hct),
hemoglobin (Hb) and brachial artery blood pressures. The subject was then assisted to the seated
upright posture on the gurney, with legs fully dependent, and the hemodynamic measurements
were repeated. After seated upright resting measurements were complete, the subject was
assisted onto the cycle ergometer for the first exercise (normovolemic) protocol.
Both exercise protocols during the experimental study visit consisted of a warm-up (slow
pedaling at <15 watts) followed by exercise at work rates projected to elicit ~20, ~40, ~60 and
~80% of the peak oxygen consumption achieved during the peak cycle exercise test. Each work
rate lasted 5 minutes which allowed for measurements of systemic oxygen uptake and cardiac
output, thermodilution measurements, ratings of perceived effort and dyspnea. The sequence and
timing of these measurements are shown in Figure 4-1.
After completion of the first exercise protocol, the subject returned to the gurney for a 60
minute recovery period in the supine position. Within the first 20 minutes of this rest period, the
subject received 10ml/kg body mass of sterile 5% albumin solution infused through the
antecubital catheter. This dose was chosen to achieve ~15-20% expansion of plasma volume
(208, 209). Venous blood was withdrawn 5 to 10 minutes following the albumin infusion for Hct
and Hb determination. Supine and seated echocardiographic measurements were repeated late in
the recovery period. The subject was then assisted onto the cycle ergometer for the second

62
(hypervolemic) exercise protocol, which involved the same protocol and measurements as the
first (normovolemic). After completing the exercise, subjects returned to the gurney for
catheter(s) removal, inspection/monitoring of the catheter site(s), post-study body weight change,
de-instrumentation, and discharge.

Measurements

Hemodynamics and gas exchange
During both normovolemic and hypervolemic exercise bouts, subjects breathed through a
respiratory valve for determination of pulmonary gas exchange (continuous measurement of
minute ventilation or VE and VO2) and acetylene-based estimates of cardiac output (2 to 3
measurements at each work rate) via the open circuit technique (210). Validity (192) and testretest reliability (187) of the open circuit acetylene method have been previously established in
healthy adults. Heart rate and blood pressures were monitored during resting and exercise
conditions using an automated device (Philips VM4 or Finapress).

Calculations for effects of albumin infusion
Published equations for the calculation of blood volume (211) and the effects of fluid
administration on these calculations (209) were used to estimate the effects of albumin
administration on the plasma volume in our subjects. Briefly, those calculations are:
BVo (litres) = 0.03219 x weight (kg) + 0.3669 x height3 (m) + 0.6041
As the blood sample effect on blood volume is negligible and the mass of hemoglobin
doesn‟t change with the albumin infusion the expressions for PVo and PVt simplify to:
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MHbt = BVo x Hbo
BVt = MHbt / Hbt
PVo

= BVo x (1-Hcto)

PVt = BVt x [1-(Hcto x Hbt/Hbo)]
Where BVo is the baseline blood volume, BVt is the post-infusion blood volume, MHbt is the
total mass of hemoglobin post-infusion (equal to pre-infusion as only sterile albumin solution is
infused), PVo is the baseline plasma volume, PVt is the post-infusion plasma volume, Hbt is the
post-infusion hemoglobin, Hcto is the baseline hematocrit.

Data and statistical analysis
All descriptive data are presented as mean ± standard deviation. Hemodynamic and
echocardiographic variables at rest and during exercise were analyzed using repeated measures
ANOVA. A repeated measures ANOVA procedure was used to assess changes in variables
across workloads. Linear regression was used to determine the influence of factors such as age
group or exercise bout on an outcome variable or the interactions between factors. Tukey‟s posthoc comparisons were used, where appropriate, to evaluate multiple group comparisons.
Significance was accepted at p < 0.05 for all statistical analyses. Minitab version 16 and SPSS
version 19 software were used to perform all statistical analyses.

Results
As shown in Table 4-1, young subjects, especially young men, were fit but not highly
trained athletes and older subjects were similarly fit relative to their age-matched peers. During
the screening visit all subjects attained a peak effort during the self-limited graded exercise test
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with all subjects attaining at least 90% of their age predicted heart rate, an RER greater than 1.1
and/or a RPE > 18 on the Borg 6-20 scale. As shown in Table 4-2, infusion of 10mL/kg of 5%
albumin solution increased the blood and plasma volume in all groups. The high variability in the
magnitude of the blood and plasma volume expansion in each group is likely due to equipment
and logistical issues with blood sample analysis in early subjects which produced some outlier
values. Specifically, samples in the first 5 subjects (2 young men, 2 older men, 1 older woman)
showed either evidence of hemolysis or coagulation during processing, interfering with the
quality of data. The problems were identified and addressed, the processes for sample acquisition
and care refined and blood sample data were reliable in subsequent studies. However, in spite of
these initial methodological issues there is a clear increase in blood volume and plasma volume
and all volunteers received the same dose normalized to body mass.
Young men significantly augmented cardiac output across all workloads in response to
the volume load (p=0.002; Figure 4-2) while the slope of the relationship between cardiac output
and the percent of peak workload being performed did not change with plasma volume expansion
(p=0.89 for slope difference). Similarly, older men did not demonstrate a significant change in
the relationship between cardiac output and workload with the plasma volume expansion (p=0.4
for slope difference; Figure 4-2), nor increase cardiac output across workloads (p=0.134, n=2
older men). Similar to young and old men, the young women augmented cardiac output across all
workloads after albumin infusion (p<0.001) without altering the slope of this relationship (p=0.4)
and older women did not augment cardiac output with volume expansion (p=0.098) nor did they
have a significant change in the slope of this relationship (p=0.3).
Both young men and women subjects increased stroke volume by approximately 10%
with volume expansion (both p<0.01 vs normovolemia; Figure 4-3). In contrast, older women
and men did not increase stroke volume in response to albumin infusion (both p>0.2). This
increase in stroke volume in the young was responsible for the augmented cardiac output cited
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above as the heart rate did not differ significantly between normovolemia and hypervolemia in
any groups; only older women exhibited a modest trend (p=0.13; Figure 4-4) in augmented heart
rate.
The oxygen uptake of all subjects groups was unaffected by increases in plasma volume
(all p>0.9 between bouts; Figure 4-5). Similarly, there was not a rightward shift in the plot of
cardiac output versus VO2 (Figure 4-6), as would be expected if oxygen consumption had
increased. Rather, the regression is shifted upward due to the increase in cardiac output in the
young men and women.
Leg blood flow did not increase significantly except in young women at the highest
workload and older men at the lowest. Due to the small sample size and inter-subject variability,
young men exhibited only a modest trend towards increasing flow with hypervolemia (p=0.19;
Figure 4-7) despite demonstrating a consistent ~500mL increase in leg blood flow across
workloads. Leg oxygen delivery (Figure 4-8) in young women was consistent between
normovolemia and hypervolemia as well (all p>0.05). Notably, older women had no detectable
difference in leg blood flow values between normovolemia and hypervolemia (p=0.6). This
similarly was due to inter-subject variability in the response to plasma volume expansion with
individual subjects exhibiting an increase in leg blood flow during hypervolemia, a decrease, or
no change thus precipitating a lack of effect in the group. As shown in Figure 4-9, because of the
effect of plasma volume expansion on cardiac output in young men and women, and an apparent
lack of effect on leg blood flow, the relationship between cardiac output and leg blood flow is
shifted up in young women (intercept is increased, p=0.002) and men (p=0.036) after infusion,
with no change in slope in either group (both p>0.8).Mean arterial pressure (MAP) did not
change significantly between the normovolemic and hypervolemic exercise bouts for any group
(Figure 4-10). There is a trend towards separation of blood pressure measurements between the
normovolemic and hypervolemic bouts in young men (p=0.13, Figure 4-9), however, all other
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groups have essentially superimposable blood pressures between the two bouts. Necessarily,
systemic vascular conductance appears to increase in all groups (Figure 4-11) in order to maintain
a constant blood pressure in the face of possible increases in cardiac output. Older women were
the closest to having a significant increase in vascular conductance (p=0.06) across workloads,
while young women and younger and older men had much less indication of a trend toward
increasing conductance (p=0.13, p=0.2 for both, respectively).

Discussion
The major findings associated with this portion of the plasma volume expansion project
are: 1) exercise cardiac output increases following acute plasma volume expansion in young
women and men but not older, as measured by acetylene uptake techniques; 2) in contrast to our
original hypothesis this increase in cardiac output did not consistently increase blood flow to the
working legs; 3) the effects of PV expansion on exercising leg blood flow in older subjects appear
variable.
The observed increase in cardiac output was approximately 2L/min throughout the
submaximal exercise trial in young women and men. This appears to have been mediated by
stroke volume and not heart rate, which agrees with previous literature suggesting larger stroke
volumes in young women and men (86). Additionally, young men and women have previously
been shown to augment stroke volume during submaximal exercise in response to plasma volume
expansion (212) while the aged have a less compliant ventricle and are therefore less able to do so
(213). For all groups, the slope of the relationship between cardiac output and workload did not
change significantly, indicating that the volume expansion was singularly affecting cardiac
output.
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Due to the lack of a change in systemic VO2 with PV expansion it appears the observed
increases in cardiac output merely corrected the hemodilution such that convective oxygen
transport was normalized. This observation is in agreement with previous literature in which
plasma volume expansion during submaximal exercise did not increase oxygen uptake in young
women and men (212).
At the highest workload (80% of peak) young women begin to show a divergence in the
leg blood flow response to exercise with their hypervolemic value higher than the normovolemic.
This is likely due to normalization of oxygen delivery to the working legs given the hemodilution
as their oxygen uptake is not increased in hypervolemia and oxygen delivery was consistent
between bouts as shown in Figure 4-8.

Conclusion
In conclusion, the small number of subjects included in the data presented in this chapter
provided valuable information on the cardiovascular effects of albumin expansion of plasma
volume. In spite of the small sample sizes, especially in the older groups, and variability inherent
in the acetylene-based cardiac output measurement and femoral vein thermodilution, these data
suggest that acute plasma volume expansion results in an increase in cardiac output and stroke
volume in the young that does not augment blood flow to working muscles.
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Table 4-1. Subject characteristics.
Young Women

Older Women

Young Men

Older Men

yrs

yrs

yrs

yrs

n=6

n=4

n=3

n=2

Age, yrs

26 ± 1

66 ± 4*

26 ± 0

63 ± 1*

Height, cm

163 ± 5

164 ± 9

180 ± 3

Weight, kg

61.5 ± 7

62.1 ± 7

70.4 ± 2

86 ± 7*

BMI, kg/m2

23.2 ± 3

23.1 ± 1

22 ± 1

26 ± 2*

Peak Work W

158 ± 31

106 ± 45

240 ± 44

VO2max, l/min

2 ± 0.4

1.4 ± 0.5*

4 ± 0.4

VO2max, ml/kg/min

33 ± 4

22.5 ± 6*

51 ± 5

Maximal heart rate, bpm

187 ± 8

162 ± 11*

187 ± 0.7

164 ± 6*

97 ± 4

105 ± 7*

96 ± 1

104 ± 3*

1.2 ± 0.08

1.3 ± 0.07

18 ± 1

18 ± 1

Maximal heart rate, %predicted
Respiratory exchange ratio (RER)

1.2 ± 0.08

Rating of perceived exertion (RPE)

19 ± 1

1.1 ± 0.04*
17 ± 2

ψ

ψ

ψ

ψ

182 ± 2
ψ

190 ± 14
2.9 ± 0.1

ψ

34 ± 5*

*= significant age difference p<0.05 within-sex, ψ= significant sex difference within an age group.

ψ
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Table 4-2. Effects of albumin infusion on plasma volume and blood volume.
Young Women

Older Women

PostBaseline

Young Men

PostBaseline

Albumin

Older Men
Post-

Baseline
Albumin

PostBaseline

Albumin

Albumin

Hematocrit

36.2 ± 4.5

32 ± 4.1

34.8 ± 3.3

33.3 ± 2.4

43.7 ± 6.4

38.5 ± 2.2

44.6 ± 4.9

36.1 ± 5.6

Hemoglobin

12.5 ± 1.4

11.1 ± 1.3

11.9 ± 1.3

11.4 ± 1.0

15 ± 2.4

13.2 ± 0.9

15.1 ± 1.9

12.2 ± 2.2

Plasma Volume (L)

2.7 ± 0.1

3.1 ± 0.1

2.8 ± 0.3

2.9 ± 0.5

2.9 ± 0.3

3.5 ± 0.5

3.1 ± 0.4

4.5 ± 0.9

Blood Volume (L)

4.2 ± 0.3

4.5 ± 0.2

4.2 ± 0.5

4.4 ± 0.7

5.1 ± 0.2

5.7 ± 1

5.6 ± 0.3

6.9 ± 0.8

14 ± 7

--

6 ± 11

--

22 ± 30

--

44 ± 8

9±5

--

4±8

--

11 ± 14

--

25 ± 7

Delta PV (%)
Delta BV (%)

---

Due to the small sample sizes in each group quantitative comparisons are not displayed within or between groups due to the low
statistical power of the small n in each cell.
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Instrumentation

Supine

Exercise Bout #1

Supine

Rest

(20,40,60,80%)

Rest/Infusion

Exercise

Supine

Catheter Removal &

Bout #2

Rest

Observation

(20,40,60,80%)

 1 hour

30 min

25 min

1 hour

25 min

30-60
> 1 hour
min

Figure 4-1. Schematic of the protocol.
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n=6

n=3

n=4

n=2

Figure 4-2. Relationship between acetylene-derived cardiac output and the percent of peak
workload in young subjects at normovolemia () and hypervolemia () and older subjects as at
normovolemia () and hypervolemia ().
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n=6

n=4

n=3

n=2

Figure 4-3. The relationship between stroke volume and workload in young subjects at
normovolemia () and hypervolemia () and older subjects at normovolemia () and
hypervolemia ().
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n=6

n=4

n=3

n=2

Figure 4-4. The relationship between heart rate and workload in young subjects at normovolemia
() and hypervolemia () and older subjects at normovolemia () and hypervolemia ().
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n=6

n=4

n=3

n=2

Figure 4-5. The relationship between oxygen consumption and workload in young subjects at
normovolemia () and hypervolemia () and older subjects at normovolemia () and
hypervolemia ().
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n=6

n=3

n=4

n=2

Figure 4-6. The relationship between acetylene-derived cardiac output and oxygen consumption
in young subjects at normovolemia () and hypervolemia () and older subjects at
normovolemia () and hypervolemia ().
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n=6

n=4

n=3

n=2

Figure 4-7. The relationship between thermodilution-derived leg blood flow and percent of peak
workload in young subjects at normovolemia () and hypervolemia () and older subjects at
normovolemia () and hypervolemia ().
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Estimated Oxygen Delivery

Leg Oxygen Delivery (L/min)

1.0

0.8

Normovolemia
Hypervolemia
n=6

0.6

0.4

0.2

0.0
20

40
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80

Workload %
Figure 4-8. The effect of plasma volume expansion on estimated leg oxygen delivery across
workloads in young women.
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n=6

n=4

n=3

n=2

Figure 4-9. The relationship between acetylene-derived cardiac output and leg blood flow in
young subjects at normovolemia () and hypervolemia () and older subjects at normovolemia
() and hypervolemia ().

79
n=6

n=4

n=3

n=2

Figure 4-10. The relationship between mean arterial pressure and percentage of peak workload in
young subjects at normovolemia () and hypervolemia () and older subjects as at
normovolemia () and hypervolemia ().
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n=6

n=4

n=3

n=2

Figure 4-11. The relationship between systemic arterial conductance and percentage of peak
workload in young subjects at normovolemia () and hypervolemia () and older subjects as at
normovolemia () and hypervolemia ().
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Chapter 5
Effects of increased cardiac preload on diastolic function and central
hemodynamics in healthy older vs. young women

Introduction
It is well known that diastolic function, indexed by such measures as decreased early
mitral filling velocity (E-velocity), augmented late filling velocity (A-velocity), prolonged
isovolumic relaxation time (IVRT) and a lower deceleration slope to the E-velocity occur with
normal healthy aging (98, 214-216). Diastolic filling is heavily influenced by filling pressure but
that does not appear to change with aging in a mixed sample of men and women (98).
Additionally, there appears to be sex-specificity in the ability of the older heart to modify filling
dynamics with aging (103) and beta adrenergic responsiveness of the myocardium (151, 217,
218) with men having greater ability to modify cardiac function and responsiveness to stress in
old age.
Structural changes in the ventricle also exhibit sex-specificity with aging. Specifically,
older women have a higher ratio between wall thickness and chamber volume (i.e. a thicker wall
when accounting for chamber size) than older men and a more spheroid ventricle than older men
(73). This, along with the aforementioned declines in diastolic function that are ubiquitous with
aging, may be why older women have a greater incidence of heart failure with preserved ejection
fraction (diastolic heart failure) compared with older men (219, 220). Finally, fitness (VO2peak) is
correlated with E-velocity in older women but not older men and older women have higher
indices of left atrial filling pressure such as the ratio between E-velocity and mitral annular
velocity or E‟ (221), suggesting that exercise capacity may be more dependent on filling pressure
in older women than older men.
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Taken together, these age-related changes in ventricular filling and sex-specific
association between fitness and filling pressure form the basis for the present study. The effects
of augmented preload (via both posture and plasma volume expansion) on indices of ventricular
filling and cardiac output at rest and during upright exercise were assessed in young and older
women. It was hypothesized that increasing ventricular filling pressure would increase resting
and exercising cardiac output in older women and that the additive effect of supine posture and
plasma volume expansion on filling pressure would increase E-velocity to a level closer to the
young women in normovolemia, but without alteration in other parameters of diastolic function
such as mitral valve deceleration slope (MVdecS), which are more dependent on tissue
compliance.

Methods

Subjects
Nine younger (21-28 yrs) and ten older (61-73 yrs) women completed this study.
Subjects were sedentary to recreationally active, not taking any prescription medications having
significant cardiovascular effects or any form of hormone therapy (hormonal contraception or
replacement therapy), and were free from overt disease as assessed by medical
histories/questionnaires, a physical exam, and a resting 12-lead electrocardiogram. Subjects were
non-smokers, normotensive (resting BP ≤ 140/90 mmHg), non-obese (BMI < 30) and had
clinically normal blood chemistries/complete blood counts (hematocrit, hemoglobin, etc) and
pulmonary expiratory function (FEV1, FVC, and ratio between them > 80% of age-based norms).
Older participants also underwent a treadmill exercise echocardiogram in the clinical echo
laboratory of the Hershey Medical Center to rule out asymptomatic and unrecognized structural
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heart disease including cardiomyopathy or valvular abnormalities that might limit the tolerance to
acute volume loading. Written informed consent was obtained from each participant, and all
procedures were approved by the Office for Research Protections and the Institutional Review
Board at The Pennsylvania State University. Interim results and safety compliance were also
regularly reviewed by an external data safety and monitoring board (DSMB) under the auspices
of the National Institute on Aging. This study was conducted in accordance with the guidelines
set forth by the Declaration of Helsinki.

Familiarization and peak cycle exercise test
Following initial GCRC and clinical screening visits, subjects completed a graded leg
cycling test to peak exertion to determine their peak power output and oxygen consumption. An
additional purpose of this visit was to familiarize the subject with the exercise ergometer and
acetylene uptake cardiac output measurement respiratory apparatus that would be used during the
subsequent experimental (plasma volume expansion) visit. The peak cycle exercise protocol
consisted of a light warm-up (2 min at ~15 watts) followed by continuous incremental 1-min
stages to peak exertion. Work rate increments were individually selected to elicit peak exertion
within 10-14 minutes. This exercise test was conducted on a electronically braked cycle
ergometer (Lode) equipped with toe clips and custom-built back and arm rests designed to
maintain the subject in a fully upright posture to facilitate echocardiographic imaging during
exercise. Peak power output, oxygen uptake, heart rate, and ratings of perceived exertion from
this test are shown for both the younger and older women in Table 2 and indicate the population
was well matched for age-adjusted relative fitness and anthropometric variables. No acetylenebased (i.e., cardiac output) or echocardiographic measurements were obtained during this study
visit.
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Experimental study visit and procedures
Subjects were instructed to hydrate well with water the night before and/or morning of
the experimental (plasma volume expansion) study and to eat their normal breakfast prior to
arriving at the facility. They also abstained from caffeine, alcohol and vigorous physical activity
for a minimum of 24 hours prior to this study visit. After voiding, subjects were weighed (socks
and light clothing only) and then comfortably positioned on a gurney in the exercise study room
(temperature ~ 20-22 °C) for catheter placement(s) and instrumentation.
After instrumentation was complete and the subject had rested on the gurney quietly for
at least 20 minutes, baseline blood samples were drawn and supine resting hemodynamic
measurements were obtained. These baseline measurements included venous hematocrit (Hct),
hemoglobin (Hb), brachial artery blood pressures (oscillometric device), and echocardiographic
measures of cardiac filling and stroke volume. The subject was then assisted to the seated
upright posture on the gurney, with legs fully dependent, and the hemodynamic measurements
were repeated. After seated upright resting measurements were complete, the subject was
assisted onto the cycle ergometer for the first exercise (normovolemic) protocol.
Both exercise protocols during the experimental study visit consisted of a warm-up (slow
pedaling at <15 watts) followed by exercise at work rates projected to elicit ~20, ~40, ~60 and
~80% of the peak oxygen consumption achieved during the peak cycle exercise test. Each work
rate lasted 5 minutes which allowed for measurements of systemic oxygen uptake and cardiac
output, echocardiographic measurements, ratings of perceived effort and dyspnea. The sequence
and timing of these measurements are shown in Figure 5-1.
After completion of the first exercise protocol, the subject returned to the gurney for a 60
minute recovery period in the supine position. Within the first 20 minutes of this rest period, the
subject received 10ml/kg body mass of sterile 5% albumin solution infused through the
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antecubital catheter. This dose was chosen to achieve ~15-20% expansion of plasma volume
(208, 209). Venous blood was withdrawn 5 to 10 minutes following the albumin infusion for Hct
and Hb determination. Supine and seated echocardiographic measurements were repeated late in
the recovery period. The subject was then assisted onto the cycle ergometer for the second
(hypervolemic) exercise protocol, which involved the same protocol and measurements as the
first (normovolemic). After completing the exercise, subjects returned to the gurney for
catheter(s) removal, inspection/monitoring of the catheter site(s), post-study body weight change,
de-instrumentation, and discharge.

Measurements

Hemodynamics and gas exchange
During both normovolemic and hypervolemic exercise bouts, subjects breathed through a
respiratory valve for determination of pulmonary gas exchange (continuous measurement of VE
and VO2) and acetylene-based estimates of cardiac output (2 to 3 measurements at each work
rate) via the open circuit technique (187, 192, 210). Validity (192) and test-retest reliability (187)
of the open circuit acetylene method have been previously established in healthy adults. Heart
rate and blood pressures were monitored during resting and exercise conditions using an
automated device (Philips VM4 or Finapress).

Echocardiography
The same highly trained ultrasonographer acquired all images for this study. Prior to
exercise, after an approximately 20 minute supine rest period (Bout 1) or 20-30 minutes after the
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end of albumin infusion (Bout 2) Doppler echocardiographic data were collected. A
commercially available (GE Vivid 7 or Philips iE33) ultrasound with a 1.5-4 MHz phased array
transducer was used to acquire images and spectral Doppler in both the left lateral decubitus
position and during passive sitting on the gurney with the legs dependent. Parasternal long axis
axis views were used with 2-dimensional Doppler to derive left ventricular outflow tract (LVOT)
diameter, from which LVOT area was calculated. End-systolic volume (ESV), end-diastolic
volume (EDV), stroke volume (SV) and ejection fraction (EF) were derived from the apical 4chamber 2-dimensional Doppler view. Pulsed wave tissue Doppler of the septal portion of the
mitral annulus was used to derive the mitral annular velocity (E‟). Spectral Doppler of the mitral
valve was used to determine filling parameters such as peak E-velocity (E), peak A-velocity (A),
the ratio between them (E:A), the deceleration time of the E signal (MVdecT), the slope of this
deceleration (MVdecS) and the isovolumic relaxation time (IVRT). Spectral Doppler of the aortic
valve was used to derive the velocity-time integral (VTI) in order to calculate cardiac output
(VTI*LVOT area*HR). Data were stored on the hard drive of the machine and later archived on
DVD for offline analysis with a commercially available software package (EchoPAC for GE data,
GE Medical; or Prosolv for iE33data, Fujifilm, USA) by the same technician.

Calculations for effects of albumin infusion
Published equations for the calculation of blood volume (211) and the effects of fluid
administration on these calculations (209) were used to determine the effects of albumin
administration on the plasma volume in our subjects. Briefly, those calculations are:
BVo (litres) = 0.03219 x weight (kg) + 0.3669 x height3 (m) + 0.6041
As the blood sample effect on blood volume is negligible and the mass of hemoglobin
doesn‟t change with the albumin infusion the expressions for PVo and PVt simplify to:
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MHbt = BVo x Hbo
BVt = MHbt / Hbt
PVo = BVo x (1-Hcto)
PVt = BVt x [1-(Hcto x Hbt/Hbo)]
Where BVo is the baseline blood volume, BVt is the post-infusion blood volume, MHbt is the
total mass of hemoglobin post-infusion (equal to pre-infusion as only sterile albumin solution is
infused), PVo is the baseline plasma volume, PVt is the post-infusion plasma volume, Hbt is the
post-infusion hemoglobin, Hcto is the baseline hematocrit.

Time control experiments
Two younger and two older women from the original cohort returned ~4 weeks after their
plasma volume expansion study visit to repeat the resting and exercise hemodynamic
measurements without the intervening expansion of plasma volume with albumin. These time
control studies were conducted to determine if any of the alterations in resting or exercise blood
pressures or cardiac function observed prior to and during the second (hypervolemic) exercise
bout could be attributed to residual cardiovascular effects of the first exercise bout.

Data and statistical analysis
All descriptive data are presented as mean ± standard deviation. Hemodynamic and
echocardiographic variables at rest and during exercise were analyzed using repeated measures
ANOVA. A repeated measures ANOVA procedure was used to assess changes in variables
across workloads. Linear regression was used to determine the influence of factors such as age
group or exercise bout on an outcome variable or the interactions between factors. Tukey‟s post-
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hoc comparisons were used, where appropriate, to evaluate multiple group comparisons.
Significance was accepted at p < 0.05 for all statistical analyses. Minitab version 16 and SPSS
version 19 software were used to perform all statistical analyses.

Results
As shown in Table 5-1, the young and older age groups were well matched for
anthropometric characteristics such as height, weight and body mass index (BMI) as well as
relative fitness, indexed as the average percentile of age-adjusted VO2peak achieved by the young
and older groups during the peak cycle exercise test of Visit 1. Table 5-2 demonstrates the effect
of the plasma volume expansion via 5% albumin on blood volume and plasma volume. Baseline
and hypervolemic plasma volumes and blood volumes were not different between groups (all
p>0.4).

Supine effects of plasma volume expansion
The 10mL/kg dose of 5% albumin given to all subjects results in an ~7-9% decrease in
hematocrit that was equivalent between young and older groups (p=0.4). During supine rest, both
age groups increased cardiac output approximately 30% (from 4.7 to 5.9 L/min in the older and
from 5.0 to 6.4 L/min in the young, both p≤0.01 for within-group increase) in response to the
plasma volume expansion. This was achieved by an equivalent increase in heart rate in both
groups from normovolemia to hypervolemia (both p<0.01) from ~66 beats per minute in
normovolemia to ~77 beats per minute in hypervolemia. Additionally, young women increased
their stroke volume during supine rest (p=0.05) via an increase in end-diastolic volume (EDV;
p<0.01 vs. normovolemia) whereas older women did not (p=0.75). Supine systolic blood
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pressures were statistically equivalent between young and older subjects during normovolemia
(107 vs. 116 mmHg, respectively) and hypervolemia (102 vs. 109 mmHg, respectively; p>0.1 for
both between-group comparisons) and in fact fell slightly after plasma volume expansion (p=0.03
within-groups). Similarly, diastolic blood pressure was equivalent between groups in
normovolemia (65 vs. 68 mmHg, respectively) and hypervolemia (62 vs 66 mmHg, respectively,
p>0.2 for between-group comparisons) and fell slightly in the young between normovolemia and
hypervolemia (65 vs. 62 mmHg, respectively, p=0.018) but not the older group (69 vs. 66 mmHg,
respectively, p=0.175).
Regarding filling of the left ventricle, during normovolemic supine rest older subjects had
a lower early mitral velocity (E-velocity; 71.5 vs 89.9 cm/s, respectively), higher late mitral
velocity (A-velocity; 67.7 vs. 54.8 cm/s, respectively) and only young augmented their E-velocity
in the hypervolemic state (all p<0.05). This did not result in a statistically significant increase in
the E:A ratio in the young (p=0.16) though during both normovolemia and hypervolemia young
subjects had a higher E:A ratio than older (1.1 vs. 1.7 and 1.1 vs. 2.0, respectively, both p<0.001).
Young women had a higher mitral annular velocity (E‟) than older women during supine rest in
the normovolemic state (14 vs. 9 cm/s, p<0.01) and hypervolemia (15.4 vs 10 cm/s, p<0.01). The
23% increase above supine baseline in mitral annular velocity in older women was greater than
the 10% increase observed in the young (p=0.03) but still did not bring their plasma volume
expanded value up to the level of the baseline in young women (p<0.01). The isovolumic
relaxation time (IVRT) was unaffected by plasma volume expansion in both age groups (both
p>0.7). As expected, IVRT was lower in young women during normovolemia (74.7 ms) and
hypervolemia (74.9 ms) than older women (92 and 88.3 ms, respectively, p<0.05 for both
between-group comparisons). Similarly, the mitral valve deceleration time was unaffected by
plasma volume expansion in both age groups (both p>0.19) as was mitral valve deceleration slope
(both p>0.2) and in both normovolemia and hypervolemia young women had a higher
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deceleration slope than older women (4.4 vs. 3.3 and 5.0 vs 3.6 cm/s2, respectively; both p<0.05
for comparison between age groups). Mitral valve deceleration time/E-velocity was unaffected
by plasma volume expansion in both age groups (both p>0.1). During hypervolemic supine rest
this index of lusitropic function was significantly lower (better lusitropic function) in young
women compared to older (p=0.16) and nearly significantly lower during normovolemic supine
rest (p=0.07).
There was a trend for the young subjects to have a lower arterial elastance (EaI,
calculated as end-systolic pressure/stroke volume index, a lower value for EaI suggests greater
compliance or distensibility) compared to older subjects in the normovolemic state (2.17 vs. 2.42
mmHg/mL/m2, p=0.15) and this between-group difference was completely abolished in the
hypervolemic state (1.86 vs. 2.02 mmHg/mL/m2, p=0.5). This is due to a highly significant
decrease in the elastance (effective increase in compliance) in the vasculature of older subjects
during hypervolemia compared to normovolemia (p=0.001) and only a trend toward a decrease in
young subjects (p=0.069). Left ventricular elastance (ELVI, calculated as end-systolic
pressure/end-systolic volume index) was the same in young and older women during supine
normovolemia (4.0 mmHg/mL/m2 in both groups). This parameter did not decrease in older
women with plasma volume expansion (3.8 vs. 3.6 mmHg/mL/m2, p=0.4) but there was a
definite trend toward a decrease (increase in compliance) in younger women (4.1 vs. 3.4
mmHg/mL/m2, p=0.09). The ratio of these two terms, described as indexing ventricular-arterial
coupling, was not different between young and older subjects in normovolemia (0.56 vs 0.65,
p=0.19) and was the same at hypervolemia (0.58, p=0.97). There was a tendency for this
parameter to decrease during hypervolemia in older subjects (p=0.07) but not in young (p=0.6).
There were no differences within groups or between young and older subjects in their stroke work
index (stroke volume index/end-systolic pressure, mL/m2/mmHg) or pressure-volume area, an
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index of myocardial oxygen demand (stroke work index + [end-systolic pressure*(end-systolic
volume index/2)]; all p>0.25).

Responses to postural change
During normovolemia older women maintained their cardiac output when moving from a
supine to a seated posture (4.6 vs. 4.4 L/min, respectively; p=0.32). During hypervolemia,
however, cardiac output did fall significantly in the older women after transition from a supine to
a seated posture (5.9 vs 5.0 L/min, respectively; p<0.001). Young women demonstrated a
significant fall in cardiac output with postural change from supine to seated both during
normovolemia (5.0 vs. 4.4, respectively; p=0.04) and hypervolemia (6.4 vs 5.8, respectively;
p=0.02). For both age groups, the cardiac output during hypervolemia was higher than during
normovolemia at the same posture (p<0.05 except older women when seated, which was nearly
significant at a p=0.07).
There was a significant increase in heart rate in young women when seated as compared
to supine (75 vs. 66 bpm, respectively; p=0.01) and the same response was observed with
postural change in hypervolemia albeit at significantly higher heart rates (83 bpm seated, 79 bpm
supine, p=0.04 between postures and ≤0.01 within-posture compared to normovolemia). In
contrast, older women exhibited a percent increase in heart rate with hypervolemia in the supine
posture that was statistically equivalent to that seen in young women (p=0.36) but did not
increase heart rate in the seated posture. In fact, heart rate fell (compared with hypervolemic
supine measurements) in older women during seated rest with hypervolemia such that it was
equivalent to their seated heart rate observed during normovolemia (75 vs 71.5 bpm, p=0.23).
Older women exhibited a 10-15% drop in stroke volume in the seated compared with the
supine posture in both the normovolemic (71 vs. 63.5 mL/beat, respectively; p=0.01) and
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hypervolemic states (80.6 vs. 72.3 mL/beat, respectively; p<0.01). Similarly, stroke volume
reduced in young women in the seated posture compared to supine in normovolemia (75.1 vs.
58.7 mL/beat, respectively; p<0.01) and hypervolemia (81.1 vs. 70.3 mL/beat, respectively;
p<0.01). This was due to a significant fall in end-diastolic volume during sitting in
normovolemia and hypervolemia compared with the supine posture (all p≤0.01) without
concomitant falls in end-systolic volume. Ejection fraction was 55% in older women and 60% in
young women during supine baseline and hypervolemia, a difference that was nearly significant
during baseline (p=0.08) and significant with plasma volume expansion (p=0.026). No
statistically significant within-group changes were observed in ejection fraction when comparing
supine to seated postures.
With respect to changes in ventricular filling during postural change and plasma volume
expansion, older women exhibit a significant drop in E-velocity when seated compared to supine
at baseline (61.4 vs. 72.3 cm/s, respectively; p<0.001). During hypervolemia older women
demonstrate a nonsignificant trend toward decreased E-velocity when comparing seated values to
supine (66.5 vs. 74.5 cm/s, respectively; p=0.055). In contrast, young women have higher Evelocities than older women both in the seated and supine postures and it does not significantly
drop with postural change in normovolemia (83.7 vs 92.8 cm/s, respectively; p=0.14) but does
during postural change in hypervolemia (90.3 vs. 105.7 cm/s, respectively; p<0.01). A-velocity
was unaffected by posture in both age groups in either the normovolemic or hypervolemic state
(all p>0.2). The above changes in E and A-velocities produce a significant drop in E:A ratio in
older women during normovolemia when seated compared to supine (0.9 vs 1.08, respectively;
p<0.01) but not during hypervolemia (1.0 vs 1.05, respectively; p>0.4). Young women, while
having E:A ratios significantly higher than older women during seated rest both in normovolemia
and hypervolemia (both young E:A=1.6, p=0.02 for both age comparisons), also did not decrease
their E:A during normovolemic posture change (p=0.6) and exhibited a trend toward a significant
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reduction in hypervolemia (p=0.06). In normovolemia older women exhibited a significant drop
in septal mitral annular velocity when comparing supine to seated postures (8.7 vs 6.4 cm/s,
respectively; p=0.01) and the same was true during hypervolemia (10.7 vs 8.8 cm/s, respectively;
p=0.02). Similarly, young women demonstrated a reduced mitral annular velocity with postural
shift in normovolemia (14.6 vs 11.2 cm/s supine and seated, respectively; p<0.01) and
hypervolemia (15.4 vs 13 cm/s supine and seated, respectively; p=0.04). Plasma volume
expansion did not increase mitral annular velocity sufficiently in the older women to make it
statistically equivalent to young women in either the supine or the seated posture (all p<0.01). In
older women, IVRT increased in the seated posture compared to supine in both normovolemia
(103.4 vs 90.9 ms, respectively; p<0.01) and hypervolemia (87.2 vs 98.7 ms, respectively;
p=0.01). In contrast, young women exhibited a similar increase in IVRT comparing supine to
seated postures in normovolemia (70.7 vs 90.5 ms, respectively; p=0.01) but not in hypervolemia
(74.9 vs 85.8 ms, respectively; p=0.15).

Hemodynamics and cardiac function during exercise
As shown in figure 5-1, the plasma volume expansion did increase cardiac output in
young women and, to a lesser degree, older women. This increase was driven by a significant
increase in stroke volume (Figure 5-2) in young women and little increase in stroke volume in
older women. Further, neither group expressed an increase in heart rate in response to the volume
expansion stimulus (Figure 5-3). In both age groups mean arterial pressure was unaffected by the
plasma volume expansion (Figure 5-4) both in its absolute magnitude across workloads and slope.
Oxygen uptake was similarly unaffected by the infusion in both age groups (Figure 5-5). As
expected from the preceding results, the relationship between cardiac output and oxygen uptake
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(Figure 5-6) was shifted up in both groups in the hypervolemic state but the slope of this
relationship was unaltered.
Regarding filling, the peak mitral velocity was increased across workloads in both the
young and older group of women (Figure 5-7). The slope of this relationship was unaltered by
plasma volume expansion in either age group and younger women had a consistently higher peak
mitral filling velocity compared with older women both in normovolemic and hypervolemic
exercise.
Cardiac output was acquired in this study via two methods: acetylene uptake and
Doppler echocardiography. Figure 5-8 demonstrates the good agreement between these two
techniques. The r2 of this regression is 0.68 and the slope 0.66. While this is a significant
deviation from the line of identity it demonstrates that the cardiac output and stroke volume
results based on the acetylene uptake data are at least qualitatively equivalent to results gleaned
from Doppler data.
Deriving stroke volume throughout exercise from integration of spectral Doppler
tracings, young subjects had a consistently higher stroke volume than older though inter-subject
variability in both groups meant that the differences were not statistically significant. Both
groups significantly increased stroke volume throughout the hypervolemic exercise bout (both
p<0.01) and for both young and older groups this was due to an increase in stroke volume
between the 40 and 60% workloads while values plateaued between 20 and 40 and 60 and 80%.
Compared with supine hypervolemia, young subjects had a statistically nonsignificant increase in
stroke volume at 20% whereas older subjects did not increase stroke volume until the
aforementioned augmentation at 60%.
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Discussion
These data indicate significant age group differences with respect to the plasticity of
filling parameters with both postural shift and plasma volume expansion. When given an
equivalent percent increase in plasma volume and filling pressure (indexed as E/E‟) young
women are able to augment their early mitral filling velocity (E-velocity) to a greater extent than
older women, indicating a potentially stiffer myocardium in the aged and superior lusitropic
function in the young heart. Additionally, end-diastolic volume changes in the young with
plasma volume expansion but not in the aged and indices such as mitral annular velocity and
mitral valve deceleration slope support the notion of a more compliant myocardium in the young
that can better accommodate the increased filling pressure.
During exercise the plasma volume expansion does not increase systemic oxygen uptake,
indicating that the increases observed in cardiac output merely correct the modest drop in oxygen
carrying capacity attendant to the hemodilution of 10mL/kg of 5% albumin infusion. Stroke
volume increased nonsignificantly in the young between supine hypervolemia and the first
workload (20%) and then again between the 40 and 60% workloads. In the older women stroke
volume remained constant until transition from the 40 to 60% workloads. While we do not have
tissue Doppler throughout exercise and therefore cannot assess indices of filling pressure, it may
be the case that venous return is not sufficiently augmented until workloads above 40% of peak
effort and/or sympathetic outflow is not sufficiently high enough to effect increases in lusitropic
function or venous capacitance until this point. Arterial blood pressure was unaffected by the rise
in cardiac output, necessitating an increase in systemic vascular compliance to accommodate this
flow increase.
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Table 5-1. Anthropometric characteristics and exercise capacity for healthy younger and older
women.
Young Women

Older Women

20-28 yrs

60-72 yrs

n=9

n=10

25 ± 2.5

65 ± 4*

Height, cm

161.9 ± 6.3

164.8 ± 6.4

Weight, kg

60 ± 6.9

63.2 ± 5.6

BMI, kg/m2

23.9 ± 2.3

23.3 ± 2.2

Peak Work W

158 ± 31

108 ± 26*

Age, yrs

VO2max, l/min

2.1 ± 0.4

1.5 ± 0.3*

VO2max, ml/kg/min

33.5 ± 6

23.2 ± 4.3*

VO2max, percentile

57.1 ± 33.1

44.6 ± 28.9

Maximal heart rate, bpm

188.9 ± 7.5

161.8 ± 7.9*

Maximal heart rate, %predicted

96.8 ± 3.8

104.4 ± 6.1*

Respiratory exchange ratio (RER)

1.21 ± 0.07

1.12 ± 0.06*

19 ± 1

18 ± 1*

Rating of perceived exertion (RPE)

*, significant age difference (p < 0.05)
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Table 5-2. Effects of albumin infusion on plasma volume and blood volume.
Young Women

Older Women

n=9

n=10

Baseline

Post-Albumin

Baseline

Post-Albumin

Hematocrit (%)

36.9 ± 3.9

32.9 ± 3.7*

36.8 ± 3.2

34 ± 2.1*

Hemoglobin (g/dL)

12.5 ± 1.3

11.1 ± 1.2*

12.2 ± 1.1

11.2 ± 0.8*

Plasma Volume (L)

2.6 ± 0.2

3.1 ± 0.4*

2.7 ± 0.2

3.1 ± 0.3*

Blood Volume (L)

4.2 ± 0.3

4.6 ± 0.5*

4.3 ± 0.3

4.6 ± 0.5*

Delta PV (%)

--

16.7 ± 10

--

13.3 ± 10

Delta BV (%)

--

10.7 ± 6.3

--

8.2 ± 6

*= significant change from baseline, p≤0.05
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Table 5-3. Postural and plasma volume expansion effects on central hemodynamics and blood
pressure; *=P≤0.05 for age comparison, ψ=p≤0.05 for posture comparison, ∑=p≤0.05 for volume
loading comparison.
Upright
Young

Hypervolemia

Normovolemia

Cardiac Output (L)

4.4 ± 1.1

Supine
Older

∑

4.4 ± 0.7

Young
5.0 ± 1.1

Stroke Volume
52.2 ± 7.7

ψ,∑

Older
4.6 ± 0.9

∑

48.9 ± 6.8*

61.2 ± 9.2

ψ,∑

55.1 ± 10.3

69.8 ± 7.6

66.2 ± 4.6

ψ,∑

65.8 ± 8.6

107 ± 9.2

ψ

(mL/beat)
Heart Rate (bpm)

75.3 ± 7.6

∑

∑

ψ,∑

116 ± 12.5

∑

Systolic BP (mmHg)

112 ± 12.5

123 ± 18.7

Diastolic BP (mmHg)

68.3 ± 5.3

67.3 ± 7.8

64.6 ± 3.8

Cardiac Output (L)

5.8 ± 1.2

5.0 ± 1.0

6.4 ± 1.4

53.1 ± 6.8

45.9 ± 7.7

67.7 ± 3.8

Heart Rate (bpm)

83.1 ± 8.4

71.5 ± 8.1*

78.7 ± 10.3

Systolic BP (mmHg)

113 ± 13.5

115 ± 12.9

102 ± 5.9

109 ± 14

Diastolic BP (mmHg)

66.7 ± 11.7

64.3 ± 6.8

62.3 ± 3.8

66.1 ± 9.4

∑

ψ

Stroke Volume

68.2 ± 7.3

5.9 ± 0.9

ψ

ψ

55.2 ± 10.5*

(mL/beat)
ψ

75.0 ± 9.8

ψ

ψ
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Table 5-4. Postural and plasma volume expansion effects on cardiac mechanics and measures of
diastolic function; *=P≤0.05 for age comparison, ψ=p≤0.05 for posture comparison, ∑=p≤0.05
for volume loading comparison.

Hypervolemia

Normovolemia

Upright

Supine

Young

Older

Young

E-velocity (cm/s)

83.7 ± 12.3

61.4 ± 10.5*

89.9 ± 9.4

A-velocity (cm/s)

55.1 ± 16.2

68.2 ± 8.1

54.8 ± 8.6

67.7 ± 10.6*

E:A

1.59 ± 0.3

0.9 ± 0.1*

1.67 ± 0.2

1.09 ± 0.2*

MVdecSlope (cm/s )

3.7 ± 0.6

2.6 ± 0.7*

4.4 ± 1.1

MVdecT (ms)

231 ± 10

251 ± 66

214 ± 33

MVdecT/E

2.8 ± 0.3

4.3 ± 1.9*

2.4 ± 0.6

E’ (cm/s)

11.3 ± 2.1

E/E’

7.3 ± 1.4

E-velocity (cm/s)

2

∑

,∑

Older
∑

ψ

,ψ

72.4 ± 8.0*

,ψ

,ψ

3.3 ± 1.0*

235 ± 66
3.3 ± 1.2

∑, ψ

ψ

,∑, ψ

6.4 ± 1.9*

14.6 ± 2.6

9.9 ± 2.1*

6.3 ± 1.1

90.3 ± 12.3

66.5 ± 11.3*

106 ± 11.7

A-velocity (cm/s)

60.9 ± 20.2

66.6 ± 7.

57 ± 14.3

71 ± 8.6*

E:A

1.61 ± 0.5

1.0 ± 0.2*

1.95 ± 0.5

1.07 ± 0.1*

MVdecSlope (cm/s )

4.8 ± 1.4

3.0 ± 1.0*

5.0 ± 1.3

3.6 ± 0.5*

MVdecT

197 ± 55

232 ± 37

217 ± 39

207 ± 20

MVdecT/E

2.3 ± 1.0

3.7 ± 1.3*

2.1 ± 0.6

2.8 ± 0.3*

2

∑

ψ

ψ

8.7 ± 2.0*

,∑

8.8 ± 2.3*

,ψ

75.2 ± 6.3*
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Instrumentation

E’ (cm/s)

13.5 ± 2.9

8.9 ± 2.0*

15.4 ± 2.6

E/E’

6.8 ± 1.3

7.3 ± 1.4

6.8 ± 1.1

Supine

Exercise Bout #1

Supine

Rest

(20,40,60,80%)

Rest/Infusion

ψ

,ψ

10.9 ± 1.6*
7.0 ± 1.2

Exercise

Supine

Catheter Removal &

Bout #2

Rest

Observation

(20,40,60,80%)

 1 hour

30 min

25 min

1 hour

25 min

30-60
> 1 hour
min

Figure 5-1. Schematic diagram of the protocol.
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Figure 5-2. Acetylene uptake-derived cardiac output across workloads in young women (n=9) at normovolemia () and hypervolemia ();
older women (n=10) at normovolemia () and hypervolemia ().
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Figure 5-3. Acetylene uptake-derived stroke volume across workloads in young women (n=9) at normovolemia () and hypervolemia ();
older women (n=10) at normovolemia () and hypervolemia ().
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Figure 5-4. Heart rate across workloads in young women (n=9) at normovolemia () and hypervolemia (); older women (n=10) at
normovolemia () and hypervolemia ().
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Figure 5-5. Mean arterial pressure (MAP) across workloads in young women (n=9) at normovolemia () and hypervolemia ();
older women (n=10) at normovolemia () and hypervolemia ().
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Figure 5-6. VO2 across workloads in young women (n=9) at normovolemia () and hypervolemia (); older women (n=10) at
normovolemia () and hypervolemia ().
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Figure 5-7. The relationship between acetylene uptake-derived cardiac output and VO2 in young women (n=9) at normovolemia ()
and hypervolemia (); older women (n=10) at normovolemia () and hypervolemia ().
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Figure 5-8. Mitral valve peak velocity (Vmax, cm/second) across workloads in young women (n=3) at normovolemia () and hypervolemia
(); older women (n=6) at normovolemia () and hypervolemia ().
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Figure 5-9. Comparison of cardiac output values derived via Doppler echocardiography
with those from acetylene uptake (C2H2), r2=0.65.
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Chapter 6
Conclusions and Future Directions

Structural properties of the vasculature
The first study of this dissertation found declines in the peak vascular conductance of
both the upper and lower limb in response to 10 min of passive arterial occlusion. Peak
conductance is indicative of structural limits to dilation in arterioles and is determined by the total
cross sectional area of the arterial vasculature when maximally dilated and flow is restored by
deflation of the occluding cuff. This decline in peak vascular conductance with increasing age
was limb-specific and, perhaps counter-intuitively, declined steeper in the locomotory limbs, the
legs, and persisted after normalization to limb muscle mass whereas normalization in the forearm
abolished the age-associated reduction.
It is well know that sex hormones, which fluctuate across the menstrual cycle, can affect
vascular reactivity, flow mediated dilation and artery function (222). This is likely mediated
through interactions between estrogen receptor α and endothelial nitric oxide synthase (223).
Peak conductance is reflective of structural properties of the arterial vasculature, which are less
likely to vary across the menstrual cycle as they are dependent on longer-term adaptations such as
mechanical tissue properties of the artery/arteriole walls and density of arterial vasculature within
a tissue bed. However, to be confident results were not due to a confounding effect of sex
hormones study visits were standardized in days 1-7 of the menstrual cycle in pre-menopausal
women. In controlling for menstrual cycle phase we can be confident these data represent ageassociated changes.
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Finally, sub-group matching for fitness (sedentary young women compared with
relatively fit older women) at both ends of the age spectrum in this study abolished differences in
the forearm but not the calf. Therefore, there is a primary effect of age on the calf vasculature
that is not accounted for by fitness.
Declines in the structural capacity for dilation, as reflected in peak conductance, may
play a role in the reduced exercising leg blood flow observed in older women (38). That is not to
say that maximal limb vasodilation is elicited by submaximal exercise, quite the opposite (126).
However, if the observed declines in calf conductance which are not abolished by controlling for
fitness, cholesterol, etc. are indicative of changes in tissue mechanical properties of the arterial
vasculature that are unique to aging women it may help to explain the observation of reduced leg
blood flow during submaximal exercise in older women but not men.

Associations between cardiac function and peripheral blood flow demand
The second study of this dissertation investigated the balance between peak cardiac
output and peak dilatory and blood flow capacity of the quadriceps during single knee extensor
exercise, a model that is not limited by cardiac output. Previous work in fit men demonstrated
that the locomotory muscles of the leg could outstrip cardiac output if they maximally dilated
during dynamic exercise (107, 224-226). Follow-up work indicated that elite male athletes
working at maximal effort demonstrated in a human model that, in fact, perfusion of exercising
limbs is reduced when more muscle mass is added to the activity (for example adding arm
exercise to near maximal leg skiing effort; (108)). However, no studies had looked at the impact
of age- and sex-associated declines in cardiac output and peripheral limitations to exercising
muscle blood flow on the balance between pump function (cardiac output) and muscle demand
(peak blood flow during small muscle exercise).
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Two principal findings emerged: 1) maximal cardiac output was significantly correlated
with peak knee extensor exercise blood flow and conductance in average fit men but not in
women, 2) sex differences in the balance between central and peripheral vasodilatory capacity
were more pronounced in older adults. While admittedly correlative and not causative, this
suggested leg vascular reserve and peak achievable oxygen delivery and uptake are positively
associated in men but not women. This finding in men is in agreement with previously published
positive associations between aerobic capacity and peak calf conductance (29, 33) and the data
presented in the first study of this dissertation . There were no significant correlations between
these variables in younger or older women. Additionally, older women had a lower peak femoral
blood flow than would be predicted from their maximal cardiac output relative to older men,
which may suggest peripheral adaptations to maintain the balance between a reduced peak output
from the aged heart and the vasodilatory demands of working muscles. Finally, the overall ability
to reduce systemic vascular resistance during exercise appears similarly affected by the normal
aging process in women as compared to men. Taken together, these results suggest disparate
vascular control strategies are used by older men and women to regulate systemic blood pressure
during exercise and the limitations to exercise may be sex-specific as well.

Cardiac limitation on exercising muscle blood flow and changes in plasma volume
expansion responsiveness in older women
The third study of this dissertation compared leg blood flow and cardiac output responses
to a 10mL/kg infusion of a 5% human serum albumin infusion in a small sample of young and
older women and men. The quantitative findings associated with this protocol were: 1) cardiac
output increases in young but not older women and men, as measured by acetylene uptake
techniques; 2) this increase in cardiac output did not significantly alter blood flow to the working
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legs nor impact the oxygen consumption during exercise and therefore normalized oxygen
transport to metabolically active tissue in the face of a modest hemodilution. Qualitatively, this
study demonstrated an ability to deliver an effective volume expansion that increased preload
sufficiently to increase cardiac output in young subjects. The small numbers included in the older
groups (n=3 older women and n=2 older men) made it difficult to draw definitive conclusions
between age groups, but there appear to be clear age differences within both sexes. Given the
preponderance of diastolic heart failure in older women compared to men a logical follow-up to
this investigation was to look more closely at the response to augmented ventricular filling
pressure in young and older women.
In response to the same volume load as for study 3 of this dissertation, the fourth and
final study demonstrated an increase in E-velocity during hypervolemia in the supine posture that
was significantly higher than E-velocity during normovolemia in the supine posture in young, but
not older women. Additionally, end-diastolic volume increased in response to volume loading in
young but not older women, increasing their stroke volume and contributing significantly to the
observed increase in cardiac output. Further, when indexing ventricular filling pressure as E/E‟,
the young and older women had similar filling pressures at supine and seated rest in the
hypervolemic state. The young women were able to augment E-velocity to a greater extent than
older women in the face of equivalent filling pressure, suggesting superior lusitropic function and
a more compliant ventricle in the young women. Increases in end-diastolic volume with preload
augmentation in the young but not in the aged and indices such as mitral annular velocity (E‟) and
mitral valve deceleration slope support the notion of a more compliant myocardium in the young
that can better accommodate the increased filling pressure. Similar to the previous study, the
plasma volume expansion did not increase systemic oxygen uptake, suggesting a similar
interpretation as the cardiac output increases absent change in oxygen consumption in the
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previous study: increases observed in cardiac output merely correct the modest drop in oxygen
carrying capacity attendant to the hemodilution of 10mL/kg of 5% albumin infusion.
In summary, this dissertation presents novel data that there are age- and sex-specific
adaptations in the human cardiovascular system, which are likely geared towards maintaining an
equilibrium between competing demands during a stress such as exercise with the simultaneous
complication of reduced reserve capacity attendant to aging components of the feedback loops.
For example, reductions in peak limb conductance may be adaptive and related to local regulatory
control of arteriolar dilation or conduit dilation that does not permit a hyperemia of sufficient
magnitude as to compromise blood pressure during rest or exercise. The same may be speculated
about sex differences in the association between peripheral blood flow and perfusion during a
non-cardiac limited small muscle exercise and an individual‟s peak cardiac output. What is
observed may be an epiphenomenon that is indicative of a larger adaptive strategy to optimize the
system‟s response to stress in the face of natural declines in central (cardiac) capacity to generate
blood flow with aging. Some of these cardiac limitations were assessed in studies 3 and 4 of this
dissertation and point towards reductions in the ability of the aged heart to utilize an increased
preload to augment stroke volume and thereby cardiac output via intrinsic mechanisms such as
Frank-Starling.
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Appendix A: Editorial that accompanied publication of Chapter 3 of this
dissertation
Journal of Applied Physiology
Commentary on Ridout et al: “Age and sex influence the balance between maximal cardiac
output and peripheral vascular reserve”
Title: Heterogeneity in human cardiovascular function contributes to a deeper
understanding of integrative mechanisms
Nisha Charkoudian
Department of Physiology & Biomedical Engineering
Mayo Clinic, Rochester, Minnesota
Inter-individual differences in physiological variables are often seen as an impediment to
our ability to detect important differences between groups of subjects, or to understand the
influences of an intervention on a physiological response. Indeed, traditional statistical
comparisons of differences between groups result in “non-significant” findings if variability in
either or both groups is too great. However, when viewed from another perspective, the
variability among individuals can be used as a key portal to potentially important insights into the
integrative function of the organism. Cardiovascular physiology provides several examples of the
importance of attention to interindividual differences. Several decades ago, Julius and colleagues
(6, 7) reported that the interindividual variability in resting cardiac output, and its relationship to
individual values for total peripheral resistance, gave important insight into the development of
hypertension. They found a wide range of values for resting cardiac output, measured using direct
Fick technique (range = ~ 4 – 12 L/min) in healthy individuals, and in individuals with borderline
and overt hypertension. Furthermore, the relationship between cardiac output and total peripheral
resistance was shifted to higher peripheral resistance values with the development of hypertension
(6, 7).
Dramatic increases in cardiac output and skeletal muscle blood flow during dynamic
exercise are key contributors to the attainment of maximal oxygen consumption (VO2max). Inter-
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individual variability in these responses can provide insight into the physiology behind the
exercise responses. For example, there is a documented positive relationship between VO2max
and peak skeletal muscle vasodilation which becomes stronger with aerobic exercise training (3,
9, 11). Although it is well recognized that both aging and reproductive hormones have
pronounced influences on cardiovascular function, the influences of age and sex on the
relationships between peak muscle blood flow and peak cardiac output have not received specific
attention until now. In this issue of the Journal, Ridout and colleagues present a careful analysis
of the relationships between maximal cardiac output and peak blood flow in skeletal muscle
evaluated during incremental knee extensor exercise (Ridout reference). They report that, in
young men, there was a significant positive relationship between peak cardiac output and peak
femoral blood flow (or peak femoral vascular conductance). In older men, this relationship also
existed, but was shifted to lower cardiac output values (consistent with lower peak cardiac output
values previously reported in older men). In women, however, regardless of age group, the
authors found no relationship between peak cardiac output and peak femoral blood flow or
vascular conductance. The authors hypothesized that sex-specific influences on sympathetic
neuralperipheral vascular interactions might contribute to these differences between the sexes.
Additionally, it may be that there are two separate sets of influences contributing to the sex
differences, one (sex hormone-dependent) in younger women and another in post-menopausal
women who would have less of an influence of circulating sex hormones.
The sex differences reported by Ridout and colleagues add important insight to a growing
body of literature regarding differences in cardiovascular regulation between the sexes. We (1, 2,
4, 5) and others (10, 12) have evaluated interindividual contributions of variables affecting blood
pressure, including sympathetic nerve activity, cardiac output, stroke volume and age. In healthy
young men, there are important balances between cardiac output, sympathetic nerve activity, and
peripheral vascular resistance which contribute to the normal regulation of arterial pressure. In
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women, however, these relationships are absent, suggesting that women rely on different
cardiovascular mechanisms to maintain normal arterial pressure compared to men (4). For
example, compared to men, women exhibited greater beta-2 mediated vasodilation for a given
amount of adrenergic stimulation (8). This phenomenon could explain altered relationships
between sympathetic neural activity, total peripheral resistance and cardiac output in women.
Greater beta-adrenergic vasodilation in young women could also have contributed to the sex
differences reported by Ridout and colleagues in their present report (Ridout reference).
In addition to the important insights provided by the novel findings of Ridout et al, their
report also emphasizes the utility and importance of evaluating relationships among individual
responses. While it is certainly important to evaluate group differences, inter-individual analyses
such as theirs provide important insights which would be missed if only mean and standard error
for each group were presented. For example, in Table 1, it is important to note the average
effects of age and sex on variables such as cardiac output, VO2max and peak leg blood flow.
However, those data do not give us a similar level of understanding (or, perhaps, raise as many
intriguing questions) as do the data in Figure 1 (Ridout reference).
The growing use of the term “individualized medicine” encourages all biomedical
scientists and physicians to avoid inappropriate assumptions of homogeneity, even among normal
healthy individuals. In this context, and as integrative physiology experiences a resurgence of
appreciation in the biomedical literature, studies such as those by Ridout et al become
increasingly important to our evolving appreciation of the complexity of human physiology.
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Appendix B: Systemic Vascular Conductance vs. Peak Quadriceps Blood Flow
Systemic Vascular Conductance vs. Peak Quadriceps Flow
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Figure 1.Subset analysis of the minimum vascular conductance attained during peak treadmill exercise (~90% VO 2max) versus

femoral blood flow during peak knee extensor exercise; ▲Younger men (n=9), Δ Older men (n=7, Panel A); ● Younger women (n=8),

○ Older women (n=9, Panel B).
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Similar to Figure 3-3, when plotting the systemic vascular conductance (SVC) at 90% of
VO2peak versus the peak quadriceps flow attained during knee extensor exercise in this same
subset of subjects, there is a directionally opposite relationship in older men compared to older
women. The p-value for the regression in older women drops to 0.07, or nearly statistically
significant, but the sex-specific directionality of the relationship is similar to that observed when
plotting systemic vascular resistance. This is because these data are a single value for each
subject, not a range of values acquired throughout the treadmill or knee extensor test, and
therefore the SVC simply graphs as the inverse of what is observed in SVR.
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Appendix C: Development of methods for acutely raising cardiac output
during leg exercise
Specific Aim 1 of the NIH R01 grant funding the work detailed in this dissertation was
“To determine the extent to which central mechanisms (cardiac output) limit leg perfusion during
submaximal exercise in non-endurance trained older women and men”. Specifically, we
hypothesized that acute plasma volume expansion would increase cardiac output during two-leg
cycling in all groups studies (young and older women and men). We expected a within-sex
comparison to show an attenuated rise in exercising leg blood flow and conductance for a given
increase in cardiac output in older women compared to young; a similar rise in leg blood flow,
and a larger increase in vascular conductance was expected in older men compared to young,
consistent with an altered balance between cardiac output, baroreflex mediated sympathetic
vasoconstriction, and active muscle vasodilation in older men. The development of the final
study of this dissertation, which aims to address part of the specific aim above, is detailed in this
chapter. In this study, as with any integrative physiologic investigation in humans that attempts
to manipulate complex mechanisms such as cardiac output and leg blood flow, there were several
adjustments required in order to address the question in the most scientifically valid and safest
way possible. Because of the large amount of effort expended in this process and the valuable
information gleaned at each step, it would be remiss to omit such information from this
dissertation.
In previous studies conducted by the Proctor Lab it was noted that cardiac output at any
given absolute workload was generally lower in untrained older compared to younger subjects
with older women unable to maintain leg blood flow relative to younger women during exercise
at 50 to 60 watts (38), while the older men maintained their leg blood flow across a wide range of
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submaximal workloads compared to younger men (110). This may have been due to a sexspecific difference in the distribution of cardiac output to the legs, which was augmented in older
men, but not in older women, relative to their younger counterparts (Fig 1). These observations
suggested that while peripheral vascular, sympatholytic and structural/mechanical changes in
arterial properties with aging are clearly important the noted reduction in cardiac output and
cardiac reserve with aging (86) may play a role in regulation of active muscle blood flow in the
aged. One way to address whether there may be a causal link between these noted age- and sexdifferences in the ability to perfuse exercising large muscle masses is to manipulate cardiac
function. Decreasing cardiac output and adrenergic responsiveness via beta blockade is one way
to address the relationship between cardiac output, oxygen consumption and active muscle blood
flow. Specifically, young men exhibit reduced exercising limb blood flow (compared with
control bouts) during near maximal exercise when their cardiac output is reduced via beta1
blockade (127). Given reductions in peak cardiac output with aging (86), older men should
exhibit reductions in exercising limb blood flow at a lower relative intensity than young men
when their cardiac output is similarly reduced.
In addition to investigating the effect of acute reductions in cardiac output and how this
alters limb blood flow, one may approach the same question by increasing cardiac output in older
humans. This may ameliorate the reduced exercising leg blood flow previously noted in older
women and the higher perfusion pressures required to achieve the requisite flow in older subjects
of both sexes. While a pharmacologic intervention such as the beta1 receptor agonist dobutamine
can effectively increase heart rate and cardiac output, and is regularly used for stress tests in
patients, it does not provide a clean model for investigation of purely augmenting cardiac
function as beta adrenergic responsiveness likely differs between groups and effects on peripheral
beta2 adrenergic receptors at high doses may confound results. Therefore, increasing cardiac
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preload and thereby harnessing Frank-Starling mechanisms to increase contractility and cardiac
output during exercise was chosen as the most appropriate model.
Initially, mechanical limb compression to increase venous return and therefore cardiac
output was considered as an experimental model. Pilot testing revealed that during single-leg
knee extensor exercise, a compression trouser device for patients in shock (MAST trouser) could
effectively augment venous return. This results in an ~1.0L/min increase in cardiac output (Fig
2) during moderate, single-leg exercise (20W) and most of this increased cardiac output
(~0.7L/min) was directed to the working leg in the young male pilot subject. While an effective
model for augmenting preload, the small muscle mass involved in the single-leg extensor
technique is not enough to the centrally (cardiac) limited in its blood flow and therefore less
likely to show significant age- and sex-comparisons.
Multiple studies have sought to augment venous return by performing exercise with
subjects immersed in water. Due to the popularity of low-impact pool-based exercises for
physical therapy and aged populations there were obvious practical as well as basic science
considerations driving research into this exercise modality.
Multiple studies have shown that during upright cycling in the water versus on land there
is little or no difference in maximal VO2 (227-229). There is a significant increase in cardiac
output and a decrease in heart rate compared to the same workloads performed during terrestrial
cycling exercise (228-232). This is likely due to the preload augmentation coincident to the
estimated 700mL cephalad shift in blood volume seen during water immersion (233-235) and
therefore an increased stroke volume from rest to maximal exercise (227).
Due to motion sensitivity direct recordings of muscle sympathetic nerve activity (MSNA)
during exercise in water immersion do not exist but resting data are available. These data
demonstrate that during graded immersion MSNA suppression is positively associated with the
level of submersion of the subject (i.e. up to the iliac crest, sternum, neck) and this is likely due to
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the augmented central blood volume (236, 237). Further, there is evidence of increased vagal
activity during exercise in water immersion (increased high-frequency heart rate variability) and
reduced plasma catecholamines compared with terrestrial exercise (228, 238). Finally, it has been
shown that warm or thermoneutral water immersion decreases systemic vascular resistance (239242). Collectively these findings suggest that muscle blood flow should be the same or higher
during water immersion exercise however no data are available to directly address this issue.
There is indirect evidence that muscle blood flow may be higher during water immersion
exercise, concomitant to the increased cardiac output. When comparing maximal treadmill
running with deep water running multiple studies have shown decreases in blood lactate during
the immersed activity (230, 243-245). Therefore, the increased cardiac output and decreased
systemic resistance likely combine to produce higher muscle blood flows during activity despite
increased tissue pressure from the hydrostatic pressure of the surrounding fluid medium.
There are apparent age-dependent differences in responsiveness to central blood volume
expansion brought about by water immersion. Derion et al found that stroke volume and heart
rate were unchanged during resting water immersion in older men whereas younger men
demonstrated a decreased heart rate, increased stroke volume and increased cardiac output (246).
Confirming these findings, Sugiyama et al found that elderly men did not show the same degree
of stroke volume increase or heart rate depression the young men did and therefore exhibited an
increase in blood pressure while that of the young men remained stable (247) during resting water
immersion. This same laboratory later demonstrated a negative association between age and
sympatho-suppressive ability of water immersion during direct MSNA recordings in elderly men
(248). These findings may be due to decreased cardiac compliance in the elderly (213), thus
prohibiting increases in stroke volume similar to that of young subjects when filling pressure is
augmented to the same degree. Further, the decrease in sympatho-suppressive activity of
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immersion in elderly as observed by Miwa et al suggests reduced baroreflex responsiveness in
this population.
There is a paucity of data comparing the responses of women and men to water
immersion exercise and many publications using this paradigm pool the sexes in their analyses.
However, in his review of the water immersion literature Chu suggests that in young humans
there is little evidence for sex differences in responses to underwater exercise (249). That said,
there do not appear to be any published data utilizing water immersion to augment preload and
comparing cardiac function in relation to aging and sex and the interaction of these two factors.
Further, it is reasonable to suspect that age- and sex-associated alterations in ventricular function,
cardiac compliance and exercise responses detailed throughout this dissertation would be operant
in this experimental paradigm as well and therefore we would suspect age, sex, and their
interaction to have a significant impact on responses to central blood volume expansion due to
immersion as in terrestrial saline volume loading. However, given the methodological
considerations and resources required for such a study which also includes Doppler ultrasound
measurements, exercise on a submerged ergometer, repiratory/metabolic measurements during
exercise and acetylene uptake measurement of cardiac output this experimental model was not
amenable to the project or the facility.
We determined that augmentation of blood volume was the most effective and safest way
to increase cardiac preload in healthy volunteers and a collaborator with Dr. David Proctor, Dr.
James Pawelczyk, had previously published investigations doing so via rapid saline infusion (250,
251). Approval was granted in 2006 to deliver 15mL/kg of saline to volunteers to increase their
blood volume. Leg blood flow (femoral vein thermodilution), cardiac output (acetylene uptake
and Doppler), cardiac function (Doppler) would all be measured as well as central venous
pressure (peripherally inserted central catheter, PICC line). We found that we could successfully
increase cardiac output and leg blood flow during upright cycling exercise. In our first pilot
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subject, an older male, an infused volume of ~12.5 mL/kg increased his resting cardiac output by
0.8 L/min and by 1.85 L/min at 65% of his previously-determined peak workload. However,
saline has a relatively short residence time in the vascular space the fluid volume needed to be
delivered as quickly as possible and it was found a reasonable „steady state‟ blood volume
expansion could not be reached that would allow us to make repeat measurements at multiple
workloads as cardiac output only remained elevated for 2-3 minutes after infusion was stopped
(Fig 3). Similar results were found in two subsequent young male volunteers when a similar
saline load was given. Cardiac output was initially augmented and that increase disappeared
within minutes of cessation of the infusion. Additionally, central venous pressure did not exceed
our predetermined cutoff of 3mmHg above supine values during seated exercise in these two
young men.

Review of longer acting blood volume expansion agents than crystalloid:

Dextran/Macrodex
Dextrans are polysaccharides that were first introduced into clinical practice in 1947
(252). Because of their relative safety and the duration of their effect on plasma volume Dextrans
have been safely used to expand blood volume in many human studies (253-257). They can be
made from 1KDa to 70+KDa molecular weight but the most popular are Dextran-40 and Dextran70, both of which are commonly referred to a “clinical Dextrans”, yet all Dextran solutions are
polydisperse and therefore contain a preponderance of the molecule size under which the solution
is marketed while also containing significant amounts of polysaccharide both larger and smaller
than the labeled size. Dextran-40 has been shown to increase microvascular blood flow and have
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some mild anticoagulant properties (detailed below), and it is hypothesized that Dextran-70 may
not have effects on microvascular flow to the same degree.
The mechanism by which Dextran may inhibit clotting is still unclear and may not be
evident when Dextran is added to blood in vitro (258, 259). Specifically, when diluting human
blood in a 10:4 ratio with Dextran-40 Petroianu et al saw no effect on plasma coagulant factors
beyond that observed in isotonic saline controls due to simple hemodilution (259). During a 1:9
dilution with Dextran-70 Aberg et al saw a transient depression in factor VIII-related antigen and
therefore concluded, as have others, that Dextran‟s anticoagulant effects mimic von Willebrand‟s
disease (258, 260).
One potential confounding factor in interpreting the anticoagulant effects of Dextran is
the tonicity of the saline vehicle with which it is infused. Many of the studies occurring in the
1960s and 1970s demonstrating an anticoagulant effect of Dextran solutions may have been using
a hypertonic saline vehicle as this has generally been regarded as an effective treatment for
hypovolemic shock and burns (261-264). It has been shown that with large dilutions (1:10 or 1:5)
hypertonic saline: blood may interfere with prothrombin time, activated partial thromboplastin
time and platelet aggregation, indicating effects on the clotting cascade (265). Similar results
have been shown with hypertonic saline bearing Dextran-70 (266).
Basic science research into mechanisms of muscle blood flow regulation/limitation and
aging, such as this dissertation, should clearly avoid use of hypertonic saline as a vehicle for
Dextran administation. This is because hyperosmotic dilation has been observed in the systemic
and pulmonary vessels of patients given hypertonic saline (267, 268) and this would confound
interpretation of active muscle blood flow alterations due to cardiac output manipulations.
Further, use of hyperosmotic saline may cause significant changes in cardiac function due to
increased afterload and decreased preload consequent to this hyperosmotic vasodilation. Finally,
it has been hypothesized that low molecular weight Dextrans (~40 KDa) may improve capillary
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blood flow by inhibiting rouleaux formation among red blood cells and therefore reducing small
vessel viscosity, an effect thought to be less prevalent with Dextrans >60 KDa (269). Some data
do exist suggesting high molecular weight Dextrans exhibit similar increases in capillary flow
(270) and therefore this effect may be due to hemodilution and volume-dependent increases in
cardiac output rather than a Dextran-specific mechanism (271). This would suggest working limb
and/or muscle blood flow increases that may be observed during volume expansion in healthy
adults could be interpreted similar to those observed during volume loading with saline and
therefore attributed to effects on the myocardium rather than rheological effects within the
microvasculature.
The duration of volume expansion with Dextran is relatively short as it is eliminated
within a few days. The excretion half-life of Dextran-1 is only approximately 2 hours and that for
Dextra70 is approximately 48 hours (272). Previous data indicate that the duration of plasma
volume expansion due to Dextran-70 administration is close to that of albumin and persists for at
least 4 hours (273). Further, 4 and 24 hours after infusion 68% and 47%, respectively, off high
molecular weight Dextran remains in the plasma (274).

Albumin
Albumin originates from the liver and is responsible for roughly 70% of the plasma
colloidal oncotic pressure (275). It is distributed in nearly equal parts between the intravascular
and interstitial space, with mobilization from the interstitium to the vasculature when depleted
(271).
Human serum albumin has been used repeatedly to study the effects of blood volume
expansion during exercise and other interventions (276, 277). It has proven a safe and effective
way to augment blood volume over a longer time course than saline infusion and is, in fact, one
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of the primary mechanisms of the naturally-occurring blood volume expansion in response to
prolonged exercise and chronic training (278-280). One gram of albumin increases plasma
volume by about 18mL (271). The half-life of albumin is 16 hours and about 90% of the
administered dose remains in the plasma for the first two hours (275). The elevated blood
volume from albumin infusion does persist longer than the transient results of saline volume
loading, plasma volume and protein content have been shown to return to normal 24 hours after
albumin infusion sufficient to produce an ~6% increase in plasma volume (Haskell 1998). With
respect to central venous pressure (CVP), an albumin infusion equivalent to 8mL/kg of body
weight produced only a 1.5mmHg increase in resting, supine CVP (281). Finally, what little data
exists for albumin metabolism in elderly women and men suggests there is less total interstitial
and intravascular albumin content in aged populations but no statistical differences in their ability
to catabolize and clear albumin as compared to young men (282).
Taken together, the above results suggest human serum albumin is a safe and effective
method for augmenting blood volume with a time course that allows graded exercise protocols to
be carried out entirely in the volume-expanded state rather than the transient increases at specific
workloads that can be achieved with saline volume loading. Further, this volume loading has
been done repeatedly in healthy young subjects during exercise without significant exacerbation
of dyspnea, even when doing so in a high altitude environment (257). Finally, the volume
expansion resolves within 24 hours and there is no reason to suspect the time to resolution to be
longer in aged women or men.
There are data indicating that isovolumic hemodilution with albumin, which is generally
regarded as posing less anticoagulant risk than other volume expanding agents such as Dextran
(below), may in fact inhibit thrombosis in vivo to the same or a greater degree (283). When the
femoral veins of Wistar rats were anastomosed and partially ligated for 48 hours, isovolumic
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hemodilution with albumin prevented thrombus formation at the anastomosis site better than
Dextran-40 treatment or prophylactic enoxaparin treatment (a common anticoagulant; (284)).

Comparative Anaphylactic Risk
Between 1969 and 2004 the United States Food and Drug Administration received 366
clinical adverse event reports concerning Dextran administration (252). Of these, 90 were
anaphylactic/ anaphylactoid events. When pretreated with Dextran-1, a low molecular weight
Dextran moiety, clinical Dextran is competitively inhibited from binding to IgG and it is believed
anaphylaxis can therefore be avoided (252, 285). However, marketing of Dextran-1 in the U.S.
has recently been discontinued and therefore may be difficult to obtain (www.ASHP.org). This
issue aside, risk of severe anaphylaxis from Dextran administration appears to be between 1:4500
and 1:84000 (252). Direct comparison between anaphylactoid risk of colloid volume substitutes
in 1975 showed that across the Europe 200,906 units of volume substitutes (roughly equal
numbers of albumin and Dextran-70) were administered resulting in 69 anaphylactoid reactions;
of these albumin produced 2 severe reactions and Dextran-70 produced 6 (286). These data
indicate that while the risk of reaction is technically higher with Dextran infusion compared to
albumin, there is little overall risk of adverse events. Further, there is no indication, and it is
likely not the case, that most of these Dextran administrations included pretreatment with
Dextran-1 to guard against anaphylactic reaction.
Initial revisions to study documentation were made to obtain approval for a hydroxyethyl
starch preparation that has been used widely and, after consultation with the Data and Safety
Monitoring Board (DSMB) overseeing the R01 grant funding the work the focus was shifted to
albumin.
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Figure 1. Distribution of cardiac output to exercising legs in older men (), younger men (),
older women (), and younger women ().

Figure 2. Effect of 1-leg MAST trouser increase in venous return on cardiac output and leg blood
flow to contralateral exercising leg.
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Figure 3. Duration of saline infusion-mediated increases in cardiac output in an older male.
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Appendix D: Informed consent documents for research studies

Informed Consent Documentation For Research
Study
The Pennsylvania State University
Study Title:

“Influence of Age on Limb Vasodilator Capacity”
IRB # 15122

Investigator:

David N. Proctor, PhD.
Department of Kinesiology and Physiology
105 Noll Physiological Research Center
Pennsylvania State University
University Park, PA 16802
(814) 863 - 0724
email: dnp3@psu.edu

Other Investigators:
Sandra L. Smithmyer
email: sls35@psu.edu
Beth Parker email bap202@psu.edu
Aaron Mishkin email adm193@psu.edu
201 Noll Physiological Research Center
(814) 863-3182
(800) 897-2417
This is to certify that I,
have
been
given the following information with respect to my participation as a volunteer in a
program of investigation under the supervision of Dr. David Proctor, Associate
Professor of Kinesiology.
1. Purpose of the Study:
The purpose of this study is to determine if aging impairs blood vessel function in
the arms or legs. Volunteers will be healthy women who are taking no medications that
significantly alter the function of the heart or blood vessels and who are not currently
involved in a vigorous exercise program. Pre-menopausal women cannot currently be
taking birth control medication. Post-menopausal volunteers must either a.)not currently
be taking any form of hormone replacement therapy (i.e.: for the last 12 months) or b.)
must have a recent history of taking estrogen only hormone replacement (i.e.: for at least
12 months.) We are planning to study volunteers ranging from 20 to 80 years of age (14
women per decade).
2.

Procedures to be followed:
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If you agree to be a subject in this research, you will be asked to complete
several tests which include a physical examination, laboratory assessments of your
cardiovascular health and fitness, body composition (how much fat and muscle you
have), handgrip and calf strength, and resting and peak (post-exercise) limb blood flow.
First, you will be asked to perform several screening procedures outlined below. If you
meet the eligibility requirements, you will then be asked to return for three additional
visits. The major purpose of these three visits is to measure the maximal blood flow
through the vessels in your forearm (measured at the elbow) and your calf (measured
behind your knee), in response to forearm and calf exercise. The procedures for all
visits will be explained below.
Screening Procedures:
Medical History Questionnaire: You will be asked to fill out a form about your
medical history (i.e. major injuries, illnesses, etc.).
Physical Activity Questionnaire: You will be asked to fill out a form about your
daily/weekly physical activity (i.e. walking, running, lifting, yard work, etc.)
Blood and Urine Analysis: You will be asked to provide a small sample of your
blood (approximately 2 Tablespoons) during your screening visit. Blood will be drawn
from your arm using a needle. Pre-menopausal women will have a urine pregnancy test
done prior to the graded exercise test and DEXA scan. (A positive pregnancy test would
exclude you from this study.)
Physical Examination: A clinician at the General Clinical Research Center
(GCRC) will review your medical history and conduct a physical examination.
Graded Exercise Test: You will be asked to perform an exercise test on a
research stationary bicycle to assess your cardiovascular fitness and to rule out any
blood pressure or heart abnormalities. During this test, the tension on the pedals will
gradually increase every minute until you reach maximal effort. For those of you 50
years and older, your heart will be continuously monitored via a 12 lead EKG (electrical
tracing of your heart’s activity). For those of you under 50 years of age, your heart rate
will be monitored using a Polar Heart Monitor. Ratings of perceived effort and your
blood pressure will be recorded each minute. You will also be asked to wear a mouth
piece and a nose clip during this test so that your expired air can be measured. This test
will be excluded for those of you who have performed one within the past year for our
lab.
Testing Procedures:
Body Composition Test: Your body composition (% fat, muscle, and bone) will
be estimated during this study using a Dual-Energy X-Ray Absorptiometry (DEXA) test.
This whole body scan requires that you lie flat on a padded table without moving for
approximately 10 minutes while an X-ray scanner moves over your body. If you have
recently (within the last 6 months) had a DEXA scan while participating in the Coefficient
of Variation for DEXA study (# 151), Macronutrient study (# 137), or the Bioenergetics
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study (# 105), we may be able to use the data from that scan if you provide your
permission. If applicable please check one of the following statements.
_____Yes, I give my permission for my DXA scan results to be shared with Dr.
Proctor’s research team.
____ No, I do not give my permission for my DXA scan results to be shared with Dr.
Proctor’s research team.
Vascular Profiling: The health of your blood vessels will be assessed using the
VP2000. This device measures the blood pressures at your ankles and arms. In
addition, it will measure the time it takes for a pulse of blood to travel from your heart to
your neck and legs. You will be asked to lie still on a bed with blood pressure cuffs
placed on you arms and ankles. Sensors are then applied to your chest, wrists, neck
and upper thigh. Measurements are then taken over a period of less than 2 minutes.
Resting Blood Vessel Diameter and Velocity Test: The resting size of a blood
vessel in your arm (at your elbow) and leg (behind your knee) will be measured using an
Ultrasound probe (pencil-like device) placed firmly against your skin. We will also record
the pulse wave velocity of your blood flow at the same time. This procedure requires that
you lie flat on a padded table without moving for approximately 10 minutes.
Resting Limb Blood Flow Test: Venous Occlusion Plethysmography (VOP) will
be used to determine your resting forearm and calf blood flow. VOP is based on
measuring the volume (size) of your limb segment when blood going away from your
limb is temporarily stopped, but blood going into your limb continues. The rate of limb
swelling is proportional to the rate of blood flow. A pressure cuff (similar to a blood
pressure cuff) will be placed around your upper arm and thigh. Similar cuffs will also be
placed around your wrist and ankle. These pressure cuffs will be used to stop the flow
of blood. A mercury-in-silastic gauge (strain gauge) is placed around the widest portion
of the limb segment (forearm and calf). This strain gauge is used to sense the volume
change in the limb. This procedure requires that you lie flat on a padded table without
moving for approximately 10 minutes.
Resting Calf Compliance Test: A blood pressure cuff will be placed around you
upper arm. A mercury-in-silastic gauge (strain gauge) is placed around the widest
portion of the calf. This strain gauge is used to sense the volume change in the limb. A
strap with a blood pressure sensor will be placed around your foot to measure pressure
in your foot. This procedure requires that you lie flat on a padded table without moving
for approximately 10 minutes.
Peak Limb Blood Flow Test: VOP will also be used to measure a peak blood
flow from your forearm and calf. For this test, blood flow to and from your limb will be
stopped for approximately 10 minutes. You will be asked to lie still on a padded table.
Immediately following the 10 minutes, blood flow measurements will be made for
approximately six minutes. Protocol #1 involves the forearm. Protocol #2 involves the
calf.
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Peak Blood Vessel Diameter and Velocity Test: For this test, blood flow to and
from your arm and leg will be stopped for approximately 5 minutes by inflating a blood
pressure cuff around your forearm or calf. This is a different site than before, when the
cuff was inflated around the upper arm or upper leg. You will be asked to lie still on a
padded table. Immediately following the 5 minute occlusion, an ultrasound probe will be
placed at your elbow and knee to measure your blood vessel diameter and pulse wave
velocity of blood flow.
Peak Calf Compliance Test: For this test, blood flow to and from your limb will be
stopped for approximately 5 minutes by inflating a cuff (similar to a blood pressure cuff)
around your upper leg. You will be asked to lie still on a padded table. Immediately
following the 5 minutes, compliance measurements (same as resting) will be taken.
Strength Testing: You will be asked to perform tests to measure the strength of
your forearm and calf muscles. Forearm strength will be determined by having you
squeeze a hand grip device as hard as you can. Calf strength will be determined by
having you press your foot against a pedal as hard as you can. These tests will be
performed three times during one of your visits.
Anthropometric Testing: Your arm and leg dimensions will be determined by
measuring your segment perimeters, width, and skinfold.
3.

Discomfort and Risk:

Resting Blood Sample: The risk associated with single blood samples obtained
with a needle and syringe may include one or all of the following: local discomfort at the
puncture site, occasional dizziness and nausea, and bruising. Thrombosis (blood clots
attached to walls of a blood vessel), embolism (blood clot in the circulation), and
infections are very rare but are also potential risks. The risks will be minimized or
eliminated by having only trained medical personnel from the GCRC who use sterile
techniques to draw blood. Additionally, trained assistants will monitor you while blood is
being obtained in a lying down position. All blood samples will be taken in the laboratory
or clinic under sterile conditions using “one-time use” needles and containers. Proper
procedures will be followed for the protection and safety of those individuals taking
blood, and for the disposal of biohazardous waste.
Urine Sample: There are no known risks associated with the self collection of
one’s urine. You will be given screw top, air tight vials in which to store your urine.
Graded Exercise Testing: There is discomfort associated with graded exercise
testing to maximum effort, including temporary muscle fatigue and shortness of breath.
These feelings go away very quickly after exercise is stopped. It is possible that you
may also experience lightheadedness, chest discomfort, cramping in the legs, irregular
heart beats, and irregular blood pressures during this test. The risk of life-threatening
problems (such as a heart attack) is very rare (1 in 2500 tests). Other potential risks,
including fainting, nausea, muscle strain, and muscle soreness, will be minimized by
proper warm-up, familiarization procedures, and cool-down. A research assistant will
closely watch you throughout exercise and recovery.
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Every attempt will be made to reduce the risk associated with exercise testing by
using proper medical screening procedures. Pre-exercise screening will be done
according to the guidelines of the American College of Sports Medicine (ACSM). A
review of your medical history, as well as a physical exam with a resting 12 lead EKG
will be conducted by a GCRC clinician prior to the graded exercise test. Proper
procedures for stopping the test will be observed should you become lightheaded or
faint. Should an emergency situation occur, access to further medical care at the GCRC
or Mount Nittany Medical Center is available via a telephone located in the testing
laboratory. Overall, the risks of this exercise test are minimal and probably less than if
you were to exercise outside of a medical facility by yourself.
Body Composition Test: The DXA bone density procedure exposes an individual
to a small amount of radiation where the x-ray beam crosses the body. The radiation
involved is equivalent to a whole body radiation dose of approximately 1.5 mrem
(millirem). A mrem is a unit of whole-body radiation dose. For comparison purposes,
1.5 mrem is less than you would receive from a routine chest x-ray, or from cosmic rays
during a coast-to-coast flight, or from 5 days worth of natural background radiation in
central Pennsylvania.
Vascular Profiling: The risks of this vascular stiffness test are similar to that of
taking blood pressure and an ECG. There may be minor discomfort when the cuffs are
inflated.
Resting Blood Vessel Diameter Test: The risk of resting blood vessel diameter
testing using Ultrasound is minimal. You may experience minor redness at the point
were the Ultrasound probe is pressed against your skin. This redness is due to the
pressure on your skin from the probe. The redness is temporary and quickly goes away.
Resting Limb Blood Flow Test: The risk involved with resting limb blood flow
testing is minor. There may be slight bruising from the wrist and ankle cuffs. In addition,
there may be minor discomfort when the cuffs are inflated. This discomfort includes
tingling and numbness (hand or foot falling asleep).
Resting Calf Compliance Test: The risks involved with resting calf compliance
are minimal. There may be slight discomfort/redness at the site where the blood
pressure monitor rests on the surface of the foot. In addition, there may be minor
discomfort when the arm blood pressure cuff is inflated.
Peak Limb Blood Flow Test: The risks associated with peak limb blood flow
testing include slight bruising, tingling and numbness, moderately elevated blood
pressure, minor elevation of heart rate, and discomfort from the cuff pressure. The
discomfort caused by the cuff pressure quickly goes away immediately after the test.
Women on estrogen replacement therapy have an increased risk of developing blood
clots and occlusion of arm or leg blood flow may increase this risk. However, to our
knowledge, there have been no actual cases of blood clots reported in studies involving
blood flow occlusion.
Peak Blood Vessel Diameter Test: The risks associated with peak blood vessel
diameter testing include small bruising, tingling and numbness, moderate rise in blood
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pressure, minor rise of heart rate, and discomfort from the cuff pressure. The discomfort
caused by the cuff pressure goes away immediately after the test. In addition, minor
redness may occur on your skin at the point where the probe is placed.
Peak Calf Compliance Test: The risks associated with peak calf compliance
testing include slight bruising, tingling and numbness, moderately elevated blood
pressure, minor elevation of heart rate, and discomfort from the cuff pressure. The
discomfort caused by the cuff pressure quickly goes away immediately after the test.
Women on estrogen replacement therapy have an increased risk of developing blood
clots and occlusion of arm or leg blood flow may increase this risk. However, to our
knowledge, there have been no actual cases of blood clots reported in studies involving
blood flow occlusion. Additionally, there may be slight discomfort/redness at the site
where the blood pressure monitor rests on the surface of the foot.
Strength Testing: There is minimal risk involved with strength testing. You may
experience cramping, tightness, or temporary weakness in the muscles required for the
test. Additionally, muscle strains or delayed muscle soreness (24 – 48 hours after
testing) may occur. To reduce these risks, warm-up and stretching will be done prior to
testing. All procedures will be demonstrated prior to testing.
Anthropometric Testing: There is no risk associated with limb segment
measurements. The measurements are not different to those used by a tailor when
measuring somebody for a suit or dress etc.
Abnormal Test Results: In the event that abnormal test results are obtained,
either during the initial screening tests or during the bike exercise test, you will be
apprised of the results and recommended to contact your medical provider for follow-up.
Stopping the Test: If you should feel that you cannot continue a test, you may
stop the experiment at any time. It will be considered an uncompleted test.
Injury Clause:
I,
understand that medical care is
available in the event of injury from the research but that neither financial compensation
nor free medical treatment is provided. I also understand that I am not waiving any
rights that I may have against Pennsylvania State University for injury from negligence of
the University or investigators.
4.

Benefits:

a.
To You: Although there are no clinical (i.e. treatment) benefits associated
with participating in these studies, you will receive a complete report of your results on
the tests and procedures, and an explanation of the meaningfulness of these results.
You will receive a wealth of information regarding your overall health and fitness, and
how you compare to others in your age group.
b.
To Society: The ability to exercise declines with age. The results of
these studies will tell us whether altered blood vessel structure or function is, in part,
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responsible for this. By participating in this research, you will help increase the
knowledge of how aging and estrogen affect the flow of blood in women.
5.

Time and Duration of the Study:

Your involvement in this study will require a series of screening tests to
determine your eligibility. This will be followed by 3 visits that involve blood vessel
diameter and blood flow testing. The first is a screening visit to determine your eligibility.
The last three will be the blood vessel diameter and blood flow measurement testing.
Each visit will last approximately 2 hours. Scheduling of these visits will depend on your
availability. All visits can be completed within 4 weeks or less.

Screening
Visits

Experimental Test Visit
Visit #1

 Medical History  Body Composition /
Vascular Profiling
 Blood Draw
 Forearm Strength
 Physical Exam Test
 Bike Test (if
age 45 or older,
this will take
place on a
different day)

6.

 Resting and Peak
Blood Flow (forearm
& calf)

Visit #2
 Vascular Profiling
 Forearm Strength
Test
 Resting and Peak
Blood Flow (forearm
& calf)

Visit #3
 Resting and
Peak Arterial
Diameter and
Velocity (forearm &
calf)
 Calf Strength
Test
 Resting and
Peak Calf
Compliance

Statement of Confidentiality:

All records associated with your participation in the study will be subject to the
usual confidentiality standards similar to medical records (e.g., such as records
maintained by physicians, hospitals, etc.) and in the event of any publication resulting
from the research, no personally identifiable information will be disclosed. The Office for
Research protections and the Biomedical Institutional Review Board (IRB) may review
records related to this project
Throughout the study, a number randomly assigned to you will be used as an
identifier for all forms, records and data compiled. Consistent with the conduct of human
research studies, the data will not be available to anyone outside of the experimental
research team.
7.

Rights to Ask Questions:

Feel free to contact the person below at any time if you have questions regarding
your participation in this study. You may ask any questions about the research
procedures, and these questions will be answered. All questions should be directed to
the person below. He may be contacted at any time about the nature, conduct, or a
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problem with the study. The Office for Research Protections can be contacted at 201
Kern Building, University Park, PA 16802 or by calling (814) - 865 - 1775 with regards to
questions about the rights of research participants. In the event of a research-related
emergency, you may contact the GCRC medical staff (7AM – 5PM) at (814) - 865 7103.
David N. Proctor, PhD
Department of Kinesiology and Physiology
105 Noll Physiological Research Center
Pennsylvania State University
University Park, PA 16802
Work: (814) - 863 – 0724
email: dnp3@psu.edu
I,
have been given an opportunity to ask
any questions I may have, and all such questions or inquiries have been answered
to my satisfaction.
8.

Compensation:

The cost of all tests and procedures directly related to participation in this study
will be paid for by the study. You will be paid $25 dollars for completing each of the
three blood vessel diameter and blood flow measurement testing visits. No payment will
be made for the screening visit. If you need to withdraw from the study before all tests
are completed, you will be paid only for the test you completed. These payments
compensate you for the inconvenience and time associated with participating in this
study. If you live out of town (>30 miles driving distance from State College), we will pay
for any travel expense incurred or provide transportation if needed.
If you are an employee of Pennsylvania State University, the compensation you
receive for participation will be treated as taxable income and therefore taxes will be
taken from the total amount. If you are not employed by Pennsylvania State University,
total payments within one calendar year that exceed $600 will require the University to
annually report these payments to the IRS. This may require you to claim the
compensation that you receive for participation in this study as taxable income.
9.

Voluntary Participation:

I,
understand that my participation in this
study is voluntary, and that I may withdraw from this study at any time by
notifying the investigator. My withdrawal from this study or my refusal to
participate will in no way affect my care or access to medical services. I can
decline to answer specific questions.
You must be 18 years of age or older to consent to participate in this research
study. If you consent to participate in this research study and to the terms above, please
sign your name and indicate the date below.
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You will be given a copy of this consent form to keep for your records.
This is to certify that I,
, consent to
give permission for my participation as a volunteer in this program of
investigation. I understand that I will receive a signed copy of this consent form. I
have read this form, and understand the content of this consent form.
I,
, have defined and explained the
procedures and protocols of the study to the above volunteer.

Volunteer:

Investigator:

Date:

Date:
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Informed Consent Documentation For Research
Study
The Pennsylvania State University
Study Title: Age, Sex and the Balance between Cardiac Output and
Muscle Blood Flow in Exercising Humans: Protocol 1

Investigator:

Samuel Ridout
IGDP Physiology
201 Noll Physiological Research Center
Pennsylvania State University
University Park, PA 16802
(814) 863 - 3182
e-mail: sjr210@psu.edu

Other Investigators:
David Proctor, PhD
e-mail: dnp3@psu.edu
Sandra L. Smithmyer
e-mail: sls35@psu.edu
James Pawelczyk
e-mail: jap18@psu.edu
Beth Parker
e-mail: bap202@psu.edu
Urs Leuenberger
e-mail: ual1@psu.edu
This is to certify that I,
have
been
given the following information with respect to my participation as a volunteer in a
program of investigation under the supervision of Dr. David Proctor, Associate
Professor of Kinesiology and Medicine.
1.

Purpose of the Study:

Maximal exercise capacity declines and blood pressure during a given
submaximal workload increases with advancing age. These changes may be due in part
to a reduced capacity of the aged heart to pump blood, age-related changes in the ability
of leg blood vessels to receive blood, or both. The purpose of this study is to determine
if healthy aging alters the balance between the blood pumping capacity of the heart and
the flow receiving capacity of the leg muscles. A secondary goal is to determine if aging
affects this balance differently in women vs. men. We are planning to study young (ages
20-32) men and women and older (ages 60-79) men and women who are normally
active.
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2.

Time and Duration of the Study:

Your involvement in this study will require a series of study visits. The first is a
screening visit to determine your eligibility (1 hour). The second is another screening
visit consisting of a physical exam by a medical staff member and a graded exercise test
visit to assess your cardiovascular fitness and maximal amount of blood your heart
pumps when you are working your hardest (2 hours). The third is the study visit to
measure leg blood flow responses in your leg during graded single-knee kicking exercise
(2 hours). The final visit, which will only be conducted in a subset of subjects, will
be identical to the second visit, in which you performed a graded treadmill exercise or
“stress” test in our lab. Please note that for the first screening visit, you must avoid all
food and drink except for water for 12 hours prior to the visit. For the study visits, you
must avoid caffeine, alcohol, and certain medications for 12 hours prior to all study visits.
Scheduling of these visits will depend on your availability. All visits can be completed
within 4 weeks or less. The details of each visit are described below:
Screening Visit:
 During this visit, you will fill out your informed consent as well as a health
screening form, admission form, release of information form, and physical activity
questionnaire. You will receive a copy of your informed consent.
 Following completion of this paperwork, you will provide a blood sample and
have a resting ECG (electrocardiogram) and vascular measurement (VP2000) done.
Study Visit 1:
 Pregnancy test for younger female subjects (you will be excluded from the
study if the result is positive)
 Physical Exam: A clinician will conduct a physical examination and review
your medical history.
 Doppler assessment of quadriceps muscle volume
 Graded Exercise Test: You will perform an exercise test on a treadmill to
determine peak aerobic capacity and cardiac output.
 Knee-Extensor Familiarization: You will be briefly familiarized with the kneekick machine and will practice unloaded kicking (kicking against no resistance) at the
cadence of 40 kicks/minute.
Study Visit 2:
 Pregnancy test for younger female subjects (you will be excluded from the
study if the result is positive)
 DXA (Dual X-Ray Absorptiometry) scan: We will assess your total body and
limb fat and muscle composition.
 Instrumentation: We will instrument you with a blood pressure cuff/wrist or
finger brace, EMG (muscle recruitment) electrodes, ECG (electrocardiogram), blood
pressure and heart rate.
 Graded Single-Knee Extensor Exercise Test: We will assess the blood flow
response (using Doppler ultrasound) in your non-dominant leg during single-knee
extensor exercise to maximum effort. A blood pressure cuff will be inflated around the
calf of your working leg during this test in order to measure only blood flow to the
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working quadriceps (thigh muscles). However, the test will only last 10-15 minutes so
discomfort due to the cuff will be minimal.
Study Visit 3 (subset of subjects):
 The maximal treadmill test and simultaneous cardiac output measurements
from study visit 1 will be repeated.
3.

Procedures to be followed:

If you agree to be a subject in this research, you will be asked to complete
several tests which include a physical examination, laboratory assessments of your
cardiovascular health and fitness, body composition (how much fat and muscle you
have), and resting and exercising limb blood flow. First, you will be asked to perform
several screening procedures (Screening Visit 1 as outlined above and described
below). If you meet the eligibility requirements, you will then be asked to return for a
second, third, and possible fourth visit. The major purpose of Study Visit 1 is to measure
your maximal oxygen consumption and how much blood your heart pumps when you are
working your hardest. The purpose of Study Visit 2 is to measure the leg blood flow
response to graded single-knee extensor exercise. The purpose of Study Visit 3 is to
demonstrate the reproducibility of the cardiac output measurements made in study visit
1. This visit will only be conducted in a randomly selected subset of subjects. During
your screening visit, we will inform you if you have been selected for Study Visit 3. The
procedures for all visits will be explained below.
Screening Procedures:
Medical History Questionnaire: You will be asked to fill out a form about your
medical history (i.e. major injuries, illnesses, etc.).
Physical Activity Questionnaire: You will be asked to fill out a form about your
daily/weekly physical activity (i.e. walking, running, lifting, yard work, etc.)
Blood and Urine Analysis: You will be asked to provide a small sample of your
blood (approximately 2.5 Tablespoons) during your screening visit to evaluate the
chemical profile of your blood. Blood will be drawn from your arm using a needle. Premenopausal women will have a urine pregnancy test done prior Screening Visit 2 and
Study Visit 1. (A positive pregnancy test would exclude you from this study.) You must
be fasted for this visit, which means that you should avoid all food and drink except
water for 12 hours prior to the visit.
Physical Examination: A clinician at the General Clinical Research Center
(GCRC) will review your medical history and conduct a physical examination.
Testing Procedures:
Graded Exercise Test: You will be asked to perform an exercise test on a
research treadmill to assess your cardiovascular fitness and heart’s peak pumping
capacity. During this test, the grade and/or speed of the treadmill will gradually increase
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until you reach maximal effort. Your heart will be continuously monitored via a 12 lead
ECG (electrical tracing of your heart’s activity) or Polar heart rate monitor (young
subjects only). Ratings of perceived effort and your blood pressure will be recorded
each minute. You will also be asked to wear a mouth piece and a nose clip during this
test so that your expired air can be measured. Finally, every minute a gas with the same
composition as room air with 0.7% acetylene added will be given to you for 10 breaths
from a cylinder via the mouthpiece you will already be wearing. Breathing this gas,
along with analyzing your exhaled air, allows us to measure how much blood your heart
is pumping.
Vascular Profiling: The health of your blood vessels will be assessed using the
VP2000. This device measures the blood pressures at your ankles and arms. In
addition, it will measure the time it takes for a pulse of blood to travel from your heart to
your neck and legs. You will be asked to lie still on a bed with blood pressure cuffs
placed on you arms and ankles. Sensors are then applied to your chest, wrists, neck
and upper thigh. Measurements are then taken over a period of less than 2 minutes.
Body Composition Test: Your body composition (% fat, muscle, and bone) will
be estimated during this study using a Dual-Energy X-Ray Absorptiometry (DEXA) test.
This whole body scan requires that you lie flat on a padded table without moving for
approximately 10 minutes while an X-ray scanner moves over your body. This test will
be excluded for those of you who have had one done within the past year for our lab.
Quardiceps Muscle Volume Measurement: In order to estimate the volume of
your quadriceps muscles (front of your thigh) we will briefly make measurements of the
muscle thickness at mid-thigh using an ATL 5000 Doppler Ultrasound probe placed
firmly against the skin of one leg. The Ultrasound probe is a pencil-like device that is
placed firmly against your skin and held in place for just a few seconds to record a
usable image. This will be done with you standing relaxed and bearing most of your
weight on the opposite leg. Measurements of thigh length and girth will also be made at
this time using a flexible tape measure. This will occur at the beginning of study visit 1.
Heart Rate/Blood Pressure Monitoring: Electrodes (sticky patches) will be
applied to the skin of your chest to measure your heart’s electrical activity. Blood
pressure will be measured continuously using a Colin system or, alternatively, a
manually operated cuff and stethoscope. If using an automated blood pressure
measurement device, your arm will be placed in a wrist brace for stabilization and a
sensor will be gently strapped on your wrist (Colin). The wrist sensor pushes against
your wrist periodically. A cuff will also be placed on the upper arm and will inflate
periodically. During the knee extension protocol you will be asked to keep your
dominant arm relaxed to ensure the validity of the blood pressure measurements.
Cardiac Output: During the graded exercise test of study visit 1 and while resting
during study visit 2 you will be asked to breathe in a gas mixture of specific composition.
The gas mimics room air in oxygen and carbon dioxide content but includes a small
amount (0.7%) of acetylene. You will breathe in this mixture for 10 breaths through a
mouthpiece while wearing a nose clip. During this time your exhaled air will be directed
to an analysis apparatus that can then calculate how much blood your heart is pumping
per minute (cardiac output).
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EMG: Surface electromyography (EMG) is a tool used to measure muscle activity
since it measures the voltage associated with recruitment of muscle. EMG electrodes
will be placed over your hamstrings on the active thigh during the graded knee extensor
exercise test protocol to ensure that the inactive muscles are not contracting. To prepare
you for EMG surface-electrode placement, we will shave the skin at each electrode
location and clean the site with alcohol.
Leg Blood Flow Measurements: Blood flow measurements at the femoral artery
will be made before exercise and during exercise. Femoral artery diameter and mean
blood velocity will be measured using an ATL 5000 Doppler Ultrasound probe placed
firmly against the skin of one leg. The Ultrasound probe is a pencil-like device that is
placed firmly against your skin and held in place at specific time points during Study Visit
2.
Graded Knee-Extensor Maximal Exercise Test: After your familiarization practice
at Study Visit 1 you will perform a graded exercise test to maximal exertion during Study
Visit 2. After resting measurements are taken, you will begin unloaded kicking for 3
minutes to establish baseline measurements. Then, a cuff around the calf of your
working leg will be inflated and the workload will be increased by 5-10 Watts (small
increments) every 3 minutes until exhaustion. Heart rate, blood pressure, blood flow,
arterial diameter, and EMG will be monitored during each condition. If you do not reach
peak exercise within 10-15 minutes during this activity the test will be terminated and
you will be asked to return for an additional peak knee extension exercise test.
Abstinence from Caffeine etc.: We ask that you abstain from caffeine, energy
drinks, large doses of vitamin B and over-the-counter substances that contain ephedrine
or other stimulants for 24 hours prior to each study visit as these may affect results.
4.

Discomfort and Risk:

All of the risks associated with this study are extremely unlikely and not at all
serious except for the risks associated with graded exercise testing. The risks
associated with graded exercise testing are somewhat more serious. However, we have
taken significant precautions to minimize all risks, as explained below.

Resting Blood Sample: The risk associated with single blood samples obtained
with a needle and syringe may include one or all of the following: local discomfort at the
puncture site, occasional dizziness and nausea, and bruising. Thrombosis (blood clots
attached to walls of a blood vessel), embolism (blood clot in the circulation), and
infections are very rare but are also potential risks. The risks will be minimized or
eliminated by having only trained medical personnel from the GCRC who use sterile
techniques to draw blood. All blood samples will be taken in the laboratory or clinic under
sterile conditions using “one-time use” needles and containers. Proper procedures will
be followed for the protection and safety of those individuals taking blood, and for the
disposal of biohazardous waste.
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Urine Sample: There are no known risks associated with the self collection of
one’s urine. You will be given screw top, air tight vials in which to store your urine.
Graded Exercise Testing: There is discomfort associated with graded exercise
testing to maximum effort, including temporary muscle fatigue and shortness of breath.
These feelings go away very quickly after exercise is stopped. It is possible that you
may also experience lightheadedness, chest discomfort, cramping in the legs, irregular
heart beats, and irregular blood pressures during this test. The risk of life-threatening
problems (such as a heart attack) is very rare (1 in 2500 tests). Other potential risks,
including fainting, nausea, muscle strain, and muscle soreness, will be minimized by
proper warm-up, familiarization procedures, and cool-down. A research assistant will
closely watch you throughout exercise and recovery.
Vascular Profiling: The risks of this vascular stiffness test are similar to that of
taking blood pressure and an ECG. There may be minor discomfort when the cuffs are
inflated.
Every attempt will be made to reduce the risk associated with exercise testing by
using proper medical screening procedures. Pre-exercise screening will be done
according to the guidelines of the American College of Sports Medicine (ACSM). A
review of your medical history, as well as a physical exam with a resting 12 lead ECG
will be conducted by a GCRC clinician prior to the graded exercise test. Proper
procedures for stopping the test will be observed should you become lightheaded or
faint. Should an emergency situation occur, access to further medical care at the GCRC
or Mount Nittany Medical Center is available via a telephone located in the testing
laboratory. While every precaution will be taken to screen for health issues that may be
problematic during exercise testing there is an unavoidable slight increase in the risk of
serious complications such as heart attack in older subjects. For this reason a medical
doctor (M.D.) will be present during all treadmill testing involving older subjects.
Overall, the risks of this exercise test are minimal and probably less than if you were to
exercise outside of a medical facility by yourself.
Cardiac Output Measurement: The acetylene-bearing gas you will periodically
breathe to measure cardiac output while running on the treadmill during visit(s) 1 and 3
(if selected to perform visit 3) does not have any risks associated with it.
Body Composition Test: The DXA bone density procedure exposes an individual
to a small amount of radiation where the x-ray beam crosses the body. The radiation
involved is equivalent to a whole body radiation dose of approximately 1.5 mrem
(millirem). A mrem is a unit of whole-body radiation dose. For comparison purposes,
1.5 mrem is less than you would receive from a routine chest x-ray, or from cosmic rays
during a coast-to-coast flight, or from 5 days worth of natural background radiation in
central Pennsylvania. A DXA procedure also creates risks for an unborn fetus. To
eliminate these risks, we will administer a pregnancy test prior to DXA testing. A positive
pregnancy test will exclude you from the study.
ECG: There is a minimal risk due to potential allergic reaction to adhesive on the
ECG electrodes.
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EMG: There is a minimal risk due to potential allergic reaction to adhesive on the
electrodes.
Blood pressure: The inflated arm cuff and wrist sensor may cause temporary
tingling and numbness (Colin).
Ultrasound Doppler: You may experience minor risk of redness at the point
where the ultrasound probe is pressed against the skin.
Single Knee Extensor Exercise: You may experience temporary muscle fatigue
and shortness of breath. These feelings go away very quickly after exercise is stopped.
It is possible that you may also experience cramping in the legs, muscle strain, and
muscle soreness, which will be minimized by proper warm-up, familiarization
procedures, and cool-down.
Abnormal Test Results: In the event that abnormal test results are obtained,
either during the initial screening tests or during the bike exercise test, you will be
apprised of the results and recommended to contact your medical provider for follow-up.
Stopping the Test: If you should feel that you cannot continue a test, you may
stop the experiment at any time. It will be considered an uncompleted test.

Injury Clause:
In the unlikely event you become injured as a result of your participation in this
study, medical care is available. It is the policy of this institution to provide neither
financial compensation nor free medical treatment for research-related injury. By signing
this document, you are not waiving any rights that you have against The Pennsylvania
State University for injury resulting from negligence of the University or its investigators.
5.

Benefits:

c.
To You: Although there are no clinical (i.e. treatment) benefits associated
with participating in these studies, you will receive a complete report of your results on
the tests and procedures, and an explanation of the meaningfulness of these results.
You will receive information regarding your overall health and fitness, and how you
compare to others in your age group.
d.
To Society: The ability to exercise declines with age. The results of
these studies will tell us whether altered regulation of leg muscle blood flow during
exercise is, in part, responsible for this. By participating in this research, you will help
increase the knowledge of how aging, sex and fitness status influence leg blood flow in
older adults.
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6. Statement of Confidentiality:
All records associated with your participation in the study will be subject
to the usual confidentiality standards similar to medical records (e.g., such as records
maintained by physicians, hospitals, etc.) and in the event of any publication resulting
from the research, no personally identifiable information will be disclosed. The Office of
Human Research Protections in the U.S. Department of Health and Human Services,
the U.S. Food and Drug Administration (FDA), the Office for Research Protections at
Penn State and the Biomedical Institutional Review Board (IRB) may review records
related to this project.
Throughout the study, a number randomly assigned to you will be used
as an identifier for all forms, records and data compiled. Consistent with the conduct of
human research studies, the data will not be available to anyone outside of the
experimental research team.
7.

Rights to Ask Questions:

Feel free to contact the person below at any time if you have questions
regarding your participation in this study. Also, do not hesitate to pose questions to the
investigators when you read this consent for and/or when you show up for screening.
You may ask any questions about the research procedures, and these questions will be
answered. Investigators, including the contact person below, may be contacted at any
time about the nature, conduct, or a problem with the study. The Office for Research
Protections can be contacted at 201 Kern Building, University Park, PA 16802 or by
calling (814) - 865 - 1775 with regards to questions about the rights of research
participants. In the event of a research-related emergency, you may contact the GCRC
medical staff (7AM – 5PM) at (814) - 865 - 7103. However, in an emergency requiring
immediate attention first contact 911 or your local emergency medical response unit
before attempting to call the GCRC or other study-related personnel. The Primary
Investigator (Samuel Ridout) can also be reached 24-hours a day at 717-364-8669 to
report a research-related injury.
David N. Proctor, PhD
Department of Kinesiology
105 Noll Laboratory
Pennsylvania State University
University Park, PA 16802
Work: (814) - 863 – 0724
email: dnp3@psu.edu
I,
have been given an opportunity to ask
any questions I may have, and all such questions or inquiries have been answered
to my satisfaction.
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10.

Compensation:

The cost of all tests and procedures directly related to participation in this study
will be paid for by the study. You will be paid $30, $60 or $90 dollars for completing this
study ($30 for Study Visit 1, $30 for Study Visit 2, and $30 for Study Visit 3 if you are
selected to perform Study Visit 3). If you need to withdraw from the study before all tests
are completed, you will be paid only for the tests you have completed (for example, if
you arrive for Study Visit 1 and withdraw during that visit you will be paid $30). These
payments compensate you for the inconvenience and time associated with participating
in this study. If you live out of town (>30 miles driving distance from State College), we
will pay for any travel expense incurred at the standard per-mile rate set for Penn State
University (usually around $0.40/mile).
Total payments within one calendar year that exceed $600 will require the
University to annually report these payments to the IRS. This may require you to claim
the compensation that you receive for participation in this study as taxable income.
11.

Voluntary Participation:

I,
understand that my participation in this
study is voluntary, and that I may withdraw from this study at any time by
notifying the investigator. My withdrawal from this study or my refusal to
participate will in no way affect my care or access to medical services. I can
decline to answer specific questions.
You must be 18 years of age or older to consent to participate in this research
study. If you consent to participate in this research study and to the terms above, please
sign your name and indicate the date below.
You will be given a copy of this consent form to keep for your records.
This is to certify that I,
, consent to
give permission for my participation as a volunteer in this program of
investigation. I understand that I may be randomly selected to return for an
additional study visit as specified above. I understand that I will receive a signed
and dated copy of this consent form. I have read this form, and understand the
content of this consent form.
I,
, have defined and explained the
procedures and protocols of the study to the above volunteer.

Volunteer:
Investigator:

Date:
Date:
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Addendum to Informed Consent Documentation For
Research Study
The Pennsylvania State University
Study Title: Age, Sex and the Balance between Cardiac Output and
Muscle Blood Flow in Exercising Humans: Protocol 1

Investigator:

Samuel Ridout
IGDP Physiology
201 Noll Physiological Research Center
Pennsylvania State University
University Park, PA 16802
(814) 863 - 3182
e-mail: sjr210@psu.edu

Other Investigators:
David Proctor, PhD
e-mail: dnp3@psu.edu
Sandra L. Smithmyer
e-mail: sls35@psu.edu
James Pawelczyk
e-mail: jap18@psu.edu
Beth Parker
e-mail: bap202@psu.edu
Urs Leuenberger
e-mail: ual1@psu.edu
This consent form addendum gives you additional information about this
research, which will be discussed with you. This addendum may contain words or
procedures that you do not understand. You are urged to ask questions about
anything that is unclear to you. You will receive a copy of the signed and dated
consent form addendum to keep.
Since you signed the original consent form for this study the following
additional procedure has been added.

Vascular Profiling: The health of your blood vessels will be assessed using the
VP2000. This device measures the blood pressures at your ankles and arms. In
addition, it will measure the time it takes for a pulse of blood to travel from your heart to
your neck and legs. You will be asked to lie still on a bed with blood pressure cuffs
placed on you arms and ankles. Sensors are then applied to your chest, wrists, neck
and upper thigh. Measurements are then taken over a period of less than 2 minutes.
This can be done during any of the visits involved with this study.
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The risks of this vascular stiffness test are similar to that of taking blood pressure
and an ECG. There may be minor discomfort when the cuffs are inflated.
The other sections of the original consent form you signed are still applicable,
including the potential benefits and risks. If you would like, the information in the original
consent form may be reviewed with you.
Your continued participation in this research is voluntary. You may refuse to
continue in the study, now or any time in the future. If you decide to stop taking part in
the research now or at a later date, there will be no penalty or loss of benefits to which
you are entitled and your other data will still be usable and relevant for this study.

Signature and Consent to be in the Research
Participant: Your signature below means that you have read the above new
information about this research study and have asked the questions you currently have
about the research. By signing this consent form, you indicate that you are voluntarily
choosing to continue taking part in this research and have had the opportunity to ask
questions and those questions have been answered.
__________________________
_______________

__________ ______

Signature of Participant

Date

Time

Printed Name

Person explaining research: Your signature below means that you have
explained the new information about the research to the participant/participant
representative and have answered any questions he/she has about the research.
______________________________

_________ ______

__________
Signature of person who explained this research*
Name

Date

Time

Printed
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CONSENT FOR RESEARCH
The Milton S. Hershey Medical Center

Title of Project: Cardiac output in younger and older women and men: Effects
of acute plasma volume expansion.
Principal Investigator: Urs A. Leuenberger, MD
Other Investigators: David Proctor PhD, James Pawelczyk PhD, Sam Ridout BS,
Jessica Mast BSN, Cheryl Blaha BSN, Patrick McQuillan MD, and Lawrence Sinoway MD.
Participant’s Printed Name: _____________________________
This is a research study. Research studies include only people who
voluntarily choose to take part. This consent form gives you information about this
research, which will be discussed with you. This consent form may contain words or
procedures that you do not understand. You are urged to ask questions about anything
that is unclear to you. Discuss it with your family and friends and take your time to make
your decision. You will receive a copy of the signed and dated consent form to keep.
1. Purpose of the Research:

The overall goal of our research is to determine how aging affects muscle
blood flow during exercise. The purpose of this particular study is to determine
the effects of temporary expansion of blood volume on heart function and
exercising muscle perfusion.
You are being offered the opportunity to take part in this research
because you are a healthy volunteer of the appropriate age range. Approximately 60
people are expected to participate in this study. All studies are expected to take place at
the Hershey Medical Center.
2. Procedures to be Followed:
The study population will consist of approximately 60 healthy women and men
between 20-30 and 60-75 years old (15 subjects per group).
Screening Procedures:
Medical History Questionnaire: You will be asked to answer questions during a
telephone interview about your health and medical history (i.e. major injuries, illnesses, etc).
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By answering these questions, you will be giving your consent to allow us to use and retain
this information. If you are not interested in future studies, your information will be
destroyed at the end of this study or at any future time when you request destruction.
However, this information will not be disclosed to anyone outside of the Hershey Medical
Center.
Screening Tests: Medical personnel at the General Clinical Research Center
(GCRC) will review your medical history, conduct a brief physical examination, and
measure your height and weight. You will also have a blood sample (about a tablespoon)
collected from an arm vein with a needle to determine the oxygen carrying capacity
(hemoglobin level) of your blood. Additionally, you will be asked to breathe a few times into
a specialized machine that measures lung function. Older volunteers who meet eligibility
criteria based on the above exams will then be asked to come in to the Cardiovascular
Center (1st floor of the Hershey Medical Center) to undergo a routine stress
echocardiogram procedure (stress echo). This one-hour procedure involves taking pictures
of your heart before and after walking on the treadmill until you are tired. The primary
purpose of this procedure is to confirm that the structure and function of your heart is within
normal limits for your age. The pictures are obtained by placing an ultrasound probe
(microphone like device) against the left side of your chest, while you are lying down on a
table. The results of this test will become a permanent part of your medical record. You
will not receive a copy of your results.
If the structure and function of your heart are not within normal limits for your age, or
if you have an abnormal response to the treadmill exercise (e.g., elevated blood pressure),
you will be disqualified from the study. In the event of an abnormal test result, Dr.
Leuenberger will discuss this information with you and send the results to your regular
physician (with your permission).
If you are still eligible to continue in the study after the screening tests you will be
asked to report to the Hershey Medical Center for two study visits (a subset of
volunteers will be asked to perform a third visit). The procedures for these visits are
outlined below.
Visit #1:
This visit will last approximately 1.5 hours. The purpose of this visit is to
familiarize you with the stationary exercise bike and measurement procedures that will
occur during your second visit, and to determine your peak oxygen consumption while
cycling. First, you will be asked to exercise on the bike at a light workload (40 watts) for
approximately 15 minutes while we monitor your heart rate, blood pressure, and
breathing effort using a 10-point breathing sensation scale. At the end of this first
exercise bout you will rest quietly in a chair for approximately 15 to 20 minutes. You will
then be asked to perform a graded exercise test to maximal effort. During this exercise
bout, the tension on the pedals will gradually increase every minute until you can no longer
pedal at the required speed (60 revolutions per minute) or until you feel it necessary to
stop. This second exercise bout normally lasts about 10 to 15 minutes. Your heart will be
continuously monitored with a 12 lead ECG (tracing of your heart’s electrical activity). Your
blood pressure will be monitored regularly with an arm cuff during the test, and you will be
asked to point to a number chart to indicate how hard you are working. You will also be
asked to wear a mouthpiece and a nose clip during this test so that your exhaled air and
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oxygen consumption can be measured. Additionally, you may intermittently (one 30second long measurement every few minutes) breathe a special gas that contains the
same amount of oxygen as room air and a small amount of a tracer gas (0.7% acetylene)
that is odorless and tasteless but allows us to measure how much blood your heart is
pumping per minute during the exercise. Finally, a pencil-like pressure sensor (radial
tonometer/Sphygmocor machine) may be held over an artery in your wrist to record the
pressure waves in the artery caused by your heartbeat.
Visit #2:
The primary purpose of this visit is, first, to measure the blood flow
through your heart (cardiac output) while you exercise on the stationary bike and
second, to determine if temporarily expanding the amount of blood in your body (~10%)
increases your heart pumping strength and muscle utilization of oxygen while you
exercise. Your blood volume will be rapidly expanded by pumping a sterile, warm saltwater solution (saline) into a flexible catheter (soft plastic tube) inserted into an arm vein.
This saline solution will also contain a known quantity of a protein molecule (Albumin, a
common protein in human blood) that will allow the fluid volume to remain in your blood
stream longer so that your blood volume will remain elevated and stable throughout the
study period. Overall, this visit will involve 1) placement of 1 arm vein catheter, 2)
baseline resting measurements of your heart function, blood flow and blood pressure, 3)
two bouts of upright stationary bike exercise (one bout with your normal blood volume
and a second bout with an expanded blood volume), separated by a 60 minute rest
period, 4) a recovery period to allow your body time to recover from the exercise bouts
and for cardiovascular measurements to return to baseline levels and 5) removal of the
catheter with additional monitoring. You may be asked to stay overnight in the GCRC
after this experimental visit. During this time you will be provided with meal cards for
both a dinner and breakfast the following morning and you will sleep in a private room
equipped with a call button to alert a member of the research team in an adjoining room
if you feel any discomfort during the night. This will not be asked of all subjects and you
will know in advance of your study visit if we would like you to stay overnight.
Visit #3 (subset of volunteers):
This visit will be identical to Visit 2 (described above, but will not include
an overnight stay). In order to establish the reproducibility of our results we will invite
back a number of randomly-selected young and older subjects to repeat the procedures
performed in Visit 2. Visit 3 will be conducted no less than 30 days after you performed
Visit 2 to ensure more than adequate time has passed for your body to have processed
and expelled all the fluid solution you received during that visit.
For two days before study visits you should be sure to drink normal
amounts of fluid (water, juice, or sports drinks). You should avoid any type of stimulant
(including cold medications and chocolate), drinking caffeine (coffee, tea, cola), and
drinking alcohol after 9PM the night before the study. The procedures to be conducted
on the day of your study visit are detailed below:
Baseline resting measurements:
After you have rested, but before exercise begins, several measurements will be
taken. These will include heart rate (ECG), blood pressure (arm cuff), and heart function
(doppler ultrasound transducer). In addition, a small blood sample will be withdrawn
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from the catheter to measure oxygen content and levels of some molecules in your
blood that can alter blood vessel regulation.
Exercise testing/blood volume expansion:
For the exercise testing you will ride the same stationary exercise bike you used
during visit #1. You will be asked to complete two graded exercise workloads, separated
by approximately 60 minutes of rest (seated in a comfortable chair in the exercise room).
Both exercise sessions will be sub-maximal, starting at a light workload and increasing
to a difficult yet sub-maximal workload, and will last approximately 15 minutes each.
During both exercise bouts, your heart’s electrical activity and blood pressure will be
continuously monitored, while heart blood flow and function (doppler ultrasound
transducer), blood sampling (from the arm catheter to measure oxygen content,
concentration of cells and stress hormones or “catecholamines”, the total amount of
blood taken throughout the entire ~3 hour visit will not exceed 85mL or just under 6
tablespoons), breathing rate (belt around your chest), chest blood volume (two wires
connected to your chest), pressure pulse characteristics (pencil-like probe held over your
wrist), thigh muscle oxygenation (infrared probe on the thigh, flexible foam patch) and
breathing effort (10 point scale) will be measured at selected time points.
After the first exercise bout, during the rest period, we will infuse a bodytemperature saline solution that contains a known quantity of a protein molecule
(albumin) into your arm catheter to increase your blood volume (the amount of blood in
your body). The total amount of fluid you will receive is equivalent to approximately four
8-ounce glasses of water. To measure heart blood flow and function, a physician will
periodically place an ultrasound probe (microphone like device) against the side of your
chest while you exercise. While this measurement is being made, we will ask you to
keep your upper body as still as possible, which will be aided by a custom-made
backrest behind the bike seat and armrests.
If you have difficulty completing either of the exercise bouts (approx. 15 minutes
each) you can ask us to stop the test. If this occurs we will reduce the workload
(unloaded pedaling) and allow you time to cool-down. We will not ask you to perform
any additional exercise if this occurs.
Follow-up observation:
After completion of the exercise bouts you will be free to move about the GCRC
for at least 1 hour of observation. You may leave the GCRC when the physician and the
GCRC medical staff are satisfied that you have recovered from the.
3. Discomforts and Risks:
Exercise testing. There is minor discomfort associated with treadmill and bike
exercise testing, including temporary fatigue and shortness of breath. These sensations
resolve within minutes after the test or exercise session is completed. It is possible for
you to stumble or fall on treadmill or bike (less likely) testing that could lead to cuts,
scrapes, dislocations, broken bones, head injury, abnormal heart rhythms, or even
death. You will be taught safe use of the exercise testing equipment, watched closely
during exercise, and assisted in mounting and dismounting the exercise equipment.
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Overall, the risks of these exercise tests are minimal, and probably less than selfinitiated exercise in the general community.
Lung function measurement. There is a minor risk of discomfort associated with
this measurement when you are asked to exhale as hard as possible into the machine.
Chest blood volume measurement (Impedance cardiography). There are no
risks associated with this procedure.
Wrist pressure pulse measurement (Radial tonometry/Sphygmocor machine).
There are no risks associated with this procedure.
Near-infrared spectroscopy: There are no risks associated with this procedure.
Screening visit blood draw. The risk associated with a single blood sample
obtained with a needle may include one or all of the following: local discomfort at the
puncture site, occasional dizziness, lightheadedness, nausea, and bruising.
Thrombosis, embolism, and infections are very rare but are also potential risks.
Cardiac screening (stress echo). Symptoms and potential side effects are similar
to those listed above for exercise testing. In addition, there is a minor risk of redness at
the point where the ultrasound probe is pressed against the skin.
Heart rate and blood pressure measurements (arm cuff). The only known risks
associated with measuring heart rate and blood pressure is the possibility that your skin
will be irritated by the adhesive, cuffs, or tape. The blood pressure cuff will press against
your skin and may leave a mark when it is removed. The mark usually goes away within
a few minutes or hours after the cuff is removed. The cuff may also cause temporary
tingling and numbness when it is inflated.
Plasma volume expansion (Albumin infusion). You could experience shortness
of breath when the fluid is infused, due to fluid build-up in your lungs (pulmonary
edema). However, previous studies that have expanded blood volume, similar to what is
being done here, have not reported the development of pulmonary edema. Other
possible side effects include puffy eyelids (sign of increased fluid) and mild signs of
pulmonary venous congestion (i.e, difficulty breathing, slight chest fullness). Any signs
of pulmonary venous congestion would be expected to be rapidly reversible (within 2030 minutes) as the excess fluid is excreted through the kidneys (via urination) and
diuretics (Lasix) can be given to re-normalize blood volume. Rare side effects could
include significantly elevated blood pressure, abnormal heart electrical activity,
headache, rash or allergic reaction to the protein agent. If any of these symptoms occur,
we will immediately stop the infusion and closely monitor your breathing, blood pressure,
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and body weight until the symptoms disappear or, in the case of allergic reaction,
immediate further treatment is deemed necessary.
IV catheter - The discomfort associated with inserting catheters is slight pinch or
pinprick when the sterile needle enters the skin. The risks of catheter insertion include mild
discomfort and/or black and blue mark at the site of puncture. Less common risks include
a small blood clot, infection or bleeding at the puncture site, or on rare occasions
lightheadedness or fainting during the procedure.
Ultrasound Doppler. During ultrasound monitoring of your heart (blood flow and
heart function), there is a risk of minor discomfort and redness at the point where the
ultrasound probe is pressed against the skin.
Measurement of heart output with acetylene. The gas that you breathe for a total
of 8 breaths per measurement is very dry and therefore your throat may feel slightly dry
during measurements.

4. Possible Benefits:
a. Possible benefits to the participant:
You will not benefit directly from taking part in this research study.

b. Possible benefits to society:
This research may help to clarify how exercise tolerance declines with advancing
age. The fundamental question being explored in this study is whether blood flow to the
legs of older adults during exercise is primarily limited by the strength of the heart or the
health of blood vessels.

5. Other Options that Could be Used Instead of this Research:
You do not have to take part in this research study.
6. Time Duration of the Procedures and Study:
If you agree to take part in this study, your total involvement will last
approximately 4.5 hours (for young volunteers, older volunteers who must thus complete
the stress echocardiogram visit will complete approximately 6 hours total) spread over a
screening visit and two study visits. The first study visit will last approximately 1.5 hours
and the second will last approximately 3 hours. Those selected to perform study visit #3
will have an additional 3 hours for a total of approximately 7.5 hours of involvement in
these volunteers.
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7.

Statement of Confidentiality:

a. Privacy and Confidentiality Measures
Your research records and samples of your blood that are reviewed, stored, and
analyzed at The Milton S. Hershey Medical Center (HMC) and Penn State College of
Medicine (PSU) will be labeled with a code. The list that matches your name with the
code will be kept in a locked file in Dr. Leuenberger's office. The research records will
be kept in file cabinets in locked rooms in the GCRC. In the event of any publications or
presentations resulting from the research, no personally identifiable information will be
shared.

b. The Use of Private Health Information:
Health information about you will be collected if you choose to be part of this
research study. Health information is protected by law as explained in the HMC Privacy
Notice. If you have not received this notice, please request a copy from the researcher. At
The Milton S. Hershey Medical Center (HMC) and Penn State College of Medicine (PSU)
your information will only be used or shared as explained and authorized in this consent
form or when required by law. It is possible that some of the people/groups who receive
your health information may not be required by Federal privacy laws to protect your
information and may share it without your permission.
To participate in this research you must allow the research team to use your health
information. If you do not want us to use your protected health information, you may not
participate in this research. Your permission for the use, retention, and sharing of your
identifiable health information will continue indefinitely. Any research information in your
medical record will be kept indefinitely.
If you choose to participate, you are free to withdraw your permission for the use
and sharing of your health information at any time. You must do this in writing as indicated
in the HMC privacy notice. Write to Dr. Leuenberger and let him know that you are
withdrawing from the research study. His mailing address is Milton S. Hershey Medical
Center, Cardiology H047, 500 University Dr, Hershey, PA 17033.
If you withdraw your permission, we will no longer use or share medical information
about you for the reasons covered by your written authorization, except when the law
allows us to do so. We are unable to take back anything we have already done or any
information we have already shared with your permission. We may continue using and
sharing the information obtained prior to your withdrawal if it is necessary to maintain the
soundness of the overall research. We are required to keep our records of the care that we
provided to you as long as the law requires.
The research team may use the following sources of health information:
All data collected during your participation in this research.
Representatives of the following people/groups within HMC/PSU are allowed to use
your health information and share it with other specific groups in connection with this
research study:
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The principal investigator, Dr. Leuenberger
The HMC/PSU Institutional Review Board
The HMC/PSU Human Subjects Protection Office
The research team.
The people or groups listed in the above paragraph may share your health
information with the following persons and organizations outside HMC/PSU for their use in
connection with this research study. These groups, while monitoring the research study,
may also review and/or copy your original PSU/HMC records:
The Office of Human Research Protections in the U. S. Department of Health and
Human Services
The National Institutes of Health.
The U.S. Food and Drug Administration
8. Costs for Participation:
Costs: You should incur no extra expense for participating in this research study.
The cost of the stress echo will not be charged to you or to your insurance company, but is
the responsibility of the research team.
Treatment and compensation for injury: Every effort to prevent injury as a result of
your participation will be taken. It is possible, however, that you could develop
complications or injuries as a result of participating in this research study. In the event of
injury resulting from this research, medical treatment is available but will be provided at
the usual charge. It is the policy of this institution to provide neither financial
compensation nor free medical treatment for research-related injury. Costs for the
treatment of research-related injuries will be charged to your insurance carrier or to you.
Some insurance companies may not cover costs associated with research studies. If for
any reason these costs are not covered by your insurance, they will be your responsibility.
You are not waiving any legal rights you may have by signing this form.

9.

Compensation for Participation:

You will be paid $25 for completing the stress echocardiogram (older subjects), $25
for completing the first bike exercise visit, and $50/hour for completing the saline infusion
exercise study visit. If you are asked to stay overnight after visit #2 you will be paid an
additional $25 and receive meal cards for dinner that night and breakfast the following
morning. The subset of subjects performing the additional infusion visit will be paid an
additional $50/hour. If you withdraw prematurely from the study you will be compensated
for those visits you did complete. In order to process payment we will require your social
security number and address for tax reporting.

10.

Research Funding:

The activities required to conduct this pilot study are funded by a grant from the
National Institutes of Health.
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11.

Voluntary Participation:

Taking part in this research study is voluntary. If you choose to take part in this
research, your major responsibilities will include: abstaining from caffeine the evening
before and the day of your study visit. You do not have to participate in this research. If you
choose to take part, you have the right to stop at any time. If you decide not to participate or
if you decide to stop taking part in the research at a later date, there will be no penalty or
loss of benefits to which you are entitled. In other words, your decision to decline to
participate in this research or to stop taking part in the research will not affect your access
to medical care and/or academic standing and/or job status.
The research team may take you out of the research study without your
permission. A possible reason for this is a failure to meet the criteria for participation in
the study.
12. Contact Information for Questions or Concerns:
You have the right to ask any questions you may have about this research. If
you have questions or concerns or believe you may have developed an injury that is
related to this research, contact Dr. Leuenberger at 717-531-6853. If you have
questions regarding your rights as a research participant or about your privacy and the
use of your personal health information, you may contact the research protection
advocate in the HMC Human Subjects Protection Office at 717-531-5687.
Signature and Consent/Permission to be in the Research:
Before making the decision regarding enrollment in this research you should have:

Discussed this study with an investigator,

Reviewed the information in this form, and

Had the opportunity to ask any questions you may have.
Your signature below means that you have received this information, have asked
the questions you currently have about the research and those questions have been
answered. You will receive a copy of the signed and dated form to keep for future
reference.
Participant: By signing this consent form, you indicate that you are voluntarily
choosing to take part in this research.

___________________________

__________ ______

Signature of Participant

Date

Time

_____________
Printed Name

Person Explaining the Research: Your signature below means that you have
explained the research to the participant/participant representative and have answered
any questions he/she has about the research.

_____________________________

_________ ______

Signature of person who explained this research*

Date

Time

____________
Printed Name

VITA
Samuel James Ridout
Education
B.Sc. Biology, University of New Mexico, 2002
PhD. IGDP Physiology, Pennsylvania State University, 2003-Present
M.D., Milton S. Hershey Medical Center, Pennsylvania State University, 2008-Present
Publications:
Proctor, DN, Le, KU, Ridout, SJ. Age and regional specificity of peak limb vascular
conductance in men. J Appl Physiol. 2005 Jan;98(1):193-202.
Ridout, SJ, Parker, BA, Proctor, DN Age and regional specificity of peak limb vascular
conductance in women.J Appl Physiol. 2005 Dec;99(6):2067-74.
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
Dec;291(6):H3043-9.
S.J. Ridout, S.M. LoRusso, P.I. Fitzgerald, J.A. Pelberg and D.N. Proctor. Estimation of active
cell mass in the human lower leg: feasibility of a regional 40K system. Int. J. Body Comp. Res.
2007 5(4):131-137.
Parker BA, Smithmyer SL, Jarvis S, Ridout SJ, Pawelczyk J, Proctor DN. Evidence for Reduced
Sympatholysis in the Leg Resistance Vasculature of Healthy Older Women.
Am J Physiol Heart Circ Physiol. 2007 Feb;292(2):H1148-56.
Parker BA, Smithmyer SL, Ridout SJ, Ray CA, Proctor DN. Age and microvascular responses to
knee extensor exercise in women. Eur J Appl Physiol. 2008 Jun;103(3):343-51.
Gonzales JU, Parker BA, Ridout SJ, Smithmyer SL, Proctor DN. Femoral shear rate response to
knee extensor exercise: an age and sex comparison. Biorheology. 2009;46(2):145-54.
Ridout SJ, Parker BA, Smithmyer SL, Gonzales JU, Beck KC, Proctor DN. Age and sex
influence the balance between maximal cardiac output and peripheral vascular reserve. J Appl
Physiol. 2010 Mar;108(3):483-9.
Other Activities
 Attendee-Integrative Human Cardiovascular Control Graduate Course Rigshospitalet,
Copenhagen, DK. May 2005
 Men‟s Clinic Coord., LionCare free clinic at Bethesda Mission, Harrisburg, PA, 2009-2011
 Hershey Graduate Student Assoc. Community Service Coordinator, 2010/11
 Hershey Institutional Review Board student member, 2010/11
Awards
 CarbonEarth, National Science Foundation Fellow 2010/11 academic year
 Intercollege Graduate Degree Program Outreach Award, 2009
 PA Spacegrant Consortium Fellow, 2005-2007

