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Abstract
Postmenopausal women have been shown to exhibit larger arterial blood pressure
responses to exercise compared to premenopausal women, and age matched men. These findings,
plus those documenting an attenuation of exercise blood pressure following estrogen replacement,
are suggestive of a role for estrogen deficiency in mediating the exaggerated cardiovascular
response. However, the mechanisms by which this augmented blood pressure response is
achieved and estrogens contribution remains incompletely understood. As such, the objective of
this thesis was to determine the effects of acute and chronic estrogen deficiency on the
hemodynamic responses to rhythmic exercise with graded reductions in muscle blood flow.
Seventeen healthy women participated in this study (7 postmenopausal women, 57-64 yrs; 10
premenopausal women, 20-28 yrs). To discern the effect of acute estrogen fluctuations on the
cardiovascular responses to rhythmic exercise with progressive muscle ischemia, premenopausal
women were tested at two different time points during their menstrual cycle; when estrogen levels
were at their nadir (early follicular phase, days 2-6) and at their peak (late follicular phase).
Hemodynamic responses in each subject were assessed (Finometer) at rest and during mild (10%
MVC) rhythmic (30 contractions/min) handgrip exercise. Following a 4-minute free flow exercise
period, a blood pressure cuff on the subject’s upper arm was progressively inflated at a rate of 20
mmHg/minute. Subjects continued to exercise until volitional fatigue after which contractions
ceased but the blood pressure cuff remained inflated (3 minutes) to isolate the contribution of the
muscle metaboreflex. As expected, postmenopausal women generated greater systolic blood
pressure response at fatigue (ΔSBP: 24.7±3.9 vs 39.4±3.6 mmHg) (p < 0.05), a response that
tended to remain during the period of metaboreflex isolation that followed (ΔSBP: 17.6±3.1 vs
27.3±4.2 mmHg) (p = 0.07). Importantly, the pressor response generated at fatigue appeared to be
mediated almost exclusively by a rise in peripheral resistance in the postmenopausal women
(ΔTPR: 22.7±39.8 vs 218.7±61.1 dyn•s/cm5) (p < 0.05), while changes in cardiac output played a
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larger role in the premenopausal women (ΔQ̇ : 1.8±0.5 vs 0.4±0.7 L/min). The differential nature
of the cardiac output response between groups was mediated by differences in stroke volume
(ΔSV: 10.6±4.3 vs -16.4±11.6 mL/beat) (p < 0.05), rather than heart rate. Additionally, at high
relative arterial cuff pressures, when the muscle metaboreflex was engaged, the percent reduction
in brachial blood flow across increasing cuff pressures was smaller in the postmenopausal than
the premenopausal women, indicating that the elevated pressor response in the postmenopausal
women appeared to confer a flow advantage.
Acute estrogen deficiency appeared to some extent to mirror the findings noted with
chronic estrogen changes. Specifically, although the pressor response to rhythmic exercise and
during metaboreflex isolation were not different between the two menstrual phases, elevated
estrogen levels appeared to shift the components of the pressor response to an increased reliance
on stroke volume changes, both during exercise (ΔSV: 17.7±5.4 vs 10.6±4.3 mL/beat) (p < 0.05)
and during the period of post exercise circulatory arrest that followed (ΔSV: 17.8±5.8 vs 11.8±4.6
mL/beat) (p < 0.05). Importantly, the divergent nature of the stroke volume response between
menstrual phases was not present during the free flow exercise period or at low relative cuff
pressures during progressive arterial occlusion suggesting a role for acute estrogen changes on the
components of the metaboreflex-induced pressor response.
In conclusion, the present study provides evidence for estrogenic effects on the
hemodynamic responses to rhythmic exercise, particularly when the muscle metaboreflex is
engaged.
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Chapter 1: Introduction
The cardiovascular response to exercise is the result of mediation by a number of neural
mechanisms: the metabo and mechanoreflexes, which originate in contracting skeletal muscle and
collectively make up the exercise pressor reflex; input from higher neural centers, commonly referred to
as central command; and rapid resetting of arterial baroreflexes (Alam & Smirk, 1937; McCloskey DI,
1972; Murphy, Mizuno, Mitchell, & Smith, 2011). During exercise, the increased metabolic demand in
the active tissue results in an increase in blood pressure via these mechanisms in order to ensure adequate
perfusion of the active tissue. As such, elevated blood pressure is a normal response to exercise. However,
postmenopausal women are more likely to experience greater increases in blood pressure during exercise
when compared with premenopausal women and men of similar age (Proctor, Koch, Newcomer, Le, &
Leuenberger, 2003). This response is of clinical relevance because the rise in blood pressure that
accompanies exercise has been considered a prognostic indicator for the development of hypertension
(Goble & Schieken, 1991; Manolio et al., 1994), coronary heart disease (Mundal et al., 1996), stroke
(Kurl et al., 2001), and cardiovascular disease death (Filipovsky, Ducimetiere, & Safar, 1992). Given the
sex specific and age dependent disparity in the prevalence of cardiovascular events and the functional
importance of active muscle perfusion during exercise, understanding the role estrogen plays in the
cardiovascular response to exercise may be of considerable importance.
In humans, exogenous estrogen administration has been shown to decrease the magnitude of the
blood pressure response to static exercise (De Meersman et al., 1998; Pines et al., 1996), to reverse the
augmented sympathetic vasoconstriction in the exercising forearm of estrogen deficient women (Fadel et
al., 2004), and to increase sympathetic baroreflex gain (Hunt, Taylor, Hamner, Gagnon, & Lipsitz, 2001).
Administration of spinal estrogen in anesthetized cats has been shown to attenuate the metaboreflexinduced rise in arterial blood pressure (Schmitt & Kaufman, 2003). Collectively, these findings provide
experimental evidence for the role of estrogen in mediating cardiovascular responses to exercise.
However, the influence of acute and chronic estrogen changes on these cardiovascular adjustments under
conditions of reduced muscle blood flow has not been fully elucidated.
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The rise in blood pressure during exercise represents a concerted effort among those mechanisms
mentioned previously to alter cardiac output and peripheral resistance. Importantly, the presence of
estrogen receptors in cardiac myocytes (Grohe et al., 1997; Villablanca, Jayachandran, & Banka, 2010)
neural cardiovascular control centers (Xue et al., 2013), and vascular smooth muscle and endothelial cells
(Karas, Patterson, & Mendelsohn, 1994; Venkov, Rankin, & Vaughan, 1996), implicates these as sites of
estrogen action and therefore the ability to alter their role in cardiovascular control. The ability of
estrogen to increase NO bioavailability, decrease norepinephrine spillover in perimenopausal women, and
induce GABA transcription in the central nervous system is suggestive of estrogen’s ability to blunt
sympathetically mediated vasoconstriction. These findings have been corroborated in studies of
premenopausal women during various phases of their menstrual cycle in which it was noted that the
magnitude of the increase in sympathetic nerve traffic during static exercise is reduced during the late
follicular phase of the menstrual cycle when estrogen concentration is at its peak (SM Ettinger et al.,
1998). Estrogen has also been suggested to decrease lactate production by altering cellular metabolism
and increasing muscle blood flow via improved endothelial mediated dilation (Jurkowski, Jones, Toews,
& Sutton, 1981; Parker et al., 2007). These findings may imply a role for estrogen in altering the
cardiovascular response to metaboreflex activation by attenuating the degree of metabolite accumulation
in the active tissue. Furthermore, given the rise in sympathetic nerve activity shown to occur with
metaboreflex engagement, the ability of estrogen to blunt sympathetic activity may result in a shift in the
cardiovascular responses to metaboreflex engagement.
With this information as a background, the present study sought to characterize the effects of
acute and chronic estrogen deficiency on the cardiovascular responses to progressive arterial cuff inflation
during mild rhythmic handgrip exercise. Handgrip exercise was selected over leg exercise because of
relatively smaller age-associated declines in physical activity and therefore vascular function (Larsen,
Callahan, Foulis, & Kent-Braun, 2012). The use of incremental changes in arterial cuff pressure during
mild exercise allowed for the discernment of hemodynamic changes during exercise associated with the
onset of the muscle metaboreflex.

!

2!

Purpose of Thesis Studies
In the present study, we sought to investigate the influences of estradiol deficiency, both acutely
and chronically, on pressor reflex activation during mild rhythmic handgrip exercise with graded
reductions in muscle blood flow. Importantly, this model is less likely (than leg exercise) to be influenced
by age-related changes in habitual physical activity.
Experimental group 1:
Experimental group 1 was used to assess the effect of chronic estrogen deficiency on the pressor response
and its components during progressive reductions in muscle blood flow during rhythmic, small muscle
mass exercise and during muscle metaboreflex isolation.
Hypothesis 1a: The pressor responses to graded reductions in muscle blood flow will be greater in
chronically estrogen deficient (postmenopausal) women than in premenopausal women and this
augmented pressor response will persist during the post exercise ischemic period that follows.
Hypothesis 1b: The augmented pressor response observed in postmenopausal women will be the
result of larger increases in peripheral resistance.
Experimental group 2:
Experimental group 2 was used to assess the effect of acute estrogen deficiency (premenopausal women
in the early follicular phase of their menstrual cycle relative to premenopausal women in the late follicular
phase) on the pressor response and its components during progressive reductions in muscle blood flow
during rhythmic, small muscle mass exercise and during muscle metaboreflex isolation.
Hypothesis 2a: In light of recent findings suggesting little impact of menstrual phase on
metaboreflex mediated pressor responses, we hypothesize that the acute estrogen fluctuation that
occurs between the early and late follicular phases of the menstrual cycle will not impact the
magnitude of the pressor responses to graded reductions in skeletal muscle blood flow.
Hypothesis 2b: Acute estrogen fluctuation between the early and late follicular phases of the
menstrual cycle will shift the components of the pressor response to increased reliance on cardiac
output during the late follicular phase.
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Chapter 2: Review of Relevant Literature
Metaboreflex: Structural Organization
Early experiments utilizing local blockade of the dorsal roots in anesthetized cats afforded the
conclusion that thinly myelinated (Group III) and unmyelinated (Group IV) afferent neurons make up the
sensory limb of the exercise pressor reflex (McCloskey DI, 1972). These findings were later extended by
studies in which the discharge properties of Group III and IV afferent neurons in cats were recorded in
response to mechanical and metabolic stimuli (Kaufman & Rybicki, 1987). It was observed that Group III
afferent neurons often discharged at the onset of contraction and in response to mechanical stimuli, while
Group IV afferents often exhibited a latency of 5 to 30 seconds but continued to discharge until the
muscle fatigued (Kaufman, Longhurst, Rybicki, Wallach, & Mitchell, 1983). The discharge pattern of
Group IV afferents has been correlated with the production of muscle metabolites and as such, these
findings prompted the conclusion that Group III fibers are likely to be stimulated largely by mechanical
stimuli while Group IV fibers are stimulated by metabolic byproducts of contraction (Kaufman et al.,
1983; Kaufman & Rybicki, 1987). However, the discharge patterns and the activation stimulus of these
fiber types is not entirely consistent as it has been demonstrated that some Group III fibers may respond
to metabolic stimuli and some Group IV fibers may be activated by mechanical stimulation (Fadel, 2015).
Additionally, numerous studies have shown that both fiber types are capable of being sensitized by the
accumulation of metabolites (Herr, Imadojemu, Kunselman, & Sinoway, 1999; Kniffki, Mense, &
Schmidt, 1978; Mense & Stahnke, 1983; Smith, Mitchell, & Garry, 2006). Corroborating this is the
finding that indomethacin and aspirin, which are known to decrease synthesis of prostaglandin and
thromboxanes, decreased the responsiveness of group III and IV afferents to sustained muscle
contractions (Rotto, Hill, Schultz, & Kaufman, 1990; Rotto, Schultz, Longhurst, & Kaufman, 1990).
Upon activation, these thin fiber afferents have been thought to synapse in the dorsal horn lamina at the
cervical and lumbar levels of the vertebral column (Light & Perl, 1979). Within the dorsal horn, these
fibers act on interneurons and second-order neurons, the latter of which ascend to cardiovascular control
centers within the brain. The neuronal regions implicated in the response to stimulation of group III and
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IV muscle afferents has been the subject of immense investigation and numerous sites have been
identified. Briefly, neuronal regions implicated in the response to group III and IV afferent stimulation
include: the nucleus tractus solitarius, roastral ventrolateral medulla, caudal ventrolateral medulla, lateral
tegmental field, nucleus ambiguus, and the ventromedial region of the rostral periaqueductal grey
(Iwamoto & Kaufman, 1987; Iwamoto, Parnavelas, Kaufman, Botterman, & Mitchell, 1984; Li &
Mitchell, 2000). However, perhaps the primary medullary region responsible for this sensory information
is the nucleus tractus solitarius (NTS) (Person, 1989). The interaction of these regions is complex and
more research is undoubtedly needed to understand the full role of each and they way in which they may
interact with one another to produce the coordinated response to exercise.
To summarize, the cardiovascular response to metaboreflex engagement appears to be the result
of stimulation of Group III and IV thin fiber afferents within the active tissue. These signals are
transmitted to and integrated within cardiovascular control centers in the brain, eliciting a rise in
sympathetic activity.
Metaboreflex Activation
While still the subject of considerable investigation, numerous substances and receptors have
been suggested to play a role in eliciting the metaboreflex (Murphy et al., 2011). Murphy et al. suggested
that substances are considered on the grounds that they are present within contracting skeletal muscle,
evoke impulses from unmyelinated afferent neurons within the active muscle, produce a pressor response
when infused, and attenuate the pressor response when their production or receptor binding is blocked
(Murphy et al., 2011). These candidate substances include: bradykinin (Stebbins & Longhurst, 1985),
ATP (Li et al., 2008), diprotonated phosphate (LI Sinoway et al., 1994), arachadonic acid byproducts
(Rotto, Hill, et al., 1990), lactic acid (Kaufman, Rotto, & Rybicki, 1988), potassium (Kaufman &
Rybicki, 1987), and hydrogen ions (L Sinoway et al., 1989). Similarly, several receptors have been
proposed to play a role given their localization to thinly myelinated and unmyelinated afferent fibers and
response to one or several of the substances listed previously. Candidate afferent receptors include: acid
sensing ion channels (Hayes, McCord, Rainier, Liu, & Kaufman, 2008), transient receptor potential
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vanilloid 1 (Kaufman, Iwamoto, Longhurst, & Mitchell, 1982; Smith et al., 2010), and purinergic ligandgated ion channels (Hanna & Kaufman, 2003).
The concentration to which the aforementioned substances must accumulate and bind to their
appropriate receptors in order to activate the muscle metaboreflex remains to be determined. However,
numerous studies have suggested a flow reduction threshold for the metaboreflex after which blood
pressure is reflexively increased suggesting a moderate degree of blood flow supply/demand mismatch
must exist for the reflex to become active. The concept of a flow reduction threshold for the metaboreflex
was initially observed in dogs during progressive terminal aortic occlusion (Sheriff, O’Leary, Scher, &
Rowell, 1990; Sheriff, Wyss, Rowell, & Scher, 1987; Wyss, Ardell, Scher, & Rowell, 1983). These
experiments created an open-loop relationship between skeletal muscle blood flow and the cardiovascular
response to exercise that was hypothesized to sustain blood flow at a given level and mitigate the effect of
cardiovascular responses on the activation level of the metaboreflex. Doing so, it was observed that
during mild treadmill running, a reduction in hindlimb blood flow of ~50% was required to elicit the
metaboreflex (Sheriff et al., 1990; Wyss et al., 1983). These studies were also able to approximate the
strength or “gain” of the reflex by determining the slope of the relationship between femoral arterial blood
pressure and aortic pressure. Beyond the metaboreflex threshold, blood pressure rose approximately 1
mmHg for every 1mmHg decrease in hindlimb perfusion, producing an average open-loop gain of -1.2 at
the lowest work intensity. These and subsequent studies have demonstrated a work intensity dependence
to the metaboreflex threshold and gain in both humans and dogs (Augustyniak, Collins, Ansorge, Rossi,
& O’Leary, 2001; Ichinose, Delliaux, Watanabe, Fujii, & Nishiyasu, 2011; Wyss et al., 1983).
Specifically, the metaboreflex threshold appears to shift to greater blood flow values as work intensity is
increased. Evaluation of the metaboreflex threshold in humans has demonstrated a similar flow reduction
threshold to that observed in dogs (Ichinose et al., 2011). However, the gain of the pressor response in
humans appears to be substantially greater than that observed in dogs possibly because of the lower
oxidative capacity of human skeletal muscle compared to dogs (Gollnick, Piehl, & Saltin, 1974).
Recently, it has been documented that carotid baroreflex engagement shifts the metaboreflex threshold to
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greater levels of metabolic stimulation (Ichinose, Ichinose, Watanabe, & Nishiyasu, 2015; Sheriff et al.,
1990). Collectively, these data support the concept of a flow-reduction threshold to the metaboreflex that
can be modified by physiological states. Whether this threshold has any impact on metaboreflex
engagement in older individuals or across the menstrual cycle, has not been examined.
Metaboreflex Effect on Muscle Blood Flow
Studies seeking to understand the effect of metaboreflex engagement on skeletal muscle blood
flow have yielded equivocal results. On the one hand, studies conducted using rats and dogs have
demonstrated a flow-restoring property to the muscle metaboreflex (D. S. O’Leary & Sheriff, 1995;
Overton, 1993; Sheriff et al., 1987). In humans however, activation of the metaboreflex via static
exercise, particularly in the arm, appears to reduce blood flow to the active limb while dynamic exercise
in the leg may increase muscle blood flow. The disparate nature of these findings, as reviewed by Boushel
(Boushel, 2010), may be largely due to (1) limb specificity in the control of cardiovascular responses to
metaboreflex engagement and (2) the mechanisms by which a blood pressure response is elicited. Studies
employing metaboreflex engagement in dogs have noted that increases in mean arterial pressure are
elicited primarily via increases cardiac output that results from increases in heart rate and ventricular
contractility (D. S. O’Leary & Sheriff, 1995). This increase in cardiac output results in a robust pressor
response and increased perfusion pressure, thereby partially restoring blood flow to the active, ischemic
tissue (Boushel, 2010). A similar response is observed during large muscle mass dynamic exercise in
humans at intensities where cardiac output can be increased (Bonde-Petersen et al., 1978; Rowell, Saltin,
Kiens, & Christensen, 1986). Together, this and the concomitant increase in vascular constriction in the
inactive tissue has been proposed to result in elevated or preserved blood flow to the active limb (Rowell
et al., 1986). During static exercise in humans, however, the metaboreflex appears to evoke a large
increase in sympathetic vasoconstriction with minimal increase in cardiac output (Mark, Victor, Nerhed,
& Wallin, 1985; R. Victor, Bertocci, Pryor, & Nunnally, 1988). This response is particularly evident
during small muscle mass exercise when the effect of the skeletal muscle pump is reduced and the
attenuated venous return results in sympathetic outflow that is largely unopposed by the cardiopulmonary
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baroreflex (Boushel, 2010; Fadel & Raven, 2012). In an attempt to reconcile the apparently contradictory
findings between large and small muscle mass exercise and the exercise paradigm employed, Boushel
(Boushel, 2010) suggested that during exercise under conditions in which cardiac output can be
appreciably elevated and sympathetic vasoconstriction to the inactive vasculature exceeds that in the
active vasculature, blood flow to the contracting muscle can be preserved or even elevated.
Metaboreflex Effect on the Vasculature and Heart
Perhaps the most well documented finding regarding metaboreflex activation in humans, is an
increase in sympathetic activity that results in elevated arterial blood pressure (Pawelczyk, Pawelczyk,
Warberg, Mitchell, & Secher, 1997; LI Sinoway et al., 1988; R. G. Victor, Seals, & Mark, 1987). This
finding is not surprising as the metaboreflex has traditionally been thought to serve as an error signal
indicating a mismatch between oxygen supply and demand, indicating some degree of muscle ischemia in
the contracting muscle (Alam & Smirk, 1937). Moreover, muscle ischemia has been shown to serve as a
potent stimulus for muscle sympathetic nerve activity during exercise and the increase in sympathetic
neural outflow has been shown to exhibit a latency that corresponds with the appearance of muscle
metabolites (S Ettinger, Gray, Whisler, & Sinoway, 1991; Mark et al., 1985; Pryor, Lewis, Haller,
Bertocci, & Victor, 1990; R. Victor, Seals, & Mark, 1987). Additionally, elevations in muscle
sympathetic nerve activity are preserved during post exercise muscle ischemia, a condition in which the
metaboreflex is assumed to be isolated from the confounding effects of central command and the
mechanoreflex (Houssiere et al., 2006; Mark et al., 1985). This metaboreflex-mediated increase in
sympathetic outflow and the resultant increase in vascular resistance have been demonstrated in response
to both static and dynamic exercise and are thought to contribute to the resultant blood pressure response
(Pawelczyk et al., 1997; Rowell & O’Leary, 1990; LI Sinoway et al., 1988; R. Victor et al., 1987).
More equivocal, however, are findings regarding metaboreflex control of the heart and its role in
the metaboreflex-mediated blood pressure response. In early studies, Alam and Smirk noted that when
forearm exercise had ceased, but the limb remained occluded, heart rate returned to baseline (Alam &
Smirk, 1937). The converse was true in the legs, however, in that when exercise ended heart rate
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remained elevated above baseline so long as the limb remained occluded (Alam & Smirk, 1938). As
mentioned previously, these differential findings in the forearm and leg have since been substantiated by
numerous studies and may indicate limb specificity in the metaboreflex control of heart rate (BondePetersen et al., 1978; Boushel, 2010; Strange, 1999). In addition to limb specificity, the method by which
the metaboreflex is activated also appears to have a substantial effect on autonomic control. When the
muscle metaboreflex is activated during exercise, a modest increase in heart rate occurs (Crisafulli et al.,
2011; D. O’Leary, 1993). In contrast, when post-exercise muscle ischemia is employed following the
cessation of exercise, heart rate typically returns to, or falls below, baseline levels (Alam & Smirk, 1937;
Choi et al., 2012; Mark et al., 1985). The reduction in heart rate that occurs during post-exercise muscle
ischemia has been suggested to be the result of parasympathetic reactivation upon the cessation of
exercise which masks the chronotropic effects of muscle metaboreflex engagement (J. Fisher, Kim,
Young, & Fadel, 2010; Nishiyasu et al., 1994). This notion has been substantiated by the finding that
following parasympathetic blockade in exercising dogs, heart rate remained elevated during postexercise
muscle ischemia (D. O’Leary, 1993). Additionally, studies in which β1-adrenergic blockade and cardiac
parasympathetic blockade were employed during exercise with metaboreflex activation have shown that
β1-blockade attenuates the heart rate response while parasympathetic blockade does not affect it (J. P.
Fisher et al., 2013). This implies that the metaboreflex-induced increase in heart rate occurs largely via
sympathetic activation and not parasympathetic withdrawal, but that the parasympathetic withdrawal
elicited by central command during exercise plays a pivotal role in the ability to observe the
metaboreflex-mediated increase in heart rate (J. P. Fisher et al., 2013; D. O’Leary, 1993). These findings,
in accordance with the differential results in the arm and leg, may also imply that greater degrees of
metaboreflex engagement elicit greater sympathetic drive which can overcome parasympathetic
reactivation and result in maintenance of heart rate elevations during PECA (J. Fisher, Seifert, et al.,
2010).
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Differential findings have been documented for metaboreflex-mediated changes in cardiac output
as well. Following static and dynamic exercise of the legs, PECA induced modest elevations in cardiac
output, a response which was not observed during the same protocol in the forearm (Bonde-Petersen et
al., 1978; Pawelczyk et al., 1997). In contrast, Crisafulli et al recently noted a significant increase in
cardiac output during ischemic rhythmic handgrip exercise as well as during the circulatory occlusion
period that followed (Crisafulli et al., 2011). Interestingly, the mechanism raising cardiac output appeared
to be dictated by the method employed to engage the exercise pressor reflex. Specifically, during
ischemic exercise, heart rate was elevated, resulting in reduced diastolic filling time, which in turn limited
the extent to which stroke volume could increase cardiac output. During post exercise circulatory arrest,
however, when heart rate was reduced, stroke volume appeared to govern the increase in cardiac output
(Crisafulli et al., 2011; Nóbrega, Williamson, Garcia, & Mitchell, 1997). These findings are in agreement
with data that suggest that during submaximal exercise, the effects of muscle afferent feedback on cardiac
output are largely responsible for the observed increase in mean arterial pressure (Friedman, Peel, &
Mitchell, 1992; Shoemaker et al., 2007). The difference in these findings and those mentioned previously
may be suggestive of the variation in exercise type, subject pool, and limb specificity in metaboreflexmediated responses (Boushel, 2010).
In summary, studies performed in both humans and dogs have demonstrated the ability of the
muscle metaboreflex to act on the peripheral vasculature and the heart, eliciting a rise in vascular tone and
an increase in heart rate and contractility.
Experimental Methods for Activating the Metaboreflex
A number of techniques have been employed to elicit activation of the muscle metaboreflex in
humans. The classical model utilizes a blood pressure cuff placed at the proximal end of a limb, which,
when inflated following the cessation of exercise, traps the metabolites produced as a result of muscle
contraction (Alam & Smirk, 1937). The cardiovascular responses that persist are assumed to be the result
of the metaboreflex independent of the influence of central command and the muscle mechanoreflex.
Alam and Smirk employed this technique during dynamic exercise in the forearm and leg and noted that
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the pressor response was greater during exercise when blood flow was arrested and that this blood
pressure response persisted so long as the limb remained occluded (Alam & Smirk, 1937). Corroboration
of this finding has been provided by methods that have utilized the application of lower body positive
pressure (Joyner, 1991; Rowell, Savage, Chambers, & Blackmon, 1991), β-receptor blockade to decrease
cardiac output and muscle blood flow (Gullestad, Hallen, & Sejersted, 1993; Pawelczyk, Hanel,
Pawelczyk, Warberg, & Secher, 1992), and elevation of the exercising limb against gravity (Hildebrandt,
Herrmann, & Stegemann, 1994). Common among all these methods is a mismatch between oxygen
supply and demand resulting in the accumulation of metabolites within the active tissue. Unfortunately, in
humans, a number of factors complicate the isolation of metaboreflex-mediated responses from other
neural mechanisms activated during exercise (e.g. arterial and cardiopulmonary baroreflexes, central
command, myogenic autoregulation, veno-arterial axon reflex, etc). In an attempt to circumvent the
confounding effect of central command, many studies have utilized direct electrical stimulation to engage
muscle contraction independent of increases in central motor drive (Kjaer et al., 1994; Krogh & Lindhard,
1917; Strange et al., 1993). Despite the similarity in the cardiovascular responses that result from
electrical stimulation and voluntary muscle activation, electrical stimulation has been characterized by
atypical motor unit recruitment and the potential for direct stimulation of group III and IV afferent
neurons (Hoffer, O’Donovan, Pratt, & Loeb, 1981). As such, electrical stimulation of the active tissue
may not be entirely representative of the cardiovascular responses that result from voluntary muscle
activation. Nonetheless, these experiments have repeatedly demonstrated the presence of a cardiovascular
response to muscle contraction independent of central command. Numerous studies have taken the
reverse approach in attempting to quantify the cardiovascular responses that result from the exercise
pressor reflex during voluntary rhythmic exercise by utilizing group III/IV afferent blocking agents (i.e.
intrathecal fentanyl, lidocaine) (M Amann et al., 2010; Kalliomäki, Luo, Yu, & Schouenborg, 1998;
Sidhu et al., 2015). Epidural anesthesia serves as an effective means to block afferent feedback, a scenario
which has been shown to blunt the pressor response achieved during exercise. Unfortunately, this
technique often also inhibits the force generating capacity of the muscle, resulting in greater central motor
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drive required to achieve a given force output, and therefore a greater cardiovascular response than would
otherwise be expected at a given workload (Fernandes et al., 1990; Leonard et al., 1985). Alternatively, µopioid receptor agonists (i.e. fentanyl) temporarily inhibit muscle afferent feedback without inhibiting the
force generating capacity of the muscle thereby enabling determination of cardiovascular responses to
exercise in the absence of the muscle reflexes (Markus Amann et al., 2011; Sidhu et al., 2015). Results of
the latter have indicated that the exercise pressor reflex accounts for at least 20% of the central and
peripheral hemodynamic responses observed during rhythmic single leg knee extensor exercise in healthy
humans (Sidhu et al., 2015).
Returning to the classical model, studies that utilize high relative work intensities followed by
muscle ischemia in the absence of exercise only allow for quantification of the metaboreflex-mediated
cardiovascular response, they are not able to address the question of when the metaboreflex becomes
active and the degree to which blood flow can or cannot be restored following metaboreflex engagement.
Additionally, metaboreflex activation does not occur in isolation and therefore the understanding of how
it interacts with other neural mechanisms to elicit the cardiovascular response to exercise is imperative.
As such, numerous studies have sought to utilize progressive reductions in muscle blood flow to
investigate the degree to which blood flow to the active tissue must be reduced in order for the exercise
pressor reflex to become engaged. In dogs, this is typically accomplished by gradually occluding the
terminal aorta during treadmill running (D. S. O’Leary & Sheriff, 1995; R. Victor et al., 1987), while in
humans, it is most simply and noninvasively accomplished using gradual inflation of a blood pressure
cuff or step-wise increases in positive limb pressures (Ichinose et al., 2011; Rowell et al., 1991). As
mentioned previously, results of studies utilizing these techniques in dogs have indicated that under low
relative work intensities (mild treadmill running, ~2 miles/h), roughly a 50% decrease in muscle blood
flow is required for the metaboreflex to become engaged (Sheriff et al., 1990; Wyss et al., 1983). While
minimal experimental evidence currently exists, a similar flow-reduction threshold has been documented
in humans (Ichinose et al., 2011). Unfortunately, methods that utilize subsystolic cuff pressures to create a
mismatch between oxygen supply and demand, result in venous distension and the potential for activation
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of mechanoreceptors within the walls of capacitance vessels (Cui, Leuenberger, Gao, & Sinoway, 2011;
Haouzi, Hill, Lewis, & Kaufman, 1999). This venous distension has been shown to elicit increases in
muscle sympathetic nerve activity, heart rate, and blood pressure independent of metaboreflex activation
and central command (Cui et al., 2011; Cui, McQuillan, Blaha, Kunselman, & Sinoway, 2012; Cui,
McQuillan, Moradkhan, Pagana, & Sinoway, 2009). Metabolite accumulation in the active tissue also
contributes to a reduction in force generating capacity. As such, in order to maintain the desired force
output, central motor drive is increased resulting in parallel activation of cardiovascular control centers
within the brain, increasing heart rate, blood pressure, and ventilation (Eldridge, Millhorn, Kiley, &
Waldrop, 1985; Eldridge, Millhorn, & Waldrop, 1981). Despite the limitations of each of the
aforementioned techniques, each has demonstrated in some capacity an integral role for the exercise
pressor reflex in regulating the cardiovascular response to exercise.
Potential Modulatory Influence of Estrogen on Neural Control of the Circulation/Metaboreflex
Hormonal alterations, particularly the loss of estrogen associated with menopause, have been
shown to result in a host of problems for older women. Postmenopausal women are more likely to
develop high blood pressure (Burt et al., 1995; Wiinberg et al., 1995); and show trends towards higher
total cholesterol (characterized by an increase in LDL and a decrease in HDL), lower bone density, and
increased risk of cardiovascular disease (Gold et al., 2000). These findings have led to increasing interest
in the role of estrogen in vascular health and function.
Numerous studies have indicated a smaller increase in muscle sympathetic nerve activity during
static exercise in young women compared to men (SM Ettinger et al., 1996; Jarvis et al., 2011). This
smaller increase has been shown to occur independent of differences in muscle mass, training status, and
absolute workload (SM Ettinger et al., 1996). Additionally, experimental evidence has demonstrated sexdifferences in metabolism resulting in blunted increases in cellular acidosis and H2PO4- in the exercising
muscle of women compared to men (SM Ettinger et al., 1996). Collectively, these sex-differences result
in less metaboreceptor activation in women than in men (SM Ettinger et al., 1996). While independently
these studies do not necessarily implicate estrogen as the primary cause of these differences,
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complementary findings demonstrating attenuated blood pressure following estrogen replacement therapy
in postmenopausal women (De Meersman et al., 1998) and variations in vascular control during the
menstrual cycle point to estrogen as a potential modulator. In support of this hypothesis, several studies
have noted that exogenous estrogen administration reduces the magnitude of the blood pressure response
to dynamic exercise (Lewandowski et al., 1998; Pines et al., 1998). Additionally, although the results
have been equivocal, endogenous estrogen fluctuations have been shown to alter sympathetic neural
control of skeletal muscle circulation (as measured by MSNA). Specifically, estrogen appears to attenuate
the exercise-induced increase in MSNA in response to static handgrip exercise (S. M. Ettinger et al.,
1998). Interestingly, however, this increase is abolished when the muscle is made ischemic, suggesting
that perhaps muscle blood flow interacts with the phase-dependent rise in MSNA (S. M. Ettinger et al.,
1998). In accordance with these findings, estrogen administration in perimenopausal women has been
shown to increase basal release of nitric oxide in forearm resistance vessels (Sudhir, Jennings, Funder, &
Komesaroff, 1996) and attenuate vasoconstrictor responses to norepinephrine (Sudhir, Elser, Jennings, &
Komesaroff, 1997). The latter provide potential rationale for the observed dissociation between MSNA
and total peripheral resistance in young women (Hart et al., 2009). Specifically, in both men and
postmenopausal women, there exists a positive relationship between MSNA and TPR and MAP. In
premenopausal women, however, this relationship appears to be uncoupled and such uncoupling persists
throughout in menstrual cycle (Minson, Halliwill, Young, & Joyner, 2000a). This dissociation may
explain the similarity in MAP responses to static exercise during the low estrogen (early follicular) and
high estrogen (late follicular and mid luteal) phases of the menstrual cycle despite differences in MSNA
(S. M. Ettinger et al., 1998).
Estrogen also appears to impact baroreflex sensitivity, which may have implications on the
manifestation of exercise pressor reflex activation given that the baroreflex is thought to buffer
metaboreflex induced increases in sympathetic outflow and arterial blood pressure (Rowell et al., 1991;
Sheriff et al., 1987). In women with normal menstrual cycles, Minson et al noted that sympathetic
baroreflex sensitivity was greater during the mid-luteal than the early-follicular phase but cardiovagal
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baroreflex sensitivity remained unaffected by menstrual phase (Minson et al., 2000a). Similarly, 6 months
of estrogen replacement therapy has been shown to increase sympathetic but not cardiovagal baroreflex
gain in postmenopausal women (Hunt et al., 2001).
Collectively, these findings may implicate estrogen-mediated alterations in skeletal muscle reflex
control of the heart and vasculature. However, to date few studies have investigated the effect of
menstrual phase on metaboreflex engagement (S. M. Ettinger et al., 1998; Hartwich, Aldred, & Fisher,
2013) and the findings remain equivocal. The differences in these findings may be related to differences
in exercise modality (e.g. static vs rhythmic exercise) or chosen menstrual phase. It is important to note
that progesterone has been shown to elicit increases in sympathetic activity (SM Ettinger et al., 1998;
Minson, Halliwill, Young, & Joyner, 2000b) and as such studies seeking to compare cardiovascular
responses during the early follicular (low estrogen, low progesterone) and mid luteal phase (high
estrogen, high progesterone) may yield different responses from those comparing the early follicular (low
estrogen, low progesterone) and late follicular phase (high estrogen, low progesterone).
Potential Influence of Aging on Metaboreflex Control of Circulation
The human aging process is associated with structural and functional changes to the
cardiovascular system. Among these changes are alterations in myocardial contractility, elongation and
stiffening of major arteries, attenuated baroreflex control of blood pressure, and vascular dysfunction
(Ferrari, Radaelli, & Centola, 2003; Sidhu et al., 2015). The way in which these alterations affect
metaboreflex control of the cardiovascular response to exercise remains equivocal. Indeed, several studies
have documented attenuated blood pressure responses during post exercise circulatory arrest following
handgrip exercise (Markel et al., 2003) while others have noted no difference between groups (Houssiere
et al., 2006; Sidhu et al., 2015) and still others have reported augmented blood pressure responses in aged
individuals (Choi et al., 2012). The majority of studies investigating the effects of age on the muscle
metaboreflex have utilized post-exercise circulatory occlusion following exercise of a fixed duration.
Since aging is associated with a well-documented shift in muscle fiber type towards fatigue resistance
type I fibers (Lexell, 1995; Purves-Smith, Sgarioto, & Hepple, 2014), exercise of a standard duration is
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unlikely to result in the same degree of metabolite accumulation in aged individuals as in young
individuals, thereby reducing the degree of metaboreceptor activation. This approach has resulted in
studies suggesting minimal impact of aging on the metaboreflex-mediated blood pressure response(
Houssiere et al., 2006; Markel et al., 2003; Roseguini, Alves, Chiappa, Stein, & Ribeiro, 2007).
Aging may also impact the mechanisms by which the metaboreflex generates a pressor response.
As mentioned previously, aging is characterized by numerous structural and functional changes to the
heart and vasculature. Notably, aging is associated with partial degeneration of cardiac sympathetic nerve
supply (McLean, Goldberg, & Roberts, 1986), attenuated responsiveness to beta-adrenergic stimuli (Fleg
et al., 1995), impaired nitric-oxide dependent vasodilator responses (Taddei et al., 1995, 1997), attenuated
baroreflex control of the heart (Monahan, 2007), and elevated muscle sympathetic nerve activity (Rowe &
Troen, 1980). Collectively, these changes may implicate a greater role for increases in peripheral
resistance rather than an increase in cardiac output in generating a metaboreflex-mediated pressor
response during exercise (Choi et al., 2012; Sidhu et al., 2015). One study using intrathecal fentanyl to
block group III/IV afferent feedback noted a substantially smaller reduction in cardiac output in older
subjects than in young when the block was employed, suggesting an age related change in group III/IV
mediated alterations in central hemodynamics during exercise (Sidhu et al., 2015).
Collectively, these studies suggest the potential for an age related shift in the efferent responses to
metaboreflex activation as well as a need for experimental paradigms resulting in similar metabolite
accumulation in young and old individuals.

Chapter 3: Methods
Study Participants
A total of 17 healthy, recreationally active women participated in this study (7 postmenopausal,
61 ± 0.9 years and 10 premenopausal, 22 ± 0.8 years). All postmenopausal women had undergone natural
menopause (years since menopause 13 ± 2.4) Values are presented as mean ± standard error (SEM).
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Women were considered postmenopausal if they had not menstruated in at least one year (Soules et al.,
2001). All subjects were normotensive, nonsmokers, non-obese, non-diabetic, and were not taking any
medications with cardiovascular effects. Additionally, subjects were free of overt chronic diseases as
assessed by a health history questionnaire. Premenopausal subjects were tested during two separate
phases of their menstrual cycle, early follicular (low estrogen, low progesterone) and late follicular (high
estrogen, low progesterone), to examine the effects of acute estrogen fluctuation on the outcome variables
assessed. The late follicular phase was selected over the mid-luteal phase to eliminate the confounding
influence of progesterone. On the study day, subjects were asked to fast and avoid caffeine for 12 hours
prior to the visit, exercise for 24 hours prior, and alcohol and dietary supplements for 48 hours prior.
Subjects provided their written informed consent prior to participation and all protocols were approved by
the Office of Research Protections and the Institutional Review Board at The Pennsylvania State
University.
Study Design
After inquiring about the study, potential participants underwent a phone screening to explain the
basis of the study and to determine eligibility. If the individual met the necessary criteria and remained
interested in the study, they were scheduled for a screening visit. Screening visits took place jointly in 227
Noll lab and at the General Clinical Research Center and provided an opportunity for further explanation
and signing of the informed consent, administration of health history and physical activity questionnaires,
a venous blood draw to assess blood chemistry, and familiarization with the lab and relevant protocols.
All subjects were asked to arrive at the screening visit in the same state as the experimental visits (fasted
and devoid of caffeine 12 hours prior to the visit, exercise 24 hours prior, and alcohol and dietary
supplements 48 hours prior).
Physical Activity Status
During the screening visit, subjects were asked to complete the short International Physical
Activity Questionnaire (IPAQ) to assess their weekly physical activity level. Subjects indicated the
number of days per week and minutes per day in a representative week that they performed vigorous and
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moderate activity in addition to the amount of time they spent walking. Weekly physical activity was
expressed in MET-minutes as was calculated for each subject using the following formulas:
Walking MET-minutes/week = 3.3 * walking minutes * walking days
Moderate MET-minutes/week = 4 * moderate-intensity activity minutes * moderate days
Vigorous MET-minutes/week = 8 * vigorous-intensity activity minutes * vigorous days
The subject’s total physical activity in MET-minutes/week was then computed as the sum of Walking +
Moderate + Vigorous MET-min/week scores. Reliability and validity testing have indicated that IPAQ is
as good as other self-report methods and a good assessment of physical activity levels (Craig et al., 2003).
Resting Central Blood Pressure
To assess the effects of acute estrogen deficiency on resting central aortic blood pressure, the
SphygomoCor Cardiovascular Management System (AtCor Medical, West Ryde, NSW, Australia) was
used. Central blood pressure is a measure of aortic blood pressure derived from a peripheral arterial
waveform and has been shown to relate more strongly to future cardiovascular events (Roman et al.,
2007). Subjects were asked to lie quietly in the supine position for 10 minutes prior to measurements
being taken. Derived measures of central systolic, diastolic, and mean pressure were acquired using a
radial tonometer. The tonometer was placed over the radial artery and provided a 10-second snapshot of
radial arterial pressure, which was used to derive central measures. The average of three measurements
was taken for each subject.
Menstrual Status
Premenopausal subjects were scheduled for their early follicular experimental visit during days 26 of their menstrual cycle. In order to best approximate a late follicular time point at which estrogen
levels were appreciably elevated above those present during the early follicular phase, subjects were
asked to return to the lab for a venous blood draw on the 10th day of their menstrual cycle. Subjects whose
serum estradiol levels fell below 40 pg/ml were scheduled to return for their late follicular experimental
visit on the 12-14th day of their cycle. Subjects whose serum estradiol levels fell between 40 and 59 pg/ml
were scheduled for the 11-12th day of their cycle. Subjects whose serum estradiol levels were above 60
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pg/ml were scheduled for the following day. Scheduling of late follicular experimental visits were subject
to some degree of variability dictated by the subject’s academic course schedule. Additionally, three of
the ten premenopausal subjects tested were scheduled for their late follicular visit during a separate
menstrual cycle than their early follicular visit due to a lack of subject availability.
Radioimmunoassays were performed to measure serum estradiol concentrations (ImmuliteTM,
Siemens Healthcare Diagnostics Inc., Tarrytown, NY). All assays were conducted in 116 Noll Laboratory
at The Pennsylvania State University.
Urinary Collection Procedure
In order to verify the assumption of minimal progesterone influence during the premenopausal
early and late follicular experimental visits, a subset (3) of the premenopausal subjects collected daily
urinary samples for an entire menstrual cycle. Subjects initiated collection on days 1-4 of their menstrual
cycle and ended collection on the same day of the subsequent cycle. Subjects stored urine samples in their
household freezers between drop-offs at the laboratory. Frozen ice packs and lunch coolers were provided
to the subject to transport urine samples to the laboratory. In the laboratory, samples were stored at -20C
until analyzed.
Urinary Measurement of E1G and PdG
Microtiter plate competitive enzyme immunoassays were used to measure estrone and
pregnanediol glucuronide levels (E1G and PdG)(De Souza et al., 2010). E1G and PdG exposures across
the menstrual cycle were determined by calculating the area under the curve (AUC) for 5 days per week
using Kaleidagraph Software (Synergy Software, Reading, PA, USA). Mean E1G and PdG
concentrations across the menstrual cycle were also calculated.
Heart Rate and Systemic Blood Pressure
All hemodynamic variables were measured with the subject in a semirecumbant position. Heart
rate (HR) was measured by a three-lead electrocardiogram (ECG). Systemic blood pressure was assessed
on a beat-to-beat basis with a finger plethysmograph (Finometer) on the non-dominant, non-exercising
hand. Finometer measures were verified by an automated pneumatic cuff placed around the same arm.
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Cardiac output (Q̇ ), stroke volume (SV), and total peripheral resistance (TPR) were estimated using the
Modelflow technique which has been validated against other techniques (pulsed-Doppler cardiography,
inert gas rebreathing) (Bogert & van Lieshout, 2005; Ogoh et al., 2003; Stok et al., 1993; Sugawara et al.,
2003; Wesseling, Jansen, Settels, & Schreuder, 1993).
Forearm Blood Flow
Brachial artery blood velocity and brachial artery diameter were measured distal to the occlusion
cuff in the exercising arm using Doppler ultrasound (HDI 5000, Philips; Bothell, Washington). Velocity
measurements were sampled in real time (400 Hz) using a data acquisition system (Powerlab, AD
Instruments; Castle Hill, Australia). High-resolution diameter measurements (6 MHz probe) were taken
from 15-second recordings performed at 4 time points throughout the experimental protocol (resting, pre
occlusion-cuff release, 1 minute post cuff release, and 3 minutes post cuff release). Images were recorded
directly to a computer using a video capture device and software (Dazzle Video Creator, Pinnacle,
Mountain View, California). Brachial artery diameter was determined as the average of 10 cardiac cycles
using edge-detection software (Brachial Analyzer Software, Medical Imaging Applications; Coralville,
IA). Forearm blood flow (FBF) was calculated using the equation π (diameter/2)2*velocity*60.
Experimental Protocol
After adopting a semirecumbent position and proper instrumentation, the subject’s maximal
voluntary contraction (MVC) was determined by having them perform 3 maximal contractions using a
handgrip dynamometer (Stoelting Co.). The highest force output of the 3 contractions was used to
determine the relative work intensity during the experimental protocol. After 10 minutes of quite rest, 3
minutes of resting hemodynamic data were collected. Following this 3-minute resting period, the subjects
were asked to squeeze the handgrip device at a rate of 30 contractions/min at 10% of their MVC. A 4minute free flow exercise period was used to ensure steady state flow attainment and proper oxygen
supply and demand matching prior to the onset of cuff inflation. Following this 4-minute period, a blood
pressure cuff on the subject’s upper arm was progressively inflated at a rate of 20 mmHg/min. Subjects
continued to exercise until volitional fatigue. Determination of fatigue was verified by the subject’s
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inability to maintain the appropriate force output over multiple contraction-relaxation cycles. To provide
visual feedback for the subjects and allow them to maintain the appropriate force output, the target force
was displayed on a screen in front of them. Handgrip exercise was followed immediately by a 3-minute
post exercise circulatory arrest (PECA) period during which the blood pressure cuff on the subject’s
upper arm was rapidly inflated to 250 mmHg. This approach allowed for the determination of the
metaboreflex contribution to the hemodynamic responses observed during the graded occlusion protocol.
Following the three-minute circulatory arrest period, the blood pressure cuff was deflated and the subject
was asked to remain still as 3 minutes of recovery hemodynamic data were collected.
Data Analysis
The cardiovascular responses to exercise under free flow conditions, graded brachial artery
occlusion, and metaboreflex activation (PECA) were expressed as changes from baseline. Values for
MAP, SBP, DBP, HR, SV, Q̇ , and TPR are presented as mean ± SEM. Baseline data was obtained for a
three-minute period prior to the onset of exercise. Hemodynamic changes were expressed as the
difference from baseline to the last 15 seconds of free flow exercise, graded occlusion, and the average of
the 3-minute PECA interval. Statistical analyses were performed using SPSS 22.0 software (IBM Corp.,
Armonk, N.Y., USA). Subject characteristics in pre and postmenopausal women were compared using
unpaired Student’s t tests while premenopausal women during the early and late follicular phases of their
menstrual cycle were compared using paired Student’s t tests. Differences in the magnitude of responses
during free flow, graded occlusion, fatigue, and PECA between menstrual phases were assessed using
paired t-tests and differences between pre and postmenopausal women were compared using a one-way
ANOVA. Mean values were considered statistically different at p < 0.05.
Brachial cuff pressures were normalized to the subjects SBP (percent of SBP). These values were
then grouped into 10 percent bins in each individual subject. Cardiovascular responses at each bin were
compared between menstrual phases using two-way repeated measures ANOVA with Bonferroni
corrected t-tests (9). Responses between pre- and postmenopausal women were compared in the same
fashion but with an unpaired design. Planned comparisons were made between pre- and postmenopausal
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women and in premenopausal women during both menstrual phases for each 10 percent bin. Comparisons
between groups were confined to the same bin in each group. Missing data points during the highest
percent of SBP (100%) in some subjects reduced the graded occlusion analyses to 8 subjects in the
menstrual phase comparison and 9 premenopausal and 6 postmenopausal subjects in the chronic estrogen
deficiency comparison.

Figure'1:'Timeline'of'experimental'visit.'!

Figure'2:'Handgrip'exercise'protocol.'PECA,'post,exercise'circulatory'arrest.'
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Chapter 4: Results
Subject Characteristics (Table 1).
By study design, age was significantly greater in postmenopausal than premenopausal subjects
(p < 0.001). Postmenopausal subjects also had significantly higher resting brachial blood pressure
(systolic and mean arterial), weight, BMI, total and LDL cholesterol, and blood glucose than
premenopausal subjects during the early follicular phase of their menstrual cycle. Premenopausal subjects
during the late follicular phase of their menstrual cycle had significantly lower resting brachial blood
pressure (diastolic and mean arterial) than during their early follicular phase.
Subject Serum Estradiol Concentrations (Figure 3).
Postmenopausal women and premenopausal women during the early follicular phase of their
menstrual cycle had similar serum estradiol levels. In premenopausal women, estradiol levels during the
late follicular phase were significantly elevated above the early follicular phase (p = 0.027). Day 10
serum estradiol levels differed significantly from late follicular estradiol levels (p = 0.021) but not from
early follicular levels.
Subject Urine E1G and PdG Concentrations (Figures 15 and 16).
Postmenopausal women tended to have lower overall E1G and PdG exposure (area under curve,
AUC) than premenopausal women (Figure 15). Premenopausal women during the late follicular phase of
the menstrual cycle tended to have elevated E1G levels (mean) and exposures (AUC) than during the
early follicular phase (Figure 16). By study design, premenopausal women were well matched for PdG
level and exposure during both phases of the menstrual cycle (Figure 16).

Premenopausal
Sample Size

Postmenopausal
10

Early Follicular

Late Follicular

Age (yrs)

22 ± 0.8*

61 ± 0.9

Height (m)

1.7 ± 0.2

1.6 ± 0.02

60.1 ± 3.0*

71 ± 3.3

Weight (kg)
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BMI (kg·m)

21.4 ± 0.9*

27.1 ± 1.6

Resting SBP (mmHg)

106 ± 2*

103 ± 3

117 ± 5

Resting DBP (mmHg)

65 ± 2†

62 ± 2

72 ± 3

Resting MAP (mmHg)

79 ± 2†*

76 ± 2

87 ± 3

66 ± 2

65 ± 3

63 ± 4

HR (bpm)
Physical Activity (Met-minutes)

2537 ± 486

2332 ± 464

Total Cholesterol (mg/dL)

159.6 ± 7.3*

212 ± 9.9

HDL Cholesterol (mg/dL)

63.6 ± 3.7

67.7 ± 6.4

LDL Cholesterol (mg/dL)

82.9 ± 5.5*

128.1 ± 7

65.7 ± 8.6

81.3 ± 8.8

81.9 ± 1.9*

92.3 ± 2.3

31.6 ± 1.5

26.8 ± 2.1

Triglycerides (mg/dL)
Glucose (mg/dl)
Handgrip MVC (kg)
Time to fatigue (s)

424 ± 34

440 ± 30

456 ± 24

Table 1: Subject characteristics. Data are expressed as group means ± SEM for premenopausal (early follicular
and late follicular) and postmenopausal women. * indicates significant (p < 0.05) difference between pre and
postmenopausal women. † indicates significant (p < 0.05) difference between early and late follicular phases.
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Chronic Estrogen Deficiency
Effect of Chronic Estrogen Deficiency on Cardiovascular Response to Graded Occlusion Exercise.
Figure 5 shows the SBP, DBP, and MAP responses to graded occlusion exercise at fatigue and
during post-exercise circulatory arrest (PECA) between pre and postmenopausal women. At fatigue,
substantial increases in SBP, DBP, and MAP were observed for both groups. However, postmenopausal
women demonstrated a significantly greater increase in SBP (p = 0.020). The relative changes in HR,
TPR, SV, and Q̇ that accounted for these blood pressure responses are shown in Figure 5-1. At fatigue,
increases in SV in the postmenopausal women were less (p = 0.026) and increases in TPR were greater (p
= 0.013) than in the premenopausal women. The smaller increase in SV accounted for the smaller
increase in Q̇ in postmenopausal women (p = 0.10) given that HR at fatigue was not different between the
two groups. During PECA, similar findings were observed. The change in SBP from baseline tended to be
greater in the postmenopausal women (p = 0.07). Postmenopausal women also exhibited a larger increase
in TPR (p = 0.024) and a smaller increase in SV (p = 0.035). During PECA, Q̇ in the premenopausal
women decreased slightly but remained elevated above baseline (p = 0.038) while in the postmenopausal
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women, Q̇ returned to baseline. Interestingly, postmenopausal women generated a greater SBP during
free flow exercise than did their premenopausal counterparts (p = 0.025). Despite these differences, the
brachial blood flow response to low intensity, free flow exercise was well matched between pre and
postmenopausal women (Figure 4).
Figures 8 and 8-1 show the average pressor and hemodynamic responses for each 30-second
interval during PECA in pre and postmenopausal women. Following the cessation of exercise, SBP, DBP,
and MAP declined in both groups; however, SBP in the postmenopausal women remained elevated above
that in the premenopausal women at 30 and 60 seconds (p = 0.01 and 0.019, respectively). HR also
declined in both groups following the cessation of exercise but was not different between groups at any of
the 30-second intervals. The change in TPR from baseline continued to be greater in the postmenopausal
women at 30, 60, 120, and 180 seconds (p = 0.033, 0.023, 0.020, and 0.040). The SV response was
largely maintained in both pre and postmenopausal women during PECA and as such the change in SV
from baseline continued to be greater in the premenopausal women.
Figure 7-1 and 7-2 show the cardiovascular responses to progressive cuff inflation. At all but the
lowest percent of SBP values, changes in SV and Q̇ tended to be greater and changes in TPR tended to be
less in the premenopausal than the postmenopausal women. HR was well matched between groups.
Interestingly, the change in SBP from the end of free flow exercise was well matched between groups
until a percent of SBP of 80% was achieved at which point the postmenopausal women tended to generate
a greater pressor response.
Acute Estrogen Deficiency
Effect of Menstrual Phase on Central Hemodynamics (Figure 9).
Premenopausal subjects had significantly lower resting central systolic (p = 0.035), diastolic (p =
0.034), and mean (p = 0.008) blood pressures during the late follicular phase of their menstrual cycle.
Effect of Menstrual Phase on Cardiovascular Response to Graded Occlusion Exercise.
Figure 11 shows the SBP, DBP, and MAP responses to graded occlusion exercise at fatigue and
during post exercise circulatory arrest (PECA) in premenopausal women during the early and late
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follicular phases of the menstrual cycle. Pressor responses between menstrual phases were not
significantly different from one another at fatigue or during PECA. The relative changes in HR, TPR, SV,
and Q̇ that accounted for these blood pressure responses are shown in Figure 11-1. At fatigue and during
PECA, increases in SV were greater during the late follicular than early follicular phase of the menstrual
cycle (p = 0.006 and 0.017, respectively). The greater SV in the late follicular phase contributed to an
elevated cardiac output at fatigue and during PECA that did not achieve significance (p = 0.35 and 0.07,
respectively). Importantly, as shown in figures 12-1 and 13-2, this disparate SV response between phases
only manifested itself under conditions of reduced muscle blood flow and was therefore not present
during free flow or the early stages of graded occlusion. In fact, there were no phase related differences in
any of the variables recorded under conditions of free flow exercise (Figure 12, 12-1, and 10). HR did not
differ between the two menstrual phases at fatigue or during PECA.
Figures 14 and 14-1 show the average pressor and hemodynamic responses for each 30-second
interval during PECA. Premenopasual women during both phases of their menstrual cycle showed a
similar pattern of responses. In particular, SBP, DBP, and MAP all declined slightly from fatigue in the
first 30-seconds of PECA but then remained constant. HR during both phases declined dramatically
during the first 30-seconds of PECA. This decline caused a small drop in Q̇ following the cessation of
exercise despite the maintenance of stroke volume. Despite similar temporal patterns, the magnitude of
some of these responses differed between menstrual phases. Specifically, the stroke volume change from
baseline at all six PECA intervals was significantly greater during the late follicular phase. This elevated
stroke volume resulted in a larger increase in cardiac output in the late follicular phase at 90 and 210
seconds (p = 0.011 and 0.042, respectively).
As shown in Figure 13-2, cardiovascular responses to exercise during the initial stages of cuff
inflation (0-80% percent of SBP) were well matched during the early and late follicular phases of the
menstrual cycle. Additionally, blood flow responses to progressive cuff inflation (Figure 13) were well
matched between menstrual phases suggesting a similar degree of vessel compressibility in the early
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follicular and late follicular phases and no impact of the increase in blood pressure elicited by the
metaboreflex on brachial blood flow.
Chapter 5: Discussion
Discussion
This study examined the effects of acute and chronic estrogen deficiency on the muscle
metaboreflex control of blood pressure. We utilized forearm exercise to minimize the effect of the ageassociated decline in physical activity seen in the leg. Additionally, a low relative work intensity (10%
MVC) was used to ensure the muscle metaboreflex was not tonically active. As such, progressive brachial
cuff inflation was employed to artificially create a mismatch between oxygen supply and demand, thereby
activating the exercise pressor reflex. The major findings of the current study were 1) the exercise pressor
reflex-mediated blood pressure response in postmenopausal women appears to be generated almost
exclusively via increases in peripheral vascular resistance. In contrast, premenopausal women rely more
heavily on increases in cardiac output with only small increases in vascular resistance, 2) under the
exercise paradigm employed in this study, there appears to be some flow preserving property to the
metaboreflex in postmenopausal women, 3) endogenous increases in estrogen reduce resting brachial and
central blood pressure and, 4) under ischemic conditions (when the metaboreflex is engaged)
premenopausal women in the late follicular phase of their menstrual cycle appear to exhibit enhanced
ventricular performance. Collectively, these results suggest that the metaboreflex-mediated cardiovascular
response to small muscle mass exercise may be impacted by both age and estrogen status.
Chronic Estrogen Deficiency
Both age and the chronic loss of estrogen associated with menopause have been shown to result
in elevations in sympathetic nerve activity (Rowe & Troen, 1980; Vongpatanasin, 2009), decreases in
baroreflex gain (Monahan, 2007), and reductions in the bioavailability of nitric oxide leading to
attenuated endothelium-dependent vasodilation and increases in vascular tone (Celermajer et al., 1994;
Taddei et al., 1996). Additionally, the chronic loss of estrogen has been associated with enhanced
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sympathetic responsiveness in exercising muscles (Fadel et al., 2004; Pines et al., 1996) . As such, we
hypothesized that progressive arterial cuff inflation during exercise would elicit a larger blood pressure
response in postmenopausal than premenopausal women during exercise and in the circulatory arrest
period that followed and that this response would be driven primarily by greater increases in peripheral
resistance in the postmenopausal women. In support of this hypothesis, we noted a greater increase in
systolic blood pressure at fatigue in the postmenopausal women, a response that tended to remain
throughout the circulatory arrest period. Additionally, this response appeared to be driven almost
exclusively by a rise in peripheral resistance given the absence of a rise in cardiac output. Interestingly,
however, despite the well-documented beta-adrenergic desensitization that occurs with aging, pre and
postmenopausal women had similar heart rate responses at fatigue and during PECA. As such, it was the
progressive decline in stroke volume during exercise (which persisted during PECA) that caused the
blunted cardiac output response in the postmenopausal women. The differential nature of these responses
in the pre and postmenopausal women may point to an attenuated inotropic response in the face of
elevated heart rate and afterload in the postmenopausal women and impaired diastolic function in
response to elevations in sympathetic nerve activity. This finding is not entirely surprising, as Hees et al
(Hees et al., 2006) noted that the chronotropic response to beta-adrenergic stimulation was
indistinguishable between healthy young and old patients, but the inotropic response was attenuated in the
old. Hees et al attributed this differential response to a selective effect on beta-receptor subtypes with
aging. They also noted the possibility for an age-related difference in the distribution of beta-receptors in
the right atrium versus the left ventricle, which may explain the differential nature of the inotropic and
chronotropic responses. Our findings, and the rationale provided by Hees et al., are in good accordance
with those noted in dogs. Specifically, when the cardiac output response to metaboreflex activation is
blocked by means of a beta-adrenergic blocker, but heart rate is maintained at exercising levels, the
mechanism responsible for the rise in arterial pressure shifts to an increase in peripheral resistance
(Sheriff, Augustyniak, & O’Leary, 1998). Similarly, in the present study, the rise in heart rate but
apparent inability to elevate or maintain stroke volume in the postmenopausal women was associated with
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higher peripheral vasoconstriction to increase arterial pressure. Additionally, the chronic loss of estrogen
has been associated with lower cardiac contractility. The fact that this impairment can be improved with
sex hormone therapy points to the loss of estrogen, rather than simply age, as a likely causative agent.
Both aging and long-term estrogen deficiency have been shown to impact ventricular
performance (Paigel et al., 2011; Pines, Fisman, Drory, et al., 1992; Port, Cobb, Coleman, & Jones,
1980). It is thought that long-term deficiency of ovarian sex hormones results in changes in the expression
of key myocardial contractile proteins, the SERCA pump, and phospholamban (Paigel et al., 2011).
Additionally, several echocardiographic studies in postmenopausal women have noted that menopause
results in decreased myocardial inotropism (Pines, Fisman, Drory, et al., 1992), and this decrement can be
significantly improved with hormone replacement therapy (Pines, Fisman, Levo, Averbuch, Lidor, et al.,
1991). As such, the decline in stroke volume in postmenopausal women may be the result of a decrease in
ventricular performance during exercise as a result of age and chronic estrogen deficiency. It is also
possible that the rise in heart rate that results from the increase sympathetic activity associated with
exercise, and particularly with metaboreflex activation, could not be overcome due to attenuated diastolic
filling associated with chronic estrogen loss in the postmenopausal women (Fak et al., 2000; Voutilainen
et al., 1993). Collectively, these findings may suggest a role for age and/or estrogen in modulating the
cardiac response to exercise.
The postmenopausal women in our study also demonstrated a larger increase in peripheral
resistance at the end of the exercise bout (fatigue) as well as during PECA. While the present study was
not designed to discern the cause of this elevated resistance, a number of mechanisms may yield
differences in peripheral resistance between pre and postmenopausal women. As mentioned previously,
the reduction in the bioavailability of nitric oxide as well as the elevations in sympathetic neural outflow
associated with age and estrogen loss may contribute to the tonically elevated vascular resistance during
exercise evident in the postmenopausal women. However, of note is the apparent inflection point in the
rise in peripheral resistance at a percent of SBP of ~80% in the postmenopausal women (Figure 7-2). This
same trend was not evident in the premenopausal women, who displayed a very small increase in
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peripheral resistance for a given increase in percent of SBP. The fact that the change in slope of the
peripheral resistance and blood pressure response occurred well into the occlusion bout in the
postmenopausal women lends itself to the notion that it was caused by activation of the exercise pressor
reflex. This assumption is supported by studies conducted in both humans and dogs in which it was noted
that restricting blood flow to a contracting muscle elicits a reflex increase in blood pressure that results
from the mismatch between oxygen supply and demand. More importantly, Wyss et al (Wyss et al., 1983)
designed an elegant set of experiments in dogs to demonstrate that there exists a threshold for the
activation of the muscle metaboreflex and that the flow reduction at which the threshold occurs is
intensity dependent. Ichinose et al (Ichinose et al., 2011) has since extended this concept in humans by
reducing muscle blood flow to the exercising forearm via arterial cuff inflation and they too, noted a
threshold for the metaboreflex. While our findings do not necessarily lend themselves to the notion of an
enhanced metaboreflex in light of the more well-matched pressor responses during the later stages PECA
in the pre and postmenopausal women, they may suggest a synergistic effect between the metaboreflex
and the other components of exercise blood pressure in postmenopausal women.
This heightened peripheral resistance likely also has important implications in the stroke volume
decline observed in the postmenopausal women. The rise in peripheral resistance would result in
substantial elevations in afterload in the postmenopausal women and therefore considerable difficulty in
raising stroke volume, particularly in light of the attenuation in contractility and ventricular filling that
results from age and chronic estrogen deficiency. This notion has been substantiated by a study in which
it was noted that postmenopausal women demonstrated normal left ventricular function at rest, however
during cycling exercise the rise in peripheral resistance associated with impaired endothelial function
resulted in significantly lower ejection fraction than their premenopausal counterparts (Yoshioka et al.,
2003). Additionally, using chronically instrumented dogs during graded treadmill exercise, Ansorge et al
(Ansorge et al., 2002) noted that the rise in sympathetic nerve activity associated with the exercise pressor
reflex is capable of eliciting a vasoconstrictor response in the coronary vasculature. This increase in
coronary vasoconstriction may in turn limit increases in ventricular performance (Shannon et al., 1991).
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The metaboreflex-mediated pressor responses also appear to be buffered by the arterial baroreflex
(Sheriff et al., 1990). Moreover, it has been suggested that the sympathoinhibitory nature of estrogen may
be due in part to its positive effect on autonomic function, particularly on arterial baroreflex sensitivity
(Vongpatanasin, 2009). Consequently, these may have important implications for our findings. Some
studies have documented a reduction in baroreflex gain with age (Jones, Christou, Jordan, & Seals, 2003)
as well as the ability of estrogen replacement therapy to improve baroreflex sensitivity in postmenopausal
women (Hunt et al., 2001). As a result, the exaggerated pressor response noted in the postmenopausal
women may be the result of attenuated baroreflex buffering of the exercise pressor reflex. In accordance
with our findings, this would allow substantial elevations in sympathetic nerve activity to persist,
particularly after the metaboreflex has become engaged. Premenopausal women, in contrast, have wellpreserved baroreflex function, which may allow for more substantial blunting of the metaboreflexinduced increase in sympathetic activity as evident by the minimal TPR response during the graded
occlusion exercise. In baro-denervated dogs, activation of the metaboreflex elicited a pressor response
that was two-fold greater than control and the result of heightened increases in peripheral vasoconstriction
with little increase in cardiac output (J.-K. Kim, Sala-Mercado, Rodriguez, Scislo, & O’Leary, 2005;
Sheriff et al., 1990). These studies suggest a prominent role for the arterial baroreflex in blunting the
metaboreflex-induced increase in peripheral vasoconstriction. Several studies have also suggested an
“uncoupling” of sympathetic neural outflow and vascular resistance in premenopausal women. This same
dissociation does not appear to be present in young men or postmenopausal women which suggests the
heightened peripheral resistance response in the postmenopausal women is mediated at least in part by the
chronic loss of estrogen. Additionally, it has been suggested that the return to baseline observed in the
heart rate response during post exercise circulatory arrest is the result of the recovery of parasympathetic
tone that overrides the increase in sympathetic activity elicited by the metaboreflex. In accordance with
these findings, the premenopausal women in this study demonstrated a more immediate decline in both
heart rate and blood pressure than did the postmenopausal women. This observation may be the result of
some degree of autonomic dysfunction in the postmenopausal women. In support of this notion, Saleh et
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al (Saleh & Connell, 1999) noted that intravenous injection of estrogen in male rats produced a significant
increase in vagal efferent activity and baroreflex sensitivity. Similarly, in a study comparing healthy
women before and after oophorectomy with age matched women undergoing a hysterectomy with ovarian
conservation, Mercuro et al (Mercuro et al., 2004) noted a decrease in cardiac vagal modulation which
was recovered following three months of estrogen therapy. Collectively, these findings indicate a role for
estrogen in effective autonomic function and as such the difference in peripheral resistance seen between
pre- and postmenopausal women during exercise in this study may be the result of the effect of age and
estrogen deficiency on autonomic control of the circulation.
Interestingly, the rise in peripheral resistance and the resultant increase in systolic blood pressure
appear to confer a flow advantage for the postmenopausal women under the experimental paradigm
employed in this study. As shown in Figure 7, despite the continued increase in brachial cuff pressure,
after a percent of SBP of ~70-80%, the postmenopausal women appear to preserve blood flow to a greater
extent than the premenopausal women. To the best of our knowledge, this is the first documentation of a
flow preserving property of the exercise pressor reflex in the human forearm. While the mechanisms
responsible for this flow preservation will require further investigation, it is worth noting that most
studies on the “flow preserving nature” of the metaboreflex in humans have been performed in young,
healthy adults, or dogs, whom we now know to utilize slightly different cardiovascular mechanisms to
increase blood pressure upon metaboreflex engagement (D. O’Leary, 2006; Richter, Kiens, Hargreaves,
& Kjaer, 1992; Savard et al., 1989). As such, our findings may indicate that the utilization of peripheral
resistance to increase blood pressure and larger blood pressure response in the postmenopausal women in
this experimental paradigm may in part account for this apparent flow preservation. Additionally, these
findings may suggest that the augmented blood pressure responses observed in postmenopausal women
may serve as an adaptive mechanism to preserve muscle blood flow in the face of attenuated vessel
dilation.
The present study also demonstrated a larger increase in blood pressure during the free flow
exercise period in the postmenopausal women. This response appeared to be the result of a greater
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increase in heart rate and peripheral resistance relative to the premenopausal women. This finding was
unexpected given the low intensity of the exercise protocol and the lack of high intramuscular pressures
present during static exercise. It is unlikely the metaboreflex played a role in this response, given the low
exercise intensity and lack of flow restriction at this time point. Our findings are in agreement with a
small body of literature suggesting an augmented mechanoreflex in various disease states as well as in
healthy postmenopausal women (Park & Kim, 2011; Smith, Mitchell, Naseem, & Garry, 2005). This
notion is further supported by the more closely matched changes in blood pressure from baseline in the
pre and postmenopausal women at the end of the post exercise circulatory arrest period, after the
contribution of the mechanoreflex and central command have been removed. While we cannot
conclusively rule out the contribution of central command to this response, the use of the same relative
work intensity would suggest similar activation of central command. Isolation of the muscle
mechanoreflex via passive muscle stretch has been shown to elicit small increases in sympathetic nerve
activity, blood pressure, and heart rate (Cui, Blaha, Moradkhan, Gray, & Sinoway, 2006; Gladwell et al.,
2005; J. Kim, Hayes, Kindig, & Kaufman, 2007). Additionally, it has been suggested that baroreflex
engagement blunts the sympathetic response to mechanoreflex activation (Cui et al., 2006). However,
given the attenuated baroreflex sensitivity documented in postmenopausal women, it is conceivable that
the MSNA and consequently the vascular resistance response in postmenopausal women would be
augmented during mechanoreflex activation relative to young subjects. Importantly, the majority of
studies suggesting a mechanoreflex-induced increase in sympathetic nerve activity have been conducted
using passive stretch of the leg, which represents much larger muscle mass than the forearm model
employed in this study, and as such the same findings may not be present in the arm. Collectively our
findings regarding the pressor responses between pre- and postmenopausal women may suggest a
synergistic effect of metabo- and mechanoreflexes in contributing to the larger blood pressure responses
during the graded occlusion protocol in postmenopausal women. This is likely a multifactorial response.
The increase in blood pressure and peripheral resistance in the postemenopasual women relative to the
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premenopausal women may suggest enhanced mechanoreceptor sensitization in the postmenopausal
women.
Our findings regarding the cardiovascular responses that occurred at fatigue and during PECA in
the pre- and postmenopausal women are in line with Choi et al (Choi et al., 2012), who noted that the
pressor response to metaboreflex activation induced via cuff inflation following static arm exercise was
greater in postmenopausal women, a response they also attributed to heightened peripheral resistance.
These studies, however, used a different exercise paradigm to activate metaboreflexes. The rhythmic
protocol employed in our study minimized the impact of elevations in sympathetic outflow that result
from the high intramuscular pressures present during static exercise. Additionally, the use of progressive
arterial cuff inflation during mild handgrip exercise allowed for the potential discernment of the
mechanisms and components of the cardiovascular responses produced at the end of the exercise protocol
as well as allowed for the observation of any shift in the hemodynamic response upon metaboreflex
engagement. There is also a well-documented age-related shift in muscle fiber type towards more fatigueresistant fibers (Lexell, 1995; Purves-Smith et al., 2014). As a result, experimental protocols that utilize
static exercise for a fixed amount of time may not yield the same degree of metabolite accumulation in
young and old subjects and may therefore not be entirely representative of the pressor responses that
result from metaboreflex engagement in these groups. The present study therefore allowed for not only
the discrete examination of the cardiovascular responses at the end of the exercise bout and those that
persisted during post exercise circulatory arrest, but also provided continuous assessment of the
cardiovascular changes that occur under conditions of progressive metaboreflex activation.
Collectively, our findings indicate that the chronic loss of estrogen associated with menopause
results in substantial changes in the cardiovascular response to exercise, particularly when the muscle
metaboreflex is engaged. However, our findings also suggest that the augmented blood pressure response
in postmenopausal women may in fact be an adaptive response allowing for increased muscle perfusion in
the face of attenuated vessel dilation.
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Acute Estrogen Deficiency (Menstrual Phase)
Estrogen has been shown to attenuate the blood pressure response to free flow dynamic exercise
(Lewandowski et al., 1998), enhance vasodilatory capacity (Parker et al., 2007), reduce lactate production
during heavy exercise (Jurkowski et al., 1981), and attenuate the exercise induced increase in MSNA in
response to static exercise (SM Ettinger et al., 1998). Despite these findings, a recent study indicated that
acute fluctuations in estrogen concentrations associated with menstrual phase do not alter the magnitude
of the blood pressure response to metaboreflex engagement (Hartwich et al., 2013). However, this study
did not comment on estrogen’s effect on the components of this response. As such, we sought to
characterize both the pressor response and its components during mild rhythmic handgrip exercise with
progressive brachial cuff inflation intended to activate the muscle metaboreflex. In light of these findings
as well as those suggesting that estrogen exerts a positive effect on cardiac function (Luotola, 1983; Pines,
Fisman, Ayalon, et al., 1992; Pines, Fisman, Levo, Averbuch, Lindor, et al., 1991; Slater, Gude, Clarke,
& Walters, 1986; Zengin et al., 2007) and attenuates sympathetic tone, we hypothesized that acute
estrogen fluctuation between the early and late follicular phases of the menstrual cycle would shift the
components of the pressor response to increased reliance on cardiac output during the late follicular phase
but would not attenuate the magnitude of the pressor response. In support of these hypotheses, we noted
no significant difference in the blood pressure response during rhythmic exercise or during the period of
metaboreflex isolation that followed. However, premenopausal women during the late follicular phase of
their menstrual cycle did generate a greater increase in stroke volume during exercise and the period of
metaboreflex isolation. Importantly, the hemodynamic responses to exercise in both phases were well
matched during the free flow exercise period and well into graded brachial artery occlusion, indicating
that this response only manifested itself after a considerable reduction in muscle blood flow had occurred.
Collectively, these findings support a role for acute estrogen changes in modulating the metaboreflexmediated response to exercise despite similar pressor responses. In support of previous studies (Adkisson
et al., 2010), we also noted reduced resting central and peripheral blood pressures in premenopausal
women during the late follicular phase of the menstrual cycle.
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Estrogen has been shown to act directly on peripheral vasculature to increase vasodilation
(Sanada et al., 2001). Our findings regarding resting brachial and central blood pressures are in good
accordance. Women during the late follicular phase of the menstrual cycle have lower resting central and
peripheral blood pressures compared to the early follicular phase. This change in baseline blood pressure
may be the result of reduced vascular tone in the presence of elevated estrogen levels given estrogen’s
capacity to increase the bioavailability of the potent vasodilator, nitric oxide (Caulin-Glaser, GarciaCardena, Sarrel, Sessa, & Bender, 1997; Chen et al., 1999). This notion is supported by studies
documenting an increase in brachial-artery FMD during high estrogen phases of the menstrual cycle
(Adkisson et al., 2010; Hashimoto et al., 1995). Additionally, estrogen replacement therapy has been
shown to increase brachial FMD in postmenopausal women (Moreau, Stauffer, Kohrt, & Seals, 2013).
Collectively, these findings are suggestive of a role for estrogen in mediating vascular function, which
manifests itself clinically as a reduction in resting blood pressure.
The major hemodynamic mechanism underlying the increase in blood pressure throughout the
entire exercise protocol in both menstrual phases was an increase in cardiac output. In contrast, increases
in peripheral resistance appeared to provide only a minor contribution. Estrogen has been suggested to
govern cardiovascular responses both through its action on the vascular endothelium and smooth muscle
as well as its role in autonomic regulation (Vongpatanasin, 2009). In support of the latter, numerous
studies have noted attenuated sympathetic outflow during high estrogen phases of the menstrual cycle
(SM Ettinger et al., 1998). Given the concomitant increase in sympathetic baroreflex sensitivity apparent
when endogenous estrogen levels are elevated (such as during the mid luteal phase of the menstrual
cycle), this response may be the result of heightened sympathetic outflow. Interestingly, despite
documentation of estrogens ability to attenuate sympathetic activity, it appears to have no effect on the
transduction of sympathetic outflow into vascular resistance. Given the positive relationship between
sympathetic activity and vascular resistance in men and postmenopausal women but lack of such
relationship in premenopausal women, ovarian sex hormones are thought to play a role in the uncoupling
of MSNA and vascular resistance in premenopausal women. It has been suggested that estrogen enhances
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the basal release of nitric oxide in the vasculature, which blunts the effect of sympathetic outflow, thereby
mitigating the relationship between MSNA and vascular resistance. Given the prominent role increases in
vascular resistance are thought to play in the metaboreflex-mediated pressor response (Pawelczyk et al.,
1997; LI Sinoway et al., 1988; R. G. Victor et al., 1987), these findings could explain the similarity in the
pressor responses during progressive-ischemic exercise across the menstrual cycle, despite the increase in
the sympatholytic agent, estrogen.
The present data also document a key finding in the enhanced increase in stroke volume during
metaboreflex engagement in premenopausal women during the late follicular phase of the menstrual
cycle. In dogs, the increase in cardiac output that accompanies metaboreflex activation has been shown to
play a prominent role in eliciting the pressor response. This rise in cardiac output is thought to occur
through both increases in preload as well as increased contractility, which act in concert to raise stroke
volume. However, the mechanisms of the increase in cardiac output during metaboreflex engagement in
humans are less clear. It has been suggested that the stroke volume response to exercise varies with the
ability to increase heart rate (Crisafulli et al., 2011; Nóbrega et al., 1997). This implies that under
conditions in which heart rate increases, simply the maintenance of stroke volume is sufficient to allow
for the increase in cardiac output. However, when there is no, or very little, rise in heart rate, such as
during ventricular pacing or during post exercise circulatory arrest, the rise in cardiac output is largely the
result of an increase in stroke volume. Importantly, the mechanisms responsible for the increase or
maintenance in stroke volume are thought to differ in these two scenarios. Nobrega et al (Nóbrega et al.,
1997) demonstrated that when heart rate was fixed at resting levels by means of atrioventricular blockade
during static forearm exercise, stroke volume increased through an increase in ventricular contractility
and the Frank-Starling mechanism. However, when heart rate was fixed at an exercising level, stroke
volume increased by means of elevated contractility alone. In the present study, the different stroke
volume response between menstrual phases appeared to manifest itself only after a considerable reduction
in muscle blood flow had occurred. This observation is in good accordance with the notion that at low to
moderate intensities of exercise, a flow reduction threshold exists for the muscle metaboreflex (Ichinose
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et al., 2011; Wyss et al., 1983). As such, it is possible that the stroke volume difference between phases
resulted from a differential effect on cardiac filling, contractility, or both in the presence of the enhanced
sympathetic outflow elicited by the metaboreflex. Previous studies utilizing hormone replacement therapy
in postmenopausal women have noted augmented early diastolic filling in the hormone replacement
group, suggesting a role for ovarian sex hormones in improving ventricular filling and therefore FrankStarling mediated increases in stroke volume (Voutilainen et al., 1993). Whether the same improvement
in ventricular filling exists with acute estrogen increase remains to be determined. However, improved
ventricular relaxation and therefore increases in ventricular filling in the face of sympathetically-mediated
tachycardia in the late follicular phase, could provide an effective means for elevating stroke volume
during exercise with metaboreflex engagement. Importantly, one study employing the use of myocardial
performance index as an indicator of ventricular function in premenopausal women during the menstrual
and luteal phases of the menstrual cycle noted that elevated hormone levels improved both systolic and
diastolic function in the left and right ventricles (Zengin et al., 2007). This finding indicates that acute
estrogen fluctuations may in fact improve ventricular function. There is also evidence to suggest a
positive effect of estrogen on cardiac contractility. In a study employing short-term postmenopausal
estrogen therapy it was noted that estrogen administration increased both stroke volume and mean aortic
flow acceleration, which they attributed to enhanced inotropism and vasodilation (Pines, Fisman, Levo,
Averbuch, Lidor, et al., 1991)
Collectively, the findings of the present study suggest a potential role for estrogen in mediating
the cardiovascular responses to exercise, particularly under conditions in which the exercise pressor reflex
is engaged.

Chapter 6: Conclusions and Future Directions
Summary
A number of important and interesting findings were documented in this study. First, in
accordance with a small number of studies published previously, postmenopausal women appear to rely
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almost exclusively on increases in vascular resistance to generate the pressor response to metaboreflex
activation (Choi et al., 2012; Sidhu et al., 2015). The different nature of the metaboreflex-mediated
response between pre and postmenopausal women is likely the result of autonomic dysfunction associated
with age and chronic estrogen loss. Additionally, the impaired ability to raise cardiac output in the
postmenopausal women possibly as a result of attenuated contractility and ventricular filling in the face of
metaboreflex-induced ventricular tachycardia may contribute to the reliance on increases in peripheral
resistance to generate the blood pressure response to exercise during rhythmic, small muscle mass
exercise. Importantly, the elevated vascular resistance and heightened pressor response documented
during exercise in postmenopausal women has typically been considered a maladaptive response to
exercise. However, under the experimental paradigm employed in this study, the augmented pressor
response preserved blood flow in the postmenopausal women compared to the premenopausal women.
This is suggestive of an adaptive quality to the heightened blood pressure response in postmenopausal
women. Finally, the more well-matched pressor responses at the end of the period of metaboreflex
isolation (PECA) between pre and postmenopausal women but greater pressor response to graded
occlusion exercise in the postmenopausal women may suggest a synergistic effect to the metaboreflex in
postmenopausal women, which may in part explain the heightened blood pressure responses to exercise in
postmenopausal women.
Additionally, our findings document a role for acute estrogen fluctuation associated with
menstrual phase in governing the central and peripheral vascular health and hemodynamic responses to
metaboreflex engagement. Women during the early follicular phase of the menstrual cycle generated a
smaller increase in stroke volume during metaboreflex engagement than did women during the late
follicular phase. This finding implicates a role for acute fluctuations in endogenous estrogen levels in
governing the cardiovascular responses to small muscle mass exercise under conditions in which there is
a mismatch between blood supply and demand.
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Collectively the studies presented in this thesis suggest an important role for estrogen in
mediating the cardiovascular responses to exercise and help to further the understanding of the
mechanisms underlying the elevated pressor responses to exercise observed in postmenopausal women.
Limitations
In the present study, we did not have a standardized method to assess sympathetic reactivity in
our subjects (ie cold pressor test). Thus we cannot necessarily rule out augmented overall sympathetic
reactivity as the root of our findings between pre and postmenopausal women. Additionally, we cannot
exclude venous congestion as a contributing factor to the cardiovascular responses observed during the
graded occlusion protocol. Although the modelflow technique has been validated against other measures
(Bogert & van Lieshout, 2005; Ogoh et al., 2003; Wesseling et al., 1993), subsequent studies utilizing
more sensitive, more conventional approaches to measuring stroke volume and cardiac output are
warranted. The present study was also not equipped to discern the mechanisms for the elevation in stroke
volume documented here. As such, the use of two-dimensional echocardiography to assess cardiac
chamber dimensions and wall motion during metaboreflex activation could provide additional insight.
Although subjects were instructed to exercise until volitional fatigue, we cannot rule out the possibility of
differences in metabolite accumulation between subjects/groups as a contributor to the differential pressor
responses. Measures of forearm muscle hydrogen ion concentration (via deep venous blood sampling
and/or NIRS-derived interstitial pH) would be required to address this question. Finally, primary aging
has been shown to result in substantial changes to cardiovascular and autonomic function (Ferrari et al.,
2003). As such, we cannot conclusively attribute the findings between pre- and postmenopausal women to
chronic estrogen deficiency independent of age.
Future Directions
Future studies will seek to address the limitations indicated above. As mentioned above, it will be
important to add two-dimensional echocardiography (Doppler) to verify the stroke volume response
between pre- and postmenopausal women and between menstrual phases. It will also be informative to
employ the use of MSNA in order to discern the nature of the greater peripheral resistance response in
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postmenopausal women. Specifically, MSNA can provide insight into whether the greater increase in
peripheral resistance observed in postmenopausal women is the result of greater sympathetic nerve
activity alone, greater vascular responsiveness with a similar degree of neural outflow as in
premenopausal women, or a combination of the two. The latter two will require the use of venous
occlusion plethysmography, Doppler ultrasound, or near infrared spectroscopy in inactive regions (in
addition to MSNA), in order to provide insight into any differences in vascular transduction (i.e. vascular
responsiveness to sympathetic activity) in pre and postmenopausal women. This technique will also allow
us to assess whether postmenopausal women vasoconstrict to a greater extent in inactive regions and if
this response may be contributing to their ability to preserve blood flow to a greater extent during exercise
pressor reflex engagement compared to premenopausal women.
One of the more important extensions of this thesis will be to better elucidate the role of chronic
estrogen deficiency on exercise pressor reflex control of blood pressure. Although the effect of vascular
aging and chronic estrogen deficiency associated with menopause cannot be separated entirely because
the menopausal transition occurs over a number of years, several experimental models can be employed
to minimize the influence of age. These models are discussed briefly below.
The use of hormone replacement therapy in postmenopausal women has been a widely used
technique to discern the contribution of ovarian sex hormones alone on cardiovascular function (Bush et
al., 1998; De Meersman et al., 1998; Pines, Fisman, Levo, Averbuch, Lindor, et al., 1991). Effective use
this technique will require a number of considerations. First, in order to assess the effect of estrogen alone
on blood pressure control, postmenopausal women will be tested both before and after estrogen
replacement, without the addition of progestin. Estrogen should also be given in physiological doses, as
the intent of this line of investigation is to assess the effect of naturally occurring estrogen levels (or lack
thereof) on blood pressure regulation.
Pharmacologic suppression of ovarian function has been used to study the role of female sex
hormones in physiological regulation, both at rest (Day, Gozansky, Van Pelt, Schwartz, & Kohrt, 2005;
Melanson et al., 2015) and during exercise (D’Eon et al., 2002). With these approaches, ovarian
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production of estrogen can be suppressed either temporarily (gonadotropin-releasing hormone
antagonists) or for several months (GnRH agonists). As such, this approach provides a method for
isolating the effects of sex hormones in young women unaffected by the substantial changes in
cardiovascular function that result from aging in postmenopausal women.
Testing eumenorrheic and amenorrheic premenoapausal women can also serve as a model for
chronic estrogen deficiency while minimizing the confounding influence of age on the chronic estrogen
deficient results reported in this thesis (E O’Donnell, Harvey, Goodman, & De Souza, 2007).
Hypoestrogenic premenopausal women have been shown to experience endothelial dysfunction and
greater vascular tone compared to eumenorrheic women which suggests a contribution of chronic
estrogen deficiency, independent of age, on the alteration of cardiovascular function (E O’Donnell,
Goodman, Mak, & Harvey, 2014; Emma O’Donnell, Goodman, & Harvey, 2011). However, the effect of
this model on exercise pressor reflex control of blood pressure during rhythmic exercise remains to be
determined. Importantly, ensuring that amenorrheic women are not energy deficient is pivotal in the use
of this experimental paradigm since energy deficiency has been shown to impact autonomic function
(O’Dea, Esler, Leonard, Stockigt, & Nestel, 1982; Young & Landsberg, 1977).
Finally, the comparison of normally menstruating women and age-matched women who have
undergone surgical menopause can serve as a model for chronic estrogen deficiency. The limitation of
this approach, however, is that is does not allow for the discernment of the cardiovascular effects due to
estrogen loss and those due to progesterone. Additionally, an important consideration with this approach
is that surgical menopause may result from an underlying pathology that may have effects on vascular
function.
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Figure 3: Comparison of serum estradiol (E2) levels for each visit (mean ± SEM). * indicates significant
(p<0.05) difference from early follicular phase.
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Figure 4: Comparison of absolute brachial blood flow at rest and during free flow exercise in pre and
postmenopausal women. Values are mean ± SEM. * indicates significant (p<0.05) difference between
pre and postmenopausal.
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Figure 5: Changes in SBP, DBP, and MAP from baseline in pre and postmenopausal women at fatigue
and during PECA. Fatigue represents the change from baseline to the last 15 seconds of exercise and
PECA represents the change from baseline to the entire 3-minute PECA phase. Values are mean ±
SEM. PECA, post exercise circulatory arrest; SBP, systolic blood pressure; DBP, diastolic blood
pressure; MAP, mean arterial pressure. * indicates significant (p<0.05) difference from premenopausal
women.
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Figure 5-1: Components of the pressor responses in pre and postmenopausal women at fatigue and during
PECA. Values are mean ± SEM. HR, heart rate; SV, stroke volume; CO, cardiac output; TPR, total peripheral
resistance. * indicates significant (p<0.05) difference from premenopausal women.
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Figure 6: Pressor responses in pre and postmenopausal women during free flow and graded occlusion
exercise. Graded occlusion represents the change from baseline to the last 15 seconds of exercise and free
flow represents the change from baseline to the last 15 seconds of the free flow exercise period. Values are
mean ± SEM. SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure. *
indicates significant (p<0.05) difference from premenopausal women.
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Figure 6-1: Components of the pressor responses in pre and postmenopausal women during free
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CO, cardiac output; TPR, total peripheral resistance. * indicates significant (p<0.05) difference
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Figure 7: Decrease in brachial blood flow elicited by progressive increases in brachial cuff
pressure in pre and postmenopausal women. Percent of SBP was calculated as the brachial cuff
pressure/the subject’s systolic blood pressure at that time point*100. Changes in blood flow are
expressed as the change from steady state brachial blood flow (last minute of free flow). Values
are mean ± SEM. * indicates significant (p<0.025) difference from premenopausal women.
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Figure 7-1: Pressor responses in pre and postmenopausal women during graded occlusion exercise.
Blood pressure changes are expressed as the change from the last 15 seconds of free flow exercise.
Values are mean ± SEM. SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean
arterial pressure. * indicates significant (p<0.025) difference from premenopausal women.
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(p<0.025) difference from premenopausal women.
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Figure 8: Changes in blood pressure from baseline for each 30-second interval during PECA in
pre and postmenopausal women. Values are mean ± SEM. SBP, systolic blood pressure; DBP,
diastolic blood pressure; MAP, mean arterial pressure. * indicates significant (p<0.05) difference
from premenopausal women.
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Figure 8-1: Components of the pressor responses for each 30-second interval during PECA in pre
and postmenopausal women. Values are mean ± SEM. HR, heart rate; SV, stroke volume; CO,
cardiac output; TPR, total peripheral resistance. * indicates significant (p<0.05) difference between
pre and postmenopausal women.
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Figure 9: Comparison of resting central blood pressure in early and late follicular phases of the
menstrual cycle in premenopausal women (mean ± SEM). SBP, systolic blood pressure; DBP,
diastolic blood pressure; MP, mean pressure. * indicates significant (p<0.05) difference between
early and late follicular phase.
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Figure 10: Comparison of absolute brachial blood flow at rest and during free flow exercise in early
and late follicular phases of the menstrual cycle. Values are mean ± SEM. * indicates significant
(p<0.05) difference between early and late follicular phase.
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Figure 11: Changes in SBP, DBP, and MAP from baseline in early and late follicular phases of
the menstrual cycle in premenopausal women at fatigue and during PECA. Fatigue represents
the change from baseline to the last 15 seconds of exercise and PECA represents the change
from baseline to the entire 3-minute PECA phase. Values are mean ± SEM. PECA, post
exercise circulatory arrest; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP,
mean arterial pressure. * indicates significant (p<0.05) difference from early follicular phase.
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Figure 12: Pressor responses in early and late follicular phases of the menstrual cycle during
free flow and graded occlusion exercise. Graded occlusion represents the change from baseline
to the last 15 seconds of exercise and free flow represents the change from baseline to the last
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Figure 12-1: Components of the pressor responses in early and late follicular phases of the
menstrual cycle during free flow and graded occlusion exercise. Values are mean ± SEM. HR,
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significant (p<0.05) difference from early follicular phase.
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Figure 13: Decrease in brachial blood flow elicited by progressive increases in brachial cuff
pressure in early and late follicular phases of the menstrual cycle. Percent of SBP was calculated as
the brachial cuff pressure/the subject’s systolic blood pressure at that time point*100. Changes in
blood flow are expressed as the change from steady state brachial blood flow (last minute of free
flow). Values are mean ± SEM. * indicates significant (p<0.025) difference from early follicular
phase.
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Figure 13-1: Pressor responses in early and late follicular phases of the menstrual cycle during
graded occlusion exercise. Blood pressure changes are expressed as the change from the last
15 seconds of free flow exercise. Values are mean ± SEM. SBP, systolic blood pressure; DBP,
diastolic blood pressure; MAP, mean arterial pressure. * indicates significant (p<0.025)
difference from early follicular phase.
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Figure 13-2: Components of the pressor responses in early and late follicular phases of the
menstrual cycle during graded occlusion exercise. Changes in HR, SV, CO, and TPR are
expressed as the change from the last 15 seconds of free flow exercise. Values are mean ± SEM.
* indicates significant (p<0.025) difference from early follicular phase.
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Figure 14: Changes in blood pressure from baseline for each 30-second interval during PECA in
early and late follicular phases of the menstrual cycle. Values are mean ± SEM. SBP, systolic
blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure. * indicates
significant (p<0.05) difference from early follicular phase.
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Figure 14-1: Components of the pressor responses for each 30-second interval during PECA in
early and late follicular phases of the menstrual cycle. Values are mean ± SEM. HR, heart rate;
SV, stroke volume; CO, cardiac output; TPR, total peripheral resistance. * indicates significant
(p<0.05) difference from early follicular phase.
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1. Purpose&of&the&study:&&
!
Women! are! more! likely! to! develop! high! blood! pressure! (e.g.,! hypertension)! after! menopause.!
Postmenopausal! women! also! experience! greater! increases! in! blood! pressure! in! response! to!
physical! stressors! such! as! exercise! compared! with! either! premenopausal! women! or! men! of! a!
similar!age.!!The!purpose!of!this!research!study!is!to!test!the!ability!of!an!acute!(one,time)!dose!of!
beetroot! juice! to! lower! resting! blood! pressure! as! well! as! blood! pressure! responses! to! exercise! in!
postmenopausal!(55,80!years)!women!with!and!without!hypertension!and!to!compare!their!results!
to!those!obtained!from!premenopausal!women!(18,35!years).!
!
2. Procedures&to&be&followed:&&
&
The!study!and!its!procedures!are!outlined!below&
&
Note:& If& you& are& a& premenopausal& woman,& you& will& not& participate& in& the& beetroot& juice&
portion&of&this&study&(Postmenopausal&visits&3&&&4).&&
&
&
&
&
&
&
&
&
&
&
______(your&initials)&

&
If&you&are&a&premenopausal&woman,&you&will&be&asked&to&complete&the&following:&
&

Visit&1J&Screening/Familiarization&Visit.&!!
&
You!should!also!report!to!this!visit!in!a!fasted!state!without!consuming!food!(except!water)!
for!12!hours!prior!to!arrival.!After!you!check!in,!a!blood!sample!from!a!vein!in!your!arm!will!

!
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be! taken! by! a! Clinical! Research! Center! (CRC)! nurse! to! measure! your! lipid! profile,! blood!
chemistry,! and! the! number! of! cells! in! your! blood.! Following! the! blood! sample,! you! will! be!
given!a!small!snack!(e.g.,!granola!bar!or!other!carbohydrate!food,!with!water!or!juice)!to!help!
reduce!feelings!of!hunger!
!!
!
!
!
!
!
!
!
!
!
!!
!
!
!
!
!
!
!
!
______(your&initials)&

!

!

&
You!should!report!to!this!visit!without!consuming!caffeine!for!12!hours!prior!to!arrival.!You!
should!not!consume!any!alcohol!or!dietary!supplements!for!48!hours!prior,!or!participate!in!
any!exercise!workouts!(e.g.,!weight!lifting!or!sustained!aerobic!exercise!>!15!minutes)!for!24!
hours!prior!to!arrival.!&!
!
!
!
!
!
!
!
!
!
______(your&initials)&

!
During!this!visit,!you!will!complete!a!health!history!and!physical!activity/fitness!
questionnaire.!Your!height,!weight,!as!well!as!resting!heart!rate!and!resting!blood!pressure!
will!be!measured!by!a!trained!member!of!the!Vascular!Aging!and!Exercise!Laboratory.!You!
will!then!perform!a!submaximal!(less!than!“all,out”!effort)!exercise!test!that!will!estimate!
your!aerobic!fitness.!During!this!test,!you!will!be!asked!to!step!on!and!off!of!a!low!(30!cm!or!
approximately!1!foot!high)!box!for!5!minutes.!A!metronome!will!help!you!to!step!on!and!off!
the!box!at!a!set!pace.!Throughout!this!test,!researchers!will!measure!your!heart!rate!with!
monitor!that!straps!around!your!chest.!After!you!complete!the!exercise!test,!you!will!be!
familiarized!with!the!study!protocol!and!the!measurements!that!will!be!performed!during!
your!subsequent!study!visits.! !
!
!
!
!
!
!
!
!!
!
!
!
!
!
!
!
!
______&&(your&initials)&
&
Urine!Collection:!!In!order!for!your!menstrual!cycle!hormones!to!be!measured,!you!will!be!
asked!to!collect!a!urine!sample!every!morning!for!one!complete!menstrual!cycle.!During!your!
screening!visit,!you!will!receive!written!and!verbal!instructions!for!collecting,!storing,!and!
recording!urine!samples.!!You!will!collect!urine!every!morning!using!a!small!urine!cup!that!is!
provided!by!the!lab.!!You!will!store!urine!samples!in!a!freezer,!then!transport!the!urine!to!the!
lab!using!supplies!that!the!lab!will!provide.!You!will!begin!urine!collection!on!the!first!day!of!
your!first!period!following!your!general!screening!visit!and!collect!a!sample!daily!until!the!
first!day!of!the!following!menstrual!period.!You!will!keep!track!of!menses!and!urine!
collection!times!on!a!daily!menstrual!and!urine!calendar!provided!by!the!lab.!!Collection,!
processing,!and!recording!of!urine!collection!will!take!about!5!minutes!per!day.!!
______&&(your&initials)
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
Visit&2&J&Baseline&Study&Visit.&&
&
You!should!report!to!this!visit!in!a!fasted!state,!without!consuming!food!or!caffeine!12!hours!
prior! to! arrival.! You! should! not! consume! any! alcohol! or! dietary! supplements! for! 48! hours!
prior,! or! participate! in! any! exercise! workouts! (e.g.,! weight! lifting! or! sustained! aerobic!
exercise! >! 15! minutes)! for! 24! hours! prior! to! arrival.! Upon! arrival,! you! will! check! in! at! the!
CRC!in!Noll!Laboratory,!and!a!CRC!nurse!will!take!a!16!mL!(~1!tbsp.)!blood!sample!from!a!
vein! in! your! arm.! This! sample! will! be! used! to! determine! the! amount! of! nitrate! and! nitrite!
(by,products!of!nitric!oxide,!a!naturally!occurring!substance!in!your!body!that!causes!blood!

!
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vessels! to! widen)! and! estradiol! (estrogen)! in! your! blood.! ! Following! the! blood! sample,! you!
will!be!given!a!small!snack!(e.g.,!granola!bar!or!other!carbohydrate!food,!with!water!or!juice)!
to!help!reduce!feelings!of!hunger.&
______(your&initials)&
!
A!urine!pregnancy!test!will!be!provided!to!you!by!a!CRC!nurse!before!the!blood!sample!is!
taken!during!this!visit.!If!the!pregnancy!test!reading!is!negative,!you!will!provide!the!blood!
sample!and!continue!with!the!remainder!of!the!experiments!performed!in!this!study!visit.!!
However,!if!the!pregnancy!test!is!positive!reading,!you!will& not!provide!a!blood!sample!or!
continue! with! the! remainder! of! the! study! visit,! and! we! will! ask! that! you! schedule! an!
appointment!with!a!physician!(Ob/Gyn)!to!confirm!the!positive!test.!!
& &
&
&
&
&
&
&
&
&
______(your&initials)&
&
Next! you! will! be! escorted! to! the! Vascular! Aging! and! Exercise! Laboratory! (201! Noll! Lab),!
where!the!following!procedures!will!be!performed:!
!
Heart& Rate.& Heart! rate! will! be! measured! by! placing! three! sticky! electrodes! on! your! chest!
and! reading! the! electrocardiogram! (ECG)! signal.! A! small,inflatable! cuff! will! also! be! placed!
around!a!finger!on!your!hand!to!measure!changes!in!your!pulse!detected!at!your!fingertip.!
After!the!electrodes!and!the!finger!cuff!are!applied!to!you,!you!will!be!asked!to!lie!flat!on!a!
bed!and!rest!for!20!minutes!while!your!heart!rate!and!finger!pulse!on!recorded.!
&
______(your&initials)&
&

&
&

&

!

Pulse&Wave&Velocity&Pulse!wave!velocity!is!a!non,invasive!measurement!that!allows!us!to!
estimate! the! “stiffness”! of! your! blood! vessels.! You! will! lay! flat! on! a! bed! with! a! blood!
pressure! cuff! placed! around! your! femoral! artery! (a! blood! vessel! in! your! thigh),! while! a!
researcher!holds!a!small!(pen,sized)!sensor!over!your!carotid!artery!(a!blood!vessel!in!your!
neck).!To!make!a!measurement,!the!blood!pressure!cuff!placed!on!your!thigh!will!inflate!to!a!
pressure!that!temporarily!prevents!blood!flow!into!your!leg.!The!cuff!will!then!deflate!over!
1,2! minutes,! while! sensors! in! the! cuff! and! on! your! neck! measure! how! fast! each! pulse! of!
blood!travels!through!your!blood!vessels.!This!measurement!will!be!performed!3,4!times.!
&
&
&
&
&
&
&
&
&
&
______(your&initials)&
&&&
Resting& Blood& Pressure.& Your! resting! blood! pressure! will! be! measured! by! an! automated!
blood!pressure!machine.!An!inflatable!cuff!will!be!placed!on!your!upper!arm,!and!you!will!be!
asked! to! sit! quietly! in! a! chair! for! at! least! 5! minutes.! The! cuff! will! then! be! inflated! to! a!
pressure! that! prevents! blood! from! flowing! into! your! forearm.! As! soon! as! flow! into! your!
forearm! is! stopped,! the! cuff! will! gradually! deflate! over! 1,2! minutes.! As! the! cuff! deflates!
sensors!inside!of!the!cuff!will!detect!the!blood!pressure!in!your!upper!arm,!and!the!machine!
will! use! a! validated! equation! to! also! calculate! the! blood! pressure! in! the! artery! that! leaves!
your!heart!(i.e,!aorta).!This!measurement!will!be!performed!3,4!times.!
&
&
&
&
&
&
&
&
&
______(your&initials)&
!
!
Leg& Suction.& You!will!lie!on!a!bed,!and!your!leg!will!be!placed!inside!of!a!closed!box!up!to!
the!middle!of!your!thigh.!A!sleeve!made!from!a!stretchy!material!(i.e.,!neoprene)!will!help!to!
seal!your!leg!inside!of!the!box!in!a!way!that!provides!a!snug!fit,!but!does!not!constrict!your!
leg.! Once! your! leg! is! sealed! inside! of! the! box,! you! will! lie! quietly! for! 5! minutes.! Next,! a!
vacuum! will! apply! up! to! 4! different! levels! of! suction! to! your! leg! inside! the! box! for! one!
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&

!

minute!at!a!time.!The!amounts!of!suction!used!will!increase!the!pressure!inside!the!blood!
vessels!of!your!leg!to!similar!pressures!experienced!when!you!stand!up.!There!will!be!a!2,4!
minute! rest! period! between! each! level! of! suction.! Each! level! of! suction! will! be! applied!
between!2,4!times.!!Some!of!these!times!we!will!measure!the!amount!of!blood!flowing!into!
your!leg!inside!the!box.!Some!of!these!times!we!may!measure!the!amount!blood!flowing!into!
your!opposite!leg!(i.e.,!the!one!not!inside!the!box).!The!amount!of!blood!flowing!into!your!
leg(s)!will!be!measured!using!a!Doppler!ultrasound!machine!that!produces!sound!waves!to!
measure! the! size! of! your! blood! vessel! and! the! speed! of! your! blood.! ! Throughout! this!
procedure,!your!blood!pressure!will!be!monitored!with!a!small,!inflatable!finger!cuff.!!The!
information!collected!from!this!procedure!will!allow!us!to!estimate!how!much!your!vessels!
constrict!(i.e.,!get!smaller)!when!they!are!stretched.!!!!!!!!!!!
&
&
&
&
&
&
&
&
&
______(your&initials)&
!
!
Static&Handgrip&Exercise.!First,!we!will!place!a!blood!pressure!cuff!on!your!upper!arm!and!
forearm.!The!cuff!on!your!upper!arm!will!be!inflated!to!above!systolic!blood!pressure.!You!
will!rest!with!the!cuff!inflated!for!a!period!of!2!minutes,!after!which!the!cuff!on!your!forearm!
will!rhythmically!inflate!and!deflate!at!a!rate!of!30!inflations/min!for!a!period!of!1!minute!
(upper!arm!cuff!to!remain!inflated)!or!your!wrist!will!be!flexed!and!extended!by!a!member!
of!the!Vascular!Aging!lab.!After!this!3!minute!period,!the!upper!arm!cuff!will!be!deflated!and!
you!will!be!given!a!10,15!minute!resting!period.!Upon!completion!of!the!rest!period,!you!
will!squeeze!a!handgrip!device!as!hard!as!you!can!(for!1,3!seconds)!to!determine!your!
maximal!grip!strength.!!Your!maximal!grip!strength!will!be!determined!as!the!highest!value!
recorded!over!three!such!maximal!efforts,!each!separated!by!a!1,minute!rest!period.!A!
sticky!plastic!sensor!will!be!placed!over!the!muscles!in!your!forearm.!This!sensor!will!emit!
light!into!your!forearm!muscles,!and!measure!the!amount!of!oxygen!and!hydrogen!ions!(H+,!
a!byproduct!of!lactic!acid)!in!your!muscle!tissue.!A!blood!pressure!cuff!will!also!be!placed!on!
your!upper!arm!and!forearm.!After!sitting!quietly!for!10!minutes,!you!will!begin!to!squeeze!
the!handgrip!device!intermittently!at!a!rate!of!30!contractions!per!minute!at!a!low!force!
(10,20%!of!your!maximal!grip!strength).!You!will!perform!this!intermittent!exercise!twice.!
The!first!trial!will!be!performed!without!the!blood!pressure!cuff!inflated!and!will!continue!
until!you!report!a!rate!of!perceived!exertion!value!of!19!or!20!(on!a!scale!of!20).!During!the!
second!course!of!this!intermittent!exercise,!the!blood!pressure!cuff!on!your!arm!will!be!
gradually!inflated!(tightened!by!approximately!12!millimeters!of!cuff!pressure!each!
minute).!The!exercise!period!will!stop!when!you!report!a!rate!of!perceived!exertion!value!of!
19!or!20!(on!a!scale!of!20)!or!when!there!is!a!>90%!reduction!in!blood!flow!through!your!
arm.!During!the!last!five!seconds!of!exercise!in!both!trials,!the!blood!pressure!cuff!on!your!
upper!arm!will!be!inflated!to!above!systolic!blood!pressure!for!3!minutes.!During!the!last!
minute!of!this!3!minute!period,!the!blood!pressure!cuff!on!your!forearm!will!be!rhythmically!
inflated!and!deflated!for!a!1!minute!period!or!your!wrist!will!be!flexed!and!extended!by!a!
member!of!the!Vascular!Aging!lab.!Throughout!this!procedure,!your!blood!pressure!will!be!
monitored!with!a!small,!inflatable!finger!cuff.!
&
&
&
&
&
&
&
&
&
______(your&initials)&
&
Dynamic&Leg&Exercise.&For!this!measurement,!you!will!be!seated!in!a!supine!(i.e.,!reclined)!
position.!Your!left!leg!will!be!placed!inside!of!a!boot!that!is!attached!to!the!pedal!arm!of!a!
stationary! bicycle,! and! a! blood! pressure! cuff! will! be! placed! on! your! upper! thigh.! A! sticky!
plastic! sensor! will! also! be! placed! over! a! muscle! in! your! thigh! to! measure! the! amount! of!
oxygen! and! hydrogen! ions! in! your! leg! muscle.! After! a! 10,minute! rest! period,! the! blood!
pressure! cuff! on! your! upper! thigh! will! be! inflated! to! a! pressure! that! prevents! blood! from!
flowing! into! or! out! of! your! leg,! and! a! researcher! will! move! your! lower! leg! for! you! in! a!

81!

kicking!motion!(i.e.,!passive!exercise)!for!up!to!3!minutes.!The!blood!pressure!cuff!will!then!
be!deflated,!and!you!will!rest!for!another!10!minutes.!You!will!then!perform!voluntary!(i.e.,!
active)! single,leg! knee! extensions! for! 9! minutes.! For! the! first! 3! minutes! you! will! perform!
knee! extensions! with! no! resistance.! For! the! last! 6! minutes,! you! will! perform! knee!
extensions!against!a!moderate!resistance.!At!the!end!of!the!9,minute!exercise!bout,!the!cuff!
on! your! upper! thigh! will! re,inflate! to! a! pressure! that! prevents! blood! from! flowing! into! or!
out! of! your! leg! for! 3! minutes.! A! researcher! will! move! your! lower! leg! for! you! in! a! kicking!
motion!during!the!last!1!minute!of!leg!occlusion.!Throughout!this!procedure,!the!amount!of!
blood!flowing!into!your!leg!will!be!measured!with!a!Doppler!ultrasound!machine,!and!your!
blood!pressure!will!be!monitored!with!a!small,!inflatable!finger!cuff.!!
&
&
&
&
&
&
&
&
&
______(your&initials)&
&
Visit&3&–&Estradiol&assessment.&&
!
Prior!to!your!second!experimental!visit!(Premenopausal!visit!4),!you!will!be!asked!to!return!
to! the! lab! on! one! ! day! between! days! 9,11! of! your! menstrual! cycle! for! a! brief! blood! draw.!
Approximately!10!ml!of!blood!will!be!taken!from!an!arm!vein!during!this!visit.!This!blood!
draw!will!be!used!to!assess!the!amount!of!estrogen!present!in!your!blood!on!that!day.!The!
results!of!this!test!will!be!used!to!schedule!your!second!experimental!visit!(visit!4).!!
!
!
!
!
!
!
!
!
!
!
________(your&initials)!
&
Visit&4&–&Experimental&Study&Visit.&&
!
You!should!report!to!this!visit!in!a!fasted!state,!without!consuming!food!or!caffeine!for!12!
hours!prior!to!arrival.!You!should!not!consume!any!alcohol!or!dietary!supplements!for!48!
hours!prior,!or!participate!in!any!exercise!workouts!(e.g.,!weight!lifting!or!sustained!aerobic!
exercise!>!15!minutes)!for!24!hours!prior!to!arrival.!During!days!10,14!of!your!menstrual!
cycle,! you! will! return! to! the! CRC! to! repeat! the! same! procedures! as! you! did! during! visit! 2.!
Procedures!and!timeline!will!be!identical!to!those!during!visit!2.&
&
______&&(your&initials)&

&

&

If&you&are&a&postmenopausal&woman,&you&will&be&asked&to&complete&the&following:&
&

!

!

Visit&1J&Screening/Familiarization&Visit.&!!
!
You! will! bring! a! copy! of! your! most! recent! blood! test! results! (lipids,! glucose,! red! blood! cell!
count,!etc.)!provided!to!you!by!your!primary!care!physician.!If!your!most!recent!blood!test!
indicates!a!blood!glucose!level!between!110!and!125!mg/dl!we!will!perform!a!blood!draw!to!
determine! the! average! glucose! in! your! blood! over! a! 3! month! period! (HbA1c).Your!
willingness! to! provide! this! information! is! voluntary,! and! all! information! will! be! kept!
confidential.!
!!
!
!
!
!
!
!
!
!
______(your&initials)&
&
You!should!report!to!this!visit!without!consuming!caffeine!for!12!hours!prior!to!arrival.!You!
should!not!consume!any!alcohol!or!dietary!supplements!for!48!hours!prior,!or!participate!in!
any!exercise!workouts!(e.g.,!weight!lifting!or!sustained!aerobic!exercise!>!15!minutes)!for!24!
hours!prior!to!arrival.!&!
!
!
!
!
!
!
!
!
!
______&&(your&initials)&
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&
During!this!visit,!you!will!complete!a!health!history!and!physical!activity/fitness!
questionnaire.!Your!height,!weight,!as!well!as!resting!heart!rate!and!resting!blood!pressure!
will!be!measured!by!a!trained!member!of!the!Vascular!Aging!and!Exercise!Laboratory.!You!
will!then!perform!a!submaximal!(less!than!“all,out”!effort)!exercise!test!that!will!estimate!
your!aerobic!fitness.!During!this!test,!you!will!be!asked!to!step!on!and!off!of!a!low!(30!cm!or!
approximately!1!foot!high)!box!for!5!minutes.!A!metronome!will!help!you!to!step!on!and!off!
the!box!at!a!set!pace.!Throughout!this!test,!researchers!will!measure!your!heart!rate!with!
monitor!that!straps!around!your!chest.!After!you!complete!the!exercise!test,!you!will!be!
familiarized!with!the!study!protocol!and!the!measurements!that!will!be!performed!during!
your!subsequent!study!visits.! !
!
!
!
!
!
!
!
!!
!
!
!
!
!
!
!
!
______&&(your&initials)&
&
Urine!Collection:!!In!order!for!menstrual!cycle!hormone!exposure!to!be!measured,!you!will!
be!asked!to!collect!a!urine!sample!every!morning!for!one!30,day!monitoring!period.!During!
your!screening!visit,!you!will!receive!written!and!verbal!instructions!for!collecting,!storing,!
and!recording!urine!samples.!!You!will!collect!urine!every!morning!using!a!small!urine!cup!
that!is!provided!by!the!lab.!!You!will!store!urine!samples!in!a!freezer,!then!transport!the!
urine!to!the!lab!using!supplies!that!the!lab!will!provide.!You!will!begin!urine!collection!on!a!
random!day,!designated!by!the!lab,!and!collect!daily!for!30!days.!!You!will!keep!track!of!urine!
collection!times!on!a!daily!menstrual!and!urine!calendar!provided!by!the!lab.!!Collection,!
processing,!and!recording!of!urine!collection!will!take!about!5!minutes!per!day.!!
______&&(your&initials)!

!
Visit&2&J&Baseline&Study&Visit.&&
&
You!should!report!to!this!visit!in!a!fasted!state,!without!consuming!food!or!caffeine!12!hours!
prior! to! arrival.! You! should! not! consume! any! alcohol! or! dietary! supplements! for! 48! hours!
prior,! or! participate! in! any! exercise! workouts! (e.g.,! weight! lifting! or! sustained! aerobic!
exercise! >! 15! minutes)! for! 24! hours! prior! to! arrival.! Upon! arrival,! you! will! check! in! at! the!
CRC!in!Noll!Laboratory,!and!a!CRC!nurse!will!take!a!16!mL!(~1!tbsp.)!blood!sample!from!a!
vein! in! your! arm.! This! sample! will! be! used! to! determine! the! amount! of! nitrate! and! nitrite!
(by,products!of!nitric!oxide,!a!naturally!occurring!substance!in!your!body!that!causes!blood!
vessels! to! widen)! and! estradiol! (estrogen)! in! your! blood.! ! Following! the! blood! sample,! you!
will!be!given!a!small!snack!(e.g.,!granola!bar!or!other!carbohydrate!food,!with!water!or!juice)!
to!help!reduce!feelings!of!hunger.&
______&&(your&initials)&
&
Next! you! will! be! escorted! to! the! Vascular! Aging! and! Exercise! Laboratory! (201! Noll! Lab),!
where!the!following!procedures!will!be!performed:!
!
Heart& Rate.& Heart! rate! will! be! measured! by! placing! three! sticky! electrodes! on! your! chest!
and! reading! the! electrocardiogram! (ECG)! signal.! A! small,inflatable! cuff! will! also! be! placed!
around!a!finger!on!your!hand!to!measure!changes!in!your!pulse!detected!at!your!fingertip.!
After!the!electrodes!and!the!finger!cuff!are!applied!to!you,!you!will!be!asked!to!lie!flat!on!a!
bed!and!rest!for!20!minutes!while!your!heart!rate!and!finger!pulse!on!recorded.!
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&______&&(your&initials)!
&
Pulse&Wave&Velocity&Pulse!wave!velocity!is!a!non,invasive!measurement!that!allows!us!to!
estimate! the! “stiffness”! of! your! blood! vessels.! You! will! lay! flat! on! a! bed! with! a! blood!

!
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pressure! cuff! placed! around! your! femoral! artery! (a! blood! vessel! in! your! thigh),! while! a!
researcher!holds!a!small!(pen,sized)!sensor!over!your!carotid!artery!(a!blood!vessel!in!your!
neck).!To!make!a!measurement,!the!blood!pressure!cuff!placed!on!your!thigh!will!inflate!to!a!
pressure!that!temporarily!prevents!blood!flow!into!your!leg.!The!cuff!will!then!deflate!over!
1,2! minutes,! while! sensors! in! the! cuff! and! on! your! neck! measure! how! fast! each! pulse! of!
blood!travels!through!your!blood!vessels.!This!measurement!will!be!performed!3,4!times.!
& &
& &
&
&
&
&
&
&
&
&
______&&(your&initials)&
&&&
Resting& Blood& Pressure.& Your! resting! blood! pressure! will! be! measured! by! an! automated!
blood!pressure!machine.!An!inflatable!cuff!will!be!placed!on!your!upper!arm,!and!you!will!be!
asked! to! sit! quietly! in! a! chair! for! at! least! 5! minutes.! The! cuff! will! then! be! inflated! to! a!
pressure! that! prevents! blood! from! flowing! into! your! forearm.! As! soon! as! flow! into! your!
forearm! is! stopped,! the! cuff! will! gradually! deflate! over! 1,2! minutes.! As! the! cuff! deflates!
sensors!inside!of!the!cuff!will!detect!the!blood!pressure!in!your!upper!arm,!and!the!machine!
will! use! a! validated! equation! to! also! calculate! the! blood! pressure! in! the! artery! that! leaves!
your!heart!(i.e,!aorta).!This!measurement!will!be!performed!3,4!times.!
& &
&
&
&
&
&
&
&
&
______&&(your&initials)&
!
!
Leg& Suction.& You!will!lie!on!a!bed,!and!your!leg!will!be!placed!inside!of!a!closed!box!up!to!
the!middle!of!your!thigh.!A!sleeve!made!from!a!stretchy!material!(i.e.,!neoprene)!will!help!to!
seal!your!leg!inside!of!the!box!in!a!way!that!provides!a!snug!fit,!but!does!not!constrict!your!
leg.! Once! your! leg! is! sealed! inside! of! the! box,! you! will! lie! quietly! for! 5! minutes.! Next,! a!
vacuum! will! apply! up! to! 4! different! levels! of! suction! to! your! leg! inside! the! box! for! one!
minute!at!a!time.!The!amounts!of!suction!used!will!increase!the!pressure!inside!the!blood!
vessels!of!your!leg!to!similar!pressures!experienced!when!you!stand!up.!There!will!be!a!2,4!
minute! rest! period! between! each! level! of! suction.! Each! level! of! suction! will! be! applied!
between!2,4!times.!!Some!of!these!times!we!will!measure!the!amount!of!blood!flowing!into!
your!leg!inside!the!box.!Some!of!these!times!we!may!measure!the!amount!blood!flowing!into!
your!opposite!leg!(i.e.,!the!one!not!inside!the!box).!The!amount!of!blood!flowing!into!your!
leg(s)!will!be!measured!using!a!Doppler!ultrasound!machine!that!produces!sound!waves!to!
measure! the! size! of! your! blood! vessel! and! the! speed! of! your! blood.! ! Throughout! this!
procedure,!your!blood!pressure!will!be!monitored!with!a!small,!inflatable!finger!cuff.!!The!
information!collected!from!this!procedure!will!allow!us!to!estimate!how!much!your!vessels!
constrict!(i.e.,!get!smaller)!when!they!are!stretched.!!!!!!!!!!!
& &
&
&
&
&
&
&
&
&
______&&(your&initials)&
!
!
Static&Handgrip&Exercise.!First,!we!will!place!a!blood!pressure!cuff!on!your!upper!arm!and!
forearm.!The!cuff!on!your!upper!arm!will!be!inflated!to!above!systolic!blood!pressure.!You!
will!rest!with!the!cuff!inflated!for!a!period!of!2!minutes,!after!which!the!cuff!on!your!forearm!
will!rhythmically!inflate!and!deflate!at!a!rate!of!30!inflations/min!for!a!period!of!1!minute!
(upper!arm!cuff!to!remain!inflated)!or!your!wrist!will!be!flexed!and!extended!by!a!member!
of!the!Vascular!Aging!lab.!After!this!3!minute!period,!the!upper!arm!cuff!will!be!deflated!and!
you!will!be!given!a!10,15!minute!resting!period.!Upon!completion!of!the!rest!period,!you!
will!squeeze!a!handgrip!device!as!hard!as!you!can!(for!1,3!seconds)!to!determine!your!
maximal!grip!strength.!!Your!maximal!grip!strength!will!be!determined!as!the!highest!value!
recorded!over!three!such!maximal!efforts,!each!separated!by!a!1,minute!rest!period.!A!
sticky!plastic!sensor!will!be!placed!over!the!muscles!in!your!forearm.!This!sensor!will!emit!
light!into!your!forearm!muscles,!and!measure!the!amount!of!oxygen!and!hydrogen!ions!(H+,!
a!byproduct!of!lactic!acid)!in!your!muscle!tissue.!A!blood!pressure!cuff!will!also!be!placed!on!
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your!upper!arm!and!forearm.!After!sitting!quietly!for!10!minutes,!you!will!begin!to!squeeze!
the!handgrip!device!intermittently!at!a!rate!of!30!contractions!per!minute!at!a!low!force!
(10,20%!of!your!maximal!grip!strength).!You!will!perform!this!intermittent!exercise!twice.!
The!first!trial!will!be!performed!without!the!blood!pressure!cuff!inflated!and!will!continue!
until!you!report!a!rate!of!perceived!exertion!value!of!19!or!20!(on!a!scale!of!20).!During!the!
second!course!of!this!intermittent!exercise,!the!blood!pressure!cuff!on!your!arm!will!be!
gradually!inflated!(tightened!by!approximately!12!millimeters!of!cuff!pressure!each!
minute).!The!exercise!period!will!stop!when!you!report!a!rate!of!perceived!exertion!value!of!
19!or!20!(on!a!scale!of!20)!or!when!there!is!a!>90%!reduction!in!blood!flow!through!your!
arm.!During!the!last!five!seconds!of!exercise!in!both!trials,!the!blood!pressure!cuff!on!your!
upper!arm!will!be!inflated!to!above!systolic!blood!pressure!for!3!minutes.!During!the!last!
minute!of!this!3!minute!period,!the!blood!pressure!cuff!on!your!forearm!will!be!rhythmically!
inflated!and!deflated!for!a!1!minute!period!or!your!wrist!will!be!flexed!and!extended!by!a!
member!of!the!Vascular!Aging!lab.!Throughout!this!procedure,!your!blood!pressure!will!be!
monitored!with!a!small,!inflatable!finger!cuff.!
&
&
&
&
&
&
&
&
&
______&&(your&initials)&
&
Dynamic&Leg&Exercise.&For!this!measurement,!you!will!be!seated!in!a!supine!(i.e.,!reclined)!
position.!Your!left!leg!will!be!placed!inside!of!a!boot!that!is!attached!to!the!pedal!arm!of!a!
stationary! bicycle,! and! a! blood! pressure! cuff! will! be! placed! on! your! upper! thigh.! A! sticky!
plastic! sensor! will! also! be! placed! over! a! muscle! in! your! thigh! to! measure! the! amount! of!
oxygen! and! hydrogen! ions! in! your! leg! muscle.! After! a! 10,minute! rest! period,! the! blood!
pressure! cuff! on! your! upper! thigh! will! be! inflated! to! a! pressure! that! prevents! blood! from!
flowing! into! or! out! of! your! leg,! and! a! researcher! will! move! your! lower! leg! for! you! in! a!
kicking!motion!(i.e.,!passive!exercise)!for!up!to!3!minutes.!The!blood!pressure!cuff!will!then!
be!deflated,!and!you!will!rest!for!another!10!minutes.!You!will!then!perform!voluntary!(i.e.,!
active)! single,leg! knee! extensions! for! 9! minutes.! For! the! first! 3! minutes! you! will! perform!
knee! extensions! with! no! resistance.! For! the! last! 6! minutes,! you! will! perform! knee!
extensions!against!a!moderate!resistance.!At!the!end!of!the!9,minute!exercise!bout,!the!cuff!
on! your! upper! thigh! will! re,inflate! to! a! pressure! that! prevents! blood! from! flowing! into! or!
out! of! your! leg! for! 3! minutes.! A! researcher! will! move! your! lower! leg! for! you! in! a! kicking!
motion!during!the!last!1!minute!of!leg!occlusion.!Throughout!this!procedure,!the!amount!of!
blood!flowing!into!your!leg!will!be!measured!with!a!Doppler!ultrasound!machine,!and!your!
blood!pressure!will!be!monitored!with!a!small,!inflatable!finger!cuff.!!
&
&
&
&
&
&
&
&
&
______&&(your&initials)&

!
&

!

Visit&3&J&Experimental&Study&Visit.&&
&
You!should!report!to!this!visit!in!a!fasted!state,!without!consuming!food!or!caffeine!for!12!
hours!prior!to!arrival.!You!should!not!consume!any!alcohol!or!dietary!supplements!for!48!
hours!prior,!or!participate!in!any!exercise!workouts!(e.g.,!weight!lifting!or!sustained!aerobic!
exercise!>!15!minutes)!for!24!hours!prior!to!arrival.!Upon!arrival,!you!will!check!in!at!the!
CRC!in!Noll!Laboratory,!and!a!CRC!nurse!will!take!a!16!mL!(~1!tbsp.)!blood!sample!from!the!
vein! in! your! arm.! This! sample! will! be! used! to! determine! the! amount! of! nitrate! and! nitrite!
(by,products!of!nitric!oxide,!a!naturally!occurring!substance!in!your!body!that!causes!blood!
vessels! to! widen)! and! estradiol! (estrogen)! in! your! blood.! You! will! then! be! escorted! to! the!
Vascular! Aging! and! Exercise! Laboratory! (201! Noll! Lab),! where! the! following! procedures!
will!be!performed:!
1. Heart!Rate!
2.!!!Pulse!Wave!Velocity!
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3.! Resting!Blood!Pressure!
!
Next,! you! will! be! asked! to! consume! 140! mL! (9.5! tablespoons)! of! either! nitrate,rich! beet!
juice! (known! as! the! “active”! drink)! or! beet! juice! with! nitrates! removed! (known! as! the!
“placebo”!drink).!You!will!not!be!able!to!tell!which!drink!you!are!consuming.!You!will!also!be!
provided!a!small!snack!(e.g.,!granola!bar!or!other!carbohydrate!food,!with!water!or!juice)!to!
help! reduce! feelings! of! hunger.! ! You! will! then! be! asked! to! wait! in! the! CRC! or! Noll! lab! for!
approximately!1.5!hours!to!allow!time!for!the!active!(or!placebo)!drink!to!be!fully!digested!
and!absorbed.!During!these!1.5!hours,!you!will!be!able!to!use!a!personal!laptop!computer!or!
other!portable!electronic!device.!A!second!(6!mL)!blood!sample!will!then!be!collected!after!
1.5! hours,! to! determine! if! there! is! an! increase! in! nitrate! or! its! by,products! in! your! blood!
after! consuming! the! beet! juice.! You! will! then! return! to! the! Vascular! Aging! and! Exercise!
Laboratory!where!the!following!procedures!will!be!performed.!
1. Heart!Rate!
2. Pulse!Wave!Velocity!
3. Resting!Blood!Pressure!
4. Leg!Suction!
5. Static!Handgrip!Exercise!
6. Dynamic!Leg!Exercise&
&
When! you! complete! these! procedures,! a! third! (6! mL)! blood! sample! will! be! taken! to!
determine!how!well!the!nitrates!and!nitrites!remain!elevated!in!your!blood.!
!
!
!
!
!
!
!
!
!
______&&(your&initials)!
!
Visit 4 - Experimental Study Visit.
You should report to this visit in a fasted state, without consuming food or caffeine for 12 hours
prior to arrival. You should not consume any alcohol or dietary supplements for 48 hours prior, or
participate in any exercise workouts (e.g., weight lifting or sustained aerobic exercise > 15
minutes) for 24 hours prior to arrival. At least 5 days after visit 3, you will return to the CRC to
repeat the same procedures as you did during visit 3. Procedures and timeline will be identical to
those during visit 3 except that you will consume whichever drink supplement you did not receive
during visit 3 i.e., the active (nitrate-containing) drink or the placebo (nitrate-removed) drink. The
order of these two drink supplements will be randomly determined for each participant.
______&&(your&initials)!
&
&
&
&
3.&&Discomforts&and&risks:!!!
!
Blood& Sampling.& You! may! experience! some! mild! discomfort! and! bruising! where! the! needle! is!
inserted!into!your!arm.!This!discomfort!often!goes!away!once!the!needle!is!securely!placed!in!your!
vein.!There!is!also!a!very!small!risk!of!developing!an!infection!or!a!clot!in!your!arm.!However,!these!
risks! are! minimized! by! having! a! trained! nurse! perform! all! blood! samples! using! sterile! equipment!
and!techniques.!
!
!
!
!
!
!
!
!
!
!
______(your&initials)&
!
StepJbased& Fitness& Test.& This!step,based!test!is!designed!to!provide!an!exercise!intensity!of!sub,
maximal!(i.e.,!less!than!an!“all,out”)!effort.!However,!you!may!still!experience!some!discomfort!with!
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the!exercise!test!such!as!muscle!fatigue,!shortness!of!breath,!or!get!a!muscle!cramp.!You!may!also!
experience!lightheadedness,!chest!discomfort,!or!irregular!heartbeats!during!this!test.!There!is!also!
a! small! risk! of! stumbling! and/or! falling! during! the! test.! To! minimize! this! risk,! researchers! will!
monitor!you!closely!throughout!the!test,!and!will!stand!nearby!to!provide!support!if!you!lose!your!
balance.&&
!
!
!
!
!
!
!
!
!
!
______&&(your&initials)&
!
Heart&Rate.&It!is!possible!that!the!adhesive!on!the!sticky!electrodes!may!irritate!your!skin.!There!is!
also!a!minimal!risk!that!an!allergic!reaction!could!occur!from!the!adhesive.!
&
&
&
&
&
&
&
&
&
&
______&&(your&initials)&
&
Blood&Pressure/Pulse&Wave&Velocity.&There!is!a!risk!of!temporary!discomfort!at!the!sites!where!
blood! pressure! cuffs! are! inflated! (upper! arm/upper! thigh).! The! discomfort! might! be! greater! the!
longer! the! cuffs! are! inflated.! In! addition,! you! may! feel! a! numb! and/or! tingling! sensation! in! your!
hands/feet! while! the! cuff! is! inflated;! however,! these! feelings! go! away! quickly! after! the! cuff! is!
deflated.!During!the!pulse!wave!velocity!test,!you!may!also!experience!some!temporary!discomfort!
while! the! researcher! holds! a! small! sensor! over! an! artery! in! your! neck.! However,! this! feeling! will!
also!go!away!quickly!after!the!sensor!is!removed.!
!!!
!
!
!
!
!
!
!
!
!
______&&(your&initials)&
&
Leg& Suction.& You! may! feel! some! mild! discomfort! associated! with! the! leg! suction! procedure.! A!
vacuum!applied!to!the!sealed!box!will!cause!blood!vessels!in!your!leg!to!fill!with!more!blood!than!
usual.! Thus,! you! may! feel! temporary! sensations! of! swelling! in! your! leg.! There! is! also! a! small! risk!
that!you!may!experience!temporary!feelings!of!lightheadedness.!The!vacuum!will!tend!to!pull!your!
leg!into!the!box,!and!as!a!result!you!may!feel!a!moderate!pressure!pushing!against!your!upper!thigh.!
Any! of! these! feelings! will! go! away! immediately! after! the! vacuum! is! turned! off.! Moreover,! the!
potential!for!these!risks!or!discomforts!to!occur!will!be!minimized!by!limiting!bouts!of!suction!to!a!
short!duration!(1!min!each).!!&&
&
&
&
&
&
&
&
&
&
&
______&&(your&initials)&
&
&
Doppler& Ultrasound.& There! is! a! minimal! risk! that! the! ultrasound! probe! and/or! gel! will! irritate!
your! skin.! You! may! feel! minor! discomfort! (pressure)! when! the! researcher! is! pressing! the!
ultrasound! sensor! against! your! skin! (upper! arm! and! upper! thigh/groin)! to! allow! the! researcher!
locate!a!good!image!of!the!underlying!artery.!!!
!
!
!
!
!
!
!
!
!
!
!
______&&(your&initials)!
&
NearJInfrared& Spectroscopy.& There! are! no! known! risks! associated! with! use! of! the! near,infrared!
device.!However,!it!is!possible!that!the!adhesive!on!the!sticky!plastic!sensor!may!irritate!your!skin.!
&
&
&
&
&
&
&
&
&
&
______&&(your&initials)&
&
Static&Arm&Exercise.&You!may!experience!temporary!fatigue!in!the!muscles!of!the!exercising!arm.!It!
is!also!possible!to!experience!soreness!in!these!muscles!within!24,48!hours!following!this!study!
visit.!There!is!a!small!risk!that!you!may!develop!a!bruise!from!the!inflation!of!the!cuff!that!prevents!
blood!from!flowing!into!or!out!of!your!forearm.!!You!may!also!experience!some!discomfort!and/or!a!
numb,!tingling!sensation!in!your!arm!while!the!cuff!is!inflated.!These!sensations!go!away!quickly!
after!the!cuff!is!deflated.!There!is!also!a!small!risk!of!the!appearance!of!petechia!(small!pink!
blotches!on!the!skin)!as!a!result!of!the!increased!venous!blood!pressure!in!the!occluded!forearm!
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during!exercise.!If!present,!these!small!pink!dots!may!persist!for!several!days!but!are!not!associated!
with!any!pain!or!long!term!adverse!effects.!
!
&
&
&
&
&
&
&
&
&
&
______&&(your&initials)&
&
Dynamic&Leg&Exercise.&You!may!experience!temporary!muscle!fatigue!in!the!thigh!muscles!of!your!
exercising! leg.! ! It! is! also! possible! to! experience! soreness! in! these! muscles! within! 24,48! hours!
following!this!study!visit.!There!is!a!small!risk!that!you!may!develop!a!bruise!from!the!inflation!of!
the! cuff! that! prevents! blood! from! flowing! into! or! out! of! your! leg.! You! may! also! experience! some!
discomfort!and/or!a!numb,!tingling!sensation!in!your!leg!while!the!cuff!is!inflated.!These!sensations!
go!away!quickly!after!the!cuff!is!deflated.!
!
!
!
!
!
!
!
!
!
!
______&&(your&initials)&
!
Consumption& of& beet& juice:& There! are! no! known! health! risks! associated! with! consumption! of!
nitrate,rich! beet! juice,! a! commonly! sold! health! drink/supplement! in! Europe.! The! most! common!
side,effect!of!beet!juice!consumption!is!pinkish,colored!urine!(known!as!“beeturia”)!and/or!stool.!
This!can!occur!after!consuming!either!the!nitrate,rich!or!placebo!version!of!the!drink.!
!
!
!
!
!
!
!
!
!
!
______&&(your&initials)&
&
!
Urine&Collection:!!There!are!no!known!risks!associated!with!the!self,collection!of!one’s!urine,!
Volunteers!will!be!provided!screw!top!and!airtight!containers!to!store!their!urine,!and!coolers!to!
use!for!storing!and!carrying!urine!samples!to!the!laboratory!for!analysis.!
______&&(your&initials)
!
4. Benefits&to&Participants/Society:!!
!
Possible!Benefits!to!participants:!
Postmenopausal! participants! will! receive! more! regular! monitoring! of! their! resting! blood!
pressure.! ! Throughout! the! duration! of! the! study! protocol,! you! will! have! your! untreated! blood!
pressure! measured! by! trained! research! personnel! on! 3! separate! occasions,! and! these!
measurements!will!be!provided!at!no!cost!you!and/or!your!insurance!provider.!!You!will!also!be!
provided! information! about! their! aortic! blood! pressure,! a! measurement! which! may! have!
greater!predictive!value!for!cardiovascular!risk!than!arm!blood!pressure!measurements!alone.!!
With!your!permission,!all!blood!pressure,related!information!will!be!shared!with!your!primary!
care!provider.!
!
For! younger! women,! there! are! no! direct! benefits! to! you! for! participating! in! this! study! other!
than! knowing! your! cardiovascular! risk! factors! (i.e.,! blood! pressure,! blood! cholesterol,! fitness!
level,!etc.).!
!
Possible!benefits!to!society:!
This!research!may!further!our!understanding!about!the!potential!for!nitrate,rich!food/dietary!
supplements! to! help! control! blood! pressure! without! (or! with! less)! medication(s)! in! a!
population!with!increased!blood!pressure,related!cardiovascular!risk.!!
!
5.&&Duration/time&of&the&procedures&and&study:&&&
!
The!initial!screening/familiarization!visit!(Visit!1)!will!take!approximately!1.5!hours.!The!baseline!
study!visit!(Visit!2)!will!take!approximately!4!hours.!The!premenopausal!estradiol!assessment!visit!
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(Premenopausal! visit! 3)! will! take! approximately! 30! minutes.! The! second! premenopausal!
experimental! visit! (Premenopausal! visit! 4)! will! take! approximately! 4! hours.! ! ! The! following! two!
postmenopausal!experimental!visits!(Postmenopausal!Visits!3!&!4)!will!each!take!approximately!6!
hours.!!
!
If! you! are! a! premenopausal! woman! the! total! duration! of! all! the! research! sessions! will! be!
approximately!10!hours.!
!
If! you! are! a! postmenopausal! woman! the! total! duration! of! all! the! research! sessions! will! be!
approximately!17.5!hours.!
All!study!visits!(Visits!2,4)!will!be!separated!by!no!less!than!5!days!each.!Therefore,!it!is!expected!
that! all! postmenopausal! participants! will! be! able! to! complete! all! 3! study! visits! over! 2,6! weeks!
following!their!screening!visit.!
!
6.&Alternative&procedures&that&could&be&utilized:&
&
There!are!alternative!procedures!available!that!could!be!used!to!measure!your!aerobic!fitness!level!
(e.g.,!maximal!graded!exercise!test),!aortic!blood!pressure!(e.g.,!central!artery!catheter),!limb!blood!
flow!(e.g.,!limb!vein!catheter),!and!muscle!metabolite!concentration!(e.g.,!microdialysis;!placing!thin!
fibers!through!your!skin!and!into!your!muscle!tissue).!However,!most!of!these!methods!are!either!
invasive! (catheters,! microdialysis)! and/or! could! present! additional! risk! and! discomforts! to!
participants.! The! procedures! we! have! selected! to! use! in! this! research! study! present! less! risk! and!
potential!discomfort!to!you!as!a!participant,!while!still!providing!us!with!reliable!research!data!and!
information.!!
!
Blood!and!Urine!Sampling:!!We!will!utilize!a!combination!of!measurements!made!from!blood!and!
urine!to!study!hormones.!!The!collection!of!daily!urine!samples!eliminates!the!need!for!daily!blood!
samples!for!monitoring!reproductive!hormones!over!the!course!of!the!menstrual!cycle.!!The!fasting!
blood! samples! are! necessary! to! track! changes! in! some! hormones! that! cannot! be! measured! in! the!
urine.!!
!
!
7. Statement of confidentiality:
Your!participation!in!this!research!is!confidential.!All!records!associated!with!your!participation!in!
the!study!will!be!subject!to!the!usual!confidentiality!standards!applicable!to!medical!records!(e.g.,!
such! as! records! maintained! by! physicians,! hospitals,! etc.).! Moreover,! data! will! be! stored! and!
secured! in! the! Vascular! Aging! and! Exercise! Laboratory! (201! Noll! Laboratory)! in! password!
protected! computer! files.! Any! hard! copies! of! data! will! be! stored! in! locked! filing! cabinets.! In! the!
event!of!any!publication!resulting!from!the!research,!no!personally!identifiable!information!will!be!
disclosed.! Penn! State’s! Office! for! Research! Protections,! the! Institutional! Review! Board,! and! the!
Office! for! Human! Research! Protections! as! well! as! the! Food! and! Drug! Administration! in! the! U.S.!
Department!of!Health!and!Human!Services!may!review!records!related!to!this!project.!!
!
!
8.&&Right&to&ask&questions:&&
&
Please! contact! David! Proctor! at! 814,863,0724! (office)! or! 814,571,5234! (cell)! with! questions,!
complaints! or! concerns! about! the! research.! You! can! also! call! these! numbers! if! you! feel! this! study!
has! harmed! you.! If! you! have! any! questions,! concerns,! problems! about! your! rights! as! a! research!
participant!or!would!like!to!offer!input,!please!contact!The!Pennsylvania!State!University’s!Office!for!

!
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Research!Protections!(ORP)!at!(814)!865,1775.!The!ORP!cannot!answer!questions!about!research!
procedures.!Questions!about!research!procedures!can!be!answered!by!the!research!team.&
9. Payment for participation:
You will not be paid for the initial screening/familiarization visit (Visit 1).
!If!you!are!a!premenopausal!woman,!you!will!be!paid!a!total!of!$40!for!completion!of!all!4!visits.!You!
will!be!paid!for!your!study!visits!as!outlined!below:!
Visit!2:!$20!
Visit!3!and!4:!$20!
!
If!you!are!a!postmenopausal!woman,!you!will!be!paid!a!total!of!$80!for!completing!all!of!your!visits!
(Visits!1,4).!
You!will!be!paid!for!your!study!visits!as!outlined!below:!
Visit!2:!$20!
Visit!3:!$30!
Visit!4:!$30!
!
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.!!!
!
10.&Voluntary&participation:&&
&
Your! decision! to! be! in! this! research! is! voluntary.! You! can! stop! at! any! time.! You! do! not! have! to!
answer!any!questions!you!do!not!want!to!answer.!Refusal!to!take!part!in!or!withdrawing!from!this!
study!will!involve!no!penalty!or!loss!of!benefits!you!would!receive!otherwise.&
&
Additionally,!if!you!do!not!comply!with!the!study!protocol!(e.g.,!you!skip/miss!an!excessive!number!
of!study!visits!or!fail!to!follow!pre,visit!instructions)!we!may!not!seek!your!continued!participation!
in!this!study.&
!
11.&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.!&
!
12.&&Abnormal&Test&Results:&
!
In! the! event! that! abnormal! lab! test! results! are! obtained! during! initial! screening! or! subsequently!
throughout!this!study,!you!will!be!informed!as!quickly!as!possible!of!these!results!and!instructed!to!
contact!your!private!physician!for!further!assessment.!!The!lab!test!results!will!be!made!available!to!
your!private!physician!at!your!request.!!
!

!
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You!must!be!18!years!of!age!or!older!to!take!part!in!this!research!study.!!If!you!agree!to!take!part!in!
this!research!study!and!the!information!outlined!above,!please!sign!your!name!and!indicate!the!date!
below.!!!
!
You!will!be!given!a!copy!of!this!signed!and!dated!consent!form!for!your!records.!
!
______________________________________________!
!
_____________________!
Participant!Signature! !
!
!
!
!
!
Date!
!
!
______________________________________________!
!
_____________________!
Person!Obtaining!Consent!
!
!
!
!
!
Date!
!
!
OPTIONAL& BLOOD& AND& URINE& STORAGE:! In! addition! to! the! main! part! of! the! research! study,!
there! is! an! optional! part! of! the! research.! You! can! participate! in! the! main! part! of! the! research!
without!agreeing!to!take!part!in!this!optional!part.!
!
Storage&of&Leftover&Blood&and&Urine&Samples&for&Future&Research&Studies&
As part of this study, we are obtaining blood and urine from you. If you agree, the research team would
like to store leftover samples of your blood and urine that is collected so that your blood and urine can be
studied in the future after this study is over. These future studies may provide additional information that
will be helpful, but it is unlikely that these studies will have a direct benefit to you. Neither your doctor
nor you will receive results of these future research tests, nor will the results be put in your health record.
If you have any questions, you should contact David Proctor at dnp3@psu.edu; 863-0724.
!
Your!leftover!samples!will!be!labeled!with!a!code!number!and!stored!in!a!locked!laboratory.!If!you!
consent!to!have!samples!of!your!blood!and!urine!saved!for!future!research,!the!period!for!the!use!of!the!
samples!is!unknown!but!you!will!be!free!to!change!your!mind!at!any!time.!You!should!contact!David!
Proctor!at!dnp3@psu.edu;!863,0724!and!let!him!know!you!wish!to!withdraw!your!permission!for!
your! blood! to! be! used! for! future! research.! ! If! you! do! this,! any! unused! blood! and! urine! will! be!
destroyed!and!not!used!for!future!research!studies.!
!
Please initial below to indicate your preferences regarding the optional storage of your leftover blood and
urine for future research studies.
a. Your samples may be stored and used for future research studies performed in our laboratory to learn
about the effects of beetroot juice on blood or urine markers of vascular health.
______ Yes

_____ No

b. Your samples may be stored and used for research about other health problems.
______!Yes!
_____!No!
!
c. Your samples may be shared with other investigator/groups as long as any identifying information
(name, birthdate, etc.) is removed.
______!Yes!
!
!

!

_____!No!
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Participant:&By!signing!below,!you!indicate!that!you!are!voluntarily!choosing!to!take!part!in!this!
optional!part!of!the!research.!&
___________________________
Signature of Participant

__________
Date

__________________
Printed Name

Person Explaining the Research: Your signature below means that you have explained the optional part
of the research to the participant/participant representative and have answered any questions he/she has
about the research.
___________________________
Signature of Research Personnel
!

!

_________
Date
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__________________
Printed Name

