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ABSTRACT
To optimize muscle blood flow to the skeletal muscle during exercise, the
vascular bed of the muscle is partially protected from sympathetic nervous activity
(SNA) vasoconstriction via a phenomenon termed functional sympatholysis.
Functional sympatholysis has been documented during exercise periods in human
skeletal muscle. However, it remains unknown whether functional sympatholysis is
specific to the exercising period, or if it may persist for a period of time following
skeletal muscle exercise. Through this study, we aimed to confirm the presence and
duration of post-exercise functional sympatholysis in the human skeletal muscle.
The cold pressor test (CPT) was administered to 9 male (mean age = 21.1 ± 0.8
years) participants at various time points during four different experimental trials
(Rest, Exercise, Recovery 1 and Recovery 2). Exercise consisted of 7 minutes of
moderate isometric handgrip exercise (15% below critical power). Heart rate (HR)
and mean arterial pressure (MAP) were recorded continuously throughout each
trial. Brachial artery mean blood velocity measurements as well as brachial artery
diameter measurements were recorded on each participant’s exercising arm
throughout each trial. Deep venous blood samples were drawn pre- and post-CPT
administration from a catheter inserted into an antecubital vein of each
participant’s non-experimental arm. The cardiovascular response to the CPT was
repeatable across experimental days as it consistently resulted in MAP elevations
regardless of the experimental time point of administration. The CPT also resulted
in a significant elevation in plasma norepinephrine concentration from 0.49 ± 0.04
ng/mL at “pre-CPT” measurement to 0.66 ± 0.05 ng/mL at the end of the CPT in the
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Rest trial (P < 0.05). The percentage reduction in forearm vascular conductance
(FVC) due to CPT administration during Exercise (4.5 ± 6.6%) and Recovery 1 (4
minutes post-exercise; -11.6 ± 8.8%) was significantly blunted in comparison to that
measured during Rest (-34.8 ± 7.4%) (P < 0.05). The percentage change in FVC
during the Recovery 2 trial (10 minutes post-exercise; -20.1 ± 7.1%) was not
significantly different from that measured at Rest. These findings support the
concept of a lingering presence of functional sympatholysis 4 minutes, but not 10
minutes, post-moderate exercise.
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CHAPTER 1: INTRODUCTION
The cardiovascular system is a complex organ system in the human body. Its
primary function is to provide adequate oxygen supply and to remove metabolic
and other byproducts of tissue, such as carbon dioxide (CO2) and heat. Achieving
these outcomes requires continual adjustments in cardiac and vascular function in
the face of various stressors that are continually challenging homeostasis. One
common stressor to the cardiovascular system is physical exercise. Upon the
commencement of exercise, the cardiovascular system is challenged with the task of
increasing local blood flow to the exercising skeletal muscle while maintaining a
stable blood pressure.
At the onset of exercise, the peripheral vascular system determines the
distribution of the elevated cardiac output (CO) within the body. During exercise,
localized increases in vascular conductance paired with elevations in CO allow for
increased local blood flow to the exercising skeletal muscle for the balance of
adequate supply to metabolic demand of the muscle (oxygen supply = oxygen
demand) [1, 45].
There are a number of identified mechanisms that likely contribute to
ensuring that vasodilation increases until oxygen delivery matches oxygen demand.
These include the accumulation of vasodilatory metabolites associated with muscle
metabolism [17, 30, 91], red blood cell deoxygenation [13, 76], and the release of
nitric oxide (NO) and prostaglandins from the endothelium in response to elevated
shear stress [7, 44, 46]. The upstream propagation, via cell-to-cell communication of
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the downstream initiated vasodilation is also important in coordinating the amount
and distribution of increased muscle perfusion during exercise [73, 74]. These
mechanisms combine to elevate muscle blood flow in response to the muscle
contractions.
The baroreflex attempts to regulate blood pressure while the metaboreflex
alters blood pressure in order to improve muscle perfusion during exercise. These
functions are carried out through balancing CO and peripheral resistance via
alterations in sympathetic nervous system (SNS) outflow [4, 29, 55, 69]. Yet, in
order to optimize muscle blood flow to the exercising skeletal muscle, the degree of
sympathetic vasoconstriction initiated by the baroreflex and metaboreflex is
blunted [27]. Although the requirements for blood pressure regulation rely on the
ability to vasoconstrict all and any vascular beds in the human body, the exercising
muscle remains somewhat protected from SNA vasoconstriction via a phenomenon
termed functional sympatholysis. Functional sympatholysis has been previously
documented in both animal [63] and human skeletal muscle [65, 83, 84, 95] and has
been proposed to be mediated by nitric oxide (NO) [10, 15, 56, 81] and/or
adenosine triphosphate (ATP) [41, 43, 66, 67, 80]. Although the presence and
factors associated with functional sympatholysis have been well documented, it
remains unknown whether functional sympatholysis persists at the skeletal muscle
for a period of time following muscular efforts.
The presence of post-exercise functional sympatholysis could impair the
ability of the cardiovascular system to protect arterial blood pressure in response to
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a perturbation. The investigation into the possibility of the presence as well as the
duration of post-exercise functional sympatholysis is essential in order to
understand the time points in which the human body has a limitation for blood
pressure regulation.
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CHAPTER 2: LITERATURE REVIEW
This review examines important physiological and methodological issues
that form the basis for informed investigation into whether functional
sympatholysis persists following moderate exercise. Topics to be discussed are
exercise hyperemia, reflexes involved in blood pressure regulation in exercise,
sympathetic restraint, the presence and role of functional sympatholysis during
moderate exercise, the potential presence of functional sympatholysis post-exercise,
and the methodological approaches to investigating functional sympatholysis.
Exercise hyperemia: an introduction
Exercising skeletal muscle requires energy in the form of ATP, which can be
supplied by three energy systems; substrate level phosphorylation
(phosphocreatine stores), anaerobic glycolysis, and oxidative phosphorylation
(aerobic ATP production). In order to maintain a given exercise intensity, the
aerobic metabolic production of ATP must increase to match the increased energy
demand. This requires that oxygen delivery to the muscle also increase in
proportion to the ATP demand [34].
The peripheral vascular system determines the distribution of CO within the
body. During exercise, localized increases in vascular conductance paired with
elevations in cardiac output act to increase the oxygen delivery to the vascular bed
of the skeletal muscle in order to supply the metabolic demand of the muscle [1, 45].
Blood flow to the muscle vascular bed requires a substantial driving pressure [12],
thus requiring a stable mean arterial pressure (MAP). Therefore, oxygen delivery
4

matching metabolic demand and MAP are the primary regulated variables of the
cardiovascular system.
Muscle blood flow is a function of the pressure gradient and the vascular
conductance of the skeletal muscle vascular bed. Local vasodilatory mechanisms
are responsible for increasing vascular conductance in order to allow oxygen
delivery to increase [7, 13, 17, 30, 44, 46, 76, 91]. Specifically, relaxation of the
vascular smooth muscle within the arterioles of the muscle vascular bed will
increase the diameter and subsequently the vascular conductance of the vessels
within the vascular bed.
There are a number of identified mechanisms that likely contribute to
ensuring that vasodilation increases until oxygen delivery matches oxygen demand.
These include the accumulation of vasodilatory metabolites associated with muscle
metabolism, the release of nitric oxide (NO) and prostaglandins from the
endothelium in response to elevated shear stress, and red blood cell deoxygenation
[13, 17, 30, 44, 46, 76, 91].
At the site of the exercising skeletal muscle, an increase in metabolic activity
or decrease in oxygen supply leads to the accumulation of vasodilatory metabolites
[17]. The buildup of metabolites stimulates dilation of the arterioles in order to
increase local skeletal muscle blood flow and promote metabolite washout.
Ultimately, the increase in blood flow will restore the balance between skeletal
muscle oxygen supply and demand. Such metabolites that have been associated with
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vasodilation include: adenosine [17], potassium [30, 91], and inorganic phosphate
(Pi) [30].
Flow mediated dilation also aids in vasodilation of the vasculature supplying
the exercising muscle. Metabolite-induced vasodilation of the terminal arterioles in
the local region of the exercising skeletal muscle results in an increase in blood flow.
This results in an increase in blood flow through the upstream arteries, which
increases the shear stress on the endothelium [46]. The increase in shear stress
leads to the release of endothelium derived relaxing factors, such as nitric oxide [7]
and prostaglandins [44], to promote vasodilation of the upstream arteries. The
proximal vasodilation promotes further elevations in blood flow to the exercising
skeletal muscle to match oxygen supply to demand.
Previous evidence has suggested that the offloading of oxygen from red blood
cells contributes to the regulation of vascular tone. Briefly, oxygen is offloaded from
hemoglobin, the oxygen carrier of red blood cells, in order to match oxygen supply
to demand set by the exercising skeletal muscle [76]. With the removal of oxygen
from hemoglobin, a small amount of ATP is also released [13]. ATP diffuses to the
vascular endothelium where it interacts with purinergic receptors, ultimately
causing the release of vasodilators [76]. The amount of ATP released is directly
related to the degree of saturation of the red blood cell. Thus, as more oxygen is
offloaded from hemoglobin in order to meet an increased oxygen demand, greater
amounts of ATP are also released, leading to an increased degree of vasodilation.
Therefore, the red blood cell acts as a sensor of oxygen demand and communicates
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this demand to the vasculature in order to make alterations to match supply to
demand [13, 76].
The efforts of the outlined vasodilatory mechanisms combine to elevate
muscle blood flow in response to the muscle contractions, which has been termed
exercise hyperemia. The increased blood flow, and ultimately increased oxygen
supply, to the exercising muscle is in direct proportion to the exercising muscle
energy demand [12]. Thus, increased metabolic demand at the muscle is tightly
matched by increased blood flow and delivery of oxygen to the muscle for sustained
exercise performance [26]. Andersen and Saltin [1] as well as Richardson and
colleagues [64] observed the linear relationship between blood flow and exercise
intensity during single-leg knee-extensor exercise as portrayed in Figure 1.
Radegran and Saltin [60] documented the proportional increase in oxygen delivery
via elevated muscle blood flow during a rest to exercise transition of various
exercise intensities (Figure 2). During knee extension exercises, the investigators
observed a significant rise in muscle blood flow, from that at rest, which appeared to
be in proportion to exercise intensity [60].
These findings support the notion that oxygen delivery increases in
proportion to metabolic demand in exercising muscle. In order to sustain increases
in muscle blood flow to the exercising muscle, arterial blood pressure must be
tightly regulated and maintained at appropriate levels.
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Figure 1. Demonstrated linear relationship of leg blood flow (L/min) as well as
oxygen uptake (L/min) and skeletal muscle work (Watts) during single-leg kneeextensor exercise. Permission obtained from Richardson and colleagues (“present
study” in above figure) [64].
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Figure 2. Modified from Radegran and Saltin [60]. A: The rest to exercise
relationship of blood flow (L/min) and exercise intensity during single-leg kneeextensor exercise. B: Linear relationship of blood flow to work rate.
How is blood pressure regulated during exercise?
The maintenance of blood pressure and exercising muscle blood flow during
exercise is achieved by both the arterial baroreflex and metaboreflex control
systems. While the baroreflex is the primary feedback controller of MAP [4, 69], the
metaboreflex initiates modifications in blood pressure to ultimately alter exercising
muscle blood flow [69].
The baroreflex is essential for maintaining a stable MAP during exercise [69].
The baroreflex maintains the MAP within a homeostatic operating range in part by
altering the outflow of sympathetic activity to the various tissues in the body.
Increased sympathetic nerve activity leads to increased release of norepinephrine
(NE) from the nerve terminal. At the site of the skeletal muscle, NE exerts its effects
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on the alpha 1– and alpha 2-adrenergic receptors to initiate vasoconstriction [42].
Alpha-adrenergic receptors are located on the outer surface of the arterioles. Alpha
1-adrenergic receptors are located primarily on the upstream large resistance
arterioles, while alpha 2-adrenergic receptors are located on the both the upstream
arterioles and the terminal arterioles, closest to the muscle fibers [2, 19, 47].
With any given change in arterial pressure away from the operating point,
the baroreflex will respond appropriately by altering the sympathetic outflow to the
tissues to combat this blood pressure change [4, 29]. For example, a blood pressure
decline would be sensed as an error in the nucleus of the solitary tract (NTS), a
component of the cardiovascular control centre where the baroreceptor afferent
information is compared to the set point [4, 29]. As a result, the neurons within the
NTS would initiate inhibition of parasympathetic nervous activity to the heart and
an increase in sympathetic nervous activity (SNA) to the heart, which would
increase heart rate and contractility in order to elevate cardiac output. Additionally,
SNA outflow would be increased to the non-exercising peripheral vascular beds,
such as the inactive muscle, kidneys, splanchnic circulation, in order to increase NEinduced vasoconstriction and ultimately total peripheral resistance (TPR) [4, 68].
Alterations in SNA outflow would also influence the vasculature supplying the
exercising muscle. The efforts of the baroreflex are to maintain the balance between
cardiac output and peripheral resistance in order to ultimately regulate MAP around
the desired operating point. Thus, the baroreflex, in part via alterations in the
sympathetic outflow to resistance vessels has the ability to respond to acute
changes in MAP [4, 29].
10

The muscle metaboreflex contributes to the existing blood pressure at
moderate to heavy exercise intensities. The metaboreflex is activated in response to
chemosensitive group III and IV afferents sensing of metabolic stress at the
exercising muscle. These afferents are activated by the accumulation of muscle
metabolites, the markers for anaerobic metabolism and thus insufficient delivery of
oxygen to the muscle [69]. Group IV afferent feedback to the NTS results in
adjustments to the SNA outflow. The degree of SNA response is graded to the
intensity of the exercise. For example, moderate exercise intensity would evoke a
moderate SNA response, whereas a high intensity exercise would evoke a greater
SNA response [86]. Increased SNA outflow is directed towards the heart for
elevations in cardiac output, as well as towards the peripheral vasculature for
vasoconstriction to increase MAP [69]. The metaboreflex ultimately improves active
skeletal muscle perfusion by increasing the MAP [55]. Thus, by adjusting MAP, the
metaboreflex aids in a better match between muscle blood flow and oxygen delivery
with metabolic demand.
Sympathetic nerve activity as part of arterial blood pressure regulation is
also a determinant of exercising muscle blood flow. A study by Andersen and Saltin
[1] indicated that the vascular capacity for blood flow to the knee extensor muscle of
approximately 2-3kg in mass is 5-7L/min. This vasodilation capacity far exceeds the
ability of the central circulation to match the peripheral blood flow capacity during
large muscle mass exercise, as is the case during cycling exercise [1, 68]. If the
maximum vasodilator capacity of the muscle vascular bed were allowed to occur,
there would be a significant threat to blood pressure. In order to combat this
11

dilemma and maintain a stable blood pressure, the vasodilation of active skeletal
muscle is restrained by SNA.
O’Leary and colleagues [54] demonstrated the presence of sympathetic
restraint to muscle blood flow in the hind limbs of dogs while exercising at mild to
moderately hard work intensities. The investigators infused prazosin, an alphaadrenergic receptor antagonist, during treadmill running at various exercise
intensities. Measurements of terminal aortic vascular conductance during prazosin
infusion and exercise were substantially elevated beyond exercise alone, indicating
the presence of vasodilation restraint [54]. This evidence indicates the existence of
SNA in exercising muscle vascular beds to limit the vasodilator capacity of the
resistance vessels perfusing active skeletal muscles.
Sympathetic restraint plays an important role in large muscle mass exercise
where the vasodilator capacity of that much muscle, were it allowed to be recruited
to match oxygen delivery to demand, would outstrip the pumping capacity of the
heart, ultimately resulting in a blood pressure compromise [68]. Volianitis and
Secher [87] investigated the cardiovascular response to combined high intensity
arm and leg exercise. Participants completed arm-cranking exercise at 80%
maximum capacity, paired with cycling at 60% maximum capacity. These
investigators observed a significant reduction in arm blood flow and arm VO2 during
the combined arm and leg exercise trial as compared to the arm cranking alone [87].
Thus, during whole body exercise where a large muscle mass is active, sympathetic
restraint is necessary to limit the compromise to blood pressure.
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Although sympathetic restraint is crucial for blood pressure maintenance
during full body dynamic exercise, this restraint is also evident in small muscle mass
exercise. A study by Joyner and colleagues [38] established the presence of
sympathetic activity during mild and heavy handgrip exercise in the forearm
muscles of human participants. These investigators demonstrated a restraint to
forearm blood flow that was mediated by sympathetic activity in the forearm [38].
Thus, sympathetic restraint is not specific to exercise that directly challenges the
cardiac pumping capacity, but appears to be a factor in the integrated control of
peripheral resistance and cardiac output to achieve blood pressure regulation.
In summary, MAP regulation during various exercise intensities requires the
integration of several factors. The baroreflex attempts to restore the target blood
pressure through balancing cardiac output and peripheral resistance. The
baroreflex is a pressure-regulator while the metaboreflex acts to increase pressure
in order to improve exercising muscle blood flow. As part of this, sympathetic
vasoconstriction restrains the large vasodilator capacity of the exercising muscle,
ultimately preventing a large decline in MAP. Yet, oxygen delivery increases in
proportion to metabolic demand. An obvious question that arises then is how
muscle oxygen delivery can be minimally compromised by the elevated SNA,
particularly muscle SNA (mSNA), which is necessary for blood pressure
maintenance during exercise?
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How is exercising muscle oxygen delivery protected from sympathetic neural
vasoconstriction?
In order to optimize muscle blood flow to the exercising skeletal muscle, the
degree of sympathetic vasoconstriction initiated by the baroreflex and metaboreflex
is blunted [27]. Although the requirements for blood pressure regulation rely on the
ability to vasoconstrict all and any vascular beds in the human body, the exercising
muscle remains somewhat protected from SNA vasoconstriction via a phenomenon
termed functional sympatholysis.
Functional sympatholysis was first described by Remensnyder and
colleagues in 1962 as the reduced responsiveness to SNA in the vascular beds of
exercising mongrel dogs [63]. Sympatholysis can be described as a contractioninduced blunting of mSNA in order to minimize the sympathetic restraint
compromise to exercising muscle blood flow, ultimately allowing supply to meet
metabolic demand [27]. As observed through muscle oxygenation measurements
with near infrared spectroscopy, functional sympatholysis is localized in the
exercising skeletal muscle and does not create a widespread blunting of
sympathetically mediated vasoconstriction in the human body. Hansen and
colleagues demonstrated that in the resting forearm, sympathetically mediated
decreases in muscle oxygenation were present during contralateral forearm
exercise [27]. Thus, vascular beds supplying the inactive skeletal muscles are
unaffected by functional sympatholysis and robust sympathetic vasoconstriction is
evident.
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As increases in mSNA are linked to increases in exercise intensity [86],
functional sympatholysis is also graded to the intensity of exercise [28, 84]. In 2002,
Tschakovsky and colleagues [84] demonstrated that sympatholysis was present in
exercising human skeletal muscle and that the degree of sympatholysis was
dependent upon the exercise intensity. The investigators examined brachial artery
blood flow during forearm exercise and infusions of tyramine, which causes
sympathetic nerve terminal release of norepinephrine. Tyramine was utilized to
initiate NE release during exercise to mimic an elevated sympathetic response
beyond the level induced via forearm exercise [84]. The percentage changes in
forearm blood flow (FBF) and forearm vascular conductance (FVC) in response to
the tyramine infusion during exercise was compared to that measured during
tyramine infusions at rest and during non-sympatholytic vasodilator infusion
(adenosine or SNP). Trials with non-sympatholytic vasodilator infusions were
utilized to achieve an increased FBF that was similar to that achieved during
forearm exercise, in order to strengthen the investigator’s findings. With this in
mind, if sympatholysis were present during exercise, during tyramine infusion, the
percentage reduction in FVC during moderate and heavy exercise would be
expected to be less than the percentage reduction in FVC during rest or vasodilator
infusion trials. Data supported the existence of functional sympatholysis in human
exercising muscle as well as the exercise intensity dependent theory of
sympatholysis [84]. As evident in Figure 3, within each exercise condition, an
increased tyramine dose resulted in an increased constriction and thus a greater
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reduction in FVC. Yet, within a given tyramine dose, the percentage reduction in FVC
was less with increasing exercise intensity [84].

Figure 3. Percentage change in forearm vascular conductance (FVC) from baseline
for rest, moderate and heavy exercise during low, medium and high doses of
tyramine infusion. * Significantly different from low tyramine dose within exercise
condition. † Significantly different from medium tyramine dose within exercise
condition. ‡ Significantly different from rest within tyramine dose. § Significantly
different from moderate exercise within tyramine dose (all P < 0.05) Permission
obtained from Tschakovsky and colleagues [84].
Sympatholysis does not appear to be limited to small muscle mass of the
forearm but has also been documented in larger muscle masses. Wray and
colleagues [95] utilized the cold pressor test (CPT) to study the presence of
sympatholysis in both the quadriceps and forearm muscles. Subjects performed
single-leg knee extensor exercise for approximately 5 minutes in order to achieve
steady-state blood flow. The CPT was administered for 3 minutes during the steadystate phase of exercise in order to observe the sympatholytic response [95]. The
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investigators observed a significantly lower percentage decrease in both arm and
leg vascular conductance during exercise as compared to that observed during rest
[95]. Thus, the presence of functional sympatholysis does not seem to be limb or
muscle specific.
Previous evidence also suggests that functional sympatholysis is present at
the onset of exercise and is not restricted to instances of steady-state blood flow.
Tschakovsky and colleagues [83] used lower body negative pressure (LBNP) to
understand the time-course of sympatholysis at the onset of forearm exercise. A
significant decrease in FVC was observed with LBNP as compared to the control
situation within the first 20 seconds of exercise. This time period is considered the
Phase I of the dynamic response of exercise [83]. Yet, within 30 seconds from the
onset of exercise (Phase II of the dynamic response), the difference in FVC between
the LBNP and control trial was abolished, indicating that sympatholytic factors from
the exercising skeletal muscle were acting on the exercising muscle vascular bed
[83]. Thus, although functional sympatholysis does not act immediately at the onset
of exercise, its role in allowing the match of supply to demand at the exercising
skeletal muscle follows quite shortly after.
Rosenmeier and colleagues [65] also observed the presence of sympatholysis
in exercising human skeletal muscle. Rosenmeier utilized a similar protocol as
previously outlined by Tschakovsky and colleagues [84] with the addition of
phenylephrine and clonidine infusions which are selective alpha 1- and alpha 2adrenergic receptor agonists, respectively [65]. The investigators observed that
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sympatholysis does occur in the vascular beds of exercising skeletal muscle and that
it is mediated by a blunted vasoconstrictor response of both alpha 1 – and alpha 2adrenergic receptors [65].
The blunting of mSNA that is characteristic of sympatholysis is thought to be
mediated by local sympatholytic vasodilator factors released from the exercising
muscle and vascular endothelium [14]. It has been proposed that the sympatholytic
factors act pre- or post-junctionally to blunt the mSNA response at the vascular
smooth muscle. Pre-junctional would represent a reduction in neurotransmitter
release from the nerve terminals [8, 9], yet the mechanism by which this occurs is
not widely understood. In contrast, post-junctional would represent the
interference of the neurotransmitter action at the alpha-adrenergic receptors on the
smooth muscle cells of the resistance vessels [2, 5, 14, 65]. The proposed
sympatholytic factors acting to blunt mSNA are NO [10, 15, 56, 81] and ATP [41, 43,
66, 67, 80].
The role of NO as a sympatholytic factor has been investigated in both animal
[56] and human skeletal muscle [10, 15, 81]. In order to study the role of NO in
blunting the sympathetic vasoconstrictor response during exercise, Chavoshan and
colleagues [10] utilized the NO synthase blocker, L-NAME. To stimulate an increase
in mSNA they applied LBNP. The investigators observed that LBNP decreased
muscle oxygenation in the forearm during handgrip exercise. Yet, LBNP paired with
L-NAME resulted in an even greater decrease in forearm muscle oxygenation during
handgrip exercise than LBNP alone. Chavoshan and colleagues [10] concluded that
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NO was a key factor in functional sympatholysis in the human exercising muscle. Yet,
other investigators suggest that functional sympatholysis is not entirely mediated
by NO, but that there may be other/additional sympatholytic factors aiding in mSNA
blunting in the vascular bed of the exercising muscle [6, 14].
ATP is an established vasodilator, and recent evidence points to it also acting
as a sympatholytic factor [41, 43, 66, 67, 80]. The origin of the sympatholytic acting
ATP is hypothesized to be the deoxygenated red blood cell as ATP is released with
the removal of oxygen from hemoglobin of the red blood cell [24]. Rosenmeier and
colleagues [66] investigated the sympatholytic nature of ATP in exercising healthy
individuals. The investigators performed three experimental hyperaemic trials;
adenosine infusion (vasodilator-control), ATP infusion, and moderate knee-extensor
exercise to determine the blood flow response to tyramine infusions
(vasoconstrictor). Tyramine infusion resulted in significantly reduced blood flow
during adenosine infusion which was not present during either the ATP infusion or
moderate exercise trials [66]. The investigators concluded that circulating ATP acts
in a sympatholytic nature to inhibit the effects of mSNA on exercising skeletal
muscle blood flow [66].
It has been suggested that the activity of KATP channels found in the vascular
smooth muscle [53] may be a contributing mechanism to functional sympatholysis.
Recent evidence suggests that ATP and NO might act in a similar manner to activate
KATP channels [41, 81]. Activation of KATP channels ultimately results in relaxation
and thus, vasodilation, of the vascular smooth muscle in the local area of the
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exercising skeletal muscle [59]. It was observed that blocking the KATP channels via
oral glyburide ingestion resulted in a partial restoration of baroreflex-mediated
vascular smooth muscle vasoconstriction [41]. Thus, KATP channel activity may be
involved as an important mechanism of functional sympatholysis.
Does sympatholysis persist post-exercise?
With the cessation of exercise, sympathetic activity rapidly declines [72]
while muscle blood flow remains elevated from baseline [3, 61, 75]. The duration of
post-exercise hyperemia is dependent upon the type, intensity and duration of the
exercise task [89]. Elevated post-exercise muscle blood flow is required in part for
the restoration of ATP, glycogen and creatine phosphate in the muscle [3].
It has been suggested that NO, a known sympatholytic factor [10, 15, 56, 81],
may contribute to elevated post-exercise skeletal muscle blood flow. Radegran and
Saltin [61] examined the role of NO in vasomotor regulation during rest, exercise
and recovery by infusing L-NMMA, a NOS inhibitor into the femoral artery of healthy
male volunteers. Measurements were obtained prior to, during and 10 minutes after
the volunteers completed one-legged submaximal dynamic knee-extensor exercise.
The investigators observed a significant reduction of approximately 66% in femoral
artery blood flow during NOS inhibition in the recovery period as compared to
control [61]. This evidence supports the existence of elevated NO levels in the
exercised limb following exercise, as inhibition of NOS results in diminished skeletal
muscle blood flow and vascular conductance as compared to control [61].
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Nitric oxide does not remain elevated exclusively post-submaximal leg
exercises but has also been observed to linger 5 minutes following mild dynamic
handgrip exercise [75]. Shoemaker and colleagues [75] infused saline (control),
atropine (to assess the role of acetylcholine in the regulation of vasomotor tone), or
atropine + L-NMMA into the brachial artery of the volunteers. A significantly
reduced FBF was observed at 5 minutes post-exercise during the atropine + LNMMA trial as compared to both the control and atropine trials [75]. This evidence
supports the notion of continued release of NO post-exercise and thus the potential
for the prolonged presence of functional sympatholysis post-exercise. Therefore,
although it is plausible that sympatholysis could exist for a period of time following
the end of exercise, no studies have confirmed its presence post-exercise in the
human skeletal muscle.
The potential importance of post-exercise functional sympatholysis is that it
could impair the ability of the baroreflex to protect arterial blood pressure in
response to a perturbation. A relevant situation involves gravity-induced loss of
consciousness (GLOC) that is experienced by combat aircraft pilots [82]. During a
significant vertical acceleration, the pilots experience a reduction in cerebral
perfusion, as there is a differential blood pressure gradient between the heart and
the brain [82]. With further vertical acceleration, the increased gravitational force
decreases the blood supply to the brain even further, ultimately leading to a loss of
consciousness [82]. In order to help combat the onset of GLOC, the use of anti-G
suits and assisted breathing, as well as an anti-gravity straining maneuver (AGSM)
have been used by fighter pilots [71, 82]. The AGSM involves continuously tensing
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the skeletal muscles of the arms and legs while performing Valsalva maneuvers at 3second increments separated by 1 second of inspiration [71]. Yet, these methods
have only had moderate success and do not completely abolish the onset or effects
of GLOC. Tripp and colleagues [82] investigated the negative impacts of GLOC on
members of the U.S. Air Force in 2006. The investigators determined that the
duration of total incapacitation experienced by GLOC was approximately 87 seconds.
The 87 seconds encompasses the period of time prior to unconsciousness in which
the pilot could not perform mental tasks, the duration of time spent in an
unconscious or mentally confused state, as well as the period of time required to
return to baseline performance of mental tasks [82]. Considering that modern
aircrafts flying at 500mph could travel 12.1 miles in those 87 seconds in which the
pilot does not have full control of the aircraft, it is without doubt that GLOC is a
serious issue that could result in death [82].
Following the leg muscular efforts employed by the pilots in order to combat
the effects of GLOC, they may be additionally suffering from the effects of postexercise functional sympatholysis. If sympatholysis does persist for a period of time
following exercise, and the pilots complete a mild G maneuver following the leg
muscle tension previously employed, the pilot may suffer from syncope or GLOC.
This mild G maneuver-induced unconsciousness could be a result of the inability of
the baroreflex to protect arterial blood pressure following muscular efforts.
Therefore, to better inform the aircraft pilots on effective means of avoiding GLOC,
the investigation into the possibility of the presence as well as the duration of postexercise functional sympatholysis is essential.
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What is a reliable methodological approach to investigating sympatholysis?
In order to study the presence and impact of functional sympatholysis, a
methodological approach to elevating exercising muscle sympathetic neural activity
must be utilized. Measurements of vasoconstriction due to the elevated mSNA must
then be assessed to understand the degree of sympatholysis present. A common
form of elevating mSNA is the CPT, which is utilized in sympatholysis studies in
place of the more invasive vasoconstrictor infusion method.
The CPT has been prevalent in cardiovascular research for quite some time
since it was first introduced by Hines and Brown in 1936 as a means of measuring
vascular tone in healthy individuals [31]. More recently, the CPT has been utilized to
understand the influence of the SNS on peripheral circulation in healthy and
hypertensive humans. Administration of the cold pressor test usually involves the
immersion of a hand or foot in an ice water bath of 0-4°C for approximately 1-4
minutes [11, 18, 20, 21, 25, 28, 31, 35, 50-52, 57, 58, 70, 77, 85, 93, 96]. The CPT
results in an increase in mSNA within the first minute of immersion [20, 85, 96].
It is proposed that upon administration of the CPT, cold nociceptors in the
skin conduct a signal via unmyelinated C-fibers to the central vasomotor centers. It
is within these centers that the elevated mSNA response is elicited as a result of the
CPT [23, 96].
The CPT-induced elevated mSNA leads to an increased NE release that is
measureable in the peripheral vasculature. Previous investigators have sought to
quantify the mSNA response to the CPT via plasma catecholamine measurements
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[11, 48, 78, 93] and/or direct multi-unit nerve recordings [20, 25, 85]. Victor and
colleagues investigated the relationship between the cardiovascular and mSNA
response to the CPT [85]. These investigators directly measured sympathetic nerve
activity via multiunit recordings of the peroneal nerve as well as plasma NE
concentrations from an indwelling cannula throughout the duration of a CPT [85].
Subjects responded to the CPT with an initial rise in heart rate (HR) that returned to
resting levels towards the latter half of the CPT. The HR response to the CPT was not
strongly correlated to either mSNA recordings nor plasma NE measurements [85] as
also confirmed by Grassi and colleagues in 2008 [25]. The CPT also elicited large
increases in MAP within the first minute of the CPT that was strongly correlated to
mSNA recordings (r = 0.86) [85]; similar findings were also reported by Fagius and
colleagues [20]. Despite a strong correlation between plasma NE measurements and
mSNA recordings (r = 0.72), large changes in mSNA were associated with only small
changes in plasma NE [85]. The mSNA response occurred within the first minute of
the CPT, whereas the plasma NE response seemed to peak in the first minute of
recovery following the CPT [20, 85]. Winer and Carter also observed a significant
rise in plasma NE during the CPT, but that these measured peak concentrations
lagged behind the peak MAP response [93]. Therefore, plasma NE measurements do
reflect sympathetic nervous activity [93] but it is a somewhat insensitive
measurement of mSNA due to the aforementioned time lag behind the pressor
response [85].
NE release in the peripheral vasculature results in alpha 1- and alpha 2adrenergic receptor mediated vasoconstriction of the arterioles [22, 70]. This NE24

induced vasoconstriction begins after approximately 30 seconds of limb immersion
and results in an increased peripheral arterial vasoconstriction [28, 50, 96] and
ultimately an increase in MAP [28, 50, 58, 85, 96]. Some studies have described an
initial increase in HR during the CPT administration that typically subsides after
approximately 30 seconds of limb immersion [50, 85, 96]. Yet, this is not the case in
all individuals [11, 35, 50, 51].
Individuals subjected to the CPT have been classified as either “normal
reactors” or “hyperreactors”. Hyperreactor individuals are classified as such if they
respond to the CPT with excessive elevations of 15mmHg or more in systolic and/or
diastolic blood pressure [39]. It has also been observed that hyperreactors may have
a greater prevalence of hypertension compared to normal reactors [39]. Moriyama
and Ifuku investigated the differing cardiovascular responses to a 2-minute CPT of
4°C in normotensive humans (9 male and 9 female) [50]. Post-testing, the
investigators identified 6 of the total 18 subjects as hyperreactors, which is a
prevalence of approximately 33%. The identified hyperreactors exhibited a
significantly greater increase in HR and mean blood pressure in response to the CPT
as compared to the normal reactors [50]. In a follow-up study, these primary
findings were repeated [51]. In a similar study by Ifuku and colleagues [35], the
cardiovascular response to the CPT was examined in athletes (in various fields of
expertise), untrained and hyperreactor participants. A similar percent increase in
TPR was observed in the untrained and hyperreactor subjects during the CPT, while
athletes did not exhibit a significant change, as compared to control [35]. While the
CPT evoked significant elevations in mean blood pressure as compared to control in
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all three experimental groups, the mechanisms involved were quite different
between groups. The athletes exhibited elevations in mean blood pressure via
significant increases in HR and CO; untrained individuals demonstrated elevations
in TPR, leading to increased mean blood pressure; while the hyperreactors
presented significant elevations in CO as reflected by increases in HR [35].
Therefore, evidence suggests that there is a non-homogenous response to the
administered CPT [35, 39, 50, 51]. While the CPT results in a MAP elevation, the
mechanisms by which this is reached may vary between individuals. In some
individuals the exhibited MAP elevation may be primarily due to increases in CO
[35], specifically due to an elevated HR [50, 51] whereas others may respond via an
increase in peripheral vasoconstriction and ultimately TPR [35].
As the CPT is a tool for elevating sympathetic vasoconstriction to investigate
sympathetic vascular control, only participants in which sympathetic
vasoconstriction is the major component of their response to the CPT should be
involved in such studies. Thus, participant screening, in order to determine each
individual’s CPT response, is necessary in such investigations. Yet, Wray and
colleagues in their investigation into the presence of sympatholysis in sedentary
humans [95] did not take this issue into consideration. While these investigators
examined the differences in sympatholysis between trained cyclists and sedentary
humans, they did not distinguish the potential differences in response to the CPT
within and between each experimental group. Therefore, although Wray and
colleagues demonstrated the presence of functional sympatholysis in both the
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quadriceps and forearm muscles of sedentary humans [95], these conclusions could
be confounded by the lack of participant screening prior to the investigation.
Both hand and foot immersion forms of the CPT appear to be reliable and
repeatable methods of elevating mSNA as evidenced by mSNA induced alterations in
MAP [18, 21, 70]. Saab and colleagues [70] observed repeatable blood pressure and
TPR responses over a two-week time period to both hand and foot immersions.
Subjects completed hand and foot CPTs, both at 4°C for 100 seconds. Two weeks
later, each subject returned to the laboratory at the same time of day as the previous
visit to complete each CPT again [70]. The investigators concluded that both the
hand and foot were reliable methods of initiating the pressor response in healthy
men and that these responses were repeatable within a two-week time period [70].
Similarly, Durel and colleagues also reported CPT measurement stability when
repeated within a two-week time period [18]. Yet, Fasano and colleagues [21]
suggest that it is more beneficial to complete repeated measures of the CPT and to
average the measurements obtained across trials and days, rather than rely on
single measurements. During three 1-minute CPTs separated by 15 minutes, these
investigators observed repeatable group means when measurements were averaged
across all individuals, yet variable measurements of HR, diastolic blood pressure
(DBP) and systolic blood pressure (SBP) within subjects [21]. Thus, although group
means may be repeatable across CPT trials, within-subject responses are less so.
In summary, repeatable elevations in mSNA occur with the CPT that are
reflected by plasma NE measurements at the group level. However, variability
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remains in the day-to-day within subject CPT response. Therefore, the usefulness of
the CPT depends on screening individuals to confirm the presence of a TPR
response, as well as to confirm that exercising muscle experiences elevated
sympathetic NE release.
Is critical power a reliable exercise performance measurement for further work-rate
prescription?
Assessing the presence and duration of post-exercise functional
sympatholysis is methodologically complicated. Given the exercise intensity
dependent nature of functional sympatholysis during exercise [28, 84] and the
difficulty with assessing cardiovascular changes during non-steady state exercise
conditions, as well as the evident post-exercise hyperemia [3, 61, 75], the use of the
highest exercise intensity that still leads to a steady state blood flow would seem the
best choice for assessing post-exercise functional sympatholysis. In this regard, an
effective form for determining exercise intensity domains is the critical power
method.
The term “critical power” (CP) describes the hyperbolic relationship between
the work rate and the time to exhaustion during a given exercise task [37].
Specifically, the CP is the asymptote of the work rate and time hyperbolic
relationship [33, 37, 49]. CP has been demonstrated in both small exercising muscle
masses [37] as well as whole body exercise [49, 88].
CP refers to the highest exercising power output where an eventual VO2
steady state can be reached and maintained for a prolonged period of time without
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the onset of exhaustion [49]. Exercising at a work rate above this power output will
result in a continuous rise in oxygen consumption until failure [49]. Jones and
colleagues [37] investigated the muscle metabolic response to single-leg kneeextension exercise above and below the determined CP in healthy male volunteers.
It was demonstrated that 20 minutes of exercise slightly (10%) below the CP
resulted in only a moderate metabolic perturbation as muscle [PCr] and pH were
not significantly different from that measured at rest [37]. Meanwhile, exercise 10%
above the CP resulted in drastic decreases in [PCr] and pH while [Pi] increased
significantly until exhaustion ensued. Exhaustion occurred on average at 14.7
minutes when exercising above CP [37]. Thus, exercise intensities below, but not
above, an individual’s CP represents a metabolically steady state that can be
maintained for prolonged periods of time.
Summary: what do we know?
This literature review has identified the following:
1. Both the baroreflex and the metaboreflex can utilize sympathetic adrenergic
vasoconstriction of resistance vessels in resting and exercising skeletal
muscle in order to regulate arterial blood pressure or elevate arterial blood
pressure for the purpose of improving muscle blood flow [4, 55, 69].
2. Sympathetic adrenergic vasoconstriction in exercising muscle can restrain
vasodilation [38, 68].
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3. However, local factors in exercising muscle can blunt this restraint, and this
has been termed functional sympatholysis [27, 63, 65, 83, 84, 95].
4. Nitric oxide [10, 15, 56, 81] and ATP [41, 43, 66, 67, 80] have been identified
as potential sympatholytic factors.
5. Nitric oxide contributes to vascular tone in skeletal muscle during the acute
post-exercise recovery [61, 75].
6. The cold pressor test (CPT) can provide a non-invasive method for elevating
sympathetic adrenergic vasoconstriction [11, 20, 25, 48, 78, 85, 93] if it is
confirmed to elevate total peripheral resistance within a given individual.
7. Identification of critical power provides a means of identifying maximal
exercise intensities that still allow achievement of steady state [37, 49]. This
identification is important given the exercise intensity dependence of
functional sympatholysis [28, 84].
In the context of this presented background, a number of questions regarding
functional sympatholysis remain. Such questions include: Does functional
sympatholysis remain present immediately post-moderate exercise? If so, for how
long following moderate exercise is functional sympatholysis detectable? Therefore,
the objectives of this investigation were to achieve the following:
Specific Objectives
1. To confirm the presence of functional sympatholysis, acutely post-moderate
intensity exercise.
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2. To quantify the duration post-exercise in which functional sympatholysis
persists to understand the time points in which the human body has a
limitation for blood pressure regulation.
Specific Hypotheses
1. Functional sympatholysis will persist post-exercise when skeletal muscle
blood flow is acutely elevated. This will be evidenced by a smaller reduction
in FVC when mSNA is evoked throughout recovery in comparison to resting
baseline.
2. Functional sympatholysis will remain present 10 minutes post-exercise at
which time skeletal muscle blood flow will remain elevated from baseline
measurements for the continued restoration of ATP, glycogen and creatine
phosphate in the exercised muscle [3].
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CHAPTER 3: MANUSCRIPT
INTRODUCTION
During skeletal muscle exercise, localized increases in vascular conductance
paired with elevations in cardiac output act to increase the oxygen delivery to the
vascular bed of the skeletal muscle in order to supply the metabolic demand of the
muscle [1, 45]. However, during dynamic exercise involving a large muscle mass, if
the vasodilator capacity of the muscle vascular bed were met, there is potential for a
significant threat to blood pressure [1, 68]. Sympathetic restraint acts to limit the
vasodilator capacity of the resistance vessels perfusing the active skeletal muscles
[38, 54, 68, 87] in order to maintain a stable blood pressure during exercise.
In order to optimize muscle blood flow to the active skeletal muscle, the
vascular bed of the exercising muscle is somewhat protected from SNA
vasoconstriction via a phenomenon termed functional sympatholysis. Remensnyder
and colleagues were the first to observe a reduced responsiveness to SNA in the
exercising muscle vascular beds of exercising mongrel dogs in 1962 [63]. Since then,
the presence of functional sympatholysis in the exercising human skeletal muscle of
both the arm and leg has been documented [65, 83, 84, 95].
Howard and DiCarlo [32] as well as Patil and colleagues [56] have explored
the presence of functional sympatholysis following bouts of exercise in animal
models. However, it remains unknown whether functional sympatholysis is specific
to the exercising stage or if it may persist for a period of time following skeletal
muscle exercise in humans. The proposed sympatholytic factors acting to blunt the
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SNA at the exercising skeletal muscle include NO [10, 15, 56, 81] and ATP [41, 43, 66,
67, 80]. It has been suggested that NO may also contribute to the elevated postexercise skeletal muscle blood flow [61, 75], perhaps indicating a lingering
functional sympatholysis response.
The presence of post-exercise functional sympatholysis could impair the
ability to protect arterial blood pressure in response to a perturbation. Therefore,
through this investigation we aimed to confirm the presence and duration of postexercise functional sympatholysis through the use of the CPT in order to understand
the time points in which the human body has a limitation for blood pressure
regulation.
METHODS
General Methods
Subjects
Ten healthy male (age = 21.1 ± 0.8 years (mean ± SE)) subjects
participated in this study. All participants were non-obese, non-smokers, and
normotensive (Table 2). Also, all participants had similar physical activity levels as
they commonly engaged in moderate bouts of walking, intramural sports and
occasional full body workouts. This experiment was approved by the Queen’s
University Health Sciences & Affiliated Teaching Hospitals Research Ethics Board, in
compliance with the terms of the Declaration of Helsinki. After receiving a complete
verbal and written description of the experimental protocol and associated potential
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risks, each subject provided written, informed consent (Appendix A) to participate
in the outlined experiment.
Maximum Voluntary Contraction (MVC)
In order to determine the maximum voluntary contraction (MVC) strength,
each participant performed three MVCs with the handgrip dynamometer, separated
by 1 minute.
Critical Power (CP) Exercise Test
Each participant underwent a CP exercise test in order to familiarize the
participant with rhythmic forearm handgrip exercise as well as to determine the
work rate that each subject would exercise at during the remainder of the study.
Steady State Exercise
The exercise model consisted of forearm handgrip exercise, which requires
the activity of a small muscle mass. Each participant exercised at 15% below their
respective CP for all subsequent experimental sessions. This exercise intensity was
chosen to maximize the potential for sympatholysis, as it is exercise intensity
dependent [28, 84], while still achieving a steady state exercise response [37, 49]. As
the active muscle mass is small, a central cardiovascular challenge was not expected
while investigating the local vascular phenomenon of functional sympatholysis.
The exercise component consisted of 7 minutes of handgrip exercise with the
handgrip dynamometer at a duty cycle of 1:2. The target force of 15% below each
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participant’s CP was displayed on the feedback monitor during the task. The
exercise task was followed by 15 minutes of supine recovery.
Cold Pressor Test (CPT)
In this study, activation of sympathetic vasoconstriction was evoked using
the CPT. The CPT requires the participant to place their foot into a prepared ice bath
(0-3°C) for 2 minutes.
Arterialized Blood Sampling
On the experimental Day A during the Rest trial, all participants had their
right hand heated with a standard 50W heating pad (Sunbeam, Jarden Consumer
Solutions, Canada) for approximately 10 minutes. Following hand heating, a 1-mL
venous blood sample was taken from a dorsal hand vein or superficial vein of the
wrist with an appropriately positioned butterfly needle (retrograde) or 20-gauge
intravenous catheter (antegrade). The use of venous blood samples obtained from a
heated vein has been previously demonstrated to accurately reflect the arterial
concentration of lactate [97]. Thus, it was expected that other plasma constituents,
such as catecholamines, would also be representative. The collected blood sample
was immediately analyzed (StatProfile M Blood Gas Analyzer; Nova Biomedical,
Mississauga, Ontario) to determine the level of SO2. Appropriate arterialization was
accepted at a level greater than 90% SO2. If appropriate arterialization was not
achieved, further hand heating and subsequent blood sampling was required.
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Forearm Deep Venous Blood Sampling
A 20-guage catheter was inserted retrograde into an antecubital vein of the
participant’s right arm (non-experimental arm). Echo Doppler Ultrasound was
utilized prior to catheterization in order to ensure the selected vein drained a
forearm muscle (cephalic or median cubital vein) and was not a superficial vein.
Venous blood samples were drawn pre- and post-CPT in order to assess the
forearm catecholamine response to the CPT. A blood sample of 3mL was initially
drawn and discarded, followed by two 6mL blood samples collected into EDTA
vacutainer tubes at each sample period.
Central Hemodynamic Monitoring
HR was measured beat-by-beat with an electrocardiogram 3-lead placement.
MAP and stroke volume (SV) were measured continuously throughout the study via
finger photoplethysmography (Finometer, Finapres Medical Systems, Amsterdam,
Netherlands) on the non-exercising hand. CO was calculated as HR x SV.
Brachial Artery Mean Blood Velocity (MBV) and Diameter
Exercising (Left) Arm
The brachial artery was imaged through the use of a linear 10 MHz Echo
Doppler ultrasound probe, operating in two-dimensional B-mode (Vingmed System
FiVe; GE Medical Systems, London, Ontario), and was recorded continuously in
Digital Imaging and Communications in Medicine (DICOM) format. MBV was
measured with a 4 MHz Pulsed Doppler ultrasound probe (Model 500V TCD;
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Multigon Industries, Mt. Vernon, New York), which was secured to the skin at a
location distal to the Echo probe and proximal to the antecubital fossa. MBV was
measured and recorded continuously on a personal computer data acquisition
system.
Non-Exercising (Right) Arm
A secondary 4 MHz Pulsed Doppler ultrasound probe was utilized to measure
MBV of the non-exercising arm. The probe was secured to the skin over the brachial
artery where no interference from the catheter or catheter blood draw would occur.
Subject Screening and Familiarization
Participants were instructed to abstain from consuming alcohol and/or
caffeine 12 hours prior and any food 4 hours prior to the screening trial.
7-Day Physical Activity Recall Questionnaire (7-PAR)
Each participant completed a 7-PAR during the initial screening and
familiarization visit to the laboratory (Appendix A). The 7-PAR was utilized to
characterize each individual’s average level of physical activity prior to completing
the study. The use of the 7-PAR has previously been demonstrated as a reliable and
valid method of quantifying physical activity [16, 79].
Ultrasound Screening
Initial ultrasound screening of the subject’s left arm was necessary in order
to ensure that the quality of the artery image would allow for accurate
measurements of vessel diameter. Subjects were instructed to lay supine on the
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laboratory bed while the investigator obtained a brachial artery image with the
Echo Doppler Ultrasound Probe. No prospective subjects were turned away due to a
poor brachial artery image. The brachial artery blood velocity signal was also
assessed at this time with the Pulsed Doppler Ultrasound Probe to ensure a clear
velocity signal was attainable and that there was no confounding venous blood
velocity signal present in exercise. The subject was instructed to squeeze a small
foam ball in a similar manner to handgripping exercise to ensure the signal would
be maintained during the duration of subsequent data collection sessions. No
prospective subjects were turned away due to a poor brachial artery velocity signal.
MVC
Participants completed three maximal isometric handgrip contractions for
approximately 1-2 seconds using the handgrip dynamometer. Participants were
instructed to recruit only the forearm muscles during the voluntary contraction.
Each contraction was followed by 1 minute of recovery prior to the next contraction.
The peak MVC value, measured in kg, was used as the participant’s true MVC. This
value was marked on the feedback monitor as a target force for the participant’s
contractions during the subsequent CP test.
CP Test
The CP exercise task consisted of an isometric handgrip exercise at a duty
cycle of 1:2 (1 second contraction, 2 seconds relaxation) (Figure 4) with the
handgrip dynamometer. The force output from the dynamometer and the
contraction duty cycle were displayed to the subject throughout the exercise test.
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The subject was instructed to attempt to reach the marked force output on each
contraction, for 10 minutes. Each participant’s CP was calculated as the average
power output of the last 30 seconds of the exercise test [40] (Figure 5).
A

B

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Time (seconds)

Figure 4. A: Force output during three MVC trials (separated by 1 minute) for the
identification of the true MVC. B: Sequence of force output recorded during CP
exercise task. Force tracing indicates the contraction duty cycle of 1:2 (1 second
contraction: 2 second relaxation) while the participant attempted to reach the target
MVC of 65 kg.
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Figure 5. Schematic representation of the power output (force output) during a
critical power exercise test and the determination of an individual’s critical power.
CPT Screening
As the assessment of functional sympatholysis requires an experimental
manipulation that elevates sympathetic vasoconstriction, it was necessary to select
subjects in which a sympathetic vasoconstrictor response to the CPT could be
confirmed. Therefore, all interested participants completed CPT screening in order
to confirm that the participant’s demonstrated pressor response to the CPT was
primarily due to increased TPR (which indicates sympathetic vasoconstrictor
activation) rather than elevations of cardiac output.
Before submersion of the foot, the CPT protocol was clearly outlined to each
participant. Participants were instructed to rest their foot at the bottom of the ice
bath and to maintain this position for the duration of the test while MAP, SV and HR
were recorded. Participants were also directed to remain relaxed and avoid tensing
their muscles, primarily the leg muscles of the foot immersed in the ice bath at any
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time throughout the CPT. Each participant was also advised to concentrate on their
breathing and to maintain a normal breathing pattern rather than holding their
breath at any time during the CPT. The investigator informed each participant that if
they could not keep their foot in the ice bath for the 2-minute test duration, due to
severe pain or discomfort, that they should advise the investigator and remove their
foot promptly. Each subject was informed that they had the right to withdraw from
the CPT at any time during the 2-minute test, but in doing so they would not be able
to participate in the remainder of the study. Only one participant removed their foot
during the 2-minute test due to severe discomfort. This participant was excluded
from the study.
The outlined CPT screening protocol was repeated approximately 3-4
months following the initial screening visit in order to determine the repeatability of
each participant’s response to the CPT. Of the 27 interested participants, 24
returned to the laboratory for a follow-up screening. Of these 24 individuals, 10
demonstrated a clear, consistent TPR response to the CPT. These 10 TPR responders
were the final subjects selected to participate in the experiment.
Experimental Protocol and Data Acquisition
This study consisted of five experimental trials in order to assess
sympatholysis at various time points that were conducted over three visits to the
laboratory. Each subject was randomly assigned a daily protocol as outlined in Table
1 upon entry to the study. With each daily protocol, the Rest trial always preceded
the Control, Exercise, or Recovery trials. The order of the Control or
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Exercise/Recovery trial was consistent within subject, yet counterbalanced between
subjects. As there were two CPT within each experimental session, the subject
alternated the foot that was placed in the ice bath.
Table 1. Daily protocols A, B and C and the experimental trials completed on each
day.
Day A
Rest
Control
Exercise

Day B
Rest
Control
Recovery 1

Day C
Rest
Control
Recovery 2

Each participant entered the lab on the appropriate day of testing having
abstained from consuming alcohol and/or caffeine 12 hours prior and any food 4
hours prior. The subject was instructed to lie supine on the laboratory bed with both
arms extended at heart level. The subject was placed in a comfortable position and
the appropriate instrumentation was set-up for data collection while the participant
rested quietly. Figure 7 illustrates the experimental setup that was utilized for each
participant in this study. Figure 6 outlines the specific experimental trials completed
on each testing day. Each experimental trial was separated by at least 10 minutes of
recovery in order to allow for sufficient time for variables to reach baseline values.
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Figure 6. Schematic representation of the trials involved in each daily protocol.
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A

B

Figure 7 A & B. Experimental Setup
Baseline Data Acquisition
Resting central hemodynamics as well as brachial artery diameter and velocity were
measured for 2 minutes at the beginning of each experimental trial.
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CPT Response Data Acquisition
MBV was measured on the non-exercising (right) arm for 10 seconds 1-2 minutes
prior to the CPT. Two 6mL venous blood samples were also collected at this time for
catecholamine analysis. Central hemodynamic measurements continued throughout this
time period.
At the appropriate time point, the participant’s foot was carefully placed in the ice
bath for the 2-minute CPT. Central hemodynamic measurements were collected during the
CPT, while brachial artery diameter and MBV were collected on the exercising (left) arm. At
the end of the CPT, the participant’s foot was carefully removed from the ice bath and
wrapped in a towel.
MBV was measured on the non-exercising arm for 10 seconds immediately
following the CPT. To estimate the sympathetic vasoconstrictor activation due to the CPT;
two 6mL venous blood samples were collected for catecholamine analysis. The outlined
CPT response data acquisition was repeated at all CPT time points within the Rest, Exercise
and Recovery trials as outlined in Figure 6.
Exercise Data Acquisition
Central hemodynamics as well as brachial artery diameter and MBV measurements
were collected continuously for the 7-minute exercise time period. The force produced
throughout the handgrip exercise was displayed for the participant at all times.
Recovery Data Acquisition
Data acquisition continued for 15 minutes following the cessation of exercise.
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Central hemodynamics as well as brachial artery diameter and MBV measurements were
collected throughout the entire recovery period. The participant remained supine and
rested quietly on the laboratory bed for this stage of the experimental protocol.
Between Trials
The participant remained supine and rested quietly for 10 minutes to allow for
adequate catecholamine washout from the CPT as well as for all measured variables to
return to resting baseline.
Data Analysis
Central Hemodynamics
The beat-by-beat measurements of HR and MAP were averaged over the last 30
seconds for analysis at the following time points: end of baseline measurements; 5th and 7th
minutes of exercise; 2nd, 4th, 8th, 10th minutes and end of the recovery period.
The beat-by-beat measurements of MAP and calculations of CO were averaged over
30 second increments at the following time points: 30 seconds prior to the start of the CPT;
0-30 seconds, 30-60 seconds, 60-90 seconds and 90-120 seconds of the 2-minute CPT to
determine the central hemodynamic response to the CPT at Rest.
Venous Blood Constituents
After collection, blood samples were immediately centrifuged at 1500Gs for 10
minutes in a refrigerated centrifuge at 4°C. Plasma was separated from each sample and
pipetted into separate 1.5mL Eppendorf tubes. Plasma samples were immediately stored in
a -80°C freezer for catecholamine analysis. [NE] and [Epi] were analyzed at a later date
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with a 2-CAT ELISA – Fast Track (Rocky Mountain Diagnostics Inc., Colorado Springs,
Colorado).
Brachial Artery Diameter
Brachial artery images were recorded continuously and stored in a Digital Imaging
and Communications in Medicine (DICOM) format on a separate analysis computer.
Brachial artery diameter was analyzed via automated edge-detection software [94], which
allows the user to identify a region of interest where the vessel walls are the clearest. The
arterial walls are then tracked by detecting the greatest change in pixel brightness in the
vertical axis. The edge-detection software collects one diameter measurement for every
pixel column and uses the median diameter as the diameter for that frame [92].
Brachial artery diameter measurements were obtained at 5 second increments
during the last 30 seconds at the following time points: end of baseline measurements; 5th
and 7th minutes of exercise; 2nd, 4th, 8th, 10th minutes and end of the recovery period. An
average brachial artery diameter was obtained from the mean of all the measurements
during these 30 s periods at each of the collected time points. The diameter measurements
obtained during the recovery period in each experimental protocol (the 2nd, 4th, 8th, 10th
minutes and end of the recovery period) were curve fit with statistical software (SigmaPlot
11.0, Systat Software, Inc.) to provide a diameter estimate and allow forearm blood flow
calculations for the entire recovery period.
MBV and ECG
MBV and ECG data were recorded continuously at 200 Hz via a data acquisition
system (Powerlab, ADInstruments Inc., Bella Vista, Australia) and stored on an analysis
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computer. MBV was averaged over the last 30 seconds for analysis at the following time
points: end of baseline measurements; 5th and 7th minutes of exercise; 2nd, 4th, 8th, 10th
minutes and end of the recovery period.
Calculated Variables
The FVC effect of the CPT can be quantified as the difference between the pre- and
end-CPT measurements. This was completed by first quantifying the absolute FVC values at
each time point and then ultimately as a percentage change.
“Steady-State” FVC Calculations
In the case of Rest and Exercise where there is a maintained “steady state”, the FVC
response to the CPT was calculated through the following outlined steps.
Forearm blood flow (FBF; ml/min) was calculated with the equation:
FBF = [MBV x 60 x π x (brachial artery diameter/2)2]
Forearm vascular conductance (FVC; ml/min/100 mmHg) was calculated with the
following equation:
FVC = (FBF/MAP) x 100 mmHg
FVC was multiplied by 100 mmHg so that the conductance units were similar to the
units of forearm blood flow.
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In order to compare the vascular response of the CPT during Rest and Exercise trials,
the percent reduction in FVC was calculated:
% Reduction in FVC = [(FVCpost CPT-FVCpre CPT)/FVCpre CPT] x 100
Recovery FVC Calculations
As there is no steady-state blood flow during recovery from exercise (as blood flow,
MAP, and conductance are changing over time as a function of normal recovery), changes in
FVC due to the CPT in the Recovery trials were compared to the FVC generated through
curve fitting the off-transition from exercise. Comparisons in the FVC during the CPT period
were thus made between the absolute values measured and the generated FVC values
through curve fitting.
Through curve fitting the off-transition from exercise in the Control trials it was
confirmed that this was a reliable methodological approach at understanding the FVC
response if there were no administered CPT in both the Recovery 1 and Recovery 2 trials.
Figure 8 (and Table 3 in the Results section) provides evidence that curve fitting the data
with 2 minutes of data removed (hypothetical 2-minute CPT period removed), gave an
excellent estimation of the FVC data generated through curve fitting without this period
removed.
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Figure 8. Example of FVC curve fit data for the off-transition from exercise in Control. Dark
grey symbols represent the 2-minute hypothetical CPT data. Full line represents the curve
fit generated with the 2-minute data included. Dashed line represents the curve fit
generated with the 2-minute data removed.
Therefore, the calculation of the FVC response to the CPT during Recovery 1 and
Recovery 2 utilized the actual 30 second average at the end of the CPT as compared to the
30 second average generated through the curve fit at the same time point where the FVC
data was excluded. The FVC response to the CPT during the off-transition from exercise
(Recovery 1 and Recovery 2) was calculated through the following outlined steps.
Initially, forearm vascular conductance (FVCinitial; cm/s/100mmHg) was calculated
with the equation:
FVCinitial = (MBV/MAP) x 100mmHg
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The FVCinitial values obtained for the off-transition from exercise during the Control
and Recovery 1 and 2 trials were curve fit with data analysis software (SigmaPlot 11.0,
Systat Software, Inc.).
To derive FVC in units of flow per minute per units of pressure, the FVCinitial values
were multiplied by 60 seconds/minute (conversion to per minute) and Pi x r2 (calculation
of vessel cross sectional area):
FVC = [FVCinitial x 60 x π x (brachial artery diameter/2)2]
The percent reduction in FVC from the CPT during both the Recovery 1 and Recovery
2 was calculated with the following equation:

FVC (mL/min/100mmHg)

% Reduction in FVC = [(FVCAbsolute-FVCCurve Fit)/FVCCurve Fit] x 100

Time (seconds)

Figure 9. Illustration of the curve fit and “% Reduction in FVC” calculation for the Recovery
1and Recovery 2 trials. The black symbols indicate the absolute FVC values for the offtransition from exercise. Grey symbols represent the absolute FVC values during the CPT
(FVCAbsolute). The line indicates the values generated through the curve fit to the absolute
FVC data (FVCCurve Fit).
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Calculation of Absolute Values
Alterations in total peripheral resistance (TPR; mmHg/L/min) during the CPT were
calculated with the equation:
TPR = MAP/CO
Data obtained through this analysis were averaged over 30 second increments at
the following time points: 30 seconds prior to the start of the CPT; 0-30 seconds, 30-60
seconds, 60-90 seconds and 90-120 seconds of the 2-minute CPT to understand the central
hemodynamic response to the CPT at Rest and during the two initial screening visits.
Statistical Analysis
The data collected from one participant was omitted prior to statistical analysis due
to the detection of poor data quality (MBV and brachial artery diameter measurements)
during the prior stages of analysis. Therefore, all further analysis included the remaining
nine participants.
All values are reported as means ± S.E and significance was set at P < 0.05 for all
statistical analysis. For all multiple comparison analysis, significant interactions or main
effects were analyzed with a Student-Newman-Keuls post hoc test. All data analysis was
completed with standard statistical software (SigmaPlot 11.0, Systat Software, Inc.).
Absolute Cardiovascular Responses
To test the hypothesis that there was no effect of trial within the same measurement
time point, but that there was a main effect of measurement time within a trial, a two-way,
repeated-measures analysis of variance (ANOVA) was utilized to determine main effect of
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TRIAL (Controls, Exercise, Recovery 1 and Recovery 2) and measurement TIME (“Pre-CPT”
and “CPT”) and interaction effects of TRIAL X TIME for MAP, HR, FBF and FVC.
A one-way repeated-measures ANOVA was used to compare the differences in MAP,
HR, FBF and FVC during baseline and upon completion of the recovery period in each
TRIAL (Rests, Controls, Exercise, Recovery 1 and Recovery 2) to test the hypothesis that there
was no difference in measurements across trials at the same time point.
CPT Repeatability
To test the hypothesis that there was no effect of day within the same measurement
time point, but there was a main effect of measurement time within a day, a two-way
repeated-measures ANOVA was used to determine the main effect of DAY (Day A, Day B,
Screening Visit 1 and Screening Visit 2) and measurement TIME (30-second time periods)
and interaction effects of DAY X TIME for MAP, TPR and CO.
Catecholamine Response
To test the hypothesis that there was no effect of trial within the same measurement
time point, but that there was an effect of time within a trial, a two-way repeated-measures
ANOVA was used to determine the main effect of TRIAL (Rest, Exercise, Recovery 1 and
Recovery 2) and measurement TIME (“Pre-CPT” and “CPT”) and interaction effects of TRIAL
X TIME for the measured concentration of norepinephrine and epinephrine.
Also, a one-way repeated-measures ANOVA was used to compare the TIME (“PreCPT” and “CPT”) measurements of norepinephrine and epinephrine from arterialized
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venous samples during the Rest trial to test the hypothesis that there was a main effect for
measurement time within a trial.
Control Curve Fit
To test the hypothesis that curve fitting provided an accurate means of identifying
the actual response during a CPT interval, if no CPT was occurring, a one-way repeatedmeasures ANOVA was used to compare the METHOD (data “Included” or “Removed”) of
FVC (cm/s/100mmHg) value generation through curve fitting.
Percentage Changes
To test the hypothesis that there was a main effect of trial on the percentage change
in FVC, a one-way repeated-measures ANOVA was utilized to compare the TRIAL (Rest,
Exercise, Recovery 1 and Recovery 2) measurements of calculated percentage changes in
FVC to the CPT.
Results
Table 2. Subject Characteristics
N
Age (years)
Height (cm)
Weight (kg)
Forearm Circumference (cm)
Forearm Volume (mL)
Energy Expenditure (kcal/kg/week)
Values are means ± S.E.

9
21.1 ± 0.8
179.9 ± 1.1
80.9 ± 3.0
26.1 ± 0.5
1147.2 ± 48.9
276.7 ± 18.7
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Table 3. FVC Control curve fit data

Subject

Day B Control
Day C Control
Hypothetical 2 minute CPT data
Included
Removed Coefficient
Included
Removed
Coefficient
of Variation
of Variation
(%)
(%)
(cm/s/100mmHg)

(cm/s/100mmHg)

B
43.2
42.9
0.4
11.6
14.0
13.5
I
10.3
11.2
6.0
12.0
7.4
33.6
K
29.2
26.5
7.0
6.3
6.3
0.05
L
9.8
9.4
3.0
12.1
12.1
0.1
P
10.7
10.2
3.9
17.0
17.0
0.1
T
9.2
10.7
10.6
6.6
5.3
16.2
V
3.4
4.0
10.7
2.9
2.7
4.5
W
30.3
31.7
3.2
11.1
12.0
5.3
AA
4.7
5.6
12.0
3.5
3.2
4.9
Mean
16.8 ± 4.6
16.9 ± 4.5
9.2 ± 1.6
8.9 ± 1.7
Values are means of the last 30 seconds of the hypothetical 2 minute CPT. The hypothetical
2 minute CPT time corresponds to the timing of the CPT occurring in the respective
Recovery 1 or Recovery 2 trials.
Repeatability of Control Curve Fitting
Table 3 summarizes the data obtained from curve fitting the FVC data collected from
the Control trials. The data during the time period where the 2-minute CPT would have
occurred in the CPT recovery trials (Recovery 1 and Recovery 2) were included or removed
from the Control trials on Day B and C, respectively. Within each subject, inclusion or
removal of the hypothetical 2-minute CPT time period from the Control trials did not result
in a significantly different calculation of FVC through the curve fitting tool (Day B: P =
0.751; Day C: P = 0.598). The Pearson Correlations between inclusion or removal
measurements were highly repeatable for both Day B and Day C (0.996 and 0.927
respectively).
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Repeatability of the CPT during Rest
The individual responses (A and B) as well as the group mean responses (C) in MAP
(mmHg) to the CPT during the Rest trials are portrayed in Figure 10. The CPT resulted in a
statistically significant increase (P < 0.05) in MAP during each time period of the CPT on
each day as compared to the baseline measurement (0 seconds). Also, MAP during the last
90 seconds on each day was significantly different than the initial 30 seconds of the CPT (P
< 0.001). There was no main effect for the day in regards to the MAP response to the CPT as
P = 0.718.
Figure 11 illustrates the individual responses (A and B) and the group mean
responses (C) in TPR (mmHg/L/min) to the CPT during the Rest trials on Day B and C.
Upon 30 seconds of administration of the CPT, the mean TPR significantly decreased (P <
0.05) from 16.1 ± 2.7 mmHg/L/min and 15.9 ± 1.8 mmHg/L/min to 13.7 ± 1.8
mmHg/L/min and 13.6 ± 1.4 mmHg/L/min on Day B and C (respectively). The measured
TPR rose throughout the remainder of the CPT on both days and was significantly different
from that measured at 30 seconds (P < 0.05) but not significantly different from baseline
measurements at 0 seconds (P > 0.05). Also, there was no main effect of day on the TPR
response to the CPT as P = 0.858. The group mean responses in TPR (mmHg/L/min) to the
CPT during the Rest trials on Day B and C as well as those measured on both preliminary
screening visits (Visit One and Two) are depicted in Figure 12. During both screening visits
(One and Two), the TPR measured in the last 60 seconds of the administered CPT was
significantly different from that measured at baseline (0 seconds). Recruited participants
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demonstrated significant elevations in TPR towards the end of the CPT during both
screening visits, which was not repeated in magnitude during either Rest trials.
The individual responses (A and B) and the group mean responses (C) in CO
(L/min) to the CPT during the Rest trials are represented in Figure 13. The CPT resulted in
a significant rise (P < 0.05) from the baseline measurement (0 seconds) that was followed
by a steady decline during the remainder of the CPT on both Day B and C. On Day B, the CO
was significantly reduced during the last minute of the CPT (90 and 120 seconds) in
comparison to the initial 30 seconds measurement (P < 0.05). Similarly, on Day C, the CO
was significantly reduced during the last 30 seconds of the CPT (120 seconds) in
comparison to the initial 30 seconds of measurement (P < 0.05). There was no main effect
for the day in regards to the CO response to the CPT as P = 0.598.
Catecholamine Response to the CPT
The group mean responses of venous plasma norepinephrine (A) and epinephrine
(B) to the administered CPT are portrayed in Figure 14. The CPT resulted in a significant
rise (P < 0.05) in forearm deep venous plasma norepinephrine during the Rest, Exercise,
Recovery 1 and Recovery 2 trials immediately after the CPT (post-CPT) as compared to
immediately before the CPT was administered (pre-CPT). There was no significant
difference (P = 0.32) in the group mean arterialized plasma norepinephrine response to the
CPT during the Rest trial. Both the arterialized and forearm deep venous plasma
epinephrine responses to the CPT did not reveal a significant difference (P > 0.05) between
the pre- and post-CPT measurements during any of the experimental trials.
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Figure 10. Individual 30 second average responses to CPT during Rest on Day B (A) and Day
C (B). (C) Symbols are group means ± SE for 30 second intervals during the resting CPT.
* Indicates P < 0.05 for a significant difference from the pre-CPT (0 seconds) measurements
on Day B and Day C.  Indicates P < 0.001 for a significant difference from the initial 30
seconds of the CPT on Day B and C.
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Figure 11. Individual 30 second average responses to CPT during Rest on Day B (A) and Day
C (B). (C) Symbols are group means ± SE for 30 second intervals during the resting CPT.
* Indicates P < 0.05 for a significant difference from the pre-CPT (0 seconds) measurements
on Day B and C.  Indicates P < 0.05 for a significant difference from the initial 30 seconds
of the CPT on Day B and C.
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a significant difference from the pre-CPT (0 seconds) measurements within both Screening
Visit One and Two.  Indicates P < 0.05 for a significant difference from the pre-CPT (0
seconds) measurement within Screening Visit Two.
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Figure 13. Individual 30 second average responses to CPT during Rest on Day B (A) and Day
C (B). (C) Symbols are group means ± SE for 30 second intervals during the resting CPT. *
Indicates P < 0.05 for a significant difference from the pre-CPT (0 seconds) measurements
on Day B and C.  Indicates P < 0.05 for a significant difference from the initial 30 seconds
of the CPT on Day B.  Indicates P < 0.05 for a significant difference from the initial 30
seconds of the CPT on Day C.
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Figure 14. Group mean plasma norepinephrine (A) and epinephrine (B) response to the
CPT. * Indicates P < 0.05 for a significant difference from Pre-CPT.
Absolute Cardiovascular Response during Baseline
The baseline group mean responses of HR, MAP, FBF, and FVC during each
experimental trial are summarized in Table D1 (Appendix D). There was no significant
difference in HR, FBF or FVC during any experimental trial for baseline measurements. The
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mean MAP response during baseline measurements was not significantly different between
trials on a given day. MAP was significantly elevated (P < 0.05) during Exercise on Day A
and Control and Recovery 1 on Day B as compared to the lowest measured mean MAP on
Day C - Rest.
Absolute Cardiovascular Response during Exercise
The absolute measurements of HR, MAP, FBF and FVC during two time points
throughout the exercise period in each experimental trial are summarized in Table D2.
There was no significant difference in HR or FVC measurements across the two exercise
time points during any of the trials. The MAP response was significantly elevated (P <
0.001) during the 7th minute of exercise as compared to the 5th minute of exercise in both
the Exercise trial on Day A (end of CPT vs. pre-CPT) and the Control trial on Day B. The FBF
response to exercise was only significantly elevated (P < 0.05) in the 7th minute (end of the
CPT), as compared to the 5th minute, of the Exercise trial on Day A.
Absolute Cardiovascular Response during Recovery - Initial Off-Transition
The cardiovascular responses measured in the initial 4 minutes following exercise
are summarized in Table D3. The HR responses during the initial off-transition from
exercise were not significantly different during any of the experimental trials or days. MAP
was significantly elevated during the 4th minute of recovery as compared to the 2nd minute
of recovery in the Recovery 1 trial on Day B (end CPT vs. pre-CPT)(P < 0.001) and was
significantly reduced in the Control trial on Day C (P < 0.05). During the 4th minute of the
off-transition from exercise, the FBF response was significantly reduced in comparison to
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the 2nd minute of recovery in each experimental trial across all three days. The FBF
response was significantly different at a level of P < 0.05 during the Control and Exercise
trials on Day A, Control on Day B and Recovery 2 on Day C. The FBF response during the
Recovery 1 trial on Day B (end CPT) and the Control trial on Day C were significantly
reduced at a level of P < 0.001. Similarly, the FVC response during the 4th minute of
recovery was significantly diminished in comparison to the 2nd minute in each
experimental trial. FVC was significantly different at a level of P < 0.05 during the Control
and Exercise trials on Day A, Control on Day B and Recovery 2 on Day C. FVC in the 4th
minute of the Recovery 1 trial on Day B (end CPT) and the Control trial on Day C was
significantly different from the 2nd minute at a level of P < 0.001.
Absolute Cardiovascular Response during Recovery – Middle
Table D4 displays the cardiovascular response to the off-transition from exercise at
8 and 10 minutes into the recovery period (time points 1 and 2, respectively from table
number). There is no significant change in the HR response to the off-transition from
recovery in the 10th minute of recovery as compared to the 8th minute in any of the
experimental trials across the various days. Similarly, there is no significant difference in
the MAP response during recovery in the 10th minute as compared to the 8th minute, with
the exception of the Recovery 2 trial on Day C. In the Recovery 2 trial, the MAP is
significantly elevated (P < 0.001) from 91.8 ± 2.7 mmHg in the 8th minute (pre-CPT) to
109.1 ± 3.3 mmHg in the 10th minute (end CPT) of recovery. FBF is significantly reduced (P
< 0.05) in the 10th minute of recovery as compared to the 8th minute in the Control and
Recovery 1 trial on Day B as well as the Control trial on Day C. FVC also decreased from the
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8th minute to the 10th minute in the off-transition from exercise. The difference in measured
FVC reached significance (P < 0.05) during the Recovery 1 trial on Day B and the Control
and Recovery 2 trial on Day C (end CPT vs. pre-CPT).
Absolute Cardiovascular Response during Recovery – End
Table D5 portrays the cardiovascular responses (HR, MAP, FBF, and FVC) during the
final (15th minute) of the off-transition period from exercise. Neither HR nor MAP exhibited
significant differences across experimental trials or days (P > 0.05 for both variables).
Similarly, FBF and FVC measurements were not statistically significant across trials or days
(P > 0.05 for both variables).
Alterations in FVC in Response to the CPT
Figure 15 and 16 illustrate the individual mean and group mean responses to the
CPT during the various experimental trials, respectively. The mean FVC change to the CPT
administered during the Rest trials was -34.8 ± 7.4%. The mean changes in FVC to the CPT
administered during the Exercise and Recovery 1 trials were 4.5 ± 6.6% and -11.6 ± 8.8%,
respectively. The percentage change in FVC during the Exercise and Recovery 1 trials were
both significantly different from the percentage change in FVC during CPT administration
at Rest (P < 0.05). The mean percentage change in FVC to the CPT during the Recovery 2
trial was -20.1 ± 7.1% which was not significantly different from the percentage change
measured during Rest (P = 0.12).
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Discussion
This study was the first to test the hypothesis that functional sympatholysis persists
in the human skeletal muscle following a bout of moderate exercise. The primary findings
of this study are as follows:
1.

The cardiovascular response to the CPT was repeatable across days and
consistently resulted in an elevation in MAP regardless of the experimental
time point of administration.
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2.

In accordance with previous studies, functional sympatholysis was
observed in the skeletal muscle during moderate exercise. This was
evidenced by a blunted reduction in FVC during CPT administration during
Exercise as compared to Rest.

3.

The reduction in FVC at 4 minutes (Recovery 1) was significantly smaller
than that measured during Rest, in response to the CPT, indicating the
continued presence of blunted sympathetic vasoconstriction
(sympatholysis). This finding was not repeated at 10 minutes (Recovery 2)
indicating that functional sympatholysis may no longer be present at the
exercised skeletal muscle.

These observations support the concept of a lingering functional sympatholysis
effect at 4 minutes following sub-critical power human skeletal muscle exercise. Functional
sympatholysis decays after this and may be absent by 10 minutes post-exercise.
The use of the CPT to evoke increased sympathetic vasoconstriction
In this investigation, the CPT was a reliable methodological approach for elevating
mSNA for assessing functional sympatholysis. The administration of the CPT resulted in
repeatable elevations of deep venous plasma [NE] throughout all experimental conditions
(Rest, Exercise, Recovery 1 and Recovery 2) and a decrease in FVC at Rest. Previous evidence
has also linked the use of the CPT with elevations in plasma [NE]. Winer and Carter [93]
observed significant increases in plasma [NE] during hand immersion in ice water that was
linked to elevations in MAP and HR. Stratton and colleagues [78] also observed significant
elevations in [NE] after 6 minutes of CPT administration as compared to rest. These
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observations provide direct support of the use of the CPT for elevating forearm
vasoconstrictor activity.
Participants were screened in order to ensure that they had a vascular rather than a
cardiac driven pressor response to the CPT. This was confirmed as repeatable in 10 of the
24 subjects screened. However, during the experimental trials in the study, these same
subjects as a group did not demonstrate an increase in TPR from baseline to end CPT,
although they did demonstrate increasing TPR from 30 seconds of CPT to end CPT. A
potential reason for the response discrepancy could be due to seasonal differences as
screening visits began in the fall and experimental trials were completed in the spring.
The pressor response to the CPT was consistent between trials. During all
experimental conditions (Rest, Exercise, Recovery 1 and Recovery 2), the administered CPT
resulted in a significant elevation in MAP relative to a “pre-CPT” measurement. Therefore,
the MAP elevations paired with the documented venous plasma [NE] elevations during
immersion, clearly support the concept of a CPT-induced elevation in forearm sympathetic
vasoconstrictor activity.
Functional Sympatholysis During Moderate Exercise
In the present study, the administration of the CPT during Rest resulted in a
substantial reduction in FVC (-34.8 ± 7.4%), indicating that sympathetically-mediated
vasoconstriction is robust at the skeletal muscle during resting periods. The mean
percentage change in FVC due to the CPT during Exercise was positive in magnitude (4.5 ±
6.6%), which indicates the vasoconstrictor response was blunted at the skeletal muscle
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during moderate exercise. These primary findings are in accordance with previous studies
that have demonstrated similar results to be indicative of the presence of functional
sympatholysis.
Wray and colleagues [95] also utilized the CPT in their investigations into
sympathetic vasoconstriction in cyclists and sedentary humans. Similar to the findings
reported in this investigation, Wray and colleagues [95] also demonstrated a significant
reduction in FVC during CPT administration at rest (-38 ± 6%). The percentage change in
FVC due to the CPT administered during 50% MVC dynamic handgrip exercise was 13 ±
11%, indicating a blunted vasoconstrictor response at the skeletal muscle [95].
Therefore, both the current study and that of Wray and colleagues [95] support the
presence of functional sympatholysis during moderate forearm exercise as established via
CPT administration.
Functional Sympatholysis Post-Exercise
A novel finding of the current study was that sympathetic vasoconstriction
remained significantly blunted in the human forearm 4 minutes post-moderate handgrip
exercise, but not at 10 minutes post-exercise. This was evidenced by a significantly smaller
reduction in the percentage change in FVC during the Recovery 1 trial (-11.6 ± 8.8%) as
compared to Rest, which was not observed at 10 minutes post-exercise (Recovery 2; -20.1 ±
7.1%). These observations indicate the presence of functional sympatholysis immediately
post-moderate exercise (within 4 minutes), but not at later stages of recovery (within 10
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minutes). It is expected that sometime between 4 and 10 minutes post-moderate exercise,
normal sympathetic restraint is restored at the exercised skeletal muscle.
Although the percentage reduction in FVC during the Recovery 2 trial as compared
to that measured at Rest did not reach statistical significance, it is apparent that
vasoconstriction in the vascular bed of the exercised muscle remained partially blunted 10
minutes post-exercise. The P value for the comparison of the percentage reduction in FVC
during Recovery 2 versus Rest was 0.12. The statistical power for the assessment of
functional sympatholysis at 10 minutes post-exercise (Recovery 2) was 0.45. Therefore, at
this time point, we are underpowered for detecting a difference in the percentage change in
FVC as compared to Rest. It is quite possible that functional sympatholysis remains present
at this time but was unable to be statistically detected.
Unexpectedly, Subject P did not demonstrate a resting forearm vasoconstriction
with CPT administration (Figure 15). The CPT was utilized as a tool to evoke forearm
vasoconstriction for the determination of the degree of blunted vasoconstriction during
various conditions, as compared to rest. As this tool (CPT) did not effectively initiate
vasoconstriction in Subject P during Rest, all further comparisons made to this
measurement time point would lead to variable results. The lack of vasoconstriction at Rest
paired with considerable vasoconstriction during Recovery 2 would have contributed to the
variability in the calculated mean response during Recovery 2 and ultimately would have
reduced the power to detect a group level difference.
Also of importance in detecting the presence of functional sympatholysis postexercise is the possibility of individual differences in the time course of functional
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sympatholysis decay. Five of nine subjects had clearly blunted percentage reductions in
FVC, while four subjects showed no blunting at 10 minutes post-exercise. It is not
improbable that there could be individual differences in the duration of sympatholysis
post-exercise, which could explain these differences. With this consideration, group level
interpretation becomes problematic when there are apparent individual differences in the
time course of functional sympatholysis decay. Follow-up investigations with a larger
subject pool with repeated measures within each individual at multiple post-exercise
assessment time points are necessary to better determine the exact timeline of functional
sympatholysis post-exercise.
Howard and DiCarlo [32] also demonstrated a prolonged blunting of
sympathetically mediated vasoconstriction approximately 10 minutes post-exercise in
conscious rabbits. These investigators sought to determine whether a single bout of
exercise attenuated adrenergic and purinergic receptor-mediated vascular responses [32].
Several bolus injections of receptor agonists were infused during various experimental
trials, one of which was phenylephrine, a known alpha 1-adrenergic receptor agonist.
Phenylephrine was infused into the isolated rabbit hind limb during two separate resting
control trials in order to determine the dose-response curve to this receptor agonist [32]. A
third trial involved treadmill running at 24m/min until exhaustion (17.8 ± 1.9 minutes),
followed by data collection approximately 10 minutes post-exhaustion. Howard and
DiCarlo [32] observed a significantly blunted iliac blood flow velocity post-exercise with
phenylephrine infusion as compared to that measured during resting control
phenylephrine infusion. From this evidence, Howard and DiCarlo [32] concluded that
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alpha-adrenergic receptor-mediated vascular responsiveness is significantly attenuated
following even a single bout of treadmill running in rabbits.
The blunted vascular responsiveness demonstrated by Howard and DiCarlo [32]
was later repeated by Patil and colleagues [56]. Patil and colleagues also utilized
phenylephrine injections and bouts of treadmill exercise to establish the alpha-adrenergic
receptor-mediated vasoconstrictor response post-exercise in Sprague-Dawley rats. In the
exercise trial, rats were infused with phenylephrine then ran on a treadmill at 12-18
m/min at a 10-18% incline until exhaustion (mean = 45 minutes) [56]. Post-exercise
measurements were collected approximately 6 minutes following exhaustion. Patil and
colleagues [56] observed a blunted vasoconstrictor response post-exercise +
phenylephrine infusion as indicated by a blunted percentage reduction in iliac blood flow
velocity as compared to that measured during resting control phenylephrine infusion.
These findings ultimately point to the presence of an attenuated alpha-adrenergic receptor
mediated vasoconstriction post-exercise [56].
Therefore, the primary findings of the present study extend the observations of
Howard and DiCarlo [32], Rao and colleagues [62], as well as Patil and colleagues [56] to
exercising human muscle. Together, these findings support the notion of a lingering
presence of functional sympatholysis within approximately 10 minutes post-exercise.
A Role for NO Post-Exercise
The mechanisms involved in the maintained post-exercise sympatholysis remain
unknown, as they were not directly examined in the present investigation. Yet it has been
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suggested that nitric oxide, a known sympatholytic factor, may linger in the local region of
the skeletal muscle post-exercise [61, 75].
Previous evidence suggests a role for NO in the regulation of vasomotor tone
following skeletal muscle exercise. Radegran and Saltin [61] investigated the impact of NOS
inhibition (via L-NMMA infusion) on the femoral artery blood flow response following
submaximal one-legged, dynamic knee-extensor exercise. Ten minutes post-exercise, these
investigators observed a significant reduction of 66 ± 5% in femoral artery blood flow
during exercise + L-NMMA infusion as compared to exercise alone [61]. Thus, NO plays a
major role in the post-exercise recovery blood flow response [61] and may be directly
associated with the post-exercise sympatholysis observed in the present study.
Further evidence for a NO role following human skeletal muscle exercise arises from
a study by Shoemaker and colleagues [75]. These investigators sought to understand the
role of NO in the forearm blood flow response following 5-9 minutes of dynamic handgrip
exercise at approximately 9.5% MVC. During various trials, brachial artery infusions of LNMMA (NOS inhibitor) and/or atropine, which blocks acetylcholine from binding to
muscarinic receptors, were performed. Shoemaker and colleagues [75] observed a
significant reduction in the forearm blood flow response during L-NMMA + atropine
infusion within 5 minutes of recovery from exercise as compared to control and atropine
infusion alone. This evidence directly supports the concept of an elevated level and role of
NO following human skeletal muscle exercise.
It has not been clearly established why NO may remain elevated following moderate
to submaximal exercise in the human skeletal muscle. Previous evidence has documented a
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primary role for NO in flow-mediated dilation. With increases in blood flow velocity during
exercise, the shear stress on the endothelial cells of the vessel walls is also increased
resulting in an increased release of NO to stimulate vasodilation [36]. It is hypothesized
that, following exercise, in which the recovery blood flow response remains elevated above
baseline, shear stress may also remain elevated, ultimately leading to the continued
elevation in NO release. This hypothesized concept has yet to be documented and thus
requires further investigation to support its validity.
Implications
This is the first study to confirm lingering functional sympatholysis in human
forearm muscle post-exercise. Since sympatholysis during exercise occurs in both upper
[84, 95] and lower limb [95] exercise in humans, it seems reasonable to suggest that
sympatholysis would linger post-lower limb exercise as well.
Although functional sympatholysis has been documented to persist in a small
muscle mass (forearm) following moderate exercise in the current study, it is predicted
that this concept is translatable to large muscle mass or full body exercise. This hypothesis
is directly based on the premise of previously observed functional sympatholysis during
single-leg knee-extensor exercise in humans in which a large skeletal muscle mass was
active [95].
The persistence of functional sympatholysis following exercise with large muscle
mass holds significance for athletes and the modern day exercise-enthusiast. Following an
endurance exercise task, an athlete may experience light-headedness. This is in part due to
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the relaxation of the muscle pump, which leads to a decline in venous return [90]. A
declined venous return, paired with prolonged muscle vasodilation post-exercise could
ultimately result in syncope. Prevention of syncope via baroreflex mediated sympathetic
vasoconstriction at a time when cardiac output increase may be limited would clearly be
difficult due to the prolonged blunting of vasoconstriction at the previously exercised
skeletal muscle.
Post-exercise functional sympatholysis has serious implications for fighter pilots
who complete full body contractions in order to avoid the effects of GLOC. If the pilots were
to complete even a mild G maneuver following these muscular efforts, it is possible that
they might suffer from syncope or GLOC. Syncope may ultimately arise as the lingering
effects of post-exercise functional sympatholysis would impair the ability of the baroreflex
to protect arterial blood pressure in response to even a mild perturbation. Thus, it is
essential to understand the exact timeline following muscular efforts that functional
sympatholysis persists in order to better inform pilots on effective means of avoiding GLOC.
Advantages and Limitations
One of the major advantages in the current study, which leads to substantial
strength in the primary findings, is that participants were screened prior to recruitment.
This was necessary in order to ensure that only participants that would demonstrate
sympathetic vasoconstriction as the major component of their CPT response were included
in the study. A lack of participant screening prior to investigation when utilizing the CPT
could easily lead to confounded conclusions due to the non-homogeneous response to the
CPT within a population [35, 39, 50, 51].
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A primary limitation to the current study was the requirement of curve fitting to
estimate what the FVC would be if there were not an administered CPT during Recovery 1
and Recovery 2 trials. Through curve fitting the Control trial on Day C, in which 2 minutes of
data were removed at 10 minutes, it is evident that the FVC values generated through curve
fitting was an overestimation of the absolute FVC measured at this time point (Figure 17 B).
With this consideration, the curve fitting technique likely resulted in an accurate estimation
of the FVC during Recovery 1 (4 minutes post-exercise) but may have been overestimated
during the Recovery 2 (10 minutes post-exercise) trials. Thus, it is possible that the
measured difference between the curve fit FVC and the CPT FVC during Recovery 2 (10
minutes post-exercise) is an overestimation of the actual CPT induced vasoconstriction.
This curve fitting error would contribute to masking the existence of functional
sympatholysis 10 minutes post-exercise (Recovery 2).
Additionally, it is quite possible that the administered CPT induced a lingering
vasoconstriction immediately following the removal of the foot from the ice bath. This
effect would impact the FVC calculated immediately following the CPT, in both the Recovery
1 and Recovery 2 trials, in which the generated curve fit was based on. It is possible that this
lingering effect may have impacted the validity of the curve fit generated in which CPT FVC
was compared to. However, as evident in the individual curve fits (Appendix C), the postCPT section is quite minor in comparison to the remaining data in the off-transition profile.
Therefore, the potential lingering CPT vasoconstrictor response would have had a
negligible effect on the curve fit generated during both Recovery 1 and Recovery 2.
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Figure 17. Regression (line) of the FVC generated through curve fitting as compared to the
actual FVC measured at 4 minutes post-exercise in Control on Day B (A) and 10 minutes
post-exercise in Control on Day C (B) for each individual. The dotted line represents the line
of identity.
Future Directions
In order to fully understand the role of functional sympatholysis post-exercise, its
presence must be examined in large skeletal muscle mass at various time points following
exercise. Similarly, it would be beneficial to investigate the mechanisms by which NO
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remains elevated post exercise. These future investigations would better predict the impact
that lingering functional sympatholysis would have on blood pressure regulation.

79

CHAPTER 4: SUMMARY AND CONCLUSIONS
Functional sympatholysis is identified as the attenuation of alpha-adrenergic
receptor mediated vasoconstriction [27]. It’s presence in the exercising human skeletal
muscle has been documented [84, 95]; yet the time course following exercise in which
functional sympatholysis subsides remained unidentified in humans. The main objective of
the present study was to confirm the presence of functional sympatholysis acutely
following moderate exercise. Also, to quantify the duration following muscular efforts that
functional sympatholysis persists at the exercised skeletal muscle.
The CPT, which has been previously documented to be a reliable and repeatable
methodological approach to elevating mSNA [18, 21, 70], was utilized in this study.
Administration of the CPT at the end of a 7-minute bout of moderate forearm exercise
resulted in a significant blunting in the percentage reduction in FVC as compared to that
measured during rest. The percentage reduction in FVC due to the CPT also remained
significantly blunted 4-minutes post-exercise as compared to rest. At 10 minutes postexercise, the percentage reduction in FVC appeared to be blunted as compared to resting
measurements, but this comparison did not reach statistical significance. This evidence is
directly indicative of the presence of functional sympatholysis at the skeletal muscle during
exercise as well as 4 minutes following exercise. It is expected that sometime between 4
and 10 minutes following muscular efforts that the degree of blunting of sympathetically
mediated vasoconstriction at the exercised skeletal muscle be progressively reduced.
Therefore, this investigation provides direct insight into the potential time points in which
the ability of the baroreflex to regulate blood pressure is blunted.
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Example of poster advertisement displayed on bulletin boards in Mackintosh-Corry Hall,
John Deutsch University Centre, Queen’s Centre, and the Athletics and Recreation Centre.
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School of Kinesiology and Health Studies
Queen’s University

“Peripheral Vascular Control in Humans” Research Program
Human Vascular Control Laboratory
Room 400B, Kinesiology and Health Studies Building
Michael E. Tschakovsky, Ph.D., Co-ordinator

CONSENT FORM
FOR RESEARCH PROJECTS ENTITLED:
Investigation into Peripheral Vascular Control in Humans

This is an important form. Please read it carefully. It tells you what you need to
know about this study. If you agree to take part in this research study, you need to
sign this form. Your signature means that you have been told about the study and
what the risks are. Your signature on this form also means that you want to take
part in this study.

Purpose of the Study:
The purpose of this study is to improve our understanding of how the flow of blood
through your arms and/or legs is controlled.

Benefits For You:
There are no direct benefits to you by participating in this study.
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Description of Experiment and Risks:
What will happen? During this study, you will take part in some of the specific
experimental procedures outlined below. These procedures have been checked.
Depending on the specific experimental protocol, the combination of these procedures
will be different. The investigator will explain to you in detail how each of these
procedures will be combined in the particular experiment involving your participation.
Please initial by each box that is marked.



HEART RATE MEASUREMENTS: Heart rate is continuously monitored by an
electrocardiogram (EKG) through 3 spot electrodes on the skin surface. The
electrodes are normally placed in the lower portion of the chest and they can
detect the electrical activity that makes your heart beat.
RISKS: This procedure is entirely safe. In a very small group of individuals, a
skin rash might occur from the adhesive on the electrodes. There is no way of
knowing this ahead of time. The rash, if it develops, will resolve itself within a
day or so. Avoid scratching the rash and keep clean.



BLOOD PRESSURE MEASUREMENTS:
A cuff that can be inflated with air is wrapped around your upper arm, just as
would occur if you had your blood pressure measured at the doctor’s
office. This cuff is inflated to a pressure higher than your systolic blood
pressure (the pressure in your blood vessels when the heart beats), and
gradually deflated over a number of seconds to measure systolic blood
pressure and diastolic (the pressure in your blood vessels when the heart
is relaxed) blood pressure. Meanwhile, your wrist is secured in a wrist
brace and a small pressure sensor is placed over your radial artery at the
wrist. This pressure sensor is able to detect the increases and decreases in
size of your radial artery that occur with each heart beat, and what the
pressure sensor measures is compared to the pressure that the upper arm
cuff measures (this calibrates the sensor). From then on, the pressure
sensor at the wrist measures blood pressure continuously, while the upper
arm cuff may be inflated intermittently.
OR
A small cuff is fit around your finger. This cuff inflates to pressures that match
the blood pressure in your finger, so you feel the cuff pulsing with your
heart beat. It shines infrared light through your finger to measure changes
in the size of your finger with each heart beat.
RISKS: These techniques are non-invasive and pose no risk.
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LIMB BLOOD FLOW AND BLOOD VESSEL DIAMETER MEASUREMENTS: The
blood flowing through your brachial (above the elbow), radial (above the
wrist), or femoral (above the groin) artery can be detected and your artery
diameter measured using Doppler and imaging ultrasound. A probe will be
placed on the skin over your artery and adjustments in its position controlled
by hand by the investigator. Measurement of femoral artery flow takes place
on the lower abdomen just above the groin. Shorts will be tied up at the site
of measurement to expose the skin in this region. High frequency sound
(ultrasound) will penetrate your skin. The returning sound provides
information on blood vessel size and blood flow.
RISKS: This technique is non-invasive and poses no risk.



ELECTROMYOGRAPHY (EMG): This measures the electrical activity of your
muscles. Electrodes will be placed on muscles of interest for a given study.
RISKS: This procedure is entirely safe. In a very small group of individuals, a
skin rash might occur from the adhesive on the electrodes. There is no way of
knowing this ahead of time. The rash, if it develops, will resolve itself within a
day or so. Avoid scratching the rash and keep clean.



GAS EXCHANGE: This measures your breathing and the changes in oxygen and
carbon dioxide as a result of your body utilizing oxygen and producing carbon
dioxide. It involves breathing through a mouthpiece attached to a one way
valve system, and wearing nose clips.
RISKS: This procedure is entirely safe. There are no known risks.



VENOUS BLOOD SAMPLING: Blood samples from veins are used to measure the
amount of lactic acid and oxygen in your blood. We need to take a blood
sample from a vein on the back of your hand, after we have increased blood
flow to that hand by having you hold it in tolerably hot water until blood flow
is maximized. For this, a researcher trained and certified in venipuncture
(needle or catheter placement into a vein) will use sterile technique to draw a
blood sample of ~1 ml into a syringe. We also need to take multiple 1 ml
samples of blood from a vein at the elbow. In this instance, the researcher will
place a teflon catheter into your vein using sterile technique. The catheter
will be secured to your skin with tape and a self-sealing access attached to
allow for drawing blood from the vein. We will take a volume of blood that is
in total no more than ~120 ml. This represents approximately 1/3 of the
volume of blood taken when you donate blood (370-400 ml). Periodically, the
researcher may, after drawing some blood, inject (flush) sterile saline through
the catheter into your vein. When the study is over, we will remove the
catheter and secure sterile gauze over the puncture site.
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RISKS: The most common complications of inserting a small catheter in the
arm is a small bruise and pain at the site of catheter insertion. This might last
several days after removal of the catheter. It is also possible that this pain
may refer down the arm (a “shooting” pain sensation), if there has been nerve
irritation in the catheterization process. When the catheter is removed
pressure must be applied to the vein to prevent internal bleeding. If adequate
pressure is not applied a bruise and some discomfort might result for a short
period of time. The puncture site should be kept clean and covered with a
sterile gauze pad while stopping the bleeding after catheter removal to
prevent infection. There is very little risk of infection or injury to the vein.
The amount of blood taken can result in at most a 2% reduction in the
hemoglobin content in your blood (hemoglobin carries oxygen in your blood),
in comparison to ~7.5% reductions experienced when you donate blood.
Nevertheless, this 2% does constitute a very mild anemia, and in the case of a
person with chronic hemoglobin disorders it could increase the risk of
adverse health consequences.



FOREARM AND LEG VOLUME MEASUREMENTS: The volume of your forearm or
calf can be measured by a thin, stretchable rubber band placed around your
respective limb that is filled with mercury. A very small electrical current
runs through this gauge and changes in the length of this mercury-filled
rubber band are detected by changes in this current that occur in proportion
to changes in the length of the rubber band.
RISKS: This technique is non-invasive and poses no risk.



BLOOD OXYGEN CONTENT: A plastic clip is placed over your left index finger.
This clip aims light through your finger, and the absorption of that light by the
blood provides information on how much oxygen the blood contains.
RISKS: This technique poses no risks.



MUSCLE MASS: Circumference and length measurements of segments of your
arm or leg will be taken via manual placement of a tape measure on your
limbs by the investigator.
OR
At Kingston General Hospital, you will lay on a table and a scan of your body
will be performed using a technique called “dual-energy x-ray absorptiometry”
(DXA). This technique uses a small amount of x-ray energy to scan a “picture”
of your body and identify how much muscle there is on your arms and legs.
RISKS: Radiation levels with DXA are considered trivial by radiation
regulatory agencies. The technique uses less radiation than a dental X-ray,
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roughly equivalent to the background amount a person would be exposed to
when flying from Cincinnati to the West Coast. This is a mere fraction of the
radiation dose we are all exposed to every week, from just being alive.



FOREARM OR LEG OCCLUSION: In order to completely block the blood flow
through your forearm or leg, a pressure cuff will be inflated around your arm
or around your upper or lower leg for 1-10 min or inflated and deflated
rhythmically depending on the protocol. You may feel a strong pressure and
some mild tingling with cuff inflation but it should not be uncomfortable. If
there is pain, immediately notify the investigator and the cuff will be deflated
and repositioned. Upon cuff release there will be a large rush of blood into
your forearm or leg. This may feel warm and you may experience mild
tingling but no discomfort.
RISKS: This technique is non-invasive and poses no risk.



FOREARM COMPRESSION: A stylus will be positioned over your artery pulse to
control the amount of flow through the artery. The arterial compression
provided by the stylus will be varied to create different blood flow profiles.
Increases in stylus downward pressure with result in decreases in blood flow,
while controlled release of stylus downward pressure will result in increases
in blood flow. The blood flow to your limb will never be completely occluded
by the arterial compression. In some cases, manual finger pressure will be
used instead of the stylus.
OR
A cuff will be positioned around your forearm or leg, and can be inflated and
deflated at will to increase and decrease blood flow to your limb.
RISKS: The brachial artery and nerve run close together, thus the
compression of this particular artery may result in a tingling sensation and
some temporary numbness in the forearm. The compression of the artery can
also become somewhat uncomfortable over time. These symptoms will
subside within 5 minutes of compression release. There are no risks to your
forearm from temporarily stopping blood flow to the forearm.



FOREARM OR HAND HEATING: In order to increase the blood flow through
your brachial artery and/or radial artery, your forearm or hand will be
enclosed in a water bath that is circulated with warm water. The warm water
will result in the dilation of your skin blood vessels. The water bath consists
of a cylinder that is circulated with heated water. Your arm will rest inside
the tube enclosed in a plastic glove that prevents your skin from being in
direct contact with the water. A temperature sensor will be fixed to your skin
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and your skin temperature will be maintained between 41 and 42 Celsius.
The water for the bath is heated remotely to a temperature not exceeding 45
Celsius and is circulated into the bath via a water pump. The water in the bath
will feel quite warm, but not too hot. If at any time you feel discomfort the
warm water inflow will be stopped and replaced with cooler water to allow
the bath temperature to drop to a more comfortable level. Your forearm may
be heated for a total of one to two hours.
RISKS: When the skin blood vessels fill with blood for an extended period
while undergoing arterial compression it causes a temporary swelling as some
fluid escapes from the blood vessels into the surrounding tissue. This minor
swelling should resolve itself within 24 hours. Elevation of the arm will help
to speed up the process. Your skin may appear red after removal from the
bath. This is due to the increased skin circulation. The redness should resolve
within 24-36 hours.

 CONGESTION OF YOUR FOREARM OR LEG VEINS: One inflatable cuff will be
placed around your upper arm or above the knee and another may be placed
around your wrist or ankle. The wrist cuff will be inflated to a pressure that
prevents blood flow to your hand for a period of 10-15 minutes at a time. This
should not be uncomfortable. If it is, notify the investigator and the position of
the cuff will be adjusted until inflation without discomfort is achieved. These
cuffs will be inflated to pressures that feel like a mild to moderate squeeze.
This will prevent blood from flowing out of your limb back to the heart, but
allow blood to flow in to your arm. Your limb will fill with blood and if the cuff
inflation is maintained for a number of minutes, you may feel a sensation of
swelling. This is because some of the plasma (water portion of your blood)
will leak out of the small blood vessels and into the space between other cells
in your limb. This is similar to when you stand up in the morning and stay
upright during the day. In that case, gravity makes it difficult for blood to flow
back to the heart from the legs, and they slowly swell over the course of the
day as plasma leaves the blood vessels. When the cuff is released, the limb
will slowly return to normal as the plasma moves back into the blood vessels.
RISKS: The movement of fluid out of the blood vessels into your limb may in
extreme cases cause discomfort. This discomfort should resolve itself within
minutes of deflating the cuff, and the swelling should subside within 24 hrs.
Elevating the arm above the heart for 15 minutes should speed this process.

 INTERMITTENT COMPRESSION OF THE FOREARM OR LEG: You will have an
inflatable cuff placed around your forearm or leg. We can rapidly inflate and
deflate this cuff to different pressures that are able to squeeze the blood out of
the veins in your limb. Inflation is maintained for only a brief period of time
(a few seconds). The sensation of limb compression will feel like a strong grip,
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but should not be painful. If it is uncomfortable, notify the investigator and
the position of the cuff can be adjusted.
RISKS: There are no risks associated with this procedure.

 ALTERNATING FOREARM SUCTION AND COMPRESSION: Your forearm will be
enclosed in a plexiglass box and sealed with a neoprene sleeve around the
upper arm. Suction or compression of your forearm can be created by rapidly
adding or removing air in the box via a connected automated air compressor.
The sensation of suction and compression should not be painful. Notify the
investigator if there are any feelings of discomfort.
RISKS: There are no risks associated with this procedure.

 EXERCISE MANEUVERS THAT ALTER BLOOD PRESSURE: You may be asked to
perform one of the following MANEUVERS to temporarily increase your blood
pressure: 1) squeezing a handgripper with your forearm for a few minutes
with or without blood flow to your forearm being prevented 2) contracting
your leg muscles with or without blood flow to your leg being prevented.
RISKS: When muscle contractions are performed while the blood flow to the
limb is prevented, you may experience considerable discomfort similar to that
when doing maximal weightlifting repetitions. However, there is no risk to
your muscles in performing this exercise.

 STROOP TEST: In order to create a mental stress a “STROOP” test will be
performed. A series of words for colours will be displayed such as “RED”.
However, the word will be displayed in a different colour, perhaps the colour
green. You must read out the colour in which the word is written in, not the
word itself. Therefore, upon seeing “RED” (written in green text) you will
respond by saying “green”. You will be asked to perform the task as fast as you
can. Part of the study evaluates the score you achieve on the test and it is very
important that your score achieves the normal range for persons of your age
and education. Your performance will be measured by how much of the list
you read through in two minutes time, as well as how many mistakes you
make.
RISKS: There are no risks posed by this procedure.

 ANGER TEST: In order to create emotional stress an anger test will be
performed. Prior to the testing day, you will have been asked to fill out an
anger questionnaire in order to recall a past event that made you very angry.
We will use the questionnaire to elicit momentary anger. You will be asked to
describe the event while re-experiencing the event in your imagination, as
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well as report on thoughts, feelings, and physical aspirations about the
situation. The test will last two minutes.

RISKS: You will feel momentary anger that will subside following the interview. It is
possible that this anger interview might contribute to renewing problems between
yourself and this individual. If you believe that this might in any way be problematic,
you are encouraged to withdraw from participation in this study.

 CONTROL TEST: A control test will be performed in order to understand if
verbalization is contributing to the blood vessel response. You will simply
count from ‘one’ in Mississippi’s. Your verbalization will start as “one
Mississippi, two Mississippi, three Mississippi” and will continue for two
minutes.
RISKS: There are no risks posed by this procedure.

 LOWER BODY NEGATIVE PRESSURE: You will lay on your back and your lower
body will be enclosed in an air-tight box. Various levels of suction will then be
applied to the box to simulate how the blood normally shifts in the body
during activities like standing up. This will cause your heart rate to increase
and your blood vessels to constrict to maintain blood pressure. This is a
normal response that you experience every morning when you get up out of
bed.
RISKS: There is a small chance that you may begin to faint with this procedure.
We will be monitoring your blood pressure continuously. If you experience
any of the following symptoms, notify the investigator immediately: nausea,
narrowing field of vision, sweating. Changes in your blood pressure that we
detect will most likely indicate that fainting is imminent well before you
experience any of these symptoms. By shutting off the suction, blood will
rapidly return to your heart and symptoms of fainting will be reversed. You
may feel nauseous for a few hours after this procedure if you came close to
fainting. This should resolve itself without any complications.

 COLD PRESSOR TEST: In this test, you will place your hand or foot in an ice
water bath for a few (1-3) minutes. This will cause your heart rate to increase
and your blood vessels to constrict as the cold will activate your sympathetic
nervous system (the part of your nervous system involved in the “fight or
flight” response).
RISKS: There are no risks posed by this procedure. However, it can be quite
painful. You have the right at any time to withdraw your hand or foot from the
ice water bath if you feel unable to continue.

 HANDGRIP EXERCISE: You will be asked to perform handgrip squeezing
exercise. The duration of this exercise can vary from a few seconds to 10-20
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minutes, and at an intensity that can vary from very mild to maximal
contraction force. Exercise may take place in combination with any of the
above-mentioned techniques which can control the blood flow to your limbs,
congest the limbs, and which can alter your blood pressure.
RISKS: When forearm muscle contractions are performed while the blood flow
to the forearm is prevented, you may experience considerable discomfort
similar to that when doing maximal weightlifting repetitions. However, there
is no risk to your muscles in performing this exercise. You may experience
muscle soreness in the muscles of your forearm for 24-72 hours after
performing the handgrip exercise, much as you would if you had been lifting
weights.

 LEG EXERCISE: You will be asked to contract your leg muscles, either
continuously or intermittently. The duration of this exercise can vary from a
few seconds to 10-20 minutes, and at an intensity that can range from very
mild to maximal contraction force. Exercise may take place in combination
with any of the above-mentioned techniques which can control the blood flow
to your limbs, congest the limbs, and which can alter your blood pressure.
RISKS: When leg muscle contractions are performed while the blood flow to
the forearm is prevented, you may experience considerable discomfort
similar to that when doing maximal weightlifting repetitions. However, there
is no damage or risk to your leg from this. You may experience muscle
soreness in the muscles of your leg for 24-72 hours after performing the leg
exercise, much as you would if you had been lifting weights.

How long will it take?

On an initial visit we will use ultrasound to get an image of the blood vessels in your
limbs in order to determine whether you are eligible to participate in the main study.

For the main study: preparing all of the techniques for measuring your response and
creating the correct experiment conditions usually takes ~45 minutes. The actual
experiment will take ~1-3 hours.
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Talking and Movements:

Talking or moving during the times that we are taking measurements will cause
variations in the measurements we are making If you have any discomfort, please
let us know immediately and we can temporarily break from data collection.
However, if everything is comfortable, please maintain a very quiet posture. Even
very slight movements interfere with our experiments.

Special Instructions:
Participants are asked to not drink alcohol or caffeine during the 12 hours prior to
the study. Also, we ask that you do not consume any food during the 4 hours
preceding the experiments. You should empty your bladder immediately prior to
starting the test. When the study is finished, we will have you sit in the laboratory
for a short time to allow you to readjust to the upright posture. These precautions
should be enough to prevent any sensations of dizziness. Please be aware that
sensations of dizziness are not normal and you should let us know if you experience
any discomfort before you leave the laboratory.

Attached Medical Screening Form:
This questionnaire asks some simple questions about your health. This information
is used to guide us with your entry into the study. Current health problems
indicated on this form which are related to cardiovascular diseases (including high
blood pressure) and liver or kidney problems will exclude you from the study only
if the particular experiment in question requires healthy subjects.

Safety Precautions:

Safety precautions for the study will include the following:



Subjects who enter the study will be identified as either healthy men and women,
insulin resistant, or type II diabetic.



Before entering the study you will be screened using a medical screening form. You
will not be able to enter the study if anything is found which indicates that it is
dangerous for you to participate.
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We will continuously monitor your heart rate and blood pressure, and you will be
laying on your back or seated upright. These precautions allow us to quickly
identify if you are becoming faint and simply stopping the experimental
manipulation will allow you to quickly recover.

Confidentiality:

All information obtained during the course of the study is strictly confidential and
will not be released in a form traceable to you, except to you and your personal
physician. Your data will be kept in locked files which are available only to the
investigators and research assistants who will perform statistical analysis of the
data. There is a possibility that your data file, including identifying information, may
be inspected by officials from the Health Protection Branch in Canada in the course
of carrying out regular government functions. The study results will be used as
anonymous data for scientific publications and presentations, or for the education of
students in the School of Physical and Health Education at Queen’s University.

Study Compensation

You will receive $11 per hour of your time in the laboratory for expenses and
imposition on your time incurred by your participation in this study.

Freedom to Withdraw from the Study

Your participation in this study is voluntary. You may refuse to participate or you
may discontinue participation at any time during the duration of the study without
penalty and without affecting your future medical care.
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Subject Statement and Signature Section
I have read and understand the consent form for this study. I have had the purposes,
procedures and technical language of this study explained to me. I have been given
sufficient time to consider the above information and to seek advice if I choose to do so. I
have had the opportunity to ask questions which have been answered to my satisfaction. I
am voluntarily signing this form. I will receive a copy of this consent form for my
information.

If at any time I have further questions, problems or adverse events, I will contact:
Michael E. Tschakovsky, Ph.D.
(Principal Investigator)
KHS 306, Kinesiology and Health Studies Building
Queen’s University, Kingston, ON, K7L 3N6
Tel: (613) 533-6000, ext, 74697
Jean Cote, Ph.D.
Director, School of Kinesiology and Health Studies
KHS 206, Kinesiology and Health Studies Building
Queen’s University, Kingston, ON, K7L 3N6
Tel: (613) 533-3054
If I have any questions concerning research subject’s rights, I will contact:
Dr. Albert F. Clark, Chair
Office of Research Services
Fleming Hall, Jemmett Wing 301
Queen’s University, Kingston, ON, K7L 3N6
Tel: 533-6081
By signing this consent form, I am indicating that I agree to participate in this study.

_____________________
Subject Signature

______________________
Subject Name (please print)

______________________
Date (day/month/year)

_________________________
Signature of Witness

_________________________
Name of Witness (please print)

_________________________
Date (day/month/year)
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Seven-Day PAR Instructions / Script
The following is a sample script for the of the seven-day PAR Interview, as administered in this
study.














Now we are going to do a Physical Activity (PA) questionnaire, where I ask you about your PA
over the last 7 days. This is simply a recall of actual activities for the past week, and isn’t a
history of what you “usually” do. It’s not a test, and it will not affect the exercise that you do
as part of this study, we’re just interested in physical activity levels so that we can match our
participants based on PA.
I’m going to start off by asking you some questions about the past week.
Questions on page 1 of Seven-Day PAR.
Over the course of this interview, I’ll be asking questions about yesterday, and then working
backwards through the previous 7 days.
So first, let’s talk about the time you spent sleeping in the past week.
o By “sleeping”, I mean the time you went to bed one night and the time that you got out of
bed the next morning. You may not necessarily have been asleep the entire time you were
in bed. You may have been reading, watching TV, or doing paperwork. Time spent in
sexual activity is not counted as “sleep”.
o Today is (i.e. Monday), so yesterday was (i.e. Sunday). What time did you go to bed
(Sunday) night and get up (Monday) morning. Record to the nearest ¼ hour. Do this for
each of the 7-d recall. Calculate total time spent sleeping after completing the interview.
Did you have any naps on (Sunday)? Did you have any disruptions to your sleep – any
times when you got out of bed for 15 minutes or more?
 Repeat for all other days
Now I’m going to ask you about physical activities done in the past 7 days. In talking about PA,
we will classify activities into 3 categories:
o The “moderate” category is similar to how you feel when you’re walking at a normal
pace, walking as if you were going somewhere
o The “very hard” category” is similar to how you feel when you are running
o The “hard” category just falls in between  in other words, if the activity seems harder
than walking but not as strenuous as running, it should go in the hard category
These cards give examples of some activities that fall into each of these categories (sample
activities were shown).
I’m going to ask you about the PAs you engaged in during three segments of the day, which
includes morning, afternoon, and evening.
o “Morning” is considered from the time you get up in the morning to the time you have
lunch
o “Afternoon” is from lunch to dinner
o And “evening” is from dinner until the time you go to bed
o NOTE: If a meal is skipped, “morning” is from the time a person wakes up to 12:00 pm,
afternoon from 12:00-6:00pm, and evening from 6pm to bed.
For this interview we are not considering light activities such as desk work, standing, light
housework, strolling, and stop-and-go walking such as grocery shopping or window shopping.
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We are interested in occupational, household, and sports activities that make you feel similar
to how you feel when you are walking at a normal pace.
 Remember that this is a recall of activities for the past week, not a history of what you usually
do.
o We’ll start with yesterday. Today is (i.e. Monday), so yesterday was (i.e. Sunday). Think
about what you did in general yesterday morning. Did you do any PA (Sunday morning)?
How long did you do that activity? How much of that time was spent standing still or
taking breaks? Did that activity feel similar to how you feel when you are walking or
running or is it somewhere in between? Did you do any PA (Sunday afternoon)? (Duration,
intensity). Did you do any PA (Sunday evening)? (Duration, intensity).
o If people are giving too much information, it is appropriate to ask “how much time in
general?” – i.e. remind them they do not need to account for every minute of the day. For
an activity to be counted, it must add up to at least 10 min in one intensity category
for one segment of the day (round to 15 min).
1. At the end of each day: Are there any PAs you might have forgotten? Did you do any PA at
work? Any other recreational or sport activities? Housework or gardening? Were there any
other walks that you might have taken?
2. On the last day of recall: Take a moment to think back over the course of the week and think
of any activities you may have forgotten.
3. Last question: The last question I’m going to ask you is, “Compared to your PA over the past
3 mo, was last week’s PA more, less, or about the same?”
4. Thank you.
Prompting questions (examples):









What were you doing [day] morning?
You said that you got up at 6am. Did you go anywhere after that?
Did you watch any particular TV show?
What did you make for dinner?
What did you do that evening?
Did you take any walks that you may have overlooked?
Did you do any vigorous home repair or gardening?
Are there any activities that you are unsure about?
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Day of the week form completed:
Date: _____/_____/_______
month / day / year

Physical Activity Recall
1. Were you employed in the last seven days (paid or volunteer)?

Go to question 4

(round to nearest
day)

2. How many days of the last seven did you work?
3. How many total hours did you work in the last seven days?

Hours

4. What days of the week do you consider to be your weekend or non-work days? For most people, this would be Saturday
and Sunday, but it may be different for you.

**********************Explain Moderate, Hard, and Very Hard Intensity levels *************************
At the end of the interview:
5. Compared to your physical activity over the past three months, was last week’s physical activity more, less or about the
same?
More
Less
About the same
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Subject ID: ___________

Interviewer Initials: _________

Naps [+] / Disruptions [-] > 30 min

Yesterday
Sleep

-

One Week Ago
-

-

-

-

Moderate
Hard
Very
Hard
Moderate
Hard
Very
Hard
Moderate
Hard
Very
Hard

Rounding: 10-22mins = .25hrs
23-37mins = .50hrs
38-52mins= .75hrs 53-1:07mins=1.0hrs 1:08-1:22= 1.25hrs
Subject ID: __________
Interviewer Initials: ___________
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-

-

Subject ID: ___________

Interviewer Initials: _________

7-Day Physical Activity Recall (PAR): Interviewer Evaluation Form
Date (dd/mm/yyyy): ________________________

Subject Code: __________________________

Interviewer: _______________________
Were there any problems with the 7-Day PAR interview? (circle one)

a)Yes

b) No

Explain:
_____________________________________________________________________________________________________________________________________________
_____________________________________________________________________

Do you think this was a valid 7-Day PAR interview?

a) Yes

b) Maybe

c) No

Please list below any activities reported by the participant that you don’t know how to classify:
_____________________________________________________________________________________________________________________________________________
_____________________________________________________________________

Other comments/concerns:
_____________________________________________________________________________________________________________________________________________
_____________________________________________________________________
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Table A1: Excel spreadsheet of 7-PAR scoring for subject K.

sleep

day
1
hh
8

mm
0

day
2
hh
8

mm
0

day
3
hh
7

mm
30

day
4
hh
8

mm
0

day
5
hh
10

mm
0

7

mm
30

day
7
hh
7

mm
0

56.00

56.00

day 6
hh

Totals

Mets

morning

moderate
hard
very hard

0
0
0

10
0
0

0
0
0

20
0
0

0
0
0

20
0
0

0
0
0

20
0
0

1
0
0

0
0
0

0
0
0

0
0
0

0
0
0

20
0
0

2.50
0.00
0.00

10.00
0.00
0.00

afternoon

moderate
hard
very hard

0
0
0

10
0
30

0
0
0

20
0
0

0
0
0

20
0
0

0
0
0

20
0
0

0
0
0

20
0
0

2
1
0

0
0
0

0
0
0

20
0
0

3.83
1.00
0.50

15.33
6.00
5.00

evening

moderate
hard
very hard

0
0
0

0
0
0

0
1
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
30

0
0
0

0
0
0

0
0
0

20
0
0

0
0
0

20
0
0

0.67
1.00
0.50
66.00

2.67
6.00
5.00

102.00

153.00

light

mets
=
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259.00

Appendix B: Subject Screening
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Figure A1. Cardiovascular responses (A: TPR; B: CO; C: MAP) of Subject B throughout the
two minute screening CPT (indicated by black lines). This subject was included in the study
due to the significant increase in MAP through elevations in TPR and a paired decline in CO
during the CPT.
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Figure A2. Cardiovascular responses (A: TPR; B: CO; C: MAP) of Subject U throughout the
two minute screening CPT (indicated by black lines). This subject was not included in the
study due to the significant elevations in CO and no significant increase in TPR during the
CPT.
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Appendix C: Individual Subject Data
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Figure C1. Subject B Control and Recovery curve fits with corresponding residual plots.
Open symbols represent hypothetical CPT data removed (Control trials) or actual CPT data
removed (Recovery 1 and 2 trials).
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Figure C2. Subject I Control and Recovery curve fits with corresponding residual plots.
Open symbols represent hypothetical CPT data removed (Control trials) or actual CPT data
removed (Recovery 1 and 2 trials).
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Figure C3. Subject K Control and Recovery curve fits with corresponding residual plots.
Open symbols represent hypothetical CPT data removed (Control trials) or actual CPT data
removed (Recovery 1 and 2 trials). Data was removed from Recovery 1 and the
corresponding Control trial for accurate curve fitting during the CPT time period.
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Figure C4. Subject L Control and Recovery curve fits with corresponding residual plots.
Open symbols represent hypothetical CPT data removed (Control trials) or actual CPT data
removed (Recovery 1 and 2 trials).
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Figure C5. Subject P Control and Recovery curve fits with corresponding residual plots.
Open symbols represent hypothetical CPT data removed (Control trials) or actual CPT data
removed (Recovery 1 and 2 trials). Data was removed from Recovery 1 and the
corresponding Control trial for accurate curve fitting during the CPT time period.
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Figure C6. Subject T Control and Recovery curve fits with corresponding residual plots.
Open symbols represent hypothetical CPT data removed (Control trials) or actual CPT data
removed (Recovery 1 and 2 trials).
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Figure C7. Subject V Control and Recovery curve fits with corresponding residual plots.
Open symbols represent hypothetical CPT data removed (Control trials) or actual CPT data
removed (Recovery 1 and 2 trials).
117

RECOVERY 1
f=y0+a*exp(-b*x)+c*x

90

80

80

70

70

60

FVC (cm/s/100mmHg)

FVC (cm/s/100mmHg)

CONTROL
R1 CPT Out
715-835 seconds
f=y0+a*exp(-b*x)+c*x

60
50
40
30

50
40
30
20

20

10

10

0

0
400

500

600

700

800

900

1000 1100 1200 1300 1400 1500 1600

400

500

600

700

800

Time (seconds)

15

15

10

10
5
0
-5
-10
-15
-20

5

0

-5

-10

-15

-20
0

10

20

30

40

50

60

70

80

0

10

20

Predicted FVC (cm/s/100mmHg)

30

40

50

60

70

80

Predicted FVC (cm/s/100mmHg)

CONTROL
R2 CPT Equivalent Out
1098-1218 seconds
f=y0+a*exp(-b*x)+c*x

RECOVERY 2
f=a*exp(b/(x+c))

80

70

70

60

60

FVC (cm/s/100mmHg)

FVC (cm/s/100mmHg)

1000 1100 1200 1300 1400 1500 1600

RECOVERY 1 - RESIDUALS

20

Actual-Predicted FVC Difference

Actual-Predicted FVC Difference

CONTROL - RESIDUALS
R1 CPT Out
715-835 seconds

50
40
30
20

50

40

30

20

10

10
0

0
400

500

600

700

800

900

1000 1100 1200 1300 1400 1500 1600

400

500

600

700

Time (seconds)

800

900

1000 1100 1200 1300 1400 1500 1600

Time (seconds)

CONTROL - RESIDUALS
R2 CPT Equivalent Out
1098-1218 seconds

RECOVERY 2 - RESIDUALS

15

15

10

10

Actual-Predicted FVC Difference

Actual-Predicted FVC Difference

900

Time (seconds)

5

0

-5

-10

-15

5

0

-5

-10

-15
0

10

20

30

40

50

60

70

Predicted FVC (cm/s/100mmHg)

0

5

10

15

20

25

30

35

40

45

50

55

Predicted FVC (cm/s/100mmHg)

Figure C8. Subject W Control and Recovery curve fits with corresponding residual plots.
Open symbols represent hypothetical CPT data removed (Control trials) or actual CPT data
removed (Recovery 1 and 2 trials).
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Figure C9. Subject AA Control and Recovery curve fits with corresponding residual plots.
Open symbols represent hypothetical CPT data removed (Control trials) or actual CPT data
removed (Recovery 1 and 2 trials).
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Appendix D: Absolute Cardiovascular Responses
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Table D1. Baseline Repeatability
Trial
HR (bpm)
MAP (mmHg)
FBF (mL/min)
FVC
(mL/min/100mmHg)

Day A
Control Exercise
65.7±4.0 69.9±7.5
92.9±2.4 96.0±2.9*
30.7±4.4 34.3±5.3
34.8±5.3 38.2±4.6

Rest
60.6±2.0
89.6±3.3
33.8±6.2
43.0±9.6

Day B
Day C
Control
R1
Rest
Control
R2
64.8±2.2 61.9±1.9 64.6±6.6 64.7±5.5 66.7±2.6
95.0±3.7* 95.7±3.0* 87.8±2.5 91.4±2.0 93.3±2.9
39.2±5.2 37.5±6.1 28.1±3.5 32.3±5.0 45.3±12.0
45.8±7.7 41.0±6.2 34.3±5.8 35.3±6.1 50.1±11.2

Values represent means ± S.E. for the last 30 seconds of baseline measurements during each trial. R1; Recovery 1. R2; Recovery
2* Indicates values that are significantly different from Day C – Rest (P < 0.05).
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Table D2. Exercise Repeatability
Day A
Trial
HR (bpm)
1
2
MAP (mmHg)
1
2
FBF (mL/min)
1
2
FVC
(ml/min/100mmHg)
1
2

Control

Exercise

Day B
Control
Recovery 1

Day C
Control
Recovery 2

75.8±4.9
77.4±5.8

85.5±7.4
75.8±5.3

74.1±3.2
74.4±3.4

75.6±2.9
79.3±2.6

69.9±3.3
70.9±3.2

73.9±3.5
74.1±4.3

102.2±3.7
104.6±3.7

104.6±4.1
117.8±4.2

108.2±4.3
113.9±5.3

110.1±3.2
110.6±3.1

105.1±3.6
106.1±3.6

105.9±4.0
106.8±3.9

376.6±39.7
427.4±48.2

365.5±28.9
420.5±27.3*

471.0±65.0
520.7±73.7

464.8±59.3
506.6±71.0

451.8±67.2
471.9±84.9

411.9±62.4
469.8±64.6

380.0±36.1

363.8±26.4

459.8±76.1

443.8±65.3

436.2±65.4

405.1±59.9

422.4±45.0

370.1±17.8

478.6±77.5

478.9±72.0

452.7±78.7

456.5±65.8

Values represent means ± S.E. Measurement 1 represents the last 30 seconds of the 5th minute of exercise during each trial
(Controls, Exercise, Recovery 1 and 2). Measurement 2 represents the last 30 seconds of the 7th minute of exercise during each
trial. * Indicates values that are significantly different from measurements at time point 1 within each variable (P < 0.05).
 Indicates values that are significantly different from measurements at time point 1 within each variable (P < 0.001). Shaded
MAP value indicates the end CPT measurement.
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Table D3. Recovery Repeatability – Initial Off-Transition from Exercise
Day A
Trial
HR (bpm)
1
2
MAP (mmHg)
1
2
FBF (mL/min)
1
2
FVC
(ml/min/100mmHg)

Control

Exercise

Day B
Control
Recovery 1

Day C
Control
Recovery 2

62.4±5.8
65.3±7.8

64.9±7.4
66.4±7.8

62.9±1.7
59.5±2.6

61.6±2.0
62.8±3.4

64.7±7.1
59.3±4.0

63.8±3.2
62.2±4.8

91.3±2.2
91.5±2.2

96.4±3.1
94.2±2.9

96.5±4.9
95.1±5.1

96.7±2.2
109.7±3.1

93.6±2.1
90.5±1.4*

93.7±3.1
95.4±2.3

169.4±42.6
112.2±29.4*

153.0±37.9
99.4±24.9*

213.0±52.6
146.2±41.9*

205.7±33.9
100.7±17.5

222.2±39.0
126.0±29.9

188.6±37.7
121.5±23.0*

1
178.7±43.8
154.6±37.5
222.5±55.1
217.6±34.9
233.2±38.1
202.6±41.3
2
118.8±30.0*
99.7±24.0*
148.8±43.4*
94.1±16.1
133.0±29.9
121.4±21.9*
Values represent means ± S.E. Measurement 1 represents the last 30 seconds of the 2nd minute of recovery during each trial
(Controls, Exercise, Recovery 1 and 2). Measurement 2 represents the last 30 seconds of the 4th minute of recovery during each
trial. * Indicates values that are significantly different from measurements at time point 1 within each variable (P < 0.05).
 Indicates values that are significantly different from measurements at time point 1 within each variable (P < 0.001). Shaded
MAP value indicates the end CPT measurement.
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Table D4. Recovery Repeatability - Middle
Day A

Day B
Control
Recovery 1

Day C
Control
Recovery 2

Trial
Control
Exercise
HR (bpm)
1
65.7±6.5
63.7±7.5
58.4±3.4
59.3±2.7
61.3±4.8
59.7±2.9
2
65.4±5.4
64.8±7.3
59.1±2.1
59.2±2.3
61.6±5.6
63.4±2.4
MAP (mmHg)
1
92.2±2.4
94.8±3.1
95.9±4.0
95.4±2.8
91.3±1.6
91.8±2.7
2
92.2±2.6
94.9±3.3
94.6±3.6
95.7±2.2
90.7±1.3
109.1±3.3
FBF (mL/min)
1
78.4±17.7
57.4±10.5
87.0±24.6
79.8±11.2
78.0±18.7
65.4±8.6
2
67.0±16.0
51.9±9.8
75.6±17.7*
68.4±12.1*
59.9±10.2*
54.4±6.5
FVC
(ml/min/100mmHg)
1
81.5±17.2
55.0±9.0
87.8±24.8
82.9±12.0
79.9±19.1
69.4±10.3
2
71.2±16.0
50.3±8.9
81.9±17.6
73.7±16.4*
62.8±9.8*
50.8±7.9*
Values represent means ± S.E. Measurement 1 represents the last 30 seconds of the 8th minute of recovery during each trial
(Controls, Exercise, Recovery 1 and 2). Measurement 2 represents the last 30 seconds of the 10th minute of recovery during each
trial. * Indicates values that are significantly different from measurements at time point 1 within each variable (P < 0.05).
 Indicates values that are significantly different from measurements at time point 1 within each variable (P < 0.001). Shaded
MAP value indicates the end CPT measurement.
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Table D5. Recovery Repeatability - End
Day A
Trial
HR (bpm)
MAP (mmHg)
FBF (mL/min)
FVC
(ml/min/100mmHg)

Control
63.1±5.0
91.4±2.6
54.4±13.5
57.2±13.1

Exercise
63.0±7.5
95.8±4.0
45.1±7.4
44.5±7.0

Day B
Control
Recovery 1
60.0±3.9
61.2±2.4
95.2±3.4
95.5±2.0
54.0±10.2
63.3±12.3
53.0±9.7
70.0±14.7

Control
61.2±4.1
89.8±1.4
43.0±5.7
45.5±5.2

Day C
Recovery 2
60.7±4.4
94.2±2.9
45.8±5.5
43.9±5.0

Values represent means ± S.E. for the last 30 seconds of recovery measurements (15th minute of recovery) during each trial
(Controls, Exercise, Recovery 1 and 2).
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Appendix E: Sample Statistical Outputs
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One Way Repeated Measures Analysis of VarianceSaturday, August 13, 2011, 12:22:49
PM
Data source: Baseline Repeatability
Dependent Variable: MAP
Normality Test (Shapiro-Wilk)
Equal Variance Test:
Treatment Name
Control A
9
Exercise
9
Rest B
9
Control B
9
Recovery 1
9
Rest C
9
Control C
9
Recovery 2
9
Source of Variation
Between Subjects
Between Treatments
Residual
Total

Passed (P = 0.387)

Passed (P = 0.767)
N
0
0
0
0
0
0
1
0

DF
8
7
55
70

Missing Mean Std Dev
92.860
7.119 2.373
95.996
8.631 2.877
89.642 10.025 3.342
94.954 10.994 3.665
95.656
9.074 3.025
87.755
7.520 2.507
91.431
5.545 1.960
93.295
8.830 2.943

SEM

SS
MS
F
P
3252.845 406.606
557.510 79.644 2.981 0.010
1469.676 26.721
5265.190 75.217

The differences in the mean values among the treatment groups are greater than would be
expected by chance; there is a statistically significant difference (P = 0.010). To isolate the
group or groups that differ from the others use a multiple comparison procedure.
Power of performed test with alpha = 0.050: 0.721
Expected Mean Squares:
Approximate DF Residual = 55.000
Expected MS(Subj) = var(res) + 7.875 var(Subj)
Expected MS(Treatment) = var(res) + var(Treatment)
Expected MS(Residual) = var(res)
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All Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method) :
Comparisons for factor: Trial
Comparison Diff of Means p
2.000 vs. 6.000
8.241
8
2.000 vs. 3.000
6.354
7
2.000 vs. 7.000
5.178
6
2.000 vs. 1.000
3.136
5
2.000 vs. 8.000
2.701
4
2.000 vs. 4.000
1.042
3
2.000 vs. 5.000
0.340
2
5.000 vs. 6.000
7.901
7
5.000 vs. 3.000
6.014
6
5.000 vs. 7.000
4.837
5
5.000 vs. 1.000
2.796
4
5.000 vs. 8.000
2.361
3
5.000 vs. 4.000
0.702
2
4.000 vs. 6.000
7.199
6
4.000 vs. 3.000
5.312
5
4.000 vs. 7.000
4.135
4
4.000 vs. 1.000
2.094
3
4.000 vs. 8.000
1.659
2
8.000 vs. 6.000
5.540
5
8.000 vs. 3.000
3.653
4
8.000 vs. 7.000
2.477
3
8.000 vs. 1.000
0.435
2
1.000 vs. 6.000
5.105
4
1.000 vs. 3.000
3.218
3
1.000 vs. 7.000
2.042
2
7.000 vs. 6.000
3.063
3
7.000 vs. 3.000
1.177
2
3.000 vs. 6.000
1.887
2

q
4.783
3.688
2.903
1.820
1.568
0.605
0.197
4.585
3.490
2.712
1.623
1.370
0.407
4.178
3.083
2.319
1.215
0.963
3.215
2.120
1.389
0.252
2.963
1.868
1.145
1.718
0.660
1.095

P
P<0.050
0.027
Yes
0.144
No
0.327 Do Not Test
0.700 Do Not Test
0.686 Do Not Test
0.904 Do Not Test
0.890 Do Not Test
0.031
Yes
0.152 Do Not Test
0.320 Do Not Test
0.662 Do Not Test
0.600 Do Not Test
0.774 Do Not Test
0.050
Yes
0.203 Do Not Test
0.366 Do Not Test
0.668 Do Not Test
0.499 Do Not Test
0.169
No
0.445 Do Not Test
0.591 Do Not Test
0.859 Do Not Test
0.168 Do Not Test
0.390 Do Not Test
0.422 Do Not Test
0.450 Do Not Test
0.643 Do Not Test
0.442 Do Not Test

A result of "Do Not Test" occurs for a comparison when no significant difference is found
between two means that enclose that comparison. For example, if you had four means
sorted in order, and found no difference between means 4 vs. 2, then you would not test 4
vs. 3 and 3 vs. 2, but still test 4 vs. 1 and 3 vs. 1 (4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4
3 2 1). Note that not testing the enclosed means is a procedural rule, and a result of Do Not
Test should be treated as if there is no significant difference between the means, even
though one may appear to exist.
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One Way Repeated Measures Analysis of VarianceSaturday, August 13, 2011, 12:25:07
PM
Data source: Baseline Repeatability
Dependent Variable: FVC
Normality Test (Shapiro-Wilk)
Equal Variance Test:
Treatment Name
Control A
9
Exercise
9
Rest B
9
Control B
9
Recovery 1
9
Rest C
9
Control C
9
Recovery 2
9
Source of Variation
Between Subjects
Between Treatments
Residual
Total

Failed (P < 0.050)

Passed (P = 0.362)
N
0
0
0
0
0
0
1
0

Missing Mean Std Dev
34.824 15.765 5.255
38.238 13.730 4.577
43.045 28.718 9.573
45.777 23.170 7.723
40.972 18.483 6.161
34.274 17.527 5.842
35.283 17.302 6.117
50.062 33.553 11.184

SEM

DF
SS
MS
F
P
8 13743.632 1717.954
7
1843.163 263.309 0.855 0.547
55 16937.941 307.963
70 32717.145 467.388

The differences in the mean values among the treatment groups are not great enough to
exclude the possibility that the difference is due to random sampling variability; there is
not a statistically significant difference (P = 0.547).
Power of performed test with alpha = 0.050: 0.050
The power of the performed test (0.050) is below the desired power of 0.800.
Less than desired power indicates you are less likely to detect a difference when one
actually exists. Negative results should be interpreted cautiously.
Expected Mean Squares:
Approximate DF Residual = 55.000
Expected MS(Subj) = var(res) + 7.875 var(Subj)
Expected MS(Treatment) = var(res) + var(Treatment)
Expected MS(Residual) = var(res)
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Two Way Repeated Measures ANOVA (Two Factor Repetition)Friday, August 12, 2011,
2:45:05 PM
Data source: Exercise Repeatability
General Linear Model
Dependent Variable: MAP
The following subject was deleted from the calculations because of the pattern of missing
data:
I
Normality Test (Shapiro-Wilk)
Equal Variance Test:
Source of Variation
Subject
Time
Time x Subject
Day
Day x Subject
Time x Day
Residual
Total

Passed (P = 0.392)

Passed (P = 0.087)

DF
SS
MS
F
P
7
9944.804 1420.686 54.252 <0.001
1
397.751 397.751 108.264 <0.001
7
25.717
3.674
5
1118.275 223.655
7.414 <0.001
35
1055.785
30.165
5
572.246 114.449 14.956 <0.001
35
267.828
7.652
95 13382.406 140.867

Main effects cannot be properly interpreted if significant interaction is determined. This is
because the size of a factor's effect depends upon the level of the other factor.
The effect of different levels of Time depends on what level of Day is present. There is a
statistically significant interaction between Time and Day. (P = <0.001)
Power of performed test with alpha = 0.0500: for Time : 1.000
Power of performed test with alpha = 0.0500: for Day : 0.994
Power of performed test with alpha = 0.0500: for Time x Day : 1.000
Expected Mean Squares:
Approximate DF Residual for Time = 7.000
Approximate DF Residual for Day = 35.000
Approximate DF Residual for Subject = 23.168
Expected MS(Time) = var(res) + 6.000 var(Time x Subject) + var(Time)
Expected MS(Day) = var(res) + 2.000 var(Day x Subject) + var(Day)
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Expected MS(Subject) = var(res) + 6.000 var(Time x Subject) +2.000 var(Day x Subject)
+12.000 var(Subject)
Expected MS(Time x Subject) = var(res) + 6.000 var(Time x Subject)
Expected MS(Time x Day) = var(res) + var(Time x Day)
Expected MS(Day x Subject) = var(res) + 2.000 var(Day x Subject)
Expected MS(Residual) = var(res)
Least square means for Time :
Group Mean
1.000 107.187
2.000 111.258
Std Err of LS Mean = 0.277
Least square means for Day :
Group
Mean
SEM
A Control 104.662 1.373
A Exercise 113.000 1.373
B Control 112.966 1.373
B Recovery 1111.486 1.373
C Control 105.598 1.373
C Recovery 2107.624 1.373
Least square means for Time x Day :
Group
Mean
SEM
1.000 x A Control 103.530 0.978
1.000 x A Exercise 105.948 0.978
1.000 x B Control 109.943 0.978
1.000 x B Recovery 1111.445 0.978
1.000 x C Control 105.145 0.978
1.000 x C Recovery 2107.113 0.978
2.000 x A Control 105.794 0.978
2.000 x A Exercise 120.052 0.978
2.000 x B Control 115.989 0.978
2.000 x B Recovery 1111.527 0.978
2.000 x C Control 106.051 0.978
2.000 x C Recovery 2108.136 0.978
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All Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method) :
Comparisons for factor: Time
Comparison Diff of Means p
q
P
P<0.050
2.000 vs. 1.000
4.071
2 14.715 <0.001
Yes
Comparisons for factor: Day
Comparison
Diff of Means p
A Exercise vs. A Control
8.338
6
A Exercise vs. C Control
7.402
5
A Exercise vs. C Recovery 2
5.375
4
A Exercise vs. B Recovery 1
1.514
3
A Exercise vs. B Control
0.0342
2
B Control vs. A Control
8.304
5
B Control vs. C Control
7.368
4
B Control vs. C Recovery 2
5.341
3
B Control vs. B Recovery 1
1.480
2
B Recovery 1 vs. A Control
6.824
4
B Recovery 1 vs. C Control
5.888
3
B Recovery 1 vs. C Recovery 2
3.862
2
C Recovery 2 vs. A Control
2.962
3
C Recovery 2 vs. C Control
2.026
2
C Control vs. A Control
0.936
2

q
6.072
5.391
3.915
1.103
0.0249
6.047
5.366
3.890
1.078
4.970
4.288
2.812
2.157
1.476
0.682

Comparisons for factor: Day within 1
Comparison
Diff of Means p
B Recovery 1 vs. A Control
7.915
6
B Recovery 1 vs. C Control
6.300
5
B Recovery 1 vs. A Exercise
5.497
4
B Recovery 1 vs. C Recovery 2
4.332
3
B Recovery 1 vs. B Control
1.502
2
B Control vs. A Control
6.413
5
B Control vs. C Control
4.798
4
B Control vs. A Exercise
3.995
3
B Control vs. C Recovery 2
2.830
2
C Recovery 2 vs. A Control
3.583
4
C Recovery 2 vs. C Control
1.968
3
C Recovery 2 vs. A Exercise
1.166
2
A Exercise vs. A Control
2.418
3
A Exercise vs. C Control
0.803
2
C Control vs. A Control
1.615
2

q
5.148
4.098
3.576
2.818
0.977
4.171
3.121
2.599
1.841
2.331
1.280
0.758
1.573
0.522
1.051
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P
P<0.050
0.002
Yes
0.005
Yes
0.043
Yes
0.718
No
0.986 Do Not Test
0.001
Yes
0.003
Yes
0.025
Yes
0.451 Do Not Test
0.007
Yes
0.012
Yes
0.055
No
0.292
No
0.304 Do Not Test
0.633 Do Not Test

P
P<0.05
0.008
Yes
0.042
Yes
0.067
No
0.124 Do Not Test
0.493 Do Not Test
0.037
Yes
0.135
No
0.168 Do Not Test
0.199 Do Not Test
0.361
No
0.640 Do Not Test
0.594 Do Not Test
0.511 Do Not Test
0.714 Do Not Test
0.461 Do Not Test

Comparisons for factor: Day within 2
Comparison
Diff of Means p
A Exercise vs. A Control
14.258
6
A Exercise vs. C Control
14.001
5
A Exercise vs. C Recovery 2
11.917
4
A Exercise vs. B Recovery 1
8.525
3
A Exercise vs. B Control
4.064
2
B Control vs. A Control
10.194
5
B Control vs. C Control
9.938
4
B Control vs. C Recovery 2
7.853
3
B Control vs. B Recovery 1
4.462
2
B Recovery 1 vs. A Control
5.733
4
B Recovery 1 vs. C Control
5.476
3
B Recovery 1 vs. C Recovery 2
3.391
2
C Recovery 2 vs. A Control
2.341
3
C Recovery 2 vs. C Control
2.085
2
C Control vs. A Control
0.257
2

q
9.274
9.107
7.751
5.545
2.643
6.631
6.464
5.108
2.902
3.729
3.562
2.206
1.523
1.356
0.167

Comparisons for factor: Time within A Control
Comparison
Diff of Means p
2.000 vs. 1.000
2.265
2

q
2.423

P
0.095

P<0.05
No

Comparisons for factor: Time within A Exercise
Comparison
Diff of Means p
q
2.000 vs. 1.000
14.105
2 15.090

P
<0.001

P<0.05
Yes

Comparisons for factor: Time within B Control
Comparison
Diff of Means p
2.000 vs. 1.000
6.046
2

P
<0.001

P<0.05
Yes

Comparisons for factor: Time within B Recovery 1
Comparison
Diff of Means p
q
2.000 vs. 1.000
0.0821
2
0.0879

P
0.951

P<0.05
No

Comparisons for factor: Time within C Control
Comparison
Diff of Means p
2.000 vs. 1.000
0.906
2

P
0.497

P<0.05
No

133

q
6.468

q
0.969

P
P<0.05
<0.001
Yes
<0.001
Yes
<0.001
Yes
<0.001
Yes
0.067
No
<0.001
Yes
<0.001
Yes
0.002
Yes
0.045
Yes
0.052
No
0.039 Do Not Test
0.125 Do Not Test
0.533 Do Not Test
0.342 Do Not Test
0.907 Do Not Test

Comparisons for factor: Time within C Recovery 2
Comparison
Diff of Means p
q
2.000 vs. 1.000
1.023
2
1.094

P
0.444

P<0.05
No

A result of "Do Not Test" occurs for a comparison when no significant difference is found
between two means that enclose that comparison. For example, if you had four means
sorted in order, and found no difference between means 4 vs. 2, then you would not test 4
vs. 3 and 3 vs. 2, but still test 4 vs. 1 and 3 vs. 1 (4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4
3 2 1). Note that not testing the enclosed means is a procedural rule, and a result of Do Not
Test should be treated as if there is no significant difference between the means, even
though one may appear to exist.
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Two Way Repeated Measures ANOVA (Two Factor Repetition)Friday, August 12, 2011,
2:44:35 PM
Data source: Exercise Repeatability
General Linear Model
Dependent Variable: FVC
The following subject was deleted from the calculations because of the pattern of missing
data:
I
Normality Test (Shapiro-Wilk)
Equal Variance Test:
Source of Variation
Subject
Time
Time x Subject
Day
Day x Subject
Time x Day
Residual
Total

Failed (P < 0.050)

Passed (P = 0.827)

DF
SS
MS
7 760445.925 108635.132
1
15986.992 15986.992
7
20725.460 2960.780
5
62348.278 12469.656
35 602936.827 17226.766
5
2025.072
405.014
35
91716.066 2620.459
95 1556184.620 16380.891

F
P
6.184 <0.001
5.400 0.053
0.724

0.610

0.155

0.977

The difference in the mean values among the different levels of Time is not great enough to
exclude the possibility that the difference is just due to random sampling variability after
allowing for the effects of differences in Day. There is not a statistically significant
difference (P = 0.053).
The difference in the mean values among the different levels of Day is not great enough to
exclude the possibility that the difference is just due to random sampling variability after
allowing for the effects of differences in Time. There is not a statistically significant
difference (P = 0.610).
The effect of different levels of Time does not depend on what level of Day is present.
There is not a statistically significant interaction between Time and Day. (P = 0.977)
Power of performed test with alpha = 0.0500: for Time : 0.434
Power of performed test with alpha = 0.0500: for Day : 0.0500
Power of performed test with alpha = 0.0500: for Time x Day : 0.0500
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Expected Mean Squares:
Approximate DF Residual for Time = 7.000
Approximate DF Residual for Day = 35.000
Approximate DF Residual for Subject = 31.086
Expected MS(Time) = var(res) + 6.000 var(Time x Subject) + var(Time)
Expected MS(Day) = var(res) + 2.000 var(Day x Subject) + var(Day)
Expected MS(Subject) = var(res) + 6.000 var(Time x Subject) +2.000 var(Day x Subject)
+12.000 var(Subject)
Expected MS(Time x Subject) = var(res) + 6.000 var(Time x Subject)
Expected MS(Time x Day) = var(res) + var(Time x Day)
Expected MS(Day x Subject) = var(res) + 2.000 var(Day x Subject)
Expected MS(Residual) = var(res)
Least square means for Time :
Group Mean
1.000 384.280
2.000 410.090
Std Err of LS Mean = 7.854
Least square means for Day :
Group
Mean
SEM
A Control 391.927 32.813
A Exercise 358.024 32.813
B Control 399.413 32.813
B Recovery 1401.005 32.813
C Control 444.476 32.813
C Recovery 2388.266 32.813
Least square means for Time x Day :
Group
Mean
SEM
1.000 x A Control 373.674 18.099
1.000 x A Exercise 350.764 18.099
1.000 x B Control 389.605 18.099
1.000 x B Recovery 1385.207 18.099
1.000 x C Control 436.221 18.099
1.000 x C Recovery 2370.211 18.099
2.000 x A Control 410.180 18.099
2.000 x A Exercise 365.284 18.099
2.000 x B Control 409.221 18.099
2.000 x B Recovery 1416.803 18.099
2.000 x C Control 452.731 18.099
2.000 x C Recovery 2406.321 18.099
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Two Way Repeated Measures ANOVA (Two Factor Repetition)
Saturday, August 13,
2011, 11:22:37 AM
Data source: Recovery Repeatability - Initial Off -Transition from Exercise
General Linear Model
Dependent Variable: MAP
The following subject was deleted from the calculations because of the pattern of missing
data:
I
Normality Test (Shapiro-Wilk)
Equal Variance Test:
Source of Variation
Subject
Time
Time x Subject
Day
Day x Subject
Time x Day
Residual
Total

DF
7
1
7
5
35
5
35
95

Passed (P = 0.772)

Passed (P = 0.193)
SS
4694.561
58.109
102.499
1653.125
2143.199
836.451
286.109
9774.054

MS
F
P
670.652 9.906 <0.001
58.109 3.968 0.087
14.643
330.625 5.399 <0.001
61.234
167.290 20.465 <0.001
8.175
102.885

Main effects cannot be properly interpreted if significant interaction is determined. This is
because the size of a factor's effect depends upon the level of the other factor.
The effect of different levels of Time depends on what level of Day is present. There is a
statistically significant interaction between Time and Day. (P = <0.001)
Power of performed test with alpha = 0.0500: for Time : 0.311
Power of performed test with alpha = 0.0500: for Day : 0.944
Power of performed test with alpha = 0.0500: for Time x Day : 1.000
Expected Mean Squares:
Approximate DF Residual for Time = 7.000
Approximate DF Residual for Day = 35.000
Approximate DF Residual for Subject = 32.817
Expected MS(Time) = var(res) + 6.000 var(Time x Subject) + var(Time)
Expected MS(Day) = var(res) + 2.000 var(Day x Subject) + var(Day)
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Expected MS(Subject) = var(res) + 6.000 var(Time x Subject) +2.000 var(Day x Subject)
+12.000 var(Subject)
Expected MS(Time x Subject) = var(res) + 6.000 var(Time x Subject)
Expected MS(Time x Day) = var(res) + var(Time x Day)
Expected MS(Day x Subject) = var(res) + 2.000 var(Day x Subject)
Expected MS(Residual) = var(res)
Least square means for Time :
Group Mean
1.000 95.407
2.000 96.963
Std Err of LS Mean = 0.552
Least square means for Day :
Group
Mean
SEM
A Control
92.161 1.956
A Exercise
95.845 1.956
B Control
97.006 1.956
B Recovery 1104.469 1.956
C Control
92.015 1.956
C Recovery 2 95.612 1.956
Least square means for Time x Day :
Group
Mean
SEM
1.000 x A Control
91.967 1.011
1.000 x A Exercise
96.961 1.011
1.000 x B Control
97.707 1.011
1.000 x B Recovery 1 97.313 1.011
1.000 x C Control
93.577 1.011
1.000 x C Recovery 2 94.915 1.011
2.000 x A Control
92.355 1.011
2.000 x A Exercise
94.729 1.011
2.000 x B Control
96.306 1.011
2.000 x B Recovery 1111.625 1.011
2.000 x C Control
90.453 1.011
2.000 x C Recovery 2 96.309 1.011
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All Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method) :
Comparisons for factor: Time
Comparison Diff of Means p
2.000 vs. 1.000
1.556
2

q
P
P<0.050
2.817 0.087
No

Comparisons for factor: Day
Comparison
Diff of Means p
B Recovery 1 vs. C Control
12.454
6
B Recovery 1 vs. A Control
12.308
5
B Recovery 1 vs. C Recovery 2
8.857
4
B Recovery 1 vs. A Exercise
8.624
3
B Recovery 1 vs. B Control
7.462
2
B Control vs. C Control
4.992
5
B Control vs. A Control
4.846
4
B Control vs. C Recovery 2
1.395
3
B Control vs. A Exercise
1.161
2
A Exercise vs. C Control
3.830
4
A Exercise vs. A Control
3.684
3
A Exercise vs. C Recovery 2
0.233
2
C Recovery 2 vs. C Control
3.597
3
C Recovery 2 vs. A Control
3.451
2
A Control vs. C Control
0.146
2
Comparisons for factor: Day within 1
Comparison
Diff of Means p
B Control vs. A Control
5.741
6
B Control vs. C Control
4.130
5
B Control vs. C Recovery 2
2.792
4
B Control vs. A Exercise
0.746
3
B Control vs. B Recovery 1
0.395
2
B Recovery 1 vs. A Control
5.346
5
B Recovery 1 vs. C Control
3.736
4
B Recovery 1 vs. C Recovery 2
2.397
3
B Recovery 1 vs. A Exercise
0.351
2
A Exercise vs. A Control
4.995
4
A Exercise vs. C Control
3.385
3
A Exercise vs. C Recovery 2
2.046
2
C Recovery 2 vs. A Control
2.949
3
C Recovery 2 vs. C Control
1.338
2
C Control vs. A Control
1.610
2
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q
P
P<0.050
6.366
0.001
Yes
6.291 <0.001
Yes
4.527
0.015
Yes
4.408
0.010
Yes
3.814
0.011
Yes
2.552
0.387
No
2.477
0.314 Do Not Test
0.713
0.870 Do Not Test
0.594
0.677 Do Not Test
1.958
0.517 Do Not Test
1.883
0.388 Do Not Test
0.119
0.933 Do Not Test
1.839
0.405 Do Not Test
1.764
0.221 Do Not Test
0.0746 0.958 Do Not Test

q
2.756
1.983
1.340
0.358
0.189
2.567
1.794
1.151
0.169
2.398
1.625
0.983
1.416
0.642
0.773

P
P<0.05
0.387
No
0.630 Do Not Test
0.779 Do Not Test
0.965 Do Not Test
0.894 Do Not Test
0.378 Do Not Test
0.588 Do Not Test
0.697 Do Not Test
0.906 Do Not Test
0.338 Do Not Test
0.490 Do Not Test
0.491 Do Not Test
0.580 Do Not Test
0.652 Do Not Test
0.587 Do Not Test

Comparisons for factor: Day within 2
Comparison
Diff of Means p
q
B Recovery 1 vs. C Control
21.172
6 10.165
B Recovery 1 vs. A Control
19.270
5
9.252
B Recovery 1 vs. A Exercise
16.896
4
8.112
B Recovery 1 vs. B Control
15.319
3
7.355
B Recovery 1 vs. C Recovery 2
15.316
2
7.353
C Recovery 2 vs. C Control
5.856
5
2.812
C Recovery 2 vs. A Control
3.954
4
1.898
C Recovery 2 vs. A Exercise
1.580
3
0.759
C Recovery 2 vs. B Control
0.00294 2
0.00141
B Control vs. C Control
5.853
4
2.810
B Control vs. A Control
3.951
3
1.897
B Control vs. A Exercise
1.577
2
0.757
A Exercise vs. C Control
4.276
3
2.053
A Exercise vs. A Control
2.373
2
1.140
A Control vs. C Control
1.902
2
0.913
Comparisons for factor: Time within A Control
Comparison
Diff of Means p
2.000 vs. 1.000
0.389
2

P
P<0.05
<0.001
Yes
<0.001
Yes
<0.001
Yes
<0.001
Yes
<0.001
Yes
0.289
No
0.542 Do Not Test
0.854 Do Not Test
0.999 Do Not Test
0.208 Do Not Test
0.380 Do Not Test
0.595 Do Not Test
0.324 Do Not Test
0.425 Do Not Test
0.522 Do Not Test

q
0.361

P
0.800

P<0.05
No

Comparisons for factor: Time within A Exercise
Comparison
Diff of Means p
q
1.000 vs. 2.000
2.233
2
2.076

P
0.150

P<0.05
No

Comparisons for factor: Time within B Control
Comparison
Diff of Means p
1.000 vs. 2.000
1.401
2

q
1.303

P
0.363

P<0.05
No

Comparisons for factor: Time within B Recovery 1
Comparison
Diff of Means p
q
2.000 vs. 1.000
14.312
2 13.308

P
<0.001

P<0.05
Yes

P
0.047

P<0.05
Yes

Comparisons for factor: Time within C Control
Comparison
Diff of Means p
1.000 vs. 2.000
3.124
2
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q
2.905

Comparisons for factor: Time within C Recovery 2
Comparison
Diff of Means p
q
2.000 vs. 1.000
1.394
2
1.296

P
0.365

P<0.05
No

A result of "Do Not Test" occurs for a comparison when no significant difference is found
between two means that enclose that comparison. For example, if you had four means
sorted in order, and found no difference between means 4 vs. 2, then you would not test 4
vs. 3 and 3 vs. 2, but still test 4 vs. 1 and 3 vs. 1 (4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4
3 2 1). Note that not testing the enclosed means is a procedural rule, and a result of Do Not
Test should be treated as if there is no significant difference between the means, even
though one may appear to exist.
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Two Way Repeated Measures ANOVA (Two Factor Repetition)Saturday, August 13,
2011, 11:25:40 AM
Data source: Recovery Repeatability - Initial Off- Transition from Exercise
General Linear Model
Dependent Variable: FVC
The following subject was deleted from the calculations because of the pattern of missing
data:
I
Normality Test (Shapiro-Wilk)
Equal Variance Test:
Source of Variation
Subject
Time
Time x Subject
Day
Day x Subject
Time x Day
Residual
Total

Passed (P = 0.317)

Passed (P = 0.775)

DF
SS
MS
F
P
7 800705.526 114386.504 9.716 <0.001
1 168666.609 168666.609 20.847 0.003
7
56847.479 8121.068
5
34540.311 6908.062 1.622 0.180
35 150476.223 4299.321
5
8309.133 1661.827 2.715 0.036
34
20811.153
612.093
94 1255192.291 13353.109

Main effects cannot be properly interpreted if significant interaction is determined. This is
because the size of a factor's effect depends upon the level of the other factor.
The effect of different levels of Time depends on what level of Day is present. There is a
statistically significant interaction between Time and Day. (P = 0.036)
Power of performed test with alpha = 0.0500: for Time : 0.973
Power of performed test with alpha = 0.0500: for Day : 0.197
Power of performed test with alpha = 0.0500: for Time x Day : 0.517
Expected Mean Squares:
Approximate DF Residual for Time = 7.004
Approximate DF Residual for Day = 35.110
Approximate DF Residual for Subject = 13.929
Expected MS(Time) = var(res) + 5.833 var(Time x Subject) + var(Time)
Expected MS(Day) = var(res) + 1.950 var(Day x Subject) + var(Day)
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Expected MS(Subject) = var(res) + 5.857 var(Time x Subject) +1.952 var(Day x Subject)
+11.714 var(Subject)
Expected MS(Time x Subject) = var(res) + 5.857 var(Time x Subject)
Expected MS(Time x Day) = var(res) + var(Time x Day)
Expected MS(Day x Subject) = var(res) + 1.971 var(Day x Subject)
Expected MS(Residual) = var(res)
Least square means for Time :
Group Mean
SEM
1.000 210.901 13.007
2.000 125.880 13.374
Least square means for Day :
Group
Mean
SEM
A Control 157.254 16.392
A Exercise 136.473 16.392
B Control 196.598 16.392
B Recovery 1166.908 17.742
C Control 183.080 16.392
C Recovery 2170.029 16.392
Least square means for Time x Day :
Group
Mean
SEM
1.000 x A Control 189.812 8.747
1.000 x A Exercise 167.546 8.747
1.000 x B Control 236.949 8.747
1.000 x B Recovery 1225.771 8.747
1.000 x C Control 233.164 8.747
1.000 x C Recovery 2212.164 8.747
2.000 x A Control 124.697 8.747
2.000 x A Exercise 105.400 8.747
2.000 x B Control 156.248 8.747
2.000 x B Recovery 1108.045 10.136
2.000 x C Control 132.997 8.747
2.000 x C Recovery 2127.894 8.747
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All Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method) :
Comparisons for factor: Time
Comparison Diff of Means p
1.000 vs. 2.000
85.021
2

q
P
P<0.050
6.445 0.003
Yes

Comparisons for factor: Day
Comparison
Diff of Means p
B Control vs. A Exercise
60.125
6
B Control vs. A Control
39.344
5
B Control vs. B Recovery 1
29.690
4
B Control vs. C Recovery 2
26.569
3
B Control vs. C Control
13.518
2
C Control vs. A Exercise
46.607
5
C Control vs. A Control
25.826
4
C Control vs. B Recovery 1
16.172
3
C Control vs. C Recovery 2
13.051
2
C Recovery 2 vs. A Exercise
33.556
4
C Recovery 2 vs. A Control
12.775
3
C Recovery 2 vs. B Recovery 1
3.121
2
B Recovery 1 vs. A Exercise
30.435
3
B Recovery 1 vs. A Control
9.654
2
A Control vs. A Exercise
20.781
2

q
3.668
2.400
1.738
1.621
0.825
2.843
1.576
0.947
0.796
2.047
0.779
0.183
1.782
0.565
1.268

Comparisons for factor: Day within 1
Comparison
Diff of Means p
B Control vs. A Exercise
69.403
6
B Control vs. A Control
47.137
5
B Control vs. C Recovery 2
24.784
4
B Control vs. B Recovery 1
11.178
3
B Control vs. C Control
3.785
2
C Control vs. A Exercise
65.618
5
C Control vs. A Control
43.352
4
C Control vs. C Recovery 2
20.999
3
C Control vs. B Recovery 1
7.393
2
B Recovery 1 vs. A Exercise
58.225
4
B Recovery 1 vs. A Control
35.959
3
B Recovery 1 vs. C Recovery 2
13.607
2
C Recovery 2 vs. A Exercise
44.618
3
C Recovery 2 vs. A Control
22.353
2
A Control vs. A Exercise
22.266
2

q
3.940
2.676
1.407
0.635
0.215
3.725
2.461
1.192
0.420
3.305
2.041
0.772
2.533
1.269
1.264
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P
P<0.050
0.126
No
0.449 Do Not Test
0.613 Do Not Test
0.493 Do Not Test
0.564 Do Not Test
0.282 Do Not Test
0.684 Do Not Test
0.783 Do Not Test
0.577 Do Not Test
0.479 Do Not Test
0.847 Do Not Test
0.898 Do Not Test
0.427 Do Not Test
0.692 Do Not Test
0.376 Do Not Test

P
P<0.05
0.079
No
0.336 Do Not Test
0.753 Do Not Test
0.895 Do Not Test
0.880 Do Not Test
0.081 Do Not Test
0.316 Do Not Test
0.679 Do Not Test
0.768 Do Not Test
0.105 Do Not Test
0.328 Do Not Test
0.588 Do Not Test
0.184 Do Not Test
0.375 Do Not Test
0.376 Do Not Test

Comparisons for factor: Day within 2
Comparison
Diff of Means p
B Control vs. A Exercise
50.848
6
B Control vs. B Recovery 1
48.202
5
B Control vs. A Control
31.551
4
B Control vs. C Recovery 2
28.354
3
B Control vs. C Control
23.251
2
C Control vs. A Exercise
27.597
5
C Control vs. B Recovery 1
24.951
4
C Control vs. A Control
8.300
3
C Control vs. C Recovery 2
5.103
2
C Recovery 2 vs. A Exercise
22.494
4
C Recovery 2 vs. B Recovery 1
19.848
3
C Recovery 2 vs. A Control
3.197
2
A Control vs. A Exercise
19.297
3
A Control vs. B Recovery 1
16.651
2
B Recovery 1 vs. A Exercise
2.646
2

q
2.887
2.528
1.791
1.610
1.320
1.567
1.309
0.471
0.290
1.277
1.041
0.181
1.095
0.873
0.139

P
P<0.05
0.336
No
0.393 Do Not Test
0.589 Do Not Test
0.496 Do Not Test
0.356 Do Not Test
0.802 Do Not Test
0.791 Do Not Test
0.941 Do Not Test
0.839 Do Not Test
0.803 Do Not Test
0.744 Do Not Test
0.899 Do Not Test
0.720 Do Not Test
0.540 Do Not Test
0.922 Do Not Test

Comparisons for factor: Time within A Control
Comparison
Diff of Means p
q
1.000 vs. 2.000
65.115
2 4.232

P
0.011

P<0.05
Yes

Comparisons for factor: Time within A Exercise
Comparison
Diff of Means p
q
1.000 vs. 2.000
62.146
2 4.039

P
0.014

P<0.05
Yes

Comparisons for factor: Time within B Control
Comparison
Diff of Means p
q
1.000 vs. 2.000
80.701
2 5.245

P
0.003

P<0.05
Yes

Comparisons for factor: Time within B Recovery 1
Comparison
Diff of Means p
q
P
1.000 vs. 2.000
117.726
2 7.069 <0.001

P<0.05
Yes

Comparisons for factor: Time within C Control
Comparison
Diff of Means p
q
P
1.000 vs. 2.000
100.167
2 6.510 <0.001

P<0.05
Yes
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Comparisons for factor: Time within C Recovery 2
Comparison
Diff of Means p
q
1.000 vs. 2.000
84.271
2 5.477

P
0.002

P<0.05
Yes

A result of "Do Not Test" occurs for a comparison when no significant difference is found
between two means that enclose that comparison. For example, if you had four means
sorted in order, and found no difference between means 4 vs. 2, then you would not test 4
vs. 3 and 3 vs. 2, but still test 4 vs. 1 and 3 vs. 1 (4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4
3 2 1). Note that not testing the enclosed means is a procedural rule, and a result of Do Not
Test should be treated as if there is no significant difference between the means, even
though one may appear to exist.
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Two Way Repeated Measures ANOVA (Two Factor Repetition)Saturday, August 13,
2011, 11:47:02 AM
Data source: Recovery Repeatability - Middle
General Linear Model
Dependent Variable: MAP
The following subject was deleted from the calculations because of the pattern of missing
data:
I
Normality Test (Shapiro-Wilk)
Equal Variance Test:
Source of Variation
Subject
Time
Time x Subject
Day
Day x Subject
Time x Day
Residual
Total

DF
7
1
7
5
35
5
35
95

Failed (P < 0.050)

Failed (P < 0.050)
SS
4357.115
216.789
70.337
1098.017
1388.597
1129.128
295.202
8555.185

MS
F
P
622.445 15.076 <0.001
216.789 21.575 0.002
10.048
219.603 5.535 <0.001
39.674
225.826 26.775 <0.001
8.434
90.055

Main effects cannot be properly interpreted if significant interaction is determined. This is
because the size of a factor's effect depends upon the level of the other factor.
The effect of different levels of Time depends on what level of Day is present. There is a
statistically significant interaction between Time and Day. (P = <0.001)
Power of performed test with alpha = 0.0500: for Time : 0.977
Power of performed test with alpha = 0.0500: for Day : 0.951
Power of performed test with alpha = 0.0500: for Time x Day : 1.000
Expected Mean Squares:
Approximate DF Residual for Time = 7.000
Approximate DF Residual for Day = 35.000
Approximate DF Residual for Subject = 27.751
Expected MS(Time) = var(res) + 6.000 var(Time x Subject) + var(Time)
Expected MS(Day) = var(res) + 2.000 var(Day x Subject) + var(Day)
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Expected MS(Subject) = var(res) + 6.000 var(Time x Subject) +2.000 var(Day x Subject)
+12.000 var(Subject)
Expected MS(Time x Subject) = var(res) + 6.000 var(Time x Subject)
Expected MS(Time x Day) = var(res) + var(Time x Day)
Expected MS(Day x Subject) = var(res) + 2.000 var(Day x Subject)
Expected MS(Residual) = var(res)
Least square means for Time :
Group Mean
1.000 94.156
2.000 97.162
Std Err of LS Mean = 0.458
Least square means for Day :
Group
Mean
SEM
A Control
92.814 1.575
A Exercise
95.344 1.575
B Control
96.418 1.575
B Recovery 1 96.602 1.575
C Control
91.007 1.575
C Recovery 2101.769 1.575
Least square means for Time x Day :
Group
Mean
SEM
1.000 x A Control
92.374 1.027
1.000 x A Exercise
95.275 1.027
1.000 x B Control
97.094 1.027
1.000 x B Recovery 1 96.246 1.027
1.000 x C Control
91.304 1.027
1.000 x C Recovery 2 92.645 1.027
2.000 x A Control
93.254 1.027
2.000 x A Exercise
95.414 1.027
2.000 x B Control
95.742 1.027
2.000 x B Recovery 1 96.958 1.027
2.000 x C Control
90.710 1.027
2.000 x C Recovery 2110.893 1.027
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All Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method) :
Comparisons for factor: Time
Comparison Diff of Means p
2.000 vs. 1.000
3.005
2

q
P
P<0.050
6.569 0.003
Yes

Comparisons for factor: Day
Comparison
Diff of Means p
C Recovery 2 vs. C Control
10.761
6
C Recovery 2 vs. A Control
8.955
5
C Recovery 2 vs. A Exercise
6.424
4
C Recovery 2 vs. B Control
5.351
3
C Recovery 2 vs. B Recovery 1
5.167
2
B Recovery 1 vs. C Control
5.594
5
B Recovery 1 vs. A Control
3.788
4
B Recovery 1 vs. A Exercise
1.257
3
B Recovery 1 vs. B Control
0.184
2
B Control vs. C Control
5.411
4
B Control vs. A Control
3.604
3
B Control vs. A Exercise
1.074
2
A Exercise vs. C Control
4.337
3
A Exercise vs. A Control
2.531
2
A Control vs. C Control
1.807
2
Comparisons for factor: Day within 1
Comparison
Diff of Means p
B Control vs. C Control
5.789
6
B Control vs. A Control
4.720
5
B Control vs. C Recovery 2
4.449
4
B Control vs. A Exercise
1.819
3
B Control vs. B Recovery 1
0.848
2
B Recovery 1 vs. C Control
4.941
5
B Recovery 1 vs. A Control
3.872
4
B Recovery 1 vs. C Recovery 2
3.601
3
B Recovery 1 vs. A Exercise
0.971
2
A Exercise vs. C Control
3.971
4
A Exercise vs. A Control
2.901
3
A Exercise vs. C Recovery 2
2.630
2
C Recovery 2 vs. C Control
1.340
3
C Recovery 2 vs. A Control
0.271
2
A Control vs. C Control
1.069
2
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q
P
P<0.050
6.834 <0.001
Yes
5.687 0.003
Yes
4.080 0.032
Yes
3.398 0.055
No
3.281 0.026 Do Not Test
3.553 0.111
No
2.405 0.339 Do Not Test
0.798 0.840 Do Not Test
0.117 0.935 Do Not Test
3.436 0.090 Do Not Test
2.289 0.252 Do Not Test
0.682 0.633 Do Not Test
2.754 0.141 Do Not Test
1.607 0.264 Do Not Test
1.147 0.423 Do Not Test

q
3.339
2.722
2.566
1.049
0.489
2.850
2.233
2.077
0.560
2.290
1.673
1.517
0.773
0.156
0.617

P
P<0.05
0.190
No
0.318 Do Not Test
0.279 Do Not Test
0.740 Do Not Test
0.731 Do Not Test
0.274 Do Not Test
0.400 Do Not Test
0.315 Do Not Test
0.694 Do Not Test
0.378 Do Not Test
0.469 Do Not Test
0.289 Do Not Test
0.849 Do Not Test
0.913 Do Not Test
0.665 Do Not Test

Comparisons for factor: Day within 2
Comparison
Diff of Means p
q
P
P<0.05
C Recovery 2 vs. C Control
20.183
6 11.639 <0.001
Yes
C Recovery 2 vs. A Control
17.639
5 10.172 <0.001
Yes
C Recovery 2 vs. A Exercise
15.479
4
8.927 <0.001
Yes
C Recovery 2 vs. B Control
15.151
3
8.737 <0.001
Yes
C Recovery 2 vs. B Recovery 1
13.935
2
8.036 <0.001
Yes
B Recovery 1 vs. C Control
6.248
5
3.603 0.097
No
B Recovery 1 vs. A Control
3.704
4
2.136 0.439 Do Not Test
B Recovery 1 vs. A Exercise
1.544
3
0.890 0.805 Do Not Test
B Recovery 1 vs. B Control
1.216
2
0.701 0.622 Do Not Test
B Control vs. C Control
5.032
4
2.902 0.183 Do Not Test
B Control vs. A Control
2.488
3
1.435 0.571 Do Not Test
B Control vs. A Exercise
0.328
2
0.189 0.894 Do Not Test
A Exercise vs. C Control
4.704
3
2.713 0.144 Do Not Test
A Exercise vs. A Control
2.160
2
1.246 0.383 Do Not Test
A Control vs. C Control
2.544
2
1.467 0.305 Do Not Test
Comparisons for factor: Time within A Control
Comparison
Diff of Means p
2.000 vs. 1.000
0.880
2

q
0.844

P
0.554

P<0.05
No

Comparisons for factor: Time within A Exercise
Comparison
Diff of Means p
q
2.000 vs. 1.000
0.139
2
0.133

P
0.926

P<0.05
No

Comparisons for factor: Time within B Control
Comparison
Diff of Means p
1.000 vs. 2.000
1.352
2

q
1.296

P
0.365

P<0.05
No

Comparisons for factor: Time within B Recovery 1
Comparison
Diff of Means p
q
2.000 vs. 1.000
0.712
2
0.682

P
0.632

P<0.05
No

Comparisons for factor: Time within C Control
Comparison
Diff of Means p
1.000 vs. 2.000
0.594
2

P
0.689

P<0.05
No
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q
0.570

Comparisons for factor: Time within C Recovery 2
Comparison
Diff of Means p
q
P
P<0.05
2.000 vs. 1.000
18.248
2 17.495 <0.001
Yes
A result of "Do Not Test" occurs for a comparison when no significant difference is found
between two means that enclose that comparison. For example, if you had four means
sorted in order, and found no difference between means 4 vs. 2, then you would not test 4
vs. 3 and 3 vs. 2, but still test 4 vs. 1 and 3 vs. 1 (4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4
3 2 1). Note that not testing the enclosed means is a procedural rule, and a result of Do Not
Test should be treated as if there is no significant difference between the means, even
though one may appear to exist.
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Two Way Repeated Measures ANOVA (Two Factor Repetition)Saturday, August 13,
2011, 11:49:18 AM
Data source: Recovery Repeatability - Middle
General Linear Model
Dependent Variable: FVC
The following subject was deleted from the calculations because of the pattern of missing
data:
I
Normality Test (Shapiro-Wilk)
Equal Variance Test:
Source of Variation
Subject
Time
Time x Subject
Day
Day x Subject
Time x Day
Residual
Total

Failed (P < 0.050)

Passed (P = 0.741)

DF
SS
7 84299.350
1
4534.856
7
3660.737
5 11224.857
35 65695.732
5
517.070
35
6774.518
95 176707.119

MS
12042.764
4534.856
522.962
2244.971
1877.021
103.414
193.558
1860.075

F
P
5.458 <0.001
8.671 0.022
1.196

0.331

0.534

0.749

The difference in the mean values among the different levels of Time is greater than would
be expected by chance after allowing for effects of differences in Day. There is a
statistically significant difference (P = 0.022). To isolate which group(s) differ from the
others use a multiple comparison procedure.
The difference in the mean values among the different levels of Day is not great enough to
exclude the possibility that the difference is just due to random sampling variability after
allowing for the effects of differences in Time. There is not a statistically significant
difference (P = 0.331).
The effect of different levels of Time does not depend on what level of Day is present.
There is not a statistically significant interaction between Time and Day. (P = 0.749)
Power of performed test with alpha = 0.0500: for Time : 0.666
Power of performed test with alpha = 0.0500: for Day : 0.0894
Power of performed test with alpha = 0.0500: for Time x Day : 0.0500
Expected Mean Squares:
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Approximate DF Residual for Time = 7.000
Approximate DF Residual for Day = 35.000
Approximate DF Residual for Subject = 34.575
Expected MS(Time) = var(res) + 6.000 var(Time x Subject) + var(Time)
Expected MS(Day) = var(res) + 2.000 var(Day x Subject) + var(Day)
Expected MS(Subject) = var(res) + 6.000 var(Time x Subject) +2.000 var(Day x Subject)
+12.000 var(Subject)
Expected MS(Time x Subject) = var(res) + 6.000 var(Time x Subject)
Expected MS(Time x Day) = var(res) + var(Time x Day)
Expected MS(Day x Subject) = var(res) + 2.000 var(Day x Subject)
Expected MS(Residual) = var(res)
Least square means for Time :
Group Mean
1.000 76.105
2.000 62.359
Std Err of LS Mean = 3.301
Least square means for Day :
Group
Mean
SEM
A Control
77.247 10.831
A Exercise 54.852 10.831
B Control
86.736 10.831
B Recovery 166.555 10.831
C Control
71.370 10.831
C Recovery 258.629 10.831
Least square means for Time x Day :
Group
Mean SEM
1.000 x A Control
82.997 4.919
1.000 x A Exercise 57.605 4.919
1.000 x B Control
92.906 4.919
1.000 x B Recovery 174.653 4.919
1.000 x C Control
79.920 4.919
1.000 x C Recovery 268.548 4.919
2.000 x A Control
71.497 4.919
2.000 x A Exercise 52.100 4.919
2.000 x B Control
80.566 4.919
2.000 x B Recovery 158.458 4.919
2.000 x C Control
62.821 4.919
2.000 x C Recovery 248.711 4.919
All Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method) :
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Comparisons for factor: Time
Comparison Diff of Means p
1.000 vs. 2.000
13.746
2

q
P
P<0.050
4.164 0.022
Yes

Comparisons for factor: Day
Comparison
Diff of Means p
B Control vs. A Exercise
31.884
6
B Control vs. C Recovery 2
28.106
5
B Control vs. B Recovery 1
20.181
4
B Control vs. C Control
15.365
3
B Control vs. A Control
9.489
2
A Control vs. A Exercise
22.395
5
A Control vs. C Recovery 2
18.617
4
A Control vs. B Recovery 1
10.691
3
A Control vs. C Control
5.876
2
C Control vs. A Exercise
16.518
4
C Control vs. C Recovery 2
12.741
3
C Control vs. B Recovery 1
4.815
2
B Recovery 1 vs. A Exercise
11.703
3
B Recovery 1 vs. C Recovery 2
7.926
2
C Recovery 2 vs. A Exercise
3.777
2

q
2.944
2.595
1.863
1.419
0.876
2.068
1.719
0.987
0.543
1.525
1.176
0.445
1.081
0.732
0.349

P
P<0.050
0.320
No
0.371 Do Not Test
0.558 Do Not Test
0.580 Do Not Test
0.540 Do Not Test
0.593 Do Not Test
0.621 Do Not Test
0.766 Do Not Test
0.704 Do Not Test
0.705 Do Not Test
0.686 Do Not Test
0.755 Do Not Test
0.727 Do Not Test
0.608 Do Not Test
0.807 Do Not Test

Comparisons for factor: Day within 1
Comparison
Diff of Means p
B Control vs. A Exercise
35.301
6
B Control vs. C Recovery 2
24.358
5
B Control vs. B Recovery 1
18.253
4
B Control vs. C Control
12.986
3
B Control vs. A Control
9.909
2
A Control vs. A Exercise
25.392
5
A Control vs. C Recovery 2
14.449
4
A Control vs. B Recovery 1
8.344
3
A Control vs. C Control
3.077
2
C Control vs. A Exercise
22.315
4
C Control vs. C Recovery 2
11.372
3
C Control vs. B Recovery 1
5.267
2
B Recovery 1 vs. A Exercise
17.048
3
B Recovery 1 vs. C Recovery 2
6.105
2
C Recovery 2 vs. A Exercise
10.943
2

q
3.103
2.141
1.605
1.142
0.871
2.232
1.270
0.733
0.270
1.962
1.000
0.463
1.499
0.537
0.962

P
P<0.05
0.262
No
0.559 Do Not Test
0.671 Do Not Test
0.701 Do Not Test
0.541 Do Not Test
0.519 Do Not Test
0.806 Do Not Test
0.863 Do Not Test
0.849 Do Not Test
0.514 Do Not Test
0.761 Do Not Test
0.745 Do Not Test
0.544 Do Not Test
0.706 Do Not Test
0.500 Do Not Test

Comparisons for factor: Day within 2
Comparison
Diff of Means p
B Control vs. C Recovery 2
31.855
6
B Control vs. A Exercise
28.466
5

q
P
P<0.05
2.800 0.371
No
2.502 0.405 Do Not Test
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B Control vs. B Recovery 1
B Control vs. C Control
B Control vs. A Control
A Control vs. C Recovery 2
A Control vs. A Exercise
A Control vs. B Recovery 1
A Control vs. C Control
C Control vs. C Recovery 2
C Control vs. A Exercise
C Control vs. B Recovery 1
B Recovery 1 vs. C Recovery 2
B Recovery 1 vs. A Exercise
A Exercise vs. C Recovery 2

22.108
17.745
9.069
22.786
19.397
13.039
8.676
14.110
10.721
4.363
9.747
6.358
3.389

4
3
2
5
4
3
2
4
3
2
3
2
2

1.943
1.560
0.797
2.003
1.705
1.146
0.763
1.240
0.942
0.384
0.857
0.559
0.298

0.522 Do Not Test
0.518 Do Not Test
0.576 Do Not Test
0.621 Do Not Test
0.627 Do Not Test
0.699 Do Not Test
0.593 Do Not Test
0.817 Do Not Test
0.784 Do Not Test
0.788 Do Not Test
0.818 Do Not Test
0.695 Do Not Test
0.834 Do Not Test

Comparisons for factor: Time within A Control
Comparison
Diff of Means p
q
P
1.000 vs. 2.000
11.500
2 2.064 0.154

P<0.05
No

Comparisons for factor: Time within A Exercise
Comparison
Diff of Means p
q
P
1.000 vs. 2.000
5.505
2 0.988 0.490

P<0.05
No

Comparisons for factor: Time within B Control
Comparison
Diff of Means p
q
P
1.000 vs. 2.000
12.340
2 2.214 0.127

P<0.05
No

Comparisons for factor: Time within B Recovery 1
Comparison
Diff of Means p
q
P
1.000 vs. 2.000
16.195
2 2.906 0.048

P<0.05
Yes

Comparisons for factor: Time within C Control
Comparison
Diff of Means p
q
P
1.000 vs. 2.000
17.099
2 3.068 0.037

P<0.05
Yes

Comparisons for factor: Time within C Recovery 2
Comparison
Diff of Means p
q
P
1.000 vs. 2.000
19.837
2 3.560 0.017

P<0.05
Yes
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A result of "Do Not Test" occurs for a comparison when no significant difference is found
between two means that enclose that comparison. For example, if you had four means
sorted in order, and found no difference between means 4 vs. 2, then you would not test 4
vs. 3 and 3 vs. 2, but still test 4 vs. 1 and 3 vs. 1 (4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4
3 2 1). Note that not testing the enclosed means is a procedural rule, and a result of Do Not
Test should be treated as if there is no significant difference between the means, even
though one may appear to exist.
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One Way Repeated Measures Analysis of VarianceSaturday, August 13, 2011, 12:14:55
PM
Data source: Recovery Repeatability - End
Dependent Variable: MAP
Normality Test (Shapiro-Wilk)
Equal Variance Test:
Treatment Name
1.000
9
2.000
9
3.000
9
4.000
9
5.000
9
6.000
9
Source of Variation
Between Subjects
Between Treatments
Residual
Total

Passed (P = 0.199)

Passed (P = 0.566)
N
0
0
0
0
1
0

DF
8
5
39
52

Missing Mean Std Dev
91.446
7.773 2.591
95.772 12.031 4.010
95.216 10.297 3.432
95.472
5.870 1.957
89.752
3.999 1.414
94.205
8.727 2.909

SEM

SS
MS
F
P
2358.824 294.853
321.423 64.285 2.223 0.071
1127.647 28.914
3746.764 72.053

The differences in the mean values among the treatment groups are not great enough to
exclude the possibility that the difference is due to random sampling variability; there is
not a statistically significant difference (P = 0.071).
Power of performed test with alpha = 0.050: 0.380
The power of the performed test (0.380) is below the desired power of 0.800.
Less than desired power indicates you are less likely to detect a difference when one
actually exists. Negative results should be interpreted cautiously.
Expected Mean Squares:
Approximate DF Residual = 39.000
Expected MS(Subj) = var(res) + 5.875 var(Subj)
Expected MS(Treatment) = var(res) + var(Treatment)
Expected MS(Residual) = var(res)
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One Way Repeated Measures Analysis of VarianceSaturday, August 13, 2011, 12:15:45
PM
Data source: Recovery Repeatability - End
Dependent Variable: FVC
Normality Test (Shapiro-Wilk)
Equal Variance Test:
Treatment Name
1.000
9
2.000
9
3.000
9
4.000
9
5.000
9
6.000
9
Source of Variation
Between Subjects
Between Treatments
Residual
Total

Failed (P < 0.050)

Passed (P = 0.289)
N
0
0
0
0
1
0

Missing Mean Std Dev
57.188 39.406 13.135
44.490 20.982 6.994
53.020 29.017 9.672
69.985 43.958 14.653
45.456 14.730 5.208
43.896 15.132 5.044

SEM

DF
SS
MS
F
P
8 18327.558 2290.945
5
4361.887 872.377 1.469 0.222
39 23162.206 593.903
52 46082.232 886.197

The differences in the mean values among the treatment groups are not great enough to
exclude the possibility that the difference is due to random sampling variability; there is
not a statistically significant difference (P = 0.222).
Power of performed test with alpha = 0.050: 0.157
The power of the performed test (0.157) is below the desired power of 0.800.
Less than desired power indicates you are less likely to detect a difference when one
actually exists. Negative results should be interpreted cautiously.
Expected Mean Squares:
Approximate DF Residual = 39.000
Expected MS(Subj) = var(res) + 5.875 var(Subj)
Expected MS(Treatment) = var(res) + var(Treatment)
Expected MS(Residual) = var(res)
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Two Way Repeated Measures ANOVA (Two Factor Repetition)Wednesday, August 31,
2011, 4:47:33 PM
Data source: Rest A and B CPT Repeatability

Groups Legend

Balanced Design

1.0
2.0
3.0
4.0
5.0

Dependent Variable: MAP (mmHg)
Normality Test (Shapiro-Wilk)
Equal Variance Test:

Passed (P = 0.149)

0 seconds
30 seconds
60 seconds
90 seconds
120 seconds

Passed (P = 0.965)

Source of Variation
DF
SS
MS
F
P
Subject
8
4937.781 617.223
30 second Averages
4
5844.116 1461.029 59.891 <0.001
30 second Averages x Subject 32
780.639
24.395
Day
1
36.056
36.056 0.140 0.718
Day x Subject
8
2054.766 256.846
30 second Averages x Day
4
54.285
13.571 1.699 0.174
Residual
32
255.537
7.986
Total
89 13963.180 156.890
The difference in the mean values among the different levels of 30 second Averages is
greater than would be expected by chance after allowing for effects of differences in Day.
There is a statistically significant difference (P = <0.001). To isolate which group(s) differ
from the others use a multiple comparison procedure.
The difference in the mean values among the different levels of Day is not great enough to
exclude the possibility that the difference is just due to random sampling variability after
allowing for the effects of differences in 30 second Averages. There is not a statistically
significant difference (P = 0.718).
The effect of different levels of 30 second Averages does not depend on what level of Day is
present. There is not a statistically significant interaction between 30 second Averages and
Day. (P = 0.174)
Power of performed test with alpha = 0.0500: for 30 second Averages : 1.000
Power of performed test with alpha = 0.0500: for Day : 0.0500
Power of performed test with alpha = 0.0500: for 30 second Averages x Day : 0.198
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Least square means for 30 second Averages :
Group Mean
1.000 87.475
2.000 92.637
3.000 105.089
4.000 107.728
5.000 105.344
Std Err of LS Mean = 1.164
Least square means for Day :
Group Mean
A
100.288
B
99.022
Std Err of LS Mean = 2.389
Least square means for 30 second Averages x Day :
Group
Mean
1.000 x A 88.940
1.000 x B 86.009
2.000 x A 94.041
2.000 x B 91.234
3.000 x A 105.937
3.000 x B 104.242
4.000 x A 107.328
4.000 x B 108.129
5.000 x A 105.193
5.000 x B 105.495
Std Err of LS Mean = 0.942
All Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method) :
Comparisons for factor: 30 second Averages
Comparison Diff of Means p
q
P
P<0.050
4.000 vs. 1.000
20.254
5 17.397 <0.001
Yes
4.000 vs. 2.000
15.091
4 12.963 <0.001
Yes
4.000 vs. 3.000
2.639
3
2.267 0.259
No
4.000 vs. 5.000
2.385
2
2.049 0.157 Do Not Test
5.000 vs. 1.000
17.869
4 15.349 <0.001
Yes
5.000 vs. 2.000
12.706
3 10.914 <0.001
Yes
5.000 vs. 3.000
0.254
2
0.218 0.878 Do Not Test
3.000 vs. 1.000
17.614
3 15.130 <0.001
Yes
3.000 vs. 2.000
12.452
2 10.696 <0.001
Yes
2.000 vs. 1.000
5.162
2
4.434 0.004
Yes
Comparisons for factor: Day
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ComparisonDiff of Means p
A vs. B
1.266
2

q
P
P<0.050
0.530 0.718
No

Comparisons for factor: Day within 1
Comparison Diff of Means p
q
A vs. B
2.931
2
1.157

P
0.432

P<0.05
No

Comparisons for factor: Day within 2
Comparison Diff of Means p
q
A vs. B
2.807
2
1.108

P
0.452

P<0.05
No

Comparisons for factor: Day within 3
Comparison Diff of Means p
q
A vs. B
1.695
2
0.669

P
0.646

P<0.05
No

Comparisons for factor: Day within 4
Comparison Diff of Means p
q
B vs. A
0.802
2
0.316

P
0.828

P<0.05
No

Comparisons for factor: Day within 5
Comparison Diff of Means p
q
B vs. A
0.302
2
0.119

P
0.935

P<0.05
No

Comparisons for factor: 30 second Averages within A
Comparison Diff of Means p
q
P
P<0.05
4.000 vs. 1.000
18.387
5 13.709 <0.001
Yes
4.000 vs. 2.000
13.287
4
9.907 <0.001
Yes
4.000 vs. 5.000
2.135
3
1.592 0.503
No
4.000 vs. 3.000
1.391
2
1.037 0.467 Do Not Test
3.000 vs. 1.000
16.996
4 12.672 <0.001
Yes
3.000 vs. 2.000
11.896
3
8.870 <0.001
Yes
3.000 vs. 5.000
0.744
2
0.555 0.697 Do Not Test
5.000 vs. 1.000
16.252
3 12.117 <0.001
Yes
5.000 vs. 2.000
11.152
2
8.315 <0.001
Yes
2.000 vs. 1.000
5.100
2
3.803 0.010
Yes
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Comparisons for factor: 30 second Averages within B
Comparison Diff of Means p
q
P
P<0.05
4.000 vs. 1.000
22.120
5 16.492 <0.001
Yes
4.000 vs. 2.000
16.895
4 12.597 <0.001
Yes
4.000 vs. 3.000
3.888
3
2.899 0.111
No
4.000 vs. 5.000
2.635
2
1.964 0.171 Do Not Test
5.000 vs. 1.000
19.485
4 14.528 <0.001
Yes
5.000 vs. 2.000
14.260
3 10.632 <0.001
Yes
5.000 vs. 3.000
1.253
2
0.934 0.512 Do Not Test
3.000 vs. 1.000
18.232
3 13.594 <0.001
Yes
3.000 vs. 2.000
13.007
2
9.698 <0.001
Yes
2.000 vs. 1.000
5.225
2
3.895 0.008
Yes
A result of "Do Not Test" occurs for a comparison when no significant difference is found
between two means that enclose that comparison. For example, if you had four means
sorted in order, and found no difference between means 4 vs. 2, then you would not test 4
vs. 3 and 3 vs. 2, but still test 4 vs. 1 and 3 vs. 1 (4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4
3 2 1). Note that not testing the enclosed means is a procedural rule, and a result of Do Not
Test should be treated as if there is no significant difference between the means, even
though one may appear to exist.
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One Way Repeated Measures Analysis of VarianceThursday, August 11, 2011, 4:01:18
PM
Data source: Control Curve Fit Repeatability - Day B
Dependent Variable: FVC
Normality Test (Shapiro-Wilk)
Equal Variance Test:
Treatment Name
CPT Data In
9
CPT Data Out
9
Source of Variation
Between Subjects
Between Treatments
Residual
Total

Passed (P = 0.742)

Passed (P = 1.000)
N
0
0

DF
8
1
8
17

Missing Mean Std Dev
16.763 13.881 4.627
16.907 13.489 4.496

SEM

SS
MS
F
P
2990.278 373.785
0.0932
0.0932 0.108 0.751
6.907
0.863
2997.279

The differences in the mean values among the treatment groups are not great enough to
exclude the possibility that the difference is due to random sampling variability; there is
not a statistically significant difference (P = 0.751).
Power of performed test with alpha = 0.050: 0.049
The power of the performed test (0.049) is below the desired power of 0.800.
Less than desired power indicates you are less likely to detect a difference when one
actually exists. Negative results should be interpreted cautiously.
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One Way Repeated Measures Analysis of VarianceThursday, August 11, 2011, 4:03:00
PM
Data source: Control Curve Fit Repeatability - Day C
Dependent Variable: FVC
Normality Test (Shapiro-Wilk)
Equal Variance Test:
Treatment Name
CPT Data In
9
CPT Data Out
9
Source of Variation
Between Subjects
Between Treatments
Residual
Total

Passed (P = 0.118)

Passed (P = 1.000)
N
0
0

DF
8
1
8
17

Missing Mean Std Dev SEM
9.225 4.674 1.558
8.879 5.054 1.685
SS
MS
F
P
364.758 45.595
0.538 0.538 0.301 0.598
14.306 1.788
379.602

The differences in the mean values among the treatment groups are not great enough to
exclude the possibility that the difference is due to random sampling variability; there is
not a statistically significant difference (P = 0.598).
Power of performed test with alpha = 0.050: 0.049
The power of the performed test (0.049) is below the desired power of 0.800.
Less than desired power indicates you are less likely to detect a difference when one
actually exists. Negative results should be interpreted cautiously.
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One Way Repeated Measures Analysis of VarianceThursday, August 11, 2011, 1:09:25
PM
Data source: Percentage Change in FVC to CPT
Dependent Variable: % FVC Change
Normality Test (Shapiro-Wilk)
Equal Variance Test:
Treatment Name
Rest
9
Exercise
9
Recovery 1
9
Recovery 2
9
Source of Variation
Between Subjects
Between Treatments
Residual
Total

Passed (P = 0.273)

Passed (P = 0.474)
N
0
0
0
0

Missing
-34.813
4.505
-11.574
-20.053

Mean Std Dev
22.247 7.416
19.780 6.593
26.446 8.815
21.357 7.119

SEM

DF
SS
MS
F
P
8
7315.324 914.415
3
7283.989 2427.996 6.462 0.002
24
9017.903 375.746
35 23617.216

The differences in the mean values among the treatment groups are greater than would be
expected by chance; there is a statistically significant difference (P = 0.002). To isolate the
group or groups that differ from the others use a multiple comparison procedure.
Power of performed test with alpha = 0.050: 0.902
All Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method) :
Comparisons for factor: Trial
Comparison Diff of Means p
q
Exercise vs. Rest 39.318
4 6.085
Exercise vs. Recovery 2
24.558
Exercise vs. Recovery 1
16.078
Recovery 1 vs. Rest 23.240
3 3.597
Recovery 1 vs. Recovery 2
8.479
Recovery 2 vs. Rest 14.760
2 2.284

P
P<0.050
0.001
Yes
3
3.801 0.033 Yes
2
2.488 0.091 No
0.045
Yes
2
1.312 0.363 No
0.119
No
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Two Way Repeated Measures ANOVA (Two Factor Repetition)Tuesday, September 13,
2011, 10:09:00 AM
Data source: Deep Venous Plasma Norepinephrine
Balanced Design
Dependent Variable: Mean Plasma Norepinephrine
Normality Test (Shapiro-Wilk)

Failed (P < 0.050)

Equal Variance Test:

Passed (P = 0.930)

Source of Variation
Subject
Trial
Trial x Subject
Time
Time x Subject
Trial x Time
Residual
Total

SS
3.331
0.0450
1.009
0.425
0.180
0.0118
0.256
5.258

DF
8
3
24
1
8
3
24
71

MS
F
P
0.416
0.0150
0.357 0.785
0.0420
0.425
18.937 0.002
0.0225
0.00393 0.368 0.777
0.0107
0.0741

The difference in the mean values among the different levels of Trial is not great enough to
exclude the possibility that the difference is just due to random sampling variability after
allowing for the effects of differences in Time. There is not a statistically significant
difference (P = 0.785).
The difference in the mean values among the different levels of Time is greater than would
be expected by chance after allowing for effects of differences in Trial. There is a
statistically significant difference (P = 0.002). To isolate which group(s) differ from the
others use a multiple comparison procedure.
The effect of different levels of Trial does not depend on what level of Time is present.
There is not a statistically significant interaction between Trial and Time. (P = 0.777)
Power of performed test with alpha = 0.0500: for Trial : 0.0500
Power of performed test with alpha = 0.0500: for Time : 0.966
Power of performed test with alpha = 0.0500: for Trial x Time : 0.0500

166

Least square means for Trial :
Group
Mean
Exercise
0.636
Rest
0.577
Recovery 1
0.616
Recovery 2
0.579
Std Err of LS Mean = 0.0483
Least square means for Time :
Group
Mean
Pre-CPT
0.525
Post-CPT
0.679
Std Err of LS Mean = 0.0250
Least square means for Trial x Time :
Group
Mean
Exercise x Pre 0.543
Exercise x Post 0.729
Rest x Pre
0.491
Rest x Post
0.663
Recovery 1 x Pre0.549
Recovery 1 x Post 0.682
Recovery 2 x Pre0.517
Recovery 2 x Post 0.642
Std Err of LS Mean = 0.0344
All Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method) :
Comparisons for factor: Trial
Comparison
Diff of Means p
q
Exercise vs. Rest
0.0592
4 1.226
Exercise vs. Recovery 2
0.0571
Exercise vs. Recovery 1
0.0207
Recovery 1 vs. Rest 0.0385
3 0.797
Recovery 1 vs. Recovery 2
0.0363
Recovery 2 vs. Rest 0.00217
2 0.0448

P
P<0.050
0.822
No
3
1.181 0.686 Do Not Test
2
0.429 0.764 Do Not Test
0.841 Do Not Test
2
0.752 0.600 Do Not Test
0.975 Do Not Test
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Comparisons for factor: Time
ComparisonDiff of Means p
Post vs. Pre
0.154
2

q
P
P<0.050
6.154 0.003
Yes

Comparisons for factor: Time within Exercise
Comparison
Diff of Means p
q
P
Post vs. Pre
0.186
2 4.778 0.002
Comparisons for factor: Time within Rest
Comparison
Diff of Means p
q
P
Post vs. Pre
0.171
2 4.407 0.004

P<0.05
Yes
P<0.05
Yes

Comparisons for factor: Time within Recovery 1
Comparison
Diff of Means p
q
P
Post vs. Pre
0.132
2 3.398 0.023

P<0.05
Yes

Comparisons for factor: Time within Recovery 2
Comparison
Diff of Means p
q
P
Post vs. Pre
0.125
2 3.221 0.031

P<0.05
Yes

Comparisons for factor: Trial within Pre
Comparison
Diff of Means p
q
Recovery 1 vs. Rest
0.0581
4 1.074
Recovery 1 vs. Recovery 2
0.0329
Recovery 1 vs. Exercise0.00611 2 0.113
Exercise vs. Rest
0.0520
3 0.961
Exercise vs. Recovery 20.0268
2 0.495
Recovery 2 vs. Rest
0.0252
2 0.466

P
P<0.05
0.872
No
3
0.608
0.937 Do Not Test
0.777 Do Not Test
0.729 Do Not Test
0.744 Do Not Test

Comparisons for factor: Trial within Post
Comparison
Diff of Means p
q
Exercise vs. Recovery 20.0873
4 1.614
Exercise vs. Rest
0.0664
3 1.228
Exercise vs. Recovery 10.0476
2 0.879
Recovery 1 vs. Recovery 2
0.0398
Recovery 1 vs. Rest
0.0189
2 0.349
Rest vs. Recovery 2
0.0209
2 0.386

P
P<0.05
0.667
No
0.664 Do Not Test
0.538 Do Not Test
3
0.735
0.807 Do Not Test
0.787 Do Not Test

0.904 Do Not Test

0.862 Do Not Test

A result of "Do Not Test" occurs for a comparison when no significant difference is found
between two means that enclose that comparison. For example, if you had four means
sorted in order, and found no difference between means 4 vs. 2, then you would not test 4
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vs. 3 and 3 vs. 2, but still test 4 vs. 1 and 3 vs. 1 (4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4
3 2 1). Note that not testing the enclosed means is a procedural rule, and a result of Do Not
Test should be treated as if there is no significant difference between the means, even
though one may appear to exist.
One Way Repeated Measures Analysis of Variance Tuesday, September 13, 2011,
2:05:16 PM
Data source: Arterialized Plasma Norepinephrine
Dependent Variable: Mean Arterialized Norepinephrine
Normality Test (Shapiro-Wilk)
Equal Variance Test:
Treatment Name
Pre
4
Post
4
Source of Variation
Between Subjects
Between Treatments
Residual
Total

Passed (P = 0.231)

Passed (P = 1.000)
N
0
0

DF
3
1
3
7

Missing Mean Std Dev
0.334 0.121 0.0606
0.401 0.216 0.108

SEM

SS
MS
F
P
0.165
0.0550
0.00891 0.00891 1.418 0.319
0.0189 0.00628
0.193

The differences in the mean values among the treatment groups are not great enough to
exclude the possibility that the difference is due to random sampling variability; there is
not a statistically significant difference (P = 0.319).
Power of performed test with alpha = 0.050: 0.077
The power of the performed test (0.077) is below the desired power of 0.800.
Less than desired power indicates you are less likely to detect a difference when one
actually exists. Negative results should be interpreted cautiously.
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