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Abstract 

Restrictive pulmonary diseases (RPD) encompass diseases whereby the lungs are 

prevented from being able to fully expand. One way that these diseases can manifest is through 

increased chest wall stiffness. A common symptom that presents in individuals with RPD is 

reduced exercise capacity. This is commonly thought to be due to reduced ventilation and 

increased sensations of breathlessness. Chest wall restriction (CWR) is a strategy that mimics 

RPD by constricting the chest wall. A subsequent result of CWR is that it decreases the amount 

of blood that is pumped by the heart (cardiac output, CO). When CO is limited, it is possible that 

the amount of blood being delivered to the exercising muscles may also be reduced, which would 

have an adverse effect on exercise tolerance. Whether exercising muscle blood flow is affected 

by a limitation to CO in submaximal exercise is unclear, and therefore the effects of CWR on 

muscle oxygenation are unknown. As CWR mimics RPD, the CO response to exercise may also 

be blunted in these individuals. This could lower blood flow to the exercising muscle and be an 

additional mechanism by which exercise capacity is lowered in RPD. Therefore, we tested 

whether exercising muscle oxygenation is lowered by a CWR-mediated blunting of CO. Twelve 

individuals completed exercise cycling tests under normal and CWR conditions. When CWR 

was applied, exercising CO was lower than what was seen under normal conditions. When CWR 

was removed during exercise, CO was restored to control levels. In addition, the removal of 

CWR resulted in an improvement to exercising muscle oxygenation, while no change was seen 

under control conditions. We interpreted these findings to be consistent with lowered muscle 

oxygenation with CWR due to a reduced CO, indicating that blood flow to the muscle was 

reduced. Furthermore, there is potential for this mechanism to exist in individuals with RPD, 

contributing to their experienced exercise intolerance. However, this remains to be tested.     
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Chapter 1 

Introduction 

Restrictive pulmonary diseases (RPD) are a subset of diseases that restrict lung expansion 

and may be caused by reduced chest wall compliance (34). Exercise intolerance often presents in 

individuals with RPD and can be due to reduced alveolar ventilation and/or increased dyspnea 

(78). Chest wall restriction (CWR) reproduces increased chest stiffness by limiting chest wall 

expansion, mimicking RPD (56). This is evidenced by the provoked exercise intolerance and 

increased dyspnea that CWR elicits during exercise (56). In addition, CWR decreases cardiac 

output (CO) at submaximal work intensities by compromising stroke volume (SV) (51). 

Sustained exercise requires that muscle oxygenation be maintained at a level that meets 

the metabolic demand of the exercising muscle. Matching oxygen delivery to metabolic demand 

is in part determined by the heart’s ability to adequately deliver blood to the working muscle. CO 

is known to be reduced during submaximal exercise under conditions of CWR (51). However, it 

is not clear whether a blunted cardiac response may affect arteriole dilation and blood flow to the 

exercising muscle. Additionally, it is not known if this may play a role in the exercise intolerance 

that presents in RPD. 

During submaximal exercise, mean arterial pressure (MAP) regulation relies on the 

balance between CO and total peripheral blood flow (PBF) to the exercising and non-exercising 

tissues. The arterial baroreflex is the primary mechanism for arterial blood pressure regulation 

during submaximal exercise. Carotid baroreflex-mediated changes of vascular conductance are 

present in both exercising and non-exercising tissue during submaximal exercise (10, 40). When 

CO is blunted, as with CWR, greater sympathetic vasoconstriction of the exercising muscle 
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vasculature may be expected to ensure that MAP is not compromised. Increased vasoconstriction 

would limit blood flow to the working tissue, potentially lowering exercising muscle 

oxygenation. We speculate that limiting CO during submaximal exercise using CWR will 

compromise exercising muscle oxygenation. This compromise could then be an additional 

contributor to the exercise intolerance that is exhibited by individuals with RPD. 

Therefore, the purpose of this study was to determine whether CWR results in 

compromised exercising muscle oxygenation. CWR was applied during submaximal cycling 

exercise to reduce CO. CWR was then released while exercise was continued to raise CO and 

disrupt the CO vs. PBF balance to observe effects on exercising muscle oxygenation. We 

hypothesize that limiting CO during submaximal exercise by utilizing CWR will result in a 

decrease to the oxygenation of the exercising tissue. This may imply that a blunted CO could be 

a factor that contributes to the exercise intolerance that is characterized with CWR. 
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Chapter 2 

Literature Review 

The present review will outline the determinants of arterial blood pressure and the 

mechanisms that control blood pressure during submaximal exercise. We will explain the 

processes that allow blood flow and oxygen delivery to increase, matching exercising metabolic 

demand. Finally, we will discuss current understandings of exercise intolerance in individuals 

with restrictive pulmonary disease and will propose an additional hypothesis as to how this 

exercise intolerance may manifest. 

2.1 - How is mean arterial pressure regulated during exercise? 

Arterial blood pressure is a key regulated variable that acts as the driving pressure for 

blood flow throughout the body, allowing for oxygen delivery and metabolic waste removal (80).  

Though pulsatile, the driving pressure is usually quantified as the mean arterial blood pressure 

(MAP) and is generated by the volume of blood exerting force against the walls of the large 

arteries. The volume of blood within these arteries, and therefore MAP, is determined by the 

balance between the volume of blood entering the arteries and the volume of blood leaving the 

arteries (62). Respectively, these are cardiac output (CO) and total peripheral blood flow (PBF). 

CO and total PBF must be controlled to ensure that their balance results in MAP regulation 

around the target set point (62). Increasing PBF to meet tissue metabolic demand will decrease 

MAP, and if not balanced by increased CO, threatens blood pressure. Thus, blood pressure 

regulation requirements and tissue perfusion requirements may compete with each other. During 

exercise, total PBF can be separated into 2 types of vascular beds: blood flow to the exercising 

muscle, where metabolism increases considerably, and blood flow to the non-exercising tissue, 

where metabolism is unchanged (Fig. 1). Ultimately, exercising muscle blood flow to support 
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increased metabolism can be achieved by increasing CO (Fig. 1). However, it is also possible to 

support exercising muscle blood flow with a smaller increase in CO combined with reduced 

perfusion to the non-exercising tissues (Fig. 1). Both scenarios would match CO with total PBF 

to ensure uncompromised MAP and increased exercising muscle blood flow. The following sub-

sections will outline the determinants of MAP and will discuss the mechanisms by which MAP 

is regulated during the transition from rest to submaximal exercise.  

 

Figure 1. Schematic of the various hemodynamic variables involved in MAP regulation and blood flow regulation. 
CO, cardiac output; SV, stroke volume; HR, heart rate; MAP, mean arterial pressure; PBF, peripheral blood flow; 
BF, blood flow. 
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2.2 - Cardiac Output 

 Cardiac output (CO) is the volume of blood that is pumped from the heart per unit time 

(usually expressed as L/min). CO is a function of stroke volume, the volume of blood ejected 

from the heart with every beat, and heart rate, the number of times the heart beats over a given 

unit of time (usually quantified as beats/minute).  At the onset of exercise, there is an immediate 

increase in CO due to an instantaneous rise in heart rate and stroke volume (62). However, there 

is also an immediate drop in MAP (72). This MAP decrease indicates that the immediate 

response to exercise is an increase in CO inflow to the arterial system that is exceeded by the 

total PBF leaving to supply the bodily tissues. After approximately 12 seconds into exercise, 

MAP begins to rise (72) due to continuous increases in CO that are now greater than those of 

PBF. The interplay of mechanisms that increase heart rate and stroke volume create these 

changes in CO with exercise. 

2.2.1 - Stroke Volume 

Stroke volume (SV) is the amount of blood that is ejected from the heart during systole 

(14). While it is known that SV increases with increasing exercise intensities, the exact nature 

and pattern of this increase can vary (76). During incremental exercise, SV can increase until 40-

50% of VO2MAX, and then plateau (5). Increased heart rate that reduces the heart’s filling time 

may lead to this plateau (76). SV can also progressively increase throughout the entirety of 

incremental exercise (26), plateau and then show a secondary increase (13), or plateau and then 

drop (67). These different SV responses may be due to individual differences in fitness level, 

age, and/or sex. While the precise pattern of SV change varies, exercise elicits an increase in SV. 

Several factors are responsible for the SV increase at the onset of exercise (37). Increases 

in end-diastolic volume during exercise increase SV as a function the Frank-Starling mechanism 
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(62). The Frank-Starling mechanism is a response where the stretch and length of muscle fibers 

within the heart are determined by the hearts filling of blood (2). Greater diastolic filling 

increases this stretching, leading to greater tension and a greater force of contraction that ejects 

more blood per beat (2). Increased end diastolic volume results from an increased central venous 

pressure that drives blood to the heart during diastole (62). Peripheral veins have one-way valves 

that direct blood towards the heart and prevent backflow. When upright, blood pools in the lower 

extremities due to gravity (37). During exercise, deep veins in the lower limbs are compressed by 

the surrounding skeletal muscle contractions (42). Venous compression increases the pressure 

within the peripheral veins and opens downstream valves while also closing those upstream (42). 

Therefore, the rhythmic contracting of these lower limb muscles pumps blood towards the heart, 

counteracting gravity. This pumping increases central venous pressure, leading to greater end-

diastolic volume and SV (42). Increased exercising SV may also be due to increased heart 

contractility (14). During exercise, activation of the sympathetic nervous system increases. 

Increased sympathetic nerve activity increases norepinephrine release, leading to greater 

myocardial contractility and blood ejection (28).  

2.2.2 - Heart Rate 

 There is a direct relationship between heart rate (HR) and exercise intensity, illustrated by 

linear HR increases in proportion to workload (14). The parasympathetic and sympathetic 

nervous systems are responsible for the control of HR during rest and exercise (62). The 

immediate HR increase in response to exercise can be initiated in less than 1 second and is 

mainly the result of a withdrawal of parasympathetic tone acting on the heart (62). 

Parasympathetic withdrawal results in rapid HR increases (62). Increased HR is largely 

attributed to a central command signal, as well as a possible muscle mechanoreceptor reflex (62). 
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These will be explained later. As exercising work rate increases, further HR increases are due to 

continuing inhibition of parasympathetic activity, as well as concomitant sympathetic nerve 

activity increases (58). Activation of the sympathetic nervous system is mediated by baroreflex-

sensing of reduced MAP, and increased muscle afferent activity (58). Additionally, increased 

sympathetic activation results in simultaneous peripheral vasoconstriction (62).  

2.3 - Vascular Conductance 

 Blood flow to the various bodily tissues is the product of an arterial to venous pressure 

gradient and the vascular conductance determined by the state of dilation of the arterioles.  

Increased MAP in submaximal exercise is a minor contributor to increasing PBF compared to 

increasing vascular conductance (18).  

 Increased blood flow in response to moderate intensity exercise is typically biphasic (48). 

The first phase is an initial rapid increase in blood flow that plateaus after approximately 5-10 

seconds. The second phase of this response is a slower increase in blood flow that begins 

approximately 15-20 seconds after exercise and proceeds to steady state (48). These different 

phases of blood flow response are regulated by different control mechanisms.  

2.3.1 - Feedforward control of vascular conductance 

2.3.1.1 - Rapid Vasodilation 

 A rapid vasodilatory response at the onset of exercise immediately increases TVC and 

peripheral blood flow (30, 75). Immediate rapid vasodilation may be the result of exercising 

skeletal muscle activation and mechanical compression of the resistance vessels that occurs with 

exercise (74).  

Potassium and acetylcholine may be two vasodilatory agents that mediate this rapid 

vasodilatory response after neuromuscular activation (74). Following muscle activation, 
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potassium can be released directly into the interstitial space where it can act upon the 

surrounding vasculature (4). In response to potassium, hyperpolarization of vascular smooth 

muscle cells close voltage-gated calcium channels, resulting in vascular smooth muscle 

relaxation and dilation (4).  Hyperpolarization occurs due to stimulation of inward rectifying 

potassium channels as well as the sodium-potassium pump (4). Stimulation of potassium 

channels significantly increases the rapid vasodilatory response in humans (15), suggesting that 

skeletal muscle activation plays a role in this response. Acetylcholine released from motor nerves 

that initiate muscle contraction may induce rapid vasodilation by acting upon the endothelium, 

increasing the production of vasodilators by stimulating nitric oxide and prostacyclin-production 

pathways (41). However, previous work shows that it is unlikely that acetylcholine plays a 

significant role in rapid skeletal muscle vasodilation (20). 

 Mechanical compression of the resistance vessels may also elicit rapid vasodilation by 

increasing extravasculature pressure. Increased transmural pressure is known to result in 

increased vasoconstrictor tone and vice versa (52). Mechanical compression, which can be 

induced by a brief skeletal muscle contraction, results in decreased transmural pressure. 

Decreased transmural pressure may result in a dilatory response, contributing to the rapid 

hyperaemic response to exercise.    

2.3.2 - Feedback control of vascular conductance 

2.3.2.1 - Flow-mediated dilation  

 Increased flow rate can initiate an endothelium-dependent vasodilation known as flow-

mediated vasodilation (11). Flow-mediated dilation occurs in response to the frictional force that 

increased blood flow exerts on the endothelial cells that line the vascular walls, a force known as 

shear stress (81). Shear stress stimulates the opening of mechanosensitive ion channels, allowing 
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an influx of calcium ions to enter the endothelial cells from the extracellular fluid (69). 

Additionally, shear stress can activate G-protein-coupled receptors and transmembrane receptors 

to facilitate the release of calcium from the endoplasmic reticulum into the endothelial cell 

cytosol (69). Calcium release into the cytosol allows for the formation of calcium-calmodulin 

complexes, which can then recruit endothelial nitric oxide synthase to produce nitric oxide (NO), 

which stimulates vascular smooth muscle relaxation (69). Endothelial cells can also respond to 

increased shear stress by releasing prostacyclin, endothelium-derived hyperpolarizing factor, and 

other vasodilatory agents that may increase arteriole diameter and vascular conductance during 

exercise (29).   

2.3.2.2 - Red blood cell acting as an oxygen sensor  

 The red blood cell can sense the oxygen requirement of a tissue and altering the vascular 

conductance of that tissue, matching exercising muscle blood flow to metabolic demand (21). 

Hemoglobin is responsible for binding and carrying oxygen throughout the body (21). Greater 

metabolic workloads have greater oxygen requirements, leading to greater desaturation of 

hemoglobin. The extent to which hemoglobin is desaturated provides an indication of metabolic 

demand and allows the red blood cell to “sense” the metabolic requirement of the tissue (21).  

Additionally, red blood cells contain small quantities of adenosine triphosphate (ATP) 

(21). The desaturation of oxygen from hemoglobin will result in an efflux of ATP from the red 

blood cells in response (22). The release of ATP from the red blood cells may have a role in 

exercising muscle vascular tone and oxygen delivery regulation. ATP release from the red blood 

cells diffuses to the endothelium where it binds to purinergic receptors. ATP binding facilitates 

the production and release of nitric oxide and prostacyclin, which act upon the vascular smooth 

muscle cells to initiate a local vasodilatory response. This local response can then be propagated 
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along the vasculature through intercellular communication via gap junctions, initiating 

vasodilation further upstream (21, 65). Therefore, the red blood cell can serve as a mechanism 

that matches peripheral vasodilation to skeletal muscle metabolic demand. 

2.3.2.3 - Metabolic Hypothesis  

 The metabolic hypothesis theorizes that tissue metabolism and vascular conductance are 

coupled which allows exercising muscle blood flow to meet metabolic demand (46). Metabolites 

produced within the exercising muscle diffuse into the interstitial space where they act upon 

arteriole smooth muscle to elicit relaxation and vasodilation (66). Vasodilation increases blood 

flow to the exercising muscle, resulting in metabolite removal that equals the metabolite 

diffusion into the interstitial space and matches oxygen delivery to the muscle’s metabolic 

requirement (66).  

2.4 - Protection of mean arterial pressure in response to exercise 

 During the transition from rest to exercise, there is an immediate decrease in MAP due to 

a rapid increase in total vascular conductance (48, 72). Approximately 12 seconds into exercise, 

peak total vascular conductance decreases, which is mirrored by a MAP recovery (72). 

Decreased vascular conductance is attributed to increased sympathetically mediated 

vasoconstriction that protects MAP from the rapid hyperaemia at the onset of exercise (72). As 

with blood flow delivery, the protection of MAP is achieved through both feedforward and 

feedback mechanisms (50). 

2.4.1 - Feedforward MAP protection mechanisms 

2.4.1.1 - Central Command  

  Central command is a feedforward mechanism where descending signals from the motor 

cortex irradiate to activate the cardiovascular control center (CCC). CCC activation leads to 
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parasympathetic withdrawal and increased sympathetic nerve activation, immediately increasing 

heart rate and sympathetic vasoconstriction at the onset of exercise (55). The central command 

response is demonstrated when neuromuscular blockade is used to temporarily induce muscle 

paralysis, yet voluntary conscious efforts to perform muscle contractions still elicit a 

cardiovascular response. These unsuccessful attempts to voluntarily exercise increased MAP and 

HR (23). Furthermore, when the effort required to perform muscle contractions increases, central 

command will also increase (63) 

2.4.1.2 - Muscle Mechanoreceptors  

 The initial MAP recovery can be attributed to a central command response as well as a 

muscle mechanoreflex (63). Group III afferents are sensory fibers that transmit information 

about the mechanical stimuli acting upon the exercising muscle (38). During muscle contraction, 

these afferents discharge vigorously, relaying this information to the CCC (38). Group III 

afferent activation increases MAP by increasing HR and sympathetic vasoconstriction of the 

peripheral vasculature (63). 

2.4.2 - Feedback MAP protection mechanisms 

2.4.2.1 - Arterial baroreflex 

 The arterial baroreflex is a negative feedback mechanism that ensures MAP is maintained 

at a pre-set value known as the operating point (17). Baroreceptors are stretch-sensitive 

mechanoreceptors located within the aortic arch and the carotid sinuses that detect changes in 

blood pressure (28). In response to a drop in arterial blood pressure, the distension of these 

baroreceptors decreases. Baroreceptor distension decreases will reduce the afferent firing from 

these mechanoreceptors to the CCC (80). The afferent firing of the baroreceptors inhibits the 

CCC, which is responsible for increasing sympathetic nerve activity and withdrawing 
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parasympathetic nerve activity. Therefore, reduced afferent firing results in less inhibition of the 

CCC, increasing sympathetic nerve activation and parasympathetic withdrawal to raise MAP and 

restore it to the operating point.  

 The baroreflex operating point is variable. During exercise, this operating point is reset to 

a higher target pressure (17). Resetting of the baroreflex is directly related to exercise intensity 

(17). Baroreflex resetting occurs centrally at the CCC through central command (17). Central 

command reduces the sensitivity of the CCC neurons. Reduced CCC sensitivity reduces the 

activity of the CCC for a given baroreceptor input, shifting the baroreflex operating point to a 

higher pressure (17). Baroreflex resetting introduces error between the target pressure and the 

actual pressure. When exercising, blood pressure that was adequate at rest is now relatively 

hypotensive compared to where it now needs to be. This new relative hypotension is sensed by 

the baroreceptors, and MAP is then raised to the operating point by baroreflex correction (17).  

2.4.2.2 - Muscle metaboreflex  

 The muscle metaboreflex is another feedback system that raises MAP during exercise and 

is considered a flow-restoring reflex as the increased arterial blood pressure functions to improve 

blood flow and oxygen delivery to ischemic exercising muscle (57). Metabolite accumulation 

results when blood flow to the exercising muscle is inadequate to meet its metabolic demand. 

The buildup of metabolites within the muscle increases activation of chemosensitive group IV 

afferent nerve endings (61, 63). The activation of these afferent nerve endings relays to the CCC, 

triggering an increase in sympathetic outflow that raises MAP (63). Increased MAP is achieved 

through sympathetically mediated CO increases and sympathetic vasoconstriction of the non-

exercising tissue (16, 68). The increased arterial blood pressure creates a higher driving pressure 

for blood flow to the exercising tissue, increasing oxygen delivery to the ischemic muscle. 



13 

 

However, increased sympathetic activity may act upon the ischemic exercising muscle that the 

signal originated from (39). Subsequently, sympathetic vasoconstriction of the working muscle 

would increase and attenuate the response of the metaboreflex to improve blood flow to the 

exercising tissue.  

2.5 - The interdependence of CO, total PBF, and venous return to regulate MAP 

During maximal knee extension exercise, blood flow to the exercising muscle can 

increase to up to ~2.5 L kg-1 min-1 (3). Any maximal exercise recruiting more than 10-12 kg of 

muscle at the same blood flow rate would outstrip the heart’s pumping capacity (25-30L). 

Therefore, this level of hyperaemia is unachievable during whole-body maximal exercise (12), 

evidenced by Mortensen et al. (53), who observed exercising tissue blood flows of ~0.9 L kg-1 

min-1 during cycling exercise. Reduced exercising tissue blood flow demonstrates a clear need 

for sympathetic vasoconstriction of the exercising muscle vasculature during maximal exercise 

utilizing a large muscle mass. In these exercise conditions, the heart’s pumping capacity is 

clearly seen to limit the extent to which the peripheral arterioles can dilate. 

However, during submaximal exercise, both CO and arteriole dilation have a 

physiological reserve (i.e. CO and TVC are both capable of further increases). Figure 1 

represents a simplified schematic of the cardiovascular system, and illustrates the 

interdependence between CO, MAP, PBF, and venous return. The potentially different ways that 

these hemodynamic variables interplay with each other determines their net balance. González-

Alonso et al., (27) showed that ATP infusion into the femoral artery at progressively increasing 

concentrations resulted in proportional increases in leg blood flow. Increased CO accompanied 

this increase in leg blood flow. The volume of blood flowing through the peripheries must make 

its way back to the heart, and therefore total PBF determines venous return (Fig. 1). If total PBF 
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increases, venous return will also increase. Turning to the aforementioned findings, the observed 

increase in CO with ATP infusion resulted from a greater venous return due to increased total 

PBF. Atrial pacing also shows the effect of increasing HR on systemic and peripheral 

hemodynamics during exercise (54). Atrial pacing during exercise does not lead to elevated 

arterial blood pressure compared to normal exercise conditions (54). Therefore, total PBF was 

not increased (54) as there was no increase in the driving pressure for blood flow. Unchanged 

PBF was reflected by an unchanged CO with atrial pacing, as a lack of PBF increase means that 

venous return could not have increased. Instead CO was maintained despite an increase in HR 

due to reduced SV, likely because of reduced filling time and the Frank-Starling mechanism 

(54). These findings show the interconnectedness between CO, MAP, total PBF, and venous 

return, and demonstrate how peripheral conductance and blood flow manipulations, or a lack 

thereof, can result in adjustments to CO. 

 Manipulations to CO may also change total vascular conductance. Pawelczyk et al., (59) 

used ß1 adrenergic receptor blockers to reduce HR and SV during cycling exercise. These ß1 

adrenergic receptor blockers decreased CO at a given metabolic demand when compared to 

normal exercise conditions, reducing MAP. When lowered CO threatens MAP, total PBF must 

be reduced to compensate (Fig. 1). Systemic vascular conductance and exercising leg blood flow 

were reduced in response to lowered CO (59). Furthermore, lower body negative pressure 

reduces venous return to the heart (33). Reducing venous return reduces CO and MAP, which 

must be regulated by adjustments to PBF. In response to lowered venous return, CO, and MAP, 

total peripheral resistance (TPR) was increased, likely through baroreflex control (33). These 

data show that CO manipulations can elicit peripheral vascular changes, and that these central 

compromises can influence the degree of vasodilation allowed.  
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In summary, CO, PBF and venous return are interdependent, and will adjust in response 

to disturbance. Decreased total PBF will be reflected by decreased venous return and a reduced 

CO. Likewise when CO is lowered, total PBF must adjust to protect MAP. However, it is 

currently poorly understood as to where these PBF adjustments occur; reductions in blood flow 

to the exercising or non-exercising tissue will lower total PBF to match CO and maintain MAP. 

The question arises, at which site will there be reduced blood flow? 

2.6 - The necessity of sympathetic vasoconstriction  

 The transition from rest to exercise requires cardiovascular system adjustments to meet 

the needs of the exercising muscles. Exercise results in increased metabolism within the 

contracting muscles that requires greater oxygen delivery (44). Improved oxygen delivery is 

achieved through pronounced increases in CO and vascular dilation of the exercising tissue to 

match oxygen delivery with metabolic demand (44). However, CO must match total PBF to 

maintain MAP. If the CO increase in response to exercise is limited, total PBF must be lowered 

to ensure that arterial blood pressure is not compromised. Even with reduced total PBF, 

exercising muscle blood flow can still remain the same; this requires reduced blood flow to other 

tissues throughout the body, redistributing blood flow to the exercising muscle (Fig. 1). Blood 

flow redistribution is achieved through increased sympathetic tone acting on the non-exercising 

tissue vasculature, increasing local vasoconstriction and shunting blood towards the contracting 

muscles (9). However, sympathetic outflow can be different specific to different types of tissue, 

and therefore, the degree to which exercising and non-exercising tissue vasoconstrict does not 

have to be equal. Therefore, exercising muscle blood flow and oxygen delivery can remain 

unaffected despite a reduced total PBF in response to a CO that fails to rise appropriately (Fig. 

1).  
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While the sympathetic nervous system acts upon the non-exercising tissue to redistribute 

blood flow, previous evidence shows that the exercising muscle vascular bed also vasoconstricts. 

In response to α1 and α2 adrenergic receptor antagonist infusion, blood flow to the exercising 

limbs in dogs was increased (10). Increased blood flow was due to reduced local sympathetic 

vasoconstrictor activity, providing initial evidence that the sympathetic nervous system acts on 

the exercising tissue to produce vasoconstriction (10). In humans, a neck collar device that 

applies suction around the neck creates negative pressures around the tissues outside the carotid 

artery (40). These pressures distend the carotid baroreceptors, mimicking a local carotid blood 

pressure increase, and increases baroreceptor afferent firing (40). When the collar device applies 

pressure around the neck, this creates positive pressure around the carotid artery that reduces 

baroreceptor distension. The positive neck pressure mimics reduced carotid blood pressure, 

decreasing afferent firing so that there is less inhibition of the CCC (40). When positive neck 

pressure reduces baroreceptor distension and mimics hypotension, vascular conductance and 

exercising muscle blood flow decrease (40). These changes support that sympathetic 

vasoconstriction acts upon the exercising muscle, and that these vasoconstrictor responses are 

mediated, at least in part, by the baroreflex control.   

Like in non-exercising tissue, the constriction of exercising muscle vasculature is 

necessary for MAP regulation (9). During exercise, the non-exercising tissue receives a small 

proportion of total blood flow. Therefore, vasoconstriction of the non-exercising tissue may 

contribute relatively little to the maintenance of MAP during exercise (9). In contrast, as the 

exercising muscles are receiving most of the total blood flow, reductions in local vascular 

conductance would contribute greatly to protecting MAP when threatened (9). However, 

vasoconstriction of the active skeletal muscle during exercise appears to be counterintuitive; 
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while it may be essential to protect MAP, it limits the intensity and duration of exercise that can 

be performed by restricting blood flow and oxygen delivery (9).  

 In response to the same absolute submaximal workload, Bentley et al., (7) have shown 

that there are inter-individual differences in the magnitude of CO increases. Within this 

experiment, individuals with the highest CO-VO2 responses were classified as “higher cardiac 

responders”, while individuals with the lowest responses were identified as “lower cardiac 

responders”. When comparing CO’s between higher and lower cardiac responders across the 

same absolute exercise intensity, higher cardiac responders showed a significantly greater CO at 

workloads greater than 120W due to greater SV. Despite these CO differences, MAP between 

responder groups was similar across exercise intensities, as was skeletal muscle oxygenation.  

Skeletal muscle oxygenation is representative of the balance between blood flow to the 

exercising muscle and the extraction of oxygen from the blood. If oxygen extraction from the 

blood into the muscle is unchanged, an increase in skeletal muscle oxygenation must indicate 

greater blood flow to the exercising tissue. The unchanged MAP and skeletal muscle 

oxygenation indicate that both the higher cardiac responders and lower cardiac responders share 

a similar exercising muscle vasodilatory response to the same absolute exercising workload. 

However, for individuals who show a lessened CO response to have an unaffected MAP, there 

must be a compensatory change to TVC and PBF. As compensation is not occurring in the 

exercising muscle, this suggests that these lower cardiac responders have greater 

vasoconstriction in non-exercising tissue to offset a limited CO increase (Fig. 1). These results 

demonstrate that the exercising muscle may not vasoconstrict to a greater degree when CO is 

blunted and warrant further investigation into the nature of sympathetic vasoconstrictor 

responses. 
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2.7 - Functional sympatholysis and sympathetic outflow 

 When CO is compromised, increased peripheral vasoconstriction is required to limit total 

blood flow and protect MAP (80). Whether the exercising muscle vasoconstricts will be 

determined either by sympathetic outflow or by functional sympatholysis in the exercising 

muscle. Functional sympatholysis is decreased sensitivity of the exercising skeletal muscle to 

sympathetic activity (9). It is important to note that sympatholysis is not the abolishment of 

sympathetic vasoconstrictor control, but an attenuation of the vascular response to augmented 

sympathetic outflow (9). While the mechanistic basis of functional sympatholysis is not fully 

understood, it appears that presynaptic release of norepinephrine may be reduced by the 

metabolic products of contracting muscle (9). Additionally, the combination of metabolite 

production, nitric oxide release, and increased temperature may diminish postsynaptic sensitivity 

of the exercising muscle vascular bed, reducing its responsiveness to sympathetic outflow (9). 

Functional sympatholysis is exercise intensity-dependent, with greater sympathetic 

vasoconstriction attenuation as intensity increases (9). This attenuation ensures that metabolic 

requirements are met with adequate oxygen delivery.    

 Furthermore, sympathetic outflow to different vascular beds was previously believed to 

be uniform (36). Recent evidence suggests that sympathetic responses are not uniform, and that 

sympathetic outflow to the exercising muscle and to the non-exercising muscle is controlled by 

different mechanisms (8). The authors speculate that central command is the primary mechanism 

controlling for sympathetic outflow to the exercising muscle, while the metaboreflex is 

responsible for non-exercising muscle sympathetic activity (8). These results suggest that there 

can be different sources and varying levels of sympathetic activity acting on the exercising and 
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non-exercising muscle, and therefore, the degree of sympathetic vasoconstriction at these sites 

can vary. 

 Bentley et al. (7) found uncompromised MAP and exercising muscle oxygen saturation in 

individuals with lower CO responses to exercise. These results indicate that there was no 

compromise to exercising muscle blood flow with reduced CO. Sustained muscle blood flow can 

be explained by greater sympatholysis that attenuates the exercising muscle vasoconstrictor 

response and ensures that oxygen delivery to the working muscle is unaffected by lowered CO. 

Likewise, uncompromised muscle oxygenation could also be due to greater sympathetic outflow 

to non-exercising tissue. Greater sympathetic outflow would increase vasoconstriction and could 

protect exercising muscle blood flow if this increased non-exercising tissue vasoconstriction is 

adequate to protect MAP with reduced CO. 

2.8 - Impact of oxygen delivery on exercise tolerance 

Muscle contractile function demands ATP, and these demands can be met through 

several metabolic pathways, including mitochondrial respiration (73). Mitochondrial respiration 

can be independently determined by oxygen content, phosphate energy state, and redox state 

(73). A change in one of these determinants can be compensated for by opposite changes in one 

(or all) of the other determinants to maintain ATP production (73). For example, if intracellular 

oxygen content decreases, ATP production can be maintained by increased phosphate energy and 

redox states or a greater increase in one of these alone. Likewise, increased oxygen content 

allows for the same force production to be maintained with a lower motor drive and reduced 

phosphate energy and redox states (73). The interaction of these determinants in producing ATP 

through mitochondrial respiration is known as the net drive hypothesis (73). Furthermore, when 

oxygen delivery is reduced from its normal steady-state level during exercise while motor drive 
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remains constant, muscle power output is reduced (73). This response whereby muscle power 

output adjusts to oxygen availability is known as the oxygen conforming response (73). The 

oxygen conforming response of electrically stimulated muscle to reduced oxygen delivery can be 

compensated for with a higher motor drive that restores force production (19).  

 Skeletal muscle fatigue can be characterized by sustained elevations in the level muscle 

activation required to maintain a given force output. On the other hand, the oxygen conforming 

response is characterized by rapid restoration of muscle activity when compromised oxygen 

delivery is restored (19). During isometric forearm exercise, an initial compromise of forearm 

blood flow results in reduced muscle oxygenation and increased electromyography (EMG) 

activity relative to force output (19). When forearm blood flow and oxygenation was restored, 

EMG activity did not return to pre-compromise levels (19). Sustained EMG compromise relative 

to force with reduced muscle oxygenation is consistent with exercising muscle fatigue (19). 

Upon a second compromise to forearm blood flow and oxygenation, EMG activity again 

increased. However, when forearm blood flow was restored after this second compromise, EMG 

activity returned to pre-compromise levels, indicating an oxygen conforming response (19). This 

oxygen conforming response demonstrates the importance of oxygen delivery to exercise 

tolerance, as muscle activity was lowered following oxygen delivery restoration. 

 Convective oxygen delivery, and therefore blood flow, is a critical determinant of 

maximal exercise capacity (73). Increasing peak oxygen delivery during cycling exercise 

increases peak capillary oxygen partial pressure, oxygen uptake, and muscle oxygenation 

allowing a higher work rate to be attained. Thus, exercise capacity can be improved when peak 

oxygen delivery to the working muscle is also improved.  

2.9 - Ventilation and cardiac function 
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 Respiration will produce changes in intrathoracic and abdominal pressures that can affect 

venous return of blood to the heart, a mechanism known as the respiratory pump (70). During 

inspiration, the diaphragm contracts and is pulled downwards. The effect of the diaphragm 

contracting is two-fold. First, diaphragm descent increases the space within the thoracic cavity. 

As the thoracic cavity expands, intrathoracic pressure decreases (60). As the heart exists within 

the thoracic cavity, this change in pressure is transmitted across the walls of the heart, increasing 

right atrial expansion, and decreasing its pressure (60). Right atrial pressure is the low pressure 

for venous return. When right atrial pressure decreases, the gradient for venous flow increases, 

leading to greater venous return during inspiration (60). 

 Second, diaphragm contraction results in increased abdominal pressure. The abdominal 

vascular compartment has a large capacitance and is upstream to the intrathoracic vasculature 

(70). Therefore, abdominal pressure changes can affect systemic venous return (70). Abdominal 

pressure changes with ventilation and the impact that these changes may have on venous return 

is poorly understood. Previous work shows that increased abdominal pressure can increase 

venous return; however, there is also evidence for reduced venous return with greater abdominal 

pressure (70). To resolve this paradox, Takata et al. (70) presented a model that predicts the 

effect of abdominal pressure on venous return based on the concept different abdominal vascular 

zones. They showed that increased abdominal pressure would raise inferior vena caval venous 

return when the thoracic inferior vena caval pressure was greater than the abdominal pressure 

(70). Additionally, enhanced abdominal pressure was shown to reduce inferior vena caval venous 

return when thoracic inferior vena caval pressure was lower than abdominal pressure (70).  

2.10 - Restrictive pulmonary disease and chest wall restriction  
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 Restrictive pulmonary diseases (RPD) are diseases where the lungs are unable to fully 

expand and can be caused by reduced compliance of the chest wall. A common feature of these 

diseases is exercise intolerance (34). Reduced exercise tolerance may be due to a decreased 

alveolar ventilation and increased dyspnea (78). External chest wall restriction (CWR) is a 

technique that limits the capability of the chest wall to expand. CWR mimics increased chest 

wall stiffness and RPD, as seen by the increased dyspnea and reduced exercise tolerance that 

CWR features during exercise (56). 

 Miller et al., (51) have shown that CWR also affects the cardiovascular system, reducing 

CO at low-moderate exercise intensities. Limiting the ability of the chest wall to expand reduces 

SV at rest and matched workloads when compared to normal exercising conditions. While CWR 

also increases HR in compensation, this does not prevent noticeable reductions in CO. Therefore, 

CWR can be employed as a strategy to observe peripheral vasculature changes in response to 

altered CO. Additionally, CWR increases systolic, diastolic, and mean arterial pressure, 

providing evidence that sympathetic nervous activity may be increased (24). Sympathetic 

activity is increased in patients with chronic lung disease when compared to healthy age and sex 

matched control patients (32). Increased sympathetic activity could be due to greater activation 

of the carotid chemoreflex, leading to a greater sympathetic outflow that contributes to increased 

MAP (32).  

 While the exact mechanism behind CO blunting via CWR is unknown, ultimately, 

reductions in SV must be due to either reduced ventricular filling or reduced ventricular ejection 

(77). Lowered ventricular filling would occur with reduced central venous pressure. CWR limits 

chest wall expansion, resulting in greater intrathoracic pressure during inspiration. Greater 

intrathoracic pressure subsequently results in reduced right atrial expansion and increased 
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pressure. Increasing right atrial pressure would decrease venous return due to a reduced pressure 

gradient for flow, ultimately lowering SV (51). Another possible outcome of limited thoracic 

cavity space is mechanical compression of the heart when the lungs inflate, reducing ventricular 

compliance and filling. Lung inflation may also mechanically compress the superior and inferior 

vena cavae, further contributing to lowering SV by reducing venous return (51). Furthermore, 

CWR increases abdominal pressure and elevated abdominal pressure may decrease venous return 

from exercising legs. Reduced venous return from the legs would in turn decrease the flow of 

blood returning to the heart through the inferior vena cava, decreasing ventricular filling to lower 

SV (70).  

 Increased afterload would result in reduced ventricular ejection and lower SV with CWR, 

as afterload represents an impediment to ventricular output (77). Increased intrathoracic pressure 

may compress the thoracic aorta, increasing aortic pressure. Greater aortic pressure would 

increase left ventricular afterload, increasing the impediment to ventricular ejection and reducing 

SV (77). In summary, CWR must reduce ventricular filling or ejection to lower SV and limit 

exercising CO. However, we are unsure which is occurring (or if both are), and it is not clear 

which of the previously described mechanisms may be responsible.  

 Reduced exercise tolerance is a common clinical manifestation of RPD (34). RPD are 

characterized by a rapid, shallow breathing pattern that leads to decrease in alveolar ventilation 

(34). Reduced alveolar ventilation may result in hypoxemia, and some individuals with RPD can 

suffer from arterial oxygen desaturation during exercise (78). Arterial oxygen desaturation may 

impair oxygen delivery to the working muscles, mediating reduced exercise capacity in RPD. 

Furthermore, tidal volume is reduced due to reduced thoracic compliance during exercise (31). 

Lung volume-related afferent feedback is critical in relieving the discomfort associated with 
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increased ventilatory demand (31). When lung volumes are lowered in response to an exercise-

induced increase in ventilatory effort, there is an increased sense of respiratory discomfort and 

dyspnea that may lead to compromised exercise tolerance (31). These proposed mechanisms 

behind exercise intolerance in RPD are pulmonary in nature. While CO is reduced during 

submaximal exercise under conditions of CWR, it is not understood as to whether this may affect 

exercising muscle oxygenation, and whether this may play a role in RPD exercise intolerance. 

2.11 - Summary and Problem Statement 

Principal Proposition: Vasoconstriction of the exercising muscle vascular bed, in 

combination with vasoconstriction of the non-exercising tissue vasculature, occurs to regulate 

MAP during exercise.   

Interacting Proposition: Sympathetic vasoconstriction of the exercising tissue may not 

be required to regulate MAP if there is an adequate vasoconstrictor response of the non-

exercising tissue that, by itself, is able to defend MAP. Furthermore, whether a CWR-mediated 

compromise to CO would result in reduced blood flow to the exercising muscle is unknown.  

Speculative Proposition: If a blunted CO via CWR does result in greater exercising 

muscle vasculature sympathetic vasoconstrictor activity, blood flow to the exercising muscle will 

be diminished which would be reflected by reduced exercising muscle oxygenation.    

Statement of Purpose: The purpose of this study will be to determine whether exercising 

muscle oxygenation is compromised in response to the limited CO that occurs as a result of 

CWR during submaximal exercise.  

Hypothesis: We hypothesize that CWR will result in decreased oxygenation of the 

exercising muscle. 
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Statement of Significance: As CWR is a mimic of RPD (particularly kyphoscoliosis, 

pectus excavatum, and obesity) exploring the could be the first step in understanding additional 

contributors to exercise intolerance in these diseases. 
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Chapter 3 

 

 

IMPACT OF CHEST WALL RESTRICTION ON CARDIAC OUTPUT 

AND EXERCISING MUSCLE OXYGENATION 
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ABSTRACT 

Restrictive pulmonary diseases (RPD) can be characterized by reduced chest wall 

compliance and mimicked using chest wall restriction (CWR). CWR reduces exercising cardiac 

output (CO). This could evoke vasoconstriction in exercising muscle and compromise 

oxygenation. The objective of this study was to assess exercising quadriceps muscle oxygenation 

during cycling exercise with vs. without CWR. 12 subjects completed 12-minute cycling tests at 

45% of their maximum work rate under two conditions: control (CON; no CWR) and CWR 

(CWR released 6 minutes into exercise). Central and peripheral hemodynamics were measured 

via finger photoplethysmography, gas exchange with a metabolic cart, and quadriceps 

oxygenation using near infrared spectroscopy. Prior to CWR release, CO was lower in CWR vs. 

CON (14.41L/min vs. 17.19L/min, P=0.007), while total peripheral resistance (TPR) was higher 

(9.31mmHg·min/L vs. 7.24mmHg·min/L, P=0.026). Upon CWR release, CO was restored 

(CWR 16.26L/min vs. CON 17.39L/min, P=0.171), as was TPR (CWR 7.63mmHg·min/L vs. 

CON 7.07mmHg·min/L, P=0.598). During CWR, the change in deoxygenated hemoglobin 

(ΔHHb) between the time points prior to and immediately after CWR release (-0. 35A.U 

(arbitrary units)) was significantly different than the ΔHHb for the same times in CON (0.14A.U, 

P=0.001). The ΔHHb between pre CWR removal and the end of exercise was also significantly 

different (CWR -0.86A.U, vs. CON 0.11A.U, P=0.004). These data are consistent with 

vasoconstrictive restraint of exercising muscle blood flow during CWR conditions of reduced 

CO, leading to lowered muscle oxygenation which may compromise exercise tolerance in RPD; 

however, this contribution remains to be explored. 
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INTRODUCTION 

Restrictive pulmonary diseases (RPD) can include disorders that restrict lung expansion 

and include those that reduce compliance of the chest wall (37). Exercise intolerance is a 

common feature that presents in individuals with RPD and could be the consequence of reduced 

alveolar ventilation (25) and increased dyspnea (78). Chest wall restriction (CWR) via chest 

strapping mimics the increased chest stiffness in RPD, limiting chest wall expansion during 

inspiration (56). CWR during exercise reduces lung volumes, provokes exercise intolerance, and 

increases dyspnea (56). CWR can also reduce cardiac output (CO) at submaximal work 

intensities by compromising stroke volume (SV) (51). 

Mean arterial pressure (MAP) must be preserved during exercise to prevent syncope, 

shock, and inadequate blood flow to bodily organs. Regulating MAP relies on balancing cardiac 

output (CO) with total peripheral blood flow (PBF) to the exercising and non-exercising tissues. 

Vasoconstriction of vasculature supplying active skeletal muscles can occur as part of the blood 

pressure regulation response during exercise (80). Furthermore, stimulation of carotid 

baroreceptors changes the vascular conductance of both the exercising and non-exercising tissue 

(40). This indicates that baroreflex regulation includes adjusting blood flow to the exercising 

muscle (40). However, Bentley et al. (7) observed inter-individual differences in CO responses to 

the same metabolic demand, with some individuals showing lower CO’s than others. Despite a 

lower CO there was no compromise to their exercising muscle oxygenation, suggesting 

exercising muscle blood flow was not compromised (7). This questions whether sympathetic 

vasoconstriction of exercising vasculature occurs in response to a lessened CO. Other non-

exercising tissue may adequately constrict, allowing for uncompromised exercising muscle blood 

flow and MAP. 
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When CO is blunted, as with CWR, it is unclear if exercising muscle vascular 

conductance will be reduced. If there is increased sympathetic vasoconstriction of the working 

muscle in response to a limited CO, reduced blood flow and oxygenation are expected. The 

purpose of this study was to identify whether exercising muscle oxygenation was disturbed in 

response to a lowered CO resulting from CWR. Additionally, while studies to date have 

characterized the steady state hemodynamic responses to CWR, the adjustment to steady state is 

unknown. Our work attempted to better characterize hemodynamic time profiles to further our 

understanding of these CWR-mediated changes. We applied CWR prior to exercise in order to 

challenge the adjustment of CO to exercise, followed by the sudden release of CWR during 

steady state submaximal cycling exercise. We speculated that, if a blunted CO under CWR 

conditions in exercise evoked increased exercising muscle vasoconstriction, the removal of this 

blunting should result in a lessening of exercising leg vasoconstriction, evident by increased 

exercising muscle oxygenation.  This was done to establish a proof of principle that the blunting 

of CO through CWR compromises exercising muscle oxygenation, which may be a mechanism 

behind exercise intolerance in RPD patients.  
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METHODS 

Subjects 

Twelve recreationally active individuals (7 males, 5 females) between the ages of 18-30 

were recruited for participation in this study. Physical activity habits were assessed using the 7-

day Physical Activity Recall Questionnaire (Appendix). Subjects were nonsmokers, free of 

respiratory and cardiovascular disease, and were not trained in cycling exercise or involved in 

any other concurrent training program. All participants provided verbal and written consent, and 

all experimental procedures were approved by the Health Sciences Research Board at Queen’s 

University according to the terms of the Declaration of Helsinki.  

Experimental Procedure 

Subjects reported to the Human Vasculature Control Laboratory (HVCL) on three 

separate days. The first visit consisted of a screening/pre-testing session. On the second visit, 

subjects were randomized to complete either a control (CON) or chest wall restriction (CWR) 

exercise test while the subsequent session was completed on the third visit. Participants were 

asked to maintain their regular physical activity and dietary habits throughout the duration of the 

study. Additionally, participants were asked to refrain from exercising 24 hours before, alcohol 

and caffeine consumption 12 hours before, and eating 8 hours before testing sessions. 

Screening/Pre-Testing Session: 

Subjects reported to the HVCL whereby eligibility and consent were obtained, and height 

and weight were recorded. Participants completed an incremental step cycling test to volitional 

fatigue on a Monark cycle ergometer (Model 874E) in order to identify maximal power output. 

Participants were asked to maintain a cycling cadence of 70 rotations per minute (rpm) 

throughout the duration of the test. This test consisted of a 3-minute warmup at an initial 
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workload of 70W, after which workload was increased by 21W per minute for females, or 28W 

per minute for males, until volitional fatigue or until the participant was unable to maintain a 

cadence of 70rpm. The maximum work rate achieved during the test was calculated and used to 

prescribe the exercising work rates for the following testing sessions.    

Testing Sessions: 

Participants again reported to the HVCL on the days of their testing sessions. During the 

CON exercise session, participants completed a 14-minute submaximal cycling protocol. The 

first 2 minutes consisted of a baseline during which the participant was seated on the ergometer 

at rest. Following baseline, participants began cycling exercise at a work rate equal to 45% of the 

peak work rate achieved in the pre-testing session. This work rate was chosen as CWR reduces 

CO at this submaximal work intensity (51). This work rate was maintained for the remaining 12 

minutes of the protocol (Fig. 2), and participants were asked to maintain a constant cadence 

(70rpm) in order to ensure that the prescribed exercising work rate was consistent throughout the 

duration of the test.  

 

Figure 2: Timeline for the CON protocol. CWR, chest wall restriction; BSL, baseline; RPM, rotations per minute. 

Protocol will be completed twice, separated by a 30-minute break. 

 



32 

 

During the CWR testing session, a CWR device was applied to the participant prior to the 

start of the protocol. Participants again completed a 14-minute protocol that included a 2-minute 

baseline period before beginning cycling exercise. Following baseline, participants cycled at 

45% of their peak work rate for 6 minutes with CWR device. Following this, the CWR device 

was immediately released. Participants then continued cycling at the same work rate and for the 

remainder of the protocol under normal control conditions (Fig. 3).  

 

 

  

 

 

 

Figure 3: Timeline for the CWR protocol. CWR, chest wall restriction; BSL, baseline; RPM, rotations per minute. 

Protocol will be completed twice, separated by a 30-minute break. 

 

Both the CON and CWR protocols were completed twice and the average of the 

measures obtained from the two trials were taken to represent each participant’s response. The 

two trials were separated by a 30-minute break to ensure that participants had returned to their 

original stable baseline. 

 

Instrumentation and Measurement  

Limiting Cardiac Output – Chest Wall Restriction 

 Chest wall restriction (CWR) was utilized to impose a limitation to CO. Two weight-

lifting belts (Valeo VCL Competition Classic 6-inch Lifting Belt) were repurposed as CWR 
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devices for their ability to be quickly released during exercise, instantaneously removing 

restriction and the CO limitation. One belt was used to constrict the upper thoracic cavity while 

the other was used to constrict the lower thoracic cavity and the upper abdomen. Marks were 

sewn into the belts in one-centimeter increments in order to measure belt-tightness and to serve 

as a method of quantifying chest restriction. Participants exercised at 90% of the maximum belt 

tightness as previous unpublished pilot work showed that this magnitude of restriction was able 

to minimize participant discomfort, while still reducing CO by ~2L/min during submaximal 

exercise.  

Hemodynamic Measures 

Systolic blood pressure (SBP), diastolic blood pressure (DPB), mean arterial pressure 

(MAP), and heart rate (HR) were all measured via a finger plethysmograph (Finometer MIDI, 

Finapres Medical Systems, the Netherlands), which also provided estimates of stroke volume 

(SV), cardiac output (CO), and total peripheral resistance (TPR) in combination with 

ModelFlowTM (Finometer MIDI, Finapres Medical Systems, the Netherlands). The finger 

plethysmograph was placed around the middle finger of the subject’s right-hand during exercise 

testing sessions. Hand position was maintained at heart-level via an armrest that was attached to 

the Monark ergometer handlebars. Arterial oxygen saturation (SaO2) was measured using a 

finger pulse oximeter (Nellcor N-395, Covidien-Nellcor, Boulder CO) that was attached to the 

index finger of the right hand.  

Ventilatory Measures 

 Minute ventilation (VE), tidal volume (TV), breathing frequency (Fb), and the rate of 

oxygen consumption (VO2) were continuously collected throughout the exercise testing sessions 

using a metabolic cart (Moxus AEI Technologies, Pittsburgh, PA).  
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Perceived Exertion 

The Borg Scale was used to assess each subjects’ ratings of perceived exertion 

(Appendix). Both central (i.e. “How would you describe how hard your lungs are working?”) 

ratings of perceived exertion (RPEC) and peripheral (i.e. “How would you describe how hard 

your legs are working?”) ratings of perceived exertion (RPEP) were collected. As subjects were 

unable to talk during the exercise protocols, a scale was held in front of each subject, allowing 

them to point to the number that represented their current perception of exertion.  

Exercising Muscle Oxygenation 

 Oxygenation of the exercising muscle was measured using a near infrared red 

spectroscopy (NIRS) system (Oxymon, Artinis Medical Systems, the Netherlands). The system 

collected data within a single channel consisting of one optical fiber transmitting near infrared 

light at three different wavelengths (874, 761, and 803nm) into the muscle, and was received by 

an avalanche photodiode. NIRS data was collected with an inter-optode distance of 45mm, 

participant-specific power and gain, and no differential pathlength factor correction. A cloth 

wrap was used to help stabilize the probes, and to prevent the intrusion of ambient light being 

received by the avalanche photodiode. The NIRS probe was placed over the right vastus lateralis 

muscle, 2/3 on the line from the anterior superior iliac spine to the lateral side of the patella, 

where the site was cleaned prior to securing the probe in place.  

 In past studies where changes in skeletal muscle were investigated using, deoxygenated 

hemoglobin (HHb) is often the variable of focus due to its insensitivity to changes in skin blood 

flow and volume, and because any changes in HHb are assumed to occur in the venous-capillary 

compartment (1). However, the use of HHb as an indicator of muscle oxygenation is valid only 

when total hemoglobin (TtlHb) concentration is constant (1). Thus, changes in HHb were taken 
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to reflect changes in the oxygen delivery-utilization balance of the exercising muscle after 

confirmation that TtlHb was unchanged.  

 

Data Acquisition  

Hemodynamic data were collected beat-to-beat and were interpolated into one-second 

intervals, with the exception of SaO2 which was manually recorded every 10 seconds. 

Ventilatory data were collected in 10-second averages. NIRS data were collected at a sample rate 

of 10Hz and were averaged into 6-second time bins. Additionally, NIRS data were recorded in 

arbitrary units (A.U). Some measures of HHb resulted in the acquisition of a negative A.U value; 

in this case, the lowest measured HHb value was added to all measures, ensuring that all HHb 

data were positive values. It is important to understand that this process does not change the 

profile of our observed HHb response. The same value is added to each HHb measurement, and 

therefore, the magnitude of HHb change remains the same following this process; the HHb 

profile is merely being shifted so that all measures are relative to zero.  

As HHb was measured in arbitrary units, we needed a method of quantifying HHb to 

compare oxygenation changes between CON and CWR conditions. Originally, we planned to use 

leg cuff occlusion to obtain maximal (100%) and minimal (0%) HHb values. From here, we 

could convert our arbitrary HHb data into percentages based off where our arbitrary HHb 

measures fell relative to these maximal and minimal signals. This would allow us to quantify 

muscle oxygenation change. However, the maximal HHb values obtained during cuff occlusion 

would sometimes be lower than HHb values that were measured during the exercise test. This 

would result in HHb percentages that were greater than 100%, and therefore, we could not be 

confident that our HHb percentage values would be accurate when comparing between 
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conditions. To overcome this, we instead calculated the change in HHb (ΔHHb) between the Pre 

and Post timepoints and the Pre and End timepoints for both CON and CWR. We were then able 

to compare ΔHHb between CON and CWR to determine if there were any differences in 

oxygenation changes between conditions.   

For our primary analysis, individual data were then averaged over four 30-second 

sections of time for statistical comparisons. These sections of time were: the last 30 seconds of 

baseline (BSL), the last 30 seconds prior to CWR removal (Pre), the first 30 seconds following 

removal of CWR (Post), and the last 30 seconds of exercise (End). As there was no restriction in 

the CON protocol, the aligned time points where CWR would have been removed were used. 

Both RPEC and RPEP were collected once during each time section. 

To create time profiles that characterized the adjustments to steady state, the 

hemodynamic data of each subject for the CON and CWR trials were averaged and plotted for 

the entirety of the exercise test. Additionally, a 30-second average was taken at various points 

throughout the protocol for statistical comparisons. The points where we took these 30-second 

averages were: the last 30 seconds of baseline, the first 30 seconds after exercise, the first minute 

into exercise, the second minute into exercise, the fourth minute into exercise, and the last 30 

seconds before CWR removal. Following CWR removal, additional points where we took 30-

second averages were: 30 seconds after CWR release, 1 minute after CWR release, 2 minutes 

after CWR release, 4 minutes after CWR release, and the last 30 seconds of exercise. As there 

was no restriction in the CON protocol, the aligned time points where CWR would have been 

removed were used. These time profiles can be found in Appendix B.  

 

Statistical Analysis 
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For our primary analysis, paired t-tests were used to identify any significant differences 

in hemodynamic, ventilatory, RPEC and RPEP data during BSL. Two-way repeated measures 

ANOVA’s were used to test the effects of condition (CON, CWR) and time (Pre, Post, End) on 

all hemodynamic and ventilatory measures, as well as RPEC and RPEP. For NIRS datahhhhh 

another two-way repeated measures ANOVA was used to test for the effects of condition (CON, 

CWR) and time (Pre-Post, Pre-End). When assumptions of sphericity were not met, a 

Greenhouse-Geisser correction was used. In the case of a significant interaction effect, pairwise 

comparisons were performed post-hoc via the Bonferonni method. One-way repeated measures 

ANOVA’s were used in order to ensure that TtlHb in both the CON and CWR conditions did not 

differ over the course of the exercise protocols. The level of significance for all tests was set to P 

< 0.05 

For our hemodynamic time profiles, two-way repeated measures ANOVA’s were used to 

test the effects of condition and time. This was done to approximate when CWR hemodynamic 

measures differed from CON, and to approximate when steady state was achieved for CWR 

exercise and exercise following CWR release. When assumptions of sphericity were not met, a 

Greenhouse-Geisser correction was used. In the case of a significant interaction effect, pairwise 

comparisons were performed post-hoc via the Bonferonni method. The level of significance for 

all tests was set to P < 0.05. All statistical analyses were performed using SPSS version 24.0 

software (SPSS Inc., Chicago, IL, USA). 
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RESULTS 

   

 All 12 subjects completed exercise testing under both the CWR and control experimental 

conditions. Arterial oxygen saturation, tissue oxygenation, peripheral and central RPE, and 

pulmonary measures were successfully recorded for all subjects. Central and peripheral 

hemodynamic data for 2 participants were excluded; in one participant we were unable to obtain 

finometer measurements during the CWR trials and in the other participant CO measurements 

during CWR were ~ 6 L/min greater than CON, inferring problems with the finometer 

measurement. Anthropometric and baseline data can be seen in Table 1.  
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Table 1. Baseline subject characteristics 

  Control CWR 

Age (years) 23.33 ± 2.96  
 

Height (cm) 176.04 ± 13.62 
 

Weight (kg) 79.54 ± 18.87 
 

   
SBP (mmHg) 119.74 ± 16.02 122.04 ± 9.47 

DBP (mmHg) 71.18 ± 10.61 78.44 ± 5.84* 

MAP (mmHg) 89.53 ± 11.58 95.03 ± 6.70 

HR (beats/min) 81.22 ± 14.61 86.40 ± 15.07 

SV (mL/beat) 85.56 ± 26.42 74.32 ± 16.15* 

CO (L/min) 6.81 ± 2.41 6.27 ± 1.21 

TPR (mmHg·min/L) 14.87 ± 5.76 15.94 ± 3.15 

VE (L/min) 11.19 ± 4.31 12.08 ± 2.32 

Fb (breaths/min) 15.53 ± 4.18 21.02 ± 4.55* 

TV (mL/breath) 764.17 ± 238.50 601.61 ± 119.65* 

VO2 (mL/min) 298.33 ± 122.22 290.32 ± 78.31 

RPEP 6.58 ± 0.90 6.63 ± 1.23 

RPEC 6.67 ± 1.27 10.75 ± 2.23* 

SaO2 (%) 98.51 ± 1.20 98.15 ± 0.98 

Values are means ± SD. SBP, systolic blood pressure; DBP, diastolic blood pressure; 
MAP, mean arterial pressure; HR, heart rate; SV, stroke volume; CO, cardiac output; 
TPR, total peripheral resistance; VE, minute ventilation; Fb, breathing frequency; TV, 
tidal volume; VO2, rate of oxygen consumption; RPEP, peripheral rating of perceived 
exertion; RPEC, central rating of perceived exertion; SaO2, arterial oxygen saturation.  
*Significantly different than Control. Significance P < 0.05.  
 
Central and Peripheral Hemodynamics  
 

  

Prior to CWR release, CO was significantly lower compared to CON during CWR 

exercise (14.41 ± 2.82 L/min vs. 17.19 ± 3.91 L/min, P = 0.007). CO was not significantly 

different between the two conditions immediately after CWR release (CWR 16.26 ± 3.03 L/min 

vs. CON 17.39 ± 3.75 L/min, P = 0.171) or at the end of steady state exercise (CWR 17.15 ± 

1.02 L/min vs. CON 17.97 ± 1.16 L/min, P = 0.337) (Fig. 4, panel A).  
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In CWR, SV was significantly lower prior to CWR release (96.65 ± 22.49 mL/beat) 

compared to CON exercise (123 ± 31.74 mL/beat, P = 0.001). Immediately after CWR release, 

SV increased (112.49 ± 27.28 mL/beat) but was still seen to be significantly lower than the same 

time point during CON (123.29 ± 31.08 mL/beat, P = 0.035). At the end of steady state exercise, 

there were no differences between CWR SV and CON SV (CWR 116.51 ± 25.98 mL/beat vs. 

CON 121.57 ± 29.79 mL/beat, P = 0.314) (Fig. 4, panel B).  

HR was significantly elevated prior to CWR release (151.42 ± 17.11 beats/min) 

compared to the same time point during CON (140.51 ± 15.51 beats/min, P = 0.011). No 

significant differences were seen immediately after CWR removal (CWR 147.43 ± 18.37 

beats/min vs. CON 142.55 ± 15.58 beats/min, P = 0.143) or at the end of steady state exercise 

(CWR 148.65 ± 17.01 beats/min vs. CON 149.84 ± 17.54 beats/min, P = 0.623) (Fig. 4, panel 

C).  
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Figure 4. Changes in cardiac output (CO; panel A), stroke volume (SV; panel B), and heart rate (HR; panel C) in 
response to CWR manipulation and release at 3 different time points: Pre, Post, and End. Each connected pair of 
data points represents an individual's response during CON (grey) and CWR (black) conditions. Boxes represent the 
mean ± SD response during CON (grey) and CWR (black) conditions. CON, control; CWR, chest wall restriction. 
Panel A: Significant interaction (P=0.008). Panel B: Significant interaction (P<0.001). Panel C: Significant 
interaction (P<0.001). * denotes significant difference between CON and CWR within time point, P < 0.05. 
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MAP was not significantly different between CWR and CON prior to CWR release 

(CWR 125.35 ± 16.59 mmHg vs. CON 112.68 ± 21.69 mmHg, P = 0.096), immediately after 

release (CWR 113.69 ± 13.90 mmHg vs. CON 111.16 ± 19.50 mmHg, P = 0.686), or at the end 

of steady state exercise (CWR 108.08 ± 12.65 mmHg vs. CON 109.12 ± 20.20 mmHg, P = 

0.858) (Fig. 5, panel A). 

SBP was also not significantly different in CWR compared to CON prior to CWR release 

(CWR 175.67 ± 22.82 mmHg vs. CON 159.93 ± 26.12 mmHg, P = 0.056), immediately after 

release (CWR 161.16 ± 19.40 mmHg vs. CON 157.38 ± 23.26 mmHg, P = 0.590), or at the end 

of steady state exercise (147.46 ± 18.53 mmHg vs. 152.40 ± 22.49 mmHg, P = 0.440) (Fig. 5, 

panel B).  

 DBP was significantly higher prior to CWR release (97.96 ± 13.03mmHg) compared to 

CON (84.36 ± 18.55 mmHg, P = 0.036). No significant differences were seen immediately after 

release (CWR 86.62 ± 11.40 mmHg vs. CON 83.54 ± 17.30 mmHg, P = 0.566) or at the end of 

steady state exercise (CWR 81.86 ± 9.39 mmHg vs. CON 81.56 ± 17.88 mmHg, P = 0.952) (Fig. 

5, panel C). 
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Figure 5. Changes in mean arterial pressure (MAP; panel A), systolic blood pressure (SBP; panel B), and diastolic 
blood pressure (DBP; panel C) in response to CWR manipulation and release at 3 different time points: Pre, Post, 
and End. Each connected pair of points represents an individual's response during CON (grey) and CWR (black) 
conditions. Boxes represent the mean ± SD response during CON (grey) and CWR (black) conditions. CON, 
control; CWR, chest wall restriction. Panel A: Significant interaction (P<0.001). Panel B: Significant interaction 
(P<0.001). Panel C: Significant interaction (P<0.001). * denotes significant difference between CON and CWR 
within time point, P < 0.05.  
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Prior to CWR release, TPR was significantly higher in CWR (9.31 ± 2.41 mmHg·min/L) 

compared to CON (7.24 ± 3.20 mmHg·min/L, P = 0.026). TPR was not significantly different 

between the two conditions shortly after CWR release (CWR 7.63 ± 2.20 mmHg·min/L vs. CON 

7.07 ± 3.18 mmHg·min/L, P = 0.598) or at the end of steady state exercise (CWR 6.48 ± 1.18 

mmHg·min/L vs. CON 6.51 ± 2.45 mmHg·min/L, P = 0.969) (Fig. 6). 
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Figure 6. Changes in total peripheral resistance (TPR) with CWR manipulation and release at 3 different time 
points: Pre, Post, and End. Each connected pair of points represents an individual's response during CON (grey) and 
CWR (black) conditions. Boxes represent the mean ± SD response during CON (grey) and CWR (black) conditions. 
CON, control; CWR, chest wall restriction. Significant interaction (P=0.001). * denotes significant difference 
between CON and CWR within time point, P < 0.05.  
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Gas Exchange  

 

 Compared to CON, VE was significantly higher prior to CWR release (CWR 59.57 ± 

20.42 L/min vs. CON 52.44 ± 23.16 L/min, P = 0.024) and shortly after release (CWR 62.67 ± 

23.60 L/min vs. CON 53.00 ± 21.99 L/min, P = 0.037). At the end of steady state exercise, CWR 

(58.37 ± 23.88 L/min) and CON (58.87 ± 27.43 L/min) were not significantly different (P = 

0.835) (Fig. 7, panel A). 

In CWR, Fb was significantly higher prior to CWR release (41.33 ± 10.84 breaths/min) 

than during CON (30.14 ± 9.98 breaths/min, P < 0.001). Fb was not seen to be significantly 

different shortly after release (CWR 33.70 ± 11.19 breaths/min vs. CON 29.41 ± 10.71 

breaths/min, P = 0.095) or at the end of steady state exercise (CWR 34.79 ± 11.16 breaths/min 

vs. CON 32.77 ± 12.66 breaths/min, P = 0.085) between CWR and CON (Fig. 7, panel B). 

 TV was seen to be significantly lower in CWR vs. CON prior to CWR release (CWR 

1467.65 ± 358.37 mL/breath vs. CON 1802.52 ± 516.36 mL/breath, P = 0.004). Immediately 

after release TV was not significantly different in CWR (1949.09 ± 471.36 mL/breath) compared 

to CON (1881.88 ± 494.60 mL/breath, P = 0.223). At the end of steady state exercise, CWR TV 

(1718.66 ± 415.24 mL/breath) was significantly lower than CON TV (1842.61 ± 489.65 

mL/breath, P = 0.021) (Fig. 7, panel C). 
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Figure 7. Changes in minute ventilation (VE; panel A), breathing frequency (Fb; panel B), and diastolic 
tidal volume (TV; panel C) in response to CWR manipulation and release at 3 different time points: Pre, 
Post, and End. Each connected pair of points represents an individual's response during CON (grey) and 
CWR (black) conditions. Boxes represent the mean ± SD response during CON (grey) and CWR (black) 
conditions. CON, control; CWR, chest wall restriction. Panel A: Significant interaction (P=0.027). Panel B: 
Significant interaction (P=0.003). Panel C: Significant interaction (P<0.001) * denotes significant 
difference between CON and CWR within time point, P < 0.05. 
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There were no significant differences in VO2 between CWR (1951.98 ± 701.43 mL/min) 

and CON (1914.62 ± 712.49 mL/min) prior to CWR release (P = 0.463). Immediately following 

CWR release, VO2 was significantly higher in CWR (2086.06 ± 780.58 mL/min) than in CON 

(1926.17 ± 696.81 mL/min, P = 0.007). At the end of steady state exercise there were no 

significant differences between CWR and CON (CWR 2062.32 ± 783.29 mL/min vs. CON 

2061.86 ± 764.41 mL/min, P = 0.988) (Fig. 8). 
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Figure 8. Changes in the rate of oxygen consumption (VO2) with CWR manipulation and release at 3 different time 
points: Pre, Post, and End. Each connected pair of points represents an individual's response during CON (grey) and 
CWR (black) conditions. Boxes represent the mean ± SD response during CON (grey) and CWR (black) conditions. 
CON, control; CWR, chest wall restriction. Significant interaction (P=0.002). * denotes significant difference 
between CON and CWR within time point, P < 0.05.  
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Arterial O2 Saturation and RPE 

 

 No significant interacting effects were seen for arterial O2 saturation or peripheral RPE. 

Central RPE was significantly higher in CWR prior to release (13.63 ± 1.21) than in CON (8.67 

± 2.05, P < 0.001). No significant differences in central RPE were seen immediately after release 

(CWR 10.21 ± 1.34 vs. CON 9.01 ± 2.23, P = 0.060) or at the end of steady state exercise (CWR 

10.25 ± 1.80 vs. CON 9.60 ± 2.42, P = 0.162) (Table 2).  

 
Table 2. Measures of peripheral ratings of perceived exertion, central ratings of perceived 
exertion, and arterial oxygen saturation compared between CON and CWR over time 
 
Values are means ± SD. RPEP, peripheral ratings of perceived exertion; RPEC, central ratings of perceived exertion; 

SaO2, arterial oxygen saturation; CON, control; CWR, chest wall restriction. RPEP: No significant interaction. 
RPEC: Significant interaction (P<0.001). SaO2: No significant interaction. * denotes significantly different from 
CON within time point, P < 0.05. 
 

 

 

 

 

 

 

 

 

 

    Pre       Post       End   

  CON   CWR   CON   CWR   CON   CWR 
            

RPEP 10.38 

± 2.41 

 
10.13 

± 2.33 

 
10.75 

± 2.44 

 
10.04 

± 2.46 

 
11.58 

± 2.94 

 
10.79 

± 2.76 

RPEC   8.67 

± 2.05 

 
13.63* 

± 1.21 

 
  9.08 

± 2.23 

 
10.21 

± 1.34 

 
  9.58 

± 2.42 

 
10.25 

± 1.80 

SaO2 

(%) 

97.86 

± 1.04 

  97.53 

± 1.09 

  97.84 

±1.06 

  97.85 

± 1.20 

  97.25 

± 1.20 

  96.95 

± 1.22 
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Muscle Oxygenation  

 

 TtlHb was not significantly different between any time points within either CON (Fig. 9, 

panel A) or CWR conditions (Fig. 9, panel B). 
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Figure 9. Changes in total hemoglobin (TtlHb) measured in arbitrary units (A.U) at 3 different time points: Pre, 
Post, and End. Panel A: CON, control. Panel B: CWR, chest wall restriction. No significant comparisons.   
 

  

The ΔHHb, measured by arbitrary units, between the Pre and Post time points of the 

CWR condition was significantly different (-0.35 ± 0.31 A.U) than the ΔHHb of the same points 

in CON (0.14 ± 0.27 A.U, P = 0.001) (Fig. 10, panel A). The ΔHHb of the Pre and End time 
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points were also significantly different between the CWR and CON conditions (CWR -0.86 ± 

1.65 A.U vs. CWR 0.11 ± 0.96 A.U, P=0.004) (Fig. 10, panel B). 
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Figure 10. The deoxygenated hemoglobin change (ΔHHb), measured in arbitrary units (A.U) between Pre and Post 
time points (panel A) and between Pre and End time points (panel B) for both CON and CWR conditions. CWR, 
chest wall restriction; CON, control. Significant interaction (P=0.048). * denotes significant difference between 
average CWR ΔHHb and average CON ΔHHb within time point comparison, P < 0.05. 
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DISCUSSION 

 

We used CWR to mimic RPD effects on chest wall expansion. We tested the hypothesis 

that the reduced CO with CWR would compromise exercising skeletal muscle oxygenation 

during cycling exercise in healthy young participants. The key findings from the current study 

were as follows. 1) CWR during cycling exercise reduced CO and increased TPR. 2) Removal of 

CWR resulted in a rapid CO increase and TPR decrease. 3) While CWR did not affect SaO2, 

CWR removal improved oxygenation of the vastus lateralis muscle.   

The decrease in cycling exercise CO under conditions of CWR is similar to previous 

findings (51).The improvement in exercising muscle oxygenation when CWR was released is a 

novel finding and consistent with our hypothesis indicating reduced blood flow to exercising 

skeletal muscle during CWR. Sympathetic vasoconstriction of exercising muscle vascular beds 

as part of the blood pressure regulation response to offset reduced CO is the likely cause of this 

compromise to exercising muscle blood flow. Given that increased oxygen delivery to the 

exercising muscle improves oxygenation and exercise tolerance (6), these findings support the 

potential for a cardiovascular contribution to reduced exercise tolerance in RPD patients.  

 

CWR and Limitations to Exercise Tolerance 

Previous works have used CWR to mimic RPD (31, 51, 56). Our implementation of 

CWR restricted TV, necessitating increased Fb to achieve adequate alveolar ventilation (Fig. 7). 

Additionally, we observed a higher VE during CWR exercise (Fig. 7). During exercise, increases 

in VE are the result of increases in TV and/or Fb. When increases in VE are the product of an 

increased Fb rather than increased TV, there is a greater proportion of dead space ventilation 

relative to alveolar ventilation (71). As reduced TV and increased Fb were seen with CWR 
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exercise (Fig. 7), the greater VE was expected to maintain alveolar ventilation. Given that SaO2 

was unchanged with CWR, this indicates alveolar ventilation was defended (71).  

Dyspnea is another symptom of these restrictive disorders that is reproducible with a 

CWR mimic during exercise (31, 51, 56). In the present study, measures of RPE relating to the 

subject’s lungs and chest wall suggest greater levels of respiratory discomfort with CWR during 

resting baseline and exercise (Tables 1 and 2). Individuals with RPD report dyspnea as a major 

reason for cessation of exercise and exercise intolerance (31). We applied CWR as a model for 

RPD to further our understanding of potential determinants of exercise intolerance in these 

restrictive disorders. While we measured exercising muscle oxygenation, exercise tolerance was 

not evaluated. Previously, O’Donnell et al. (56) applied CWR during maximal cycling exercise 

tests and observed a 15% reduction in peak work rate and greater dyspnea. The reduced exercise 

tolerance and greater dyspnea were correlated with indexes of lung volume restrictions, leading 

to the conclusion that the constraints in TV with an increasing ventilatory demand were 

responsible (56). Lung volume feedback is theorized to be detected by mechanoreceptors and 

proprioceptors within the thoracic cage and intercostal muscles, which is relayed to the central 

cortex. The disassociation between the sensed impairment of the TV response and the increased 

respiratory demand may result in dyspnea (31, 56). Therefore, the restraint of TV with both RPD 

and via CWR may lead to greater respiratory discomfort, lowering exercise capacity.  

However, the effects of CWR on the cardiovascular response to exercise are not fully 

understood. O’Donnell et al. (56) did not measure central hemodynamics and any impact that a 

reduced CO may have had on exercise intolerance was not established. CO can be significantly 

blunted by CWR at work rates as low as 25% of maximal VO2 (51), and therefore, a compromise 
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to exercising muscle oxygenation may have also contributed to the reduced exercise tolerance in 

prior studies (31, 56).  

 

Evidence for Sympathetic Vasoconstriction of Exercising Muscle with CWR 

Sustained exercise requires that oxygen delivery to the working muscle meets its 

metabolic requirement (44). This occurs through dilation of exercising muscle vasculature to 

allow for greater blood flow at a given arterial blood pressure (44), balanced by increases in CO 

and potential vasoconstriction of other vascular beds to maintain blood pressure regulation. 

Ultimately, exercising muscle vasodilation to support metabolic demand would, on its own, act 

to compromise arterial blood pressure (33, 59). Therefore, an impaired CO increase with exercise 

would require peripheral vasoconstriction to ensure that MAP is not compromised.   

Sympathetic vasoconstriction of vascular beds supplying non-exercising tissue may 

balance total peripheral blood flow with CO during exercise (80). Exercising muscle vasculature 

may also vasoconstrict in response to baroreflex stimulation (40). β1 adrenergic receptor 

blockade compromises to CO also result in exercising muscle vasoconstriction (59). However, 

reduced exercising limb vascular conductance may not be required when non-exercising 

vasculature constricts adequately and the decrease in blood flow to this other tissue alone is 

sufficient to maintain MAP. For the same metabolic demand, individuals can vary substantially 

in their CO response, yet show similar arterial blood pressures with no evidence for 

compromised exercising muscle blood flow (7). This is only possible if MAP was preserved 

through greater restrictions of non-exercising tissue conductance in individuals who showed a 

lower CO response. This would leave exercising muscle blood flow unaffected. Therefore, it was 
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not clear whether vasoconstriction would occur in the exercising skeletal muscles when CWR 

blunted CO, limiting peripheral blood flow. 

In the present study, we used CWR to lower steady state exercising CO by approximately 

2L/min, which was restored upon CWR release (Fig. 4). This is consistent with previous findings 

(51) and significant CO reductions at rest also occur with CWR (43). Mendonca et al. (49) 

reported no CO changes during incremental cycling exercise with CWR, questioning whether 

CWR blunts CO. However, their degree of CWR was milder (20% of vital capacity) than in 

works where CO limitations are shown (greater than 30% of vital vapacity). This lesser degree of 

CWR may explain why CO reductions were not seen. A potential mechanism for CWR-induced 

decreases in CO is increased intrathoracic pressure that reduces right atrial expansion and 

decreases SV through reduced venous return (51, 60). A milder degree of CWR may not elicit 

this reduced venous return, and therefore, the degree of CWR could be a factor that determining 

whether CO will be blunted. 

External thoracic restriction employed at exercise intensities equal to 65% of maximal 

heart rate can decrease SaO2 (31). Thus, there is potential for CWR to reduce arterial oxygen 

saturation during exercise. Exercising muscle oxygenation reflects the balance between oxygen 

delivery and utilization (7), and reductions in SaO2 could compromise oxygenation independent 

of a reduction in perfusion. By simultaneously measuring muscle oxygenation and arterial 

oxygen saturation, we were able to establish whether increased SaO2 improved muscle 

oxygenation with CWR release. We observed no impact on SaO2 with CWR (Table 2), 

confirming this was not the case. 

Turning to our findings, the removal of CWR increased exercising quadriceps 

oxygenation, evidenced by the subsequent decrease in HHb after CWR release and CO 
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restoration (Fig. 10). As VO2 did not decrease upon CWR removal, increased oxygenation was 

consistent with an increased exercising muscle oxygen delivery via increased blood flow. 

Further, the reduction in blood flow to the exercising muscle during CWR likely acted to 

preserve MAP in response to the lowered CO that existed. This provides evidence that there is 

sympathetic vasoconstriction of the exercising muscle in response to a lowered CO, contrary to 

what was found by Bentley et al. (7).   

 An interesting observation regarding VO2 was that shortly after CWR release, VO2 was 

actually elevated compared to control (Fig. 8). As cycling work rate did not increase, this is 

likely due to the sudden immediate venous return increase with CO restoration after CWR 

removal. This would suddenly increase deoxygenated blood volume moving through the 

pulmonary circulation, allowing more oxygen to be moved from the lungs and taken on by the 

blood. Our interpretation of this increased VO2 is supported by oxygen uptake kinetics at the 

onset of exercise, which show phase one increases in VO2 measured at the mouth are mainly the 

consequence of increased venous return (35). Following CWR removal, subsequent exercising 

muscle blood flow increases, enabled by increased CO, would result in blood with higher oxygen 

content returning to the lungs, restoring pulmonary oxygen exchange and exercising muscle 

oxygen exchange matching. This leads to VO2 at the end of steady state exercise being similar 

between CWR and CON conditions (Fig. 8).   

 Our results show that peripheral ratings of perceived exertion were unaffected by CWR 

(Table 2). As greater oxygen delivery increases exercise capacity (73), we may have expected to 

see RPEP decreases following CWR release and improved muscle oxygenation. However, we 

believe that the lack of RPEP changes that we observed following CWR release may be 

explained by our selected exercise intensity and the RPEP values that this exercise intensity 
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elicited during CWR. We used a moderate cycling exercise intensity (45% of work rate max) 

during our exercise tests. Using a moderate exercise intensity resulted in low RPEP measures 

during CWR exercise (Table 2). Given that RPEP with CWR was low to begin with, we believe 

that the muscle oxygenation improvement following CWR release may not have resulted in 

noticeable effect on the perceived exertion of the exercising leg.     

Another point of interest is the pressor response that we observed with CWR. DBP was 

significantly greater with CWR, and while SBP and MAP were not seen to be statistically 

different, elevations of ~15mmHg and 12.5mmHg were seen respectively, with statistical 

significance being approached (Fig. 5). Similarly, Miller et al. observed greater blood pressure 

responses with CWR (51). They speculated this was due to a respiratory metaboreflex, whereby 

metabolite build-up in the respiratory muscles elicited a peripheral vasoconstrictor response to 

raise arterial blood pressure and increase blood flow to the respiratory muscles. Upon further 

examination of our pressor response time profiles, we do not believe that a metaboreflex is 

entirely consistent with our observed pressure differences. Turning to DBP, significant 

elevations can be seen with CWR at resting baseline (Table 1). After accounting for these 

baseline differences, further statistical analyses revealed no differences between CON and CWR 

at any other subsequent timepoint (analysis not shown). Therefore, a metaboreflex seems 

unlikely to be responsible as these DBP elevations appear to be the product of a greater pressure 

at baseline. Moreover, SBP is expected to increase when DBP is also increased (64). Given that 

DBP was elevated during CWR, the greater SBP that we also observed with CWR is expected 

and is not necessarily indicative of a metaboreflex. The immediacy with which MAP, SBP, and 

DBP decreased after CWR removal is also not consistent with a metaboreflex (Appendix B, Fig. 

11, 12, and 13). The cessation of a metaboreflex would require the metabolites stimulating the 
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afferents to be washed out, which is unlikely to create an immediate drop in the pressor response. 

Given the speed with which blood pressure dropped, we believe that a metaboreflex is unlikely 

to be responsible for the changes that we see with CWR.         

 

Methodological Considerations 

 There are several aspects of this study’s methodology that warrant consideration. First, 

while NIRS provided insight into the nature of the exercising quadriceps oxygen delivery-to-

demand balance, blood flow itself was not measured. Therefore, we cannot provide direct 

evidence that blood flow to the exercising muscle improved upon CWR release. Our 

interpretation of sympathetic vasoconstriction of exercising muscle vasculature with CWR is 

therefore based on a change in muscle oxygenation. However, the unchanged arterial oxygen 

saturation, combined with the fact that VO2 was similar between conditions at the end of exercise 

is consistent with our interpretation that blood flow to the exercising muscle was improved after 

the removal of CWR.  

 Second, our measure of exercising skeletal muscle oxygenation was quantified using 

arbitrary units. Due to the NIRS device that was used, absolute concentrations of HHb could not 

be obtained. However, our approach of removing CWR during exercise allowed us to identify 

improved oxygenation following CWR release compared to pre removal. As such, though we 

were unable to directly compare exercising muscle oxygenation during control vs. CWR 

conditions in absolute units, we were able to identify a change by applying and then suddenly 

removing CWR during the same exercise test. Therefore, we believe our work provides an 

important first step in demonstrating potential cardiovascular limitations to exercise tolerance 

with CWR in addition to previously established pulmonary limitations (25, 56, 78).  
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 There may be potential effects of CWR on aortic stiffness. Therefore, we cannot exclude 

that CWR may affect the ModelFlowTM calculations of SV and CO, introducing the possibility 

that our observed SV and CO reductions with CWR are due to measurement error. However, the 

Finometer measures originate from the finger, which outside the environment that is being 

affected by CWR and making it unlikely that they are affected by this central restriction. 

Additionally, we did observe improved oxygenation after CWR removal. This is consistent with 

a return to higher blood flow and aligns with CO being blunted with CWR followed by 

restoration upon release.   

Furthermore, our use of CWR was conducted in healthy young adults, a population that 

differs from the older populations in which these restrictive disorders are typically seen (45). 

Identifying the effect of reduced CO in RPD directly is not possible as the restriction in these 

individuals cannot be removed. Our use of CWR was advantageous as it allowed for the sudden 

and immediate removal of the restriction and revealed the subsequent response. Demonstrating 

reduced muscle oxygenation with CWR-mediated blunting of CO suggests that a lowered CO 

may contribute to exercise intolerance in RPD. Miller et al. (51) speculated that the blunted CO 

with CWR may be due to reduced preload. The restricted chest wall expansion prevents 

intrathoracic pressure from becoming more negative during inspiration. This results in decreased 

right atrial expansion and increased pressure, reducing the pressure gradient for venous return, 

and subsequently, preload and stroke volume. We believe that this mechanism could exist in 

restrictive disorders whereby chest wall compliance is restrained, compromising expansion 

during respiration. Therefore, our work serves as a building point for future investigations into 

the mediators of exercise intolerance in RPD. 
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 Another advantage of our approach was that we were able to assess the time-course of the 

systemic changes that occurred with CWR. The removal of CWR resulted in a rapid decrease in 

TPR (Fig. 17, Appendix B). This rapid drop in TPR may suggest that the external CWR could 

have created a mechanical resistance to blood flow due to compression of vessels within the 

thoracic region. This may question whether the increased peripheral resistance during CWR was 

due to increased sympathetic vasoconstriction or the result of a mechanical compression. 

However, during pilot testing, CWR removal during rest resulted in an immediate drop in TPR 

that was then restored to the same level as seen with CWR. In contrast, TPR remained lower 

following CWR removal during exercise. This is consistent with reduction of an underlying 

sympathetic restraint during CWR.  

 

Conclusions  

 In summary, we tested the hypothesis that limiting CO with CWR during submaximal 

exercise would result in a decrease in exercising quadriceps muscle oxygenation. This was done 

to further our understanding of potential contributors to exercise intolerance in RPD. We have 

demonstrated that quadriceps muscle oxygenation was improved in response to the restoration of 

CO with CWR removal during exercise. We interpret these findings to support sympathetic 

vasoconstriction of exercising muscle vasculature during CWR as a mechanism to maintain 

MAP with reduced CO. This may have an implication for reduced exercising tissue blood flow 

as a contributor to exercise intolerance in RPD patients.  

 

Grants 



60 

 

 Support for this project was provided by the Natural Sciences and Engineering Research 

Council (NSERC) Discovery Grant RGPIN/05078-2016 as well as infrastructure grants from the 

Canadian Foundation for Innovation and the Ontario Innovation Trust (to M. E. Tschakovsky). 

 

Disclosures 

No conflicts of interest are declared by the authors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



61 

 

Chapter 4 

General Discussion 

Integrated Summary 

 Continuous sustained exercise requires oxygen delivery to the working muscle meets the 

exercising metabolic demand. This is achieved through pronounced increases in CO and 

vasodilation of the exercising muscle vasculature (44). Importantly, MAP must be maintained to 

ensure that the driving pressure for blood flow throughout the body is not compromised (80). 

This requires proper balancing of CO and total PBF and may necessitate vasoconstriction of the 

peripheral vasculature to ensure that blood flow throughout the body does not exceed the volume 

pumped by the heart (9, 80). However, if the CO response to exercise is blunted, a greater 

vasoconstrictor response is required to maintain MAP. While the need for peripheral 

vasoconstriction is clear (80), the location of its occurrence is not fully understood. Sympathetic 

vasoconstriction of exercising tissue occurs in response to baroreflex stimulation (40), and in 

response to a lowered CO during exercise (59). However, evidence exists that exercising muscle 

vasculature does not vasoconstrict in response to reduced CO (7). Therefore, when CO is 

compromised, it is not clear whether there will be exercising muscle sympathetic 

vasoconstriction to protect MAP.  

Individuals with RPD experience reduced exercise tolerance (69). Past works have used 

CWR to mimic RPD (31, 56), and an additional consequence of CWR is that it reduces 

exercising CO (51). The inability of the chest wall to expand may be responsible, as this 

compromises the hearts capacity to expand and fill with blood (51). Given that this mechanism 

could exist in RPD, some individuals with RPD may also experience a blunted CO response to 

exercise. As previously mentioned, when CO is reduced, as with CWR, peripheral 
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vasoconstriction is expected but it is not clear whether this would occur at the exercising muscle. 

If this increased vasoconstrictor activity occurs at the exercising tissue, we expect that exercising 

muscle oxygenation and blood flow would be reduced. Subsequently, when CWR is removed 

and CO is restored, we would also predict that oxygenation and blood flow would follow suit. To 

further investigate this, CWR was used to blunt CO during cycling while exercising muscle 

oxygenation was simultaneously recorded. CWR was then removed to restore CO and identify 

whether muscle oxygenation was affected. 

To our knowledge, the manuscript within this thesis is the first to show reduced 

exercising muscle oxygenation in response to a blunted CO with CWR. These findings support 

that blood flow to the exercising muscle was reduced with CWR. These conclusions are based 

upon the observed deoxygenated hemoglobin decrease following CWR removal. This indicates 

improved exercising muscle oxygenation once CWR was released and CO was restored. We 

observed no differences in SaO2 with CWR, indicating that this did not contribute to the reduced 

muscle oxygenation with CWR. Therefore, we attribute this reduced exercising muscle 

oxygenation to a reduction in blood flow. Furthermore, we interpret the reduced exercising 

muscle oxygenation to represent a sympathetic vasoconstrictor response to a lowered CO. As 

CWR limited CO, a compensatory decrease in PBF was needed to preserve MAP. Given that 

exercising muscle oxygenation was reduced, we surmise that there was sympathetic 

vasoconstriction of the working muscle in response to CWR. In contrast, during the control 

exercise sessions, there was no change in muscle oxygenation as there was no CWR 

manipulation to alter CO. Therefore, a greater sympathetic vasoconstrictor response would not 

be needed, and blood flow to the exercising muscle was unchanged.  
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Strengths of Thesis Work 

 The methodological designs utilized in this study are the major strengths of this thesis. 

Identifying the contribution of a reduced CO in mediating exercise tolerance in RPD is not 

directly possible as there is no way to remove the restriction in these individuals. Our approach 

was advantageous as implementing CWR during exercise combined with the sudden removal of 

CWR allowed us to identify the peripheral effects of that restriction. While our work does not 

argue against other established potential mediators of exercise intolerance in RPD, it does draw 

attention to the issue that CO may be an additional potential contributor. This is a link that would 

not have been revealed without the methodological approaches that we used.  

 Additionally, our methodological design allowed for continuous measurement of our 

variables of interest. While steady-state hemodynamic measures have been previously obtained 

with CWR, we are unaware of any works that have recorded continuous time profiles. These 

time profiles were integral in the interpretation of our results. For example, the metaboreflex is a 

mechanism whereby metabolite accumulation from working muscles results in a peripheral 

vasoconstrictor response to raise blood pressure and blood flow to the sites of metabolite build-

up (57). It is possible that CWR may have increase respiratory muscle metabolite build-up, and 

that this was responsible for reduction in exercising muscle oxygenation rather than the blunted 

CO. However, our time profiles show immediate drops in blood pressure (Appendix B, Fig. 11, 

12, and 13). Given that metabolite removal would not be an immediate process, a metaboreflex is 

not consistent with our blood pressure profiles. This gives us greater confidence in our 

interpretation that the reduced exercising muscle oxygenation was due to vasoconstriction 

stemming from a limited CO response to exercise.     
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Our acute manipulation of CO differs from the interindividual CO response variations to 

exercise (7). These interindividual differences could be due to chronic inherent differences 

between individuals. Low CO responders may have a cardiovascular system that more heavily 

focuses on reducing blood flow to the non-exercising tissue to compensate for reduced CO. This 

would match CO and total PBF to maintain MAP while ensuring exercising muscle blood flow 

requirements are met. These individuals may also have an inherently greater level of non-

exercising tissue vasoconstriction in response to exercise. Therefore, MAP protection and 

exercising muscle blood flow demands can be met with a smaller increase in CO in these 

individuals. In our work, the limited CO was a direct result of our utilization of CWR rather than 

a product of chronic inherent differences. This allowed us to observe the direct effects of a 

blunted CO, leading to the novel finding of reduced exercising muscle oxygenation with CWR. 

 

Limitations of Thesis Work  

Our work has several limitations that warrant consideration. First, given the nature of the 

cycling exercise, we were unable to continuously measure exercising limb blood flow. 

Therefore, we cannot provide direct evidence that exercising muscle blood flow improved upon 

CO restoration with CWR removal. Our interpretation of improved blood flow following CWR 

release is based upon improved exercising muscle oxygenation. Oxygenation reflects the balance 

between oxygen delivery and utilization. Given that exercise intensity and metabolic demand 

were held constant, oxygen utilization should not have changed. Therefore, the improved 

oxygenation must reflect greater oxygen delivery to the muscle. As SaO2 was also unchanged, 

we believe the improved oxygenation indicates greater blood flow to the muscle following CWR 

release, consistent with reduced sympathetic vasoconstrictor activity after CO has increased. 
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Furthermore, we were unable to obtain absolute measures of muscle oxygenation, which 

was instead quantified in arbitrary units. We were therefore unable to directly compare the 

absolute changes in deoxygenated hemoglobin between our control and experimental groups. 

However, our approach of removing CWR part way through the exercise testing provided a 

means to overcome this limitation. This allowed us to determine the change in deoxygenated 

hemoglobin between steady-state exercise with CWR on and steady-state exercise with CWR 

removed. We then calculated this change between the same time points within our control group 

(where little to no change was expected as CWR was absent) for comparison. As such, while no 

absolute concentrations were measured, we identified that deoxygenated hemoglobin with CWR 

was greater using this approach. 

 

Future Directions 

 This study is an important first step in characterizing the exercising muscle blood flow 

response to a CWR-mediated CO reduction. This study has demonstrated that blunting CO via 

CWR decreases exercising muscle oxygenation. Likewise, when CWR is removed, CO and 

muscle oxygenation are restored. However, further work must investigate whether this is truly 

indicative of decreased exercising muscle blood flow, and further, what is the exact mechanism 

behind this? We conducted this study to provide a proof of principal that lowered exercising 

muscle blood and oxygenation may contribute to exercise intolerance in RPD. After showing that 

muscle oxygenation is reduced under CWR as a mimic of RPD, we must further investigate if 

this is the case in individuals with these diseases. This will allow us to develop a better 

understanding into the nature of exercise intolerance in RPD.   
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Concluding Remarks 

 We have interpreted the results of this thesis to support sympathetic vasoconstriction of 

the exercising muscle in response to a lowered CO with CWR. These findings have provided a 

proof of principle that exercise intolerance in RPD may have an additional contributing 

mechanism relating to a reduction in blood flow to the exercising muscle.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



67 

 

REFERENCES 

1. Adami, A., Koga, S., Kondo, N., Cannon, D. T., Kowalchuk, J. M., Amano, T., & 
Rossiter, H. B. 2015. Changes in whole tissue heme concentration dissociates muscle 
deoxygenation from muscle oxygen extraction during passive head-up tilt. Journal of 
Applied Physiology, 118(9), 1091-1099. 

 
2. Allen, D. G., & Kentish, J. C. 1985. The cellular basis of the length-tension relation in 

cardiac muscle. Journal of molecular and cellular cardiology, 17(9), 821-840. 
 

3. Andersen, P., Adams, R. P., Sjogaard, G., Thorboe, A., & Saltin, B. 1985. Dynamic knee 
extension as model for study of isolated exercising muscle in humans. Journal of Applied 
Physiology, 59(5), 1647-1653. 

 
4. Armstrong, M. L., Dua, A. K., & Murrant, C. L. 2007. Potassium initiates vasodilatation 

induced by a single skeletal muscle contraction in hamster cremaster muscle. The Journal 
of physiology, 581(2), 841-852. 

 
5. Åstrand, P. O., Cuddy, T. E., Saltin, B., & Stenberg, J. 1964. Cardiac output during 

submaximal and maximal work. Journal of Applied Physiology, 19(2), 268-274. (Plateau 
at 40%) 

 
6. Bailey, S. J., Varnham, R. L., DiMenna, F. J., Breese, B. C., Wylie, L. J., & Jones, A. M. 

2015. Inorganic nitrate supplementation improves muscle oxygenation, O2 uptake 
kinetics, and exercise tolerance at high but not low pedal rates. Journal of applied 
physiology, 118(11), 1396-1405. 

 
7. Bentley, R. F., Jones, J. H., Hirai, D. M., Zelt, J. T., Giles, M. D., Raleigh, J. P., 

Quadrilatero, J., Gurd, B. J., Neder, J. A., & Tschakovsky, M. E. 2018. Do 
interindividual differences in cardiac output during submaximal exercise explain 
differences in exercising muscle oxygenation and ratings of perceived exertion?. 
Physiological reports, 6(2). 
 

8. Boulton, D., Taylor, C. E., Green, S., & Macefield, V. G. (2018). The metaboreflex does 
not contribute to the increase in muscle sympathetic nerve activity to contracting muscle 
during static exercise in humans. The Journal of Physiology, 596(6), 1091-1102. 

 
9. Buckwalter, J. B., & Clifford, P. S. 2001. The paradox of sympathetic vasoconstriction in 

exercising skeletal muscle. Exercise and sport sciences reviews, 29(4), 159-163. 
 

10. Buckwalter, J. B., & Clifford, P. S. 1999. α-Adrenergic vasoconstriction in active skeletal 
muscles during dynamic exercise. American Journal of Physiology-Heart and Circulatory 
Physiology, 277(1), H33-H39. 

 
11. Busse, R., Trogisch, G., & Bassenge, E. 1985. The role of endothelium in the control of 

vascular tone. Basic research in cardiology, 80(5), 475-490. 



68 

 

 
12. Calbet, J. A. L., Jensen‐Urstad, M., Van Hall, G., Holmberg, H. C., Rosdahl, H., & 

Saltin, B. 2004. Maximal muscular vascular conductances during whole body upright 
exercise in humans. The Journal of physiology, 558(1), 319-331. 

 
13. Chapman, C. B., Fisher, J. N., & Sproule, B. J. 1960. Behavior of stroke volume at rest 

and during exercise in human beings. The Journal of clinical investigation, 39(8), 1208-
1213. 

 
14. Connes, P., Hue, O., & Perrey, S. (Eds.). 2010. Exercise physiology: From a cellular to 

an integrative approach (Vol. 75). IOS Press. 
 

15. Crecelius, A. R., Richards, J. C., Luckasen, G. J., Larson, D. G., & Dinenno, F. A. 2013. 
Reactive hyperemia occurs via activation of inwardly rectifying potassium channels and 
Na+/K+-ATPase in humans. Circulation research, 113(8), 1023-1032. 

 
16. Crisafulli, A., Piras, F., Filippi, M., Piredda, C., Chiappori, P., Melis, F., Milia, R., 

Tocco, F., & Concu, A. 2011. Role of heart rate and stroke volume during muscle 
metaboreflex-induced cardiac output increase: differences between activation during and 
after exercise. The Journal of Physiological Sciences, 61(5), 385. 

 
17. Dicarlo, S. E., & Bishop, V. S. 2001. Central baroreflex resetting as a means of 

increasing and decreasing sympathetic outflow and arterial pressure. Annals of the New 
York Academy of Sciences, 940(1), 324-337. 

 
18. Delp, M. D., & Laughlin, M. H. 1998. Regulation of skeletal muscle perfusion during 

exercise. Acta Physiologica Scandinavica, 162(3), 411-419. 
 

19. Drouin, P. J., Kohoko, Z. I. N., Mew, O. K., Lynn, M. J. T., Fenuta, A. M., & 
Tschakovsky, M. E. (2019). Fatigue-independent alterations in muscle activation and 
effort perception during forearm exercise: role of local oxygen delivery. Journal of 
Applied Physiology, 127(1), 111-121. 

 
20. Dyke, C. K., Dietz, N. M., Lennon, R. L., Warner, D. O., & Joyner, M. J. 1998. Forearm 

blood flow responses to handgripping after local neuromuscular blockade. Journal of 
Applied Physiology, 84(2), 754-758. 

 
21. Ellsworth, M. L. 2000. The red blood cell as an oxygen sensor: what is the evidence?. 

Acta Physiologica Scandinavica, 168(4), 551-559. 
 

22. Ellsworth, M. L., Forrester, T., Ellis, C. G., & Dietrich, H. H. 1995. The erythrocyte as a 
regulator of vascular tone. American Journal of Physiology-Heart and Circulatory 
Physiology, 269(6), H2155-H2161. 

 
23. Freyschuss, U. 1970. Cardiovascular adjustment to somatomotor activation. Acta physiol. 

scand., 342, 1-63. 



69 

 

 
24. Garske, L. A., Lal, R., Stewart, I. B., Morris, N. R., Cross, T. J., & Adams, L. 2017. 

Exertional dyspnea associated with chest wall strapping is reduced when external dead 
space substitutes for part of the exercise stimulus to ventilation. Journal of Applied 
Physiology, 122(5), 1179-1187. 

 
25. Ginde, S., Bartz, P. J., Hill, G. D., Danduran, M. J., Biller, J., Sowinski, J., ... & Earing, 

M. G. 2013. Restrictive lung disease is an independent predictor of exercise intolerance 
in the adult with congenital heart disease. Congenital heart disease, 8(3), 246-254. 

 
26. Gledhill, N., Cox, D., & Jamnik, R. 1994. Endurance athletes' stroke volume does not 

plateau: major advantage is diastolic function. Medicine and science in sports and 
exercise, 26(9), 1116-1121. 

 
27. González‐Alonso, J., Mortensen, S. P., Jeppesen, T. D., Ali, L., Barker, H., Damsgaard, 

R., Secher, N. H., Dawson, E. A., & Dufour, S. P. 2008. Haemodynamic responses to 
exercise, ATP infusion and thigh compression in humans: insight into the role of muscle 
mechanisms on cardiovascular function. The Journal of physiology, 586(9), 2405-2417. 

 
28. Gordan, R., Gwathmey, J. K., & Xie, L. H. 2015. Autonomic and endocrine control of 

cardiovascular function. World journal of cardiology, 7(4), 204. (Heart contractility).  
 

29. Green, D. J., Dawson, E. A., Groenewoud, H. M., Jones, H., & Thijssen, D. H. 2014. Is 
flow-mediated dilation nitric oxide mediated? A meta-analysis. Hypertension, 63(2), 376-
382. 

 
30. Hamann, J. J., Buckwalter, J. B., & Clifford, P. S. 2004. Vasodilatation is obligatory for 

contraction‐induced hyperaemia in canine skeletal muscle. The Journal of physiology, 
557(3), 1013-1020. 

 
31. Harty, H. R., Corfield, D. R., Schwartzstein, R. M., & Adams, L. 1999. External thoracic 

restriction, respiratory sensation, and ventilation during exercise in men. Journal of 
applied physiology, 86(4), 1142-1150. 

 
32. Heindl, S., Lehnert, M., CriÉe, C. P., Hasenfuss, G., & Andreas, S. 2001. Marked 

sympathetic activation in patients with chronic respiratory failure. American Journal of 
Respiratory and Critical Care Medicine, 164(4), 597-601. 

 
33. Hisdal J, Toska K, Walloe L. 2001. Beat-to-beat cardiovascular responses to rapid, low-

level LBNP in humans. Am J Physiol Regulatory Integrative Comp Physiol 
 

34. Hsia, C. C. 1999. Cardiopulmonary limitations to exercise in restrictive lung disease. 
Medicine and science in sports and exercise, 31(1 Suppl), S28-32. 
 



70 

 

35. Hughson, R. L., O'leary, D. D., Betik, A. C., & Hebestreit, H. 2000. Kinetics of oxygen 
uptake at the onset of exercise near or above peak oxygen uptake. Journal of Applied 
Physiology, 88(5), 1812-1819. 
 

36. Incognito, A. V., Doherty, C. J., & King, T. J. (2018). Muscle sympathetic outflow 
during exercise: a tale of two limbs. The Journal of Physiology, 596(16), 3465. 

 
37. Joyner, M. J., & Casey, D. P. 2015. Regulation of increased blood flow (hyperemia) to 

muscles during exercise: a hierarchy of competing physiological needs. Physiological 
reviews, 95(2), 549-601.  

 
38. Kaufman, M. P., & Hayes, S. G. 2002. The exercise pressor reflex. Clinical Autonomic 

Research, 12(6), 429-439. 
 

39. Kaur, J., Machado, T. M., Alvarez, A., Krishnan, A. C., Hanna, H. W., Altamimi, Y. H., 
Senador, D., Spranger M. D., & O'Leary, D. S. 2015. Muscle metaboreflex activation 
during dynamic exercise vasoconstricts ischemic active skeletal muscle. American 
Journal of Physiology-Heart and Circulatory Physiology, 309(12), H2145-H2151. 

 
40. Keller, D. M., Wasmund, W. L., Wray, D. W., Ogoh, S., Fadel, P. J., Smith, M. L., & 

Raven, P. B. 2003. Carotid baroreflex control of leg vascular conductance at rest and 
during exercise. Journal of Applied Physiology. 

 
41. Kellogg Jr, D. L., Zhao, J. L., Coey, U., & Green, J. V. 2005. Acetylcholine-induced 

vasodilation is mediated by nitric oxide and prostaglandins in human skin. Journal of 
Applied Physiology, 98(2), 629-632. 

 
42. Klabunde, R. 2011. Cardiovascular physiology concepts. Lippincott Williams & Wilkins. 

 

43. Klineberg, P. L., Rehder, K., & Hyatt, R. E. (1981). Pulmonary mechanics and gas 
exchange in seated normal men with chest restriction. Journal of Applied 
Physiology, 51(1), 26-32. 

 
44. Korthuis, R. J. 2011. Exercise hyperemia and regulation of tissue oxygenation during 

muscular activity. Skeletal Muscle Circulation. Morgan & Claypool Life Sciences, San 
Rafael (CA). 

 
45. Kurth, L., & Hnizdo, E. 2015. Change in prevalence of restrictive lung impairment in the 

US population and associated risk factors: the National Health and Nutrition Examination 
Survey (NHANES) 1988–1994 and 2007–2010. Multidisciplinary respiratory medicine, 
10(1), 7. 

 
46. Laughlin, M. H., Korthuis, R. J., Duncker, D. J., & Bache, R. J. 1996. Control of blood 

flow to cardiac and skeletal muscle during exercise. 
 



71 

 

47. Libonati, J. R. 1999. Myocardial diastolic function and exercise. Medicine and science in 
sports and exercise, 31(12), 1741-1747. 

 
48. MacDonald, M. J., Shoemaker, J. K., Tschakovsky, M. E., & Hughson, R. L. 1998. 

Alveolar oxygen uptake and femoral artery blood flow dynamics in upright and supine 
leg exercise in humans. Journal of Applied Physiology, 85(5), 1622-1628. 
 

49. Mendonca, C. T., Schaeffer, M. R., Riley, P., & Jensen, D. (2014). Physiological 
mechanisms of dyspnea during exercise with external thoracic restriction: role of 
increased neural respiratory drive. Journal of Applied Physiology, 116(5), 570-581. 

 
50. Michelini, L. C., O'Leary, D. S., Raven, P. B., & Nóbrega, A. C. 2015. Neural control of 

circulation and exercise: a translational approach disclosing interactions between central 
command, arterial baroreflex, and muscle metaboreflex. American Journal of Physiology-
Heart and Circulatory Physiology, 309(3), H381-H392.  

 
51. Miller, J. D., Beck, K. C., Joyner, M. J., Brice, A. G., & Johnson, B. D. 2002. 

Cardiorespiratory effects of inelastic chest wall restriction. Journal of Applied 
Physiology, 92(6), 2419-2428 

 
52. Mohrman, D. E., & Sparks, H. V. 1974. Myogenic hyperemia following brief tetanus of 

canine skeletal muscle. American Journal of Physiology-Legacy Content, 227(3), 531-
535. 

 
53. Mortensen, S. P., Dawson, E. A., Yoshiga, C. C., Dalsgaard, M. K., Damsgaard, R., 

Secher, N. H., & González‐Alonso, J. 2005. Limitations to systemic and locomotor limb 
muscle oxygen delivery and uptake during maximal exercise in humans. The Journal of 
physiology, 566(1), 273-285. 

 
54. Munch, G. D. W., Svendsen, J. H., Damsgaard, R., Secher, N. H., González‐Alonso, J., & 

Mortensen, S. P. 2014. Maximal heart rate does not limit cardiovascular capacity in 
healthy humans: insight from right atrial pacing during maximal exercise. The Journal of 
physiology, 592(2), 377-390. 

 
55. Nobrega, A. C., O'Leary, D., Silva, B. M., Marongiu, E., Piepoli, M. F., & Crisafulli, A. 

2014. Neural regulation of cardiovascular response to exercise: role of central command 
and peripheral afferents. BioMed research international, 2014. 

 
56. O'Donnell, D. E., Hong, H. H., & Webb, K. A. 2000. Respiratory sensation during chest 

wall restriction and dead space loading in exercising men. Journal of Applied Physiology, 
88(5), 1859-1869. 

 
57. O'Leary, D. S., & Sheriff, D. D. 1995. Is the muscle metaboreflex important in control of 

blood flow to ischemic active skeletal muscle in dogs?. American Journal of Physiology-
Heart and Circulatory Physiology, 268(3), H980-H986. 

 



72 

 

58. O'Leary, D. S. 1996. Heart rate control during exercise by baroreceptors and skeletal 
muscle afferents. Medicine and Science in Sports and Exercise, 28(2), 210-217. 

 
59. Pawelczyk, J. A., Hanel, B., Pawelczyk, R. A., Warberg, J., & Secher, N. H. 1992. Leg 

vasoconstriction during dynamic exercise with reduced cardiac output. Journal of 
Applied Physiology, 73(5), 1838-1846. 
 

60. Pinsky, M. R. (2018). Cardiopulmonary interactions: physiologic basis and clinical 
applications. Annals of the American Thoracic Society, 15(Supplement 1), S45-S48. 

 
61. Rotto, D. M., & Kaufman, M. P. 1988. Effect of metabolic products of muscular 

contraction on discharge of group III and IV afferents. Journal of Applied Physiology, 
64(6), 2306-2313. 

 
62. Rowell, L. B. 1986. Human circulation regulation during physical stress. Oxford 

University Press, USA. 
 

63. Rowell, L. B. 1993. Human cardiovascular control. Oxford University Press, USA.  
 

64. Schillaci, G., & Pucci, G. 2010. The dynamic relationship between systolic and diastolic 
blood pressure: yet another marker of vascular aging?. Hypertension research, 33(7), 659-
661. 

 
65. Segal, S. S. 1994. Cell-to-cell communication coordinates blood flow control. 

Hypertension, 23(6_pt_2), 1113-1120. 
 

66. Shepherd, J. T. 1983. Circulation to skeletal muscle. Handbook of physiology. The 
cardiovascular system. Peripheral circulation and organ blood flow, 3, 319-70. 

 
67. Spina, R. J., Takeshi, O, Kohrt, W. M., Martin 3rd, W. H., Holloszy, J. O., & Ehsani, A. 

A. 1993. Differences in cardiovascular adaptations to endurance exercise training 
between older men and women. Journal of Applied Physiology, 75(2), 849-855. 

 
68. Spranger, M. D., Sala-Mercado, J. A., Coutsos, M., Kaur, J., Stayer, D., Augustyniak, R. 

A., & O'Leary, D. S. 2013. Role of cardiac output versus peripheral vasoconstriction in 
mediating muscle metaboreflex pressor responses: dynamic exercise versus postexercise 
muscle ischemia. American Journal of Physiology-Regulatory, Integrative and 
Comparative Physiology, 304(8), R657-R663. 

 
69. Sriram, K., Laughlin, J. G., Rangamani, P., & Tartakovsky, D. M. 2016. Shear-induced 

nitric oxide production by endothelial cells. Biophysical journal, 111(1), 208-221. 
 

70. Takata, M. A. S. A. O., Wise, R. A., & Robotham, J. L. (1990). Effects of abdominal 
pressure on venous return: abdominal vascular zone conditions. Journal of Applied 
Physiology, 69(6), 1961-1972. 



73 

 

 

71. Thin, A. G., Dodd, J. D., Gallagher, C. G., Fitzgerald, M. X., & Mcloughlin, P. 2004. 
Effect of respiratory rate on airway deadspace ventilation during exercise in cystic 
fibrosis. Respiratory medicine, 98(11), 1063-1070. 

 
72. Toska, Karin., & Eriksen, Morten. 1994. Peripheral vasoconstriction shortly after onset of 

moderate exercise in humans. Journal of Applied Physiology, 77(3), 1519-1525. 
 

73. Tschakovsky M. E., & Pyke K. E. 2008 Cardiovascular responses to exercise and 
limitations to human performance. In: Physiological Bases of Human Performance 
During Work and Exercise, edited by Nigel A. S. T, Herbert G. New York: Churchill 
Livingstone, p. 5–27. 

 
74. Tschakovsky, M. E., & Sheriff, D. D. 2004. Immediate exercise hyperemia: contributions 

of the muscle pump vs. rapid vasodilation. Journal of Applied Physiology, 97(2), 739-
747. 

 
75. Tschakovsky, M. E., Shoemaker, J. K., & Hughson, R. L. 1996. Vasodilation and muscle 

pump contribution to immediate exercise hyperemia. American Journal of Physiology-
Heart and Circulatory Physiology, 271(4), H1697-H1701. 

 
76. Vella, C. A., & Robergs, R. A. 2005. A review of the stroke volume response to upright 

exercise in healthy subjects. British journal of sports medicine, 39(4), 190-195. 
 

77. Verhoeff, K., & Mitchell, J. R. (2017). Cardiopulmonary physiology: why the heart and 
lungs are inextricably linked. Advances in physiology education, 41(3), 348-353. 

 
78. Vogiatzis, I., Zakynthinos, G., & Andrianopoulos, V. 2012. Mechanisms of physical 

activity limitation in chronic lung diseases. Pulmonary medicine, 2012. 
 
79. Volianitis, S., & Secher, N. H. 2016. Cardiovascular control during whole body exercise. 

Journal of Applied Physiology, 121(2), 376-390. 
 

80. Wehrwein E. A., Joyner M. J. 2013. “Chapter 8 - Regulation of blood pressure by the 
arterial baroreflex and autonomic nervous system,” in Handbook of Clinical 
Neurology Vol. 117 eds Ruud M. B., Dick F. S., editors. (New York, NY: Elsevier; ), 89–
102. 

 
81. White, C. R., & Frangos, J. A. 2007. The shear stress of it all: the cell membrane and 

mechanochemical transduction. Philosophical Transactions of the Royal Society of 
London B: Biological Sciences, 362(1484), 1459-1467. 

 

 



74 

 

 

Appendix A: Subject Information Forms and Perceptual Scales 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



75 

 

CSEP GET ACTIVE QUESTIONNAIRE 

 
 



76 

 

 

 
 



77 

 

School of Kinesiology and Health Studies 

Queen’s University 

 

“Chest wall restriction on muscle oxygenation” 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 

 
 

You are invited to participate in a research study conducted under the “Peripheral 

Vascular Control in Humans” Research Program. 

 

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 a chest wall restriction-

mediated blunting of cardiac output affects exercising muscle oxygenation. 

 

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.  They may be performed at 

one or more of three sites:  The Human Vascular Control Laboratory (HVCL) on the 

Queen’s University Campus, the Laboratory for Clinical Exercise Physiology (LACEP) of 

Dr. Alberto Neder in Kingston General Hospital, or at Hotel Dieu Hospital.  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 bullet point 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:  
1. 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 
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2. 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 heartbeat. 

 

RISKS: These techniques are non-invasive and pose no risk. 

 

 

● 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. 

 

• ELECTROENCEPHALOGRAPHY (EEG): This measures the electrical activity of 
your brain. Depending on the type of electrical activity of interest, electrodes will be 
placed on your scalp in different arrangements. 
 

RISKS: This procedure is entirely safe and painless.  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. 

 

● 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. 
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● 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. 

 

• MULTIPLE INERT GAS REBREATHE: This technique measures the amount of 
blood pumped by your heart.  You will breathe through a mouthpiece connected to an 
inflatable bag.  This bag will contain two gases (nitrous oxide, sulfur hexafluoride) that 
are completely inert, which means that they do not react with anything in your body and 
are completely safe to breathe.  When measurements are taken, you will be asked to 
breathe at a certain rhythm for up to 10 seconds and to inhale enough to empty the bag 
with each breath in.  

 

RISKS:  The inert gases are completely safe to breathe.  There are no known risks to this 

procedure.  

 

• NEAR INFRARED SPECTROSCOPY:  This technique is used to measure the oxygen 
in your muscle.  It consists of an infrared light emitter and sensor block that is positioned 
on the skin surface of your leg or arm and secured by wrapping with bands that prevent 
penetration of outside light.  The infrared light that shines into your tissue is partially 
absorbed and partially reflected back to the sensor and this provides information on how 
much oxygen there is in the blood in your muscle. 
 

RISKS:  There are no risks to this non-invasive procedure. 

 

• FEMORAL NERVE MAGNETIC STIMULATION:  This technique involves placing 
a magnetic coil over your femoral nerve just above your thigh.  This magnetic coil is 
activated in order to cause your femoral nerve to fire.  This will result in the thigh 
muscles on the front of your thigh to contract.   
 

RISKS:  The sensation of nerve stimulated muscle contraction can be strange and even 

uncomfortable.  However, this technique is well established and has minimal risk, other 

than the typical risk of muscle strain that occurs with any everyday activity involving 

voluntary muscle contraction.   

 

● VENOUS BLOOD SAMPLING: Blood samples from veins are used to measure the 
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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. 
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.  
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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, 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 
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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 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 
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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, 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 
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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 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. 
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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.  

 

• CHEST WALL STRAPPING:  You will have either a tensor bandage or a custom 
strapping device applied to your chest and abdomen.  You are asked to breathe out as 
much air from your lungs as you can, and then hold that as the strapping is tightened 
around your chest and abdomen.  You can indicate the need to breathe during this 
procedure at any time.  After catching your breath you will again empty your lungs and 
strapping will continue.  This will be repeated until the strapping is complete.  The 
purpose of this is to restrict how much you can expand your chest and abdomen in the 
effort of breathing in and to reduce the amount of air left in your lungs at the end of a 
normal expiration.  This mimics “restrictive” lung disease.   
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RISKS:  The strapping can feel uncomfortable but should not be painful.  If it is painful 

notify the investigator immediately and strapping will be adjusted.  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.  These are reversed by rapidly removing 

the strapping and having you rest laying on your back with your legs raised.  

 

● 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 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. 



88 

 

 

• DIETARY NITRATE CONSUMPTION: Nitrate is a compound that is present in 
several foods, including plant foods (vegetables and a few fruits), processed meats, baked 
goods, cereals, and drinking water.  Beets are an excellent source of nitrate. You will be 
randomly assigned to a “nitrate” or “placebo” group, and this will be done in a double-
blind fashion (meaning that neither you nor the experimenters involved in data collection 
and analysis will know which group you are in until the completion of the study).  You 
will be asked to either: 1. consume a specified amount each day for a few days prior to 
your testing day, and to consume your final amount a few hours before coming to the lab 
for your testing session, 2. Consume a specified amount a few hours before coming for 
your testing.  Beetroot juice comes in small “shots” which are commercially available 
(Beet It Beetroot Products Co.). The quantity of nitrate in the beetroot juice is an amount 
achievable through normal dietary intake by making appropriate selections of high-
nitrate-containing foods as part of the Dietary approaches to Stop Hypertension (DASH) 
diet, and is similar to the dose of dietary nitrate provided in several recent studies.  You 
may experience red urine and red stools during this time period (due to the red beet 
colour), and this is a normal response to consuming beetroot juice.   
 

RISKS: There are no known risks of acute dietary nitrate supplementation.  Dietary 

nitrate can interact with certain medications (proton pump inhibitors, phosphodiesterase 

type 5 inhibitors, nitroglycerine or other “nitric oxide donor” drugs); if you are taking any 

of these medications, you will be excluded from the study. 

 

 

How long will it take? 

 

 

On our initial visit we will (today), we will obtain consent, ensure eligibility, and explain 

the experimental protocols. Height and weight will be recorded, and a maximal work rate 

cycling test will be performed. This will take ~1 hour.  

 

For the main study: 2 days, each consisting of two 12-minute cycling tests, separated by a 

30-minute break. Setting up instrumentation will take ~ 30 minutes. Each day will take 

~1.5 hours.  

 

Special Instructions: 



89 

 

Participants are asked not to exercise 24 hours prior to the study, as well as 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 8 hours preceding the experiments.  You should empty your 

bladder immediately prior to starting the test. 

 

 

 

Safety Precautions: 

 

Safety precautions for the study will include the following: 

 

● Participants who enter the study will be identified as either healthy men and women, 
free of any respiratory or cardiovascular disease 

 

● 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. 

 

● We will continuously monitor your heart rate and blood pressure, and you will be 
performing upright cycling exercise.  These precautions allow us to quickly identify if 
you are becoming faint with chest wall restriction 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. 
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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.  

  



91 

 

Participant 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 

 

Kyra Pyke, Ph.D. 

Director, School of Kinesiology and Health Studies 

KHS 206J, Kinesiology and Health Studies Building 

Queen’s University, Kingston, ON, K7L 3N6 

Tel: (613) 533-6601 

 

If I have any questions concerning research participant’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: 1-844-535-2988 
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By signing this consent form, I am indicating that I agree to participate in this study. 

 

______________________   _________________________ 

Participant Signature    Signature of Person Obtaining Consent 

 

______________________   _________________________ 

Participant Name (please print)  Name of Person Obtaining Consent (please print) 

 

______________________   _________________________ 

Date (day/month/year)    Date (day/month/year) 
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Day of the week form completed:  Sunday 

 Monday 

 Tuesday 

 Wednesday 

 Thursday 

 Friday 

 Saturday 

Physical Activity Recall 

 

1.  Were you employed in the last seven days (paid or volunteer)?  YES  NO                  

 

2.  How many days of the last seven did you work?  

 

(round to nearest day) 

  

 

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. 

 

  Sunday           Monday           Tuesday           Wednesday           Thursday          Friday           Saturday 

 

**********************Explain Moderate, Hard, and Very Hard Intensity levels ************************* 

 

At the end of the interview: 

 

 

Go to question 4 

Date: _____/_____/_______ 

           month /  day  /    year 
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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 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Subject ID: ___________  Interviewer Initials: _________ 
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7-Day PAR: Interview Evaluation Form 

 

 Yesterday      One Week Ago 

       

Sleep - - - - - - - 

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: ___________ 

Naps [+] / Disruptions [-] > 30 min 
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Were there any problems with the 7-Day PAR interview? (circle one) 

1. Yes    2.   No 

Explain: 

__________________________________________________________________________________________________________________

________________________________________________________________________________________________ 

 

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

1. Yes      2.  Maybe     3.       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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Using the Borg Scale  

 

While doing physical activity, we want you to rate your perception of exertion. This 

feeling should reflect how heavy and strenuous the exercise feels to you, combining all 

sensations and feelings of physical stress and fatigue.  

 

Look at the rating scale below while you are engaging in the activity; it ranges from 6 to 

20, where 6 means "no exertion at all" and 20 means "maximal exertion." Choose the 

number from below that best describes your level of exertion. You will be asked to give 2 

separate measures of exertion; the first will be used to assess how you are feeling 

centrally (“How do your lungs and chest feel right now?”) and the second will be used to 

assess how you feel peripherally (“How do your exercising legs feel right now?”). 

 

Try to appraise your feeling of exertion as honestly as possible, without thinking about 

what the actual physical load is. Your own feeling of physical effort and exertion is 

important, not how it compares to other people. Look at the scales and the expressions 

and indicate a number. 

 

 

 

 

 

 

 

 

 

 



 

98 

 

 

 

 

 

 

 

RPE  

6 No exertion 

7 Very, very light 

8  

9 Very light 

10  

11 Fairly light 

12  

13 Somewhat hard 

14  

15 Hard 

16  

17 Very hard 

18  

19 Very, very hard 

20 Maximal exertion 
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Appendix B: Hemodynamic Time Profiles  

 

 

 

 

 

 

 

 

 

 



 

100 

 

Figure 11. Time profile of systolic blood pressure from baseline to chest wall restriction release (panel A), 
and from chest wall restriction release to cessation of exercise (panel B) during control and chest wall 
restriction conditions. SBP, systolic blood pressure; CON, control; CWR, chest wall restriction. Black dots 
represent control data, white dots represent chest wall restriction data. Black squares represent 30-second 
control averages, white squares represent 30-second chest wall restriction averages. Significant interaction 
effect (P=0.039). * denotes significant different from CWR timepoint average. ^ denotes that significant 
differences between current timepoint and any subsequent timepoints up to 420s end within condition. # 
denotes that significant differences between current timepoint and any subsequent timepoints up to 780s 
end within condition. P < 0.05 for all. 
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 Figure 12. Time profile of diastolic blood pressure from baseline to chest wall restriction release (panel 
A), and from chest wall restriction release to cessation of exercise (panel B) during control and chest wall 
restriction conditions. DBP, diastolic blood pressure; CON, control; CWR, chest wall restriction. Black 
dots represent control data, white dots represent chest wall restriction data. Black squares represent 30-
second control averages, white squares represent 30-second chest wall restriction averages. Significant 
interaction effect (P=0.004). * denotes significant different from CWR timepoint average. ^ denotes that 
significant differences between current timepoint and any subsequent timepoints up to 420s end within 
condition. # denotes that significant differences between current timepoint and any subsequent timepoints 
up to 780s end within condition. P < 0.05 for all. 
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Figure 13. Time profile of mean blood pressure from baseline to chest wall restriction release (panel A), 
and from chest wall restriction release to cessation of exercise (panel B) during control and chest wall 
restriction conditions. MAP, mean blood pressure; CON, control; CWR, chest wall restriction. Black dots 
represent control data, white dots represent chest wall restriction data. Black squares represent 30-second 
control averages, white squares represent 30-second chest wall restriction averages. Significant interaction 
effect (P=0.029). * denotes significant different from CWR timepoint average. ^ denotes that significant 
differences between current timepoint and any subsequent timepoints up to 420s end within condition. # 
denotes that significant differences between current timepoint and any subsequent timepoints up to 780s 
end within condition. P < 0.05 for all. 
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Figure 14. Time profile of heart rate from baseline to chest wall restriction release (panel A), and from 
chest wall restriction release to cessation of exercise (panel B) during control and chest wall restriction 
conditions. HR, heart rate; CON, control; CWR, chest wall restriction. Black dots represent control data, 
white dots represent chest wall restriction data. Black squares represent 30-second control averages, white 
squares represent 30-second chest wall restriction averages. Significant interaction effect (P=0.041). * 
denotes significant different from CWR timepoint average. ^ denotes that significant differences between 
current timepoint and any subsequent timepoints up to 420s end within condition. # denotes that significant 
differences between current timepoint and any subsequent timepoints up to 780s end within condition. P < 
0.05 for all. 
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Figure 15. Time profile of stroke volume from baseline to chest wall restriction release (panel A), and from 
chest wall restriction release to cessation of exercise (panel B) during control and chest wall restriction 
conditions. SV, stroke volume; CON, control; CWR, chest wall restriction. Black dots represent control 
data, white dots represent chest wall restriction data. Black squares represent 30-second control averages, 
white squares represent 30-second chest wall restriction averages. Significant interaction effect (P=0.002). 
* denotes significant different from CWR timepoint average. ^ denotes that significant differences between 
current timepoint and any subsequent timepoints up to 420s end within condition. # denotes that significant 
differences between current timepoint and any subsequent timepoints up to 780s end within condition. P < 
0.05 for all. 
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Figure 16. Time profile of cardiac output from baseline to chest wall restriction release (panel A), and from 
chest wall restriction release to cessation of exercise (panel B) during control and chest wall restriction 
conditions. CO, cardiac output; CON, control; CWR, chest wall restriction. Black dots represent control 
data, white dots represent chest wall restriction data. Black squares represent 30-second control averages, 
white squares represent 30-second chest wall restriction averages. Significant interaction effect (P=0.024). 
* denotes significant different from CWR timepoint average. ^ denotes that significant differences between 
current timepoint and any subsequent timepoints up to 420s end within condition. # denotes that significant 
differences between current timepoint and any subsequent timepoints up to 780s end within condition. P < 
0.05 for all. 
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Figure 17. Time profile of total peripheral resistance from baseline to chest wall restriction release (panel 
A), and from chest wall restriction release to cessation of exercise (panel B) during control and chest wall 
restriction conditions. TPR, total peripheral resistance; CON, control; CWR, chest wall restriction. Black 
dots represent control data, white dots represent chest wall restriction data. Black squares represent 30-
second control averages, white squares represent 30-second chest wall restriction averages. Significant 
interaction effect (P=0.004). * denotes significant different from CWR timepoint average. ^ denotes that 
significant differences between current timepoint and any subsequent timepoints up to 420s end within 
condition. # denotes that significant differences between current timepoint and any subsequent timepoints 
up to 780s end within condition. P < 0.05 for all. 
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