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Abstract

In exercisethe sensations d@ffort to make the muscles do exerctsmn contribute to an
individuald s d e c i sekecciseortieareasexeargsdantensity. Skeletal muscle fatigue is one
mechanism byhich the effort required to continue exercise can be increased. In order to continue
exercise with fatigued skeletal muscle we must increase the amaletioical signals setd the
muscle. This increase in electrical signatent to the muscle is maived by the exercising
individual and is interpreted as increased perception of effort to maintain the same exercise
intensity. Another mechanism which may also require increataadrical activitysent to the
muscle and therefomayincreaseperceptio of effort for the same exercise intensgyexercise
where oxygen deliveryis suboptimal resulting in reduced oxygen levels (oxygenation) in the
muscle When human and animal muscle is electrically stimulated, force prodocedgiven
electrical stinulation decreases when muscle oxygenation is reduced. When muscle oxygenation
is restored force produced is also rapidly restored for the same electrical stimulatiaapichis
adjustment of force for the same electrical stimulation with changes in nmusaenationis
referred to as the oxygen conforming response (OERB)vever, he existence of arOCR in
voluntary human exercisédhas not been establisheshd it remains to be determined if our
perceptions of effort will follow changes in electrical signal sent to the muscle as a result of the
OCR. We testethese unanswered questidnsintermittently reducing forearm blood flow (FBF)
during human (n = 16)handgrip exerciseWhen FBF was reduced, electrical activity and
perception of effort increased. Interestingly, upon the first restoration of FBF neither electrical
activity nor perception of effort were restored. We interpreted these findings to baergngith
skeletal muscle fatigugevelopment during the first compromise to muscle oxygenadtipan the

second restoration of FBF both electrical activity and perception of eféwerestored which is



consistent withan OCR and its ability teapidly modify perception of efforin voluntary human
exercise Through its effects on effort perception, the OCR ntlagrefore have important

implications for exercise behaviour.
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Chapterl-1 nt roducti on

Perception of effort refers to the subjective awareness of effort expended during a physical
task (20, 52, 61, 71)Perception of effort is thought taiginate from efferent neural activity
(corollary discharge) arising parallel and in proportion to the central motor drive (CMD)
determining motor neuron recruitme(®0, 28, 44, 52, 54, 59, 64This corollay discharge
terminates in sensory areas within the anterior cingulate and insular cortex of th&/ @rair)
where it is perceived asfeft. Perception of effort is therefore the conscious awareness of CMD
activating motor neurons, where if CMD increases so does perception of effort.

CMD may increase during exercise for several reasons. First, i@dj0ncrease as a result
of skeletal mude fatigue which isa reversible reduction in skeletal muscle maximal voluntary
force output(12) as well as a reduction in force produced for a given motor neuron activation
(indirect measure of CMIneasured bglectromyography; EMG[59). Because of the lattein
order to maintain a given submaximal force output under fatigesegciseconditions a greater
EMG is required such that perception dfoet is increased59). Thus,skeletal muscléatigue
makes the same exercise be perceived as requiring more effort (feels harder to do) and plays an
i mportant rol e i ne wlarance.nQf iparticulau enpodtance ésxtlear tha s
development of the fatigue induced compromise to force production occurs in stable oxygen
delivery conditions and remains evident for some time after exercise has(2ndef)

In contrast, if during constant skeletal musaotetor neuron e@cruitment(electrically
stimulatedmuscle contractionsnuscle oxygenatiofthe amount of oxygen in the skeletal muscle
cell (myocyte) expressed as a partial pressure of a gasjcreased or decreased the force of
contraction is also increased or desed, respectiveli82, 42, 83) This phenomenon is known

1



as the oxygen conforming respor(§¥CR) (72), and it refers to the rapid adjustment of muscle
force prodiction (adenosine triphosphate (ATP) demand) for the same CMD in response to muscle
oxygenatiordependent changes in aerobic ATP supfi/opposed to the sustainelgvationin
EMG/Force characteristic of skeletal muscle fatigue, the OCR is characterized by a rapid
restoration of theeMG/Forcerelationship upon restoration of muscle oxygenati®iven the
nature of th®©OCR, as evident from electrically stimulated hur(& 51)and anima(38)exercise,
it is predicted that in ordeo maintain a constant voluntary contraction foEeG and therefore
perception of effort will rapidly follow changes in muscle oxygenation independent of fatigue
However this remains unknown

While asingle study has tested the hypothesis thataagh in exercising limb perfusion
pressure would necessitate an increadeM© for the samevoluntaryforce outputthis single
study(38) had several limitations: 1) & opposd to typical rhythmiexercisethe authors used
prolonged isomgic contractionswith long intermittent rest2) The authors did not measure
muscle blood flow nor oxygenatid). The authors did not report when their measure of EMG
was taken following restoration of perfusigmnessure which prevents assessment of whether
restoration of EMG/Force was rapid enough to be consistent with an O@Ridering these
limitations, the OCR remains to be tested during rhythmic exercise while simultaneously
guantifying changes in muscle ygenation.n addition,theimpactof the OCRon perception of
effort has not been tested.

Therefore, the purposenfy Ma st e r O fortthe frss timequamtidyshe response
of EMG amplitude taneasure@¢hanges in muscle oxygenatiduaring voluntary exercise (forearm
contractions) in humansanddetermine whetheperception of efforchangeswvith EMG. We

hypothesized that for the same voluntary force output 1) Muscle actiwvatiold increase with

2



decreased muscle oxygenation, 2) Muscle adtimatvould be rapidly restored upon muscle
reoxygenation, 3) Perception of effontould follow changes in muscle activation. These
hypothesesveretested by manipulating forearm blood flalring forearm exercis@a brachial

artery compression. Measuredafearm muscle oxygenation (near infrared spsciopy; NIRS)

and EMGactivity during these manipulatiomguld allow the necessary simultaneous tracking of
muscle oxygenation status and motor drive, respectively. Studying the effect of changes in local
oxygen delivery on sensations involved in exercise tolerance separate from igiigpertant

for improving our understanding of how local oxygen deliveright contribute to modifying

exercise behaviouy its effects orexercise tolerance and performance.



Chapter2-Li t er Red wir ew

This review will provide an overview of mechanisms involved in fatigue progression, the
nature of and evidence for the oxygen conforming response, and identify the key differences
between the twoThe recently proposed concept of a sensory tolerance limit will be introduced
and discussed as a key determinant of exercise tolerance. The contribution of perceived effort vs.
exertion will be proposed as a model that contributes to this point of extzmsination. Finally,
| will propose a new hypothesis, linking together the possible effect of muscle oxygenation on

perception of effort during exercise.

2.1 Skeletal Muscle Fatigue

Skeletal muscle fatigue is a reversible reduction in skeletal muscle niaxionatary force
(12) as well as force produced for a given motor neuron activé®®ns9) The force decrement
associated with skefal muscle fatigue can be of two distinct but interacting origins; central and
peripheral fatigueThe progression of general fatigue in a given exercise task reflects the combined
effect of central and peripheral fatigue and can be assessed by medsurFimg progressive
decline in MVCébs performed at intervals durin
exhaustion in a given exercise task, which would reflect the point where the muscle force
production capacity has declined to that requikadttie exercise task. A key limitation of both

fatigue assessment tests is that they70pan be

2.1.10verview of excitation contraction coupling

Prior to looking at mechanisms of fatigue, it is first important to understand the proper

function of the excitatiosontraction coupling process. Excitation contraction cogphrskeletal



muscle (see Fig-1) first begins with an action potential from the brain conducted via the spinal
cord and motor nerve, leading to the neuromuscular junction where the motor neuron release of
acetylcholine stimulates muscarinic receptors on the motor end plate, initiatimgoayte
membrane action potential which travels along the surface membrane of the @6 ytemany

places, the membrane forms a tubule (transversaubute) that penetrates deep into the myocyte.
The myocyte action potential travels down thelule membrane and causes a charge movement
in thedihydropyradine receptor (DHPR) and ryanodine receptor {RyRich combine to form

the C&" release unif25). This charge movement causes a release ff@@m the sarcoplasmic
reticulum through al2nm gap between the terminal cisternae of the sarcoplasmic reticulum and
the T-tubule(22). The released Gaflows through electron dense junctional feet formed by four
identical subunits which spread across the(@2p This release of G4increases cytosolic [¢§

from 100nM prior to action potentialte50 &€ M p o st d2@)tTheaelease@at themt i a |
proceeds to bind to troponin (TnC) on tropomyosin (Tm) filaments that were blocking actin strong
binding sites. Once Ghis bound to TnC, Tnmovesout of the way, permitting strodginding

between actin and myosf@2) (see Fig. 21).
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2.1.2- Low frequency fatigue

Skeletal muscle fegue determined by steps in excitation contraction coupling (peripheral
fatigue) can be differentiated into low and high frequency fatigue. Low frequency fatigue is a long
lasting reduction in skeletal muscle contraction force which is apparent wheraskalstle is
stimulated at low frequenci€d47, 58) Many forms of activity can cause lowefuency fatigue,
so Al ow frequencyo is referring not to the
frequencies at which force is compromised. Recently, the term low frequency fatigue has therefore
been renamed fiprol ongedss$ bwnd. ReBae& hiense usecof c e
muscles leads to a decline performance known as muscle fatigue. Many muscle properties
change during fatigue including the action potential, extracellular and intracellular ions, and many
intracellular metabolites. A range of mechanisms have been identified that contribute thitiee de
of performance. The traditional explanation, accumulation of intracellular lactate and hydrogen
ions causing impaired function of the contractile proteins, is probably of limited importance in
mammalgq3). Alternative explanations that will be considered are the effects of ionic changes on
the action potential, failure of SR €aeleae by various mechanisms, and the effects of reactive
oxygen species. Many different activities lead to fatigue, and an important challenge is to identify
the various mechanisms that contribute under different circumstances. Most of the mechanistic
studiesof fatigue are on isolated animal tissues, and another major challenge is to use the
knowledge generated in these studies to identify the mechanisms of fatigue in intact animals and
particularly in human diseases.

Joneq47)described PLFD to have three main features. First, muscle force is most greatly
affected by lowfrequency stimulation. Second, full recovery can take a long time, extending from

hours to even days in severe cases. Third, PLFD can be apparent despite the absence of metabolic



or electrical disturbance in the muscle. The exact mechanism of PLFD isxmKmowever, it is
believed that the reason for this prolonged low frequency force depression is muscle damage, and
therefore time, in the form of protein turnover, is required to repair the muscle in order to permit
proper force productio@7). Additionally, Jones et al46) demonstrated that PLFD couldalbe

the result of a decrease in ffarelease for a given action potential. This hypothesis was later
confirmed by Westerblad, Duty and Alléfi7) who demonstrated a decrease inq{Teelease for

a given action potential in isolated mouse skeletal muscle. This reduction?if p&a action
potential leads to a decrease in affinity of troponin fot* @eereby impairing the strong binding

state betwen actin and myosin (see FiglR

2.1.3- High frequency fatigue

As opposed to low frequency fatigue (prolonged low frequency force depression), high
frequency fatigue is fatigue occurring in response to a high frequency of stimulation(dones
summarized the findings by BiglaiRitchie, Jones and Wood%3), Jones, BiglandRitchie and
Edwards, (48) and Jones and BiglarRlitchie, Dawson, Johansson and Lippd@lidt) which
identified three importantedining features of high frequency fatigue. First, loss of force caused
by high frequency stimulation can be quickly reversed by reducing the frequency of stimulation.
Second, force loss will be accompanied by a decrease in amplitude and speed of wausfdem
action potentials. Third, force loss is worsened if extracellulaf][iN@ecreased or [ increased
(3, 13, 48) Therefore, JoneRl7) suggests that high frequency fatigue is caused primarily by an
extracellular increase in [Kleading to a prevented action potential propagation along the myocyte
surface membrane, thereby inhibitirgdian potential transmission along theubular system. The
inhibition of action potential transmission inhibits*Ceelease, thereby reducing Thinding to

troponin and in turn reducing the available strdagding sites contributing to a reduced ®af
8



contraction(31, 47, 78YFig. 2-1). As opposed to low frequency faig high frequency fatigue

has a quick recovery time, with a half time ef® min and full recovery time of 30 m{B).

2.1.4- Peripheral fatigue

More generally, fatigue can be grouped into central and peripheral fatigue. Peripheral fatigue
is fatigue which occurs specifically at or distal to the neuromuscular jun@®nand was
described above as low and high frequency fatigue. During exercise several metabolites (ATP,
adenosine diphosphate (ADP), phosphocreatine (PCr), reactive oxygen dp&0®} and
inorganic phosphate iy have been proposed to play a role in muscular fatigue onset. Allen et al.
(3) provide a good overview of these fatigue inducing metabolites. Specifically, during exercise
an increase in [Phas been proposed to have a few inhibitory effects on excitation contraction
coupling processes. First, increa$Bd has been proposed to interfere with cross bridge cycling
(4). Debold, Romatowski and Fit{23) demonstrated that as muscleg] [iAcreased, so did the
[C&?*] required to achieve a muscle contraction. This effect was dependent on muscle temperature
and muscle fiber type, where specifically in fast fibers, increaspaidB associated with reduced
muscle force production at 3D and not 1%C. This study completed by Debold et(@B) provides
support for a synergistic effect between reduced release ofada increased [Pon impaired
muscle force production. Specifically, increased ig°proposed to cause a reduction in force per
cross bridgg€23). Second, increased;[Pas been proposed to reduce the fred @aailable in the
sarcoplasmic reticum (SR)(76). Specifically, the increased;[as been shown to enter the SR
where when [P reacles sufficiently high levels, iRind C&" would precipitate in the SR and
thereby reduce the available free*?Ctar release from the SR per action poteni2f, 50, 76)

Support for Pand C&" precipitating came from findings identifying a phosphate permeable



channel in the sarcoplasmic reticul{&®) as well as no change in total SR fGasuggesting P
and C&" preciptated(26).

Importantly, a study completed by VestergaBalilsen et al(74) combined®P nuclear
magnetic resonance spectroscopy and electromyography during fatigunram ftalf ergometer
exercise. At the onset of exercise, there was a rapid increasand & rapid decrease in PCr and
pH, where EMG amplitude increased only once muscle pH declined below6.855
Additionally, median EMG frequency declined linearlyridg exercise and was strongly
correlated with pH (r = 0.82). The decreased EMG frequency and increased EMG amplitude,
respectively implies that muscle conduction velocity has red(@&d9)and larger motor units
or the same motor units are being recruited more frequemtiydintain the current exercise
intensity(30, 37, 62) Therefore, during fatiguing exercise, motor unit recruitment must increase
to maintain force output, however, with this increase in motor unit recruitment there is increased
build-up of fatigue related mabolites.

Recovery from exercise induced skeletal muscle fatigue is exercise task dependent. Carroll,
Taylor and Gandevi§l8) provide a good overview of recoveryin fatigue. In general, their
literature review demonstrates a rapid but incomplete recovery of maximal voluntary force after
exercise is terminated. This recovery occurs withifB@sec and has been suggested to be as a
result of reperfusion of the muse, where recovery is inhibited if the muscle is kept ischemic
(18). Specifically, during sustained MVC exercise, maximal voluntary force declines rapidly,
where foce falls to below 50% of initial levels withinrZ min. Full recovery from a sustained
MVC is very slow where only 80% MVC may be recovered Hy @in (35) and may only fully
recover by 30 min after exercise terminat{@®). Importantly, a slow recovery can be seen in

sustained submaximal contractions, where an increase in EMG amplitude is required to increase
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motor unit recruitment during a fatiguing exercise challgi2yeAfter completing such exercise,
maximal voluntary force is not yet fully recovered by-3D min after exercise cessati@lB).
Importantly, peripheral fatigue and the slow recovery thereof occurs under normal muscle
oxygenation condition82). However, in order to see recovery, exerdigensity must be
decreased

In summary, skeletal muscle fatigue is the result of a upldf metabolites, which in high
enough concentrations can result in impaired excitation contraction coupling processes, leading to
a reduction in force for a giveBMD. Recovery from skeletal mscle fatigue is slow, where
depending on the task, full recovery can extend from minutes to hours or everfl8ays

Importantly, recovery from skeletal muscle fgiie necessitatesreduction irexercisantensity.

2.2 - Skeletal Muscle Oxygen Conforming Response

As opposed to skeletal muscle fatigue, oxygen conforming refers to the rapid adjustment
of muscle force production (ATP demand) for the same motor neursatéamti, in response to
changes in muscle oxygenation (aerobic ATP supply) so that the cell environment remains stable.
I n other words, the skeletal muscleds inhereni
demand accordingly. Importantly, theygen conforming response occurs in both directions:
downregulation of force with decreased muscle oxygenation and upregulation of force when
muscle oxygenation is increased.

The first evidence of an oxygen conforming response was demonstrated by Habbs e
(38)in 1987. Within an in situ cat desigdpbbsand McCloskey38) tested the hypothesis that
type | and lla fibers would be highlsensitive to changes in perfusion presstitebbsand
McCloskey(38)therefore controlled blood flow and measured force production during stimulated

exerciseHobbsand McCloskey38) demonstrated that, within a muscle composed of 100% type
11



| fibers (cat soleus), force production is highly sensitive to changes in blood flow. Of particular
importance is that this oxygen conforming responsapglly reversible. Hobband McCloskey

(38) clearly demonstrated the reversible nature of the oxygen conforming response by decreasing
blood flow and then returning blood flow to previous leveighke highly norfatigable cat soleus
muscle, force production always returned to the same level when blood flow was ré&&ared

Within the same study, Hobbs and McClosk&§) tested the hypothesis that a fall in local
blood pressure would necessitate an increase in muscle activation to maintain the same force in an
in vivo human desigrtHobbs and McCloske{B38) tested this hypothesis by having participants
complete constantZ0% MVC) plantar flexor exercise in three different positions; heart level, 30
and 60 above heart level. Hobbs and McClosk&8) concluded thaintegrated electromyography
(IEMG) increased as muscle perfusion pressure decreased. Importantly, iEMG was not different
from starting position when the leg was returned to heart level. To fudhérm that this effect
was not caused by mechanical changes associated with leg tilting, the authors used leg cuff
occlusion during the transition from above heart to heart level. It was found that iEMG did not
recover until leg cuff occlusion was remaoeand perfusion pressure restored. Therefore, Hobbs
and McCloskey(38) concluded that the increases in iEMG when the leg was tilted above heart
level was as a result of changes in muscle blood fima perfusion pressuréiobbs and
McCloskey(38), however, did not measure muscle blood flow or muscle oxygenation.

A decade later, in 1996, Fitzpatrick, Taylor and McClos{&8) looked at the effeabf
consistent electrical stimulation on muscle force production in humans. These investigators used
bipolar stimulation of the ulnar nerve to cause addymtiicis contraction (result is adduction of
the thumb) under three different conditions; heareliebelow heart level and above heart level.

When the arm was raised above the heart (i.e. low perfusion pressure), force for thumb adduction

12



decreased by 22% while when the arm was moved below the heart (i.e. high perfusion pressure),
force of thumb addumn increased by 8% compared to heart level. These data show the direct
effect of changes in perfusion pressure on ATP supply and demand during exercise, demonstrating
increased force under supposedly increased oxygenation and decreased force undsilguppos
decreased oxygenation. Importantly, when the forearm was returned to heart level, force always
and rapidly (within~20 sec) returned to that normally observed at heart level, indicating that no
fatigue had occurred. | mt responbeda chawges idoxygendtibnes mu s
to adjust ATP demand by modifying force of contraction, for a giBtD. Notably, in order to

see force return to that normally seen at heart level, exercise termination was not required.

More invasive animal in sitexperiments have demonstrated that reductions in force at a
given motor drive prevent changes in the myocyte cytosolic environment. Hogan, Kurdak and
Arthur (42) demongrated the tight relationship between developed force (ATP utilization) and
oxygen delivery (ATP supply). Hogan et §2) measured the force of the gastrocnemius in
morgrel dogs through stimulation of the sciatic nerve under a control condition, hypoxemic
condition and ischemic condition, with normal blood flow and:Mar the first three minutes
preceding each experimental procedure. Under ischemia and hyporgygandelivery (QD)
was reduced equally and significantly from the control condition. Force of contraction was also
reduced equally and significantly from control. However, there was no change in the metabolic
disturbance of the muscle as verified by mwas of ATP, ADP, PCr,;PNHs, redox ratios and
lactate. Hogan et a{42) demonstrated that force generation (ATP demand) responds to altered

O2D (aerobic ATP supplyfo ensure a stable myocyte cytosolic environment.
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In summary, the oxygen conforming respol©R) refers to the rapid adjustment of
muscle force production (ATP demand) for the same motor neuron activation, in response to

changes in @D (aerobic ATP supp) so that the cell environment remains stable.

2.3 - Muscle fatigue vs. Oxygen Conforming

In the previous two sections, we described tsdttletalmuscle fatigue and th@CR and
it is now evident that they could both be seen as a compromise to force $anteenotor drive.
However, skeletal muscle fatigue (or peripheral fatigue) is a compromise in force as a result of
fatiguerelated metabolites (such a3 #or the sam&MD. Importantly, the compromise in force
associated with peripheral skeletal musclegte remains evident for some time following
exercise cessation. Alternatively, tB&Ris a bidirectional alteration in force production for a
given motor drive. Compared to the compromise in muscle fatigueQ@f demonstrates a
compromise in musclefce production for the san@MD in a reduced.D condition, despite no
change in metabolic disturbance of myocyte cytosolic environment (i.e. no chakge,iADP,
PCr, R, ammonia (NH), redox ratios and lactatefhe OCR s bi-directional, where for a given
motor drive, muscle force production is reduced in a red@&dcondition, or muscle force is
increased in an increasé&D condition. Importantly, th@©CR change in force production is
rapidly (within "20 sec) reveesd when muscle oxygenation is reversed to its original level of
muscle oxygenation. Furthermone,order to see force return to that normally seen at heart level,
exercise cessation is not requirddherefore, theOCR is a distinct mechanism from exercise

induced skeletal muscle fatigue.
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2.4 - (Voluntary) Exhaustion

Now that it is clear that fatigue and tB&R are distinct phenomena, how might they be
important for exercise tolerance? Exhaustion is the voluntary termination of exercise, occurring at
a sensor tolerance limit which occurs prior to a peripheral critical threskb|adl3, 53, 54)The
sensory tolerance limit theory was proposed by Gand®3dya and suggests that as exercise
continues, neural inhibitory feedback from working muscles, respiratory muscles, frank pain in
either exercising or neaxercising mscles as well as corollary discharge associated with motor
drive, will contribute to a sensory tolerance lifdi4). At this sensory tolerance limit the individual
will no longer be willing to continue exercising, leading to voluntary exhau@tidn

The peripheral critical threshold hypothesis states that exercise will not continue beyond a
specific and individual level of peripheral fatig(® 33, 43) More specifically, the peripheral
critical threshold suggests that the buildl of fatigue related metabolites during exercise, such as
H*, P and ADP will eventually reach lavel where negative sensory feedback will contribute to
the voluntarytermination of exercise.Muntary termination occurs at this specific individual level
of metabolite buildup and peripheral fatigug). Eventually, the buildip of fatigue related
metabolites will contribute to an inability to contract the skeletal muscle, by inhibiting the
excitation contraction coupling process or by providing increasingly severe negative sensory
feedback, via group II/IV affereni{@, 44, 53, 6Q) Therefore, rather than continuing exercise to
the point where excitation contractonoupl i ng processes are fAcatast
negative sensory feedback is sent to and sensed within the brain to promote the discontinuation of
exercise prior to causing bodily ha(f). Consequently,x&rcise is terminated prior to a critical
peripheral threshold, at a sensory tolerance [{&it4) Therefore, sensations during exercise are
important determinants of exercise gooation or termination, and therefore exercise tolerance.
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The concept of a sensory tolerance limit has been eloquently demonstrated by Amann et
al. (8) and may provide support for the concept of the oxygen conforming response acting to limit
exercise tolerance. Specificalthe response of the quadriceps muscle group to sustained exercise
at 85% of vork rate peak at 60 revolutions per minute (RPM) until task failure (cadence below 50
RPM for O 10;caenitio) was comgaced itk this same muscle group response to
the same exercise, but where it was preceded by the contralateral leg ipgrfibisnexercise to
task failure (termed Legpost). This modality was used to increase total afferent feedbackzin Leg
post compared to LegResults from the Amann et gB) study demonstrated reduced time to
exhaustion inLeg-post despite reduced peripheral fatiguelieg-post at exhaustion. These
authors concluded that this was evidence of a sensory tolerance limit, where the negative afferent
feedback from the exhausted degpntributed to limiting exercise performance lirg-post
However, the authors do not consider th@at of the significantly lower blood flowXL/min
difference) inLeg-postfollowing the exhausting bout in leguring the first minute of exercise
in contributing to this sensory tolerance limit. Specifically, if blood flow to the second leg is
reducedn Leg-postcompared to the legthen the oxygen conforming response would predict
that increased EMG activity would be required to maintain the same-raterk Specifically,
during this first minute, increas€dMD would be required to continue to maiit the current
exercise intensity. This increas€@MD would be expected to increase corollary discharge and
contribute to this sensory tolerance limit as demonstrated by the main effect of condition on rating
of perceived exertion (RPE). Thus, while feadb from the exhausted legray contribute to
negative sensory feedback from group IlI/IV afferents, the oxygen conforming response occurring
in Leg-postwould predict an increase in corollary discharge further contributing to this sensory

tolerance limit
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Importantly, the reduced % increase in IEMG reporteldeig-postmay be caused by an
invalid data comparison. Specifically, IEMG is being reported as a percentage increase from the
15! minute of exercise. Due to the reduced blood floviLégp-postandbased off theDCR we
would predict an increase @MD to maintain the current exercise intensity.@g-postfollowing
the exhausting bout in legompared td_eg. Therefore, if IEMG inLeg-postis 2 mV (arbitrary
value) during the first minute angg is 1.6 mV and in both there is an absolute max iEMG of 4
mV, %IEMG inLeg-postwould be 200% whereasg would be 250%Consequentlyreporting
IEMG as a percentage increase from tRentinute of exercise would be underestimating the
maximal value attained ireg-post IEMG in leg2 may therefore not have been reduced compared
to control.

Findings from Amann et a8) indicate a potential gap in the literature, where the oxygen
conforming response may be implicated in exercise tolerance separate from fatigue, though this
remains uknown. If, in the study by Amann et 4B), EMG amplitude is in fact higher in the
second leg copared to control, we would predict increas€?dD required to continue exercising.
IncreasedCMD would contribute to negative sensations making exercise feel more difficult for a
given workload, thereby leading to a sensory tolerance limit and voluntaausidn earlier

within the samexercise

2.5- Effort vs. Exertion and How to Measure Them

If sensations of exercise play a key role in exercise tolerance, what specifically are these
sensations? RPE, as created by Borg, is a psychophysiological measure which requires both
physical and psychological sensations to provide a rating of subjgereeption of exercise
intensity(15). Importantly, when Borg first developed the RPE scale he used the words effort and

exertion interchangeably15, 16) Furthermore, the words effort and exertion are used
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interchangeably in the literature, where either no definition has been provided or inconsistent
definitions have been usd82). Though effort and exertion are synonyms of each other, the
present section focuses on the unique physiological differences between effort and exertion,
helping to understand how changes in muscle oxygenation may contribute to sensation of effort
during exercise.

Borgbs rating of pertecneasureaderadl seesationiofodiscomfert a t c
or fatigue during exercigd.5, 16) theefore, it may not be suitable to measure specific sensations
during exercise, without first modifying the verbal anchors and or the descriptors related to the
scale being used. It would seem important to modify scale descriptions to ensure participants can
discriminate between the perception of different sensations experienced during exercise. In this
context, Swarteta(7l))mo d i f i e d-pdnoRPE $cale td ideasure only physical sensations
during exercise, excluding any psychological/psychic contribution to perception of effort, and
termal this the physicatating of perceived exertion {RPE). Furthermore, Swart et 41)
developed a novel scale designed to measure the magnitude of psychological/psychic sensations
of effort and the extent to which the subject was consciously aware of these sensations; termed the
task effort ad awareness (TEA).

To ensure that participants could correctly distinguish between whatRiffERmeasured
vs. what the TEA measured, Swart e{@l) created a questionnaire to assist in understanding the
difference between the perception of effort and exertion. Accurate response to thimgags
(9 of 10 questions correct) was required before engaging in the exercise protocol. Swati gt al.
tested the hypothesis that effort and exertion could be distinguished during exercise using the P
RPE and TEA scales, and that they could be disassociated from each other. Swat1 dhad.

seven trained male cyclists cphate a 100 km maximal time trial with interspersed 1km maximal
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sprints. TEA and fRPE were measured every 5 km throughout the time trial, and at the end of
every sprint. During this maximal 100 km time triadRPE and TEA increased linearly over the
duraion of the trial (r = 0.93) and were strongly correlated (r = 0.80). Importantly, during maximal
1 km sprints, TEA achieved maximal levels in all sprints, whereRBP only achieved maximal
levels when approaching the second to last sprint. This distitmttween FRPE and TEA during

a maximal effort sprint, suggests that perception of effort and exertion are indeed distinct

sensations, and should be investigated as different sensations during exercise.

2.6 - Perception of Effort

If perception of effort thn is a distinct sensation during exercise, what is known about it?
Perception of effort has been defined as the amount of mental or psychic energy being given to a
task(71). Based off the sensation of innervation theory, it is proposed that the sense of effort is the
conscious awareness of tandrive or motor command sent to the active mugt®e 79) This
CMD is believed to be directed to both the muscle and sensory areas within the brain via a copy
of central motor command that is not directly involved in the current motor task; known as
corollary discharg€63, 64, 80) de Morree, Klein and Marcor@9) proceeded to clarify that
perception of effort icorrelated with motor drive. Using electroencephalography (EEG), with
electrodes attached to various sites of the scalp known to pick up signals of brain structures
involved in motor controtle Morree et al(59) measured movementlated cortical potentials
(MRCP) during forearm exercise at two different intensities (25% or 35% of MVC) under two
different conditions (fatiguedornédnat i gued) . The amplitude associ
considered a direct neurophysiological measur€MD. However, to confirm that perception of
effort was a neural correlate GMD, the amplitude of the MRCPs needed to increase with both

force of contraction and muscle fatigue, as well as be significamtiglated with RPE under both
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fatigued and noifiatigued conditionsde Morree et al(59) concluded that MRCP amplitude
correlates with perception of effort and that perception of efforteasctinscious awareness of
central motor comman(9).

The findings of de Morree et 4b9) clarify the involvement of corollargischarge in the
perception of effort, however, they do not provide direct insight into the supraspinal sites involved
in this perception. It has been suggested that corollary discharge comes directly from the primary
motor cortex19, 68) however, it has also be@roposed that these discharges may originate from
sites upstream of the primary motor cortex, though only indirect evidence of this has been provided
(19). Because of the difficulties involved in investigating brain function during exeritiss
difficult to identify the specific sites involved in the perception of effort. Therefore, this area will
require investigation in the future.

It is however believed that the sensation of effort is interpreted in the anterior cingulate
cortex, théamus and insular corteff9i 81). Specifically, the anterior cingulate cortex and the
insular cortex were identified as sites of efforisaion because they were activated during static
handgrip exercise independent of afferent feedback from group Ill and IV afferents or feedback
from changes in blood pressure sensed via barorec€p®yrg9) These findings are interpreted
to suggestthat central motor command activated these sensory areas independent of afferent
feedback and therefore effort sensation is independent of afferent feedback. Yet, a review by
Gandevig34) explained that small diameter muscle afferents can reduce central motor command,
and that this was becauskgroup I1I/1V afferents targeting areas upstream from the motor cortex.
Therefore,while afferent feedback is not directly involved in perception of effort, afferent

feedback may modif¢ MD andin turnaffect perception of effort during fatiguing exeecis
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In summary then, perception of effort increases with an increasgMiD, therefore,
whetherCMD increases as a result of an increase in fatiglaged metabolites compromising
skeletal muscle force production or via a reduction in skeletal muscleratyae perception of
effort should be increased. This increased perception of effort for a given workload would bring
the individual closer to the sensory tolerance limit and in this way could contribute to the voluntary

termination of exercise.

2.7 - Impact of Perfusion Pressure on Exercising Muscle Blood Flow

We turn our attention now to exercising muscle blood flow, a key determinant of muscle
oxygenation, and how it is affected by alterations in local exercising muscle perfusion pressure.
During submaxnal exercise, muscle blood flow increases in proportion to metabolic d€@gnd
reaching a steady state within 28in (66). Convective @D is equa to muscle blood flow
(Qruscld multiplied by arterial @ content (GO2). The magnitude 00D relative to metabolic
demand for oxygen determines the partial pressure of oxygen in the capillaries and therefore in the
muscle fibre. Therefore, muscle oxygenation can be increased or decreased during exercise at a
fixed metabolic demand by increasiogdecreasing muscle blood flq®2, 82, 83)

Exercising skeletal muscle blood flow is a function of the local aresiehous perfusion
pressure gradient x vascular conductance. The local arterial pressure isom fohihe systemic
arterial pressure generated by the balance of cardiac output and peripheral blood flow, and the
local hydrostatic pressure due to gravity. The latter decreases with increasing distance above heart
level, and increases with increasingtdnce below heart level. Thus for the same amount of
skeletal muscle vasodilation during exercise, blood flow will be greater if the exercising muscle is

below vs. above heart level. Tiperfusion pressure challenpas been repeatedly demonstrated
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in anumber of studies that manipulated exercising forearm position between above and below
heart level during forearm exercige 10, 32, 75, 82, 83)

Given that oxygen delivery/demand matching is regulated, it might be expected that at a
given exercising muscle metabolic demand, compensatory changes in vascular tone would occur
to offset the effects of altered perfusion pressure and restore the doigioéliflow. However, it
appears that such a response may depend on the indigd@yabpecifically, Bentley et al9)
identified a vasodilator phenotype, where certain participa#gonded to this same perfusion
pressure challenge by vasodilating and defending forearm blood flow and therefore exercise
capacity. Bentley et a{10) then proceeded to follow this study up witktady to further explore
the concept of a vasodilator phenotype or Hteividual differences in the mechanisms governing
muscle oxygen delivery. This study confirmed a dichotomous vasodilatory response, where 13
individuals responded to the perfusioregsure challenge with compensatory vasodilation and
restoration of blood flow, whereas 8 individuals did M#hen individuals do not compensate in
the face of altered perfusion pressure, sustained changes in the oxygen delivery vs. metabolic
demand are turred, as evidenced by the findings of Walker et7&). A key finding of Walker
et al.(75) was that these changes agproducible with repeated changes in perfusion pressure.
These results demonstrate the dependence of the exercising limb blood flow on perfusion pressure.

Another methodological approach which may be successful in redocgagmblood flow
and which mg be able to overcome any issuesoagsedwith the vasodilator phenotype is
brachial artery compressidi65). Pyke et al.(65) clearly demonstrated that by pneumatically
compressing the brachial artery proximal to the antecubital crease, forearm blood flow could be
controlled during a floamediated dilation tesfherefore, brachial arteryompression should be

considered an appropriate method of controlling forearm blood flow.
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In summary, it is clear that skeletal muscle fatigue and the oxygen conforming response
are fundamentally distinct phenomena. Skeletal muscle fatigue is charactgrizedustained
elevation in the amount of muscle activation required to maintain a given force output. Importantly
the recovery from skeletal muscle fatigue can take hours to days and regenase intensity to
be reduced Alternatively, the oxygen ecdorming response is characterized by a rapid restoration
(within 20 s) of theeMG/Forcerelationship in response to changes in muscle oxygenation, and it
does not requireeducecexercisantensity Therefore, to distinguish skeletal muscle fatigue from
the oxygen conforming response, it is necessary to demonstrate the rapid restoration of the
EMG/Forcerelationship upon muscle-axygenation. To date, the few studies to have investigated
the oxygernconforming response have been completed in electrically stimulated muscle exercise
models. Stimulated models are fundamentally different from voluntary exercise, therefore, it

remains to be determined if the oxygen conforming response exists in volumtaay exercise.

Additionally, it is clear that sensations during exercise can play an important role in an
individual 6s exercise tolerance and perfor ma
thought to be the subjective awareness of CMD actigatiotor neurons, can be modified by
skeletal muscle fatigue and make the exercise feel harder to do. Whether perception of effort can
be alteredy an oxygen conforming response has not been investigated. Therefore, the proceeding
sections will act to teghe hypothesis that the oxygen conforming response exists and is able to

modify perception of effort in voluntary human exercise.
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2.817 Summary (Problem Statement)

Principle Proposition:

1. As opposed to the sustained compromiseEMG/Force characteristic ofskeletal
muscle fatigue, th®©CR is characterized by a rapid restoration of EhMG/Force

relationship upon restoration of muscle oxygenation.

2. Perception of effort is the conscious awareness of CMD activating motor neurons,

where if CMD(measured with EM$increases so does perception of effort

Interacting Proposition: Considering the limitations of the study designed by Hoabd
McCloskey (38), the OCR remains to be tested during rhythreiercise while
simultaneously quantifying changes in muscle oxygenation. In addition, the impact of the

OCR on perception of effort has not been tested.

Speculative Proposition Given the nature of th®CR, as evident from electrically stimulated
human(32, 51)and anima(38) exerciseit is predited that in order to maintain a constant
voluntary contraction forcdsMG and therefore perception of effort will rapidly follow
changes in muscle oxygenation independent of fatigue

Purpose:The purpose f my Mast er 6s t hesi santifyshe redpanseoff or t
EMG amplitude to measured changes in muscle oxygenation during voluntary exercise
(forearm contractions) in humans, and determine drgierception of effort changesth
EMG.

Hypothesis:We hypothesized that for the same voluntarge output 1Muscle activation would

increase with decreased muscle oxygenationMBscle activation would be rapidly
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restored upon muscle-oxygenation, and Ferception of effort would follow changes in
muscle activation.

Significance: Studying theeffect of changes in local oxygen delivery on sensations involved in
exercise tolerance separate from fatigue is important for improving our understanding of
how local oxygen delivery might contribute to modifying exercise behaviour by its effects

on execise tolerance and performance
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ABSTRACT

The oxygen conforming respon&@CR) of skeletal muscle refers to a down regulation of
muscle force for a given muscle activation when oxygen delivery is reduced, which is rapidly
reversed whe oxygen delivery is restoredVe tested the hypothesis thiie OCR exists in
voluntary human exeise and results in compensatory changes in muscle activation to maintain
force production, thereby altering perception of effortl6 humanselectromyographyEMG),
oxyhemoglobinO2Hb) and deoxyhemoglobi(HHb; near infrared spectsaopy), forearnblood
flow (FBF) andtask effort awarene$3EA) were measured durirsgeady statehythmichandgrip
exercise withalternating 2min periods of free flow andrachial artery compressi¢BAC) used
to reduce FBMby ~50% of steady sta{&S) BAC successfull reduced=BF (C1, -55% (percent
reduction) P<0.001; C2;58% P<0.001) and QHb (C1, -40%, P<0.001; C2;3%, P<0.001)
during both compression periodempared to steady state free flgRBF = 226444; QHb
=57+17%).EMG duringC1 (1.58t0.39, P<0.00)Lincreased compardd SS(1.31+0.33 though
it was rot restored during the subsequent no compression ,(N@80.38 P=0.477). EMG
increased durin@2 (1.730.50) compared to NC1 (1.4888, P=0.013) and then returned\iG1
levels during NC2 (1.500.39, P=0.016). TEA (SS, 2.2+2.3; C1, 3.9t2.5; NC1, 3.42.7; C2,
4.612.7; NC2, 3.9£2.8jpollowed changes in EM@\oteworthy, during the second compromise
and then restoration of muscle oxygenation, EMG TEA were rapidly restored to pre
compromise leveldVeinterpreted these findings to support the existence of an OCR and its ability

to rapidly modify perception of effort

KEYWORDS: Oxygen conforming response, local oxygen delivery, muscle activation,

perception of effort, voluntary exercise
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INTRODUCTION

Skeletal muscle fatigue, resulting from the buijd of fatigue related metabolites, can
result in impaired excitation contraction coupling procegsssiltingin reduced force panuscle
activation(Force/EMG (electromyographyj3, 4, 23) This necessitatemcreasednotor neuron
activationto maintain force outpuivhen skeletal muscle is fatigued. dortantly, perception of
effort is thought to originate from efferent neural activity arising paralldliamproportion to
central motor drive (CMD) determining motor neuron recruitm@0t 28, 44, 52, 54, 59, 64)
Therefore, the increase in CMD required to maintain force output when the skeletal muscle is
fatigued is senseand perceiveds an increase in tlseibjective awareness of effd¢&, 8, 20, 57,
59). Thus, by increasing the perceived effort during exerslsgletal muscléatiguecan playan
i mportant rol e i ntolamcgB3hdi vi dual 6s exerci se

Anothermechanism thatauld increas€MD at a given skeletal muscle force oututhe
downregulation ofForce/EMGthat can accompany reduced muscé® @2, 38, 42, 51)This
phenomenon is known as the oxygen conforming response (38R0, 72) As opposed tthe
sustained compromise in tRerce/EMGrelationship characteristic ekeletal muscle fatigu®9,
82), the OCR is characterized by a rapid (within ~20 sec) restoration ofFtree/EMG
relationship withrestoration omuscle oxygenatio(82, 38, 51) This OCR phenomenon has been
observedn electrically stimulatedskeletal muscleontractionmodels inhumars (32, 51)and
animak (38). An important limitation ofthe electricalstimulaion modek cited(32, 51)is that
supramaximal stimulation is being used, therefaseppposed to typical exerciseiatfollows
the size principal of motor recruitmem| motor units are recruitefdr every contractiom their
stimulated exercise desig(#4, 37) Considering this limitatiosupramaximal stimulatiomodek

donot replicateroluntary exercise, where a subpopulation of motor units are recruited to produce

28



the required forcen submaximal exercise Because of this, a plausible response to reduced
oxygenation in voluntary exercise could be to rotate activated motor units, thereby reducing the
O demand of a given motor unithis would not necessarily result in increased muscle activation,
and therefore not increase perception of eff@bnsideringheselimitations, the existence of an
OCR in voluntary human exercise and its role in modifying perception of effogirs unknown
Therefore the objectives of this study were to deterriinehether arOCR effect can
occurin voluntary hunan exercise an@) whetherperception of efforfollows OCRmediated
alterations in EMGIn order tocomplete these objectivesiuscle activation, muscle blood flow,
muscle oxygenation, and perception of effort were measured during rhythmi@tiguing
voluntary handgrip exercise with intermittent compromise iD.e hypothesized that for the
same voluntary force output Ijuscle activationwould increase with decreased muscle
oxygenation, 2)nuscle activatiorwould be rapidly restored upon musekoxygenationand3)

perception of effortvould follow changes in muscle activation.

METHODS
Participants

Sixteen healthy participants (8 men, 8 women, see Table 1 for anthropometric data) were
recruited for this study. Participants were instructeddioere to the following prior to testing: to
forego strength training exercise for 24 hours before, abstain from alcohol, smoking and caffeine
consumption for 12 hourbefore and for eating 4 hours befotesting All experimental
procedures were appravdbytheQueends University Health Sci el
Hospitals Research Ethics Board, and conformed to the standards set by the Declaration of

Helsinki. On the first of two visits, participants provided verbal and written consent as well as
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completed the CSEP Get Active Questionnaire foisee Appendix A)prior to voluntary

participation in this study.

Instrumentation

Surface Electromyography.Surface EMG was measured via four mini wireless bipolar
electrodes (25 mm x 12 mm x 7 mm) with a @n interelectrode distance (Delsys Trigno
Wireless EMG system, Natick, MA, USA). Prior to sensor placement the approximate location of
EMG sensor placement was cleaned of any hair and thoroughly scrubbed with alcohol wipes. The
electrodes were then placeder the 4 muscle bellies of the right flexor digitorum superficialis
(FDS). The 4 muscle belly sites were identified by following the guide designed by Bickerton et
al. (11) for injection of botulin toxin into the 4 muscle bellies of the FDS. Briefly, a landmarking
line (LL) was drawn between the right medial epicondyle and the pisiform. The length of the LL
was recorded and the approximate distance from the medial epictmtiyéed muscle bellies was
marked (FDS4; 49% , FDS3; 54%, FDS2; 72%, FDS5; 7@%) Now, from the marks made
along the LL, measurements were made laterally to the exact location of each muscle belly and
were then marked (FDS4; 0.7cm , FDS3; 1.7cm, FDS2; 1.4cm, FDS5; @Ie0nBMG electrical
activity was measured in Volts (V) and-spmpled to an even 2000 Hz/channel.

Force. Force of handgrip contraction was recorded via leandgrip force transducer
connected to PowerLabd8(ADInstruments, Colorado Springs, USA), collected at a frequency
of 200 Hz/channel.

Forearm Blood Flow. During exercise, brachial artery blood velocity and diamstre
measured continuously. Brachial artery blood velocity was measured witiHz $ulsed flat

Doppler probe (Model 500V 131 Transcranial Doppler, Multigon Industries, Mt. Vernon, NY)
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attached to the skin over the brachial artery proximal to thecamiéal fossa of the exercising

arm. Brachial artery diameter was measured using a linear echo ultrasound probe, positioned over
the brachial artery ~5cm proximal to the Doppler probe, operatingldiHzin 2D mode (Vivid

| GE Medical Systems, London Ontario, @da).

Muscle Oxygenation.Muscle oxygenation was measured using a commercially available
near infrared spectroscopy (NIRS) system (Oxymon, Artinis Medical Systems, Einsteinweg,
Netherlands)The NIRSdevice provided measurements of change in oxyhemog|@bkib) and
deoxyhemoglobin (HHb). This study used a single channel consisting of one optical fiber operating
at three wavelengths (874, 761 and 803 nm) where the light was transmitted into the muscle and
received by an avalanche photodiode (APD). NIR& #las collected at a sample rate of 10 Hz
with an interoptode distance of 25 mm, differential p#hgth factor (DPF) of 3.59, with
participant specific power and gain settings, ensuring optimal signal performance. The NIRS
probes were placed longitudiltly between the two distal and two proximal mlEMG sensors,
where the sites were shaved and cleaned prior to securing the probe in place.

Perception of Effort. The task effort awareness (TEA) scale, gt scale developed
by Swart et al(71), was used to measure perception of effo; dimount of attention, mental
effort and difficulty experienced while maintaining the prescribed physica(saskAppendix A)
Participants were able to see the scale continuously throughout exercise, and were asked to report
their TEA 45 and 90 seconddo each segment starting at steady state. Participants were asked to
speak the number that represettheir currenperceptiorof effort.

In order to ensure proper reporting of perception of efforisolation from peripheral
afferent feedback assotaa with discomfor{(5) all participants were required to complete a 10

point questionnair¢see Appendix Aused to establisdifference between sense of effort and
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physical sensations. This questiongandithen was

(

repeated on ADay 20 prior to beginning exerci:

needed. As per Christian et €20)the exampléd hat fa bri ef maxi mal ef f
conscious effort despite only inducing a smal
every participan(61l).

Central Hemodynamic Measures. Heart rate was monitored with a thiead
electrocardiogram (ECG) with electrodatached to the skin in standard sGfacement(21).
Arterial oxygen saturation (88 was monitored with a pulse oximeter (Nellco885; Covidien
Nellcor, Boulder, CO) placed over the index finger of the participantsererctising had. A
finger photoplethysmograph (Finometer MIDI, Finapres Medical System, The Netherlands) was
used to measure heart rate (HR), mean arterial blood pressure (MAP), and to provide estimates of
stroke volume (SV), cardiac output (CO) and total peripherasteexe via ModelFlow

(Finapres Medical Systems, The Netherlands).

Experimental Design

This was a withirparticipant repeated measure design in which all participants completed
a minimum ofsix exercise tests during a two day collection per8mteemg and fatigue threshold
identification occurred on one day, while the control @nachial artery compressioBAC)
protocol occurred on another day. All data collections were completed a minimum of 24 h apart.
Each participant completed both data coltatsessions at the same time of day, though time of
day differed between participants. All data collections were completed with the participant laying
supine on a table with their arms resting on tables at heart level, abducted approxintately 70

their respective sides. All testing sessions were completed in a temperatdrelled room (19
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21°C) and isometric handgrip exercise was completed following a contraction/relaxation duty
cycle of 2 s/2 s as guided by visual force output and metronome cues.

Reducing Muscle OxygenationTo reduce muscle oxygenation, local forearm blood flow
was reduced via manual brachial artery compression proximal to the antecubital fossa. A single
researcher was tasked with reducing MBV by ~50% of the steady state MBV medistingda
control trial completed on day 2. The researcher completing brachial artery compression used live
feedback from the MBV measured viaMHz pulsed flat Doppler probe and displayed on a
monitor. The researcher was provided with a visual targetdeetw060% of steady state MBV
on LabChart 7 (ADInstruments Inc., Colorado Springs, CO, USA) for simplified MBV tracking.
Brachial artery compression was completed by a single researcher throughout the length of the
study.

TEA Familiarization. Prior tocompleting exercise on data collection sessions one or two,
participants were asked to read a description of both the phyaioa) of perceived exertion {P
RPE) and TEA scale. Following completion of the readings, participants were asked to complete
a 10-point Trug¢/Falsequestionnaire, testing their understanding of the TEA scale. Any incorrect
answers were clarified prior to continuing to exercise testing. Additionally, participants were asked
their TEA during all exercise sessions on day 1 in orderiemt them to the concept prior to the

control andBAC protocol completed on day 2.

Experimental Protocol and Measurement Details
Identification of non-fatiguing exercise work rate.Participants were asked to complete
three 3 s MVCOs mimacllkEMGe maardatf od cley ot put was

provide an estimate of maximal EMG activity and force output. Subsequently, forearm fatigue
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threshold identification was accomplished using acaminuous incremental ramp protocol. All
participantswere asked to remain still for 1 min while silent EMG values were taken then they
were asked to complete 13 min of rhythmic forearm handgrip exercise targeting 10% of their
highest MVC. Throughout this protocol EMG data was recorded continuously onetwsag

arm from the 4 muscle bellies of the FDS. Participants were given a 5 min break where a regression
analysis of EMG amplitude was completed for each muscle. The regression analysis was used to
identify fatigue onset, where fatigue was evident & BMG amplitude regression slope was
significant positive This fatigue onset or fatigue threshold has been suggested to represent the
aerobicanaerobic transition point, indicating the point where ATP demand exceeds the rate of

supply from primarily aerdb sourceg29). See Figure3-1 for a full description of this protocol.
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Figure 3-1. Fatigue thresholddentification on Day 1. Participants began forearm handgrip
exercise at 10% of their maximal voluntary contraction (MVC). Following 13 min at this intensity,
participants were asked to relax for 5 min while EMG data was analyzed to check the EMG
amplituderegression slope for this %MVC. If the EMG amplitude slope was significant (YES),
participants decreased %MVC by 5% and tharii8 test was repeated. If the EMG amplitude
slope was not significant (NO), participants increased %MVC by 10% and the 13stwate
repeated. The protocol was terminated once a-MBEShad been identified (in that order).
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Confirming the highest leve}loMVC sustainable for 13 mjnthe length of the experimental
protocol on day 2. If a NOYES-YES occurs, %MVC that is sustainableMaé assumed to be the
first NO. Fatigue threshold = YENO or NOYES-YES. This %MVC was confirmed on day 2.

Control. On

day

2, participants

compl et ed

t hr ece

Participants then completed a control exercise trial. This control was used to confirm the %MVC

identified on day 1 does not cause fatigue over the duration of the 13 min testernooensure

no fatigue was present, the same fatigue identification analysis as used in the identificatien of non

fatiguing exercise work rate was used. See Figtzdor a summary of this protocol.

13
End Exercise

3:45 4:30 5:45 6:30 7:45 8:30 9:45 10:30 11:45 12:30
T T T T T T T T T T
Baseline NC NC-SS NC NC NC NC
-2 0 3 5 11
Start Exercise Time (min)
Figure 3-2 Fati gue threshold AConfirmat:.i

contraction identified on day 1 was completed forii8 with no compression (NC) followii

a contraction:relaxation cycle of 2 s:2 s. SS, steady state; T, taskagffoeness.

ono

Reduced muscle oxygenatioprotocol. Once confirmation of the fatigue threshold was

completed and successfully passed, FBF was manipulated during the 13 min rhythmic forearm

handgrip exercise at the confirmed Fatiguing exercise work rat(ee Fig.3-3). During this

exercise, participants had their right arm resting at heart level on a cushioned table. Prior to

beginning the experimental manipulation, a single researcher designated to cBiglgmcated

the brachial artery proximal to tlaatecubital fossa.

As Figure 33 depicts, participants were asked to reach steady state exercise. Steady state

was achieved by completing 5 min of rhythmic handgrip exercise at the confirmddtignmng

exercise work rate. At the beginning of th® &nd 9" minute of exercise brachial artery

compression was completed for 2 min periods. Participants were asked to maintain force of
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contraction throughout where the only change during exercisBMasFollowing completion of
the first bout of theBAC protoml, a 10 minbreak was provided, then tlBAC protocol was

repeated. See Figure3¥or summary.

3:45 4:30 5:45 6:30 7:45 8:30 9:45 10:30 11:45 12:30
T T T T T T T T T T

Baseline NC NC-88 C NC C NC

-2 0 3 5 7 9 11 13
Start Exercise Time (min) End Exercise

Figure 3-3. BAC protocol. Steady state forearm handgrip exercise was completed at each
participantdéds individually determined %MVC wa
compression (NC) handgrip exercise following a contraction:relaxation cycle of 2s:2s. Starting
minute 5 and 9, brachial artery compression (C) was maintained for 2 minutes. This protocol was
completed twice for all participants. SS, Steady state; T, Task effort awareness measurement.
Data Acquisition

Identification of non-fatiguing exercise wok rate. EMG data was recorded continuously
and each muscle contraction was used to complete the regression analysis required for
identification ofan n d i v makiumal ho#fatiguing exercise work rate.

Control. Confirmation was completed using the samethod as that described during the
identification of norfatiguing exercise work rate protocol. Additionally, all recorded data was
averaged into 1 min 30 s time bins. Specifically, data was averaged going from 15 sto 1 min 45 s

into a new segment. Twoaasures of TEA (45 s apart) were averaged to provide one value for

each segment.
Reduced muscle oxygenation protocolAll recorded data was averaged into 1 min 30 s

time bins. Specifically, data was averaged starting from 15 s to 1 min 45 s into a nesmtsegm

Two measures of TEA (45 s apart) were averaged to provide one value for each segment.
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Data Analysis
Identification of non-fatiguing exercisework rate. Using the EMG data collected through the
incremental exercise test, a linear regression of the EddGmean square (RM38J)as created for
each exercise intensity. Similar to Camic e{&r)the fatigue threshold was identified by finding
the lowest workrate to lave a significant positive EMBMS slope coefficient, and then reducing
work rate by 5% to identify the highest work rate that does not have a significant positive EMG
RMS slope. This work rate was used for all tests completed on day 2.

EMG analysis wasampleted using MATLAB 2017a (Mathworks, Natick, Massachusetts,
USA). RawEMG data was processed bytiending the raw EMG data, converting it into absolute
values and then subtracting the baseline noise from the signal. Once cleaned the signal @as filtere
using a butterworth filter (2 Hz cut off). The EMG activity from the MVC was then processed to
identify the peak EMG activity. Subsequently the filteEEMG exercise data was processed to
identify the on/off cycles for every muscle contraction. On/offley were identified using an
on/off EMG threshold equal to 5% of the peak EMG amplitude seen during the participants
maximal MVC. Once the on/off cycles were identified and grouped into vectors, these vectors
were used to quantify the amplitude and mieaéh on/off cycle. Amplitude was quantified by
measuring th&MS of each on/off cyclerom the raw EMG data&Alternatively, mF was measured
by completing a fast Fourier transformation (FFT) takimy EMG signal from the time domain
into the frequency donra, and then calculating the median frequency. Any bad contractions (i.e.

time of contraction being less than 1.5 seconds or greater than 2.5 seconds) were removed. Using

function fAregstatso a |l inear r egr @thervisualof a mj

analysis was used to confirm fatigue onset.
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Control and BAC protocols. During the control anBAC tests, EMG, NIRS, Echo and Doppler
ultrasound were measured continuously. Gbetrolanalysis was the same for EMR/S as that
completed during the identification of ndatiguing work rateprotocol. Data from both trials of

the BAC protocol were averaged together to provide one representative data set for the BAC
protocol.

Forearm blood flow. Brachial artery diameters wequantified usingleasurements from
Arterial Ultrasound ImagindMAUI, Hedgehog Medical). FBF was calculated as MBV (crfi/s)
60s/mii’ [ brachial artery diameter (cm)/ 2]

Muscle Activation. EMG was quantified by completing the same analysis for EMG
comgeted during thadentification of norfatiguing exercise work rate described above. After
completion of the steps mentioned above, the EMG RifI8ach muscle belly was averaged
together to get one value for each BAC protodbis EMG RMS data wathen dvided by the
average force output over the same period. This was done in order to account for any involuntary
changes in force output between perfusion pressure conditions.

Force output. Force output data was analyzed to confirm contractions g@rsistently
completed throughout FBF conditior&pecifically, code was written to first clean the force data
by zeroing the baseline voltage. Next, the on/off cytde®very contraction were identified by
setting a threshold of 1 kg. With on/off veadentified, the average kg output was calculated
over each cycle. Time of each contraction was calculated and any contraction less than 1.5 s or
greater than 2.5 s was removed from the analysis, as per EMG analysis above. Force was measured
in kg wheretiwas then converted to Newtons and then presented as a percentage of the individuals

MVC.
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Muscle Oxygenation.NIRS data was measured in arbitrary units. In order to provide a
meaningful relative comparison, all arbitrary units were compared to an estimai@mal and
minimal level of both @Hb and HHb. In order to obtain estimates of maximal and minintdbO
and HHb, arm cuff occlusion was completed for 5 min followed by 2 min of rest. Measures of
maximal HHb and minimal ¢€Hb were calculated as an averajéhe highest and lowest values
measured (respectively) prior to cuff release. Measures of minimal HHb and maxiiahere
calculated as an average of the lowest and highest values measured (respectively) during the 2 min
period following cuff releas&Vhen negative values were present, the lowest measured value was
added to all measured values. Addition of the lowest value to all values provided a measure of 0
100% HHb and eHb. All values were then calculated as a percentage of the maximal measured
value, providing estimates of change in muscle HHb astdlbO

Perception of effort TEA was recorded 45 and 90 seconds into each segment starting at
steady state (see figuBe3). These two values were averaged together to provide a single value

for TEA in each segment.

Statistical Analysis
Identification of non-fatiguing work rate. A linear regression of EM@&RMS was
completed for all exercise intensities completed during the maximalatigning exercise work
rate identificationA P <0.01 was required tondicate a significant slope.
Control and BAC protocols. To test the effestof condition (control and BACand time
on EMG RMS/ForceTEA, FBF, @Hb, HHb and mFf wo way r epeated measu
with sex as a between subject factor were compléduken assumptions of sphericity were

violated, a Greenhouseeisser correction was usa¥hen assumptions of normality were not
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met, a Fr i edman 06 ssrunio dgnéynaimeffectdn tle caseeod d signfigant
F-statistic, pairwise comparisomgere assessed with Bonferonni correctiér? < 0.05P < 0.01
and P < 0.005 was required for parametric tests, pairwise compapstmsen conditionand
nontparametricposthoc tests respectivelyStatistical analyses were performed using SPSS

version 2.0 software (SPSS Inc., Chicago, IL, USA). Data are presented as mean * SD.

RESULTS
Participants

21 participants began this studwo were excluded due to inadequate EMG sigoak
was excluded due to bifurcation of the brachial aneoximal to the site of compressidhereby
making complete brachial artery compression and forearm blood flow measurements impossible,
one dropped out afterdy 1 and finallyonewas excluded from analysis due to the manipulation
not being successful reducing muscle oxygenation. Therefore, 16 (8 women, 8 men) participants
completed this study (see Table 1 for anthropometric datg Appendix B for individual
response data)

Table 1. Age, anthropometric measures and fion
fatiguing workrate

Variable Group Average (n = 16)
Age, yr 25+3.12
Height, cm 174 £9.03
Weight, kg 71.22 +11.06
BMI 23.44+2.14
%MVC 26 +6

Values are means + SD. BMI, Body Mass Index; MVC,
Maximal VoluntaryContraction.
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Identification of non-fatiguing work rate
Completion of the incremental exercise test to identify a partidpapecific maximal

nonfatiguing exercise work rate, identified an average-fabiguing workrate of 26 + 6% MVC

Was force output consistent throughouBAC exercise?

Force output was not effectively maintained throughout the length of the feét) %
16.400, P = 0.00Fosthoc testdetermined that force output was significantly higher in steady
state (SS, 21.24 + 4.6%) comparedC® (20.56 + 4.3%, P = 0.001) aiNC2 (20.87 + 4.5%, P =

0.002)(see Table 2)See figure & for a representation of raw hand grip data during BAC.

Table 2. Quantification of muscle Activation and force outguting BAC protocol

Variabe SS C1 NC1 Cc2 NC2

EMG RMS, %MVC 283+ 11 33.8+ 12* 31.9+ 12* 36.5+ 15* 321+ 12*
Force, %MVC 212+ 4.6 20.9+ 45 210+ 4.7 20.6+ 4.3* 20.9+ 4.5*
mF, Hz 157 + 18 156 + 21 154 +19 157 £+ 21 154 + 18

Values are means * SD. C, compressiEMG, electromyography; mF, median frequency; MVC, maximal voluntary
contraction; NC, neompression; RMS, root mean squared; SS, steady state. *Significantly different from SS
ASignificantly different from NC1. All P < 0.05.

Did FBF change over time durhg the control trial?

Control FBF was significantly different over time (F(2.040, 26.523) = 7.556,00082)

(see Table 3, Figure8for pairwise comparisons).

Did HHb change over time during the control trial?

Control HHbwas not significantly diffeent between time points (F(1.977, 27.672) = 1.348,

P =0.276.
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Did O2Hb change over time during the control trial?
Control HHbwas not significantly diffeent between time points (F(1.938, 27.130) = 2.323,

P =0.119.

Did EMG /Force remain constant throughout the control trial?
Control EMG/Forceavas not significantly diffeent between time points (F(4, 56) = 0.817,

P = 0.5B). There was no time*sex interaction (F(4, 56) = 1.294, P = 0.283).

Did TEA remain constant throughout the corrol trial?
There was a significant (F(1.273, 17.816) = 13.825, P = 0.001) increase in TEA over time
during the control protocol (see Table 3, Figurd Br pairwise comparisons). There was no

time*sex interaction (F(1.273, 17.816) = 0.396, P = 0.587).

Was FBF reduced during brachial artery compression?

There was a significant effect of time on FBF during the BAC protp¢o(4) = 57.05, P
< 0.00). Within BAC FBF was successfully reduced during C1 and C2. Additionally, blood flow
was restored followingessation of brachial artery compression at NC1 and NC2 (see Table 3 and
Figure 34, panel C for within condition pairwise comparisons) (see Tablelkfareen condition
within time pairwise comparisonsyee figure 3 for a representation of raw FBF daturing

BAC.

Was muscle oxygenation decreased during brachial artery compression?
O-Hb. There was a significant effect of time @aHb during the BAC protoco{F(1.278,
19.168) = 42.2, P < 0.001Within BAC O2Hb was successfully reduced during C1 and C2

Following cessation of brachial artery compressiajl®wvas restored at NC1 and N(&2e Table
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3 and Figure 31, panel A for within condition pairwise comparisons) (see Table 4 for between

condition within time pairwise comparisons)

HHb. There was a sigjficant effect of time on HHb during the BAC protodX? (4) =
445, P < 0.000Within BAC HHb was successfully increased during C1 and C2. Following
cessation of brachial artery compression, HHb was restored at NC1 and NC2 (see Table 3 and
Figure 34, panel B for within condition pairwise comparisons) (see Table 4 for between condition

within time pairwise comparisons).

Did EMG RMS/Forceincrease with brachial artery compression?

There was a significant effect of time on EMG RMS/Force during the BA@gb
(F(2.442, 34.194) = 17.13® < 0.001) Within BAC EMG RMS/Force was increased at C1 and
C2, however, EMG RMS/Force was not restored following C1 at NC1, though EMG RMS/Force
was restored following C2 at NC2 (see Table 3 and Figégpadnel B). Thiee was no main effect
of sex (F(1,14) = 0.868, P = 0.367) or time*sex interaction (F(2.442, 34=1@426 P= 0.699
on EMG RMS/Force (see Table 4 for between condition within time pairwise compariSees).

figure 36 for a representation of raw EM@Gtd during BAC.

Did TEA follow changes in EMG/Force?

There was a significant effect of time on TEA during the BAC protocol (F(1.620, 22.684)
= 15.299 P < 0.001) Brachial artery compression led to an increase in TEA at C1 and C2,
however, TEA was not rested following C1 at NC1, though TEA was restored following C2 at
NC2 (see table 3 and figure53 panel A). There was no main effect of sex (F(1,14) = 0.009, P =

0.927) or atime*sex interaction (F(1.620, 45.637.178 P=0.316§ on TEA.
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Table 3. Measures ohemoglobin, blood flow, muscle activation and effort sensation over time
within BAC and control protocols

BAC FBF (ml/min) C1(102+62) NC1(277+172) C2(114+68) NC2 (294 + 189)
Protocol
SS (226 +144) P < 0.00% P =0.001" P < 0.001 P =0.00%
C1 (102 + 62) P < 0.00% P =0.005 P < 0.001
NC1 (277 +172) P < 0.001 P =0.013
C2 (114 + 68) P < 0.00%
O2Hb (%) C1 (34 % 15) NC1 (61 + 16) C2 (37 + 14) NC2 (63 + 18)
SS (57 +17) P <0.00% P =0.061 P <0.00F P =0.029
C1 (34 + 15) P <0.00% P =0.336 P <0.00%
NC1 (61 * 16) P <0.00% P =0.890
C2 (37 = 14) P <0.00%
HHb (%) C1 (68 + 18) NC1 (48 + 11) C2 (69 +17) NC2 (47 + 12)
SS(47+12) P =0.00% P =0.836 P < 0.001 P =0.0836
C1 (68 + 18) P < 0.001 P=0.918 P < 0.00%
NC1 (48 + 11) P < 0.00% P =0.379
C2 (69 + 17) P < 0.00%
EMG C1 (1.58 + 0.39) NC1 (1.48 + 0.38) C2 (1.73 +0.50) NC2 (1.50 + 0.39)
RMS/Force
SS(1.31+0.33) P =0.00% P <0.00% P =0.00% P =0.012
C1 (1.58 + 0.39) P =0.479 P=0.124 P = 1.000
NC1 (1.48 + 0.38) P =0.017 P =1.000
C2 (1.73 £ 0.50) P =0.020
TEA C1(39+25) NC1(34+27) C2(46+27) NC2(3.9+2.8)
SS(2.2+23) P<0.00t P =0.142 P =0.00%F P =0.040
C1(3.9+25) P =1.000 P =0.079 P =1.000
NC1 (3.4 +2.7) P < 0.00% P =0.022
C2 (4.6 +2.7) P =0.007
Control ~ FBF (ml/min) C1(187+10Y NC1(196+116§ C2(201+11% NC2 (201 +12%
Protocol
SS (178 + 103 P =0.237 P =0.021* P = 0.004* P = 0.043*
C1 (187 + 10y P =1.000 P =0.240 P =0.780
NC1 (196 + 11 P =0.300 P =1.000
C2 (201 + 113 P = 1.000
TEA Cl1@3+24 NC1R7+27 C2(3.2+28 NC2@B.6+29
SS(1.8+23) P =0.092 P <0.048 P =0.017 P < 0.005
Cl(2.3+2.4) P =0.304 P =0.063 P =0.016
NC1 (2.7 + 2.7) P=0.01% P = 0.005
C2(3.2+2.8) P =0.028

Values are means + SBAC, brachial artery compressio@; compression; EMG, electromyograpfBF, forearm
blood flow; HHb, deoxyhemoglobif{C, nocompression; eHb, oxyhemoglobin; RMS, roomean squared; SS,
steady state; TEA, task effort and awarené&enotes significant difference for parametric téBenotes significant
difference for nofparametric tests.
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Figure 3-4. Percent oxyhemoglobin (%8b; panel A)and percent deoxyhemoglobin (%HHDb;
panel B) in response to no manipulation (control) and to brachial artery compression (BAC)
targetinga 50% reduction in forearm blood flow (FBpanel G for control and brachial artery
compression (BAC) conditiongluring nonfatiguing handgrip exercise. SS, steady state;
compression, C; no compression, Nfor control and brachial artery compression BA
conditions during noffiatiguing handgrip exercise. SS, steady state; C, compression; NC, no
compression. *Significantly different from control atgiven measurement tim#Significantly
different fom SS within a conditian®Significantly different fom C1 within a condition
YSignificantly different fron NC1 within a condition®Significantly different fom C2 within a
condition Significance P < 0.05 for all comparisons except BAC FBF where P < 0.005.
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Figure 3-5. Task effort awareness (TEA) and electromyography root mean square (EMG RMS)
per unit of force for control and brachial artery compress®AQ) conditions during non
fatiguing handgrip exercise. SS, steady state; C, cosipre$NC, no compression. *Significantly
different from control at a given measurement time, P<O'Significantly different from SS
within a condition, P<0.05/Significantly different from C1 within a condition, P<0.05.
YSignificantly different from NCawithin a condition, P<0.05*Significantly different from C2
within a condition, P<0.05.
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Did EMG median Frequency change with brachial artery compression?
Therewas not a statistically significant effect of time on mF (F(4, 60) = 1.394, P = 0.247).

SeeTable 2.

Was EMG RMS/Force different between Control andBAC?
Compared to controlrbchial artery compression led to an increasEMG RMS/Force
during Cland C2 Compared to contrdMG RMS/Force was not different during NC1 and NC2

in the BAC protocol(see table 4nd figure3.4, panel B)

Was TEA different between Control andBAC?
Brachial artery compression led to an increase in TEA during C1 and approached
significance in C2. TEA was not different during NC1 and NC2 during BAC compared to control

(see table 4 and figure 3.4, panel A).
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Figure 3-6. Individual response demonstrating the increase in EMG upon brachial artery
compressiorevoked compromise to forearm blood flgwpresented by brachial angdlood flow
velocity) and the rapid reduction of EMG when oxygen delivery was restdiaul.panel:
electromyography (EMG); Middle panddrachial arteryplood velocity; Bottom panehand grip

force output.
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Table 4. Measures of hemoglobin, blood flow, muscle activation
between BAC and control within time

and effort sensatigpared

Control

BAC
SS C1 NC1 c2 NC2
FBF (ml/min) (210+ 133 (94 £ 56) (258+ 159) (107+ 64) 272+ 174)
SS(@78+104 P =0.003*
C1 (187 + 107 P < 0.001*
NC1 (196+ 117) P < 0.001*
C2 (202 £ 129 P < 0.001*
NC2 (201 + 12 P < 0.001*
SS C1 NC1 c2 NC2
O2Hb (%) (57 + 17 (34 + 15 (61+19 (37149 (63+19
SS (44+ 20) P =0.019
C1 (45+ 20) P =0.05
NC1 (46 + 2) P =0.008
C2 (46 £ 2) P =0.083
NC2 (47 £ 2) P =0.008
SS C1 NC1 c2 NC2
HHb (%) (46 + 11) (66+ 13) (47+12) (67+13) (146+ 12)
SS 61+ 13) P =0.035
C1 (52t 13) P < 0.001*
NC1 (52+ 14) P = 0.007*
C2 (53t 14) P < 0.001*
NC2 (53+ 15) P = 0.003*
SS C1 NC1 c2 NC2
EMG RMS/Force  (1.31+0.33) (1.58+0.39) (1.49+0.38)  (1.73+0.50)  (1.50+0.39)
SS(1.33+0.34) P =0.681
C1 (1.35 + 0.36) P =0.005
NC1 (1.36 + 0.35) P =0.022
C2 (1.41 + 0.41) P =0.008
NC2 (1.40 + 0.38) P =0.036
SS C1 NC1 c2 NC2
TEA (2.2 +2.3) (3.9 + 2.5) (3.4+2.7) (4.6 +2.7) (3.9+2.8)
SS(1.8+23) P=0428
C1 (2.3 +2.4) P =0.018
NC1 (2.7 £2.7) P=0.385
C2(3.2+2.8) P =0.084
NC2 (3.6 + 2.8) P=0.717

Values are means + SBAC, brachial artery compressio@, compression; EMG, electromyograpfBF, forearm
blood flow; HHb, deoxyhemoglobif{lC, nccompression; e€Hb, oxyhemoglobin; RMS, roomean squared; SS,
steady state; TEA, task effort and awarené®&enotes significant difference.
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DISCUSSION

The purpose of this studyas to test the existence of an OCR in voluntary human exercise

and to interrogate whether the OCR plays a role in modifyangeption of efforfThe key findings

from the current study are 1) EM&rceincreased during both bouts of compromised forearm
muscle QD. 2) EMG/Forcerapidly returned to preompromisevalues following the second
period of compromised forearm muscleDXi.e. measurement NCllowing C2), though this

was not the case following the initial compromigdorearm muscle §D (i.e. measurement NC1
following C1). 3) Perception of effort reflected chasga EMG/Forcesuch that TEA in@ased

and decreased with EMG/Fore® Perception of effort increased over time during a control tria

without an increase in EMG/Force

We interpretthe abovdindingsto support the existence of an OCR in voluntary human
exerciseand its ability to rapidly modify perception of effofthe increase@MG/Forcerequired
to maintainvoluntaryforce of contraction under conditions of reduced muscle oxygenation and
the rapid restoration of EMG/Fora@on muscle reoxygenatigmeasurement NCidllowing C2)
is consistentwith the OCR seen in stimulated humg@2, 51)and animal exercis€8i 41). In
contrast, the lack of restoration in ENE&rcewith muscle oxygenation restoration following the
first compromise to muscleD (measurema NC1 following C1)s not consistent with an OCR.
Rather, this response is consistent with mechanisms of skeletal muscle fatigu82)
Importantly,perception of efirt followed changes in EMG/Force whether EMG/Fanmeased
due to OCR or hypothesized skelatalscle fatigue mechanismBherefore, similar to skeletal
muscle fatigue, we interpret these findings to suppomditential foran OCR to impact exercise

toleranceFinally, the increase in perception of effort over time during control, not associated with
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increased EMG/For¢euggests there is an inherent increase in perception ofweffett may be

independent of CMD.

Evidence for Oxygen Conforming Hfects in Exacising Human Forearm Muscles

The oxygen conforming response is characterized by a rapid restoration (withimf20 s)
the EMG/Force relationship in response to changes in muscle oxygeng82n 38, 51)
Specifically, theOCR is bi-directional. When EMG is held constant via electrical stimulation,
muscle force increases and decreases with increased and decreased muscle oxygenation,
respectively(32, 38, 51) Importantly, uporrestoration of musclexygenation, force production
rapidly and always returns to pcempromise level§32, 38, 51) As opposed to the OCRvhen
skeletal muscle is fatigdehe EMG/Forcerelationship icompromisedificreased EMGer unit
force or decreased force per unit EM@&hd remainscompromisedfor some time following
exercise cessation independent of musele (39, 82) Therefore, while skeletal muscle fatigue
and the OCR are fundamentally differeittjs essential, in order to distinguish the two,

demonstrate theapid restoration of thEMG/Forcerelationshipcharacteristic of th©CR.

The rapidrestoration of theEMG/Forcerelatiorship characteristic of the OCR veell
established irelectricallystimulatedmuscle contractions ihuman(32, 51)and animal exercise
(3841). In contrast little is known regardinghe existence of an OCR in voluntary human
exercise. Only onstudyhasquantifiedchanges in EMG duringoluntary human exercig@8)
under conditions where it was assumed that exercising muscle blood flow was compeordised
then restored. Howevethe immediacy of the restoran of EMG/Forcerelationshipwas not

identified Hobbs and McCloske{B8) had participantperform plantar flexion exercise, during
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which theexercising limbwas movedrom a heart level positionat 30> and 60 above heart level

and then back to heart lev@ln important limitatonoHo b bs and K88)Gdsignwdsey 6 s
that neither muscle blood flow nor muscle oxygenation were measured, therefore, the
interpretation that muscle activation increased as a result of a decrease in@aDseiEs never
directly tested Recently,Bentley et al.(10) identified a vasodilator compensator phenotype,
whereby when perfusion pressure is challenged by limb movement above heart level, some
individuals will increase vasodilation and theratgfendexercising limb blood flow. Therefore,

Ho b bs (88 desigh mdy sot have been effective in reducing exercising limb blood flow.

In the present study we usbkdachial artery compression to reduce steady state FBF by
~50% and maintai that reduction regardless of whether an individual responded with
compensatory vasodilatioihe successful and consistent reduction in FBF with each bout of
brachial artery compression created consistent reductions in muscle oxygenatior4{Fid3\3
measuringexercising limb blood flow and muscle oxygenatiancombination with force and
muscle activatiohe existence of a@CR in voluntary human exerciseuld be established based
on whether a rapid restoration BMG/Forceoccurred with oxygenatiorestoration During the
first compromise to €D, EMG/ForceincreasedFig. 3-5). However, ypon restoration of ¢b (i.e.
when brachial artery compression was discontinu&ilG/Force did not return to pre
compromise levels. These findings are not consistent with ani@®@Rich a rapid restoration of
theEMG/Forcerelationship would be expecteather the sustainedompromisen EMG/Force
following the first compromise to muscle, is consistent witithe development of peripheral
skeletal muscle fatigu@5b, 82) Subsequently, upon the second compromisely EBMG/Force
increased once agaiAs would be expected, for the same compromise to FBF, C1 and C2 were

not different from eacbther(see Table 3 and Figure®. Therefore, if the first increase in EMG
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RMS/Force during C1 was partially due to the OCR as well as skeletal muscle fatigue (per the
sustained compromise to EMG RMS/Force) we would not expect the second compromise (same
amountas first compromise) to contribute to more skeletal muscle fafidgien it may be that the
second compromise to FBF did not create additional skeletal muscle fatiguenfibn$D was
restoredfollowing C2 at NC2 EMG RMS/Force returned to pre&eompromig levels The
restoration oEMG/Forceupon the second restoration offiDis consistent with an OCR existing

in voluntary human exercis&€he sustainedompromisan EMG RMS/Forcefollowing the first
compromise to €D actually reinforceshe interpretatiorthat therapid restoration ofEMG
RMS/Forcefollowing the second compromise is a fundamentally different phenomenon that is
highly consistent with an OCRTo our knowledge, these findings are the firsstpport the

existence of an OCR in voluntary humexercise.

Oxygen Conforming Effects Contribute to Perception of Effort

Skeletal muscle fatigue has important implications for exercise tolerance. As skeletal
muscle fatigue becomes more severe, the amount of CMD required to maintain a given force output
increases(6, 8, 55, 59) Importantly, when CMD increases, efferent sensati@mscious
awareness of CMD activating motor neuroalsp increaselhis increase iefferent sensatioris
measured as an increase in an individdas p e r c e p(6,i8,056, 59 Whileeitfisf weelr t
established that skeletal muscle fatigue can act to increase the Effort/Force relationwsisipoit
known whether changesni muscle oxygenation can rapidly act to modify the Effort/Force

relationship.

To measurefferent sensations during exercige chose to use thEEA scaledeveloped

by Swart et al(71). The TEA scalavas selected for its specific instructiqisee methodsysking
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participants to rate their perception of effort asam®unt of attention, mental effort and ditfity
experienced whilst continuing to exercise.following the TEA scaleinstructions(71), we are
confident that our participantwere only rating their efferent sensations experienced during

exercise and naifferent sensations of discomfort

Duringthe BAC protocol, perception of effort fwed changes iEMG/Force(Fig. 3-5).
Specifically, when @D was compromisedFig. 3-4) both EMG/Forceand pereption of effort
increasedKig. 3-5). As mentioned previously, with the firséstoration of @D the EMG/Force
levelsremained elevated. Consistent with TEA reflecting efferent perception of ¢fferTEA
score also remained elevatédresponse to the seconeBDcompromise and restoration sequence,
TEA followed thecompromisein EMG/Forcewith O.D compromise and theestoration of
EMG/Forcewhen QD was restored. These observations that TEA mirrBM&/Forcewhen it
remainedcompromisedduring the first @D restoration, and also mirroréeMG/Forcewhen it
was rapidly restored following the secongDOestoration efninates the possibility that TEA was
simply a function of the physical act of brachial artery compression and strongly suppoEAhat
reflects changes in muscle activatiokVe therefore conclude thathether muscle activation
increases due &keletal muscle fatigue or an OCR, perception of effort follows changes in muscle
activation. These ayéo our knowledgethe first findings to suggest that, similar to skeletal muscle

fatigue, an OCR can also incredle Effort/Force relationshiwhenO2D is compromised.

During the control protocol, perception of effort increased over time despite no changes in
EMG/Forcerelationship (see Fig.-8). Interestingly, perception of effort atMG/Forcewere
not different between thBAC and control conditions at either of the NC time points during

exercise. We interpret these findings to suggest that there is an inherent increase in the amount of
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attention, mental effort and difficulty experienced while continuing to exercise that is not
associated with changes in muscle activation.

Methodological Considerations

There are several methodological considerations that waltsmission First, we were
not able to conduct potentiated twitch force assessment of fagigieve did not measure
peripheral fatigue related metabolites during exercise. Therefore, we were unable to provide direct
support that the sustained increase in EMEceduring the first brachial artery compression was
due to increases in fatigue related metabolites. Constdgueur interpretation that there are
fatigue mechanisms involved in the first increas&MG/Forceis based off of the response of
EMG/Force alone. However, the consistent experimental support documertimgpromised
EMG/Forceat a given muscle oxygetian (59, 82)as characteristic afkeletal muscléatigueis
highly consistent with our interpretatitimat the maintainedompromisen EMG/Forcefollowing

the firstBAC reflects fatigue.

Secongwe did not ask participants to rate theiRPE, therefore, we are unable to report
whether participants would have rated thelRPE to change any differentfyom TEA during
exercise or whether participants are even able to distinguish betvesenhypothesized afferent
(P-RPE)and efferen{TEA) sensations during voluntary handgrip exer¢i&b. Measurement of
PRPE was |l eft out in order to ensure partic
interpreting sensations of effort while completing voluntary handgrip exe(6ige Third,
participants were not blinded tbe brachial artery compression. Therefore, it may have been
possiblefor participants to modify their subjective perceptions in response tacthaf brachial

artery palpation.However, because we sdbe lack of TEA decrease following the first
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compression, when brachial artery compression is stofppeasurement NC1 following Chye
interpret these findings to args&rongly againsthe sensation of palpation leading to increased
TEA.

Fourth By design, the experimental protocol started wibhtrol in order to confirm that
the work rate identified on day 1 was in fact fiatiguing prior to continuing to the BAC protocol.
Thus the issue of a possible order effect impacting assesefmdifferences between BAC and
control must be consideretHowever, given thasteady state measures of EMG RMS/Force were
not different between control and BAC protocdtiss unlikely that there were any residual effects

of control on BAC(see Figure &).

Finally, the magnitude of reduction in perfusion amgigenation employed was substantial
in order to ensure an adequate deoxygenation effdeiiiyForce and was only performed under
nonfatiguing forearm exercis&Vhether less of a change in oxygenation is required to evoke an
OCR response at higher exisesintensities remains to be determinkdportantly, an exercise
intensity dependence of the OCR has been demonstrated in stimulated €8@)cideerefore,
while we chose to use a néetiguing work rate to minimize fatigue as a confound, it would seem
important to explore this potential OCR exercise intensity dependence in voluntary human
exerciseTherefore our fiproof of principle® finding would suggest pursuing such a question is a

worthwhile next step

CONCLUSIONS

This study is the first t@imultaneously measure muscle oxygenatiehlG and Force

during intermittent controlled alterations in oxygenation in order to deterimenexistence of an
56



oxygen conforming response in voluntary human exercise. Specifically, we have demonstrated
that, or a given skeletal muscle force output, muscle activation increases when muscle
oxygenation is decreased, and that this response is rapidly reversible upon muscle reoxygenation.
Furthermore, wénave demonstrated that perception of effort, as measuredebyBA scale,
follows changes in muscle activation associated with changes in muscle oxygenation during
voluntary small muscle mass exercisi. conclusion, similar to skeletal muscle fatigue, we
interpret these findings to support the ability of an OCRhtmlify perception of effort during
voluntary rhythmic small muscle mass exerci$bis may have implications for OCR as a
contributor to exercise tolerance.
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Chapter4-Gener al Di scussi on

Integrated Summary

The delivery of oxygen to the exercising mussl@ssential for the production of energy
required to sustain ctinuous exercise. Importantly, there is variability inDObetween
individuals wheresome people wilhaveinherentlybetteror worseO.D to their exercising muscle
for the same exercise intens(®). Thisindividual variability in G:D is a particularly important
observation because ti@CR which has been established in stimulated ani{38) and human
(32, 51)exercise has demonstrated that the amount of force produced for a given electrical
stimulation decreases with decreased muselB. @his compromise to force production is a
product of attempting tpreventmuscle fiber (myocydedisturbancg42). However, while this
adjustment in force productiomay benefit myocyte homeostasig may have negative
implications for our abilityor willingnessto complete exercise.

While exercising individualsare typicallyunable to objectively quantifthe amount of
electrical activity sent to exercising muscle during exergtses, clear thatthey are aware of
sensations of effohich areproportionalto the amount of electrical activityequired to continue
exercising (20, 28, 44) Importantly, our sensationand perceptiorof effort during exercise
contributesto our willingness to continue exercisi(®). Therefore, if electrial activity sent to the
muscle increases as a result of decreased muscle oxygenation we would predict an increase in
perception of effort required to maintain a given force of contradfiwould also expect these
changes in perception of effort to raidollow the restoration of EMG/Force upon muscle
reoxygenationconsistent with the OCRConsequentlywhile it may be predicted that our

perceptions of exercise effort wiibllow muscle oxygenatiomependenthanges in electrical
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activity sent to the nmscle such a response has not been demonstrated in voluntary human
exerciseTherefore, to investigate the existence of an @@Rits ability to modify perception of
effortin voluntary human exercise, brachial artery compression was used to reduciomdod

50% of steady state measurement during constant forefatigning rhythmic voluntary handgrip
exercise.

Themanuscript within this thesis the first to simultaneously measure muscle blood flow
and oxygenation while providing support for thaséance of an OCR and its ability to rapidly
impact perception of effort in voluntary human exercise. These interpretations are drawn from the
rapid restoration of th&MG/Forcerelationship seen when muscle oxygenation was restored
following the second compromise to muscleDO(i.e. C2 to NC2). This OCR response is
fundamentally different from the sustaineompromisein EMG/Forcecharacteristic of skeletal
muscle fatigug59, 82)seen during the first compromise tedD(i.e. C1 to NC1). Interestingly,
the Effort/Force relationship follows th&MG/Force relationship. Specifically, when the
EMG/Forcerelationship is nbrestored, neither is the Effort/Force relationship. However, when
the EMG/Force relationship is restored so ihe Effort/Force relationshipTherefore, the
Effort/Force relationship follows theEMG/Force relationship whether theEMG/Force
relationshipis compromisediue to OCRor skeletal muscle fatigue mechanisms. We interpret
these findings to support tigpothesis thathe OCRcanrapidly modify perception of effortin
contrast, during the control exercise condition where no impairments to exgnrigscle blood
flow occurred,there was amncreasen the Effort/Force relationshiput notin the EMG/Force
relationship. The EMG independent increase in the Effort/Force relationship may support the
interpretation that there is an inherent increaggenception of effort which may be independent

of CMD.
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Strengths of the thesis work

As opposed to the only other study to have tested for the existence of an oxygen conforming
response in voluntary human exerqi38), our design has several strengths. First, our design kept
the arm in a consistent position throughout exercise. In keeping arm position consistent, we can be
confident that any changes in tB&G/Forcerelationslip with BAC is as a result of changes in
our manipulation and not as a result of changes in muscle recruitment that may result from changes
in joint angles. Second) order to avoid the issue of thiasodilatorycompensator phenoty&0),
our designusedbrachial artery compression (BA@ther than arm movement to control limb
blood flow. The use of BAC ensures we are able to maintain the compromise in FBF despite any
compensatory vasodilation whiamay occur during the compromise to FBird, as opposed to
Hobbs et al(38), our design measured both muscle oxygenation and blood flow, therefore, we
wereable to directly test the for the exdstce of an OCR in voluntary human exercise. Fourth,
extensive efforts to familiarize participants with the TEA scale used to measure perception of effort
was completed. In doing this, we are confident that participants were accurately rating their

percepton of effort based off the intended sensations.

Limitations of the thesis work

Our design has several methodological limitations which warrant considergtisty we
did not measure peripheral fatigue related metabolites during exercise, nor were we able to conduct
potentiated twitch force assessment of fatigue. Therefore, we were unable to provide direct support
that the sustainedompromisein EMG/Force during and following the first brachial artery

compression, was due to increases in fatigue related metabolites. Consequently, our interpretation
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that there are fatigue mechanisms ineolyn the first compromise in EMG/Forisebased off the
maintenance focompromisedEMG/Forcedespite restoration of exercising muscle oxygenation
(59, 82) Second, we did not ask participants to rate th&PE, therefore, we are unable to report
whether partipants would have rated theirBPE to change any differently during exercise or
whether participants are even able to distinguish between these hypothesized affeRdit jRin
in the contracting muscle) and efferent (TEA; sensation of CMD) sensatimimg d/oluntary
handgrip exercis¢71). Measurement of RPE was | eft out in order
attention was exclusively directed to interpreting sensations of effort while completing voluntary
handgrip exercisé67). Ensuring attention was directed to the assessment of effort was deemed
important because our hypothesiguieed the quantification of changes in effort in response to
changes in muscle oxygenation, therefore, sensations of pain and discomfort were not necessary
in answering the present research question.

Fourth, participants were not blinded to the bracuitdry compression. Therefothe act
of brachial artery compression may have led participants to increase their subjective perception of
effort. However, because we do not see TEA decrease following the first compression, when
brachial artery compressias stopped, we are confident that participants are not modifying their
perception of effort based off of the sensation of palpa&aomally, brachial artery compression
employed led to a substantial hypoperfusion (~50% reduction). This magnitude oétypam,
though extreme, was used to assist in developing a proof of concept for the OCR rélusnse.
proof of conceptis particularly relevant for individual differences in oxygen delivery during
exercise. If an individual has an inhettgdower oxygen delivery, our proof of concept study
would support the idea that exercise would be perceived to be more difficult for this individual,

and if we were able to increase oxygen delivery we could help make exercise feel easier. Therefore,
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an important followup to thisstudywill be to test the ability of increased oxygen delivery to
improve an individudbs perception of effort and make exerdeel easiey therefore improving

exercise tolerance

Future directions

This study is an important first stepigentifying the existence pand characterizingn
OCR in voluntary human exercise. This study has demonstrated that if muscle oxygenation is
reduced, muscle activation and perception of effort increases for the same force output. What then
would happerto force output if muscle activation was held steady while muscle blood flow is
decreased? What would happen to muscle activation and perception of effort if muscle force output
was held constant when muscle oxygenation is increased above normal letezls&tiely, what
would happen to force output and perception of effort if muscle activation is held constant when
muscle oxygenation is increased above normal levels? Is there an exercise intensity dependent
OCR? Are thereindiscoveredex differences ithe OCR? In answering these questions we will

be able to develoa fundamentalinderstanding of the OCR in voluntary human exercise.

Summary

We have interpreted thresults from thg@resenthesis manuscrigb support the existence
of an oxygen conforming response and its ability to rapidly modify perception of effort in
voluntary human exercis@his is an important proof of concept study which will assist in the
development of further studies to explore ttxygen conforming response in voluntary human

exercise. Importantly, this proof of concept study should be reproduced and further studies should
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be completed to develop our understanding of the OCR involvement in modifying CMD and

exercise behaviour.

63



10.

11.

12.

13.

14.

15.
16.
17.

Ref er ences

Abbiss C, Laursen P. Models to explain fatigue during prolonged endurance cyc8port Med

35: 865 98, 2005.

Adam A. Firing rates of motor units in human vastus lateralis muscle during fatiguing isometric

contractionsJ Appl PhysioB9: 268 280, 2005.

Allen DG, Lamb GD, Westerblad H. Skeletal muscle fatigue: cellular mechanisRisysiol Rev

88: 287332, 2008.

Allen DG, Trajanovska S. The multiple roles of phosphate in muscle fatigurent Physiol3: 1

8, 2012.

Amann M, Blain GM, Proctor LT, Sebranek JJ Pegelow DF Dempsey JA Group lll and IV
muscle afferents contribute to ventilatory and cardiovascelgponse to rhythmic exercise in
humansJ Appl Physioll09: 966 976, 2010.

Amann M, Eldridge MW, Lovering AT, Stickland MK, Pegelow DF Dempsey JA Arterial
oxygenation influences central motor output and exercise performance via effects on peripheral
locomotor muscle fatigue in humardsPhysiol575: 937952, 2006.

Amann M, Proctor LT, Sebranek JJ Pegelow DF Dempsey JA Opioidmediated muscle
afferents inhibit central motor drive and limit peripheral muscle fatigue development in humans.

Physid 587: 271283, 2009.

Amann M, Venturelli M, Ives SJ McDaniel J, Layec G, Rossman MJ Richardson RS
Peripheral fatigue limits endurance exercise via a sensory feedisiited reduction in spinal
motoneuronal outpud Appl Physioll15: 355364, 2013.

Bentley RF, Kellawan JM, Moynes JS Poitras VJ, Walsh JJ, Tschakovsky ME. Individual
susceptibility to hypoperfusion and reductions in exercise performance when perfusion pressure is
reduced: evidence for vasodilator phenotygeippl Physioll17: 392 405, 2014.

Bentley RF, Walsh JJ, Drouin PJ, Velickovic A, Kitner SJ, Fenuta AM, Tschakovsky ME
Absence of compensatory vasodilation with perfusion pressure challenge in exercise: evidence for
and implications of the necompenstor phenotypel Appl Physioll24: 374387, 2017.

Bickerton LE, Agur AMR , Ashby P. Flexor Digitorum Superficialis: Locations of individual
muscle bellies for botulinum toxin injectiorduscle and Nerv20: 10411043, 1997.

Bigland-Ritchie B, Johansson R Lippold OC, Woods JJ Contractile speed and EMG changes

during fatigue of sustained maximal voluntary contractidriseurophysiob0: 313 24, 1983.

Bigland-Ritchie B, Jones DA Woods JJ Excitationfrequency and muscle fatigue: Electrical

responses during human voluntary and stimulated contracispsNeurol64: 414 427, 1979.

Bigland-Ritchie BR, Dawson NJ Johansson RS$Lippold OC. Reflex origin for the slowing of
motoneurone fing rates in fatigue of human voluntary contractiadnBhysiol379: 451459, 1986.

Borg G. Psychophysical bases of perceived exertited. Sci. Sports Exert4: 377381, 1982.

BorgG.Bor gbés Perceived

E €hampaignoHumakinedics, R¥98. n

Scal es

Camic CL, Housh TJ, Johnson GQ Hendrix CR, Zuniga JM, Mielke M, Schmidt RJ. An EMG
frequencybased test for estimating the neuromuscular fatigue threshold during cycle ergometry.

Eur J Appl Physioll08: 337 345, 2010.

64



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

Carroll TJ, Taylor JL, Gandevia SC Recovery of central and peripheral neuromuscular fatigue
after exerciseJ Appl Physioll22: 10681076, 2017.

Carson RG, Riek S, Shahbazpour N Central and peripheral mediation of human force sensation
following eccentric oconcentric contractiond. Physiol539: 913925, 2002.

Christian RJ, Bishop DJ, Billaut F, Girard O . The role of sense of effort on seklected cycling
power outputFront Physiol5: 115, 2014.

Dash PK Electrocardiogram Monitorindgndian JAnaesthd6: 251 260, 2002.

Davis JP, Wahr PA, Rall JA. Molecular Aspects of Muscular Contraction. Principles of
Exercise Bichemistryedited by Borms J, Hebbelinck M, Hills AP. Basel: S. Karger AG, 2004, p.
62i 86.

Debold EP, Romatowski J, Fitts RH. The depressive effect of Pi on the fepgea relationship in
skinned single muscle fibers is temperature dependemt) Physiol Cell Physid@90: C104150,
2006.

Dorfman LJ, Howard JE, McGill KC . Triphasic behavioral response of motor urtibs
submaximal fatiguing exercisBluscle Nervel3: 621 628, 1990.

Dulhunty AF. Excitatiorcontraction coupling from the 1950s into the new millenni@im Exp
Pharmacol PhysioB3: 763 772, 2006.

Dutka TL . Calcium phosphate precipitation in gercoplasmic reticulum reduces action potential
mediated Ca2+ release in mammalian skeletal muagde Cell PhysioR89: C1502C1512, 2005.

Edwards RHT, Hill DK, Jones DA Merton PA. Fatigue of long duration in human skeletal
muscle after exercisd.Physiol272: 76978, 1977.

Enoka RM. Neural adaptations with chronic physical activityBiomect80: 447 455, 1997.

Ertl P, Kruse A, Tilp M. Detecting fatigue thresholds from electromyographic signals: A
systematic review on approaches andhoéologies.J Electromyogr Kinesid30: 216 230, 2016.

Fallentin N, Jorgensen K Simonsen EB Motor unit recruitment during prolonged isometric
contractionsEur J Appl Physiol Occup PhysiéV: 335 341, 1993.

Fauler M, Jurkat-Rott K, Lehmann-Horn F. Membrane excitability and excitati@montraction
uncoupling in muscle fatigu&leuromuscul Disor@2: S162S167, 2012.

Fitzpatrick R, Taylor JL , Mccloskey DI. Effects of arterial perfusion pressure on force production
in working humarhand musclesl Physiol495: 885891, 1996.

Gandevia S Spinal and supraspinal factors in human muscle fatijoygsiol Re81: 172% 1789,
2001.

Gandevia SC Kinesthesia: roles for afferent signals and motor commadatsdb Physiol Sect 12
ExercRegul Integr Mult Syst128 172, 1996.

Gandevia SG Allen GM, Butler JE, Taylor JL. Supraspinal factors in human muscle fatigue:
evidence for suboptimal output from the motor corfeRhysiol490: 529536, 1996.

Goodall S Twomey R, Amann M. Acute and chronic hypoxia: implications for cerebral function
and exercise toleranclat! institutes HeaP: 73 92, 2014.

Henneman E Somjen G Carpenter DO. Functional Significance of Cell Size in Spinal
MotoneuronsJ NeurophysioR8: 560 580, 1965.

65



38.

39.
40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Hobbs SF, McCloskey DI. Effects of blood pressure on force production in cat and human muscle.
J Appl Physiob3: 834 839, 1987.

Hochachka P. Patterns of OPDependence of MetabolisrAdv Exp Med BioR22: 14351, 1988.

Hogan MC, Arthur PG, Bebout DE, Hochachka PW, Wagner PD. Role of O2 in regulating
tissue respiration in dog muscle working in sitwppl Physiol73: 728 736, 1992.

Hogan MC, Gladden LB, Grassi B, Stary CM, Samaja M. Bioenergetics of contracting skeletal
muscle after paial reduction of blood flowJ Appl PhysioB4: 18828, 1998.

Hogan MC, Kurdak SS, Arthur PG . Effect of gradual reduction in O2 delivery on intracellular
homeostasis in contracting skeletal musglappl PhysioB0: 131321, 1996.

Hureau TJ, Olivier N, Millet GY , Meste O, Blain GM . Exercise performance is regulated during
repeated sprints to limit the development of peripheral fatigue beyond a critical thréskmld.
Physiol99: 951 963, 2014.

Hureau TJ, Romer LM, Amann M. The sensory tolance limit: A hypothetical construct
determining exercise performande@r J Sport Sci8: 13 24, 2018.

Husmann F, Mittimeier T , Bruhn S, Zschorlich V, Behrens M. Impact of Blood Flow Restriction
Exercise on Muscle Fatigue Development and Recoey. Sci Sports Exef0: 436 446, 2018.

Jones DA Muscle fatigue due to changes beyond the neruomuscular junctidturitan muscle
fatigue: physiological mechanismedited by Porter R, Whelan J. London: Pitman Medical, 1981,
p. 178 196.

Jones DA. High-and lowfrequency fatigue revisitedcta Physiol Scan@l56: 265270, 1996.

Jones DA Bigland-Ritchie B, Edwards RHT. Excitation frequency and muscle fatigue:
Mechanical responses during voluntary and stimulated contradéopdNeurob4: 401413, 1979.

Lafargue G, Franck N. Effort awareness and sense of volition in schizophr&uascious Cogn
18: 277289, 2009.

Laver DR, Lenz GKE, Dulhunty AF. Phosphate ion channels in sarcoplasmic reticulum of rabbit
skeletal musclel Physiol 535, 2001.

Luu BL, Fitzpatrick RC . Blood pressure and the contractility of a human leg muddihysiol
591: 54015412, 2013.

Marcora S. Perception of effort during exercise is independent of afferent feedback from skeletal
muscles, heargnd lungsJ Appl Physioll06: 20602062, 2009.

Marcora S. Last Word on Point:Counterpoint: Afferent feedback from fatigued locomotor muscles
is not an important determinant of endurance exercise performhAggl Physioll08: 470470,
2010.

Marcora SM, Bosio A de Morree HM. Locomotor muscle fatigue increases cardiorespiratory
responses and reduces performance during intense cycling exercise independently from metabolic
stressAJP Regul Integr Comp Physi294: R874R883, 2008.

McNeil CJ, Giesebrecht S Gandevia SC Taylor JL . Behaviour of the motoneurone pool in a
fatiguing submaximal contractiod.Physiol589: 35383544, 2011.

McNeil CJ, Giesebrecht $ Khan SI, Gandevia SG Taylor JL. The reduction in human
motoneurone responsivess during muscle fatigue is not prevented by increased muscle spindle
dischargeJ Physiol589: 37313738, 2011.

66



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

McNeil CJ, Martin PG, Gandevia SC Taylor JL. Longinterval intracortical inhibition in a
human hand muscl&xp Brain Re209: 287 297,2011.

Millet GY , Lepers R Alterations of Neuromuscular Function after Prolonged Running, Cycling
and Skiing Exercise§port Med34: 105 116, 2004.

de Morree HM, Klein C, Marcora SM. Perception of effort reflects central motor command during
movement executiorRsychophysiologg9: 12421253, 2012.

Noakes TD Marino FE. Arterial oxygenation, central motor output and exercise performance in
humansJ Physiol585: 919921, 2007.

De Paula Caraca Smirmaul B Sense of effort and other unpdeat sensations during exercise:
Clarifying concepts and mechanisrBs.J Sports Med6: 308 311, 2012.

Petrofsky JS Glaser RM, Phillips CA. Evaluation of the amplitude aud frequency components of
the surface emg as an index of muscle fatigwgonanics25: 213 223, 1982.

Poulet JFA, Hedwig B. New insights into corollary discharges mediated by identified neural
pathwaysTrends Neuros@0: 14 21, 2007.

Proske U What is the role of muscle receptors in proprioceptMn8cle and Nerv8l1: 780 787,
2005.

Pyke KE, Dwyer EM, Tschakovsky ME Impact of controlling shear rate on flanediated
dilation responses in the brachial artery of humamgopl PhysioB7: 499 508, 2004.

Saunders NR Pyke KE, Tschakovsky ME. Dynamic responseharacteristics of local muscle
blood flow regulatory mechanisms in human forearm exergidppl Physiob8: 1286 1296, 2005.

Scalf PE Torralbo A, Tapia E, Beck DM. Competition explains limited attention and perceptual
resources: Implications farerceptual load and dilution theori€sont Psycho#: 11 9, 2013.

Sperry RW. Neural basis of the spontaneous optokinetic response produced by visual indersion.
Comp Physiol Psychdl3: 482 489, 1950.

Stulen FB, De Luca CJ Frequency Parametasfthe Myoelectric Signal as a Measure of Muscle
Conduction VelocitylEEE Trans Biomed EnNBME-28: 515 523, 1981.

Subudhi AW, Miramon BR, Granger ME, Roach RC Frontal and motor cortex oxygenation
during maximal exercise in normoxia and hypoxi&ppl Physiol106: 11531158, 2009.

Swart J, Lindsay TR, Lambert Ml , Brown JC, Noakes TD Perceptual cues in the regulation of
exercise performancephysical sensations of exercise and awareness of effort interact as separate
cuesBr J Sports Med6: 43 48, 2012.

Tschakovsky ME, Pyke KE. Cardiovascular responses to exercise and limitations to human
performance. InPhysiological Bases of Human Performance During Work and Exegti#ted by
Nigel A. S. T, Herbert G. New York: Churchill Livistpne, 2008, p.i27.

Tschakovsky ME, Rogers AM, Pyke KE, Saunders NR Glenn N, Lee SJ Weissgerber T,
Dwyer EM. Immediate exercise hyperemia in humans is contraction intensity dependent: evidence
for rapid vasodilationJ Appl PhysioB6: 639 644, 2@4.

VestergaardPoulsen R Thomsen G Sinkjaer T, Stubgaard M, Rosenfalck A Henriksen O.
Simultaneous electromyography and 31P nuclear magnetic resonance spechwigbopy
application to muscle fatigu&lectroencephalogr Clin Neurophysi®b: 404 11, 1992.

Walker KL , Saunders NR Jensen D Kuk JL , Wong S Pyke KE, Dwyer EM, Tschakovsky

67



76.

7.

78.

79.

80.

81.

82.

83.

ME. Do vasoregulatory mechanisms in exercising human muscle compensate for changes in arterial
perfusion pressure®m J Physiol Hear Circ Physiol93 2928 2936, 2007.

Westerblad H, Allen DG. The effects of intracellular injections of phosphate on intracellular
calcium and force in single fibres of mouse skeletal muB¢legers Arch Eur J Physid31: 964
970, 1996.

Westerblad H, Duty S, Allen DG. Intracellular calcium concentration during ldmquency
fatigue in isolated single fibers of mouse skeletal mugdcigpl Physiolr5: 382 388, 1993.

Westerblad H, Lee JA, Lamb AG, Bolsover SR Allen DG. Spatial gradients of intracellular
calcium in skeletal muscle during fatigueur J Physiol15: 734 740, 1990.

Williamson JW, Fadel PJ Mitchell JH. New insights into central cardiovascular control during
exercise in humans: a central command update.PhysioB1: 51 58, 2006.

Williamson JW, McColl R, Mathews D, Mitchell JH, Raven PB Morgan WP. Hypnotic
manipulation of effort sense during dynamic exercise: cardiovascular responses and brain activation.
J Appl PhysioB0: 1392 1399, 2001.

Williamson JW, McColl R, Mathews D, Mitchell JH, Raven PB Morgan WP. Brain activation
by central command during actual and imagined handgrip under hyphéasisl Physiob2: 1317
1324, 2002.

Wright JR, McCloskey DI, Fitzpatrick RC . Effects of muscle perfusion pressure on fatigue and
systemic arterial pressure in human subjekfypl PhysioB6: 845 851, 1999.

Wright JR, McCloskey DI, Fitzpatrick RC . Effects of systemic arterial blood pressure on the
contractile force of a human hand musdléppl PhysioB8: 1390, 2000.

68



Appendix A: Subject Information Forms and Perceptual Scales

69



CSEP Get Active Questionnaire

45 0SEPISCPE - Get Active Questionnaire

SCEENCE AND PERSONAL TRAINING
CANADIAN SOCIETY FOR EXERCISE PHYSIOLOGY -
PHYSICAL ACTIVITY TRAINING FOR HEALTH (CSEP-PATH®)

Physical activity improves your physical and mental health. Even small amounts of physical activity
are good, and more is better.

For almost everyone, the benefits of physical activity far outweigh any risks. For some individuals, specific advice from a
Qualified Exercise Professional (QEP — has post-secondary education in exercise sciences and an advanced certification in the
area — see csep.ca/certifications) or health care provider is advisable. This questionnaire is intended for all ages - to help move
you along the path to becoming more physically active.

l:l | am completing this questionnaire for myself.

I:l | am completing this questionnaire for my child/dependent as parent/guardian.

PREPARE TO BECOME MORE ACTIVE

The following questions will help to ensure that you have a safe physical activity
experience. Please answer YES or NO to each question before you become more
physically active. If you are unsure about any question, answer YES.

1 Have you experienced ANY of the following (A to F) within the past six months?

A A diagnosis of/treatment for heart disease or stroke, or pain/discomfort/pressure
in your chest during activities of daily living or during physical activity?

B A diagnosis of/treatment for high blood pressure (BP), or a resting BP of 160/90 mmHg or higher?

C Dizziness or lightheadedness during physical activity?

D Shortness of breath at rest?

E Loss of consciousness/fainting for any reason?

F Concussion?

2 Do you currently have pain or swelling in any part of your body (such as from an injury,
acute flare-up of arthritis, or back pain) that affects your ability to be physically active?

3 Has a health care provider told you that you should avoid or modify certain types of physical activity?

4 Do you have any other medical or physical condition (such as diabetes, cancer, osteoporosis,
asthma, spinal cord injury) that may affect your ability to be physically active?

NO to all questions: go to Page 2 — ASSESS YOUR CURRENT PHYSICAL ACTIVITY ++sseve )

S to any question: go to Reference Document — ADVICE ON WHAT TO DO IF YOU HAVE A YES RESPONSE . . . )

© Canadian Sockty for Exarcise Physiology, 2017. All rights resarved PAGE 1 OF 2
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SCENCE AND PERSONAL TRAINING

G USEPISCPE Get Active Questionnaire

ASSESS YOUR CURRENT PHYSICAL ACTIVITY

Answer the following questions to assess how active you are now.

1 During a typical week, on how many days do you do moderate- to vigorous-intensity aerobic physical m\éikf
activity (such as brisk walking, cycling or jogging)?
2 On days that you do at least moderate-intensity aerobic physical activity (e.g., brisk walking], E‘:;UTES"

for how many minutes do you do this activity?

For adults, please multiply your average number of days/week by the average number of minutes/day: l:l :‘,:.'ENE?(TES"

Canadian Physical Activity Guidelines recommend that adults accumulate at least 150 minutes of moderate- to vigorous-intensity

physical activity per week. For children and youth, at least 60 minutes daily is recommended. Strengthening musdles and bones at
least two times per week for adults, and three times per waek for children and youth, is also recommended [see csep.ca/guidelines).

®

GENERAL ADVICE FOR BECOMING MORE ACTIVE

Increase your physical activity gradually so that you have a positive experience. Build physical activities that you enjoy
into your day (e.g., take a walk with a friend, ride your bike to school or work) and reduce your sedentary behaviour
(e.q., prolonged sitting).

If you want to do vigerous-intensity physical activity (i.e., physical activity at an intensity that makes it hard to carry on a
conversation), and you do not meet minimum physical activity recommendations noted above, consult a Qualified Exercise
Professional (QEP) beforehand. This can help ensure that your physical activity is safe and suitable for your circumstances.

Physical activity is also an important part of a healthy pregnancy.

Delay becoming mare active if you are not feeling well because of a temporary illness.

®

DECLARATION

To the best of my knowledge, all of the information | have supplied on this questionnaire is correct.
If my health changes, [ will complete this questionnaire again.

I answered NO to all questions on Page 1 | answered YES to any question on Page 1

'- Check the box below that applies to you:

|:| I have consulted a health care provider or Qualified Exercise Professional

) . (QEF) who has recommended that | become mare physically active.
Sign and date the Dedaration below { P
D | am comfortable with becoming mare physically active on my own
V without consulting a health care provider or QEP.

Marme [+ Mame of Parent/Guardian if applicable) [Flease print] - Signature (or Signature of Parent/Guardian If applicable) Date of Birth

Date Emiail {optional) Telephone loptional)

With planning and support you can enjoy the benefits of becoming more physically active. A QEP can help.

Check this box if you would like to consult a QEP about becoming more physically active.
(This completed questionnaire will help the QEP get to know you and understand your needs.)

& Canadian Sackety for Exarcise Physology, 2007. 2ll rights reserved. PAGE 2 OF 2
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Stud information and consent form for the Human Vascular Control Lab

School of Kinesiology and Health Studies
Queends University

AOxygen Conf or mi ng o nReBearthdProgramPer cepti ono
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
Vascular Control i n Humanso Research Progr am.
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 muscle
oxygenation affects our perception of effort.

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 Queendés University C
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.

0 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.

0 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 6 s of f i ce
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

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.
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LIMB BLOOD FLOW AND BLOOD VESSEL DIAMETER MEASUREMENTS:
The blood flowing through your brachial (above the elbow), radial (above the
wrist), or femoral (above the groin) artery can be detected and your artery diameter
measured using Doppler and imaging ultrasound. A probe will be placed on the
skin over your artery and adjustments in its position controlled by hand by the
investigator. Measurement of femoral artery flow takes place on the lower
abdomen just above the groin. Shorts will be tied up at the site of measurement
to expose the skin in this region. High frequency sound (ultrasound) will penetrate
your skin. The returning sound provides information on blood vessel size and
blood flow.

RISKS: This technique is non-invasive and poses no risk.

ELECTROMYOGRAPHY (EMG): This measures the electrical activity of your
muscles. Electrodes will be placed on muscles of interest for a given study.

RISKS: This procedure is entirely safe. In a very small group of individuals, a skin
rash might occur from the adhesive on the electrodes. There is no way of knowing
this ahead of time. The rash, if it develops, will resolve itself within a day or so.
Avoid scratching the rash and keep clean.

GAS EXCHANGE: This measures your breathing and the changes in oxygen and
carbon dioxide as a result of your body utilizing oxygen and producing carbon
dioxide. It involves breathing through a mouthpiece attached to a one way valve
system, and wearing nose clips.

RISKS: This procedure is entirely safe. There are no known risks.

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.
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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 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. Itis also possible that this pain may refer down
the arm (a fAshootingo pain sensation),
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
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are detected by changes in this current that occur in proportion to changes in the
length of the rubber band.

RISKS: This technique is non-invasive and poses no risk.

BLOOD OXYGEN CONTENT: A plastic clip is placed over your left index finger.
This clip aims light through your finger, and the absorption of that light by the blood
provides information on how much oxygen the blood contains.

RISKS: This technique poses no risks.

MUSCLE MASS: Circumference and length measurements of segments of your
arm or leg will be taken via manual placement of a tape measure on your limbs by
the investigator.

OR

At Kingston General Hospital, you will lay on a table and a scan of your body will
beperformed using a tech-anergyxe¢ agalalbsdrpdualmetry
This technique uses a small amountof x-r ay ener gy to scan a #fnp
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 will never be completely occluded by the arterial
compression. In some cases, manual finger pressure will be used instead of the
stylus.
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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
mai ntained between 41 and 42e¢ Ce lranotelys . Th e
to a temperature not exceeding 45¢ Celsius and is circulated into the bath via a
water pump. The water in the bath will feel quite warm, but not too hot. If at any
time you feel discomfort the warm water inflow will be stopped and replaced with
cooler water to allow the bath temperature to drop to a more comfortable level.
Your forearm may be heated for a total of one to two hours.

RISKS: When the skin blood vessels fill with blood for an extended period while
undergoing arterial compression it causes a temporary swelling as some fluid
escapes from the blood vessels into the surrounding tissue. This minor swelling
should resolve itself within 24 hours. Elevation of the arm will help to speed up the
process. Your skin may appear red after removal from the bath. This is due to the
increased skin circulation. The redness should resolve within 24-36 hours.

CONGESTION OF YOUR FOREARM OR LEG VEINS: One inflatable cuff will be
placed around your upper arm or above the knee and another may be placed
around your wrist or ankle. The wrist cuff will be inflated to a pressure that prevents
blood flow to your hand for a period of 10-15 minutes at a time. This should not
be uncomfortable. If it is, notify the investigator and the position of the cuff will be
adjusted until inflation without discomfort is achieved. These cuffs will be inflated
to pressures that feel like a mild to moderate squeeze. This will prevent blood from
flowing out of your limb back to the heart, but allow blood to flow in to your arm.
Your limb will fill with blood and if the cuff inflation is maintained for a number of
minutes, you may feel a sensation of swelling. This is because some of the plasma
(water portion of your blood) will leak out of the small blood vessels and into the
space between other cells in your limb. This is similar to when you stand up in
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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 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: I n or der to create a ment al stres
performed. A series of words for colours wi
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 s®&EDongwiii tten in green text) you wil!/
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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
guestionnaire 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 6oned in Mississippios. Your verbal

Mississippi, three Mississippiclo and wi l |l continue for
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 hormal 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
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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 in

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
mi mics Arestrictived lung disease.

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
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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.

1 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 torafdnfhatebhbeéogroup, and -blintfashionwi | | b e
(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.
Beetr oot juice comes in smal/l Aishotso which are
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,ni tr ogl ycerine or other Anitric oxide dont
medications, you will be excluded from the study.

How long will it take?

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

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

Talking and Movements:

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

Special Instructions:

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

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

Safety Precautions:
Safety precautions for the study will include the following:

o} Participants who enter the study will be identified as either healthy men and
women, insulin resistant, or type Il diabetic.

ol 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.

o} We will continuously monitor your heart rate and blood pressure, and you will be
laying on your back or seated upright. These precautions allow us to quickly
identify if you are becoming faint and simply stopping the experimental
manipulation will allow you to quickly recover.

Confidentiality:

All information obtained during the course of the study is strictly confidential and
will not be released in a form traceable to you, except to you and your personal
physician. Your data will be kept in locked files which are available only to the
investigators and research assistants who will perform statistical analysis of the
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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

Study Compensation

A monetary compensation for your time will be identified by a research team
member during the explanation of the study. This will include any expenses you
incur and reflect imposition on your time by your participation in this study.

Freedom to Withdraw from the Study

Your participation in this study is voluntary. You may refuse to participate or you
may discontinue participation at any time during the duration of the study without
penalty and without affecting your future medical care.

Participant Statement and Signature Section

| have read and understand the consent form for this study. | have had the
purposes, procedures and technical language of this study explained to me. | have
been given sufficient time to consider the above information and to seek advice if
| choose to do so. | have had the opportunity to ask questions which have been
answered to my satisfaction. | am voluntarily signing this form. 1 will receive a
copy of this consent form for my information.

If at any time | have further questions, problems or adverse events, | will contact:

Michael E. Tschakovsky, Ph.D.

(Principal Investigator)

KHS 306, Kinesiology and Health Studies Building

Queends University, Ki ngston, ON,
Tel: (613) 533-6000, ext, 74697

Jean Cote, Ph.D.

Director, School of Kinesiology and Health Studies

KHS 206, Kinesiology and Health Studies Building

Queends University, Ki ngston, ON,
Tel: (613) 533-3054

If I have any questions concerning researchp a r t i c irigh@,n wilbcentact:
Dr. Albert F. Clark, Chair
Office of Research Services
Fleming Hall, Jemmett Wing 301
Queends University, Kingston, ON,
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Tel: 1-844-535-2988

By signing this consent form, | am indicating that | 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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Using the Borg Scale

While doing physical activity, we want you to rate your perception of exeiflus.

feeling should reflect how heavy and strenuous the exercise feels to you,

combining all sensations and feelings of physical stress and fatigu®@o not

concern yourself with any one factor such as leg pain or shortness of breath, but try

to focus on your total feeling of exertion.

Look at the rating scale below while you are engaging in the activity; it ranges from

6 to 20, where 6 means "no etken at all" and 20 means "maximal exertion."
Choose the number from below that best describes your level of exertion which is
based only on the physical sensations which you feel as a result of the exercise and

NOT the mental and psychological effort reqd to continue the task.

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. labdke scales and

the expressions and indicate a number.
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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

Maximum exertion
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Using theTask Effort Awareness Scale

We want you to rate the psychological and mental effort required to perform this

exercise bout at the intensity you have cho3dre feeling / emotion that you

report should reflect how much attention, mental effort and difficulty you

experience whilst continuing to exercise at the present intensitlthough your

physical sensations will determine the mental effort required to continue, they should
not be included in the TEA value that you report. In addition, thie scaudes a

component to measure how often you are conscious of the regtfived

Look at the rating scale below while you are engaging in an activity; it ranges from

-4 to 10, where4 means that you are unaware of any mental effort required to

cont hue and therefore have no sensations
that you are constantly aware of a severe effort required to continue at the current
pace and will need to fislow downo. Ch

describes your lev®ef exertion.

Try to appraise your feelings as honestly as possible, without thinking about what

the actual physical load is. Your own feeling of effort and exertion is important, not

how it compares to other people. Look at the scales and the expsesmstbimdicate

a number. You can also use a deci mal p

and a hal fo.
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Task Effort and Awareness (TEA) Scale

0 T
Gonstant / Severe
a ——
§ —+
intermittent /Moderate
4 -+
97 4
Aware when asked / Mild
0 —+
9 =4
Unaware / None
4 -
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TEA score / RPE score test

7z

Nameeeééeeeeeééeeeeé.

Answer true (T) or False (F) to the following questions:

1) The TEA score incorporates physical symptoms as well as effort and fatigue symptoms (T / F)

2) The TEA score is a direct measure of how hard you are pushing on the pedals (T/F)

3) The TEA score is only going to be high when you are really tired. (T/F)

4) If you ride at an easy intensity to complete a distance, TEA score will probably be low. (T/F)

5) The TEA score does not have a physical component. (T/F)

6) The sensations measured by the TEA score are always present. (T/F)

7) A very high TEA score wild/l mean that | candt contini
(T/F)

8) A TEA score of 9 means that | am constantly aware of the need to slow down. (T/F)

9) | can feel really fresh yet have a high TEA score (T/F)

10) The TEA score is only concerned with mental effort and not physical effort (T/F)

TEA and PRPE scales and descriptors are the work of Swart et al. (2012)
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Appendix B: Individual Brachial Artery Compression Response Data
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Figure 4-1. Individual electromyography root mean squEMG RMS)divided by forcaesponse
data. Data recorded from the brachial artery compression prot8&)l Steady state; C,

compression; NC, no compression.
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