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Abstract
In addition to fatigue, performance of unaccustomed eccentric (ECC) exercise causes temporary
muscle damage, initiating a protective response to minimize damage from a subsequent bout (i.e.,
the repeated-bout effect; RBE). Indirect evidence suggests females experience greater muscle
damage following ECC maximal voluntary contractions (MVCs). If true, this could induce a larger
RBE for females than males; however, the RBE has not been compared between the sexes.
PURPOSE: To compare fatigue and damage induced by ECC MVCs as well as the magnitude of
the RBE in females and males. METHODS: Twelve males (21.6 ± 2.2yrs; 1.8 ± 0.1m; 82.4 ±
12.4kg) and twelve females (23.5 ± 3.0yrs; 1.6 ± 0.1m; 60.1 ± 4.1kg) performed two bouts
(separated by four weeks) of 200 ECC MVCs of the dorsiflexors (60°/s from an ankle angle of 90°
to 30° of plantar flexion; 4 sets of 50 reps; 1min rest between sets). Isometric (ISO) MVC torque
and the ratio of ISO torque responses to low vs. high frequencies of electrical stimulation
(10:100Hz) were compared before and after (2, 3, 5, and 10min, as well as 2, 4, and 7d) the fatiguing
protocol. RESULTS: Measures of fatigue (ECC MVC torque) and damage (ISO MVC torque and
10:100Hz ratio) did not differ for females and males for bout one (all P > 0.05). Pooled data
revealed decreases of 31.6 ± 13.4% for ECC MVC torque, 25.2 ± 13.9% for ISO MVC torque
(2min post-exercise) and 53.6 ± 9.0% for 10:100Hz ratio (10min post-exercise). A two-way
repeated measures ANOVA determined no main effect of sex or bout for any measure except the
10:100Hz ratio. Recovery of the ratio improved between bouts for both females and males (P <
0.05). CONCLUSION: Our results suggest that an initial bout of ECC MVCs causes equivalent
fatigue and muscle damage of the dorsiflexors for females and males. After bout two, acute
decreases in the 10:100Hz ratio are attenuated for both groups, suggesting a similar RBE for both
females and males.
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Lay Summary
Despite overwhelming similarities, differences exist in the neuromuscular systems of males and
females. Females tend to experience less muscle fatigue during static tasks. However, static tasks
are seldom performed during daily activities making dynamic contractions more functionally
relevant. Few studies exist in this area, but the data suggest no sex differences exist for fatigability
from lengthening (eccentric) contractions. Eccentric contractions are of particular interest because
they are effective for developing strength and preventing injury. Exposure to new eccentric
exercise will cause muscle damage, indicated by impaired torque production in the hours and days
after the exercise. Luckily, muscle damage is significantly reduced after a subsequent bout of the
same exercise weeks-to-months later (i.e., the “repeated-bout effect”; RBE). This study will
advance our understanding of sex-related differences in fatigability to eccentric exercise and
examine if muscle impairments following eccentric contractions translate to a change in the
magnitude of the RBE.
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Preface
The University of British Columbia’s Clinical Research Ethics Board granted approval for research on
August 28th, 2017. The ethics approval certificate number for the current study is H17-01631. Portions of
the research data presented in this thesis are included in a methods-focussed article recently accepted by
the Journal of Applied Physiology (JAPPL-00840-2018R2). The specific questions addressed in this
thesis have not yet been published in full.
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Chapter 1: Introduction
1.1

Motor Control of Human Skeletal Muscle
One of the many functions of skeletal muscle is to generate force and produce movement

in response to descending voluntary command from the central nervous system. From the motor
system of the brain all the way to the muscle fibre, force output relies on the faithful transmission
of an electrical signal from the primary motor cortex, along efferent nerves (motor neurons) and
into the muscle fibre to complete excitation-contraction (E-C) coupling (see next section for further
details). In addition to descending drive from the central nervous system, information from afferent
nerves residing within the periphery also influence activation of skeletal muscle, especially from
a fatiguing muscle (Amann & Dempsey, 2008). Intrinsic properties of the motor cortex,
corticospinal tract, motoneurons, peripheral nerves, or the muscle fibres themselves could all
influence force production. Because human skeletal muscle is responsible for many important
physiological actions and processes, such as (but not limited to) locomotion, balance and postural
control, thermogenesis, and breathing, decrements of any kind in one’s ability to exert force or
power will undoubtedly impinge upon daily activities.
1.2

Excitation-Contraction Coupling
The process by which skeletal muscle converts an electrical impulse (action potential) into

mechanical force is known as E-C coupling (first described by Sandow, 1952). There are multiple
steps that must take place in order for this translation to occur; as such, there are multiple
opportunities for impairments to arise (Bellinger et al., 2008). E-C coupling begins when an action
potential reaches the synaptic terminal of a motor axon and triggers the release of acetylcholine,
which binds to the associated muscle fibre and initiates electrical transmission of the action
potential along the membrane (sarcolemma) of said muscle fibre. Once the action potential
propagates along the sarcolemma and into the transverse tubules (t-tubules; invaginations of the
sarcolemma into the muscle fibre), voltage-gated ion channels (dihydropyridine receptors;
DHPRs), which are closely associated with Ca2+ release channels (ryanodine receptors; RyR)
embedded into the walls of the sarcoplasmic reticulum, undergo a conformational change to release
Ca2+ into the intracellular matrix. The increase in myoplasmic Ca2+ assists in cross-bridge cycling
which ultimately results in force development. Improper Ca2+ release and reuptake from the
sarcoplasmic reticulum leads to reductions in force (Allen, Lamb, & Westerblad, 2008). Failure
1

in the interaction between the DHPRs and RyR (which leads to impaired Ca2+ release from the
sarcoplasmic reticulum) has been established as an area susceptible to damage following strenuous
eccentric contractions (Balnave, Davey, & Allen, 1997; Bellinger et al., 2008; Warren, Hayes,
Lowe, Prior, & Armstrong, 1993).
1.3

Neuromuscular Fatigue
Neuromuscular fatigue can be defined as any exercise-induced decrease in force or power

generated by a muscle in response to volitional effort, regardless of task performance or
completion (Bigland-Ritchie, 1981, p. 130). Depending on the nature of the fatiguing task,
decrements of force can occur due to changes anywhere along the motor pathway or within the
muscle itself and can be classified as central or peripheral in nature (Gandevia, 2001).
The extent to which descending drive from the cortex activates motor neurons in response
to volitional effort is known as voluntary activation (VA; Gandevia, 2001). VA can be calculated
via the interpolated twitch technique (Merton, Hospital, & Square, 1954) where electrical
stimulation is delivered to the peripheral nerve or muscle belly during a maximal voluntary
contraction (MVC). In response to fatiguing exercise, impaired VA of a muscle has been termed
central fatigue (CF; Gandevia, 2001) and occurs from impairments superior to the neuromuscular
junction. Impairments in VA (CF) can be observed as a post-exercise increase in the superimposed
twitch (SIT) force, which indicates less descending drive. Peripheral fatigue (PF) refers to force
reductions occurring from processes at or distal to the neuromuscular junction (Allen et al., 2008;
Gandevia, 2001) and can be detected using peripheral nerve or motor point stimulation. The
magnitude of muscle fatigue, as well as the contribution of central and peripheral mechanisms,
depends on the parameters of the task. Commonly manipulated parameters include: contraction
intensity (percentage of MVC force); contraction type (i.e., isometric vs dynamic); duration and
timing (sustained vs intermittent and work-rest ratio); the muscle group being tested; and
differences in the population being testing (e.g., age and sex differences). In general, exerciseinduced neuromuscular fatigue is transient in nature and recovers following the cessation of
exercise within minutes to hours (depending on the nature of the task) in comparison to muscle
damage (Allen, 2001). Exercise-induced muscle injury (damage) causes prolonged weakness that
can last for days following exercise due to structural impairments within the muscle fibres (Friden
et al. 1984), leading to impaired E-C coupling (i.e., E-C uncoupling) for reasons unrelated to
increases in metabolic byproducts (Kamandulis et al., 2017; Nishikawa, 2016).
2

1.4

Exercise Induced Muscle Damage
One of the earliest studies to report exercise-induced muscle damage was published in 1898

by an American physician, Theodore Hough, who first suggested micro-tears in the connective
tissue were responsible for pain experienced by the participants following maximal dynamic
contractions (Hough, 1898). Since then, it has been well established that exercises involving highforce, lengthening (eccentric) contractions are highly effective for inducing reversible injury in
muscle unaccustomed to such exercise (Allen, 2001; Nosaka & Clarkson, 1995).
The decline in performance associated with exercise-induced muscle damage has been
found to coincide with structural impairments of the cellular membrane, sarcomeres, and impaired
Ca2+ homeostasis and E-C uncoupling (Balnave, Davey, & Allen, 1997; Clarkson & Hubal, 2002;
Proske & Morgan, 2001; Warren et al., 1993). Common markers of muscle damage include a loss
in MVC force production, morphological changes detected via light and electron microscopy (i.e.,
z-line streaming), elevated enzymatic and protein levels within the blood such as creatine kinase
(CK) and myoglobin (Mb), and delayed onset of muscle soreness (DOMS; Warren, Lowe &
Armstrong, 1999). In addition, unaccustomed lengthening contractions have been found to elicit a
greater impairment of electrically-evoked torque at a low vs. high frequency stimulation due to
impaired Ca2+ homeostasis (Cheng, Place, & Westerblad, 2017; Clarkson & Hubal, 2002;
Skurvydas et al., 2016). This phenomena indicates greater impairments in force production at lowintensity tasks compared to near-maximal tasks and was originally termed Low Frequency Fatigue
(LFF; Edwards, Hill, Jones, & Merton, 1977). Edwards and colleagues found that impaired MVC
force of the knee extensors, as well as adenosine triphosphate (ATP) and phosphocreatine (PC)
muscle content, had recovered by 60 min post eccentric exercise but a measure of calcium handling
was still impaired (i.e., LFF; Edwards et al., 1977). Because exercise-induced muscle damage is
the result of mechanical strain on various components of the muscle fibre, eccentric contractions
(which can involve forceful lengthening of the muscle during contraction) have been found to
provoke greater force impairments and histological damage than isometric or concentric
contractions in humans (Skurvydas et al., 2016). However, the term has since been rephrased as
Prolonged Low-Frequency Force Depression (PLFFD) in order to establish this fatigue occurs
during (not because of) low frequency stimulation (Allen et al., 2008).
Direct assessment of exercise-induced muscle damage in vivo requires biopsies or magnetic
resonance imaging (MRI) and these techniques are not without limitations. When determining the
3

mechanisms responsible for force loss in vivo (without the use of microscopy, MRI, or blood
samples), making the distinction between transient fatigue and damage is difficult; however, if
damage exists, the distinction becomes more apparent in the minutes, hours and days after exercise.
This is likely due to the secondary loss in force production due to an inflammatory response that
follows the initial structural changes which occur from exercise-induced muscle damage (Clarkson
& Hubal, 2002; Hubal, Chen, Thompson, & Clarkson, 2008).
An interesting phenomenon occurs when an individual performs repeated bouts of
eccentric exercise that induces fatigue and damage, impairments are significantly reduced if the
same exercise is performed weeks-to-months later (i.e., the "repeated bout effect"; RBE; Nosaka,
1995). It is still unclear whether or not the RBE occurs because of protective effects from the initial
mechanical insult, from the inflammatory response, from an improvement in the recovery phase
of a subsequent bout of exercise or from a combination of all three (Goodall et al., 2017; Hubal et
al., 2008; Hyldahl, Chen, & Nosaka, 2017; McHugh, 2003). Neural, mechanical and cellular
adaptations have all been suggested as the mechanisms responsible for the RBE (Goodall et al.,
2017; McHugh, 2003). A number of studies have investigated sex- (Hubal, Rubinstein, &
Clarkson, 2008; Kerksick, Taylor, Harvey, & Willoughby, 2008; Lee et al., 2017; MacIntyre, Reid,
Lyster, & McKenzie, 2000; Power, Dalton, Rice, & Vandervoort, 2010; Sewright, Hubal, Kearns,
Holbrook, & Clarkson, 2008; Stupka et al., 2000; Wiecek, Maciejczyk, Szymura, & Szygula,
2017) and age- (Chen, Chen, Liu, & Nosaka, 2014; Lin et al., 2018) related differences following
damaging eccentric contractions which collectively have equivocal conclusions regarding the
magnitude of fatigue and muscle damage in females and males following subsequent bouts of
eccentric exercise.
1.5

Sex Differences in Muscle Physiology, Fatigue, and Damage
Females tend to have a greater proportional area of slow-twitch muscle fibres compared to

males (Simoneau et al., 1985), which could be responsible for a greater reliance on oxidative
metabolism for energy production in females (Russ, Lanza, Rothman, & Kent‐Braun, 2005). One
of the functional outcomes of this difference is a greater resistance to muscle fatigue during static
(isometric) tasks (Enoka & Duchateau, 2008; Hunter, 2014). However, isometric tasks are seldom
performed during daily activities so it is more functionally-relevant to investigate fatigue during
dynamic contractions. Relatively few studies exist in this area, but the data suggest no sex-related
differences exist for fatigability during protocols of shortening (concentric) contractions (Senefeld,
4

Yoon, Bement, & Hunter, 2013) or lengthening (eccentric) contraction (Hubal et al., 2008; Rinard,
Clarkson, Smith, & Grossman, 2000). In both these studies, impairment was physiologically
greater in females at the end of the protocol so more contractions (25% more) may have revealed
a statistical difference because the groups were diverging. Furthermore, two other studies (Power,
Dalton, Rice, & Vandervoort, 2013; Sewright et al., 2008), found females generated less isometric
torque during a maximal voluntary contraction (MVC) in the recovery period after damaging
eccentric exercise. Hence, it is important to further examine the influence of sex on fatigue and
muscle damage induced by damaging eccentric exercise. Lower isometric MVC torque after
eccentric exercise implies that females have greater acute damage compared to males (Warren et
al., 1993; Warren et al., 1999). Depending on the mechanism(s) responsible, this could influence
the efficacy of the RBE.
To date, no study has tested if the protective adaptations of the RBE differ in adult males
and females following damaging eccentric contractions. Chen and colleagues, in two separate
studies, have explored the RBE in pre-pubescent, pubescent and post-pubescent males (Chen et
al., 2014) and females (Lin et al., 2018). Both studies found the extent of exercise-induced damage
increased with age, and that the RBE was similar across all age groups. However, one study used
MVCs while the more recent study used submaximal dynamic contractions to induce muscle
damage and fatigue, therefore, few conclusions can be drawn to speculate if sex-related differences
do exist.

5

Chapter 2: Purposes and Hypotheses
2.1

Purposes
The purposes of my thesis are to: 1) examine sex-related differences to a high-volume bout

of fatiguing eccentric exercise; and 2) compare the magnitude of the RBE between females and
males when a second bout of eccentric exercise is performed four weeks after the damaging initial
bout. Specifically, the thesis will aim to determine if a greater decrease in isometric MVC torque
for females than males after bout one translates to enhanced adaptation and greater protection
against damage from the second bout.
2.2

Hypotheses
For the initial bout of eccentric exercise, we hypothesized that, in comparison to males,

females will show evidence of greater muscle fatigue (as measured by the loss of eccentric MVC
torque during the protocol) and greater muscle damage (as measured by isometric MVC torque
and PLFFD in the days after the protocol). Following the initial bout of exercise, females will
exhibit a greater relative adaptation to eccentric exercise such that no sex differences will exist for
fatigue and indirect markers of muscle damage during and after the second bout

6

Chapter 3: Methods & Materials
3.1

Participants
Twenty-four young recreationally active individuals participated in this study. Twelve of

whom were females (mean ± SD; age: 23.5 ± 3.0 years; height: 1.6 ± 0.1 m; body mass: 60.1 ± 4.1
kg) and 12 males (age: 22 ± 2.3 years; height: 1.8 ± 0.1 m; body mass: 82.4 ± 12.4 kg). Phase of
menstrual cycle and oral contraceptive use was not controlled for based on previous literature who
found varying hormone levels during the menstrual cycle did not affect contractile properties of
the muscle (de Jonge, Boot, Thom, Ruell, & Thompson, 2001) or indirect measures of muscle
damage following eccentric exercise (Oosthuyse & Bosch, 2017). All participants gave written
informed consent prior to becoming familiarized with the protocol.
3.2

Exclusion Criteria
Individuals were excluded from participation in this study if they experienced any recent

major injury or surgery to their dominant leg, had a neuromuscular disease (e.g., amyotrophic
lateral sclerosis, muscular dystrophy, multiple sclerosis, myasthenia gravis), experienced
significant exercise-induced muscle soreness of the dorsiflexors within the last nine months, or
took any medications that affected motor control and/or reaction time. Additionally, individuals
were also excluded if they were regularly involved in extreme lower body physical activities (i.e.,
distance trail running or cross-country skiing) which may alter the magnitude of their repeatedbout effect.
3.3

Study Design
All testing was completed in the Integrative Neuromuscular Physiology Laboratory at the

Okanagan campus of The University of British Columbia. Participants were required to complete
isometric neuromuscular function testing before and at multiple time intervals (2, 3, 5 and 10
minutes as well as 2, 4, and 7 days) following a bout of fatiguing eccentric contractions. Acute
recovery measures only included isometric contractions (both voluntary and electrically evoked)
while recovery measures on day 2, 4 and 7 included both isometric and dynamic (eccentric)
contractions. The same sequence of testing was performed four weeks after the first bout of
exercise in order to complete the second bout. Participants had eight visits total which were all

7

performed at a similar time of day (± 2.5 hour). Participants were asked to refrain from partaking
in any unaccustomed lower limb activities, which were considered strenuous to the participant,
between the two bouts of exercise.
3.4

Experimental Set-Up
All isometric contractions were performed at 30° of plantar flexion on a custom-built,

isometric dynamometer. The foot of the dominant leg was secured to the footplate by a Velcro
strap across the toes and another over the dorsum of the foot. The knee joint was adjusted to 90°
and a c-clamp was tightened over the distal portion of the thigh to restrict movement during
dorsiflexor contractions. The eccentric fatigue protocol was performed on a HUMAC NORM
multi-joint dynamometer (CSMi, Stoughton, MA, USA), with the axis of rotation of the torque
motor aligned with the malleoli of the ankle of the dominant leg. Participants sat in a reclined
position, with an angle of 120° at the hip and 90° at the knee. As with the isometric dynamometer,
the foot of the dominant leg was secured to the footplate by Velcro straps over the toes and instep.
Non-elastic adjustable shoulder, waist, and thigh straps were used to minimize extraneous
movement during the fatiguing protocol.
3.4.1

Common Fibular Nerve Stimulation
Data collection began with the participant seated comfortably at the isometric

dynamometer in order to determine the maximal peak torque (PT) of a twitch in response to a
single electrical stimulus delivered to the common fibular nerve while the dorsiflexors were
relaxed. Stimulation current was increased incrementally with successive stimuli until the PT of
the resting twitch reached a plateau. Stimulus intensity was then adjusted to 115% of that required
to evoke the maximal twitch, in order to ensure activation of all motor axons throughout the
protocol. Square-wave electrical stimuli (pulse width of 500 µs; 100-400V; 10-35 mA) were
delivered to the common fibular nerve using a computer-triggered stimulator (DS7AH, Digitimer)
to induce electrically-evoked contractions while the participant was seated. Stimuli were delivered
using a bar electrode (279-930-24TP, Chalgren Enterprises, Gilroy, CA, USA) that was held
against the skin, distal to the fibular head. The optimal site of stimulation was marked with
permanent ink to ensure similar placement for all visits. Optimal pressure and placement of the bar
electrode was checked at the beginning of each visit (once stimulation intensity was
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determined) by delivering a single train of 100Hz to ensure the torque response reached a plateau.
The ink landmark was retraced each time the participant visited the lab to avoid fading.
3.4.2

Baseline Testing
Once the stimulator output was determined, baseline isometric data were collected from a

sequence that involved a brief (~2-3 s) isometric (ISO) MVC followed by electrically-evoked
contractions. A single stimulus was manually delivered during the MVC to test for the presence of
a SIT and, ~1-2 s after the participant relaxed from the MVC, another single stimulus was delivered
followed, at 1 s intervals, by 1 s trains at 10 and 100 Hz. For familiarization purposes, participants
performed one to two practice sequences with electrical stimulation set to half the required current
(see section 3.4.1). To collect the baseline data, the sequence of contractions was performed three
times, with 90 seconds of rest between sequences. Visual feedback and strong verbal
encouragement were given during each MVC.
3.4.3

Fatiguing and Recovery Protocol
All eccentric contractions consisted of an active eccentric motion (from an ankle angle of

90 ° until 30 ° of plantarflexion at 60 °/s), followed by a passive concentric motion (30 °/s) to
return to a neutral ankle position (90 °). The eccentric and concentric movements were separated
by a 1 second delay. In order to start the eccentric phase with maximal effort, participants were
asked to initiate an MVC during the 1 second delay in a neutral ankle position following the upward
movement of the concentric phase. Before initiating the fatigue protocol, maximal eccentric torque
of the dorsiflexors was determined by 3-5 practice MVCs. To induce fatigue, participants
performed 200 eccentric MVCs (4 sets of 50 repetitions; 3 s rest between repetitions and 1 min
rest between sets) of the dorsiflexors. Throughout the protocol, the maximal eccentric torque was
continuously displayed on an oscilloscope to provide feedback to the participant. Baseline testing,
the fatigue protocol and all recovery measures are represented in figure 1 (protocol schematic).
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Figure 1. Protocol Schematic. Beginning from the left, the thin vertically orientated rectangles represent
ISO MVCs performed at 30 ° of plantar flexion. Individuals received a single pulse (solid arrow) of
electrical stimulation during the MVC followed by the stimulation sequence (single pulse, 1s train of 10 Hz
and 100 Hz) while at rest (dashed arrow). The fatiguing protocol is shown by the four, large, grey rectangles
with 1 min rest between sets. Each grey rectangle represents 1 set of 50 ECC MVCs. This protocol
schematic was completed twice, with four weeks between bouts.

3.5

Data Reduction and Analysis
All torque data were sampled online using Spike 2 software (version 8; Cambridge

Electronic Design) and analyzed off-line using Signal software (version 5.08; Cambridge
Electronic Design). The torque produced during voluntary and electrically-evoked isometric
contractions was measured by a linear strain gauge connected to the footplate (MLP-300;
Transducer techniques, Temecula, CA, USA). The signal was then amplified (×1000) (CED 1902,
Cambridge Electronic Design, Cambridge, UK), sampled at 1000 Hz using a 16-bit A/D converter
(CED 1401-3; Cambridge Electronic Design), and recorded using Spike 2 software (version 8;
Cambridge Electronic Design). Peak voluntary torque and superimposed twitch torque were
calculated from each isometric MVC to obtain ISO MVC torque and assist with the calculation of
VA (see below), respectively. For each eccentric MVC, area under the curve was used to calculate
ECC MVC torque. During the fatiguing protocol of bout one and two, ECC MVC torque was
averaged from the first and last five contractions of each set. The average from the first five
contractions of the first set was considered the baseline value and all other values were normalized
to this value. For the prolonged recovery days (i.e., 2, 4 and 7 days) an average of five ECC MVCs
were obtained and expressed as a percentage of baseline. All isometric variables measured before
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the fatiguing protocol as well as at 2, 4 and 7 days post-fatigue were averaged from three
contractions. Isometric variables measured during the acute recovery time points (2, 3, 5 and 10
min) represent only one contraction. All post-fatigue measurements (acute and prolonged) were
normalized to baseline values except VA, which is already expressed as a percentage. In order to
calculate voluntary activation of the dorsiflexors during each isometric MVC, peak torques of the
superimposed twitch and resting twitch were used in the following equation: VA = [1 −
(superimposed twitch ÷ resting twitch)] × 100%
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3.5.2

Statistical Analysis
Two main comparisons were made in this study: (1) the comparison between males and

females for each dependent variable during and after the first bout of exercise; and (2) the
comparison between the first and second bouts to determine the magnitude of the repeated-bout
effect. SPSS software (version 24) was used to conduct all statistical analyses. Normality of data
was examined using skewness, kurtosis, and the Shapiro-Wilks test. If independent data were
found not to be normally distributed, comparisons were made using a Mann-Whitney U test.
Unpaired-samples t-tests were used to compare males and females for baseline values of ISO and
ECC MVC torque, VA, torque responses from 10 and 100 Hz stimulation, and the PLFFD ratio
(10:100 Hz torque) for bout one and two, separately. Data collected from bout one have been
expressed as a percentage of baseline and then compared using a two-way repeated measures
ANOVA, with sex as a between-subjects factor and time as a within-subjects factor. Separate
ANOVAs were performed for acute (2, 3, 5 and 10 minutes) vs. prolonged (2, 4 and 7 days)
recovery time points. If only a main effect of time was found, data were pooled for females and
males and paired-samples t-tests and a Dunnett’s table were used to determine which time points
were different from baseline. If a significant main effect of group or group × time interaction was
found, separate one-way ANOVA tests were run for each group to determine the effect of time as
described in the previous sentence and a Tukey’s post hoc test was performed to determine at
which point were values different. To compare normalized data between bout one and two, threeway repeated measures ANOVAs were used to identify if a significant interaction existed between
time, bout and sex. If a main effect of bout or bout × time interaction was found, separate one-way
ANOVA tests were conducted to determine the effect of time during each bout and if significant,
a paired-samples t-test and a Dunnett’s table were used to determine which recovery time points
were different from baseline. All data are reported as mean ± SD in the text, and as mean ± SEM
in the figures. The significance level was set at P ≤ 0.05 and effect size of the ANOVA results are
reported as eta-squared (η2).
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Chapter 4: Results
4.1

Baseline Measurements for Bout One
Baseline values of ISO and ECC MVC torque, electrically-evoked torque responses (10

Hz, 100 Hz, and 10:100 Hz PT) and VA are presented for each sex in Table 1. The absolute ISO
and ECC MVC peak torque values of males were 60.7% and 63.9% greater compared to those of
females (P < 0.05). VA was not different between the sexes prior to fatigue (P = 0.51). The torque
responses to the 10 and 100 Hz trains were larger for males compared to that of females (62% and
61.8%, respectively; P < 0.05). Consequently, the 10:100 Hz ratio was not different between
females and males (P = 0.79).
Table 1. Baseline ankle dorsiflexor characteristics separated by group.

ISO MVC
(N·m)
47.8 ± 9.4

VA
(%)
98.9 ± 0.72

10 Hz
(N·m)
17.9 ± 3.4

100 Hz
(N·m)
36.4 ± 9.0

10:100 HZ

Male

ECC MVC
(N·m)
57.6 ± 8.7

Female

36.8 ± 6.2*

29 ± 5.3*

99.1 ± 0.90

11.1 ± 3.4*

22.5 ± 5.3*

0.51 ± 0.09

Sex

0.51 ± 0.09

Mean resting absolute values (± SD) are presented above. ISO MVC, isometric maximal voluntary
contraction torque; ECC MVC, eccentric maximal voluntary contraction peak torque; VA, voluntary
activation; 10 Hz, peak torque of 1 s tetanus at 10 Hz; 100 Hz, peak torque of a 1 s tetanus at 100 Hz;
10:100 Hz, peak torque of both 1 s tetani presented as a ratio. * denotes a value significantly lower in
females than males (*P < 0.05).

4.2

Maximal Voluntary Contraction Torque
The fatiguing protocol of 200 maximal eccentric contractions from bout 1 led to a

significant reduction in ISO and ECC maximal voluntary contraction torque. A total of 24
individuals completed the first bout of eccentric contractions but one file with ECC MVC
responses was lost due to human error (11 females, 12 males; Figure 2A). Isometric MVC data
were collected from all 24 participants at all recovery time points (Figure 3A).
4.2.1

Fatiguing Eccentric Contractions
A two-way repeated measures ANOVA indicated no sex × time interaction (F3.2, 66.8 = 0.73,

η2 = 0.03, P = 0.55), no main effect of sex (F1, 21 = 0.18, η2 = 0.008, P = 0.68), but a main effect of
time (F3.2, 66.8 = 60.1, η2 = 0.74, P < 0.05; Figure 2A) for ECC MVC torque during the fatiguing
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protocol. With data from the two groups pooled (i.e., males and females), ECC MVC torque was
impaired by 31.6% by the end of the fatiguing ptocol (S4). During the long-term recovery period
(2, 4 and 7 days later), there was no sex × time interaction (F2.6, 55.4 = 0.84, η2 = 0.04, P = 0.47), no
main effect of sex (F1, 21 = 0.16, η2 = 0.008, P = 0.69), and no main effect of time (F2.6, 55.4 = 0.64,
η2 = 0.03, P = 0.57; Figure 2A). Post hoc analyses indicated ECC MVC torque recovered to
baseline by day 2 (P < 0.05). ECC MVC torque responses from bout two are also presented below
(Figure 2B); however, results are reported in the Repeated-Bout Effect section of the results
(4.5.1).

Figure 2. Normalized eccentric MVC torque during and after the fatigue protocol for males (circles) and
females (triangles). Data from bout one (A; open symbols; 12 males and 11 females) and bout two (B;
closed symbols; 10 males and 9 females) are presented with each symbol representing the mean (± SEM)
of five contractions from the beginning and end of each of the four sets (i.e., S1, S2, etc.) and from the
recovery visits on day two, four and seven. All data points are normalized to the first five contractions of
the fatiguing protocol for each bout (first symbols of S1). ECC MVC torque was impaired during the
fatiguing protocol of both bouts (denoted by *) and recovered by day 2 days for both groups following
bout one and two (*P < 0.05). ECC MVC torque was significantly greater during the long-term recovery
time points after second bout compared to the first bout (# P < 0.05).

4.2.2

Isometric Maximal Voluntary Contraction Torque
During the acute recovery time period, there was no sex × time interaction (F1.8, 39.5 = 1.5,

η2 = 0.06, P = 0.23), no main effect of sex (F1, 22 = 1.9, η2 = 0.008, P = 0.18), and a main effect of
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time (F1.8, 39.5 = 51.4, η2 = 0.70, P < 0.05) for ISO MVC torque (Figure 3A). The fatiguing protocol
significantly impaired ISO MVC torque by 25.2 ± 14% for both groups at two minutes which
modestly recovered to 21.3% by 10 minutes post-fatigue. During the days following the fatiguing
exercise, there was no sex × time interaction (F1.9, 42.1 = 1.5, η2 = 0.06, P = 0.25), no main effect of
sex (F1, 22 = 1.1, η2 = 0.05, P = 0.30), and a main effect of time (F1.9, 42 = 9.2, η2 = 0.30, P < 0.05;
Figure 3A). Post hoc analyses determined all acute and long-term time points were significantly
different from baseline values (P < 0.05; Figure 3A). Below, ISO MVC torque responses are
presented for bout one (Figure 3A) and bout two (Figure 3B), with bout two responses reported in
the Repeated-Bout Effect section (4.5.2).

Figure 3. Fatigue-induced changes in normalized isometric (ISO) peak MVC torque for males (circles)
and females (triangles). The vertical dashed line in both panels represents time of the fatiguing protocol in
relation to baseline (BL) and recovery measures. ISO MVC responses from bout one (A; open symbols;
12 males and 12 females) and bout two (B; closed symbols; 12 males and 10 females) are presented with
all values representing means ± SEM. For data pooled across the sexes, ISO MVC torque had not
recovered by 7 days after bout one (A) but was not different from BL by 4 days after bout two (B). (*P <
0.05).

4.3

Prolonged Low-Frequency Force Depression
Following bout one, the 10 Hz tetanus peak torque response was markedly impaired two

minutes following exercise (38.1% from baseline) and continued to decrease until ten minutes
post-exercise (57.2%; Figure 4A). For PT of the 10 Hz train during the minutes following
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damaging eccentric contractions, there was no sex × time interaction (F1.5, 32.4 = 0.37, η2 = 0.02, P
= 0.63) or main effect of sex (F1, 22 = 0.15, η2 = 0.007, P = 0.71) with a main effect of time (F1.5,
32.4

= 228.3, η2 = 0.91, P < 0.05; Figure 4A). Post hoc analyses determined all recovery time points

were lower than baseline (P < 0.05), meaning the 10 Hz train did not recover to baseline within
one week post-exercise. For PT of the 100 Hz train, statistical analysis indicated no sex × time
interaction (F1.9, 42.6 = 1.11, η2 = 0.05, P = 0.34) or main effect of sex (F1, 22 = 0.69, η2 = 0.03, P =
0.41) with a main effect of time (F1.9, 42.6 = 16.1, η2 = 0.42, P < 0.05; Figure 4C) following the
fatiguing protocol. Post hoc analyses determined the 100 Hz PT responses recovered by day 2 (P
< 0.05). With respect to the 10:100 Hz PLFFD ratio during the minutes following exercise, there
was no sex × time interaction (F1.7, 38.3 = 0.9, η2 = 0.04, P = 0.42) or main effect of sex (F1, 22 = 1.2,
η2 = 0.05, P = 0.28) but there was a main effect of time (F1.7, 38.3 = 201.9, η2 = 0.90, P < 0.05;
Figure 5A). There was also no sex × time interaction (F3, 59.8 = 1.6, η2 = 0.07, P = 0.19) or main
effect of sex (F1, 22 = 0.73, η2 = 0.03, P = 0.40) but there was a main effect of time (F3, 59.8 = 13.9,
η2 = 0.39, P < 0.05; figure 5A) during the days following exercise. Post hoc analyses determined
all recovery time points following bout one were significantly lower than baseline (P < 0.05),
meaning the 10:100 Hz ratio did not recover to baseline within one week post-exercise. Two
minutes following the fatiguing contractions, the 10:100 Hz ratio fell to 70.6 ± 16.2% of baseline
values for both groups and continued to decrease until 10 minutes post-exercise (46.9 ± 9.1% of
baseline values). Impairment and recovery of the PLFFD ratio as well as the individual 10 and 100
Hz train PT responses following bout one and two are presented below. The results from bout two
are reported in the Repeated-Bout Effect section of the results (4.5.3).
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Figure 4. Fatigue-induced changes in normalized 10 (A and B) and 100 (C and D) Hz peak torque (PT)
for males (circles) and females (triangles). For bout one (A and C; open symbols; 12 males and 12
females) and bout two (B and D; closed symbols; 12 males and 10 females), values are means ± SEM and
the vertical dashed line represents the time of the fatiguing protocol with respect to baseline and recovery
measures. Following the first and second fatiguing protocol, PT of the 10 Hz train was significantly
impaired and did not return to baseline before 7 days (A and B). PT from the 100 Hz train was also
significantly impaired following the first and second fatiguing protocol but returned to baseline values
before 2 days (C and D; *P < 0.05). During the acute recovery, peak torque of the 10 Hz train was
significantly higher following bout two (B) compared to bout one (#P < 0.05).
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Figure 5. Fatigue-induced changes in normalized prolonged low-frequency force depression (PLFFD)
ratio for males (circles) and females (triangles) during bout 1 (A; open symbols; 12 males and 12 females)
and bout 2 (B; closed symbols; 12 males and 10 females). Values are means ± SEM and the vertical
dashed lines represent time of the fatiguing protocol in relation to baseline (BL) and recovery measures.
The 10:100 Hz ratio did not recovery by 7 days following the first (A) or second bout (B) for both groups
(*P < 0.05). The acute recovery time points after bout two are significantly higher than acute recovery
values after bout one (#P < 0.05).

4.4

Voluntary Activation
Following the first fatiguing protocol of ECC contractions, a two-way ANOVA indicated

there was no sex × time interaction (F2.6, 56.6 = 1.21, η2 = 0.05, P = 0.31), no main effect of sex (F1,
22

= 3.45, η2 = 0.14, P = 0.08), but a main effect of time (F2.6, 56.6 = 5.53, η2 = 0.20, P < 0.05; Figure

6A) for VA during the acute recovery time points. With data pooled for both groups, VA was
significantly reduced from baseline at two minutes post-fatigue (declined from 99.0 ± 0.8% to 94.5
± 6.1%) and still lower than baseline at 10 min post-fatigue (95.5 ± 4.6%; Figure 6A). Post hoc
analysis determined VA was impaired during the acute recovery time points and recovered to
baseline measures by day 2 (P < 0.05). During the days following the damaging eccentric
contractions, there was a sex × time interaction (F3, 66 = 3.6, η2 = 0.14, P < 0.05) with a main effect
of sex (F1, 22 = 5.4, η2 = 0.20, P < 0.05), but no main effect of time (F3, 66 = 1.3, η2 = 0.06, P = 0.29;
Figure 6A) for VA. VA was higher for females in the days following fatigue but post hoc analysis
revealed no specific time points were different from one another. Below, bout one (A) and bout
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two (B) are presented with the results reported in the Repeated-Bout Effect section of the results
(4.5.4).

Figure 6. Fatigue induced changes in voluntary activation for males (circles) and females (triangles)
during bout 1 (A; open symbols; 12 males and 12 females) and bout 2 (B; closed symbols; 12 males and
10 females). Values are means ± SEM and the vertical dashed lines represent time of the fatiguing
protocol with respect to baseline and recovery measures. VA was significantly impaired by two minutes
post-fatigue and recovered by 2 days following the first (A) and second (B) bout for both groups (*P <
0.05). In the days following the fatiguing protocol, there was a group × time interaction and a main effect
of sex (†P < 0.05).

4.5

Repeated-Bout Effect
Of the 24 participants who performed the first bout of eccentric exercise, all 12 males and

10 females completed the second bout; however, due to human error and technical difficulties, the
second bout of ECC MVC data from two males and one female participant were unobtainable.
Thus, for the RBE ECC MVC data, 10 males and 9 females were included in the analysis. With
regards to RBE ISO MVC, PLFFD, and VA measures, data were recorded from all 12 males and
10 females. Baseline values from the second bout of eccentric exercise for ISO and ECC MVC
torque, electrically-evoked torque responses (10 Hz, 100 Hz, and 10:100 ratio) and VA were not
different from baseline values prior to the first bout. The absolute ISO and ECC MVC torque
values of males were 64.6% and 67.1% greater compared to those of females before performing
bout two (P < 0.05). VA was not different between the sexes prior to fatigue. The PT responses of
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the 10 and 100 Hz train were greater for males compared to those of females (62.3% and 62%,
respectively; P < 0.05). Consequently, like the first bout, the 10:100 Hz ratio prior to fatigue was
not different between females and males. In order to investigate if a RBE occurred, a three-way
factorial ANOVA (group × bout × time) was performed to identify if a significant interaction effect
existed for bout or sex for ECC and ISO MVC torque, PT responses from the 10 and 100 Hz trains,
the 10:100 Hz (PLFFD) ratio, and VA.
4.5.1

Maximal Eccentric Voluntary Contraction
Statistical analysis revealed there was no group × bout × time interaction (F3.9, 66.9 = 0.84,

η2 = 0.05, P = 0.50), no main effect of bout (F1, 17 = 0.95, η2 = 0.05, P = 0.34) or sex (F1, 17 = 0.00,
η2 = 0.00, P = 0.99) for ECC MVC torque during bout two of eccentric exercise (Figure 2B).
Similar to bout one, there was a main effect of time (F3.2, 55.1 = 86.4, η2 = 0.84, P < 0.05) in bout
two. When comparing bout one and two, the ~2.2% difference in ECC MVC torque impairment
by the end of the fatiguing protocol (S4) was not significant. During the days following the second
bout of damaging eccentric contractions, there was a time × bout interaction (F3, 51 = 4.3, η2 = 0.20,
P < 0.05), and a main effect of bout (F1, 17 = 5.92, η2 = 0.26, P < 0.05) with no main effect of time
(F3, 51 = 0.79, η2 = 0.05, P = 0.50). From pooled data across the days following the second bout of
eccentric exercise, ECC MVC torque recovered by two days post-fatigue and was a 3.8%
improvement compared to bout one (Figure 2B).
4.5.2

Maximal Isometric Voluntary Contraction
For ISO MVC torque during the second acute recovery period, there was no group × bout

× time interaction (F2.2, 44.1 = 0.80, η2 = 0.04, P = 0.47), no main effect of bout (F1, 20 = 2.07, η2 =
0.09, P = 0.17) or sex (F1, 20 = 1.7, η2 = 0.08, P = 0.21). Similar to bout one, there was a main effect
of time for bout two (F1.5, 29.1 = 53.2, η2 = 0.73, P < 0.05; Figure 3B). The ISO MVC torque was
not different from bout 1 (~3.7% improvement between bouts; Figure 3A and B) two minutes after
eccentric exercise. During the days following the fatiguing protocol, there was no group × bout ×
time interaction (F3, 60 = 1.4, η2 = 0.06, P = 0.26), no main effect of bout (F1, 20 = 3.1, η2 = 0.14, P
= 0.09) or sex (F1, 20 = 0.41, η2 = 0.02, P = 0.53). Similar to bout one, there was a main effect of
time for ISO MVC following bout two (F3, 60 = 10.8, η2 = 0.35, P < 0.05; figure 3B). Post hoc
analysis determined ISO MVC following the second bout of eccentric contractions did not recover
until 4 days post-exercise (P < 0.05).
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4.5.3

Prolonged Low-Frequency Force Depression
Statistical analysis of the acute recovery time points revealed the individual 10 Hz PT

responses between bout one and two had no group × bout × time interaction (F2.1, 42.3 = 0.69, η2 =
0.03, P = 0.51), a bout × time interaction (F2.1, 42.3 = 4.3, η2 = 0.02, P < 0.05), and no bout × group
interaction (F

1, 20

= 1.1, η2 = 0.05, P = 0.31). There was a main effect of bout (F1, 20 = 5.2, η2 =

0.21, P < 0.05), no main effect of sex (F1, 20 = 0.07, η2 = 0.004, P = 0.79), and a main effect of time
(F1.4,

27.4

= 216.7, η2 = 0.92, P < 0.05) in the minutes following exercise. There was ~10%

improvement in the 10 Hz train PT response in the first two minutes, a 7.84% improvement at
three minutes, and a 7.0% improvement at five minutes following the second bout of eccentric
exercise compared to the first (Figure 4B). Days following the second bout of eccentric exercise,
statistical analysis determined there was no group × bout × time interaction (F3, 60 = 0.70, η2 = 0.03,
P = 0.56), no bout × time interaction (F3, 60 = 2.1, η2 = 0.09, P = 0.12), and no bout × group
interaction (P = 1) for the 10 Hz PT response. There was no main effect of bout (F1, 20 = 2.2, η2 =
0.10, P = 0.15), no main effect of sex (F1, 20 = 0.97, η2 = 0.05, P = 0.34), and a main effect of time
(F3, 60 = 10.8, η2 = 0.35, P < 0.05). Post hoc analysis determined that following the second bout of
eccentric exercise, the 10 Hz PT response did not recover before 7d post-fatigue (P < 0.05).
For the 100 Hz PT responses following bout two, statistical analysis of the acute recovery
time points revealed no group × bout × time interaction (F2.3, 46.2 = 0.2, η2 = 0.01, P = 0.94), no
bout × time interaction (F2.3, 46.2 = 1.6, η2 = 0.07, P = 0.21), and no bout × group interaction (F 1, 20
= 0.22, η2 = 0.01, P = 0.65). There was no main effect of bout (F1, 20 = 0.19, η2 = 0.009, P = 0.67),
no main effect of sex (F1, 20 = 0.46, η2 = 0.02, P = 0.51), and a main effect of time (F1.8, 35.1 = 20.0,
η2 = 0.50, P < 0.001). Post hoc analysis indicated the PT response from the 100 Hz train was lower
than baseline during the acute recovery period (P < 0.05). In the days following eccentric exercise,
statistical analysis of the 100 Hz PT response revealed no group × bout × time interaction (F3, 60 =
0.28, η2 = 0.01, P = 0.84), no bout × time interaction (F3, 60 = 0.53, η2 = 0.03, P = 0.66), and no
bout × group interaction (F 1, 20 = 0.01, η2 = 0.001, P = 0.91). There was no main effect of bout (F1,
20

= 0.44, η2 = 0.02, P = 0.52), no main effect of sex (F1, 20 = 0.02, η2 = 0.001, P = 0.89), and a

main effect of time (F3, 60 = 3.0, η2 = 0.13, P < 0.05). By day 2, PT of the 100 Hz train recovered
to within 4% of baseline values.
Statistical analysis of the acute recovery time points revealed the 10:100 Hz ratio between
bout one and two had no group × bout × time interaction (F2.2, 43.9 = 2.1, η2 = 0.09, P = 0.14), a
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bout × time interaction (F2.2, 43.9 = 6.7, η2 = 0.25, P < 0.05), and no bout × group interaction (F 1, 20
= 3.0, η2 = 0.13, P = 0.10). There was a main effect of bout (F1, 20 = 11.4, η2 = 0.36, P < 0.05), no
main effect of sex (F1, 20 = 0.30, η2 = 0.02, P = 0.60), and a main effect of time (F1.7, 34.4 = 201, η2
= 0.91, P < 0.05). For data pooled between groups, there was ~9.1% improvement in the PLFFD
ratio in the first two minutes, 9.0% by three minutes, and 7.5% by ten minutes following the second
bout of eccentric exercise compared to the first (Figure 5B). Days following the second bout of
eccentric exercise, statistical analysis of the PLFFD ratio revealed no group × bout × time
interaction (F3, 60 = 0.7, η2 = 0.03, P = 0.56), no bout × time interaction (F3, 60 = 2.1, η2 = 0.09, P =
0.11), and no bout × group interaction (P = 1). There was no main effect of bout (F1, 20 = 2.2, η2 =
0.10, P = 0.15), no main effect of sex (F1, 20 = 0.97, η2 = 0.05, P = 0.34), and a main effect of time
(F3, 60 = 10.8, η2 = 0.35, P < 0.05). Post hoc analysis determined that the PLFFD ratio did not
recover before 7 days following the second bout of eccentric contractions (P < 0.05).
4.5.4

Voluntary Activation
Following statistical analysis of voluntary activation, no group × bout × time interaction

(F4, 80 = 0.88, η2 = 0.04, P = 0.48), no bout × time interaction (F4, 80 = 1.0, η2 = 0.05, P = 0.41), and
no bout × group interaction (F1, 20 = 0.03, η2 = 0.001, P = 0.87). No main effect of bout (F1, 20 =
0.48, η2 = 0.02, P = 0.50) or sex (F1, 20 = 2.50, η2 = 0.11, P = 0.13) was found; however, there was
a main effect of time (F2.2, 44.9 = 8.3, η2 = 0.29, P < 0.05). Similar to bout one (Figure 6A), VA was
impaired at 2, 3, 5 and 10 minutes following damaging eccentric contractions for both groups
(Figure 6B). Days following the fatiguing eccentric contractions, there was no group × bout × time
interaction (F2.1, 42.6 = 0.52, η2 = 0.03, P = 0.67), no time × bout interaction (F2.1, 42.6 = 0.30, η2 =
0.02, P = 0.76) but there was a time × group interaction (F2.1, 42.7 = 4.42, η2 = 0.18, P < 0.05). There
was no main effect of bout (P = 0.44), group (P = 0.08) or time (P = 0.12) and post hoc analysis
revealed no specific time points were different between the groups. During the second bout, VA
recovered by 2 days post-fatigue (figure 6B).
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Chapter 5: Discussion
5.1

Impairments in Neuromuscular Function
Contrary to the hypotheses, females did not experience significantly greater impairments

in eccentric MVC torque during the fatiguing protocol nor did they experience a greater
impairment to isometric MVC torque compared to males after the protocol. Results from the
present study also indicate females and males experienced a similar magnitude of the repeated bout
effect following unaccustomed eccentric exercise in the dorsiflexors. The eccentric exercise
protocol elicited impairments in all measures during and after bout one. Evidence of a RBE is
indicated by an accelerated recovery time of the isometric MVC torque, greater recovery of
eccentric MVC torque in the days after the exercise protocol, as well as an attenuated impairment
of 10 Hz peak torque and the 10:100 Hz ratio (PLFFD) in the minutes following the second bout
of eccentric exercise.
5.1.1

Fatiguing Eccentric Contractions
In the present study, both females and males experienced a similar impairment in their

ability to generate maximal ECC torque during a bout of unaccustomed dorsiflexor exercise. By
the end of the fatiguing protocol, eccentric contraction torque was impaired by ~31% but recovered
within two days. Findings from Hubal et al. (2008), insinuated that with a longer protocol (i.e.,
more contractions), females would present with a greater impairment to ECC MVC torque loss
compared to males in the elbow flexors as they were trending in such a way. Although in a different
muscle group, we hypothesized to see a greater impairment to ECC MVC torque in females in
response to 200 dorsiflexions which is 50 contractions more than what previous studies used to
induce damage in the dorsiflexors (McNeil, Vandervoort, & Rice, 2007; Power et al., 2010; Power,
Dalton, Rice, Vandervoort, 2012; Power et al., 2013).
5.1.2

Maximal Isometric Voluntary Contractions
It has been known for decades that unaccustomed lengthening contractions lead to

structural damage of the muscle fibre and impairments in force production for both animal
(Balnave et al., 1997; Lännergren, Westerblad, & Bruton, 1996) and human (Clarkson & Hubal,
2002; Hubal, Rubinstein, & Clarkson, 2007; Martin, Millet, Lattier, & Perrod, 2004) models. In
humans, it appears that high-intensity eccentric contractions elicit membrane and myofibril
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damage, which ultimately impairs voluntary, as well as electrically-evoked, force production
(Clarkson & Hubal, 2002). A prolonged decrease of maximal isometric force production is one of
the most commonly used and most reliable indirect measures of muscle damage in humans
(Warren et al., 1999). We saw a modest decrease in isometric MVC torque (~25%) which is
comparable to previous findings from Power and colleagues who saw a 28% reduction in MVC
strength following 150 eccentric contractions at 80% of MVC torque (Power et al., 2010).
Various studies have assessed neuromuscular function following a bout of damaging
eccentric exercise (Goodall et al., 2017; McNeil, Allman, Symons, Vandervoort, & Rice, 2004;
Power et al., 2013; Prasartwuth, Taylor, & Gandevia, 2005), with only a few specifically
investigating sex-related differences (Hubal, Rubinstein, & Clarkson, 2008; Lee et al., 2017;
Sewright et al., 2008; Stupka et al., 2000). These studies have equivocal results with regards to
isometric voluntary strength, with one reporting no sex-related differences within the knee
extensors (Lee et al., 2017) while the other reported a greater impairment within the elbow flexors
of females (Sewright et al., 2008). Lee and colleagues found a ~39% reduction in maximal
voluntary isometric torque which did not recover before 4 days post fatigue (Lee et al., 2017).
Although no statistical sex differences were found, males from that particular study experienced
more of an impairment to isometric MVC compared to that of females, which is comparable to the
results of my study (female and male participants experienced a 21.4% and 29.0% reduction two
minutes into recovery, respectively). Interestingly, Sewright and colleagues saw an immediate
reduction of 57.8% and 50.4% in isometric MVC torque for females and males, respectively, which
was significantly lower in females. For almost ten days following eccentric exercise, impairments
to isometric MVC were physiologically lower in females compared to males although this was not
statistically different (Sewright et al., 2008). Hubal and colleagues found no differences between
males and females and did not report measures in the days following fatigue (2008). However,
towards the end of the 50 fatiguing eccentric contractions, it appeared that the eccentric MVC
torque of the females was becoming more impaired than the males and with additional
contractions, may have become significantly different. Discrepancies between these two studies
may be due to the structure of the fatiguing protocols; both included 50 eccentric MVCs of the
elbow flexors but the study which found no significant differences allowed for greater rest time
(~3 minutes more; Hubal et al., 2008) compared to the other study (Sewright et al., 2008).
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Results from the two aforementioned studies can lead one to predict a fatiguing protocol with a
sufficient amount of damaging contractions may tease out any possible sex differences.
The dorsiflexors were chosen for this particular study for ease of accessibility to stimulate
the peroneal nerve (for the 10:100 Hz ratio), as well as for the high voluntary activation levels
reported in this particular muscle group (Klass, Baudry, & Duchateau, 2007). However, it appears
that the dorsiflexors are less susceptible to exercise induced damage compared to other muscle
groups, possibly due to frequent use for locomotion. The loss of isometric MVC torque in the
present study is comparable to previous studies that examined the dorsiflexors (loss of 27 - 32%;
McNeil et al., 2004) and found no statistical differences between the sexes (loss of 28%; Power et
al., 2010).
5.1.3

Prolonged Low-Frequency Force Depression
Isometric MVC torque loss is considered to be the best indirect measure of muscle damage

(Warren et al., 1999). However, because unaccustomed, high-intensity eccentric contractions
cause mechanical disruption (E-C uncoupling) that leads to a reduction in the amount of Ca2+
released per action potential, a brief MVC is likely to underestimate the magnitude of muscle
damage as an MVC leads to saturation of intracellular Ca2+. Furthermore, MVCs are uncommon
and unnecessary for everyday tasks and it is therefore more functionally relevant to assess force
output (and force loss) at motor unit discharge rates (MUDRs) which are similar to everyday tasks
when Ca2+ handling is most impaired (Allen et al., 2008). High frequency stimulation represents
the plateaued region of the force- Ca2+ relationship where small changes in intracellular calcium
lead to minimal changes in force production (much like during an MVC) whereas changes in
intracellular calcium lead to a greater change in force production during low frequency
stimulations (Allen et al., 2008). Because of this, the 10:100 Hz ratio (PLFFD) may be a better
indirect measure of muscle damage as it incorporates both ends of the force-frequency relationship
during impaired Ca2+ handling.
No sex-related differences were found with the magnitude of PLFFD following eccentric
contractions of the dorsiflexors. On average, both groups experienced a 32% impairment of the
10:100 Hz ratio from baseline to two minutes post-fatigue, which continued to decrease, reaching
a nadir of 54% at 10 minutes post-fatigue. A decrease in the low to high frequency stimulation
ratio following eccentric damage has been attributed to E-C uncoupling from a disruption in the
interaction between the RYR and the DHPR (Allen et al., 2008; Balnave & Allen, 1995;
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Lännergren et al., 1996), ultimately leading to impairments in Ca2+ handling and reduced crossbridge formation at low frequencies. The reduction in the 10 Hz peak torque response was 57%
from baseline whereas the 100 Hz peak torque was only reduced by 10% from baseline at 10
minutes of recovery. This supports the notion that the contractile components of the muscle fibre
are still relatively functional at high MUDRs, with saturation of myoplasmic [Ca2+] leading to
negligible isometric torque loss. The reduction in the amount of Ca2+ released per action potential
is more apparent at low frequencies (i.e., low MUDRs) leading to greater reductions in force. With
the 10 Hz peak torque response being more impaired and for longer than the 100 Hz during
recovery, our results suggest greater impairments in force production at low compared to high
frequency stimulation.
Previous studies have assessed prolonged low-frequency force depression in humans
following unaccustomed lengthening contractions in the elbow flexors (Janecki et al., 2014) and
the dorsiflexors (McNeil et al., 2004; Ruggiero et al., 2019) but none have compared females to
males across multiple bouts of eccentric exercise. Although not statistically different, it is
interesting to note the degree of PLFFD experienced by females and how this changed following
the second bout of exercise in comparison to males. Females presented with numerically greater
PLFFD following the first bout (35.4% compared to 29.4%, respectively) and had a larger repeated
bout effect compared to that of males. Two minutes following the fatiguing protocols, the
decrement in the PLFFD ratio between the two bouts improved by 6.8% for males and 17.4% for
females. Previous findings suggest female connective tissue is more susceptible to damaging
eccentric contractions within the elbow flexors due to females experiencing a greater loss in range
of motion than males (Rinard et al., 2000). Further investigations including direct measures of
muscle damage (i.e., muscle biopsies) are needed to assess the role of connective tissue damage
and calcium handling impairments.
5.1.4

Voluntary Activation
Our results have shown that repeated maximal eccentric contractions significantly impair

voluntary activation to the dorsiflexors in both males and females for the first 10 minutes following
exercise. With no differences found between the sexes, average impairment in voluntary activation
was 5.5 ± 6.1% at two minutes following the first bout and was not different following the second
bout.
26

The presence of central fatigue was somewhat of an unexpected finding considering
previous studies which performed high-intensity ECC MVCs of the dorsiflexors found no
impairments in voluntary activation (McNeil et al., 2004; Power et al., 2010; Power et al., 2012).
It is important to note however, that the impairments of VA between my results and those reported
by Power and colleagues (~ 5% decrease; 2010) are similar. The discrepancy in results may be due
to differences in fatiguing protocols. Power and colleagues set the intensity of the eccentric
contractions to be 80% of isometric maximal voluntary strength for 150 contractions whereas
participants from my study completed 200 maximal eccentric voluntary contractions. More
contractions could have placed a greater metabolic demand on the fatiguing muscle which in turn
could increase the firing rate of fatigue-sensitive group III/IV afferent nerves which has been found
to impair VA (e.g., Kennedy et al., 2014).
It is interesting to note, although not statistically different from one another, the males
experienced a numerically greater impairment in their ability to voluntarily contract the
dorsiflexors maximally compared to that of females. Not only was this the case following both
bouts of exercise, VA for males became increasingly more impaired during the acute recovery
phase, but not for females. Previous studies have indicated that males have more of an
inflammatory response (i.e., more inflammatory markers present in the skeletal muscle tissue)
following eccentric contractions compared to females (Kerksick et al., 2008; Stupka et al., 2000).
The influx of various leukocytes from arterial blood into the damaged muscle tissue could increase
excitability of III/IV afferents which could inhibit voluntary drive (Kamandulis, Skurvydas,
Brazaitis, Škikas, & Duchateau, 2010; Kennedy, McNeil, Gandevia, & Taylor, 2014), although
this is only speculative. Some studies have found impairments to VA following eccentric exercise
in muscles other than the dorsiflexors (Goodall et al., 2017; Kamandulis et al., 2010; Lee et al.,
2017; Prasartwuth et al., 2005). Albeit, the magnitude of VA impairment found in my study is
considerably less compared to the aforementioned studies, all of which saw reductions of no less
than ~10%. The varying levels of VA may be due to differences in muscle groups since VA of the
dorsiflexors has previously been found to be high before and after fatigue (Power et al., 2010).
Similar to our results, Lee and colleagues recently found no sex differences with impairments in
VA following eccentric contractions of the knee extensors (2017). Interestingly, females who
participated in the aforementioned study had a numerically greater impairment in VA compared
to males following eccentric contractions of the knee extensors which is opposite to the
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observation from my study where males had a numerically lower VA level following exercise.
With recent studies suggesting changes occur within the central nervous system following
damaging eccentric contractions (Goodall et al., 2017; Lee et al., 2017), the conflicting results of
VA levels following eccentric exercise warrants further investigation.
5.2

The Repeated-Bout Effect
Results from the current study indicate females and males experience a similar level of

muscle damage and fatigue in response to unaccustomed eccentric contractions. Consequently,
there were no sex differences in the magnitude of the repeated bout effect of the dorsiflexors.
As a group, impairments to the 10 Hz tetani (but not the 100 Hz tetani) were significantly
less following the second bout of eccentric exercise compared to the first during the first ten
minutes of recovery. Subsequently, the decrease in the 10:100 Hz ratio was also significantly less
following the second bout of exercise. It has been suggested that the mechanism responsible for
greater impairments in torque during low compared to high frequency stimulation is impaired Ca2+
release from the sarcoplasmic reticulum (Kamandulis et al., 2017). A proposed mechanism of
eccentric induced muscle damage (E-C uncoupling) includes the disruption of sarcomeres, leading
to membrane damage (Proske & Morgan, 2001). There is evidence to suggest that the addition of
sarcomeres in series reduces the mechanical strain endured by the muscle fibres following the
second bout, and in doing so, shifts the optimal angle required of the muscle to produce peak force
(Proske & Morgan, 2001). However, the protective effects of the RBE appear to outlast the shift
in optimal angle (Chen, Nosaka & Sacco, 2006) suggesting other mechanisms, such as tendon
compliance, that may be contributing to the RBE (Hyldahl et al., 2017).
With regards to centrally-mediated mechanisms assessed via voluntary activation, results
in the current literature are equivocal where some studies have found no neural adaptations
(Kamandulis et al., 2010) while other studies have found changes to VA following a repeated bout
of eccentric contractions (Goodall et al., 2017). Results from the current study revealed there were
no differences of VA between bouts, for either group. This insinuates the mechanisms responsible
for the RBE of the dorsiflexors are likely mechanical in nature rather than neural, which has
recently been implied (Goodall et al., 2017) from attenuated responses in VA of the elbow flexors.
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Chapter 6: Conclusion
6.1

Limitations and Considerations
Neither menstrual cycle or oral contraceptives were controlled for in the current study

which may have an effect on performance (Bambaeichi, Reilly, Cable, & Giacomoni, 2004) and
recovery time following eccentric contractions (Savage & Clarkson, 2002), respectively. Four
weeks was chosen as the time between bouts in order to test females during the same time within
their menstrual cycle for both bouts. Additionally, de Jonge and colleagues found that muscle
contractile characteristic were not affected by fluctuations in female reproductive hormones
throughout the menstrual cycle (2001). It is also important to note that estrogen has previously
been suggested to have protective effects with regards to muscle fatigue during metabolically
demanding exercise (Carter, Dobridge, & Hackney, 2001). If estrogen is beneficial when metabolic
wastes accumulate following exercise (such as reactive oxygen species; ROS), one possible reason
for an absence of sex differences in our study is due to the energy-conserving nature of eccentric
contractions as they are less metabolically demanding compared to concentric or isometric
contractions (Nishikawa et al., 2018), however this is only speculative.
6.2

Future Directions
Considering the RBE magnitude from the current study, it would be interesting to see if

the same results are obtained from a muscle group that is more prone to eccentric-induced damage;
e.g., the elbow flexors (Hubal et al., 2008). Although not statistically different, it is interesting to
note that females had a numerically greater impairment to the 10 Hz tetanus and to the 10:100 Hz
ratio after the first bout, and had a greater improvement in the 10:100 Hz ratio (almost double)
following the second bout compared to males. On the other hand, males experienced the
numerically greater impairment to ISO MVC but this is merely an observation and not a
statistically significant finding. Isometric MVC torque has been considered the most reliable,
accurate indirect measure to assess muscle injury following damaging eccentric contractions
(Warren et al., 1999). With more recent evidence to suggest that there can be a central component
to fatigue as a result of damaging eccentric contractions (Goodall et al., 2017), isometric MVC
torque loss would be inadequately assessing peripheral and central impairments. Finally, results
from this study highlight the importance of using more than just a maximal isometric contraction
or resting twitch to obtain information regarding peripheral impairments. Studies have previously
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utilized the resting twitch as the main indicator for peripheral fatigue (e.g., Goodall et al., 2017),
however, only using a twitch will overestimate the magnitude of force impairment (Ruggiero et
al., 2019). From our results, we suggest the 10:100 Hz ratio could be a more accurate representation
of muscle damage. It would be worthwhile to directly compare the 10:100 Hz ratio and ISO MVC
torque to more direct measures of muscle damage obtained from muscle biopsy samples.

30

Bibliography

Allen, D. G. (2001). Eccentric muscle damage: Mechanisms of early reduction of force. Acta
Physiologica Scandinavica, 171(3), 311–319. https://doi.org/10.1046/j.1365-201X.2001.00833.x
Allen, D. G., Lamb, G. D., & Westerblad, H. (2008). Skeletal Muscle Fatigue: Cellular Mechanisms.
Physiological Reviews, 88(1), 287–332. https://doi.org/10.1152/physrev.00015.2007
Amann, M., & Dempsey, J. A. (2008). Locomotor muscle fatigue modifies central motor drive in healthy
humans and imposes a limitation to exercise performance. Journal of Physiology, 586(1), 161–173.
https://doi.org/10.1113/jphysiol.2007.141838
Balnave, C. D., & Allen, D. G. (1995). Intracellular calcium and force in single mouse muscle fibres
following repeated contractions with stretch. The Journal of Physiology, 488(1), 25–36.
https://doi.org/10.1113/jphysiol.1995.sp020943
Balnave, C. D., Davey, D. F., & Allen, D. G. (1997). Distribution of sarcomere length and intracellular
calcium in mouse skeletal muscle following stretch-induced injury. The Journal of Physiology.
https://doi.org/10.1111/j.1469-7793.1997.649bj.x
Bambaeichi, E., Reilly, T., Cable, N. T., & Giacomoni, M. (2004). The isolated and combined effects of
menstrual cycle phase and time-of-day on muscle strength of eumenorrheic females. Chronobiology
International, 21(4–5), 645–660. https://doi.org/10.1081/CBI-120039206
Bellinger, A. M., Reiken, S., Dura, M., Murphy, P. W., Deng, S., Landry, D. W., Nieman, D., Lehnart,
S.E., Samaru, M., LeChampagne, A., Marks, A. R. (2008). Remodeling of ryanodine receptor
complex causes "leaky" channels : A molecular mechanism for decreased exercise capacity. PNAS,
105(6), 2198-2202. www.pnas.org/cgi/doi/10.1073/pnas.0711074105

31

Bigland-Ritchie, B. (1981). Human Muscle Fatigue: Physiological Mechanisms. Human muscle function
and fatigue, 1-18. https://books.google.com/booksid=MNtqAAAAMAAJ
Carter, A., Dobridge, J., & Hackney, A. C. (2001). Influence of estrogen on markers of muscle tissue
damage following eccentric exercise. Human Physiology, 27(5), 626-630.
https://doi.org/10.1023/A:1012395831685
Chen, T. C., Chen, H.-L., Liu, Y.-C., & Nosaka, K. (2014). Eccentric exercise-induced muscle damage of
pre-adolescent and adolescent boys in comparison to young men European Journal of Applied
Physiology. Berlin/Heidelberg, Springer Berlin Heidelberg. https://doi.org/10.1007/s00421-0142848-3
Chen, T. C., Nosaka, K., & Sacco, P. (2006). Intensity of eccentric exercise, shift of optimum angle, and
the magnitude of repeated-bout effect. Journal of Applied Physiology, 102(3), 992–999.
https://doi.org/10.1152/japplphysiol.00425.2006
Cheng, A. J., Place, N., & Westerblad, H. (2017). Molecular Basis for Exercise-Induced Fatigue : Cold
Spring Harbor Perspectives in Medicine. https://doi.org/10.1101/cshperspect.a029710
Clarkson, P. M., & Hubal, M. J. (2002). Exercise-induced muscle damage in humans. American Journal
of Physical Medicine & Rehabilitation / Association of Academic Physiatrists, 81(11 Suppl), S52–
S69. https://doi.org/10.1097/01.PHM.0000029772.45258.43
de Jonge, X. A. K. J., Boot, C. R. L., Thom, J. M., Ruell, P. A., & Thompson, M. W. (2001). The
influence of menstrual cycle phase on skeletal muscle contractile characteristics in humans. The
Journal of Physiology, 530(1), 161–166. https://doi.org/10.1111/j.1469-7793.2001.0161m.x
Edwards, R. H., Hill, D. K., Jones, D. A., & Merton, P. A. (1977). Fatigue of long duration in human
skeletal muscle after exercise. The Journal of Physiology, 272(3), 769–778.

32

https://doi.org/10.1113/jphysiol.1977.sp012072
Enoka, R. M., & Duchateau, J. (2008). Muscle fatigue: What, why and how it influences muscle function.
Journal of Physiology, 586(1), 11–23. https://doi.org/10.1113/jphysiol.2007.139477
Friden, J., (1984) Changes in human skeletal muscle induced by long-term eccentric exercise. Cell Tissue
Res, 236:365-372. https://doi.org/10.1007/BF00214240
Gandevia, S. C. (2001). Spinal and Supraspinal Factors in Human Muscle Fatigue. Physiological
Reviews. United States: American Physiological Society.
https://doi.org/10.1152/physrev.2001.81.4.1725
Goodall, S., Thomas, K., Barwood, M., Keane, K., Gonzalez, J. T., St Clair Gibson, A., & Howatson, G.
(2017). Neuromuscular changes and the rapid adaptation following a bout of damaging eccentric
exercise. Acta Physiologica, 220(4), 486–500. https://doi.org/10.1111/apha.12844
Hough, T. (1898). Boston Society of Medical Sciences. Boston Society of Medical Science, 2(6), 59–66.
https://doi.org/10.1126/science.27.697.743
Hubal, M. J., Chen, T. C., Thompson, P. D., & Clarkson, P. M. (2008). Inflammatory gene changes
associated with the repeated-bout effect. American Journal of Physiology. Regulatory, Integrative
and Comparative Physiology, 294(5), R1628–R1637. https://doi.org/10.1152/ajpregu.00853.2007
Hubal, M. J., Rubinstein, S. R., & Clarkson, P. M. (2007). Mechanisms of variability in strength loss after
muscle-lengthening actions. Medicine and Science in Sports and Exercise, 39(3), 461–468.
https://doi.org/10.1249/01.mss.0000247007.19127.da
Hubal, M. J., Rubinstein, S. R., & Clarkson, P. M. (2008). Muscle function in men and women during
maximal eccentric exercise, 22(4), 1332–1338. https://doi.org/10.1007/s11832-009-0214-5

33

Hunter, S. K. (2014). Sex differences in human fatigability: Mechanisms and insight to physiological
responses. Acta Physiologica, 210(4), 768–789. https://doi.org/10.1111/apha.12234
Hyldahl, R. D., Chen, T. C., & Nosaka, K. (2017). Mechanisms and Mediators of the Skeletal Muscle
Repeated Bout Effect. Exercise and Sport Sciences Reviews, 45(1), 24–33.
https://doi.org/10.1249/JES.0000000000000095
Janecki, D., Jaskólska, A., Marusiak, J., Andrzejewska, R., & Jaskólski, A. (2014). Twitch mechanical
properties after repeated eccentric exercise of the elbow flexors. Applied Physiology, Nutrition, and
Metabolism, 39(1), 74–81. https://doi.org/10.1139/apnm-2013-0097
Kamandulis, S., De Souza Leite, F., Hernández, A., Katz, A., Brazaitis, M., Bruton, J. D., Venckunas, T.,
Masiulis, N., Mickeviciene D., Eimantas, N., Subocius, A., Rassier, D. E., Skurvydas, A., Ivarsson,
N., Westerblad, H. (2017). Prolonged force depression after mechanically demanding contractions is
largely independent of Ca2+ and reactive oxygen species. FASEB Journal, 31(11), 4809–4820.
https://doi.org/10.1096/fj.201700019R
Kamandulis, S., Skurvydas, A., Brazaitis, M., Škikas, L., & Duchateau, J. (2010). The repeated bout
effect of eccentric exercise is not associated with changes in voluntary activation. European Journal
of Applied Physiology, 108(6), 1065–1074. https://doi.org/10.1007/s00421-009-1219-y
Kennedy, D. S., McNeil, C. J., Gandevia, S. C., & Taylor, J. L. (2014). Fatigue-related firing of distal
muscle nociceptors reduces voluntary activation of proximal muscles of the same limb. Journal of
Applied Physiology, 116(4), 385–394. https://doi.org/10.1152/japplphysiol.01166.2013
Kerksick, C., Taylor, L., Harvey, A., & Willoughby, D. (2008). Gender-Related Differences in Muscle
Injury, Oxidative Stress, and Apoptosis. Medicine & Science in Sports & Exercise, 40(10), 1772–
1780. https://doi.org/10.1249/MSS.0b013e31817d1cce

34

Klass, M., Baudry, S., & Duchateau, J. (2007). Voluntary activation during maximal contraction with
advancing age: A brief review. European Journal of Applied Physiology, 100(5), 543–551.
https://doi.org/10.1007/s00421-006-0205-x
Lännergren, J., Westerblad, H., & Bruton, J. D. (1996). Slow recovery of force in single skeletal muscle
fibres. Acta Physiologica Scandinavica, 156(3), 193–202. https://doi.org/10.1046/j.1365201X.1996.198000.x
Lee, A., Baxter, J., Eischer, C., Gage, M., Hunter, S., & Yoon, T. (2017). Sex differences in
neuromuscular function after repeated eccentric contractions of the knee extensor muscles.
European Journal of Applied Physiology, 117(6), 1119–1130. https://doi.org/10.1007/s00421-0173599-8
Lin, M. J., Nosaka, K., Ho, C. C., Chen, H. L., Tseng, K. W., Ratel, S., & Chen, T. C. C. (2018).
Influence of maturation status on eccentric exercise-induced muscle damage and the repeated bout
effect in females. Frontiers in Physiology, 8(JAN), 1–13. https://doi.org/10.3389/fphys.2017.01118
MacIntyre, D. L., Reid, W. D., Lyster, D. M., & McKenzie, D. C. (2000). Different effects of strenuous
eccentric exercise on the accumulation of neutrophils in muscle in women and men. European
Journal of Applied Physiology and Occupational Physiology, 81(1–2), 47–53.
https://doi.org/10.1007/PL00013796
Martin, V., Millet, G. Y., Lattier, G., & Perrod, L. (2004). Effects of recovery modes after knee extensor
muscles eccentric contractions. Medicine and Science in Sports and Exercise, 36(11), 1907–1915.
https://doi.org/10.1249/01.MSS.0000145526.43208.08
McHugh, M. P. (2003). Recent advances in the understanding of the repeated bout effect: The protective
effect against muscle damage from a single bout of eccentric exercise. Scandinavian Journal of
Medicine and Science in Sports, 13(2), 88–97. https://doi.org/10.1034/j.1600-0838.2003.02477.x

35

McNeil, C. J., Allman, B. L., Symons, T. B., Vandervoort, A. A., & Rice, C. L. (2004). Torque loss
induced by repetitive maximal eccentric contractions is marginally influenced by work-to-rest ratio.
European Journal of Applied Physiology, 91(5–6), 579–585. https://doi.org/10.1007/s00421-0030996-y
McNeil, C. J., Vandervoort, A. A., & Rice, C. L. (2007). Peripheral impairments cause a progressive agerelated loss of strength and velocity-dependent power in the dorsiflexors. Journal of Applied
Physiology, 102(5), 1962–1968. https://doi.org/10.1152/japplphysiol.01166.2006
Merton, B. Y. P. A., Hospital, T. N., & Square, Q. (1954). From the Medical Research Council,
Neurological Research Unit , exerted is limited by the capacity of the nervous centres and
conducting path- not . Again in fatigue it is undecided whether tension falls because the degree
effort develops the same tensio. Journal of Physiology, 123(5734), 553–564.
Nishikawa, K. (2016). Eccentric contraction: unraveling mechanisms of force enhancement and energy
conservation. The Journal of Experimental Biology. 219(2), 189-196.
https://doi.org/10.1242/jeb.124057
Nishikawa, K. C., Lindstedt, S. L., & LaStayo, P. C. (2018). Basic science and clinical use of eccentric
contractions: History and uncertainties. Journal of Sport and Health Science, 7(3), 265–274.
https://doi.org/10.1016/j.jshs.2018.06.002
Nosaka, K., & Clarkson, P. M., (1995). Muscle damage following repeated bouts of high force eccentric
exercise. Medicine &amp; Science in Sports &amp; Exercise. Retrieved from
http://europepmc.org/abstract/med/8531624
Oosthuyse, T., & Bosch, A. (2017). The Effect of Gender and Menstrual Phase on Serum Creatine Kinase
Activity and Muscle Soreness Following Downhill Running. Antioxidants, 6(1), 16.
https://doi.org/10.3390/antiox6010016

36

Power, G. A., Dalton, B. H., Rice, C. L., & Vandervoort, A. A. (2010). Delayed recovery of velocitydependent power loss following eccentric actions of the ankle dorsiflexors. Journal of Applied
Physiology, 109(3), 669–676. https://doi.org/10.1152/japplphysiol.01254.2009
Power, G. A., Dalton, B. H., Rice, C. L., & Vandervoort, A. A. (2012). Power loss is greater following
lengthening contractions in old versus young women. Age, 34(3), 737–750.
https://doi.org/10.1007/s11357-011-9263-z
Power, G. A., Dalton, B. H., Rice, C. L., & Vandervoort, A. A. (2013). Peak power is reduced following
lengthening contractions despite a maintenance of shortening velocity. Appl Physiol Nutr Metab,
38(12), 1196–1205. https://doi.org/10.1139/apnm-2013-0092
Prasartwuth, O., Taylor, J. L., & Gandevia, S. C. (2005). Maximal force, voluntary activation and muscle
soreness after eccentric damage to human elbow flexor muscles. The Journal of Physiology, 567(1),
337–348. https://doi.org/10.1113/jphysiol.2005.087767
Proske, U., & Morgan, D. L. (2001). Muscle damage from eccentric exericse: mechanism, mechanical
signs, adaptation and clinical applications. Journal of Physiology, 537(2) 333–345.
https://doi.org/10.1111/j.1469-7793.2001.00333.x.
Rinard, J., Clarkson, P. M., Smith, L. L., & Grossman, M. (2000). Response of males and females to
high-force eccentric exercise. Journal of Sports Sciences, 18(4), 229–236.
https://doi.org/10.1080/026404100364965
Ruggiero, L., Bruce, C. D., Cotton, P. D., Dix, G. U., & Chris, J. (2019). Prolonged low-frequency force
depression is underestimated when assessed with doublets compared to tetani in the dorsiflexors.
Journal of Applied Physiology, https://doi.org/10.1152/japplphysiol.00840.2018
Russ, D. W., Lanza, I. R., Rothman, D., & Kent‐Braun, J. A. (2005). Sex differences in glycolysis during

37

brief, intense isometric contractions. Muscle & Nerve,32(5), 647-655.
https://doi.org/10.1002/mus.20396
Sandow, A. (1952). Excitation-contraction coupling in muscular response. The Yale Journal of Biology
and Medicine, 25(3), 176–201. https://doi.org/10.1080/09585192.2017.1396552
Savage, K. J., & Clarkson, P. M. (2002). Oral contraceptive use and exercise-induced muscle damage and
recovery. Contraception, 66(1), 67–71. https://doi.org/10.1016/S0010-7824(02)00320-7
Senefeld, J., Yoon, T., Bement, M. H., & Hunter, S. K. (2013). Fatigue and recovery from dynamic
contractions in men and women differ for arm and leg muscles. Muscle & Nerve. 48(3), 436-439.
https://doi.org/10.1002/mus.23836
Sewright, K. A., Hubal, M. J., Kearns, A., Holbrook, M. T., & Clarkson, P. M. (2008). Sex differences in
response to maximal eccentric exercise. Medicine and Science in Sports and Exercise, 40(2), 242–
251. https://doi.org/10.1249/mss.0b013e31815aedda
Simoneau, J. A., Lortie, G., Boulay, M. R., Thibault, M.-C., Thériault, G., & Bouchard, C. (1985).
Skeletal muscle histochemical and biochemical characteristics in sedentary male and female
subjects. Canadian Journal of Physiology and Pharmacology. 63(1), 30-35.
https://doi.org/10.1139/y85-005
Skurvydas, A., Mamkus, G., Kamandulis, S., Dudoniene, V., Valanciene, D., & Westerblad, H. (2016).
Mechanisms of force depression caused by different types of physical exercise studied by direct
electrical stimulation of human quadriceps muscle. European Journal of Applied Physiology,
116(11–12), 2215–2224. https://doi.org/10.1007/s00421-016-3473-0
Stupka, N., Lowther, S., Chorneyko, K., Bourgeois, J. M., Hogben, C., & Tarnopolsky, M. A. (2000).
Gender differences in muscle inflammation after eccentric exercise. Journal of Applied Physiology,

38

89(6), 2325–2332. https://doi.org/10.1152/jappl.2000.89.6.2325
Warren, G. L., Hayes, D. A., Lowe, D. A., Prior, B. M., & Armstrong, R. B. (1993). Materials fatigue
initiates eccentric contraction-induced injury in rat soleus muscle. The Journal of Physiology,
464(1), 477-489, https://doi.org/10.1113/jphysiol.1993.sp019646
Warren, G. L., Lowe, D. A., & Armstrong, R. B. (1999). in the Study of Eccentric Contraction – Induced
Injury. Sports Medicine, 27(1), 43–59, https://doi.org/10.2165/00007256-199927010-00004
Wiecek, M., Maciejczyk, M., Szymura, J., & Szygula, Z. (2017). Sex differences in oxidative stress after
eccentric and concentric exercise. Redox Report, 22(6), 478–485.
https://doi.org/10.1080/13510002.2017.1304195

39

Appendix 1: Participant Information and Consent Form
THE UNIVERSITY OF BRITISH COLUMBIA | OKANAGAN
School of Health and Exercise Sciences
1147 Research Road
Kelowna, BC Canada V1V 1V7
Phone: (250) 807-8077
Fax: (250) 807–9865

The impact of sex on the repeated bout effect
Principal Investigator:
Chris McNeil, PhD
School of Health & Exercise Sciences
UBC Okanagan Campus
ART 133
(250) 807-9664
chris.mcneil@ubc.ca
Co-investigators:
Christina D. Bruce, BSc
MSc Student
School of Health & Exercise Sciences
Sciences UBC Okanagan Campus
ART 120
(250) 807-8287
christina.bruce@ubc.ca

Alexandra Yacyshyn, MSc
PhD student
School of Health & Exercise
UBC Okanagan Campus
ART 120
(250) 807-8287
alex.yacyshyn@ubc.ca

1. Invitation to Participate
You are invited to participate in a study investigating the influence of sex on fatigue from
dynamic exercise. You have been invited to participate in this study because you are a healthy
young individual between 18-40 years of age.
2. Your participation is voluntary
Your participation is voluntary. You have the right to refuse to participate in this study. If you
decide to participate, you may still choose to withdraw from the study at any time without any
negative consequences to the medical care, education, or other services to which you are entitled
or are presently receiving. If you are a student at UBC or UBCO, there will be no penalty to your
academic status if you choose to withdraw from this study.
Before you decide, it is important for you to understand what the research involves. This consent
form will tell you about the study, why the research is being done, what will happen to you
during the study and the possible benefits, risks and discomforts. Please take time to read this
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form thoroughly. You are welcome to ask the experimenter and/or Principal Investigator any
questions you may have, at any time, throughout the study.
If you wish to participate, you will be asked to sign this form. If you do sign the form, you are
still free to withdraw at any time without giving a reason for your decision. If you do not wish to
participate, you do not have to provide a reason for your decision.
3. Who is conducting this study?
This study is being conducted by Dr. Chris McNeil of the School of Health and Exercise
Sciences at UBCO. Dr. McNeil’s external research grant from the Natural Sciences and
Engineering Research Council of Canada (NSERC) will fund this study.
4. Background/Justification?
It is well established that females fatigue less than males during tasks which involve contractions
where the muscle stays the same length (isometric contractions). However, it is unclear if
females also experience less fatigue during dynamic exercise where the muscle shortens
(concentric contractions) or lengthens (eccentric contractions). Eccentric exercise is relevant to
study because it is effective for developing strength and preventing injury. This study will
determine if sex differences in fatigue result in different adaptations to dynamic exercise.
Findings from this experiment will improve our understanding of how the nervous system and
muscles function in males and females.
5. Purpose
The purpose of this study is to determine if females and males fatigue and recover differently to
repeated maximal voluntary eccentric contractions.
6. Who can participate in this study?
You may be eligible to participate in this study if you:
• Are a healthy adult between 18-40 years of age
• Read, understand and speak English
7. Who should not participate in this study?
You will not be eligible to participate in this study if you:
• Are or may be pregnant
• Have had any major recent injury or surgery to your dominant leg
• Have a neuromuscular disease (e.g., amyotrophic lateral sclerosis, muscular dystrophy,
multiple sclerosis, myasthenia gravis)
• Have recently (in the last 9 months) experienced significant exercise-induced soreness of the
muscles that lift your toes
• Are regularly involved in extreme lower body physical activities
• Use any medications with side effects of lack of motor control, or slowed reaction time
8. What does the study involve?
If you decide to participate, you will be asked to come to the Integrative Neuromuscular
Physiology Laboratory (ART 120) for 8 visits over a 5-week period. Session 1 will last 60-90
minutes and involve tests of muscle function before, during, and after a fatigue protocol.
Sessions 2-4 (2, 4 and 7 days after session 1) will take ~30 minutes each as they involve only the
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baseline tests. Sessions 5-8 will repeat sessions 1-4 and take place 4 weeks after session 1. You
will be asked to wear shorts to allow for surface electrodes to be placed as described below.
During the experimental sessions, the following procedures (which are described separately) will
be performed.


To measure the electrical activity of the muscles that raise the foot (dorsiflexors) and lower
the foot (plantar flexors), surface electrodes will be placed on the skin overlying the
muscle belly and tendon of a shin muscle (tibialis anterior) and a calf muscle (soleus).



To measure the voluntary torque (force) produced by the dorsiflexor muscles of your
dominant leg, you will be asked to pull (try to lift your toes) against a rigid device
equipped with a strain gauge. You will be seated in a semi-reclined position with your foot
comfortably and securely strapped to a foot plate. These contractions (called “maximal
voluntary contractions” or MVCs) will require you to try as hard as you can. Each session,
you will be asked to perform 3-5 brief (2-3 second; s) isometric MVCs separated by at
least 60s of rest. You will also be asked to perform 3-5 brief (1s) eccentric MVCs (30°
range of motion and velocity of 60°/s) separated by at least 60s of rest. For the fatigue
sessions, you will be asked to perform an additional 200 eccentric MVCs (4 sets of 50
contractions, with 1s rest between contractions and 1 minute of rest between sets).
Between each set as well as 1, 3, 5, and 10 minutes after the final set, you will be asked to
perform a brief isometric MVC. At each recovery time point, you will also be asked to
perform a brief eccentric MVC. You will not be pushed beyond your limit and you can
stop the study at any time.



Electric stimulation of the nerve leading to the dorsiflexors (fibular nerve) will be used to
assess responsiveness of the muscle fibres. Using a bar electrode held over the nerve (at the
outside of the leg, just below the knee), stimuli will be delivered as single pulses or as 1s
trains of 10 or 50Hz (pulses per second). During all brief isometric MVCs, a single
stimulus will be delivered to measure your nervous system’s ability to drive the
dorsiflexors to their full potential (voluntary activation). Approximately 1s after each
MVC, a sequence of stimuli (single pulse, 10Hz, and 50Hz; 1s rest between each), will be
delivered to assess contractile function. The stimulation will cause a brief contraction of
the dorsiflexor muscles of the dominant lower limb. You may feel moderate local
discomfort under the electrodes, but this is very brief (less than 1s) and no long-term
problems have been reported with this stimulation.

9. What are my responsibilities?
Your only responsibility as a participant is to decline the invitation to participate in the study if:
1) you do not meet the inclusion criteria listed in section 6; or 2) one of the exclusion criteria
listed in section 7 applies to you. If you do participate, you may stop the study at any time for
discomfort or any other reason.
10. What are the possible harms and discomforts?

Electric stimulation is achieved with isolated and grounded electric stimulators designed specifically for
humans. Some participants perceive these stimuli to be uncomfortable (e.g., a pain rating of 2-4 out of 10)
but they are very brief and cause no injury. The initial bout of fatiguing eccentric exercise will lead to
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moderate muscle soreness 1-4 days after the session. The feeling will be similar to that experienced after
unaccustomed exercise. Soreness will be much less following the second fatigue bout.

11. What are the potential benefits of participating?
There are no known benefits to you associated with your participation in this research, although
most participants find that the knowledge they acquire during participation in research studies
makes for a positive experience.
12. What if new information becomes available that may affect my decision to participate?
If new information arises during the research study that may affect your willingness to remain in
the study, you would be advised of this information via your preferred method of
communication.
13. What happens if I decide to withdraw my consent to participate?
You may withdraw from this study at any time without giving reasons. If you choose to enter the
study and then decide to withdraw at a later time, you have the right to request the withdrawal of
your information collected during the study. This request will be respected to the extent possible.
Please note however that there may be exceptions where the data will not be able to be
withdrawn; for example, where the data are no longer identifiable (meaning they cannot be
linked in any way back to your identity) or where the data have been merged with other data. If
you would like to request the withdrawal of your data, please let the Principal Investigator know.
14. Can I be asked to leave the study?
If you do not comply with the requirements of the study, the Principal Investigator may remove
you from the study.
15. How will my taking part in this study be kept confidential?
Your confidentiality will be respected. However, research records and health or other source
records identifying you may be inspected in the presence of the Investigator or his or her
designate and UBC Clinical Research Ethics Board for the purpose of monitoring the research.
No information or records that disclose your identity will be published without your consent, nor
will any information or records that disclose your identity be removed or released without your
consent unless required by law.
You will be assigned a unique study number as a participant in this study. This number will not
include any personal information that could identify you (e.g., it will not include your Personal
Health Number, SIN, or your initials, etc.). Only this number will be used on any researchrelated information collected about you during the course of this study, so that your identity will
be kept confidential. Information that contains your identity will remain only with the Principal
Investigator and/or designate. The list that matches your name to the unique study number that is
used on your research-related information will not be removed or released without your consent
unless required by law.
Your rights to privacy are legally protected by federal and provincial laws that require safeguards
to insure that your privacy is respected. You also have the legal right of access to the information
about you that has been provided to the sponsor and, if need be, an opportunity to correct any
errors in this information. Further details about these laws are available on request to your study
doctor.
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16. What happens if something goes wrong?
By signing this form, you do not give up any of your legal rights and you do not release the study
doctor, participating institutions, or anyone else from their legal and professional duties. If you
become ill or physically injured as a result of participation in this study, medical treatment will
be provided at no additional cost to you. The costs of your medical treatment will be paid by
your provincial medical plan.
In the unlikely occurrence of a serious adverse event on the UBCO campus, the laboratory
telephone will be used to call 911 via campus security. If needed, cardiopulmonary resuscitation
will be performed by a qualified resuscitator. An automated external defibrillator device is
accessible through campus security and in an emergency can be at the laboratory within ~2 min.
There is not physician oversight on campus so participants needing emergency care will be taken
via ambulance to the KGH which is 14km (~20 minutes) away.
17. What will the study cost me?
You will not incur any costs as a participant in this study. Should you need to pay for parking,
you will be reimbursed at the time of your visit without the need to produce a receipt. You will
not be compensated for your participation in this research study.
18. Who do I contact if I have questions about the study during my participation?
If you have any questions or desire further information about this study before or during
participation, or if you experience any adverse effects, you can contact Dr. Chris McNeil via
telephone (250-807-9664) or email (chris.mcneil@ubc.ca).
19. Who do I contact if I have questions or concerns about my rights as a participant?
If you have any concerns or complaints about your rights as a research participant and/or your
experiences while participating in this study, contact the Research Participant Complaint Line in
the University of British Columbia Office of Research Ethics by email at RSIL@ors.ubc.ca or by
phone at 604-822-8598 (Toll Free: 1-877-822-8598).
20. After this study is finished
Research findings may be disseminated at an academic conference or in a journal article. In all
cases, presentation of research findings will primarily involve data based on group means. Any
figures which show data from a single participant will simply refer to the individual as "a
representative participant." After dissemination of the findings, the raw data obtained in this
study will only be available to Dr. McNeil. In accordance with university policy, data will be
kept for a minimum of 5 years after it has been published or presented. Data will be stored in a
locked room and all electronic files will be password-protected.
Future contact


Using your preferred method of communication, Dr. McNeil may wish to contact
you at a later date to participate in other studies. Tick this box if you are willing to
be contacted in this manner.
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The impact of sex on the repeated bout effect
PARTICIPANT CONSENT
My signature on this consent form means:
I have read and understood the information in this consent form
I have been able to ask questions and have had satisfactory responses to my questions
I understand that my participation in this study is voluntary
I understand that I am completely free at any time to refuse to participate or to withdraw from
this study at any time, and that this will not change the quality of care that I receive
• I understand that I am not waiving any of my legal rights as a result of signing this consent
form
•
•
•
•

I will receive a signed copy of this consent form for my own records.
I consent to participate in this study.

Printed Name

Printed Name

Participant’s Signature

Signature of Person
Obtaining Consent

Study Role

Date

Date
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