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ABSTRACT
In resistance training, surface electromyography (SEMG) assesses muscle excitation and aids in
exercise selection for strength, hypertrophy, and performance. However, SEMG amplitude variability may
limit its predictive power for training adaptation. This study evaluated the reliability and exercise
relationship of SEMG amplitudes of the biceps brachii (BB) during the concentration (CONC), dumbbell
(DBELL), hammer (HAMM), and incline (INCL) resistance arm curl exercises over four separate

sessions.

Eight trained (5 males and 3 females) and 7 untrained (4 males and 3 females) participants (37 +
15 years) performed 7 repetitions per exercise to a metronome set to 30 BPM (2 s each for concentric and
eccentric movements followed by a 2 s pause) at an intensity of one-third of the elbow flexion maximum
voluntary isometric contraction (MVIC) force. The exercise sequence was randomly selected, and rest
periods between exercises lasted 4 (+1) min. SEMG signals were processed using the root mean square
method with a 200 ms window. The mean SEMG amplitude of the last 4 repetitions was normalized to the
peak value from an MVIC of the BB (MVCnorm) and to the peak value of the BB obtained during the
last four repetitions of the DBELL (DYNnorm). A generalized linear mixed model was performed to
examine the differences in normalized amplitude for the exercises, sessions, and the interaction between
exercises and sessions. Intraclass correlation coefficients (ICC) were calculated to determine variability
across the four sessions for the model and the individual exercises. Pearson correlations of contrast effect
sizes between exercises were performed to assess if the magnitude of the effect sizes changed over

multiple trials.

The main effect of exercise was significant for both MVCnorm (p =.039) and DYNnorm (p
=.049). There were no significant main effects of sessions or exercise:trial interaction for both
normalization methods. Post hoc tests indicated CONC MVCnorm and DY Nnorm were significantly
higher than HAMM MVCnorm (p =.023, ES= 0.694 or large) and DYNnorm (p =.031, ES = 0.909 or

large), respectively. Participant repeatability was higher in MVCnorm (R = 0.543) than in DYNnorm (R =



0.217). Overall, model-adjusted ICC values suggest moderate reliability for both normalization methods;
however, individual exercises for MVCnorm ranged from moderate to good agreement, and DY Nnorm
showed poor to moderate agreement. In both normalization methods, CONC showed the highest
reliability. In contrast, HAMM showed the lowest reliability, suggesting that the degree of contribution of
the brachialis and brachioradialis in the HAMM may have affected reliability. Pearson correlations
between the magnitude of the effect size across trials were strong to very strong regardless of the
normalization method, indicating that the relationship between SEMG amplitude magnitudes between

exercises remained throughout the trials.

Clinicians and researchers should be aware that although SEMG amplitude shows high
heterogeneity between individuals, reliability for resistance training exercise generally demonstrates
favourable results with the rank relationship between exercises maintained across trials. Exercises
involving multiple synergist muscles that significantly contribute to the motion may cause reliability to
fluctuate and affect target muscle excitation. This variability should be considered during training

program design and to investigate the influence of SEMG amplitude on training adaptation.

Xi



CHAPTER 1: INTRODUCTION

Sports scientists use surface electromyography (SEMG) to assess muscle excitation and relate this
signal to activation of individual or multiple muscles concerning movements related to performance,
rehabilitation, or injury prevention. These signals can then be further processed to investigate muscle
activation timing, fatigue, and the synergy of multiple muscle groups to interpret a specific muscle's role
in force production (Taborri et al., 2020). Although muscle excitation and activation are often used
interchangeably, excitation refers more specifically to the depolarization of the motor unit that results in a
cascade of events that leads to calcium release within the muscle fibre (Farina et al., 2016). This calcium
release causes myosin to bind to actin, activating the muscle and creating muscle force (Enoka &
Duchateau, 2016). Muscle excitation results from the neural signal sent to the muscle fibre and motor
units. In contrast, muscle activation is the mechanical coupling of the actin-myosin cross bridge that

subsequently occurs. An individual can not have muscle activation without muscle excitation.

Measuring muscle excitation during resistance training exercises and consequently inferring a
certain degree of muscle activation is one application of SEMG used in exercise research and clinical
applications (Delgado et al., 2019; Solstad et al., 2020; Uysal et al., 2022). Comparing muscle excitation
between exercises aims to determine which exercise may best match the client's goals based on the degree
of SEMG amplitude and, consequently, estimated muscle activation. For example, a muscle with a high
muscle excitation compared to the same muscle under the same recording conditions with a low
excitation would suggest greater motor unit recruitment and higher muscle tension. This higher excitation
level may indicate a more significant stimulus for increased whole-muscle hypertrophy and strength to the
targeted muscle over the low excitation condition. SEMG amplitude during exercise is then hierarchically
classified based on estimating the intensity of contraction, and predictions are made as to which
appropriate exercises should strengthen the target muscles to improve performance (Daly et al., 2019;

Jakobsen et al., 2019). The findings are then used to support the choice of an exercise that may result in



greater strength and or hypertrophy of the affected muscle during resistance training routines (Alkner &

Bring, 2019; Saeterbakken et al., 2019; Snarr et al., 2017).

As SEMG equipment becomes more available due to decreased cost and improved distribution,
this application has been gaining popularity among strength and conditioning professionals, rehabilitation
therapists, and even fitness media influencers on platforms like YouTube (Ethier, 2022; Humiston, 2022).
This approach for exercise selection seems intuitive, considering SEMG is generally reflective of greater
muscle tension particularly during isometric contractions (Kamen, 2010; Uliam et al., 2012; Winter, 2009)
and after appropriate signal processing (Potvin & Brown, 2004), and that a certain amount of muscle
tension is necessary to generate increases in muscle hypertrophy (Lasevicius et al., 2018; Schoenfeld et

al., 2021) and strength (Haff & Triplett, 2016; Lopez et al., 2021).

However, using SEMG amplitude to approximate the potential long-term adaptations is not
without controversy (Vigotsky et al., 2022). A curvilinear relationship has been observed between SEMG
amplitude and force production for the biceps brachii (Sbriccoli et al., 2003), vastus medialis and rectus
femoris (Alkner et al., 2000) as well as the upper trapezius (Jensen & Westgaard, 1995). However, muscle
activation and its relation to neuromuscular excitation appear to be more linear in other muscles (Alkner
et al., 2000; Christie et al., 2016; Praagman et al., 2003) and may also vary at different intensities (Jensen
et al., 2012), signal processing techniques (Potvin & Brown, 2004), and training status (Amarantini &
Bru, 2015). These factors can make it challenging to interpret what a greater or lesser SEMG amplitude
truly represents as increased strength and muscle hypertrophy from resistance training is also a result of a
combination of neural recruitment strategies (Aagaard et al., 2020; Gardiner, 2011), intracellular
signalling (Lim et al., 2022), myokine production (Zunner et al., 2022), genetics (Roberts et al., 2018),
and exogenous variables such as nutritional status and exercise program design (Joanisse et al., 2020;

Schoenfeld, 2016).

Indirect evidence suggests that this relationship to longitudinal outcome could exist and that

SEMG amplitude may indicate future exercise outcomes. Several studies investigating muscle excitation



in resistance exercise for the muscle of the upper thigh have shown that proportionally greater
hypertrophy and strength gains do occur in combination with greater SEMG amplitude in the rectus
femoris and the vastus muscle groups of the upper thigh during knee extension and the squat respectively
(Ema et al., 2013; Spiliopoulou et al., 2022; Zabaleta-Korta et al., 2021). In addition, SEMG biofeedback
during post-knee surgery therapy results in more significant strength gains than those who did not use this
method (Karaborklu Argut et al., 2022). Contrary to these studies, others have found similar hypertrophy
between slow and fast repetition speed along with respectively mean lower and higher SEMG amplitudes
(Lacerda et al., 2021) as well as in studies investigating the effect of low and high loads with presumably
initial lower and higher muscle excitation (Jenkins et al., 2015; Schoenfeld et al., 2021; Schoenfeld et al.,
2017). Mental imagery exercises associated with and without muscle activation, as estimated with SEMG,

have also shown increased force production in untrained participants (Yue & Cole, 1992).

Even though inferring longitudinal increases in strength and muscle hypertrophy from acute
SEMG amplitude should be done cautiously (Vigotsky et al., 2022), the assumption is that SEMG
amplitudes are reliable over multiple days when measured during dynamic resistance training exercise.
During dynamic contractions, inter-individual differences in amplitude can be affected by several factors
under similar load conditions. These conditions include tissue thickness and fluid between the electrodes
and the target muscle, which affects the distance of the active motor units (MU) from the electrodes, the
location of the electrodes, and architectural changes within the muscle (Farina et al., 2004; Guilhem et al.,
2011; Vieira et al., 2017). In addition, individual differences in neuromuscular activation and recruitment
strategies while performing the same exercise can result in differences in EMG amplitude across the same

involved muscles (Boyer et al., 2021; Crouzier et al., 2019).

Amplitude cancellation of the SEMG signal due to the overlap of motor unit action potentials can
also affect the ability to interpret muscle excitation reliably during intensities higher than 60% of a
maximal dynamic voluntary contraction (MVC) under specific signal processing techniques (Dideriksen

& Farina, 2019; Kamen, 2010), thus affecting the relationship to force production (Keenan et al., 2005).



As most resistance training occurs above this intensity threshold, as well as the wide variability seen in
SEMG amplitudes over inter-day periods for various movements (Brandt et al., 2017), ranking exercise
effectiveness based on repeatable results would be essential to determine if electromyography is suitable
as a longitudinal proxy for performance increases. Therefore, determining whether SEMG amplitudes are
repeatable and reliable across several days would be vital to determine whether using SEMG amplitudes

for choosing resistance training exercises is appropriate.

Regarding exercise selection protocols to determine which exercise results in the highest SEMG
amplitude, there is a lack in the current literature of direct studies examining initial acute SEMG
amplitudes and the inter-day reliability of the relationship between exercises over several sessions.
Investigating this approach would provide valuable information to professionals in both clinical and
applied settings in designing optimal training routines to enhance strength and muscle hypertrophy. In
addition, the vast number of published studies over the past decades that have used this inference process
to select exercises would have increased value in their recommendations to incorporate these exercises
into structured rehabilitative, fitness, and performance-oriented routines if SEMG amplitudes during
resistance training exercises are determined to be reliable across multiple days. Therefore, the objective of
this thesis is to evaluate the biceps brachii during four unilateral arm resistance training exercises
(supinated grip dumbbell curl, neutral grip hammer curl, supinated grip incline curl, and supinated grip
concentration curl) across two different normalization methods to determine if the magnitudes of the
relative SEMG amplitudes between exercises are maintained over multiple sessions separated by several

days.



CHAPTER 2: REVIEW OF LITERATURE

2.1 Neural response and adaptations to resistance training

The main benefit of resistance training is that it increases muscle strength and hypertrophy. These
benefits are achieved through adaptations in how the nervous system activates the involved muscles
(interpreted as neural drive as measured by SEMG amplitude) to increase tension and thus trigger the
necessary adaptations in the morphological qualities of the skeletal muscle tissue involved in the
movements. After many resistance training sessions that take place over several weeks to months,
morphological adaptations include increases in muscle fascicle length (Santanielo et al., 2020) and
pennation angle (Ema et al., 2013; Kawakami et al., 1995), increases in the cross-sectional area of the
involved muscle fibres and consequently associated muscles (Lasevicius et al., 2018; Schoenfeld et al.,
2017), and increases in tendon stiffness (Wiesinger et al., 2015). These changes in the muscle tissue play
a significant role in the resultant force production capabilities. However, it is the neural signals generated
in the cortex, sub-subcortex, spinal pathways of the central nervous system, as well as the motor neurons
located within the muscle that control whether the muscle tissues activate or not to create this force
production (Santos et al., 2023). Neural adaptations to resistance training may include increases in firing
frequency, motor unit synchronization, decreased recruitment thresholds of larger motor units, cortical
and subcortical changes, as well as improvements in the efficiency of muscle coordination of the involved
agonist, antagonist, and synergistic muscles (Carroll et al., 2001). Although these are universal
adaptations that occur due to resistance training, there appears to be significant heterogeneity among
individuals, and these adaptations that contribute to performance need to be clarified (Elgueta-Cancino et

al., 2022).

Neural adaptations occur across all age groups, including youth and older adults (Bemben &
Murphy, 2001; Herda et al., 2024; Walker, 2021) and are similar in both sexes (Giuriato et al., 2024;
Hékkinen et al., 1992; Multer, 2002) although females may have more significant decreases in SEMG

activation levels during detraining periods (Deschenes et al., 2009). As many existing studies utilized



male participants, it is essential to note that there remains a paucity of research concerning sex differences
in neuromuscular adaptations from resistance training. However, it is believed that these adaptations
should be similar (Haff & Triplett, 2016). These neural adaptations occur most notably in untrained
participants during the initial stages of a strength training routine, with hypertrophy playing a more
significant role after two to four weeks of training (Carroll et al., 2001; Folland & Williams, 2007).
Although these adaptations appear to return to normal after three months of detraining, SEMG of the
quadriceps muscle and maximal strength during eccentric contractions is preserved, suggesting that
retention of these adaptations may also be specific to the muscle and the contraction type (Andersen et al.,
2005). Therefore, changes in activity levels incorporating strength training should be considered as
potential influential factors in examining changes in normalized SEMG amplitude within two weeks and

possibly up to 3 months, depending on the scope of the study.

2.1.1 Motor Unit Recruitment

Increases in muscular force depend on the recruited motor unit pool of innervated muscle fibres.
This recruited motor unit pool generally recruits in an orderly manner from the smallest motor unit size
toward larger motor units in a hierarchal manner described as the ‘size principle’ (Henneman et al., 1965).
However, exceptions appear during special situations, such as ballistic and fatiguing contractions and
certain environmental conditions (Hodson-Tole & Wakeling, 2009). Increases in force production is a
result of involving more and increasingly larger motor units (Riek & Bawa, 1992; Sale, 1988) with upper
limits in maximal recruitment seen at approximately 80% to 90% in the arm flexors (Kukulka &
Clamann, 1981), deltoid (De Luca et al., 1982), and tibialis anterior (Cutsem et al., 1997) but lower
intensities in the hand muscles (Jesunathadas et al., 2010). In most cases, higher SEMG amplitudes
associated with higher muscular tension are mainly due to the summation of the recruited motor unit pool

(De Luca, 1997; Kamen, 2010; Winter, 2009).

The level of excitability (or recruitment threshold) depends on the size of the motor unit, with

larger motor units requiring a higher level of neural excitability and thus having higher recruitment



thresholds (Gardiner, 2011; Kamen, 2010). However, these thresholds have been observed to change due
to resistance training, which affects the sum of the motor pool engaged in the contraction. Decreased
recruitment thresholds have been seen in the tibialis anterior following isometric strength training after
four weeks (Del Vecchio et al., 2019), and chronic resistance-trained individuals appear to have lower
recruitment thresholds for the biceps brachii when compared to untrained participants (Pearcey et al.,
2014). Contrary to this, Sterczala et al. (2020) found no change in recruitment thresholds of the motor
units within the vastus lateralis after eight weeks of intensive resistance training when hypertrophy of the
muscle fibres within the motor unit is considered. Although decreases in these larger motor unit
recruitment thresholds is a generally accepted adaptation from strength training, difference in
methodology and exercise intensity between studies make it difficult to draw decisive conclusions
(Elgueta-Cancino et al., 2022). When interpreting SEMG signal amplitude, individual differences in
recruitment thresholds, heterogeneity in motor unit size, speed of movement, and possible fatigue effects
should be considered, particularly when investigating the reliability and impact of movement on muscle

excitation.

2.1.2 Motor Unit Firing Frequency and Synchronization

Increases in muscle force after full recruitment of the motor unit pool, particularly above
intensities higher than 85%, are believed to be primarily due to increases in rate coding or discharge rates
of the fully recruited motor unit pool (Duchateau et al., 2006). These adaptations have been seen to occur
during both isometric, ballistic, and dynamic resistance training. Del Vecchio et al. (2019) examined the
effect of 12 training sessions of 40 ballistic contractions and 30 sustained isometric contractions
performed at 75% of maximum effort on maximal and submaximal isometric contractions. After four
weeks of the training regime, motor unit discharge rates increased during the plateau phase of the ramp
isometric contraction performed at 70% maximal voluntary isometric contraction (MVIC). This finding

aligns with increases in firing rates during rapid contractions of the biceps brachii for similar torque



production (Reece et al., 2021). However, it differs from slower ramp isometric contractions, where no

changes were observed in motor unit firing rates (Reece et al., 2021).

Initial increases in strength and higher normalized SEMG in untrained participants appear to be
related to changes in motor unit firing rate and recruitment when training at loads greater than 60% of
maximum strength but are not seen in training loads at 30% (Jenkins et al., 2017). Although strength-
trained individuals overall show higher muscle excitation during maximal tasks, submaximal tasks for the
same relative load have lower excitation and decreased motor unit recruitment thresholds and firing rates.
This decreased neural drive for the same relative load results in a more efficient muscular response to
force generation (Santos et al., 2023). While trained participants retain their early increases in muscle
excitation but show lower increases in the neural drive after initial adaptations, later strength gains are
believed to result more from muscular adaptations related to hypertrophy (Pearcey et al., 2021). However,
highly skilled field athletes have shown increases in SEMG amplitude and faster rates of SEMG
development during rapid isometric knee extensions compared to non-athlete controls (Judge et al., 2003).
Unfortunately, this study did not disclose the participants' previous training history, so it is unclear if a
relearning effect may have occurred in response to re-initiated strength training after a period of

inactivity.

Motor unit discharge rates have increased by 15% during maximal contractions in young adults
and by 49% in older adults after six weeks of traditional strength training but not from contractions at
10% and 50% of MVC. (Kamen & Knight, 2004). In addition, motor unit firing rates have been observed
to fluctuate during different times of the day (Hirono et al., 2024), which may add a circadian
confounding effect. Other factors, such as training to failure or stopping the work set several repetitions
before failure also appears to affect motor unit discharge rates. Ruple et al. (2023) found that motor unit
discharge rates increased when resistance training for the vastus lateralis was carried to failure. However,
despite similar training volumes, no change was observed in lower threshold motor units when training

was stopped short of failure.



These findings contrast with Hester et al. (2016), where increases in peak torque were not
associated with increases in motor unit firing rates. The researchers found no significant differences in
firing rates versus recruitment threshold for the vastus lateralis after training with four sets of ten maximal
concentric isokinetic contractions three times a week. However, this study used SEMG decomposition
methods and could not identify individual motor units. A similar type of response was also observed from
three weeks of isometric training consisting of three sets of ten maximal contractions. This type of
training resulted in no changes in average motor unit firing rates of both higher and lower motor units
(Pucci et al., 2006). Regarding the longitudinal effects of resistance training on firing rates between
trained and untrained participants, a study by Casolo et al. (2021) found that motor unit discharge rates

and recruitment thresholds in the biceps brachii did not differ when normalized to the cross-sectional area.

In a detailed review examining the effect of resistance training on motor unit firing properties,
Elgueta-Cancino et al. (2022) concluded that there is no change in motor unit discharge rates following
resistance training. This conclusion comes from the combined fact that there are high levels of
heterogeneity among studies and limited high-quality research, making inferences difficult. These issues
were also echoed by Herda (2022), where motor unit changes in discharge rate were thought more likely
not to occur despite earlier research suggesting the opposite due to methodological issues that failed to
account for changes in action potential amplitudes, decreases in recruitment thresholds, and differences in

study design.

Synchronization of motor units can also affect the combined motor unit action potentials (MUAP)
and SEMG amplitude (De Luca, 1997). This increase in motor unit synchronization has been observed
when generating higher forces (Oliveira et al., 2022). Although earlier research has suggested that motor
unit synchronization may be a trained adaptation to resistance training (Milner-Brown & Lee, 1975),
more recently, its contribution to overall force production is not believed to be functional (Farina &
Negro, 2015) although it may play a role in the rate of force production in ballistic contractions (Semmler,

2002) and force steadiness (Taylor et al., 2003). To conclude, although there is extensive literature



assessing firing rates and motor synchrony in a wide variety of conditions, the current view is that these
neural adaptations do not significantly contribute to the SEMG amplitude during traditional strength

training movements.

2.1.3 Cortical and Subcortical Changes

The cortex, subcortex, and spinal cord interact to generate and transmit the necessary nerve
impulses to the neuromuscular junction. This neural signal excites the motor unit, which causes muscle
activation and creates movement. Resistance training increases corticospinal excitability due to changes
within the primary cortex and subcortex (Siddique et al., 2020). Neural adaptations have been detected in
the corticospinal pathway after four weeks of resistance training involving the first dorsal interosseus
muscle of the hand, resulting in a lower electromyographic response for the same torque (Carroll et al.,
2002). This increase in excitability combined with decreased inhibition in the motor cortex is believed to
be related to a motor learning effect that occurs from repeated movements, resulting in increased strength
and performance (Skarabot et al., 2021). As suggested initially by Sale (1988), the initial and longer-term
increases associated with strength seen in this context would suggest that maximal strength may be
related to the development of learning to execute the movements in a skilled manner in combination with
muscle hypertrophy and peripheral neural adaptations (Behm, 1995). Therefore, the influence of the
corticospinal pathway and the efficiency of the necessary muscle synergies during the desired movement

may also contribute to the SEMG amplitude of a specific involved muscle.

2.1.4 Summary of Neural Adaptations from Resistance Training

As previously discussed, multiple factors can affect the neural drive to the involved muscles
during movement. Cortical and subcortical adaptations in excitability, motor unit recruitment, firing rates,
and the degree of motor unit synchrony have been investigated in the literature in response to resistance
training. Table 1 provides a summary of these contributing factors and outlines general adaptations that

have been observed in the literature.
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Table 1. Summary of Neural Adaptations from Resistance Training (RT)

Neural Adaptation

Training Result

SEMG Amplitude

Initial rapid T in SEMG, then modest increases thereafter (Carroll et al.,
2001; Folland & Williams, 2007).

1l SEMG response to similar load during training (Santos et al., 2023)

Detraining: concentric SEMG | after 3 months, eccentric SEMG <
(Andersen et al., 2005)

Motor unit recruitment (MUR)

T in an orderly manner from smallest toward larger MU (Henneman et al.,
1965, Riek & Bawa, 1992; Sale, 1988)

Full MUR in movements up to 80-90% of MVC in large muscle groups
(Kukulka & Clamann, 1981, De Luca et al., 1982, Cutsem et al., 1997).
Lower for the hand muscles

General consensus of | recruitment thresholds of larger motor units (Del
Vecchio et al., 2019, Pearcey et al., 2014)

Firing rates (FR)

Inconclusive (Elgueta-Cancino et al. , 2022) or <> (Herda, 2022) for slow
controlled submaximal training.

T in larger motor unit FR during ballistic movement and maximal
contractions (Del Vecchio et al., 2019, Reece et al., 2021).

T in smaller motor unit FR when training is carried to failure (Ruple et al.
2023)

> T in FR in older adults than younger adults after maximal contractions but
not submaximal contractions (Kamen & Knight, 2004).

> T in FR at midday vs morning (Hirono et al., 2024)

Cortical and Subcortical Changes

T corticospinal exciteability (Siddique et al., 2020)
1 corticospinal inhibition (Skarabot et al., 2021)

Strength performance may be more skill oriented (Sale, 1988; Behm, 1995)

Motor Synchrony

Although observed, is not believed to be functional during controlled
movements (Farina & Negro, 2015)

May play a role in ballistic movements (Semmler, 2002) and force
steadiness (Taylor et al., 2003)

RT = resistance training. FR = firing or discharge Rates. MU = motor units. MUR = motor unit recruitment.
T =increased. > T = greater increase. 1 = decreased. & = no change.

2.2 Use of Bipolar SEMG in Exercise Selection

Muscle contraction results from a neuroelectric signal generated in the motor cortex that travels

down efferent neurons to the motor units of the target muscle. This signal causes the muscle fibre

membrane to depolarize, activating the muscle (Merlo & Campanini, 2010; Rainoldi et al., 2016). This

summation of action potentials is often referred to as neural drive (Farina et al., 2014). In the case of

SEMG, the motor unit action potential (MUAP) that is generated within the muscle is then conducted
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through the muscle tissues, intramuscular and subcutaneous fat and fluid, and the skin to which a bipolar
electrode configuration is attached (Kamen, 2010). Bipolar SEMG (the combination of two monopolar
electrodes separated by a minimal distance to record the differential of the MUAPSs) is common in many
muscle activation studies due to the increased ability to reduce common mode noise and crosstalk with
adjacent muscles (Bhullar et al., 1990; Merletti & Muceli, 2019) and general better reliability compared to
monopolar surface electrodes (Stock et al., 2010). The recorded signal is then amplified, filtered, and
processed using a variety of electronic hardware, computer software, and mathematical techniques for

further analysis and interpretation (Winter, 2009).

Interpreting the SEMG signal can be challenging during isometric and particularly dynamic
contractions (Farina, 2006). This result is partially due to the multiple factors that can affect the SEMG
signal, as previously described. Surface electrode location is a primary concern in collecting accurate and
reliable results during dynamic contractions, as the innervation zone can move relative to the electrodes.
This movement can affect the signal's amplitude, in addition to the fact that different locations may
represent different pools of motor units within the target muscle (Mesin et al., 2009). The SENIAM
project has addressed many of these concerns through recommendations for surface electromyography
applications in research and clinical settings (Merletti, 2000). For example, for the biceps brachii, it is
recommended that electrodes be placed 20 mm apart and placed below the innervation zone at one-third
the distance between the medial acromion and the cubital fossa in line with the muscle fibres (Hermens et

al., 2000).

SEMG amplitude results from the combined MUAPs within the electrode detection area (including
possible crosstalk with nearby muscles), the firing rate of the motor units, motor unit synchrony, and
tissue and spatial filtering effects (Kamen, 2010). Signal processing of SEMG in studies involving
comparisons of dynamic contractions, including resistance training exercises, typically involves initial
filtering, calculating the root mean square (RMS) of the signal with a 100 ms moving window (Hégg et

al., 2005; Saeterbakken et al., 2019; Solstad et al., 2020; Uysal et al., 2022) and then normalizing to either
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an MVIC or submaximal contraction to improve reliability due to inter-individual differences in absolute
neural activity (Sousa et al., 2012). RMS is a popular choice in SEMG signal processing due to the
general linearity of the signal to force production and the belief that it is representative of the
physiological activity during contraction (Fukuda et al., 2010). SEMG amplitude results can then relate to

ranking various exercise movements on muscle activity to target a specific muscle or muscle group.

2.3 Classification of Intra-class Correlation

The intra-class correlation coefficient (ICC) is a statistical method used to examine the variance
between participants relative to the total variance of all participants, expressed as a ratio from 0 to 1, to
measure consistency or reliability across different periods (Schober et al., 2021). It is important to note
the differences in the classification of the ICC. Fleiss (1999) proposed a reliability level scale where less
than 0.4 represents poor reliability, 0.4 to 0.75 represents fair reliability and values above 0.75 for
excellent reliability. In contrast, Richman et al. (1980) suggest that ICC values less than 0.6 be considered
questionable, 0.60 to 0.80 as moderate reliability, and values greater than 0.80 as high. Koo and Li (2016)
have also suggested ICC ranges similar to Richman et al. (1980), with values less than 0.5 representing
poor reliability, moderate reliability between 0.5 and 0.75, between 0.75 and 0.9 for good reliability, and
any values above 0.9 as excellent when heterogeneous samples are greater than 30 with more than two
raters. However, defining a good ICC value is difficult without considering the standard error of
measurement (SEM) and the minimal differences required for confidence that a change has occurred
(Weir, 2005), as well as measurement agreement and variability among the samples of the participants
(Koo & Li, 2016). Specific studies that classify good reliability using the recommendations proposed by
Fleiss (1999) would be questionable using the scale defined by Richman (1980). As between-participants
variability can affect the ICC, one should also consider the SEM, minimal difference, and the ICC

together to interpret reliability as the SEM is unaffected by this variability (Weir, 2005)
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2.4 Inter-day Reliability of Surface Electromyography in Dynamic Movements

Although many studies have examined the effect of different resistance training exercises on
SEMG activation, literature investigating the inter-day reliability of the SEMG amplitude has shown
significant variability that appears dependent on the movement kinematics and the specific muscles
involved. Ball and Scurr (2010) found good reliability in absolute SEMG values for the triceps surae
(typical error measurement (TEM) = 8.9-14.5%) both between days and weeks in the squat jump,
acceptable reliability for medial gastrocnemius (TEM = 12.9-14.5%) during the sprint and isometric
assessment, but poor reliability (TEM = 17.4-24.7%) for the lateral gastrocnemius muscle group during
isokinetic plantar flexion across all velocities. Contrary to this, other studies have found poor reliability
for the gastrocnemius (ICC = 0.01) and biceps femoris (ICC = 0.24) during dynamic contractions between
sessions involving maximal counter-movement vertical jumps (Goodwin et al., 1999) and for the
gastrocnemius during single leg hopping (Spearman-Brown reliability coefficient (SB) = 0.56), running,
(SB =0.47) and drop jumps (SB = 0.29) tasks separated by one week (Gollhofer et al., 1990). Poor
reproducibility during these ballistic movements may be due to the involvement of the stretch reflex
which can influence neuromuscular activity in the muscles involved (Gollhofer et al., 1990; Goodwin et
al., 1999). However, other investigations examining between-session reliability of SEMG amplitude for
lower body dynamic contractions when the stretch reflex is minimized have also found poor to moderate
inter-day results for the vastus muscles in the lateral step-up (ICC = 0.06-0.67) (Worrell et al., 1998) and
during cycling (Coefficient of Variation (CV) = 15.8-38.1%) at submaximal intensities (Jobson et al.,
2013). In examining the inter-day SEMG amplitude reliability of the muscles that act on the hip joint
during isokinetic movements, Claiborne et al. (2009) found high bilateral reliability (ICC = 0.81-0.95) for
twelve of the eighteen muscles identified as the prime movers, while the rest had moderate reliability
(ICC =0.50-0.76) during the concentric motions of hip abduction, adduction, flexion, extension and
internal and external rotation. Eccentric contractions showed similar high reliability (ICC = 0.82-0.95)
across the involved muscles except for the adductor muscle (ICC = -1.46) and the medial hamstring of the
left leg (ICC = 0.42) during internal rotation.
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The muscles of the upper body have also shown wide variation in reliability. Zandi et al. (2018)
examined the repeatability of SEMG readings using the ICC and SEM for the upper arm and shoulder
muscles during the volleyball overhead throw. The study involved university-level volleyball players who
were each instructed to hit a volleyball hanging from the ceiling as hard as they could in a forward
direction. Results showed lower moderate inter-day reliability (ICC = 0.68-0.93 vs ICC = 0.85-0.99) and
higher absolute SEM (SEM = 1.28-5.15 vs SEM = 0.75-4.38) than repeated tasks performed on the same
day. However, contrary to the previously mentioned studies, inter-day SEMG amplitude reliability was
good for the anterior deltoid (ICC = 0.94) and vastus lateralis (ICC = 0.93) during the bilateral front raise
and squat (Sorbie et al., 2018). To amplify this incongruity in the literature, Youdas et al. (2010) assessed
SEMG reliability across multiple upper body muscles in three variations of a pull-up exercise over two
sessions separated by two weeks. Moderate reliability was determined for the biceps brachii (ICC = 0.64)
and lower trapezius (ICC = 0.64), but poor reliability coefficients for the external oblique (ICC = 0.57),

erector spinae (ICC = 0.48), latissimus dorsi (ICC = 0.35), and pectoralis major (ICC = 0.35).

Based on the previous studies, increased velocity in movements involving multiple joints appears
to result in less predictable SEMG amplitudes across sessions due to several neuromuscular and load-
sharing strategies adopted by the individual. When these strategies are minimized by using electrically
invoked contractions, SEMG reliability is excellent for the biceps brachii (ICC = 0.96-0.98) (Calder et al.,
2005) but less reliable for the vastus medialis (ICC = 0.28-0.52.2) and tibialis anterior (ICC = 0.78-0.81)
(Merletti et al., 1995, 1998). In summary, it appears that SEMG amplitude during dynamic movements
overall has moderate reliability during slower, less complex movements, and reliability may be dependent

on the muscle itself due to unique recruitment strategies and morphological structure.

Isometric contractions are often used to normalize the SEMG signal, allowing comparisons across
time periods and between individuals and groups (Sousa et al., 2012). In comparison to dynamic
contractions, isometric contractions show higher reliability and repeatability. Singla et al. (2018) found

good to excellent inter-day values for normalized SEMG values of the upper arm muscles (ICC = 0.84-

15



0.98). In support of this finding, De Aragjo et al. (2009) found excellent reliability for intra-day (ICC =
0.78 - 0.99) and good to excellent values (ICC = 0.52-0.98) for inter-day reliability for all involved
muscles. In both these studies, SEM was also lower for intra-day sessions than inter-day sessions. Both
within and between day isometric contractions have generally shown moderate to excellent reliability in
the vastus medialis (ICC = 0.90 — 0.92) (Spudi¢ et al., 2020), scapular musculature (concentric phase ICC
=0.87-0.98, eccentric phase ICC = 0.65-0.97) (Grime et al., 2018), quadriceps (ICC = 0.59-0.98)
(Larsson et al., 1999; Mathur et al., 2005) and biceps brachii (ICC = 0.92-0.99) (Howatson & Van

Someren, 2005).

To summarize the work above, intrasession or within-day comparisons of SEMG amplitudes
appear more reliable than inter-day sessions separated by several days or more. SEMG amplitudes
resulting from higher force contractions are also more reliable than lower force contractions. Muscle
activation during dynamic contractions during test-retest scenarios involving several days is consistently
less reliable than isometric contractions. Notably, isokinetic and ballistic SEMG amplitudes are less
reliable than isotonic movements performed at a slower execution. These differences in inter-day

reliability appear to depend on specific muscles and movement kinetics and kinematics.

2.5 Other Factors Affecting Inter-Day Reliability of SEMG Amplitude

As previously discussed, electrode placement relative to the innervation zone can affect the
absolute SEMG amplitude. However, normalizing the signal to an isometric or dynamic MVIC helps to
allow direct comparisons of muscle contractions between sessions (Besomi et al., 2020). Geometrical
factors of the assessed muscle fibre regarding pennation angle, motor unit location, tendon insertion, and
innervation zone location can be different between individuals (Kamen & Caldwell, 1996; Neyroud et al.,
2015; Rainoldi et al., 2000), thus increasing the variance between participants within the group and

thereby affecting the inter-day reliability.

Performing movements at different velocities can also affect SEMG amplitude (Fan et al., 2014),

with higher and lower angular velocities producing greater and lower amplitudes during concentric and
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eccentric movements, respectively (Potvin, 1997). Decreased motor unit recruitment thresholds during
dynamic contractions as compared to isometric contractions in the biceps brachii, along with changes in
firing frequency between concentric and eccentric contractions, can also contribute to the differences in
the MUAPs during elbow flexion at different angular velocities (Kossev & Christova, 1998; Tax et al.,
1990). In addition, restrictions on movement task execution, such as controlling for velocity movement,
can affect individual recruitment strategies that can alter the SEMG signal (Crouzier et al., 2019). This
variation is partially related to an individual's synaptic efficiency and unique electrophysiological
characteristics of the active motor unit thresholds as determined by intracortical facilitation and inhibition
(Orth et al., 2003). The exact cause of this neural adaptation in resistance training remains unclear but
appears to result from changes in the cortical and subcortical levels of movement control (Skarabot et al.,

2021).

Most movements are a result of multiple muscles acting across multiple articulations. The
reliability of these coordination patterns, or muscle synergies, varies depending on the task, the muscles
involved, and the expertise of individuals during movement (Taborri, Agostini, et al., 2018). The
extraction of muscle synergies has shown to have muscle-specific interindividual variability but good to
excellent reliability for neuromuscular coordination strategies through a wide variety of ordinary
(Taborri, Palermo, et al., 2018) and exercise-related movements such as the bench press (Kristiansen et
al., 2016), power clean (Santos et al., 2021), and cycling (Hug et al., 2010). As athletes become more
skilled in acquiring complex movement patterns, interindividual differences in muscle synergies appear to
narrow (Frere & Hug, 2012; Kristiansen et al., 2015; Santos et al., 2021). Similarly, Soylu et al. (2006)
found increased repeatability in EMG linear envelopes in elite archers compared to beginners and non-
archers. However, contrary to the previous studies, Turpin et al. (2011) found that rowing expertise did
not alter muscle synergies or motor coordination patterns. In this case, improved rowing performance was
possibly related to how the trained rowers altered their mechanical output using already established

muscle synergies.
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2.6 Inertial-based Motion Capture

Controlling for variability in movement kinematics is crucial when comparing SEMG amplitude
signals across days in individuals, as changes in angular velocity may impact this relationship. With
technological advancements in inertial measurement units (IMU), the ability to record and analyze
movement in the field is now possible with generally good to excellent reliability and acceptable accuracy
and precision depending on the system, the number of IMUs involved, and the assessed movement
(Clemente et al., 2022; Mobbs et al., 2022). IMUs record data along three orthogonal axes for linear
acceleration, angular velocity, and strength and direction of the surrounding magnetic field using an
onboard accelerometer, gyroscope, and magnetometer. Although sensor drift and magnetic field
disruptions can affect accuracy (Young, 2010), solutions using sensor fusion algorithms can be
implemented for more consistent results in orientation by adjusting for magnetic disturbances, temporal
shifts in alignment due to noise, and sensor sensitivity (Chen et al., 2020). Additional calculations to
rotate the sensor's reference frame relative to the global reference frame can allow for more accurate

kinematic information for the specific movement.

Multi-sensor IMU systems can have acceptable to excellent accuracy for monitoring multi-joint
kinematics during lower-body (Al-Amri et al., 2018) and upper-body movements (Sers et al., 2020).
However, the use of a single IMU can be more practical and is reliable in capturing movement parameters
for jumping (McHugh et al., 2019), walking (De Ridder et al., 2019), pathological conditions (Viteckova
et al., 2020), recognizing soldier movements and calculating survivability (Mavor et al., 2023), and during

the "Timed Up and Go" test (Kleiner et al., 2018).

2.7 Summary

Resistance training enhances muscle strength through changes in the nervous system and muscle
fibre hypertrophy. More specifically, as greater forces are required, increased neural drive as measured by
SEMG amplitude results from a combination of increasing MU recruitment from smallest to largest MUs,

decreased recruitment thresholds of larger MU, changes in motor unit firing frequency, and partly from
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motor unit synchronization, particularly during ballistic contractions. These changes are essential for
activating the necessary muscle tissue required for force production, which, over time, leads to
morphological changes like increased muscle fascicle length, pennation angle, and greater cross-sectional
area. These changes are observed across both sexes and all age groups and are most prominent in
untrained participants during the initial period of resistance training routines. However, inconsistencies
exist in the literature on the impact of firing rates and synchronization of motor units on force production
from traditional resistance training. The overall consensus suggests that these neuromotor changes do not
significantly contribute to increases in strength performance. Enhanced corticospinal excitability and
reduced cortical inhibition, combined with improved motor learning, which forms efficient movement

patterns, are believed to be the main factors affecting force production.

SEMG amplitude reliability varies with movement complexity and speed in dynamic movements.
Simple, slower dynamic movements are more reliable than faster, ballistic, and complex movements
involving multiple muscle groups. Same-day measurement is more reliable than inter-day measurement,
which may be due to factors such as electrode placement, muscle morphological characteristics,
individual motor unit recruitment strategies, and speed of movement. IMUs offer a way to accurately
capture this movement in a non-restrictive method to enhance the study of muscle excitation and the

resultant movements.

As mentioned in the introduction, this thesis aims to evaluate if the relationship between
normalized SEMG amplitudes of the biceps brachii during four resistance arm curl exercises changes over
four different exercise sessions separated by several days. In prescribing exercise routines that result in
predictable adaptations to increase strength and muscle hypertrophy, clinicians assume that a particular
exercise produces a consistent stimulus to the target muscle during the prescribed training cycle that may
last several weeks to months. Although measured SEMG amplitude appears to have moderate to good
reliability during controlled movements, it remains to be determined whether a chosen exercise would

maintain the same magnitude or rank over similar exercises through multiple training sessions. Studying
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the reliability of exercise choice based on normalized SEMG amplitude would provide insight into its

consistency over time and support its potential as a proxy for longitudinal adaptations.

CHAPTER 3: METHODS

3.1 Participants

Eight trained (5 males and 3 females) and 7 untrained (4 males and 3 females) participants with a
mean age of 37.1 years (SD = 15) from the Ottawa area were recruited to participate in this study.
Detailed demographics are presented in Table 2. The operational definition of trained was defined as
currently, or within the past two weeks, having performed a resistance training routine for the upper body.
The operational definition of untrained was defined as not performing an upper body resistance training
routine in the past six months. All participants were considered healthy as determined by the GET
ACTIVE questionnaire (Canadian Society for Exercise Physiology, 2017; Appendix A) and were free
from any musculoskeletal and neuromuscular disorders, concussions within the past year (even if
clinically recovered), illness, or other medical condition that would limit the safe and proper execution of
the exercises. Participants were asked to maintain their normal activity levels (training volumes and
intensity or untrained status) throughout the collection period. Informed consent was obtained from all the
participants before participating in the study (Appendix B). All participants completed the study without

experiencing any adverse health conditions or injuries.

Table 2. Participant Demographics

Participant n Age (years) Peak Force (N) SS (mm)
Mean (SD) Mean (SD) Mean (SD)
Female (Trained) 3 29 (17.3) 130.8 (2.8) 35.7(9.7)
Female (Untrained) 3 36.3 (14.2) 108.1 (12.4) 56.3 (15.9)
Male (Trained) 5 31.6 (16.4) 235.9 (27.9) 25 (4.4)
Male (Untrained) 4 50.5(1) 192.7 (29.8) 25.6 (4.9)
All 15 37.1(15) 178.8 (56.8) 33.6 (14.7)

SD = standard deviation. n = sample size. SS = Sum of four skinfolds (Deltoid, Brachioradialis, Biceps, and
Triceps). N = Newtons.
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3.2 Consent
Before any data were collected, this project was first reviewed and approved by the University of
Ottawa's ethical review board (Appendix C). Before taking part, participants were allowed to ask

questions regarding their involvement and were then asked to review, complete, and sign an informed
consent form (Appendix B) and a health screening questionnaire (Appendix A).

3.3 Study Design

Data collection took place over five separate sessions, with the first session separated from the
second session by three days (£1 day) and the subsequent sessions following the second session separated
by four days (+ 1 day). The time between sessions allowed for hypothetical complete muscle and neural
recovery between sessions and provided flexibility to the participant for scheduling. The time between
sessions can be found in Table 3. A qualified and experienced clinical exercise physiologist supervised all

sessions.

Table 3. Timing of data collection sessions

Time between sessions n Days Max-min
(Mode) (Range)
Session 1 and 2* 15 4 5-2 (3)
Session 2 and 3 15 3 4-3 (1)
Session 3 and 4 15 4 5-3(2)
Session 4 and 5 15 3 5-3(2)

* - One participant required 5 days between session one and two due to a scheduling issue.

3.4 Location of Collection

Participants were allowed to perform the sessions from their chosen location, provided the area
was safe, adequately private, free of obstacles, and in a comfortable environment (between 18 and 24
degrees Celsius at 40% to 60% relative humidity). Three sessions of the necessary 75 sessions for all 15
participants (15 participants multiplied by five sessions each) were performed at the participant's
residences. The sessions not conducted at the participant's residence took place at a private facility.
Exercise equipment was provided and transported along with the necessary data collection instruments to

the location if necessary.
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3.5 Session One: Exercise Familiarization and Strength

The first session was a familiarization session for the participants to determine the maximal
isometric strength of the dominant arm flexors, to have an opportunity to practice the required exercise
movements for proper technique and tempo, and to ask any questions related to their participation. The
biceps brachii was chosen as the muscle to investigate as it is a commonly perceived visual indicator of
strength and is popular in targeted training routines. According to Google Trends (2023), search volume
for the term “biceps workout” receives approximately 50,000 searches every month worldwide. The
biceps brachii is a biarticular two-headed fusiform muscle that attaches proximally at the tip of the
coracoid process (short head) and the supraglenoid tubercle (long head) of the scapula (Moore, 1992).
Distally, it attaches to the tuberosity of the radius and bicipital aponeurosis and serves to flex and supinate
the forearm (Moore, 1992). Recording the SEMG signal from this muscle is convenient due to the relative
ease of electrode placement for the participant, generally lower subcutaneous tissue between the skin and
the muscle, reduced risk of crosstalk, and the longitudinal and parallel alignment of the muscle fibres to
the humerus (Criswell, 2010). In addition, even those with minimal resistance training backgrounds have

most likely exercised this muscle through various arm curl exercises.

The first session aimed to reduce the neuromuscular learning effects of performing a potentially
novel arm exercise at a fixed tempo or unfamiliar cadence. The participant's choice of arm to throw a ball
determined the dominant arm. The performance of a unilateral arm exercise is to minimize potential
cross-education effects (Manca et al., 2017). The familiarization session began with demonstrating the
proper exercise technique for the arm curl exercises, specifically, the dumbbell curl, hammer curl, incline

curl, and concentration curl, as shown in Figure 1.
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50° Incline Dumbbell Seated Dumbbell Seated Hammer Concentration
Curl Curl Curl Curl

Figure 1. The top and bottom figures represent the start and finish positions, respectively.

Participants were allowed to practice the movements to the required tempo of 0.5 Hz (30 beats
per minute) by a digital metronome (EUMLab & Polybeat PTE Ltd., 2023) played on a tablet (iPad Pro,
Apple Inc., Cupertino, California, 2018). More specifically, the participants were asked to keep time with
the metronome so that both the concentric and eccentric portions of the repetition were 2 seconds in
length, with no pause at the top of the movement and a 2-second pause between repetitions. The tempo
was chosen to allow a slow and controlled exercise performance as recommended for resistance training
(Haff & Triplett, 2016) and minimize momentum's effect on force production. In addition, controlling

execution tempo standardizes the kinematics as much as possible throughout the four trials.

Proper exercise technique was assessed and corrected specific to the participant as to the criteria
described in Croskery (2004). All exercises were performed unilaterally with the dominant arm. In
general, for all exercises, the following was considered improper technique: arching of the back to
complete a repetition, movement of the elbow forwards or backwards as the weight is lifted or lowered, a
slouching posture where the chest drops and the upper back rounds, swinging of the dumbbell to complete

a repetition, switching to a different hand position (for example from a supinated grip to a neutral grip)
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during the performance of the exercise, failure to bring the dumbbell close to the front of the shoulder at

the top portion of the repetition, or fully return to the original starting position.

Incline curl (INCL) had the participant sit with their knees together on an incline bench set at an
angle of 50° to the floor. The exercising upper arm was approximately perpendicular to the floor while
holding the dumbbell in an underhand, supinated grip. While keeping the upper arm and elbow stationary
and the hand supinated, the dumbbell was raised upwards by bending the arm at the elbow following the
natural curve of the arm movement. Dumbbell curl (DBELL) and hammer curl (HAMM) were performed
in an upright seated position following a similar arm movement to the INCL while maintaining the
dumbbell in a supinated and neutral grip, respectively. For concentration curl (CONC), the participant
was seated perpendicular to the bench with feet placed wider than shoulder width. At the same time, the
elbow was pressed firmly into the medial side of the thigh, just beside the knee, while holding the

dumbbell with a supinated grip.

After the familiarization session, a maximal voluntary isometric contraction (MVIC) to determine
the strength of the elbow flexors of the dominant arm was obtained using a single handle attached to a

force gauge (Mark-10 Series 3, Mark-10 Corporation, Copaigue, New York) secured to the base of the

bench (Figure 2).

Figure 2. Apparatus to measure MVIC elbow flexor force production and SEMG amplitude for
normalization for the biceps brachii.
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The participants performed a five-second MVIC for the dominant arm with the elbow flexed at 90
degrees while seated on an exercise bench (A2, Bonvork Fitness, US) for three attempts using a supinated
grip. Each attempt was separated by three minutes of rest to allow for adequate recovery and participants

were verbally encouraged to generate as much force as possible.

Approximately one-third of the average force generated, as determined by the average of a one-
second window around the peak of the MVIC, was used to calculate the submaximal load for all arm curl
exercises. Due to the inability to precisely match the load to one-third of the maximum force produced,

the closest working load was chosen by rounding up or down to the nearest dumbbell. For example,

if the desired load is 5.9 kg, a dumbbell weight of 5.4 kg was chosen as the prescribed load (Table 4). One
participant required the next lower working weight other than the original prescribed load due to the

inability to follow proper form at the designated weight for the INCL.

Table 4. Prescribed load calculations from MVIC force (N)

Prescribed Load (kg) MVIC Low Range (N) MVIC Upper Range (N)
1.4 26.75 53.51
2.3 53.52 80.26
3.2 80.27 100.33
3.7 100.34 120.40
4.5 120.41 147.15
5.4 147.16 180.59
6.8 180.6 214.04
7.7 214.05 247.48
9.1 247.49 280.92
10 280.93 314.37

Due to slight variations in individual dumbbell weights, all working loads chosen for the arm curl exercise were
within 250 g of the prescribed load. N = Newtons.
3.6 Sessions Two through Five

For sessions two through five, the participants wore an IMU sensor (G-Sensor 2, BTS Spa, Milan,
Italy) secured to the back of the wrist of the exercising arm with a self-adhering adjustable strap along
with four SEMG sensors placed on the brachioradialis, biceps brachii, anterior deltoid, and triceps brachii.
Surface EMG locations for the brachioradialis, biceps brachii, anterior deltoid, and the long head of the

triceps brachii were first marked with a surgical marker as determined by SENIAM standards (Hermens
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et al., 2000), while brachioradialis placement was by Criswell (2010). Specifically, locations for the
SEMG sensors were as follows: one-third of the length along the line from the cubital fossa and medial
acromion process (for the biceps brachii), one finger width distal and anterior to the acromion along the
direction of the line between the acromion and the base of the thumb with the palm facing inwards
(anterior deltoid), 50% along the line and two finger widths medially between the olecranon and posterior
crista of the acromion (long head of the triceps brachii), and approximately 4 cm distal from the lateral
epicondyle on the medial fleshy mass of the brachioradialis along the line between the lateral epicondyle

and styloid process of the wrist (Figure 3).

Figure 3. Anterior, lateral, and posterior views of SEMG and IMU sensor placement.

Skin preparation included lightly abrading the area using NuPrep skin preparation gel (Weaver
and Company, Aurora, Colorado) and de-oiling with an alcohol swab. Next, a pair of Ag-Cl SEMG
electrodes (H124SG, Covidien, Gosport Hampshire, United Kingdom) with an interelectrode distance of
25 mm were placed on the previously marked locations. Once the sensors were attached, signal strength
for the anterior deltoid, biceps brachii, brachioradialis and triceps brachii was confirmed by asking the

participant to flex at the shoulder and elbow and extend at the wrist and elbow, respectively.

Following the attachment of the SEMG sensors and securing the IMU to the wrist, the
participants were asked to take a seated position on the exercise bench and perform a light warm-up at the

proper tempo for each of the exercises for three to five repetitions at approximately 50% to 75% of the
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exercise load depending on the closest available dumbbell weight. The participants rested for three
minutes before starting the data collection. Each session's exercise performance sequence was randomly
selected using an online list randomizer (Haahr, 2024). To ensure the robustness of the randomization
process, the third generated list was selected for use. This approach was chosen to mitigate any potential
bias that might arise from the initial randomization attempts. The participant rested approximately three to

five minutes between the performances of each exercise to allow adequate recovery between attempts.

In order that the MVIC collection did not result in additional fatigue on exercise performance,
three MVICs for the brachioradialis, biceps brachii, triceps brachii, and anterior deltoid (arm flexion at an
elbow angle of 90 degrees with the hand first in a pronated position then supinated, arm extension at an
angle of 90 degrees with the hand in a pronated position, and shoulder flexion at an angle of 90 degrees
with the hand in a neutral position, respectively) were performed while remaining seated on the exercise
bench after the completion of the exercises. For each arm position, participants were instructed and
verbally encouraged during the performance to generate as much force as possible for three attempts
against manual resistance provided by the investigator. Each MVIC lasted approximately 3 seconds and
was separated by one minute of rest (Sousa et al., 2012). Following the MVIC collection, an outline of the
electrodes was recorded on the skin using a surgical marker to record the exact placement of the electrode
for future reassessment. Through previous testing, the marker ink was seen to last approximately five

days under regular hygiene practices.

As the interface between the electrode and skin can affect impedance and thus the SEMG
amplitude (Clancy et al., 2002), a measurement of electrode-to-electrode impedance was recorded using
an auto-ranging multimeter (Mastercraft, Canadian Tire, Canada) by connecting the probes to the
electrode snap connectors after data collection was complete. Considering that the thickness of the layer
of subcutaneous fat can act as a low pass filter and affect the SEMG amplitude (Nordander et al., 2003) as
well as skin impedance, a skinfold thickness measurement was taken with callipers (Lange style, Jamar,

US) at each electrode site after the SEMG sensors and electrodes were removed. Before performing the
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exercises, a visual analog scale (Appendix E) adapted from Lee et al. (1991) and as described by Cleather
& Guthrie (2007) was administered to monitor fatigue and soreness between sessions. Briefly,

participants were asked to place a vertical line on a 90mm horizontal line to indicate their interpretation of
their current overall level of cognitive and physical fatigue (from not tired at all to extremely tired) and
muscle soreness (no pain to unbearable pain). A 90mm line was used due to the formatting of the printed
document. The placement of the vertical line was then translated into a rating from 0 to 100 by dividing
the distance of the marked line from the start in mm divided by 90mm, representing a ratio of minimum to

maximum values.

3.7 Data Analysis

Kinematic and SEMG Data were collected by native software using EMGanalyzer (Version
2.10.44.0, BTS Spa, Milan, Italy) and processed using a custom protocol developed in SMARTanalyzer

(Version 1.10.0469 BTS Spa, Milan, Italy).

3.7.1 Kinematics

Data were collected to calculate forearm position relative to the ground and elbow angular
velocity using the IMU (BTS GSensor 2) attached to the wrist. The GSensor provides relative angles to
the global coordinate system (GCS) about the north-east-up reference frame and angular velocity to the
local coordinate reference (LCS) frame. Proprietary sensor fusion algorithms from the onboard IMU that
generate these values have been previously investigated for validity and reliability for various motion
analysis protocols (Kleiner et al., 2018; Kumar et al., 2023; Volkan et al., 2020). For this investigation, the
data collection sample rate was 100 Hz, the acceleration range was set to a maximum of +£2g, and the
gyroscope was set to +250°/s. Kinematic data were smoothed using a low-pass Butterworth filter with a
cut-off frequency of 7 Hz as determined from the residual analysis results (Appendix D). Specifically, the
cut-off frequency was determined by visually inspecting the curve generated by a custom MATLAB
(version 9.13.0 R2022b, Mathworks Inc., Natick, Massachusetts, USA) code of the frequency versus the

residuals of the sagittal angles to determine the point of deflection (Winter, 2009).
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3.7.2 Event Detection

The sagittal plane angular velocity (y-axis of the GCS) of the arm curl movements was
determined by taking the derivative of the sagittal plane angles of the forearm provided by the GSensor
attached at the wrist. Each exercise trial was then trimmed to include only the relevant movement data
from the sensor from the exercise movement. Next, the start of each of the concentric repetitions was
determined when the angular velocity increased in the negative direction of the reference frame from zero
and crossed a pre-established threshold of —10 deg/s. The concentric repetition ended when angular
velocity decreased in the negative reference frame and crossed over the previously mentioned threshold.
The start of the eccentric portion of the repetition was identified when the angular velocity exceeded the
threshold of 10 deg/s, and the completion of the eccentric portion was determined when the angular

velocity decreased back to 10 deg/s (Figure 4).

Eccentric Event Detection Concentric Event Detection

Ang. vel [deg/s]
Ang. vel [deg/s]

20 30 40 50 20 30 40
Time [s] Time [s]

Figure 4. Concentric and eccentric start (green vertical line) and stop (rved vertical line) as determined by crossing
the predetermined reference threshold (blue horizontal line set at -10 deg/s concentric, +10 deg/s eccentric) for the
dumbbell curl.

Verification of the start and end events of the exercise were confirmed by inspecting the video
footage of the trial recorded by a video camera (BTS Vixta50, BTS Spa, Milan, Italy) synced with the
IMU and surface EMG sensors. Inaccurate events (threshold crossings during the repetition or rest
period, errors in movement during the repetition, and “false starts”) from the exercise trial were removed,
and accurate events identifying the proper start and finish of the concentric and eccentric events were
confirmed. The total number of events that were removed for each participant by trial and exercise can be

seen in Table 5.
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Table 5. Total number of events that were removed.

Trial 1 Trial 2 Trial 3 Trial 4 Total
Participant 1 Concentration 4 0 0 0 4
Dumbbell 0 0 0 1 1
Hammer 4 0 6 0 10
Incline 0 0 0 1 1
Participant 2 Concentration 0 0 16 22 38
Dumbbell 2 2 4 0 8
Hammer 0 0 0 0 0
Incline 4 0 6 2 12
Participant 3 Concentration 10 8 2 14 34
Dumbbell 30 2 9 12 53
Hammer 9 1 4 16 30
Incline 38 22 35 40 135
Participant 4 Concentration 2 10 13 6 31
Dumbbell 2 8 18 8 36
Hammer 4 6 2 2 14
Incline 28 30 32 48 138
Participant 5 Concentration 6 2 0 4 12
Dumbbell 4 2 6 2 14
Hammer 4 8 4 0 16
Incline 6 4 8 12 30
Participant 6 Concentration 0 0 0 0 0
Dumbbell 0 2 0 0 2
Hammer 0 0 0 0 0
Incline 0 0 0 0 0
Participant 7 Concentration 12 10 16 10 48
Dumbbell 10 24 14 16 64
Hammer 6 2 12 11 31
Incline 42 43 40 43 168
Participant 8 Concentration 12 12 8 6 38
Dumbbell 2 4 0 4 10
Hammer 10 6 6 10 32
Incline 20 12 4 24 60
Participant 9 Concentration 18 0 12 0 30
Dumbbell 0 0 0 0 0
Hammer 0 0 0 2 2
Incline 0 4 4 2 10
Participant 10 Concentration 6 1 2 8 17
Dumbbell 0 2 4 2 8
Hammer 4 0 2 1 7
Incline 0 3 1 1 5
Participant 11 Concentration 26 0 4 0 30
Dumbbell 0 4 0 0 4
Hammer 0 0 6 0 6
Incline 0 0 34 0 34
Participant 12 Concentration 0 2 0 0 2
Dumbbell 0 0 0 0 0
Hammer 0 0 0 0 0
Incline 2 2 2 2 8
Participant 13 Concentration 4 10 18 4 36
Dumbbell 2 4 0 0 6
Hammer 4 0 2 0 6
Incline 30 20 26 12 88
Participant 14 Concentration 8 6 0 0 14
Dumbbell 6 4 4 0 14
Hammer 4 2 4 8 18
Incline 4 0 8 4 16
Participant 15 Concentration 2 0 0 4 6
Dumbbell 0 0 1 0 1
Hammer 2 0 3 2 7
Incline 0 0 0 0 0

Removed events include threshold crossings during the repetition or rest periods, improper repetitions,
and “false starts”. For each participant, 14 remaining events defined the 7 repetitions used to calculate
SEMG amplitude from the last 4 repetitions of the trial.



3.7.3 SEMG Analysis

Raw SEMG signals (16-bit resolution sampled at 1000 Hz) were first bandpass filtered with a
zero phase, fourth order Butterworth filter between 20 Hz and 450 Hz (Clancy et al., 2002). SEMG linear
envelopes were then calculated and smoothed using the root mean square (RMS) with a 200 ms moving
window (Soderberg & Knutson, 2000). The overall mean SEMG amplitude of the exercise was calculated

by taking the average of the mean RMS values of the last four repetitions during the set.

For normalization purposes, two methods were chosen to reflect relative activation. Using the
peak value of an MVIC is a standard method in SEMG studies examining muscle activation (Besomi et
al., 2020; Burden, 2010). The peak RMS SEMG amplitude of the MVIC was determined by finding the
maximum SEMG RMS amplitude value obtained during the three attempts at maximal activation of the
target muscle. The second normalization method utilized the peak dynamic method (Bolgla & Uhl, 2007;
Sousa et al., 2012), where the peak amplitude value obtained from the last four repetitions performed
during the DBELL was used as the reference value for normalization. Normalizing values to the peak
value instead of an overall mean or the mean value of several peaks represented a more straightforward

interpretation and a better indication of relative activation between normalization methods for this study.

3.8 Statistical Analysis

Descriptive data for the four arm curls, including mean, standard deviation (SD), minimum (min)
and maximum (max) values, range, consistency ICC,, standard error of measurement (SEM), typical
error (TE), coefficient of variation (CV), and minimum detectable change (MDC) were calculated in part
using the psr package in R studio (Huebner et al., 2021). Individual consistency ICC, x values were

calculated in SPSS (version 29.0.1.0, IBM Corporation, USA).

A generalized linear mixed model (GLMM) was performed in R Statistical Software (v4.2.2; R
Core Team 2022, Vienna, Australia) to examine the differences in normalized SEMG amplitude for the
arm curl exercises, trial sessions, and the interaction between trial sessions and arm curl exercises. The

glmmTMB package using a log link, which uses robust methods and optimal model selection, was chosen
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as the preferred model to address data issues, including a positively skewed non-Gaussian distribution,
and to incorporate both fixed and random effects to account for variability in individual responses to the
arm curl exercises and over multiple trials (Brooks et al., 2017). Inspection of concentric and eccentric
angular velocity data revealed a more Gaussian distribution with minimal deviation of residuals from
predicted values. Therefore, a linear mixed model (LMM) from the package Ime4 in R studio (Bates et
al., 2015) was selected to examine the effect of exercise, trial and the interaction between trials and

exercise.

Various mixed models were examined with different combinations of factors, and the following

models were chosen due to the favourable Akaike information criteria (AIC) score:

GLMM € glmmTMB(NormEMG ~ Exercise + Trial + Exercise: Trial + (1|Participant/Trial)

LMM < Ime4(Angular Velocity ~ Exercise + Trial + Exercise:Trial + (1|Participant/Trial)

The MVIC normalized (MVCnorm) and dynamic peak normalized (DYNnorm) SEMG
amplitudes for the CONC, DBELL, HAMM, and INCL were identified as the dependent variables for the
GLMM. Both normalized values are expressed as a ratio of the mean SEMG amplitude of the exercise's
last four repetitions divided by the normalization method's peak value. Angular velocity was defined as
the dependent variable for the LMM in degrees per second, where concentric angular velocity was
negative and eccentric velocity was positive. Both models included a random intercept for each trial
nested within each participant to represent a smaller sample of a larger population of individuals and
training sessions. Fixed effects were the performed exercises, the trials, and the interaction between the
exercises and the trials. Interactions were considered significant if p-values were less than the critical
alpha value of 0.05 (p < 0.05). If significance was found between the fixed factors and the interaction, a
post hoc analysis using a multiple comparison approach with a Tukey's correction factor was performed to

identify where the differences occurred.
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Absolute intraclass correlation coefficients (ICC) were calculated from the GLMM for each
exercise separately to determine variability across the four trial sessions. ICC values were classified as

follows: poor (< 0.4), weak (0.4 - 0.54), moderate (0.55 - 0.69), good (0.7 - 0.84), and excellent (= 0.85)

(Schober et al., 2021). Measures of standardized differences between estimated marginal means to
approximate the equivalent of Cohen’s d effect size in mixed models (Mattan et al., 2020) for contrasts
between exercises and trials were calculated by using the emmeans package (Lenth et al., 2024). In
addition, to determine the influence of the fixed effects of the exercises over the multiple trials on SEMG
amplitude, unadjusted (or conditional) ICC values were subtracted from adjusted ICC values as suggested

by Nakagawa et al. (2017) and described by Alhammound et al. (2022).

For effect size, values between 0 and 0.10 were interpreted as a trivial effect, 0.10 to 0.34 as
small, 0.35 to 0.64 as medium, 0.65 to 1.19 as large, and values of greater than 1.20 as very large
(Schober et al., 2021). A Pearson correlation was performed to test the relationship between the change in
contrast effect sizes between the four exercises over different trials. A correlation of > 0.9 indicates a very
strong correlation, 0.7 — 0.89 a strong correlation, 0.4 — 0.69 a moderate correlation, and < 0.39 a weak
correlation (Schober et al., 2021). For example, a very strong correlation would indicate that the effect
size (the magnitude of the SEMG amplitudes) between the exercises did not change substantially over the

trials and, therefore, could be interpreted as the relationship between exercises being stable over the trials.
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CHAPTER 4: RESULTS

4.1 Descriptive Data

Raincloud plots, combining a density plot, a box and whisker plot, and individual data values for

each exercise over the four trials, are provided in Figures 5 and 6 to visualize the normalized SEMG
values for each exercise.
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Figure 5. Raincloud plots of each exercise and respective trial for SEMG normalized to MVIC.
Density plots represent the data distribution. Box and whisker plots show the median, quartile range,

and minimum and maximum values not including outliers. Dots represent individual data points.
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Figure 6. Raincloud plots of each exercise and the respective trial for SEMG normalized to the dynamic
peak. Density plots represent the data distribution. Box and whisker plots show the median, quartile

range, and minimum and maximum values not including outliers. Dots represent individual data points.

34



Data describing muscle soreness and overall fatigue for participants are presented in Table 6.

Mean soreness level was reported as having very little pain, and fatigue level was reported as having

slight fatigue levels on average for each trial.

Table 6.Participant descriptive data for soreness and fatigue

Participant n Day 1 Day 2 Day 3 Day 4
Soreness Fatigue Soreness Fatigue Soreness Fatigue Soreness Fatigue

Mean (SD) Mean (SD) Mean (SD)  Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Female 3 6.9 (9.7) 22.2(15.1) 6.7 (9.8) 16.6 (15.1) 4.1 (4.5 14.4 (13.7) 10.4 (16.6) 31.9(27.3)
(Trained)
Female 3 9.7 (0.3) 30.7(19.9) 18.3 (4.7) 28.7 (16.6) 18.2 (4.8) 31.5(16) 12.1(7) 19.2 (18.2)
(Untrained)
Male 5 5.6 (9.5) 16.1 (21.4) 4.9 (6) 13.7 (15.9) 8.2 (16.4) 12.1 (15.7) 3.1(4.9) 26.7 (33.5)
(Trained)
Male 4 3.6 (4.1) 16.8 (16) 1.4 (1.7) 28.2 (40) 3.2(2.6) 34.5(21.2) 2.4(1.9) 15.5(19.5)
(Untrained)
All 15 6.1 (6.9) 20.4 (17.3) 7(8.1) 21.2(23.4) 8(10.8) 22.4 (18.5) 6.2 (8.6) 23.3(24.5)

Scale range is from 0 — 100 for both soreness and fatigue where 0 represents no soreness or fatigue and 100
representing unbearable soreness or fatigue. SD = standard deviation. Units are a decimal fraction (ratio) of the
marked line from the start of the scale /length of the scale.

Table 7 presents summary descriptive data for the four arm curls, including mean, standard

deviation (SD), minimum (min) and maximum (max) values, range, consistency ICC,x, standard error of

measurement (SEM), typical error (TE), coefficient of variation (CV), and minimum detectable change

(MDC) across the four trials.

Table 7. Descriptive data of exercises for MVCnorm and DYNnorm

Exercise Mean (SD) Min — max ICCz2k SEM TE Cv MDC
(MVCnorm) (range)
Concentration Curl 0.35(0.14) 0.16-0.81 (0.66) 0.93 0.038 0.069 20 0.104
Dumbbell Curl 0.32 (0.1) 0.16-0.56 (0.41) 0.86 0.035 0.061 19.4 0.099
Hammer Curl 0.27 (0.07) 0.15-0.40 (0.25) 0.81 0.028 0.046 17.2 0.079
Incline Curl 0.31 (0.09) 0.16-0.57 (0.41) 0.90 0.03 0.053 17 0.082
Exercise
(DYNnorm)
Concentration Curl 0.40 (0.12)  0.20-0.75 (0.54) 0.83 0.048 0.079 19.9 0.163
Dumbbell Curl 0.36 (0.05)  0.22-0.46 (0.23) 0.75 0.027 0.041 11.3 0.132
Hammer Curl 0.32(0.08)  0.15-0.54 (0.39) 0.69 0.047 0.065 20.2 0.101
Incline Curl 0.36 (0.07)  0.23-0.56 (0.33) 0.59 0.045 0.06 16.5 0.166

SD = standard deviation. SEM = standard error of measurement. TE = typical error. CV = coefficient of
variation. MDC = minimal detectable change. ICC: = consistency intraclass correlation coefficient. Units are
a decimal fraction (ratio) of the SEMG amplitude/normalized value.
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Consistency measures of ICC,x assesses the degree of similarity between the specific exercise
SEMG amplitudes for that individual. TE is an absolute measurement that describes the variance due to
non-related factors, and although SEM is similar, it incorporates the ICCx values to explain the variance
around the mean; CV is the relative proportion of the TE as a percentage of the mean, and MDC
quantifies the measurement using a 95% confidence interval that the difference in values was not due to
chance (McGinn et al., 2021). Table 8 lists individual demographics for training status, sex, and

consistency ICC,x measures for all exercises.

Table 8. Individual consistency ICCvalues

Participant Demographics MVCnorm Reliability DYNnorm Reliability

D Training Status Sex ICComve 95% CI P ICCyny 95% CI P

1 T M 0.952 [0.755,0.997] <.001 0.939 [0.728, 0.996] <.001
2 T F 0.129 [-3.425,0.94] 382 -0.06* [-0.829, 0.867] 481
3 T F 0.941 [0.7, 0.996] <.001 0.791 [0.223, 0.984] .002
4 U F 0.894 [0.464,0.993] .004 0.842 [0.287, 0.989] .014
5 u F 0.988 [0.937,0.99] <.001 0.865 [0.309, 0.99] <.001
6 T M 0.977 [0.885, 0.998] <.001 0.878 [0.382, 0.997] <.001
7 T M -0.392* [-6.07, 0.904] .566 -0.166* [-0.572, 0.768] 613
8 u M -0.369* [-5.953, 0.905] .559 0.039 [-0.216, 0.79] 373
9 U F 0.964 [0.815,0.997] <.001 0.805 [0.233, 0.985] <.001
10 T M 0.953 [0.761,0.997] <.001 0.875 [0.417,0.991] <.001
11 T M 0.85 [0.239, 0.99] 011 0.362 [-0.02, 0.908] .012
12 u M 0.956 [0.776,0.997] <.001 0.949 [0.766, 0.996] <.001
13 T F 0.658 [-0.737,0.976] .093 0.054 [-0.012, 0.541] .067
14 U M 0.17 [-3.214, 0.943] 362 0.165 [-1.297, 0.929] 346
15 U M 0.799 [-0.021, 0.986] .026 0.7 [0.011, 0.977] .028

ICC ratings are identified as excellent, good, moderate, weak, and poor. * = negative ICC values indicate within
exercise variance was greater than between exercise variances.CI = Confidence Interval.

4.2 Effect of Exercise and Trial on Angular Velocity

There were significant main effects for both concentric (3*(3, N = 60) = 132.95, p <.001) and
eccentric (x*(3, N=60) = 83.94, p < .001) angular velocity across the exercises. Significant main effects
were also seen for the trials for both concentric (y*(3, N = 60) = 8.03, p < .045) and eccentric (y*(3, N =

60) = 20.38, p <.001) angular velocity. Post hoc tests using Tukey’s correction factor revealed that
concentric angular velocity was higher for HAMM (p =.002, ES = 0.636 or large) and INCL (p <.001,

ES =1.067 or large) than CONC. INCL was found to have a significantly higher concentric angular
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velocity than DBELL (p = .02, ES = 0.392 or medium). Eccentric angular velocity was found to be lower
in CONC (p <.037, ES =0.534 — 0.926 or medium to large) than in all other exercises.

Although the ANOVA showed a main effect of the trial on concentric angular velocity, post hoc
analyses using Tukey’s correction factor revealed no significant differences between trials (p > 0.28).

Eccentric angular velocity was higher during trial 4 than in trials 1 (p = 0.008, ES = 0.515 or medium)

and 2 (p = 0.048, ES = 0.053 or trivial). No significant interactions were found between both angular

velocities and the interaction between exercise and trial (p = 0.457).

4.3 Effect of Exercise and Trial on SEMG Amplitude

Figures 7 and 8 illustrate the estimated means along with individual data points of MVCnorm and

DYNnorm, respectively.
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Figure 7. Individual data points for each exercise normalized to an MVIC along with estimated
marginal means over four trials for each exercise.
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Figure 8. Individual data points for each exercise normalized to the dynamic peak along with
estimated mareinal means over four trials for each exercise.
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There was a significant main effect for both MVCnorm (x*(3, N = 60) = 8.35, p = .039) and
DYNnorm (%*(3, N = 60) = 7.88, p = .049) for the arm curl exercises. Post hoc tests using Tukey’s
correction factor and effect size indicated that CONC curl was significantly higher than HAMM for
MVCnorm (p =.023, ES = 0.694 or large) and DYNnorm (p = .031, ES = 0.909 or large). Overall effect
sizes for exercise contrasts and correlations between trials for MVCnorm and DYNnorm are shown in
Tables 9 and 10, respectively. Effect sizes across trials between INCL and DBELL were trivial, medium

to large between CONC and HAMM curl, and small to medium for the remaining comparisons.

Table 9. Relational effect size contrasts for MVCnorm

MVCnorm Effect Size Contrast Pearson Correlation Between Trials (95% CI)
Trial 1 Concentration  Dumbbell Hammer Incline Trial 1x1 Trial 1x2 Trial 1x3 Trial 1x4
Concentration 0 0.341 0.534 0.327
Dumbbell -0.341 0 0.193 -0.014 0.928 0.848 0.899
1 (0.757- (0.534- (0.672-
Hammer -0.534 -0.193 0 -0.207 0.980) 0.956) 0.972)
Incline -0.327 0.014 0.207 0
Trial 2 Trial 2x1 Trial 2x2 Trial 2x3 Trial 2x4
Concentration 0 0.249 0.771 0.308
Dumbbell -0.249 0 0.521 0.058 0.928 0.98 0.997
(0.757- 1 (0.927- (0.990-
Hammer -0.771 -0.521 0 -0.463 0.980) 0.994) 0.999)
Incline -0.308 -0.058 0.463 0
Trial 3 Trial 3x1 Trial 3x2 Trial 3x3 Trial 3x4
Concentration 0 0.128 0.595 0.129
Dumbbell -0.128 0 0.468 0.001 0.848 0.98 0.991
(0.534- (0.927- 1 (0.968-
Hammer -0.595 -0.468 0 -0.466 0.956) 0.994) 0.998)
Incline -0.129 -0.001 0.466 0
Trial 4 Trial 4x1 Trial 4x2 Trial 4x3 Trial 4x4
Concentration 0 0.237 0.876 0.299
Dumbbell -0.237 0 0.639 0.062 0.899 0.997 0.991
(0.672- (0.990- (0.968- 1
Hammer -0.876 -0.639 0 -0.577 0.972) 0.999) 0.998)
Incline -0.299 -0.062 0.577 0

Contrasts indicate comparison of effect size between arm curl exercises for MV Cnorm. Correlations indicate the
strength of the relationship between the effect sizes over corresponding trials.

Pearson correlations between trials were strong to very strong for both MVCnorm (#(10) = 0.848—
0.997, p <.001) , and DYNnorm, (#(10) = 0.833-0.996, p < .001), indicating that the magnitude of the

difference between exercises remained throughout the trials. If a learning effect occurred after the first
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trial, eliminating the first trial correlation values resulted in correlation values > 0.976 (0.976-0.997) or

very strong. Analysis of the effect of the trial on MVCnorm and DYNnorm showed no significant main

effect of the trial. There was no significant exercise:trial interaction effect for SEMG amplitude for both

normalization methods.

Table 10. Relational effect size contrasts for DYNnorm

DYNnorm Effect Size Contrast

Pearson Correlation Between Trials (95% CI)

Trial 1 Concentration Dumbbell Hammer Incline Trial 1x1 Trial 1x2 Trial 1x3 Trial 1x4
Concentration 0 0.468 0.690 0.436
Dbell -0.468 0 0.222 -0.032
1 0.922 0.833 (8223
Hammer -0.690 0.222 0 0.254 (0.74-0.978)  (0.497-0952) ) 467
Incline -0.436 0.032 0.254 0
Trial 2 Trial 2x1 Trial 2x2 Trial 2x3 Trial 2x4
Concentration 0 0.348 0.999 0414
Dbell -0.348 0 0.651 0.066 0.922 0.996
0.976

(0.74- 1 0.915-0.994 (0.985-
Hammer -0.999 -0.651 0 -0.584 0.978) (0.915-0.994) 0.999)
Incline -0.414 -0.066 0.584 0
Trial 3 Trial 3x1 Trial 3x2 Trial 3x3 Trial 3x4
Concentration 0 0.187 0.800 0.175
Dbell -0.187 0 0.613 -0.012 0.833 0.976 0.99

(0.497- 0 91'5 0.994 1 (0.965-
Hammer -0.800 -0.613 0 -0.625 0.952) (0.915-0.994) 0.997)
Incline -0.175 0.012 0.625 0
Trial 4 Trial 4x1 Trial 4x2 Trial 4x3 Trial 4x4
Concentration 0 0.319 1.146 0.401
Dbell -0.319 0 0.828 0.082

¢ (8'2%_ 0.996 0.99 1

Hammer -1.146 -0.828 0 0745 | o967y  (0-985-0999)  (0.965-0.997)
Incline -0.401 -0.082 0.745 0

Contrasts indicate comparison of effect size between arm curl exercises for DYNnorm. Correlations indicate
the strength of the relationship between the effect sizes over corresponding trials.

4.4 Reliability and Repeatability of SEMG over Trials

Reliability and repeatability measurements are shown in Table 11. The arm curl exercises

accounted for a small proportion of the variance in MVCnorm and DY Nnorm (5.8% and 9.1%,

respectively). The trials contributed even less to the variance observed in SEMG amplitudes. In the full

model, the interaction of exercise:trial resulted in a slightly higher contribution to the variances. The

random effects of the participants and trials (R? conditional — R? marginal) contributed the most to the
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variance in both normalization methods. DYNnorm had approximately 15% higher residual variance than

MVCnorm.

Table 11. Reliability and repeatability

MVCnorm DYNnorm
Variance R? 95% CI R? 95% CI
Exercise:Trial
R’ Conditional 0.757 [0.628, 0.858] 0.594 [0.628,0.717]
R’ Marginal 0.073 [0.036, 0212] 0.14 [0.085,0.271
Exercise
R’ Conditional 0.751 [0.57, 0.868] 0.584 [0.439, 0.704]
R’ Marginal 0.058 [0.016, 0.125] 0.091 [0.04, 0.18]
Trial
R? Conditional 0.465 [0.256, 0.596] 0.684 [0.375, 0.807]
R’ Marginal 0.039 [0.002, 0.260] 0.011 [0.001, 0.076]
Reliability ICC 95% CI ICC 95% CI
ICC adjusted 0.738 [0.553,0.877] 0.528 [0.303, 0.676]
ICC unadjusted 0.684 [0.460, 0.844] 0.454 [0.243, 0.583]
ICCfixed 0.054 0.074
ICC by group
Participant 0.597 0.311
Participant:Trial 0.141 0.217
ICCmixed
Concentration 0.818 0.588
Dumbbell 0.654 0.42
Hammer 0.546 0.392
Incline 0.751 0.251
Repeatability R(SE) 95% CI R(SE) 95% CI
Participant 0.543(0.117)* [0.282,0.714] 0.217(0.086)* [0.047, 0.42]
Residual 0.302(0.08) [0.19, 0.484] 0.519(0.075) [0.388, 0.689]
Fixed 0.083(0.038) [0.06, 0.204] 0.151(0.059) [0.123, 0.343]

ICCfixed (ICC adjusted — ICC unadjusted) is an alternative to calculate the effect of the fixed effects (trial and
exercise) on SEMG amplitude. R? conditional represents the variance explained by the model including both fixed
and random effects. R’ marginal represents the variance explained by only the fixed effects. ICCmixed represents
the absolute ICC calculated from the GLMM. * = p <.001

Adjusted ICC values with parametric bootstrapping of 100 samples for MVCnorm and DY Nnorm

indicated moderate reliability. The effect size of the fixed effects of exercise, trial and exercise:trial on

the reliability of MVCnorm and DY Nnorm was trivial (adjusted ICC - unadjusted ICC), and it is
suggested that these fixed factors have a negligible effect on SEMG amplitude and reliability. At the
group level, considering the contribution of random effects to obtaining reliable measurements for

MVCnorm, the participants explained nearly 60% of the variation in values instead of the minor
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contribution of the trials. DY Nnorm reliability suggested higher residual variance from other factors, as
ICC values associated with the participants explained approximately 30% of the variance, while the trial

contribution was slightly over 20%.

Repeatability calculated for within-participant variation considering the interaction of
exercise:trial with parametric bootstrapping of 100 samples for MVCnorm and DYNnorm suggests that
the model prediction values for MVCnorm are more repeatable for participants over trials than
DYNnorm. The model to calculate repeatability using rptR (Stoffel et al., 2017) in RStudio was fitted
with a Gaussian log distribution, where slight deviations were detected in the residuals of the first quantile

for MVCnorm. Therefore, it should be interpreted with caution.

Absolute ICC results calculated from the GLMM (ICCmodel) for each exercise separately ranged
from moderate to good agreement (MVCnorm ICCmodel = 0.546—-0.818) for MVCnorm. DYNnorm
resulted in lower ICC values, ranging from poor to moderate agreement (DY Nnorm ICCmodel = 0.251—
0.588). ICCmodel uses the glmmTMB model to depict ICC values, where values close to 1 indicate the
same SEMG amplitudes for individuals across all trials, but with different absolute values between
participants. ICCmodel values close to 0 suggest that absolute values between participants are the same
and that all the variance of the SEMG amplitude for that exercise is within the individual. ICCmodel
values close to 0.5 indicate equal variance between the individual across trials and that participants have

different absolute values from others (Wiley, 2024).
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CHAPTER 5: DISCUSSION

The main finding of this study is that the exercise ranking determined on the first session
maintains the same relationship across the four trials. In a practical sense, this study aimed to provide
practicing clinicians who prescribe resistance training exercises based on SEMG amplitude information
regarding whether the prescribed exercise would maintain the initial ranking over other exercises and
multiple training sessions. Contrast effect sizes between the arm curl exercises were determined and were
then correlated between trials to answer this question. When all trials were included, correlations were
strong (> 0.835). Correlation values increased and were very strong when the first trial was excluded (>
0.982). Slightly lower correlations for comparisons during trial one over the others may indicate a
learning effect in how the exercises were initially performed. These high correlation values show that the
magnitudes between the exercises for both MVCnorm and DYNnorm stayed similar even though absolute
SEMG amplitudes for each exercise may have varied proportionally on different days, thus maintaining
their rank over the other exercises. This consistent relationship between exercise rank over multiple
training sessions would suggest that practitioners and researchers can be confident that the exercise

selected based on normalized SEMG rank will maintain its position over a training macrocycle.

Although absolute SEMG amplitude varied substantially in response to exercise selection
between individuals and a small amount between trials, the relationship between the exercises for the
biceps brachii and SEMG amplitude remained strong to very strong. The data suggest that normalizing
SEMG amplitude values to an MVIC is more reliable than normalizing to the peak value of a dynamic
movement when considering absolute values. However, both methods maintain the SEMG amplitude
relationship between exercises over multiple trials. In addition, the model suggests that HAMM showed
weak agreement compared to moderate to good agreement for the remaining exercises. There were no

significant trial or exercise:trial differences between SEMG normalization methods.

The CONC was significantly higher than HAMM but not significantly different than INCL or

DBELL. This similarity in SEMG amplitudes is also comparable to Oliveira et al. (2009), where they
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found no significant differences in SEMG amplitudes between the DBELL and the INCL. In addition,
another study also found that CONC SEMG amplitude was significantly higher than a standard supinated
grip dumbbell curl, possibly due to the lack of involvement of the supporting muscle action of the anterior
deltoid (Bagchi & Raizada, 2019). This explanation may be why the CONC resulted in higher SEMG
amplitude in comparison to the other exercises in this study. Although instructions to perform the
exercise movements properly were given to the participants, other factors, such as voluntarily engaging in
co-contraction or “flexing” the muscle while performing the exercise, particularly in the trained
participants, may have resulted in increased SEMG amplitude as well (Maeo et al., 2013; Paoli et al.,

2019).

The HAMM consistently had a lower MVCnorm SEMG amplitude than the other three exercises.
This relative SEMG amplitude also agrees with other studies investigating biceps brachii excitation
between supinated and neutral hand grips (Buchanan et al., 1989; Coratella et al., 2023). Higher biceps
excitation in a supinated grip versus a neutral grip may be explained by higher displacement in the
muscle-tendon junction (Lau et al., 2021) and a necessary higher activation to generate adequate force at a
shorter muscle length in combination with individual muscle synergies (Buchanan et al., 1989). In
contrast to these findings, Kleiber et al. (2015) found no statistical differences in biceps brachii excitation
between supinated and neutral grips. However, this last study only examined unweighted arm flexion and
did not investigate biceps brachii SEMG during dynamic resistance exercise. Kohn et al. (2018) also
found no significant differences in biceps excitation in neutral and supinated grips. Nevertheless, this
study only investigated maximal isometric contractions and may not be comparable to isotonic

movements such as those used in this study.

Significant differences in angular velocity between the CONC and HAMM and the INCL and
HAMM were found. The CONC was performed slower than HAMM, while the INCL curl was
performed faster than the HAMM. This difference is likely due to the presumed shorter displacement the

dumbbell needs to travel in two seconds for each repetition portion, although displacement was not
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directly measured. The exercise with the highest SEMG amplitude had significantly lower angular
velocities when compared to the other exercises, which is somewhat contrary to what has been previously
reported in other studies on SEMG amplitude and velocity on the trunk (Fan et al., 2014) and arm flexors
(Potvin, 1997; Sy & Bugtai, 2014; von Werder & Disselhorst-Klug, 2016). These studies examined the
same movement over different velocities as opposed to different movements over similar velocities that
this study implemented. This finding may support the notion that specific movements may cause
differences in SEMG amplitude when execution speed is similar. However, when angular velocity
measures were added to the model, the explained variance of normalized SEMG amplitude increased by
only an additional 1 to 2%, as indicated by the R-squared values. Due to this trivial effect on SEMG

amplitude, it is unlikely to have had a significant impact.

The overall reliability of SEMG amplitude of MVCnorm was in the higher range of moderate
(ICC = 0.738). This coefficient value is slightly lower than that found in other studies that examined
muscle excitation in the biceps brachii during dynamic contractions (Stock et al., 2010). DYNnorm
reliability (ICC = 0.528) was at the low end of the moderate range and considered less repeatable than
MVCnorm. Differences in reliability and repeatability have been found between MVIC and dynamic
normalization methods (Bolgla & Uhl, 2007) and this was also found in this study, where there was an
approximate difference of 30% in variance between the two methods. A single peak value from multiple
isometric maximal contractions has been found to have better reliability than the mean of several MVICs
(Gaudet et al., 2016); however, compared to dynamic normalization methods, the average obtained from
several dynamic peak measurements is considered more reliable than a single measurement (Burden,
2010). This difference in normalization methods could explain the lower reliability for the DYNnorm
values, as only a single peak value was used to normalize SEMG values from the DBELL. As the only
difference between MVCnorm and DYNnorm was the value used for normalization, using the mean of
several peak values from the DBELL for DYNnorm may have improved reliability when compared to the

MVCnorm. In addition, fluctuations in day-to-day SEMG amplitudes during the DBELL, which was
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found to have moderate reliability when normalized to an MVIC, would have affected the normalized

absolute values in addition to the inter- and intra-individual variations observed.

ICC values calculated from the variances obtained from the GLMM examined the reliability of
each exercise. They showed CONC as the most reliable, followed by INCL, DBELL and HAMM for
MVCnorm. Due to the trivial, fixed effect size of the exercises and the trials for both normalization
methods (ES calculated from ICC of 0.054 — 0.074) on SEMG amplitude and the corresponding large
amount of variance explained by the participants (>68% and >45% for MVCnorm and DY Nnorm
respectively) it is clear there is high heterogeneity across participants, and this may have contributed to
the reliability of the exercises. Rainoldi et al. (1999) also found diverse individual reliability measures
when examining the biceps brachii during isometric contractions at increasing intensities. Average
rectified values (ARV) of the SEMG signal produced by the biceps brachii resulted in poor ICC values
and inconsistent slopes for ARV rate of change. In addition, unlike the repeated measures ANOVA used in
some of the previously mentioned studies, the GLMM used in this investigation may be more applicable
for assessing the suitability of SEMG over repeated measures for exercise prescription. This is because
GLMMs consider not only the effects of the exercise and training sessions, even in non-normal
distributions, but also the random effects of between- and within-individual variations in hierarchical data
(Hayat & Hedlin, 2012). This difference in statistical approach may also have contributed to the findings

when compared to other studies that did not use this approach.

The high participant variability may be due to unique individual muscle recruitment patterns.
Muscle synergies, including for the biceps brachii, have been found to have moderate reliability
depending on the task and the individual (Kristiansen et al., 2016; Taborri, Palermo, et al., 2018).
Specifically, activation of the biceps brachii during arm flexion can show significant inter-individual
differences and is most likely due to muscle morphological differences expressed during changes in joint
angle and moment as well as different recruitment strategies of other muscles to optimize load-sharing

efficiency (Praagman et al., 2008, 2010). As for how this affects exercise prescription, in certain cases it
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may be advisable to evaluate muscle activation individually to more accurately predict the necessary

training adaptations.

Interestingly, descriptive individual ICCs calculated for each participant to help describe the
SEMG amplitude reliability of each exercise over the four trials supported this finding. Just over 65% of
MVCnorm and approximately 50% of DYNnorm ICC;x consistency values were good to excellent. Most
of the remaining values were described as poor, and in some cases, negative values, regardless of training
status. Although negative ICC values may be theoretically impossible in populations (Giraudeau, 1996),
the small sample size involving the individual application in this specific case could result in negative
values and may be interpreted as total disagreement (Costa-Santos et al., 2011; Eldridge et al., 2009). In
practical terms, this can happen when the within-individual exercise variance exceeds the between-
individual variance (Rainoldi et al., 1999; Shieh, 2016). This bimodal distribution suggests that
individuals are either very consistent in their SEMG amplitudes for each exercise or not at all consistent
for the exercises performed. Although the reason for this is unclear, it does not appear to be related to
training status. Pre-existing or genetic predispositions in corticospinal efficiencies and muscle synergy
patterns may have played a role (Cheung et al., 2024; Hutchinson et al., 2018). Additionally, some
participants were directly related (parent/child or sibling relationship), which may have influenced the
distribution of reliability values across participants. This type of bimodal distribution in ICC values may
also have affected the calculations of overall values, and further research into this individual response

may help explain the significant differences.

Lower reliability scores may also be due to variations in exercise execution over the trials.
Although no main and post hoc significant interactions were found for concentric angular velocity
between trials or the interaction between exercises and trials, there was a difference in eccentric velocity
between trial four and the first and second trials. Slight differences in supination, pronation, and shoulder
flexion may also have occurred that were not visually identifiable during the performance of the exercise,

which may have had a role in muscle excitation. In addition, the mean angular velocity does not provide
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insight into the timing of the angular acceleration profiles. For example, a higher initial angular
acceleration may have resulted in a different SEMG profile than a mid-repetition acceleration increase or
a faster deceleration at the end of the movement. Examining these profiles in combination with angular
jerk, defined as the third derivative of the angle or the rate of change of angular acceleration (Eager et al.,
2016), may be an additional variable to investigate the effect of smoothness of movement on SEMG

reliability.

There is a need for more literature that investigates the reliability and repeatability of the
relationship between resistance training exercises. Focus is typically on the normalized amplitude, and
comparisons are then drawn from the relationship of that amplitude to other exercises that target the same
muscle or groups of muscles for an appropriate training adaptation. There is indirect evidence to support
this inference method as a higher SEMG amplitude may infer a more significant stimulus to the motor
units and, consequently, greater tension and workload performed by the muscle fibres within that motor
unit (Ema et al., 2013; Spiliopoulou et al., 2022; Zabaleta-Korta et al., 2021). However, inter- and intra-
individual variation exists in absolute normalized SEMG amplitudes depending on numerous factors and,
therefore, may not be practical to use when selecting a single exercise for long-term rehabilitation,
performance, or aesthetic reasons. Neural adaptations occur rapidly in the first few weeks and plateau
over time (Carroll et al., 2001; Folland & Williams, 2007). This fluctuation in muscle excitation patterns
may affect muscle synergy patterns, ultimately affecting the stimulus on the target muscle. However, in a
practical sense, the relationship between exercises that target a specific muscle for adaptation often allows
the clinician to select the best exercise from a group of exercises to achieve the desired goal for the
individual. Although normalizing to an MVIC is more reliable than using a single peak value from a
reference movement to normalize the signal, this first method has less practicality when used in the field
due to the increased time and effort to perform the MVIC for the involved muscle. Normalizing to a
dynamic movement reduces data collection time, and improved reliability may be obtained by taking an

average of multiple peaks or mean values for each repetition. Regardless of the normalization process, the
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relationship between exercises over the trials shows a high correlation and appears to hold over multiple
sessions. This approach of exercise selection would be the preferred method to rate exercise effectiveness
comparatively rather than estimating muscle excitation as a percentage of a reference value. Although
normalizing the SEMG signal to an MVC may be more reliable for SEMG amplitude values, the dynamic
peak method to normalize the signal may have greater ecological validity in practice as this method is less
time intensive, uses existing data, and has similar results on the stability of the ranking of the exercise

over time.

There are several limitations to this study. As this examination only assessed reliability for
exercises that affect the biceps brachii, different muscle groups with different structural characteristics,
such as muscle fibre pennation angle, innervation zone location, and location of the musculotendon
junction, may alter reliability (Enoka & Duchateau, 2016; Kamen & Caldwell, 1996; Rainoldi et al.,
2000). In addition, a different intensity of contraction may also affect reliability. Participants were asked
to perform the exercises at approximately one third of MVIC, equating to a maximum of 15 — 20
repetitions in practice. This intensity was chosen to decrease the risk of injury and muscle soreness and to
ensure proper exercise execution. However, higher intensities may also decrease (Kellis & Katis, 2008) or

increase (Rainoldi et al., 1999) reliability.

The exercises were also performed at a controlled pace of two seconds for both the full concentric
and eccentric contraction to minimize the effect of velocity on the SEMG amplitude. However, such
restrictions in movement may alter the individual recruitment strategies and affect the SEMG amplitude
(Crouzier et al., 2019) over the trials. Although angular velocity was controlled by having the participants
synchronize the elbow flexion to a metronome, angular acceleration was not controlled. Therefore, it is
conceivable that different participants could have had different acceleration profiles and consequently

generated forces at different rates, thus affecting the recruitment of motor units.

Only four exercises were chosen to be examined. Different exercises may have different

reliability due to differences in muscle synergies and joint moment forces. In addition, this study
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examined only 15 participants from diverse training backgrounds and age demographics. A larger, more
targeted population may have generated different results. Finally, some reliability statistics could not be
calculated using the glmmTMB model to accommodate the skewed data observed for many of the

exercises for both normalized methods. Therefore, some repeatability and reliability statistics should be

interpreted cautiously.

CHAPTER 6: CONCLUSION

Although the absolute SEMG amplitudes for the biceps brachii may vary across different training
sessions, they demonstrate moderate to good reliability when considering the random effects for the
participant and trial. The exercise ranking based on both normalized SEMG amplitude methods remains
consistent, and that relationship strongly correlates with the other trials. Using the peak value from
MVICs to normalize the signal is more reliable than using the single peak of a similar dynamic
movement. However, the reliability of the latter method may be improved by taking the average of
multiple peaks. Using a dynamic movement to normalize may also have greater ecological validity as it
requires less time and effort from the participant than obtaining multiple valid MVICs. Researchers and
clinicians can be confident that the rank order assigned to a resistance training exercise for the biceps
brachii compared to other exercises for the same muscle group will likely remain consistent throughout a
training cycle. However, it is essential to note that other muscles may have different characteristics, and
strength training movements requiring individual muscle synergy patterns may affect reliability.

Therefore, further research is encouraged to examine this relationship.
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Appendix A

%Eﬁ&ﬂjﬁﬂ; Get Active Questionnaire

SCIEMCE ARD FERSORAL TRAINING
CAMADIAN SOCIETY FOR EXERCISE PHYSIOLOGY —
PHYSICAL ACTIVITY TRAIMING FOR HEALTH [CSEP-PATH®

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

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

|:| I am completing this questionnaire for myself.
[ ] 12m completing this questionnaira for my child/dependent as parent/guardian.

PREPARE TO BECOME MORE ACTIVE

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

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

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

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

€ Dizziness or lightheadedness during physical activity?

D Shortness of breath at rest?

E Loss of consciousness/fainting for any reason?

F Concussion?

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

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

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

NO to all questions: go to Page 2 — ASSESS YOUR CURRENT PHYSICAL ACTIVITY sssss+a e

ES to any question: go to Reference Document — ADVICE ON WHAT TO DO IF YOU HAVE A YES RESPONSE « « « Ja)»

2 Caredian Sooaty for Examisa Physiology, 2017. All ights resarved. PAGE 1 OF 2
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%Eﬁﬁ,ﬂlﬁ,ﬁﬂ,ﬁ Get Active Questionnaire

SCHEMCE AKD PERSONRAL TIAINING

ASSESS YOUR CURRENT PHYSICAL ACTIVITY

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

1 During a typical week, on how many days do you do moderate- to vigorous-intensity serobic physical l:l iy
activity (such as brisk walking, cyding or jogging)?
2 On days that you do at least moderate-intensity aerobic physical activity {e.g., brisk walking), l:l e
for how many minutes do you do this activity?
For adults, please multiply your average number of days/week by the average number of minutes/day: I:l s
Canadian 24-Hour Movement Guidelines recommend that adults accumulate at least 150 minutes of moderate- to vigonous-
intensity physical activity per week. For children and youth, at least 40 minutes daily is recommended. Strengthening muscles

and bones at least two times per week for adults, and three times per week for children and youth, is also recommended
(see csep.ca/guidelines).

GENERAL ADVICE FOR BECOMING MORE ACTIVE

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

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

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

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

DECLARATION

To the best of my knowledge, all of the information | have supplied on this questionnaire i comect.
If my health changes, | will compilete this questionnaire again.

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

v Check the box below that applies to you:

| have consulted a health care provider or Qualified Exerdse Professional

{OEP) who has recommended that | become more ically active.
Sign and date the Declaration below « i

D | am comfortable with becoming more physically active on my own
v without consulting a health care provider or QEF.

Mame (+ Name of Parent/Guardian if applicable} [Flease print]  Signature {or Signature of Parent/Guardian if applicable) Date of Birth

Date Email [Dpiiunal] Telephone (optional)

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

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

D Caradian Socaty for Exarcisa Physiology, 2017 Al rghts resarvad. PAGE 2 OF 2
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Appendix B

Research Consent Form

Research Project Title: Assessing Inter-Day Reliability of Surface EMG
Amplitude for Resistance Training Exercise

Selection.
Principal Investigator: Mike Croskery!
Supervisor: Dr. Byan Graham! (613-562-5800 X 1025;
Lanzrabam@uetan.ca)

W niversity of Ottawa, Faculty of Health Sciences, Department of Human
Kinetics, 200 Lees Ave, Ottawa, ON K1NGNS

Health Precautions:

For the safety of both you and the researcher, precautions have been put in place
to try and prevent the spread of COVID-19 and other illnesses. Before ammving at
the location of choice, the researcher will be screened for COVID-19 symptoms
and use hand sanitizer upon entering. The researcher will always wear a mask
during the data collection. All equipment a participant or researcher touched
during the data collection will be wiped down with disinfectant before and after.

Background and Purpose of the Study:

Exercise selection is an essential component in developing an exercise routine that
is comectly matched to an individual's goals. One way to ensure the exercise is
appropmate for the desmred result 1s to measure the mvolved muscles i the
exercise movement with surface electromryography (SEMG). SEMG detects the
electrical activity within the muscle from the skin's surface dunng contraction.
This electnical activity is believed to be related to the strength of the contraction or
"how hard the mmscle is working” during the exercise. Thus, if a nmscle has a
higher level of measured electrical activity, it s thought to have a higher level of
tension, which can be desirable for increasing strength and nmscle size. Various
exercises can challenge the same mmiscle differently, resulting in different muscle
excitation levels or SEMG amplitude. Exercise professionals often lock at the
different levels of SEMG amplitudes from other exercises for the same nmscle
(for example, the biceps in various arm curl exercises of the quadniceps muscle
across multiple leg exercises) and rank them from most to least effective.
However, SEMG amplitudes can vary from day to day depending on various
factors specific to the mdividual, sensor placement. and how the exercise is
performed.

The objective of this study is to evaluate if the surface EMG amplitnde of the
biceps brachi dunng four umlateral resistance traming exercises (umilateral
supmated grip incline curl, and umlateral supmated gnp concentration curl)
measured over four different days is repeatable and reliable encough to use for
from four muscles located on your dominant arm using small SEMG sensors
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along with an inertial measurement unit (IMLU) (about the size of half a pack of playing cards) on
your wrist to detect movement angles during seven repetitions of four different arm curl exercizes
over four other sessions separated by four days (plus or minus one day).

Description of Study Procedures:

You are invited to participate in a study of nmscle activation reliability for the biceps brachii
(mmscle on the front of your upper amm) during four different amm cugl exercises that take place at
a location of yvour choice over five separate sessions separated by four days (phus or minus one
day to allow for conventent scheduling). Each session will take approximately 1 howr and require
moderate to maximal exertion. The first session consists of a practice session to leam the proper
exercise technique and to measure the maximal strength of your biceps mmscle by measuring
how mmch force you can produce while seated with vour elbow bent and stationary at 90 degrees
so that your foreanm is parallel to the ground. This measurement will determine how much
weight vou will be lifting for the exercises, so the weight is approximately one-third the force
you produce.

Dhing the second, third, fourth and fifth sessions, you will be asked to perform the four arm curl
exercises with the selected weight for seven repetitions to the sound of a metronome set at one
beat per second so that each full repetition takes four seconds to complete. Specifically, you will
be asked to lift the weight at a consistent pace. For example. you reach the top of the motion in 2
seconds. With no pause at the top, you lower the weight at the same consistent pace so that youwr
hand is back at the starting position in 2 seconds. After a 2-second panse, you will repeat the
motion for a total of 7 times. Once completed and after a 5-nunute rest, you will perform the
following exercise at the same tempo for the same number of repetitions. This same protocol will
be repeated for the remaining two exercises, so you have completed four arm curl exercises at
the end. The sequence in which you will perform these exercises will be randomized for each
collection day. You will also be recorded by video that is time synchronized to the EMG sensors
and IMU cnly during the exercises' performance to determine the start and stop of each

repetition.

You will be asked to wear a shirt that you are comfortable in to perform exercises that will allow
easy access to vowr upper arm and shoulder on vour dominant side, such as a t-shirt or tank top.
Upon ammival, you will complete a questionnaire asking you to rate your level of muscle soreness
in your upper arm and youwr general energy level or fatigue. Afterwards, your slan will be
prepared for the placement of the EMG sensors by lightly rubbing your skin with an abrasive
skin preparation (like hand cleaner or standard facial scrub lotion) and then cleaned with an
alcohol swab. Two adhesive electrodes attached to the wireless sensor will be placed on the
biceps brachii nmscle (midpoint of the front of the upper arm), brachioradialis (wpper portion of
the top of your forearm), anterior deltoid (fromt portion of the shoulder) and triceps brachii
(midpoint of the back of the upper arm) after marking the location with a senu-permanent
surgical marker. In addition, an IMUT will be secured to the back of your wrist using medical-
grade adhesive and then wrapped in a self-adherent elastic bandage to monitor arm motion
during the exercise.

After completing the four exercises, as previously described, the EMG signals will be
normalized by performing three maximal voluntary contractions separated by adecuate rest for
the four invelved muscles. Two maximal isometric volumtary collections (MVIC) (attempted
flexion and extension) are performed with the elbow bent at 90 degrees with the palm facing up
and down, respectively, and one MVIC in the same position with the palm facing down The last
MVIC is shoulder flexion with the hand in a neutral thumbs-up position. You will be asked to
contract your muscles in these four positions against manmal resistance for approximately 5
seconds for three times. After the maximal contractions, an outline of the electrodes will be
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drawn on your skin using a senu-permanent marker to be able to place the electrodes in the same
place for the following session. This purple-inked marker is designed to stay visible on yowr skin
for up to 5 days vonder everyday hygiene practices. You will be provided with a pen to touch up
the markings in case they begin to fade earlier than this.

As your participation in this study is voluntary, at any time during this stody, you may withdraw
your participation with no consequence. You are encouraged to ask any questions about your
invelvement during this time. All data collection sessions will be supervised by a certified
clinical exercise physiologist with over 25 years of experience in strength and conditioning.

Possible Risks and Discomforts:

You will be performing the arm curl exercises at a submaximal mtensity. At this level of
exertion, you will feel mild to moderate tension on the biceps nmscle, and you could most likely
perform 15 to 20 repetitions to fatigue. However, in this case, you mmust only complete 7 with
adequate rest between exercises. Maximal volontary contractions for the normalization and
maximal force production will require a very high, or maximal intensity to determine the highest
possible EMG amplitude or force your nmscles can generate for 3 to 3 seconds. This high
intensity may be uncomfortable for some, and you may experience temporary discomfort and
fatigne during or immediately after.

Any nisks will be mininvzed by completing a health questionnaire (GET ACTIVE) to screen for
possible contraindications to performing the necessary tasks. You may also reduce risk by
stopping at any time or for any reason dunng the data collection by simply saying, "T wish to
stop." or something like that. As with any exercise participation, there is a risk of muscle strain,
fatigne, and nmscle soreness from performing these movements. Muscle soreness and fatigue
will be monitored for each data collection session. Exercise technigque and maximal assessments
will be assessed by a qualified clinical exercise physiclogist with more than 25 years of
experience in strength testing and prescription to ensure proper execution and safety. The
electrode preparation process may also canse minor skin irntation from the abrasion, alechol
wipe, possible shaving to remove local hair, and the adhesive used to attach the electrodes and
the IMUT to your skin. Any irritation should be temporary and should fade within 2 to 3 days.
Should you expenience significant discomfort, please tell us immediately and seek primary care
from a medical professional on campus (100 Mane Curie, Ottawa, Tel: 613-564-3950) or a
medical professional.

Possible Benefits:

You will not obtain any direct benefits from participating in this study other than a) performing
resistance traimng exercises for the arm flexor mmscle for four sessions and b) obtaining
information that may help in determining which arm curl exercize results in the most significant
EMG amplitude of the biceps brachii nmscle. However, the data collected will help determine if
this exercise selection method is reliable in ranking exercise effectiveness based on EMG
amplitude for performance, rehabilitation. and general fitness training routines.

Voluntary Participation:

Participation in this study is voluntary, and you are not cbligated to participate. You may
withdraw from the study before or during the data collection session without penalty or coercion
and at any time. There are no social obligations to participate in this study, nor will there be any
social or other penalty preventing vou from withdrawing from the study at any point. If you
choose to participate no longer, all your data will be destroyed.

Confidentiality:
Al personal information is kept confidential. Data acquired from this study will be stored
electronically and accessible only by a password known caly to Mike Croskery. Paper study
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records are stored m a locked cabinet and destroyed five years after publication; electrome
records will be deleted. and paper records will be memerated. You will not be identified by name
in amy completed study reports. Your anonymity will be strictly mamtamed Your name will not
1dentify you or be linked to the data collected but mstead will be determined by an mdependent
study mmber (1e. S01).

Compensation:
Participants in this study will receive a $50 gift card to their chosen business after completing the

five sessions. Note: companies that primanly sell aleohel, canmabis, gambling mmplements (Le.,
lottery tickets, scratch tickets), or other substances at the discretion of the University of Ottawa
research team are excluded Should you decide to leave the study before all sessions are
completed, you will receive compensation in the form of a pro-rated gift card at $10 per session.
For example. if you withdraw after completing three sessions, you will receive a gift card to a
business of your choice for $30.

Questions about the Study:

You can ask questions anytime durmg and after the protocol and by contactng the primerpal
mvestigator by email or phone. The University of Ottawa Research Ethics Board has approved
the ethical components of this research project. Should you have any questions regarding the
ethical conduct of this study, you may contact the Protocol Officer for Ethics in Fesearch
University of Ottawa, Tabaret Hall, 550 Cumberland Street, Room 154, Ottawa ON, K1N 6MN3.
Tel : (613) 562-3387 Emal: ethicsiinottawa ca. There are two copies of the consent form, one
of which 15 yours to keep.
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Research Project Title: Assessing Inter-Diay Reliability of Surface Emg Amplitude For
Resistance Training Exercise Selection

[ have read this consent form, and [ agree to participate in the procedures of this study.

Printed Name of Participant

Signature of Participant Date

Investigator Statement (or Person Explaining the Consent):

[ have carefully explained to the research participant the nature of the above research study. To the
best of my kmowledge, the research participant signing this consent form understands the nature,
demands, nsks and benefits involved in participating in this study. [ ackmowledge my
respensibility for the care and well-being of the above research participant, to respect the rights
and wishes of the research participant. and to conduct the study accerding to applicable Good
Clinical Practice guidelines and regulations.

Wame of InvestigatorDeelegate (printed)

Signature of [nvestigator/Delegate Date

Informed Consent to have Picures and Videos Taken:

I consent to have video taken of myself completing the experiment, and understand that no pictures
or video will be taken at anv point without me kmowing. I also understand that if anv of these
pictures are used in a subsequent presentation or publication, that mv face and any other identifiers
will be bhured. Video recordings will be used to verify yowr start and stop times during the
repetitive movements. Mo videos of vourself will be used for presentations or publication and
photographs will be anonymized by obscuring anv facial or other identifiable characteristics. You
cannot participate in the research study without consenting to have pictures and videos taken

Name Date
Signature
Witness Name Witness Signature

Future Participation:

Z 1 am interested in being contacted to participate in future research performed by this
investigator (your contact information will be saved in a password protected file).
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CERTIFICAT D'APPROBATION ETHIQUE | CERTIFICATE OF ETHICS APPROVAL

Numeéro du dossier / Ethics File Number H-11-23-9781

Titre du projet / Project Title ASSESSING INTER-DAY
RELIABILITY OF SURFACE
EMG AMPLITUDE FOR
RESISTANCE TRAINING
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Type de projet / Project Type Thése de maitrise / Master's
thesis

Statut du projet / Project Status Approuvé | Approved

Date d'approbation (jimm/aaaa) / Approval Date (dd'mmiyyyy) 061272023

Date d'expiration (jj/mmiaaaa) / Expiry Date [dd/mmiyyyy) 05122024

Equipe de recherche / Research Team

Chercheur / -
Researcher Affiliation Role

Mike CROSKERY Ecole des sciences de l'activite physique / School of Human Chercheur Principal { Principal

Kinetics Investigator
Ryan GRAHAM Eic;oel;cl:l:s sciences de l'activite physique / School of Human Superviseur { Supervisor

Conditions spéciales ou commentaires / Special conditions or comments
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des participamts.
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06/M12/2023
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Office of Research Ethics and Integrity

The University of Ottawa Fesearch Ethics Board, which
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above-named research project.

Ethics approval is valid for the period indicated sbove and is
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shove-referenced expiry date to request a renewal of this
ethics approval or closure of the Sla.
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the modification(s) enly pertain to adminisrative or logistical
components of the project. Investizators must also prompily
alert the REB of any changes that increase the risk to
participant(s), any changes that considerably affect the
conduct of the project, all unanticipated and harmful events
that ocour, and new information that may negatively affect
the conduct of the project or the safety of the participant(s).

FPour'For Daniel LAGAREC Président{e) du/ Chair of the Comité d'éthique de la recherche en sciences de la santé et
sciences | Health Sciences and Sciences Research Ethics Board
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550 Cumberland Street, Room 154
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Appendix E

Musde Soreness Questionnaire
Visual Analog Scale of Musde Soreness (Cleather & Guthrie, 2007)

* Please draw awertical line on the scale below that best represents your current intensity of
muscle soreness.

MNo Pain Unbearable Pain

Visual Analog Scale For Fatigue (adapted from Lee et al., 1991)

*  Please draw a vertical line on the scale below that best represents your curment level of fatigue.

Mot at all Extremehy tired
tired
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