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Abstract 

Recently it has been suggested that, as children grow, they utilize more of their higher-

threshold (type II) motor units (MU). Such developmental changes in MU utilization can 

potentially underlie many observed physiological differences between children and 

adults. The EMG threshold (EMGTh) is a proposed non-invasive tool to investigate the 

recruitment of type II MU activation. In progressive cycling, children’s EMGTh was 

demonstrated to occur at higher relative workloads compared with adults. However, 

many of the participants did not exhibit a threshold, presumably due to exhaustion at 

relatively low muscle force. By using an isometric contraction protocol to determine 

EMGth, participants will reach  higher relative muscle forces at exhaustion, thus 

facilitating the determination of EMGTh. Twenty-one boys and 21 men participated in the 

study. Participants completed a one repetition maximum (1RM) of knee extension, and 

the progressive isometric contraction protocol, consisting of repetitive isometric 

contractions (5 seconds on, 3 seconds off) at increasing loads: Starting at 25% of 1RM, 

the load increased by 3% 1RM after every five contractions. Using this isometric 

contraction protocol, detection rate of EMGTh was 88.2 % in boys and 90.0 % in men. 

EMGTh occurred at higher relative intensity in boys (56.09% ± 9.42%) compared with 

men (46.16% ± 7.71%). Intra-class correlation coefficients showed that EMGTh is 

moderately reliable from visit 1 to visit 2 in both boys (ICC = 0.70) and men (ICC = 0. 

56). EMGTh occurs at significantly higher exercise intensities in visit 2 (boys 61.85% ± 

8.74%; men 54.45% ± 8.88%) than compared with visit 1 (boys 56.09% ± 9.42%; men 

46.16% ± 7.71%) in both boys and men. Overall the results provide evidence to support 

the use of an isometric contraction protocol to study the EMGTh in children.  
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Introduction 

For many years, we have known that children’s response to exercise is different 

from that of adults’. Children have lower maximal strength (Asai & Aoki, 1996), 

explosive strength (Falk, et al., 2009), anaerobic power (Armstrong, Welsman, & Chia, 

2001), and lactate response (Engel et al., 2015), yet greater muscular endurance (Armatas 

et al., 2010), faster recovery (Hebestreit, Mimura, & Bar-Or, 1993), and VO2 kinetics 

(Fawkner & Armstrong, 2003) compared to adults (See Appendix A, Table 3). We also 

know that as children grow there are changes in body size, muscle fibre composition, 

musculotendinous stiffness, and neurological activation. However, individually these 

factors/changes cannot explain all physiological differences that occur between children 

and adults in the response to exercise.  

An appealing explanation associated with child-adult differences in neurological 

function suggests that children may have a different pattern of motor unit (MU) 

activation. The Differential Motor Unit Activation Hypothesis (DMUAH) states that 

children have a lower ability to utilize higher-threshold (type II) MUs (Dotan et al., 

2012). In each of the observed age-related differences listed above, differential MU 

activation seems to provide a plausible explanation. Unfortunately, the assessment of MU 

activation can be difficult, especially in children.  

Direct measurements of MU activation use invasive techniques (i.e. needle EMG) 

so they are not appropriate to use with children. Instead of these techniques, the 

electromyographic threshold (EMGTh) has become a widely accepted method to assess 

accelerated MU recruitment (Briscoe, Forgach, Trifan, & Malek, 2014; Hug, Laplaud, 

Lucia, & Grelot, 2006; Hug, Laplaud, Savin, & Grélot, 2003; Long et al., 2017; Lucía, 
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Sánchez, Carvajal, & Chicharro, 1999; Pitt et al., 2015). The EMGTh was recently 

assessed in children using a progressive cycling protocol modified from adult studies (Pitt 

et al., 2015; Long et al., 2017). It was found that EMGTh of the children occurred at 

greater relative exercise intensities compared with the adults. However, this protocol did 

not consistently allow for the attainment of high contractile intensities at which the 

EMGTh occurs. Presumably, cycling-specific fatigue caused some participants to 

terminate the test before a high enough muscle force could be reached for EMGTh 

detection. Therefore, the purpose of this project was to use an isometric-based protocol 

which uses repeated, isometric contractions to allow for the attainment of high muscle 

forces required for EMGTh detection. This protocol will be used to better demonstrate the 

EMGTh onset differences already proposed to occur between children and adults. 

Chapter 1: Literature Review 

Child-Adult Differences in Exercise Response Relating to Muscle Performance  

When children are asked to perform a maximal isometric contraction, the force 

they produce is much lower than adults. This is true even after normalizing for body size 

(Asai & Aoki, 1996; De Ste Croix, Deighan, & Armstrong, 2003). Similar differences 

between children and adults are present when examining measures of explosive strength 

(i.e., children are not as explosive as adults: Asai & Aoki, 1996; Cohen et al., 2010; Falk, 

et al., 2009; Falk, et al., 2009b; Grosset, Mora, Lambertz, & Perot, 2005; Waugh, Korff, 

Fath, & Blazevich, 2013). Explosive strength is the rate at which force can be produced 

(Schmidtbleicher, 1992). It is commonly measured by the rate of torque (or force) 

development (RTD), which is the velocity that torque is produced by the muscle (Kline et 

al., 2016). To demonstrate this age-related difference, Falk and colleagues (2009b) had 
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boys and men complete a series of maximal isometric elbow flexion and extension 

movements. They found that, even after normalizing for peak torque and arm cross-

sectional area, the boys’ peak RTD (0.60±0.15 Nm·s-1) was significantly lower than the 

adults’ (0.84 ± 0.15 Nm·s-1). These findings are similar to those of Asai and Aoki (1996). 

The authors suggest that these findings are related to differences in motor unit activation. 

More specifically, to the activation of type-II MU. 

During exercise, children fatigue less and subsequently recover faster than adults 

(Falk & Dotan, 2006; Hebestreit, Mimura, & Bar-Or, 1993). To illustrate this, Hebestriet 

and associates (1993) had boys and men complete a series of two high-intensity exercise 

bouts (30 s Wingate Anaerobic Tests, WAnT), with varying recovery durations between 

bouts. Following the all-out cycling protocol, the children could fully repeat their 

performance within two minutes, while the men couldn’t repeat their performance even 

after 10 minutes. The boys’ faster recovery of performance was accompanied with a 

faster recovery of heart rate (HR), minute ventilation (VE), production of carbon-dioxide 

(VCO2), and oxygen consumption (VO2) (Hebestreit et al., 1993). Children also display 

greater muscle endurance compared to adults (Armatas et al., 2010; Halin, Germain, 

Bercier, Kapitaniak, & Buttelli, 2003; Hebestreit et al., 1993). An individual’s muscular 

endurance can be defined as the number of contractions they can complete in a repetitive 

fashion with a submaximal load (Baumgartner & Jackson, 2007; Miller, 2012). Armatas 

and colleagues (2010) studied this by having children and adults perform repeated 

maximal knee extensions until volitional fatigue. They found that the onset of muscle 

fatigue (determined as a reduction in force produced) was significantly earlier in adults 

(20% of total contractions) compared to children (70% of total contraction). Researchers 
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suggest that children exhibit these characteristics because they have different metabolic 

profiles (i.e. less lactate production: Ratel, Bedu, Hennegrave, Doré, & Duché, 2002) and 

muscular activation patterns (Dotan et al., 2012) compared with adults.   

Anaerobic power reflects the muscle’s ability to produce high force at high 

speeds, presumably using energy from anaerobic metabolism (Haff & Triplett, 2016). 

Children have lower anaerobic power compared with adults (Armstrong, Welsman, & 

Chia, 2001; Davies, Barens, & Godfrey, 1972; Di Prampero & Cerretelli, 1969; Inbar & 

Bar-Or, 1986). This was demonstrated in a longitudinal study by Armstrong and 

colleagues (2001) where the peak anaerobic power of boys and girls was measured at 

ages 12, 13, and 17. They found age-related increases in anaerobic power in both boys 

(121 and 113% respectively) and girls (66 and 60% respectively). They attributed these 

findings to changes in muscle fibre composition (i.e type-I to type-IIX) and increased 

neural activation of motor units. Inbar and Bar-Or (1986) also suggest similar 

mechanisms to explain child-adult differences in anaerobic performance. Furthermore, 

they suggest that qualitative changes in neuromuscular activation during growth may be a 

more comprehensive way to explain these physiological differences (Inbar & Bar-Or, 

1986). However, they do not elaborate on the nature of these qualitative changes. 

Child- Adult Differences Relating to Metabolic Performance  

 

During anaerobic activity, the amount of lactate produced is much less in children 

than in adults (Dotan, Ohana, Bediz, & Falk, 2003; Ratel, Bedu, Hennegrave, Doré, & 

Duché, 2002). Ratel and colleagues (2002) studied the differences in lactate response of 

children and adults by measuring the systemic lactate concentration following repeated 

WAnTs. They found that the men had a 52% higher blood lactate accumulation compared 
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to the boys. They propose that children’s underdeveloped glycolytic capacity explains the 

observed differences in peak lactate production. On the other hand, it is possible that the 

lower lactate production (and presumed under-developed glycolytic capacity) may occur 

as a result of lower utilization of type II MUs. 

The lactate threshold is defined as a non-linear increase of lactate concentration in 

the blood during progressive exercise (McCardle, Katch, & Katch, 2010). This effect is 

an indication of increased reliance on anaerobic metabolism to meet energy demands 

(Haff & Triplett, 2016). Children’s lactate threshold has been found to occur later and at 

greater relative exercise intensities (i.e., higher percent of maximal exercise capacity) 

compared to adults (Mahon et al., 1997; Tanaka & Shindo, 1985). Tanaka and Shindo 

(1985) had boys (6-15yrs) and men (18-23yrs) complete an interval running protocol 

until exhaustion. They found that the lactate threshold of the boys’ occurred at 

significantly higher relative running velocities (i.e. relative intensity) compared with the 

men (boys 181.2 bpm ± 9.2 bpm, men 162 bpm ± 13.5 bpm). They concluded that these 

findings were due to the under developed circulating hormones (i.e. testosterone) of 

children as these hormones play a role in the growth in size of type-II MU and therefore 

affect the production of lactate. Alternatively, a lesser ability to activate type-II MU’s 

could also cause similar child-adult differences in lactate threshold. Klentrou and 

colleagues (2006) used a maximal running test to demonstrate age-related differences in 

VTh, defined as the point at which the increase in VE is greater than the increase in VO2 

consumption (McCardle et al., 2010). They found that the boys’ threshold occurred at a 

significantly higher percentage of VO2max (71.1 ± 8.0%) compared with the men (64.9 ± 

8.0%). They suggest that the observed difference is due to child-adult differences in 
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breathing mechanics and glycolytic capacity. However, from a different perspective, 

these results may also be explained by lower (or later) utilization of type II MUs. 

 The energy systems used to meet metabolic demands during exercise are used to 

different extents by children and adults (Armon, Cooper, Flores, Zanconato, & Barstow, 

1991; Barker, Williams, Jones, & Armstrong, 2011). Such differences may be studied by 

measuring the rate at which oxygen is consumed during the onset of steady state exercise, 

also known as VO2 kinetics. VO2 kinetics are composed of three different phases. The 

initial rise of VO2 is known as phase-I kinetics and reflects the initial translocation of 

blood from the legs to the thorax and the initial rise in cardiac output. Phase-II is the 

exponential rise in VO2  and is mediated by both, a decrease in venous oxygen 

concentration and an increase in blood flow. During steady state exercise, VO2 stabilizes 

and plateaus. This phase reflects muscle oxygen consumption. If exercise intensity is 

above the anaerobic threshold, VO2 slowly increases. This phase is called  phase-III or the 

slow component (Fawkner & Armstrong, 2004). Phase-I kinetics have been found to be 

similar in children and adults (Williams, Carter, Jones, & Doust, 2001). Whereas, 

children have been found to have faster phase II kinetics when compared to adults 

(Williams et al., 2001). These differences may be associated with children having higher 

relative muscle oxidative capacity and type I muscle fiber composition (Barstow, Jones, 

Nguyen, & Casaburi, 1996), and lower activation of type-II MU (Dotan et al., 2012). 

The breakdown of phosphocreatine (PCr) contributes to ATP production and 

utilization, especially during explosive actions, when immediate energy production is 

needed. The rate of PCr breakdown reflects the degree of anaerobic energy production. 

The Pi/PCr ratio is typically used to portray PCr breakdown in the muscle. During high-
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intensity exercise, children’s Pi/PCr increases by a smaller degree compared with adults 

(Zanconato, Buchthal, Barstow, & Cooper, 1993), suggesting that the breakdown of PCr 

during high-intensity exercise is lower in children compared with adults. This finding 

supports the notion that children utilize aerobic metabolism to a greater extent than 

adults. On the other hand, currently, there are conflicting findings regarding the rate of 

PCr recovery in children and adults. Some studies suggest that PCr recovery does not 

differ between children and adults (Kuno et al, 1995), whereas others suggest that 

children recover their PCr stores faster than adults (Barker et al., 2008; Taylor et al., 

1997). Children’s PCr and VO2 kinetics have also been found to be closely related 

(Barker et al., 2008). Both, PCr and VO2 kinetics may be related to the pattern of MU 

activation, specifically to the use of type II MUs.  

Lastly, children metabolize relatively more fats at all relative exercise intensities 

compared to adults (Martinez & Haymes, 1992; Timmons, Bar-Or, & Riddell, 2003). 

Riddell and colleagues (2008) demonstrated that the peak rate of fat oxidation in pre-

pubertal boys is roughly two times faster than men’s. It also occurs at a relatively higher 

exercise intensity in boys and adolescents (47 and 65% of VO2 max) compared to men 

(27 to 37% of VO2 max). This suggests that children can oxidize fats for longer and at 

higher exercise intensities compared to adults. Riddell and associates (2008) explain their 

results with evidence suggesting that children have increased intramuscular triglyceride 

stores (Berg, Kim, & Keul, 1986) and an underdeveloped glycolytic system (Delamarche 

et al., 1992). Thus, leading to a greater reliance on fat oxidation for aerobic energy 

production. However, these results may also be explained by a greater reliance on type I 

MUs. 
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Possible Explanations for Child-Adult Differences in Muscle Performance and 

Metabolism  

 

There are several explanations that may contribute to the observed physiological 

differences in the response to exercise between children and adults. Changes in body size, 

agonist-antagonist co-activation, intra-muscular synchronization, muscle composition, 

and voluntary MU activation during growth can each explain some of the above 

differences between children and adults (see Appendix A, Table 4). However, none of 

these individual explanations contribute to all of the differences mentioned above, as seen 

in Table 2. In comparison, the DMUAH seems to underlie all of the above mentioned 

differences between children and adults (Dotan et al., 2012). This is illustrated in Figure 1 

and further detailed below. 

 

 Figure 1. Schematic representation of the possible explanations to selected child-

adult differences exercise response and metabolism (middle row). Yellow boxes indicate 

muscle-related differences and blue boxes indicate metabolism-related differences 

(middle row). The first row includes the potential explanations in the current literature, 

each of which may explain some, but not all child-adult differences. The dashed lines 

indicate that the potential explanation only partially explains the child-adult difference in 

the exercise response, and there are other factors which need to be considered. The 

differential motor unit activation hypothesis is the only potential explanation which can 

explain (at least partly) all of the observed child-adult differences in muscle performance 

and metabolism (bottom row). 
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The sections below discuss the possible factors explaining child-adult differences in 

muscle performance. Specifically, these include differences in body (and muscle) size, 

muscle fibre distribution, musculo-tendinous stiffness and finally, neurological function 

involving MU activation. 

Body Size  

 

Observed increases in muscle strength (isometric and explosive) as children mature 

may be attributed to changes in body size, and particularly in muscle mass during growth. 

Correspondingly, these changes in size are associated with hypertrophy (i.e. increase in 

muscle fibre diameter), which leads to an increased contractile potential of muscle. 

However, even after all changes in size are considered, children’s maximal force is still 

lower when compared to adults (Falk, et al., 2009b). This suggests that, although body 

size does account for some of the increases in strength, there must be other factors to 

consider. Asmussen and Heeboll-Nielsen (1955) were the first to suggest that 

neurological maturation may contribute to the differences which are unaccounted for by 

the changes in size.  

Musculotendinous Stiffness and Compliance  

 

Muscle and elastic properties related to musculotendinous stiffness are critical for the 

development of explosive force and force propagation to bones. This factor has been 

thought to contribute to the differences in explosive strength seen between children and 

adults. Tendon stiffness has been found to increase during growth (Lambert et al., 2003). 

Such increases affect RTD and electromechanical delay (EMD; Cavanagh & Komi, 

1979). EMD is defined as the delay between the onset of muscle electrical activity and 

the onset of force production (Kamen & Gabriel, 2010). Shorter EMD is associated with 
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greater explosive strength (Grosset, Piscione, Lambertz, & Pérot, 2009). 

Musculotendinous stiffness affects the elongation of the muscle. After the muscle reaches 

its length potential (usually with in the first ~200ms; Andersen & Aagaard, 2006), 

musculotendinous stiffness will have no more effect on RTD. Therefore, differences in 

musculotendinous stiffness may contribute to the differences in explosive strength 

between children and adults, but not to other muscle performance differences, such as 

differences in maximal strength. Furthermore, as illustrated by Dotan et al. (2012), 

potential differences in musculotendinous stiffness between children and adults can only 

partly explain the age-related difference in RTD. Therefore, other factors must be at play. 

Muscle Fibre Composition 

  

Changes in muscle fibre distribution during growth are not well documented. This 

is because direct analysis of fibre composition (i.e., muscle biopsies) involves obvious 

ethical limitations in children. Only a few studies have examined age-related differences 

in muscle fibre composition directly (Glenmark, Hedberg, & Jansson, 1992; Jansson, 

1996; Lexell & Downham, 1991). Other scholarly works, assess muscle fibre distribution 

using less invasive techniques, such as contractile characteristics (i.e., twitch contraction 

and half-relaxation time; Grosset et al., 2005). There is a lack of agreement in the existing 

literature on age-related changes in muscle fibre composition. Some studies suggest that 

there are minimal changes in fibre composition, if any (Glenmark et al., 1992; Kanehisa, 

Yata, Ikegawa, & Fukunaga, 1995), and others suggest there is up to a 10% increase in 

type-II fibre composition during growth (Jansson, 1996; Lexell & Downham, 1991). On 

the other hand, several studies have shown that contractile characteristics such as 

contraction time and half-relaxation are similar in children and adults (Belanger & 
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McComas, 1989; Bell, MacDougall, Billeter, & Howald, 1980; Brooke & Engel, 1969; 

Davies, White, & Young, 1983; Pääsuke, Ereline, & Gapeyeva, 2000; Vogler & Bove, 

1985), suggesting that muscle fibre composition is not altered during growth. Although 

an increase in type II muscle fibre composition during growth would relate to most of the 

child-adult differences, the potential extent of this increase, is unknown. Notably, even a 

10% increase in type II muscle fibres is insufficient to explain observed child-adult 

differences in RTD (Dotan et al. 2012). Therefore, there must still be other underlying 

factors. 

Neuromuscular Activation 

 

 There are several aspects of neuromuscular activation (e.g., agonist-antagonist 

co-activation, voluntary recruitment of the motor unit pool, and potential differential 

motor unit activation) which differ between children and adults. Some of these factors 

provide explanations for children’s different physiological response to exercise compared 

with adults.  

Agonist-Antagonist Co-Activation  

Co-activation occurs when both agonist and antagonist muscles are active at the 

same time (Frost, Dowling, Dyson, & Bar-Or, 1997).  During dynamic contractions, co-

activation has been found to be higher in children compared to adults and has been 

suggested to inhibit children’s ability to produce force (Frost et al., 1997). Frost and 

colleauges (1997) demonstrated this by using a series of progressive walking and running 

intervals (i.e. dynamic muscle movements) in males of 3 different age groups. They 

found that the younger males exhibited greater co-contraction and had higher oxygen 

consumption compared to the adult participants. However, a different study used 
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isometric contractions to measure age-related differences in co-activation (Kellis & 

Unnithan, 1999). They found that co-activation was similar in children and adults. 

Therefore, the use of isometric contractions may be advantageous when studying 

differences in neuromotor activation between children and adults, because it eliminates 

the issue of co-contraction. However, in isometric contractions, muscle strength is still 

lower in children compared with adults (Falk et al., 2009a). These finding indicate that 

co-activation does not explain all the child-adult differences. 

Voluntary Motor Unit Activation 

  

The number of MU’s which children can voluntarily activate during maximal 

contraction is lower than adults (O’Brian et al., 2010). Using evoked potentials (i.e. 

interpolated twitch technique), researchers can assess the extent of activation of the MU 

pool. O’Brien and colleagues (2010) used magnetic muscle stimulation to assess child-

adult differences in the proportion of total MU’s which can be activated voluntarily. To 

measure the activation deficit, both children and adults performed a maximal knee 

extension, followed by maximal extension with a superimposed twitch. The 

superimposed twitch allows 100% of MU’s to become active. They found that the 

percentage of the total MU pool which children activated volunarily was lower  (71.54% 

± 12.2%) than the percentage activated by the adults (86.64% ± 7.95%). These results 

suggest that lower voluntary activation could account for some, but not all of the of the 

observed child-adult differences. For example, lower voluntary activation can potentially 

fully explain children’s lower maximal strength compared to adults, but it can only 

partially account for child-adult differences found for explosive strength or peak lactate 

response.  
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Dotan et al. (2012) suggested that a more specific analysis of voluntary MU 

activation may help further explain most child-adult differences. Their suggestion is 

based on the following reasoning: If MU’s are recruited in an orderly fashion, as 

suggested by the Henneman’s size principle (1985), and if children voluntarily recruit 

less MUs, it stands to reason that children may not be able to activate as many type-II 

MUs compared with adults.  

Type-II Motor Unit Activation  

 

The Differential Motor-Unit Activation Hypothesis (DMUAH) suggests that 

children utilize their type-II MU to a lesser extent compared to adults (Dotan et al., 

2012). This hypothesis is attractive as it seems to underlie most observed differences 

between children and adults, as outlined above (Figure. 1). More specifically, this 

hypothesis suggests that children may have different rate coding and activation patterns 

compared to adults. Currently, there are no studies directly assessing differential MU 

activation in children as techniques are invasive. Despite this, there is a vast amount of 

evidence which indirectly supports this hypothesis (Dotan, 2016). Below, is a discussion 

of some of the current literature which supports the DMUAH. 

Child-adult differences in muscle performance such as strength, explosive 

strength, and recovery can all be explained by lower activation of type-II MU. Type-II 

fibres are large in diameter and have high myosin ATPase activity. This means that they 

can produce large forces at relatively fast speeds (McCardle et al., 2010). Whereas, type-I 

fibres can contract repeatedly without fatigue at submaximal loads. This is because the 

fibres have a high capacity for aerobic energy production (McCardle et al., 2010). If 

children rely on type I MUs more, it would explain their lower fatigability (i.e., higher 
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endurance). Likewise, if children activate type-II MU’s to a lesser extent, they will be 

less capable of producing explosive contractions of high force.  

There is also EMG-derived evidence to support the DMUAH. First, the rate of 

rise of an EMG signal (Q30) describes the rate of MU activation (Corcos, Gottlieb, 

Gerald, & Agarwal, Gyan, 1989). The Q30 is the area under the rectified EMG signal for 

the first 30 milliseconds after the onset of the rise of the EMG signal. Integrated EMG is 

the area under a rectified and filtered EMG curve. It has been suggested that the Q30 is 

highly correlated with RTD (Gottlieb, Gerald, Corcos, Daniel, & Agarwal, Gyan, 1989). 

This suggests that those with a high Q30 also have high rates of MU activation, leading to 

higher RTD, or more explosive contractions. The Q30 has been found to be lower in 

children compared to adults (Cohen et al., 2010; Falk, et al., 2009). A higher Q30 may be 

due to several factors, including higher MU synchronization, increased activation of 

higher-threshold MU’s, or enhanced rate-coding of high-threshold MU (Gabriel, Basford, 

& An, 2001). A lower activation of type-II MU, or lower rate coding in children would 

explain their lower Q30.  

Mean power frequency (MPF) is another EMG-derived measure which provides 

evidence to support the DMUAH. The MPF is the weighted mean of the EMG signal’s 

power spectrum. The MPF is related to muscle fibre distribution (Komi & Tesch, 1979). 

Namely, higher proportion of type-II muscle fibres is associated with higher MPF. The 

MPF is commonly measured during fatiguing protocols, and has also been found to 

decrease with fatigue (Arendt-Nielsen & Mills, 1985). Individuals that have an earlier 

and more rapid drop in MPF, have a greater reliance on type-II fibres (e.g. resistance vs. 

endurance trained; Beck et al., 2007). Age-related differences in MPF reduction have 
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been studied by Halin and colleagues (2003) during a fatigue trial. They found that the 

reduction in MPF occurred significantly later in boys compared to men. The minimal 

drop in MPF seen in the children suggests that children relied less on type-II MU during 

fatiguing exercise compared with adults, thus, supporting the DMUAH.  

 Metabolic differences between children and adults such as lower lactate 

production, faster VO2 kinetics, and greater fat metabolism during exercise may also be 

explained by a lower utilization of type-II MU. Activation of a greater proportion of type-

I MU would result in lower lactate accumulation and greater reliance on fat metabolism 

(see section: Child-Adult Differences Related to Metabolic Performance). Additionally, 

analysis of VO2 kinetics demonstrates children’s faster phase-II kinetics which reflects 

greater reliance on aerobic metabolism or use of type-I MUs. Thus, metabolic differences 

between children and adults are also in line with the DMUAH. 

The Electromyographic Threshold 

 

  The electromyographic threshold (EMGTh) uses surface electromyography to 

provide a safe and non-invasive tool to investigate the accelerated recruitment of high-

threshold MU’s. The threshold is defined as the point at which the EMG signal increases 

in a non-linear fashion (Miyashita & Kanehisa, 1980; Moritani & DeVries, 1978).  It is 

well accepted that the EMGTh indicates an accelerated recruitment of higher-threshold 

(type-II) MU’s (Miyashita & Kanehisa, 1980; Taylor & Bronks, 1996). An example of an 

EMGTh is illustrated in Figure 2. There are several advantages of the EMGTh that make it 

an attractive method over other techniques (i.e. needle EMG) for assessing MU 

recruitment. First, the EMGTh is appropriate to measure in children, as the surface 

electrodes required to collect the data are non-invasive. Secondly, the electrical signal’s 
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amplitude can be scaled and expressed as a percentage of the amplitude at maximal force. 

This allows for a comparison between individuals of different sizes and different 

maximal strength. This eliminates any error that would come from directly comparing the 

signal’s amplitude.   

Figure 2. Example of EMG Threshold. Root mean squared EMG amplitude over time during 

a ramped cycling protocol in an adult male. The point where the signal increases in a 

non-linear direction indicates the EMGTh (Pitt et al. 2015). 

 

The EMGTh is based on two fundamental principles: 1) MU’s are recruited from 

small (generally, type-I) to large (generally, type-II), as suggested by Hennamen (1985); 

and 2) additional MU’s, specifically those of a higher threshold, are recruited as lower-

threshold MU’s become fatigued (Edwards & Lippold, 1956; Petrofsky, 1979). 

Histochemistry and the measurement of muscle fibre conduction velocity (MFCV) have 

been used to directly assess these principles. Histochemical techniques involve the use of 

dyes and special markers to assess the content of different agents (e.g. glycogen) in the 

muscle samples. Vollestad, Nina, Vaage, and Hermansen (1984) used these techniques to 

measure the glycogen content in individual muscle fibres of men during a continuous 

cycling protocol. In line with Henneman's (1985) principle, they found that glycogen 

depleted in type-I and type-IIA fibres (~ 40 minutes) before type- IIAB and type-IIB 
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fibres (120-140 minutes). Since glycogen first depleted in type-I and type-IIA fibres it 

suggests that that there is an increase in the activation of type-IIAB and type-IIB fibres 

with the onset of fatigue. These findings support the idea that muscle fibres are recruited 

in an orderly fashion from type-I to type-IIB.  

The measurement of changes in MFCV during progressive exercise protocols can 

be used to provide evidence for the founding principles of EMGTh. The MFCV is the 

speed at which a muscle fibre action potential propagates down the muscle fibre (Kamen 

& Gabriel, 2010). Type-II MU’s have higher MFCV, which is attributable to their large 

diameter. Previous researchers have used MFCV to assess MU recruitment (Arendt-

Nielsen & Mills, 1985; Sbriccoli et al., 2009). For example, Sbriccoli and colleagues 

(2009) demonstrated that during an incremental cycling test until exhaustion, as exercise 

intensity increased so did MFCV. Furthermore, Farnia and colleagues (2004) also 

documented a rise in MFCV with different workloads (i.e. 100% and 50% of lactate 

threshold) and cycling speeds and suggested that the rise is MFCV is due to the 

recruitment of higher-threshold MU’s. Alternatively, during a sustained static knee 

extension to fatigue, Matsuda et al. (1999) found that MFCV decreases over time 

(Masuda, Masuda, Sadoyama, Inaki, & Katsuta, 1999). The researchers suggested that 

this decrease is due a decrease in intracellular pH, caused by the accumulation of lactic 

acid. They also found that during the sustained contraction, EMG amplitude increased in 

a non-linear fashion over-time. Although MFCV is decreasing the metabolic and EMG 

amplitude response suggest that type-II MU are being recruited, further supporting the 

notion that the EMGTh does in-fact reflect the accelerated activation of type-II MU’s.   
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Several modes of exercise have been used to successfully measure EMGTh in 

adults, including treadmill running (Guffey, Gervasi, Maes, & Malek, 2012), rowing 

(Mäestu et al., 2006), incremental leg extensions (De Ruiter, Hamacher, & Wolfs, 2016), 

repeated elbow flexions (De Souza, Oliveira, & Gonçalves, 2009) and, most commonly, 

cycle ergometry (Ertl, Kruse, & Tilp, 2016; Hug et al., 2006). All of these studies 

examine the EMGTh in adults only. Recently, two studies used a cycling protocol to 

examine the differences in EMGTh between children and adults (Long et al., 2017; Pitt et 

al., 2015). One of the findings in these studies was the relatively large number of young 

participants who did not display a threshold (21.5% of the boys and 45% of the girls), 

suggesting that a cycling protocol may not be ideal for the detection of EMGTh in 

children. The researchers attributed the low detection rate to the possibility that the 

cycling protocol resulted in systemic fatigue, while the local muscle force (of the knee 

extensors) was relatively low. Since the EMG signal is affected by the produced force 

(i.e., higher EMG amplitude with higher exercise intensities), ceasing the test ‘early’ or at 

low exercises intensities may result in the EMGTh not being detected. Nevertheless, 

relative to the peak power produced during cycling, EMGTh occurred at relatively greater 

exercise intensity in the children (86.4%Pmax, boys; 94.8%Pmax, girls) compared to adults 

(79.7%Pmax, men; 88.4%Pmax women). These results support the DMUAH by suggesting 

that children utilize their type-II MU at a later stage (or to a lower extent) compared with 

the adult participants.  

Relationship Between EMG Threshold and Metabolism-Related Thresholds 

 

 The EMGTh has been related to other metabolic thresholds such as, lactate 

(Candotti et al., 2008), and anaerobic and ventilatory thresholds (Hug et al., 2003). 
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Additionally other physiological characteristics, such as the onset of blood lactate 

accumulation (OBLA) and VO2 max (De Ruiter et al., 2016) have also been linked to the 

EMGTh. These relationships have primarily been studied in adults, using various cycling 

protocols. Some studies have proposed that the EMGTh can be used as a non-invasive tool 

to measure lactate and ventilatory thresholds (Hug et al., 2003; Matsumoto, Ito, & 

Moritani, 1991; Taylor & Bronks, 1996). For example, a study by (Taylor & Bronks, 

1996) demonstrated a high correlation (r= 0.995) between EMG and lactate thresholds in 

trained men. These results are similar to findings by Matsumoto, Ito, and Moritani (1991) 

who also found a strong correlation between the EMGTh and anaerobic threshold (r = 

0.823) in female college athletes.  

Similar to adults, children also display physiological thresholds (e.g. lactate, 

ventilatory and EMG thresholds). The association between these thresholds in children is 

unknown. Pitt and colleagues (2014) were the first to measure the EMGTh in children. 

They compared their results to other studies that independently measured the lactate (De 

Souza et al., 2009) and ventilatory threshold (Klentrou et al., 2006) in children. These 

studies found that the children’s lactate and ventilatory thresholds occur at ~60-70% of 

their VO2peak. In contrast, Pitt et al., (2015) determined that EMGTh in children occurred at 

close to 100% of their VO2peak. Thus, in children, the occurrence of these thresholds may 

be at different relative exercise intensities and the correlation between them is unknown. 

It is important to remember that the EMGTh is a local neuromuscular phenomenon, 

whereas the lactate and ventilatory thresholds are systemic phenomena. With this in 

mind, the exercise intensity at which these thresholds occur might not be similar, 

although physiologically, they may be related to one another.    



20 
 

Factors That Affect the EMG Signal  

 

The ability to record a clear EMG signal is critical when trying to determine the 

EMGTh. There are several factors that influence or affect the signal. The thickness of 

subcutaneous fat, and cross-talk, are the primary factors which affect the quality of the 

EMG signal. 

Subcutaneous Fat 

  

The amount of subcutaneous fat has consequential effects on the quality of the 

signal recorded. Both muscle and fat tissue have a low-pass filtering effect on the 

electrical signal (De La Barrera & Milner, 1994; Kuiken, Lowery, & Stoykov, 2003; 

Rosenfalck, 1969). For example, Kuiken and associates (2003) used an arm model to 

compare the quality of an EMG signal under different depths of fat tissue. They 

compared 3 and 9 mm conditions against a model with no fat tissue. When two different 

thickness of fat tissues (3mm and 9mm) were compared with the non-fat tissue model, it 

was found that the root mean squared (RMS) of the signal amplitude was reduced by 31.1 

and 90.0 %, respectively. (Kuiken et al., 2003). Additionally, as the thickness increased, 

the noise created from cross talk was amplified. Healthy children and adults, especially 

males, have similar fat tissue thickness in the lower limbs (Tanner, 1981), so it is not 

expected to be a major limitation to the comparison of the EMG signal from the lower-

limb muscles between males of different age groups.   

Cross-talk 

  

Cross-talk is a phenomenon that may affect the EMG signal as a result of 

electrical activity from surrounding muscles being detected within the recording volume 

of the sensor (Farina, Merletti, & Enoka, 2012). Cross-talk can artificially increase and 
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lengthen the EMG signal amplitude. The degree of cross-talk within the signal can be 

measured by calculating the cross-correlation coefficient between two recordings 

(Winter, Fuglevand, & Archer, 1994). A large coefficient indicates high cross-talk within 

the signal. Cross-talk generally presents itself in the low frequency spectrum, because the 

source is located farther from the sensors. Currently, the best method for the removal of 

crosstalk is unclear. Some researchers suggest a high-pass filter; however, this method 

may be inappropriate, depending on the bandwidth of the cross-talk (Farnia, Merletti, & 

Enoka, 2012). Other researchers suggest that a spatial filter may be a better way to 

eliminate cross-talk. However, this method is not currently validated (Farnia, Merletti, & 

Enoka, 2012). The presence of cross-talk in children is thought to be higher than adults. 

Due to children’s smaller size, the EMG sensor covers a relatively larger portion of 

muscle compared to adults. Cross-talk can be minimized when the electrodes are 

appropriately placed, according to established guidelines (e.g. SENIAM).  

Factors That Could Affect The EMG Threshold 

 

There are several factors that may interfere with or affect the detection and/or the 

determination of EMGTh. They include, muscular fatigue, muscle fibre composition, the 

exercise protocol, exercise mode, body position, muscle examined, age/maturation, and 

training status. 

Internal Factors 

 

Muscular Fatigue  

 

Fatigue affects many aspects of muscle performance. EMG data can describe 

neurological aspects of fatigue. The MFCV and MPF have been found to decrease with 
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the onset of fatigue. This decrease in MPF and MFCV could be due to the inability to 

recruit type-II fibres (Young and Mayer, 1981). Since type-II fibres propagate quickly 

and are characterized by high-frequency waves, when fatigued, these characteristics 

would diminish, leading to a decrease in the MPF and MFCV. Thus, the detection of the 

EMGTh may be compromised when the muscle is fatigued. For example, if an individual 

is unable to yield a contraction of high force at the termination of the testing procedures, 

the EMGTh may not be detected as it has not been reached yet.  

 

Muscle Fibre Composition  

 

As discussed earlier, most of the research suggests that muscle fibres composition 

does not significantly change during growth. However, some studies suggest that type-II 

muscle fibres composition can increase up to ~10% during growth (Jansson, 1996; Lexell 

& Downham, 1991). Since the EMG signal is created from the summation of muscle 

fibre action potentials, the composition of the fibres within the recording volume could 

have an overall effect on the signal amplitude (Kupa, Roy, Kandarian, & De Luca, 1995). 

An increase of type-II fibre composition with age may lead to an earlier recruitment of 

type-II MU. This will result in EMGTh occurring at lower relative exercise intensity.  

Training Status 

 

 Resistance training has been found cause changes in neuromotor function (e.g. 

increased conduction velocity and MU activation; Gabriel et al., 2001) Such changes 

could influence the onset of an EMGTh. A study by De Souza and colleauges, (2009) 

examined the effect of 8 weeks of resistance training on the EMGTh and found no 

changes in EMGTh from pre- to post-training. However, the training stimulus may have 
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been ineffective as MVC did not change throughout the duration of the study. 

Conversely, others suggest that training, or sport participation history can affect the onset 

of EMGTh (Chwalbinska-Moneta, Hanninen, & Penttila, 1994). A study by Chwalbinska 

and colleagues (1994) reported that  EMGTh occurred earlier and at lower exercise 

intensities in elite sprinters compared with endurance athletes. They suggested that the 

sprinters may have accelerated recruitment of type-II fibres, in accordance with the 

explosive nature of their sport, resulting in an earlier EMGTh. Note, however, that muscle 

fibre composition was not examined in this study. Nevertheless, the study suggests that 

training background may affect the onset of EMGTh. 

Age/Maturation 

  

The DMUAH suggests that children utilize their type II MU to a lesser extent than 

adults. In this case, age/maturation will have an effect on the EMGTh. Two studies from 

our lab found age-related differences in EMGTh (Long et al., 2017; Pitt et al., 2015). That 

is, it appears that EMGTh in adults occurs at relatively lower exercise intensities 

compared to children, suggesting that children utilize their type-II MU’s to a lesser 

extent. However, as mentioned above, since the EMGTh could not be detected in many of 

the children, this finding needs to be confirmed.  

 

External Factors 

 

Exercise Protocol 

 

 As discussed above, progressive protocols are typically used to detect the 

EMGTh. In a progressive protocol, the exercise intensity generally begins low and 
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increases over time by increasing the load (e.g., resistance, velocity, grade). These 

changes may occur in a stepwise or ramped fashion. Both approaches (i.e. stepwise or 

ramped) have been used successfully to detect EMGTh in adults while cycling (Candotti 

et al., 2008; Hug et al., 2006; Long et al., 2017; Lucía et al., 1999; Pitt et al., 2015). 

DeRuiter and Colleagues used a ramped and stepwise isometric based protocol to detect 

EMGTh in young men. Between the two protocols they found no differences in EMGTh 

onset (stepwise 31.1% ± 7.6% MVC; ramped 30.5% ± 6.2% MVC). Thus, either a ramp 

or stepwise exercise protocol may be used to detect the EMGTh. 

Body Position  

 

Changes in body position can alter the ability to produce force, affecting the EMG 

signal (Dorel, Couturier, & Hug, 2009; Li & Caldwell, 1998). To date, the effect of body 

position on EMG has been studied exclusively in cycling. For example, Li and Caldwell 

(1998) assessed the EMG at six different locations at the leg and hip during a simulated 

seated and standing up-hill cycle climb. The results showed that the EMG amplitude was 

greater during the standing versus seated climb, specifically, for the muscles located 

around the hip (i.e. rectus femoris and gluteus maximus). Therefore, when comparing 

EMGTh between individuals, it is critical to maintain a standardized body position.  

Muscle Examined  

 

The ability to reliably detect EMGTh can differ, depending on the muscle 

analyzed. During a fatiguing cycling test, Hug, Laplaud, Lucia, and Grelot (2006) used 

surface EMG to detect EMGTh in eight different muscles. They found that the vastus 

lateralis (VL) was the only muscle where a threshold could be detected 100% of the time. 
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Other muscles such as the gastrocnemius medialis and the rectus femoris showed less 

reliability, as a threshold was only detected 50 and 33% of the time, respectively. The 

differences in detection rate between muscles can be explained by muscle adaptations 

that occur from activities of daily living. Postural muscles (e.g. gastrocnemius medialis) 

are required to perform repeated muscular contractions to maintain balance. These types 

of muscles generally have a higher amount of type-I fibres (Schiaffino & Reggiani, 

2011). Based on the characteristics of type-I muscle fibre discussed above, in any given 

task these muscles may not develop the critical force that is needed for the detection of 

EMGTh. In cycling knee (and extension), the VL has also been shown to have high levels 

of muscle fiber utilization and neuromuscular activity (Hug et al., 2006).  

Exercise Mode 

  

As mentioned above, many different types of exercise modes have been used to 

detect EMGTh. Currently, cycle ergometry is the only exercise mode used with children 

for the detection of EMGTh (Long et al., 2017; Pitt et al., 2015). However, a threshold 

could not be detected in many of the children. This may be attributed, as mentioned 

above, to the onset of systemic fatigue before participants could generate a high muscle 

force. That is, if the force produced by the foot on the peddles was less than the critical 

force at the EMGTh, the latter would not be detected. In order to address these issues, we 

have developed an isometric-based protocol that allows participants to achieve a high 

muscle force before reaching exhaustion. 

Reliability of EMG Threshold 

The reliability of the EMGTh onset has never been examined in children. Studies 

in adults suggest that the EMGTh phenomena is a reliable measurement (Taylor & 
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Bronks, 1995) specifically, when assessed in the vastus lateralis during cycling (Hug et 

al., 2006). Hug and colleagues (2006) measured the reliability of EMGTh in eight lower 

limb muscles. Participants completed two identical cycling trials separated by three days. 

They measured reliability by calculating the coefficient of variation (CV) (i.e. standard 

deviation/mean) for the EMGTh for visit 1 and 2 followed by a more detailed analysis 

using Bland and Altman plots. They determined that the VL was the only muscle for 

EMGTh to be detected in 100% participants for both visits, however the CV and standard 

error was relatively greater than the other muscles examined. On the other hand, the 

vastus medialis had a slightly lower detection rate (85%) but had a lower relative CV and 

standard error. Since the detection of EMGTh seemed to be problematic for previous 

studies measuring EMGTh in children we have decided to focus on EMGTh reliability in 

the VL. With the development of our isometric contraction protocol test-retest reliability 

is important for the use of this protocol in future studies.  

Purpose 

 

The purpose of this study was to elucidate whether an isometric-based protocol, 

facilitating higher contractile intensities, would improve EMGTh detection and 

child−adult differentiation. 

Hypotheses 

 

Based on the previous literature we hypothesize: 

1) Children will demonstrate an EMGTh at a greater percent of their maximal 

force (1RM) compared to adults. 
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2) By using a muscle-group-specific isometric contraction protocol, the detection 

rate of the EMGth in children will be greater than in previously used 

progressive cycling protocols. 

3) EMGTh detection will be reliable between two visits and the reliability of the 

EMGTh onset will be similar in boys and men.  

Significance 

 

The hypothesized results will provide further evidence for the EMGTh phenomenon 

and provide a better understanding of MU activation in children. The proposed protocol 

could be instrumental in future studies examining patterns of muscle activation following 

various exercise interventions. These include, strength training or physiotherapy 

treatment in both healthy and clinical populations.  

Chapter 2: Methods 

Design 

 The current study is a cross-sectional comparison of the relative force at which 

EMGTh occurs between boys and men. The study will consist of two independent sample 

groups (i.e. boys and men) undergoing the same experimental procedures.  

Participants     

                                                          

Participants included 21 children (10.13 ± 1.07 years) and 21 adults (23.29 ± 2.67 

years). Participants were excluded from the study if they; 1) had consumed any 

medications in the past year which may affect neurological function, 2) had any prior 

injuries or medical diagnoses associated with altered neuromuscular function, 3) had a 

lower limb injury or an injury that would limit the movements required for the test, and 4) 

had answered “Yes” to any of the questions on the Medical Screening Questionnaire 
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(Appendix B). None of the participants met any of the exclusion criteria.  Data from three 

of the boys were excluded from analysis because the participants were not able to 

complete the testing procedures (e.g., did not reach volitional exhaustion or could not 

hold an isometric contraction for the required amount of time). Data from two of the men 

were also excluded from the analysis, because their 1RM could not be detected in the first 

visit due to technical/weight limitations of the dynamometer. 

Table 1 below describes the participants’ physical characteristics. Out of the 19 

boys included, the self-assessed pubertal stage ranged from stage 1 to 3. Six boys 

assessed themselves to be at stage 1, 11 boys assessed themselves to be at stage 2, and 

one boy assessed himself to be at stage 3. One boy did not feel comfortable completing 

the questionnaire. The boys habitually participated in significantly more physical activity 

than the men (t (39) = 3.778, p < .001). Seventeen of the boys were part of a competitive 

soccer club which met 2-4 times per week 12 months of the year for practices and games. 

The boys also participated in many recreational activities (i.e. hockey, lacrosse, 

swimming), and none were trained endurance athletes. Many of the men had engaged in 

competitive sports in the past (e.g., hockey, soccer, baseball, running and bodybuilding), 

but none were trained endurance athletes. Around the time of testing most of the men 

were recreationally active because they were engaged in regular strength training 

programs (2-3 x per week).  
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Table 1. Participants’ Characteristics 

Note. All group differences were analyzed using independent sampled T-tests.  

p<0.01 is marked with an* 

p<0.001 is marked with an ** 

 

Procedures 

 

All tests and measurements were performed during two visits to the Applied 

Physiology Laboratory, at Brock University. During the first visit, participants (and 

guardian if they were under the age of 18) were verbally informed of all the tests and 

procedures involved in the study and any questions or requests for clarifications were 

addressed. Participants (or guardian if they were under the age of 18) provided written 

consent (assent if under the age of 18) to participate in the study. Next, participants 

completed a series of questionnaires regarding medical history, athletic training history, 

physical activity habits, and pubertal stage (pubertal stage assessment was only 

administered to children: Tanner, 1962). Next, anthropometric measurements including 

height, seated height (children only), and body compositional measurements using the 

Bioelectrical Impedance Assessment (BIA) were performed.  

 Boys Men 

Age (years) ** 10.3 ± 1.2 23.3 ± 2.7 

Years from PHV (years) -3.0 ± 0.7 N/A 

Height (cm)** 143.7 ± 7.5 177.92 ± 7.1 

Weight (kg)** 34.5 ± 7.3 76.9 ± 11.9 

Body Fat Percentage (%)* 10.7 ± 7.1 16.0 ± 6.3 

Muscle CSA (cm2)** 1.89 ± 1.29 6.63 ± 4.70 

Physical Activity (Score)** 124.1 ± 51.0 67.4 ± 45.0 
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Following the questionnaires and anthropometric measurements, EMG sensors 

were applied to the participant’s skin using double-sided tape. Once the sensors were 

secured, the dynamometer was fit to the participant’s size (e.g., height, leg length). All the 

settings were recorded to ensure the same setup was used for the second visit. Once 

participants were ready, they completed a warm up consisting of repeated leg extensions. 

The warm up included 4 sets of 10, 8, 5, and 3 repetitions at increasing loads. The children 

started at a load of 2.5 lbs and increased by 2.5 lbs every set. Adults’ started at a load of 15 

lbs and increased by 5-10 lbs each set. After a short rest (1-2 minutes) the participants 

started the knee extension 1RM protocol (1RM: see protocols section for more details). 

Lastly, once 1RM was determined participants were given a 4-6 minute recovery period, 

followed by the progressive protocol for the determination of the EMGTh. Following this 

protocol, participants completed a cool down by cycling for ~2 minutes. One to two weeks 

later participants returned for visit 2. 

During the second visit, participants repeated all the procedures they completed in 

visit 1, with the exception of the questionnaires and the anthropometrics listed above. Prior 

to 1RM and EMGTh determination, muscle diameter was measured using ultrasound. 

Following these measurements, the EMG sensors were placed in the same locations as visit 

1 (based on the measurements from visit 1). Next, as with the first visit, the participants 

completed a warm-up and short habituation period before the re-assessment of maximal 

leg strength. Once the participants were ready, they performed the EMGTh protocol as they 

did in visit one (see below for protocol).  

 

 



31 
 

Measurements 

 

All measurements were performed by the same investigator, thus eliminating 

inter-observer variability.  

 

Body Stature  

 

Standing and seated (children only) height were measured to the nearest 0.1cm 

using Ellard Instrumentation Ltd. Stadiometer.  

Mass 

 

When determining the mass of the participants, they first removed shoes and all 

clothing that may significantly affect their weight (e.g. sweater, jacket, sweat pants). 

Using a digital scale (InBody 520, Biospace CO., Ltd), body mass was measured to the 

nearest 0.1 kg. 

Bio-Electrical Impedance (BIA) 

 

Body composition (i.e., body fat percentage) was assessed using BIA. The BIA 

device measures various body compositional characteristics by creating a weak electrical 

current (800μA, 50kHz) that passes from electrodes situated on the hand to electrodes on 

the foot. Based on the speed at which these signals pass through the body the 

compositional measurements can be calculated. When participants arrived, they were 

asked about their hydration status and asked to urinate before the measurements were 

completed with the BIA.  
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Muscle Diameter  

 

Muscle diameter of the VL was measured using an 8L-RS Mhz linear-array probe 

on a real-time ultrasound system (Vivid-1, GE Medical Systems, Horten, Norway). Muscle 

diameter was used to calculate muscle cross-sectional area. Participants were asked to lie 

in a relaxed supine position with their toes pointed upwards for the measurements. The 

imaging site for measurement of the VL were the same locations for the placement of the 

EMG electrode (i.e., SENIAM guidelines). The ultrasound probe was placed perpendicular 

to the muscle fibres of the VL.  Muscle diameter was measured as the distance between the 

deepest aspect of the subcutaneous fat tissue and superficial aspect of muscle connective 

tissue of the vastus intermedialis. During this measurement the ultrasound probe was held 

in place with light pressure to allow for full contact with the skin, but not so much to cause 

the muscle to become compressed. The site was imaged 3 times and the median value was 

used for analysis. In cases where a measurement was beyond 1 mm of the others, an 

additional measurement was made.  

Questionnaires  

 

Medical History 

 

The Brock Applied Physiology Research Group Medical Screening Questionnaire 

was used to screen for the participant’s ability to participate in the study (see Appendix 

B).  

Leisure-Time Physical Activity 

 

The participants habitual physical activity was determined using the Godin-

Shephard leisure-time exercise questionnaire (Godin-Shephard, 1985; see Appendix C). 
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Training History 

 

Participants who reported a previous history of sports training, were asked to 

complete an additional questionnaire to determine the level and extent of their current 

sport training. The training questionnaire is a fillable chart which asks the participants 

about the specific sports they have played in the past and present, how many hours they 

have contributed to these sports, and whether their participation was competitive or 

recreational in nature. At times, further questions were asked by the researcher to clarify 

the nature of these training practices (see Appendix D). 

Pubertal Stage 

  

Pubertal status was self-assessed by the boys based on secondary sex 

characteristics (i.e., pubic hair) as outlined by Tanner (1962). The questionnaire was 

completed in a private space to avoid embarrassment. Once complete, the questionnaire 

was placed in an envelope by the child and handed straight to the researcher (see 

Appendix E). 

Exercise Protocols 

 

All exercise protocols (1RM and isometric contraction protocol) were performed 

on the same purpose-built dynamometer (see Appendix F for details). This dynamometer 

was built to allow for the small increases in resistance needed for the progressive 

protocol, specifically for the children.  

Maximal Strength (1RM) Protocol  

 

Participants were positioned and secured in the Biodex chair with their right leg 

secured to the dynamometer. The resting hip was at 90° and the knee was at 110-120° 
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angles. The initial load was set as the load at the last warm-up set (i.e., ~ 15 lbs for 

children and ~ 50 lbs for adults). Once the participants were ready, they was asked to 

extend their right knee to a height high enough to lift the weight box from its resting 

platform (~5-10; see Appendix F). Weight was added or eliminated from the weight box 

of the dynamometer until participants could only perform one repetition of the motion. A 

rest of 1 minute was given between repetitions. The maximal strength was determined 

within 3-6 repetitions. 

Progressive Isometric Contraction (EMGTh Protocol)  

 

The progressive, intermittent, isometric contraction protocol was modified from a 

protocol recently used in adults (De Ruiter et al., 2016). De Ruiter and associates (2016) 

designed a progressive stepwise protocol that consisted of repeated knee extensions. In 

their study, participants completed repeated contractions at a rate of 3 seconds on and 2 

seconds off, starting at 25% of their maximal voluntary contraction (MVC), the intensity 

increased by 2% of their maximum every 30 seconds, until volitional fatigue (De Ruiter 

et al., 2016). Through extensive pilot testing with both boys and men, we modified the 

protocol to allow for better protocol adherence and EMGTh detection, particularly in the 

boys. We also had to adjust for various technical factors caused by the differences in the 

testing devices used between studies. (i.e., Cybex vs. Modified Dynamometer). The 

developed isometric contraction protocol for the current study is as follows: The initial 

load was 25% 1RM, at which participants completed five repetitive isometric 

contractions at a rate of 5 seconds on and 3 seconds off. This was followed by a 30 

second rest where the load was increased by 3% 1RM. Participants completed this pattern 

until volitional exhaustion.  
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EMG/Goniometer Set-up and Signal Recording 

 

EMG was recorded using tripolar surface electrodes located on the VL. The VL 

has been shown to be the most reliable muscles to exhibit an EMGTh in adults (Hug et al., 

2006). Signals were collected using a Computer-Based Oscillograph and Data 

Acquisition System (EMGworks Acquisition, Delsys Inc., Boston, MA). EMG data was 

collected at a rate of 1000Hz and band-pass filtered (20‒450 Hz) using the Bagnoli-4 

bioamplifier (Delsys Inc., Boston, MA). Before placement of the electrodes, the skin was 

prepared by shaving (if necessary) and rubbing the skin around the electrode placement 

sites with alcohol and an exfoliant gel to remove any dirt or oil. Once the skin was 

cleaned, the sensors were placed according to SENIAM guidelines for the VL. 

Specifically, the sensor for the VL was placed 2/3 (66.67%) the distance between the 

superior border of the patella and the anterior superior spina iliaca. Sensors were held in 

place by double sided adhesive tape placed both directly on the skin and over the 

electrodes casing. The reference electrode was placed over a boney process located on the 

seventh cervical vertebrae. 

An electro-goniometer (S700/S720 Joint Angle SHAPE SENSOR, Measurand 

Inc., Fredericton, NB, Canada) was used to collect data on the participants’ leg position. 

The device was fastened to the base and the arm of the purpose-built dynamometer (see 

Appendix F). Traditionally, the electro-goniometer is placed directly on the participant’s 

leg. However, we chose to place it directly on the testing device so that there was 

minimal interference from the purpose-built dynamometer and so that it is standardized 

for all participants. Similar to the collection of EMG signal, goniometer data was 

collected using a Computer-Based Oscillograph and Data Acquisition System 
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(EMGworks Acquisition, Delsys Inc., Boston, MA). Goniometer data was collected at a 

rate of 1000Hz and band-pass filtered (20‒450 Hz) using the Bagnoli-4 bioamplifier 

(Delsys Inc., Boston, MA). 

 

Data Analysis 

EMG Data Reduction and Analysis 

Once the data was collected, the reduction and analysis of the raw EMG data was 

completed using MATLAB v. 2017a. All data (i.e., EMG and goniometer) were filtered 

with a fourth-order Butterworth filter. Once filtered, the EMG and goniometer trace was 

cut to only include the isometric contraction protocol. Next, the function ‘Peakfinder’ 

(Yoder, 2011) was run through the goniometer data to determine the start of each 

isometric contraction (Figure 4). The root mean square (RMS) of each contraction 

(RMScontract) was then calculated over a 2 second window where the goniometer data was 

the most stable (i.e., lowest variance). All RMScontract values were then exported to 

Microsoft Excel for further reduction (Figure 5). Once in Excel, RMScontract values greater 

than ± 2 standard deviations (SD) away from the mean of the other four points in the 

respective load were eliminated (five contractions were performed at each load). 

RMScontract values are averaged within each load (RMSmean; Figure 6). If the last RMSmean 

value was lower than the previous value, it was eliminated. Using RMSmean values, 2 to 3 

potential EMGTh’s in each test were visually identified. The RMSmean and the respective 

%1RM’s values were then imported into Prisms GraphPad software, where a segmental 

regression was used to determine the lowest sum of squares (for the determination of 

EMGTh; Figure 7). A segmental regression creates two linear regression lines around a set 

constraint point (visually identified thresholds). Once all potential thresholds and points ± 
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2 %1RM around the visually identified threshold had been examined, the data series with 

the lowest sum of squares was used for the determination of the threshold. The lowest 

sum of squares is a numerical representation which describes the regression which results 

in the smallest sum of squares residuals. Next, the data were plotted in Excel and two 

linear regressions were determined around the point which presented the lowest sum of 

squares, as found by GraphPad.  

RMSmean values were then scanned for outliers. An outlier was determined to be 

greater than ± 2.00 SD away from the respective regression line. However, if it was 

evident that there was more than one potential outlier, stricter criteria were applied. These 

criteria were as follows: Greater than ± 3.00 SD of the respective regression line for two 

potential outliers, and greater than ± 4.00 SD of the respective regression line for three 

potential outliers. If the RMSmean points were detected as outliers, they were removed 

from the data set, and the regression lines were re-plotted to fit the remaining RMSmean 

Figure 3. Goniometer Trace of Single Stage (five contractions) as there is a rise 

in the position trace (blue), EMG amplitude (red) also rises. RMS was 

calculated over a 2 second window, where the position trace is most stable. 



38 
 

data. Among the boys who had a detected threshold, 13 single and four pairs of RMSmean 

points were considered outliers in tests from the first visit, while 10 single and two pairs 

of RMSmean points were considered outliers in tests from the second visit. Among the 

men, 11 single and 3 pairs of RMSmean points were considered outliers in tests from the 

first visit, and 9 single points were considered outliers in tests from the second visit. For 

each participant, there were 10 to 20 RMSmean points. The maximal number of RMSmean 

points which were considered outliers per participant was 3 (15 to 30% of the RMSmean 

points respectively). 

Figure 5. RMScontract (y-axis) for each contraction (x-axis). As the contraction 

number increases so does RMS. On the left is a boy, and on the right a man. 

 

Figure 4. Goniometer trace marking the change in position during the 

progressive test with ‘peakfinder’ function (red circles) indicating the start of 

each contraction.  



39 
 

 

EMG Threshold Determination 

Following data reduction, as described above, the EMGTh was determined at the 

point at which the 2 regression lines cross (Figure 8).  The EMGTh was then normalized to 

the highest 1RM that was achieved in the two visits (expressed as a percentage of 1RM).  

 

 

Figure 7. Example of an adult’s RMSmean (y-axis) and exercise intensity, expressed as 

%1RM (x-axis). Graph is produced through Prism GraphPad. The two lines are the two 

linear regressions where the least sum of squares (LSS) of all combinations of 

regressions is the lowest. 40.19 is the %1RM at which the EMGTh is detected using 

GraphPad. 

 

Figure 6. RMSmean (y-axis) over %1RM (x-axis). RMS increases as exercise 

intensity increases. On the left is a boy and on the right a man. 
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Statistical Analysis 

Independent t-tests were used to assess differences in demographic variables 

between groups. An independent t-test was used to examine age-related differences in 

EMGTh, expressed as a percentage of maximal strength. Only thresholds identified in visit 

1 were used for the determination of differences in EMGTh onset between boys and men. 

Intraclass correlation coefficients (ICC), the coefficient of variation (CV), and Bland-

Altman plots were used to assess test-retest reliability of EMGTh onset between visit 1 

and visit 2 in boys and men. The CV was calculated for each group by dividing the 

standard deviation of the difference in EMGTh between visit 1 and 2 by the mean of visit 

1 and 2. Participants were only included in the analysis for reliability if they had an 

identifiable threshold in both, visit 1 and visit 2 (n= 12 boys, n= 14 men). Chi-squared 

statistics were used to compare the detection rates of EMGTh between the cycling 

protocol conducted by Pitt and colleagues (2015) and the isometric contraction protocol. 

Figure 8. RMSmean graphed over %1RM. The placement of the two regression lines 

were determined from least sum of squares analysis done in GraphPad. The EMGTh 

was then calculated as the point where the two regression lines cross 
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Two-way repeated measures ANOVA’s were used to assess group and visit differences 

for both EMGTh and 1RM. Statistical analyses were conducted using SPSS version 23 

(IBM, 2013). All data appear as mean ± standard deviation. Significance was determined 

at p <0.05. 

Chapter 3: Results 

 Table 2 below describes the participants’ performance characteristics (i.e., 

maximal strength (1RM) and EMGTh). In general, the boys were smaller and lighter than 

the men.  After accounting for differences in body mass, men’s maximal strength (1 RM) 

was still greater than the boys’ 1RM (t(31) = 3.69, p<.001). During the progressive 

isometric contraction protocol, the boy’s load at volitional exhaustion was at greater 

relative exercise intensities compared to the men (t(31) = 3.81, p < .001). This is 

expected because children have better muscular endurance than adults (Zafeiridis et al., 

2005). 

Table 2. Participants’ Muscle Performance Measures 

Note. All group differences were analyzed using independent sampled T-tests.  

p<0.001 is marked with an ** 

 Boys Men 

1RM    

           Absolute (Kg)** 11.2 ± 2.6 34.2 ± 4.1 

           Relative to 1RM (Kg/Kg)** .31 ± .06 .41 ± .06 

Load at EMGTh  

 

  

           Relative to 1RM (%)**  56.1 ± 9.2 45.3 ± 7.6 

Load at Exhaustion    

           Absolute (Stage) 17.5 ± 2.5 16.3 ± 3.0 

           Relative to 1RM (%1RM)** 82.3 ± 8.2 70.4 ± 9.6 
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Out of all participants that completed the study, 16/18 (88.9%) of the boys and 

17/19 (90%) men had identifiable thresholds (in visit 1). The detection rate was not 

significantly different between boys and men (ꭓ2
39 [1] =.03,  p = .87). Although the 

detection rate in boys appears higher than previous studies (88.9% in the current study vs. 

78% in Pitt et al. 2015), the difference did not reach statistical significance (ꭓ2
41 [1] =.81 , 

p = .37).  

Among those participants who demonstrated a threshold in visit 1, the group 

means showed boy’s EMGTh occurred at statistically higher relative exercise intensities 

compared with men (t(33) = 3.72, p < .001) (Figure 9). Among the participants, 14/18 

boys and 15/19 men made two visits to the lab. Of the participants who made two visits 

to the lab, 12 boys (86%) and 13 men (87%) had a detectable threshold in both visits. 

Moreover, it should be noted that all the participants who did not have a detectable 

EMGTh in visit 1, had an EMGTh in visit 2, thus EMGTh detection was 100% for both 

boys and men. EMGTh occurred at significantly higher exercise intensity in visit 2 (boys 

61.85% ± 8.74%; men 54.45% ± 8.88%) compared with visit 1 (boys 56.47% ± 8.82%; 

men 46.83% ± 7.59%) for both the boys and men (F (1, 23) = 19.86, p < 0.001). 

Furthermore, the EMGTh change is significantly larger for the men compared with boys 

(F(1, 24) = 7.65, p < 0.01). For both the boys and men, 1RM also significantly increased 

from visit 1 to visit 2 (boys 0.27 kg, men 2.46 kg; F(1, 23) = 18.74, p < 0.001). The 

men’s 1 RM was significantly greater compared with the boys’ (F(1,23) = 245.95 p < 

0.001). Additionally, an interaction was found between group and visit (F(1,23) = 12.15 p 

< 0.05). Test-retest reliability of EMGTh onset between visit 1 and visit 2 was moderate in 

both groups, with boys’ reliability being slightly greater (ICC = .70, p < .01) than the 
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men’s (ICC = .56, p < .05). A Fishers’ test presented no statistical difference in test-retest 

reliability between boys and men (z = 1.27, p > .05). The coefficient of variation of boys 

was 11.48% and 15.20% for the men, suggesting there were high degrees of variation in 

each group’s EMGTh between visit 1 and visit 2.  

Figure 10. Bland-Altman Plots of the mean EMGTh for visit 1 and visit 2 for the boys 

(left) and the men (right). The black line is the mean difference between visit 1 and 2. 

The green line is +2SD of the difference between visit 1 and 2. The red line is -2SD of 

the difference between visit 1 and 2. The individual data points lie within ± 2SD from 

the mean. 

Figure 9. Mean (and SD) intensity, at which EMGTh occurred expressed as %1RM. * 

= significant difference between groups. 
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Chapter 4: Discussion 

One of the main findings of the study is the significantly higher relative EMGTh in the 

boys compared with the men. The disparity in EMGTh between boys and men in the 

present study (~ 10%) is nearly twice that was seen with cycling protocols (~6%) (Pitt et 

al., 2015). Secondly, the use of an isometric-based protocol seems to be slightly better 

(although not significant) at eliciting a detectable EMGTh in children, and for measuring 

age-related differences in EMGTh. Lastly, the reliability of the isometric-based protocol 

appears to be moderate in both boys and men, thus providing preliminary support for the 

use of this protocol in future studies for measuring differences between children and 

adults.  

Similar to previous studies measuring the child-adult EMGTh differences (Pitt et al., 

2015; Long et al., 2017), the current study demonstrates that boys exhibit an EMGTh at 

higher relative exercise intensity compared with men. However, in the current study the 

boys-men difference in EMGTh onset was ~10%. This is greater than the ~ 6% boys-men 

difference reported by Pitt and colleagues (2015). It is possible that the higher boys-men 

EMGTh difference in the current study is due to the use of the isometric-based protocol. 

As explained by Pitt et al. (2015) and Long et al. (2017), limitations of the cycling 

protocol are that muscle forces required to elicit an EMGTh are sufficiently high, and may 

not be attained during volitional cycling to exhaustion as muscle forces at this time are 

typically ~50-60% of maximum (Hug & Dorel, 2009). In the present study, the use of the 

isometric-based protocol, men volitionally reached forces ~75% 1RM and boys reached 

~84% 1RM (Table 2). This is much higher than the force produced during volitional 

exhaustion in cycling. Thus, the isometric contraction protocol, as used in the present 

study, appears to be better suited to examine the EMGTh in the knee extensors, 
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particularly among participants in whom EMGTh occurs at a high relative exercise 

intensity. An EMGTh at high relative intensity is expected in endurance athletes, those 

with relatively high type-I muscle fibre composition and, in accordance with the 

DMUAH, in children. 

In the current study, EMGTh occurred at 45.10% ± 7.43 in the men, which is higher 

than reported by DeRuiter in colleagues (2016) (30.5% max) in young men during a 

progressive isometric contraction protocol. This discrepancy in EMGTh onset may be due 

to the differences in duration and number of contractions in the two protocols. In the 

current study, participants completed five 5-seconds contractions at each load for a total 

of 50 to 100 contractions in 670 to 1340 seconds respectively. In contrast, in the protocol 

used by DeRuiter et al. (2016), participants completed 3-seconds contractions with 2 

seconds rest continuously with the load increasing every 30 seconds (6 contractions) for a 

total of about 120 contractions in 630 seconds. Thus, in the latter protocol, participants 

completed a much greater number of contractions in a shorter duration. Thus, it may be 

argued that under such conditions, type-II MU had to be recruited much sooner (i.e., 

lower relative intensity) to keep up with the protocol demands. Hence, men’s EMGTh 

reported by de Ruiter et al. appears lower than in the present study. 

The findings of the current study show that an EMGTh was detected in 88.2% of the 

boys and 90 % of the men. A previous study using a cycling protocol in our laboratory 

reported a detection rate of 78% in boys and 95% in men (Pitt et al., 2015). Although the 

differences in the detection rates seen between the previously used cycling protocol, and 

isometric contraction protocol are not statistically significant, they are important from a 

practical perspective. That is, a ~10% higher detection rate (in the boys) may translate 
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into a more sensitive and efficient tool. Indeed, the isometric-based protocol appeared to 

provide a relatively greater boys-men EMGTh difference. This suggests that the isometric 

protocol may be a more sensitive tool for determining EMGTh differences between groups 

of varying MU utilization characteristics. 

To our knowledge, this is the first study to investigate the reliability of EMGTh in 

children. Previous studies showed that EMGTh is reliable in adults (Hug et al., 2006; 

Lucía et al., 1999). Hug and colleagues (2006) measured the test-retest reliability of 

EMGTh detection in 8 different lower leg muscles in 6 men while cycling. Their results 

suggest that EMGTh is reliable but, almost exclusively for the VL, as it was the only 

muscle in which an EMGTh was detected in both visits, and at similar exercise intensities, 

in 100% of the participants during both visits (CV = 9.6%). In the current study, VL 

EMGTh was detected in both visits ~95% of the time for boys and men. Nonetheless, 

EMGTh detection rate in visit 2 was 100% for boys and men. This suggests that the 

isometric contraction protocol is better at detecting EMGTh when compared with the 

previously used cycling protocol (in which the detection rate was lower, specifically for 

the boys = 78%; men = 95%), provided a familiarization period is used. Thus, if a similar 

protocol were to be used in the future an extensive habituation period (e.g., one complete 

test) should be included during the testing procedures to ensure optimal detection rates. In 

the current study, the intensity at which EMGTh occurred was moderately reliable in both 

boys and men, with the EMGTh of boys being slightly more reliable than in men. The CV 

within participants from visit 1 to 2 for the boys was 11.48% and for the men 15.20% 

which is much greater than what was reported by Hug et al., (2006) among men. It is 

possible that CV in the current study may have been inflated due to the small differences 
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in the load progressions from visit 1 to 2. The measured differences in load were a result 

of the differences in maximal strength observed between visits (i.e., load typically 

increased from visit 1 to 2). As the EMGTh was assessed on two different days it was 

important that the isometric contraction protocol was normalized to the neural drive, 

motivation and strength of the participant on that day. Presumably, had the loads not been 

applied in accordance with the participant’s maximal strength measured on the day of 

testing, the EMGTh would have been expressed as a higher relative exercise intensity.  

The difference in EMGTh between visits is difficult to explain: On average, the 

EMGTh for visit 2 was significantly higher than in visit 1 (boys Δ EMGTh 5.74%, men Δ 

EMGTh 7.90%). The 1RM tended to increase from visit 1 to 2 in both boys and men. As 

discussed above, EMGTh onset is protocol-dependent. Since the isometric contraction 

protocol (initial load and increments between loads) was based on the 1RM achieved on 

the respective day of testing, it may be argued that the minor increases in the 1RM and 

the consequent altered protocol, may affect the EMGTh in visit 1 vs. visit 2. However, the 

higher 1RM in visit 2 resulted in higher initial load and slightly greater increments with 

each load (~0.25-0.5 lbs). Such changes would have resulted in a faster rise in exercise 

intensity, likely leading to an earlier (lower), rather than later (higher) EMGTh in visit 2 

compared to visit 1. Alternatively, an effect of learning could have contributed to the 

observed increase in EMGTh from visit 1 to visit 2. Previous studies have shown that co-

contraction decreases with learning (Lay, Sparrow, Hughes, & Oõdwyer, 2002), 

suggesting that a lower level of agonist muscle exertion is needed to produce a given 

force. Thus, it is possible that, with learning, type-II MU’s were recruited later, or at 

higher relative force. Typically, studies measuring the effect of motor learning use 60-
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100 trials to elicit a learning effect (Magill, 2011). Since the number of contractions 

completed in the isometric contraction protocol is within this range, a learning effect 

cannot be ruled out. Thus, future studies may need to incorporate a familiarization 

session. 

The use of the isometric protocol resulted in a similar rate of EMGTh detection in 

boys and men. The 90% detection rate in the men was surprising, considering the 

detection rate during cycling was 95% in men. During the current study, participants were 

given a rest of 4-6 minutes between the determination of 1RM and the progressive 

isometric contraction protocol. In general, adults need more time to fully recover from 

maximal exercise compared with children (Falk & Dotan, 2006). It is possible that in the 

current study, some of the men did not fully recover, starting the isometric contraction 

protocol with some pre-existing fatigue which could negatively affect the detection of the 

EMGTh. Additionally, the men’s EMGTh was detected at 45.10% ± 7.43% 1RM, so it is 

possible that for some men, starting the protocol at 25% 1RM may have been too high 

and the EMGTh was missed. 

Despite the simplicity of the isometric contractions the variability of EMG amplitude 

(RMSamp) appeared quite high, particularly in children, during maximal and submaximal 

loads. This variability may have interfered with the ability to detect the EMGTh. Some 

variability is expected when working with EMG as it is, 1) a random process, as the 

central nervous strategies used to control muscle activation are complex and not always 

synchronous, and 2) a representation of a combination of magnitudes and rates of MU 

action potentials (Pincivero, Green, Mark, & Campy, 2000). Electromyographic 

variability has been shown to be greater in children compared with adults during dynamic 
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muscle tasks such as walking. For example, a study by Granata, Padua, and Abel, (2010) 

measured repeatability of EMG during gait within and between sessions. They found that 

EMG child-adult variability was similar between sessions but was much higher in 

children within the session. Likewise, (Raffalt, Alkjaer, & Simonsen, 2017) recently 

reported higher intra-subject EMG variability in children during drop jump landing 

compared with adults. The factors contributing to this variability, and the reasons for 

observed differences between children and adults are not clear. The use of high density 

EMG to measure MU rate coding and discharge magnitude in future studies may 

illuminate potential mechanisms underlying this variability; specifically, in children.  

Study limitations 

 A possible limitation of this study was the ability to accurately place the 

electrodes in a similar location for both visit 1 and visit 2. With visits being 7-14 days 

apart, markings were not put on the leg to directly outline where the electrode was on 

visit 1. Thus, it is possible that slight differences in electrode placement may have 

affected the reliability of the EMGTh determination.  

 Another potential limitation is that the boys were involved in various extra-

curricular activities such as soccer, and hockey and were more active than the men. It 

should be noted that it is expected of typically developing children to be more active than 

adults, as physical activity levels decrease with age (Corder et al., 2017). In children and 

adults, muscular performance and rate of MU activation may be related to training status 

or background (Dotan et al., 2013). Nevertheless, none of the boys participated in 

endurance training specifically, so the higher EMGTh seen in the boys is not due to that 
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effect. Although it is unknown as to how training status affects EMGTh in children, it 

should be taken into consideration in future studies.  

 Lastly, as mentioned above, the rest period between the 1RM determination and 

the performance of the isometric contraction protocol may not have been sufficient, 

specifically for the men. In future studies a longer rest period (i.e., 5-10 minutes) may be 

more appropriate.  

Future Directions 

Moving forward, future studies should use the current isometric protocol to 

investigate EMGTh onset between girls and women to expand upon work done in our lab 

by Long and colleagues (2017) who used a cycling protocol to examine the girl-women 

difference in EMGTh onset. In females, the authors reported a relatively high proportion 

of participants (~ 40%) who did not have a detectable threshold. As the isometric 

contraction protocols appears to allow for the generation of higher relative workloads, it 

may be more successful in these populations.  

This study demonstrated clear child-adult differences in EMGTh, suggesting that 

children utilize their higher-threshold MUs to a lesser extent.  However, the mechanism 

explaining this difference is not clear. The EMGTh reflects what happens in the muscle 

(periphery) but does not indicate whether the observed differences are due to peripheral 

(i.e., muscle, motor neuron) or central (i.e, central nervous system) factors. Similar to the 

EMGTh phenomenon, some research using electroencephalography (EEG), suggests that 

there may also be threshold in brain motor cortex activity (Bailey, Hall, Folger, & Miller, 

2008). Future studies could use the developed isometric-based protocol to measure both 
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the EMGTh and EEG to investigate the potential existence of an EEGTh and the potential 

relationship between the two phenomena. 

Given the observed reliability of the EMGTh in both, boys and men in the study, it is 

suggested that a progressive isometric contraction protocol may be used in future studies 

to determine the effect of various interventions (e.g., different types of training, physical 

therapy) on MU activation. However, additional investigation is recommended on the 

reliability of the EMGTh using the isometric contraction protocol after a familiarization 

session.  

 

Conclusion 
 

Similar to previous findings, the current study found that EMGTh occurs at higher 

exercise intensities in children compared with adults, suggesting that children activate 

their type-II MU to a lesser extent compared with adults, and providing further support 

for the differential MU activation hypothesis. The use of the isometric contraction 

protocol seemed to allow for a greater disparity in EMGTh between boys and men 

compared to the previously-used cycling protocol. Although the use of the isometric 

contraction protocol appears to be beneficial for studying child-adult differences, the 

difference in EMGTh observed between visits is concerning. For future studies, 

modifications (e.g., more contractions per load, longer contractions per load, etc.) to the 

current isometric protocol should be tested to lower the variability seen between tests.  
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Appendices 

Appendix A: Tables  

Table 3. Children’s Physiological Responses to Exercise Compared to Adults 

Difference in Children 

Muscle Performance Children’s Response 

Strength (isometric) Lower 

Explosive strength Lower 

Anaerobic Power Lower 

Recovery Faster 

Rate of torque development (RTD) Faster 

Neuromuscular Performance  

Electromechanical delay Higher 

Rate of muscle activation (e.g. 

Q30) 

Lower 

Mean power frequency (MPF) 

during fatiguing exercise 

Less 

EMGTh Later 

Metabolic  

VO2 kinetics Faster 

Lactate production Lower 

Lactate threshold (%max) Higher 

Ventilatory threshold (%max) Higher 

Fat metabolism during exercise Higher 

PCr/Pi Recovery Faster 

Note. Table 3. Modified from Dotan et al., 2012 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

Child-Adult Differences 

 Muscle Performance Metabolic 

 Maximal 

Isometric 

Strength 

Explosive 

Strength 

(RTD) 

Recovery Endurance Anaerobic 

Power 

Lactate 

Production 

Lactate 

Threshold 

Ventilatory 

Equivalent 

Phase-II 

Kinetics 

Fat 

Metabolism 

Recovery of 

Intra-cellular 

PCr 

Possible 

Explanations 

 

           

Size 

 

Y-P Y-P N N Y-P N N N N N N 

Higher Oxidative 

Capacity & Lower 

Glycolytic 

Capacity 

 

N N Y-P Y-F Y-P Y-F Y-F Y-F Y-F Y-F Y-F 

Muscle 

Composition 

 

Y-F Y-F Y-F Y-F Y-F Y-F Y-F Y-F Y-F Y-F Y-F 

Musculotendinous 

stiffness 

 

N Y-P N N N N N N N N N 

Co-Activation 

 

Y-P Y-P N N Y-P N N N N N N 

Voluntary Muscle 

Activation 

 

Y-F Y-F Y-P Y-P Y-F N Y-P Y-P N N Y-P 

Differential Type-II 

Motor Unit 

Activation 

Y-F Y-F Y-F Y-F Y-F Y-F Y-F Y-F Y-F Y-F Y-F 

N – Does not explain child-adult differences 

Y-P – Partially explains child-adult differences 

Y-F – Fully explains child-adult differences 

Note. Table 4 is modified from Dotan et al., (2012) 
 

Table 4. Possible Explanations and Child-Adult Differences 
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Appendix B: Subject Screening and Medical History Questionnaire 

 

APPLIED PHYSIOLOGY RESEARCH GROUP 

DEPARTMENT OF KINESIOLOGY, BROCK UNIVERSITY 

Your responses to this questionnaire are confidential and you are asked to complete it for 

your own health and safety.  If you answer “YES” to any of the following questions, 

please give additional details in the space provided and discuss the matter with one of the 

investigators.   

ID: –––––––––––––––––––––––––––– Date: –––––––––––––––––––––––––––––– 

1. Have you ever been told that you have a heart problem? 

  YES  NO 

2. Have you ever been told that you have a breathing problem such as asthma? 

  YES  NO 

3. Have you ever been told that you sometimes experience seizures? 

  YES  NO 

4. Have you ever had any major joint instability or ongoing chronic pain such as in 

the knee, back or elbow? 

  YES  NO 

5. When you experience a cut do you take a long time to stop bleeding? 

  YES  NO 

6. When you receive a blow to a muscle do you develop bruises easily? 

  YES  NO 

7. Are you currently taking any medication (including aspirin) or have you taken any 

medication in the last two days? 

  YES  NO 

8. Is there any medical condition with which you have been diagnosed and are under 

the care of a physician (e.g. diabetes, high blood pressure)? 

  YES  NO 
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Appendix C: Godin-Shepard Leisure Time Exercise Questionnaire 

 

GODIN-SHEPHARD LEISURE-TIME EXERCISE QUESTIONNAIRE 

 

ID:  ____________   Date: __________________________ 

 

1. Considering a 7-day period (a week), how many times on the average do you do the 

following kinds of exercise for more than 15 minutes during your free-time (write 

on each line the appropriate number)? 

  

              Times Per 

                    Week 

(a) STRENUOUS EXERCISE (HEART BEATS RAPIDLY)                                           

(i.e. running, jogging, hockey, football, soccer, squash, basketball,  

cross country skiing, judo, roller skating, vigorous swimming,  

vigorous long distance bicycling)                                                                  _________ 

(b) MODERATE EXERCISE (NOT EXHAUSTING)            

(i.e. fast walking, baseball, tennis, easy bicycling, volleyball,  

badminton, easy swimming, alpine skiing, popular and folk dancing)         _________ 

(c) MILD EXERCISE (MINIMAL EFFORT)       

(i.e. yoga, archery, fishing from river bank, bowling, horseshoes,  

golf, snow-mobiling, easy walking)                                                              _________ 

 

2. Considering a 7-day period (a week), during your leisure-time, how often do you 

engage in any regular activity long enough to work up a sweat (heart beats rapidly)?  

 

1. OFTEN     2. SOMETIMES  3. NEVER/RARELY 

        

 

 

 

 



65 
 

Appendix D: Training History Questionnaire 

ID: ________________________ Date: __________________________ 

 

Please fill in the table below to the best of your knowledge. 

If you have any difficulties, discuss the matter with one of the investigators. 

 

 

 

 

 

 

 

Activity/Sport Level of 

Competition 

# of 

years 

Sessions/week Min/session Intensity 

(light, 

moderate, 

intense, 

very 

intense) 

Seasonal 

length 

Soccer       

Swimming       

Hockey       

Gymnastics       

Running       

Resistance       

Other       
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Appendix E: Pubertal Stage Questionnaire (Tanner, 1962) 

 

Male Pubertal Stage 

 

This survey will be used to assess the maturational levels of the participant.  For each 

photo choose the appropriate stage and place an X in the corresponding square. 

 

ID: _________________________              Date:        ____________________ 

 

• Please circle the box that looks 

most like you 

 

 • Please look at the pubic hair 

only 

• Please circle the box that looks 

most like you 

 

 

 

 

1 2 

3 
4 

5 

1 2 

3 
4 

5 6 
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Appendix F: Dynamometer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Examples of weights (resistance) 

Apparatus on which weights 

(resistance) are applied 

Back view: Apparatus on 

which weights (resistance) 

are applied 

Front view 

Side view, with participant 

seated. 

(note pulley system) 

Lever and pulley system 


