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Abstract 

Background: Resistance training recommendations to increase muscular strength suggest 

using high loads. However, some individuals cannot withstand high mechanical stress. 

Thus, in adults, low-load training is used with blood flow occlusion (BFO), to mimic 

strength increases from high-load training. Due to differing physiological responses to 

exercise, children may respond differently to BFO than adults. This study compares the 

effect of low-load exercise with BFO on maximal voluntary contraction (MVC) and 

electromyographical (EMG) activity in children and adults. 

Methods: 16 men (24.4±2.5y) and 14 boys (10.7±2.0y) performed two experimental 

conditions: (1) occlusion and (2) control. During the occlusion condition, a blood 

pressure cuff on the upper arm was inflated above systolic pressure during 25 wrist 

flexions at 35% MVC. Participants then performed an MVC and rated their perceived 

exertion (RPE). The control condition was the same as the occlusion condition but 

without the use of BFO. EMG signal was recorded from the flexor carpi radialis (FCR). 

Results: Men displayed a 16.9±7.1% increase in FCR EMG amplitude across the 

occlusion (p=0.005) but not the control condition (p=0.919). The boys did not show a 

change in EMG amplitude between time points (p=0.576) or conditions (p=0.549). 

Across both age groups, EMG mean power frequency was influenced by a condition-x-

time interaction, with a larger decrease across the occlusion (-20.1±9.6%; p<0.001) than 

the control condition (-5.6±9.7%; p=0.002). Furthermore, across both age groups, MVC 

torque decreased more following the occlusion (-18.7±12.8%; p<0.001) than the control 

condition (-6.7±12.5%; p<0.001).  
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Discussion: Based on our findings, a partial explanation for increases in EMG amplitude 

in the men but not the boys may be that the men recruited more of their higher-threshold 

motor units than the boys. However, not all measures were consistent in showing child-

adult differences, as BFO caused similar decreases in MPF for both groups. Thus, while 

adults use low-loads with BFO to simulate high-load training, it remains unclear whether 

this form of training would be as effective for children. 
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1. Introduction 

As children mature, resistance training (RT) elicits greater strength gains than 

would be expected simply from typical growth and development (Faigenbaum et al., 

2009). RT may even be more effective in increasing strength in children than adults, 

when examined as a percentage increase from pre-training to post-training (Sale, 1989). 

The use of RT for children is considered an acceptable and effective form of training and 

is widely used among coaches and recommended by medical and professional 

associations (Behm et al., 2008; Faigenbaum, 2016; Lloyd et al., 2014). 

However, the current recommendations to increase muscular strength require 

high-load RT at an intensity of at least 60 – 85% of a child’s one repetition maximum 

(1RM) (Faigenbaum, 2016). In adults, high-intensity RT is known to elicit large increases 

in strength, whereas in children, lower loads have been shown to produce substantial 

strength gains (Faigenbaum et al., 1999). To enhance muscular strength, loads that are 

higher than the intensity at which the muscle is accustomed must be used, otherwise 

training adaptations cannot be maximized (Faigenbaum, 2016). This creates a conflict as 

some individuals are unable to withstand the high mechanical stress placed on the joints 

and muscles that is required to significantly increase their strength (Loenneke et al., 

2010). For children, mechanical stress that is repetitively placed on developing 

musculoskeletal systems can lead to injury if the intensity, volume, or frequency exceeds 

the child’s ability to perform the technique properly (Faigenbaum & Myer, 2010). A 

solution to limited strength capacities has been addressed in adults, where high-load RT 

is replaced with a low-load RT in combination with blood flow occlusion (BFO), to 
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achieve similar strength increases as seen with high-load RT (Loenneke et al., 2010). The 

effectiveness and mechanism behind strength changes as a result of BFO training have 

been researched through acute bouts of resistance exercise in adults (Section 1.3). 

However, due to known child-adult differences in physiological responses to RT 

(Legerlotz et al., 2016; Lloyd et al., 2014), it cannot be assumed that a similar BFO 

training effect will be elicited in children.  

1.1 Child-Adult Differences in Exercise Response 

Compared with adults, children display different physical performance capacity 

and metabolic responses to physical activity. Children’s performance differs through 

lower physical strength (Asai & Aoki, 1996; Falk et al., 2009) and lower anaerobic power 

output (Armstrong, 2001), as well as higher muscle endurance (Armatas et al., 2010) and 

shorter recovery times (Hebestreit et al., 1993). Metabolically, children are characterized 

by greater fat usage for energy during exercise (Riddell et al., 2008), as well as a lower 

lactate response (Dotan et al., 2003), motor unit utilization (Dotan et al., 2012), and faster 

VO2 kinetics (Fawkner & Armstrong, 2003). The subsequent paragraphs focus on 

differences related to muscle performance. 

1.1.1 Muscle Performance Differences 

Children have a lower voluntary maximal force production than adults, even when 

expressed relative to their body size (Asai & Aoki, 1996). Children are also limited in 

their ability to produce explosive strength, which can be seen through their lower rate of 

torque development (RTD) during isometric contraction tasks in comparison with adults 

(Falk et al., 2009; Waugh et al., 2013). Similarly, anaerobic power, or the ability to 
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produce a high level of force at a high speed (in short durations), is lower in children than 

in adults (Armstrong, 2001; Inbar & Bar-Or, 1986).  

As previously mentioned, in response to an adequate RT stimulus, children are 

capable of exceeding the amount of strength adults gain relative to their size (Sale, 1989). 

The mechanism of this increased strength gain for children is primarily due to 

neurological rather than morphological adaptations, since there is minimal hypertrophy 

following RT (Behm et al., 2008). This contrasts with adults, who are commonly 

observed to have both neurological and morphological changes as a result of RT, 

implying that hypertrophy is also a contributing factor to any increases in strength for 

adults (Behm et al., 2008). 

1.2 Explanations for Child-Adult Differences in muscle performance  

Performance-related differences between children and adults can be explained by 

a number of factors, including differences in muscle fibre composition, neuromuscular 

activation and muscle-tendon stiffness. The paragraphs below focus on explanations for 

age-related differences in muscle performance that are relevant to BFO training.    

1.2.1 Muscle Fibre Composition 

One explanation for child-adult differences in muscle performance is related to 

muscle fibre composition. As children mature, there appears to be a limited (~10%) 

increase in type II muscle fibres (Jansson, 1996). Through the examination of clinical 

biopsies and cadaver muscle samples, children have been suggested to have about 10% 

more type I muscle fibres than adults (Jansson, 1996; Lexell et al., 1992). However, other 

studies suggest that this is not the case since they found there to be similar twitch 
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contractile properties in children and adults, which reflects a similar fibre composition 

(Bell et al., 1980; Brooke & Engel, 1969; Lundberg et al., 1979). A higher proportion of 

type I muscle fibres in children can explain many muscle performance differences 

observed between children and adults (Dotan et al., 2012). However, the magnitude of 

change in fibre composition that has been suggested to occur is not large enough to 

account for the magnitude of observed performance differences. Therefore, there must be 

additional reasons for children’s altered performance. 

1.2.2 Motor Unit Activation 

 Another factor that could contribute to children’s lower capacity to produce force 

is their lower ability to volitionally recruit all of their available motor units (MUs)  . The 

level of volitional activation (VA) achieved during a contraction is often measured using 

the interpolated twitch technique (ITT) (O’Brien et al., 2008; Rutherford et al., 1986). 

When using the ITT, the increase in force production that occurs in response to the 

application of a supramaximal stimulus during maximal voluntary contraction (MVC) is 

compared to the increase in force that results from the same stimulus being applied when 

the muscle is at rest. The difference between these two twitch forces represents the 

proportion of MUs that an individual recruits volitionally (Herbert & Gandevia, 1999). 

Children have been found to have a lower capacity to recruit all of their available MUs, 

based on the ITT, reflecting a lower VA than adults (O’Brien et al., 2010). Thus, a 

limited ability to recruit available MUs could explain children’s lower relative maximal 

and explosive force. 
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The differential motor unit activation hypothesis, as proposed by Dotan and 

colleagues (2012), extends the above findings and suggests that children recruit 

specifically, less of their type II MUs activation during exercise. This hypothesis is in line 

with the Henneman size principle (Henneman et al., 1965), which states that, with an 

increase in contraction intensity, larger and larger muscle fibres are recruited. The larger 

muscle fibres are typically more type II (Henneman et al., 1965). Thus, children’s greater 

activation deficit, as reflected by their lower VA, is likely made up of predominantly type 

II MUs. Indirect evidence supporting children’s lower activation of type II MUs is mainly 

comprised of observed age-related differences in muscle performance (rate of force 

development, muscular endurance, short term power output, and recovery from exercise), 

as well as differences in the electromyographical (EMG) signal between children and 

adults, as outlined by Dotan et al. (Dotan et al., 2012). The measures that may reflect 

differences in muscle activation between children and adults that are the focus this project 

include changes in EMG root mean squared (RMS) amplitude and MPF, as well as 

maximal volitional torque production.  

It is acknowledged that characteristics of the surface EMG signal are influenced 

by many factors, some of which cannot be controlled in experimental settings. As 

outlined by Farina et al. (2014), some of these factors include subcutaneous fat thickness, 

spatial distribution of muscle fibres, the distribution of muscle fibre conduction 

velocities, and electrode location (Farina et al., 2014). Consequently, inferring a change 

in the EMG signal as a reflection of a specific underlying neuromuscular process (e.g., 

change in motor unit recruitment, etc.) is speculative rather than definitive. 
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EMG RMS amplitude represents the square root of the average power of the EMG 

signal for a given period of time and provides a crude estimate of the neural drive to a 

muscle (Farina et al., 2014). Changes in RMS amplitude of a surface EMG signal have 

been used to reflect changes in the degree of activation of a muscle, which may have 

implications for the MU recruitment during task performance (Moritani et al., 1992). 

Within an individual, high levels of muscle activation (EMG RMS amplitude) have been 

tied to the use of high-threshold MUs (type II), whereas smaller signals have been 

suggested to reflect the use of low-threshold MUs (type I) (Goldberg & Derfler, 1977).  

A second EMG outcome measure is MPF, or the weighted average of the EMG 

signal’s power spectrum. MPF has previously been used as a tool to provide information 

on volitional muscle activation and to infer details about the recruitment of MUs (Farina 

et al., 2014). However, more recent evidence indicates that MPF is also influenced by 

factors such as the intracellular action potential shape and the volume conductor of the 

signal (Farina et al., 2014). Additionally, they highlight that there may be an overlap in 

the muscle fibre conduction velocity between type I and II fibres. Therefore, MPF values 

interpretation regarding muscle fibre conduction velocity and MU recruitment should be 

done with caution. Nevertheless, a decrease in MPF over time has been found to reflect 

fatigue (Arendt-Nielsen & Mills, 1985) and larger decreases in MPF have been associated 

with higher type II muscle fibre composition (Beck et al., 2007). Thus, children’s 

observed smaller and delayed reductions in MPF during a sustained contraction compared 

to adults have been interpreted to suggest a lower reliance on their high-threshold MUs 

(Halin et al., 2003). This may explain children’s greater fatigue resistance and longer 

muscle endurance capacities compared with adults.  
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As will be discussed next, potential differences in recruitment of MUs in children 

compared with adults would imply that the application of blood flow occlusion (BFO) 

during an acute bout of exercise may result in differences in the EMG responses 

discussed above between children and adults. 

1.3 Blood Flow Occlusion 

BFO involves the application of a blood pressure cuff proximal to the muscle 

location and inflating it to suprasystolic pressures to stop the blood supply to a working 

muscle (Loenneke et al., 2010). BFO can influence muscle contraction as reflected by an 

altered EMG amplitude and frequency, as well as overall MVC. Under normal 

conditions, Henneman’s size principle suggests that low-threshold small MUs, which are 

likely to consist of type I fibres, are recruited first, and as contraction intensity increases 

higher-threshold large MUs, likely consisting of type II fibres, begin to be recruited 

(Henneman et al., 1965). In contrast to this orderly MU recruitment, when BFO is used in 

tandem with low-load resistance exercise (RE) in adults, it has been suggested that 

higher-threshold MUs that rely on anaerobic metabolism are recruited earlier because of 

the decreased amount of oxygen available to the working muscle with BFO (Moritani et 

al., 1992). In comparison with normal conditions, additional MU recruitment is also 

required to maintain the same level of force production during occluded exercise 

(Moritani et al., 1992).  

A study by Person and Golubovich (1960) appears to be the first study to examine 

the effect of BFO during low-load contractions on muscle activation in adults. It was 

found that BFO applied at 30-40 mmHg above systolic pressure during an elbow flexion 
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task (20% MVC) until failure resulted in an increase in EMG amplitude and a decrease in 

MPF (Person & Golubovich, 1960). Since then, further research in adults has shown that 

during an acute session of 60 repetitive isometric hand grip contractions at 20% MVC, 

EMG MU spike frequency and amplitude increased when experiencing BFO (200 

mmHg) concurrently. However, the EMG measures remained unchanged when 

performing the contractions without BFO (Moritani et al., 1992). The authors suggested 

that a larger proportion of higher-threshold MUs were recruited at lower exercise 

intensities as a result of BFO (Moritani et al., 1992).  

Yasuda and colleagues (2009) also used an acute session of BFO and low 

intensity RE to determine the effect of BFO on EMG in young adults. Participants 

performed 30 repetitive elbow flexion movements at 20% MVC in three different 

conditions: 1) no BFO (control), 2) partial BFO (160 mmHg), and 3) complete BFO (300 

mmHg). It was found that both the complete and partial BFO conditions elicited larger 

increases in EMG than the control condition (Yasuda et al., 2009). Increases in EMG 

were also accompanied by a greater rate of perceived exertion (RPE) during and after the 

complete and partial BFO conditions compared with the control condition (Yasuda et al., 

2009). This was similar to findings of Takarada and colleagues (2000) who also found 

that the EMG activity of occluded muscle (~215 mmHg) during bilateral leg extensions at 

20% 1RM was approximately 1.8 times larger than without BFO, even when generating 

the same relative force. It is hypothesized that the increase in the EMG signal reflects 

increased muscle activation at a low level of force production, which is related to the 

hypoxic environment created through the use of BFO (Takarada, Nakamura, et al., 2000). 
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Similar to previously mentioned studies, Myers and Sullivan (1968) examined the 

effect of 300 mmHg BFO during low-load (25% MVC) elbow flexions until task failure 

on muscle activation and endurance time in adults (Myers & Sullivan, 1968). However, 

in contrast to the studies above, these researchers found that the control condition resulted 

in a 542% increase in EMG activity (units unspecified) in comparison to the BFO 

condition which increased by 285%. The authors speculated that this differing result may 

have been the result of decreased excitability of active myofibrils and possibly 

neuromuscular transmission failure. It was also mentioned that differing criteria of “task 

failure” and variable arm support may have had an effect on the results (Myers & 

Sullivan, 1968). 

In addition to changes in EMG, low-load RE with BFO has been shown to result 

in decreases in MVC from pre-exercise to post-exercise that exceed that of high-load RE 

without BFO (Bunevičius et al., 2012; Cook et al., 2007; Copithorne & Rice, 2019). A 

previous research study had participants complete a knee extension task until fatigue 

(task failure) at varying loads (20%, 40%, and 80% MVC) and BFO conditions 

(intermittent or continuous; 0, 160, 300 mmHg) (Cook et al., 2007). It was found that the 

decrease in MVC following low-load RE (20% MVC) with continuous BFO (160 

mmHg) was greater than following high-load RE without BFO (Cook et al., 2007). 

Similarly, in another study, when participants experienced BFO (200 mmHg) for 15 

minutes following a plantarflexion task to fatigue, there was a decrease in the 

participants’ capacity to complete the same task again immediately following the BFO, 

compared to the control group who had a passive 15 minute rest instead of BFO 

(Bunevičius et al., 2012).  
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The studies above demonstrate the use of BFO and its impact on muscle function 

in adults. Studies have not yet examined these effects in children.  

1.3.1 Mechanism behind BFO 

There are a few mechanisms through which occlusion results in increases in 

muscle activity, including through the accumulation of metabolites and changes in 

muscle fibre type recruitment (Loenneke et al., 2010). As mentioned above, an acute RE 

session with BFO results in an earlier reliance on higher-threshold MUs, at lower 

contraction intensities (Loenneke et al., 2010). This is due to the decrease in oxygen 

availability in the working muscle, which decreases type I fibre usage, as they rely on 

aerobic (oxidative) metabolism, and increases type II fibre usage as they rely more on 

anaerobic (glycolytic) metabolism (Loenneke et al., 2010).  

In adults, the metabolites that accumulate as a result of BFO during exercise have 

an effect on both muscle activity and working capacity. Metabolites produced during 

exercise such as hydrogen (H+) and phosphate (Pi) ions, as well as lactate (La), become 

trapped in the muscle by BFO since no blood flow away from the working muscle is 

available to facilitate their removal (Wernbom et al., 2012). Trapped metabolites are 

responsible for lowered pH values and increases in intramuscular acidity, which is 

hypothesized to be responsible for the acute fatigue and reduced MVC that results from 

RE with BFO (Wernbom et al., 2012). Furthermore, when metabolites accumulate in the 

muscle, chemoreceptors and subsequently group III and IV muscle afferents are 

stimulated, which is hypothesized to modify MU recruitment patterns resulting in an 

increased firing frequency and activation of higher-threshold MUs (Moritani et al., 1992; 
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Scott et al., 2015; Takarada, Nakamura, et al., 2000; Wernbom et al., 2012). Thus, 

metabolite accumulation may also be partially responsible for larger EMG signal 

amplitudes and frequencies that have been recorded during an acute RE session with BFO 

in adults.  

  Children may not experience the same effects of an acute session of RE with the 

use of BFO as adults. Children have previously been shown to have lower blood lactate 

levels during exercise, which is hypothesized to be due to a lower lactate production than 

adults (Dotan et al., 2003; Hebestreit et al., 1993; Ratel et al., 2002; Zafeiridis et al., 

2005). This could lead to children experiencing lower accumulation of metabolites during 

RE with BFO. As a result, children may experience less muscle acidification than adults 

and less of an effect of BFO on both muscle activity and muscle working capacity. 

Therefore, it would be expected that compared with adults, children experiencing RE 

with BFO would have smaller increases in EMG amplitude and frequency, as well as a 

smaller decrease in functional working capacity as a result of metabolite accumulation.  

The inference from an acute session of RE to a long-term RT program is partially 

based on the increase in EMG that is observed as larger type II MUs are recruited during 

a single session of occlusion RE (Yasuda et al., 2009). Having greater muscle activity 

during a single occlusion RE session implies that over time, the use of occlusion during 

RT would result in increased strength and hypertrophy gains than would otherwise be 

seen from non-occluded low-load RT (Yasuda et al., 2008). In adults, strength and 

hypertrophy gains from BFO training could even be comparable to that of non-occluded 

high-intensity training (Cook et al., 2007, 2018; Manimmanakorn et al., 2013; Manini & 

Clark, 2009; Takarada, Takazawa, et al., 2000).  
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A study on healthy adults conducted by Takarada and colleagues (2000b), 

demonstrated that 16 weeks of low-intensity (~50% 1RM) resistance training with blood 

flow restriction (BFR) (100 mmHg) increased elbow flexor cross-sectional area (CSA) 

and strength to a comparable amount as high-intensity (~80% 1RM) training alone, but 

more than low intensity training (~50% 1RM) without BFO. Similar results were also 

found for upper body strength increases in an older adult population as a result of a six-

week training program (Karabulut et al., 2010). Low-intensity RT (20% 1RM) with BFR 

(160 mmHg) elicited comparable strength gains as seen with high-intensity RT (80% 

1RM) alone, but more than low-intensity RT without BFR (Karabulut et al., 2010).  

While low-load RT with BFO has been shown to have a comparable effectiveness 

to high-load training alone for adults during both acute and long-term training bouts, this 

may not be the case for children. This is because the mechanism behind the potentiation 

of high-load RT effects through the use of BFO with low intensities may not be as 

applicable in children. The differential motor unit activation hypothesis suggests that 

children recruit less of their higher-threshold MUs than adults during high-intensity 

exercise (Dotan et al., 2012). Thus, while BFO would normally ‘force’ an early 

recruitment of high-threshold MUs in adults during low-intensity exercise, children’s 

response to BFO is not clear. A lower recruitment of higher-threshold MU in children 

compared with adults during an acute session of RE+BFO may preclude the expected 

increase in muscle activity seen in adults. Therefore, it is possible that BFO training may 

not be as effective in children as in adults when used in an RT setting.  
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1.4 Rationale 

To date, there is a knowledge gap surrounding the developmental differences in 

muscle function between children and adults. Researching how children and adults 

respond to RE with BFO may help to facilitate our understanding of muscle function and 

performance differences that are seen between the two age groups. Additionally, the use 

of BFO training for children has the potential to be used for the rehabilitation of chronic 

conditions and sport injuries as well as for training at elite or competitive levels of sport. 

The increased longevity of children with chronic conditions is coupled with the need to 

promote quality of life through strategies to maintain mobility and functional movement 

(Martinez & Ercikan, 2009). Children with chronic conditions often have lower physical 

fitness in relation to their healthy peers for reasons including prescribed medication side-

effects, physical restrictions (i.e. cerebral palsy), reduced motivation (i.e., chronic fatigue 

syndrome), and frequent long-duration hospital stays (i.e., cancer treatment) (Pinquart & 

Teubert, 2012). To account for lower fitness levels, children whose chronic illness affects 

their strength and endurance would benefit from the use of a RT program to enhance their 

wellbeing. Currently, chronically ill children have a limited selection of appropriate 

physical activity programs to choose from. Programs that are available have low-

moderate adherence rates and may require intensities that are beyond what the children 

are capable of completing in order to produce functional strength gains (Kotte et al., 

2014; Wiart et al., 2015). Thus, it is important to create fitness programs that are suitable 

for children with chronic illnesses and make the most out of the time and energy that both 

children and their families devote to engaging in physical activity.  
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Furthermore, a large portion of Canadian children (~32.4%) actively participate in 

high-level sports and physical activity each year (Government of Canada, 2013). 

Competitive or elite child athletes could potentially benefit from the use of BFO RT in 

the same way that adults currently do, which is to improve their muscular strength using 

lower intensities of RT than they normally would to produce the same results (Karabulut 

et al., 2010; Takarada, Takazawa, et al., 2000). This strategy could also be applied to the 

rehabilitation of sports injuries, where using lower intensities of training may minimize 

further damage, but the use of concurrent BFO would still allow for strength maintenance 

(Karabulut et al., 2010; Takarada, Takazawa, et al., 2000).  

This study aimed to determine whether a low-intensity (~35% MVC) acute RE 

session combined with BFO increases children’s muscle activity more than RE without 

BFO, and whether this increase is comparable to the one seen in adults.  

Based on previous literature and taking into consideration child-adult differences in 

muscle performance and MU activation, it was hypothesized that:  

1) Children and adults would demonstrate greater muscle activity when 

performing low-load contractions with BFO compared to without BFO. 

However, the increase in muscle activity would be lower in children compared 

with adults.  

2) Children and adults would demonstrate a larger decrease in MVC from pre- to 

post-exercise (low-load contractions) with BFO compared to without BFO. 

However, the decrease in MVC would be less for children than for adults. 
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2. Materials and Methods 

2.1 BFO Parameters 

In order for BFO to completely eliminate the blood supply to a muscle at rest, the 

cuff pressure must be set to above an individual’s systolic blood pressure (BP). 

Furthermore, since the participants in this study will be performing muscle contractions, 

the cuff pressure must be able to account for any increases in BP that may occur during 

exercise. For adults, systolic BP can increase to about 160 – 220 mmHg during exercise 

(Wielemborek-Musial et al., 2016). In most cases, pressures of 200-300 mmHg are used 

to achieve full BFO in adults (Bunevičius et al., 2012; Cook et al., 2007; Moritani et al., 

1992; Takarada, Takazawa, et al., 2000; Wernbom et al., 2012; Yasuda et al., 2009) . 

Children typically have lower systolic BP than adults, but during strenuous exercise 

children’s systolic BP has also been shown to reach levels above 200 mmHg in some 

cases (Wanne & Haapoja, 1988). However, due to the low-intensity nature of the 

experimental task, a cuff pressure of 50 mmHg above the participants systolic BP during 

a maximal contraction was used. This allows for the same relative pressure to be used in 

participants with varying systolic BP, while also minimizing participant discomfort.  

2.2 Participants 

This study included 30 participants – 14 healthy boys (10.7 ± 2.0 y) and 16 

healthy young-adult males (24.4 ± 2.5 y). Participants were excluded from this study if 

they 1) used medications that may affect neuromuscular function, 2) had prior injuries or 

medical conditions that affect neuromuscular function, 3) sustained any upper limb 

injuries in the past 6 months that would limit their ability to perform the required tasks, 
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and/or 4) answered ‘yes’ to any of the questions on the Medical Screening Questionnaire 

(Appendix A). All adult participants provided written informed consent. Participants 

under the age of 18 provided written assent and their parent/guardian signed a written 

informed consent form. All procedures were cleared by the Brock University Research 

Ethics Board. 

2.3 Experimental Set-Up 

Participants visited the lab on two separate days that were approximately one 

week apart. During the first visit they completed a familiarization protocol, and on the 

second visit they participated in the two experimental conditions. Participants also 

completed several questionnaires covering topics of medical history, physical activity 

habits, and pubertal stage (for children only) on their first visit (Appendix A). Before 

completing the questionnaires, it was made clear to all participants that they were not 

obligated to complete all questions and that children may ask their parents for assistance 

if needed. Next, anthropometric measurements were taken from each participant 

including height (cm), seated height (cm) (for boys only), forearm skinfold thickness 

(mm), and forearm length (cm). Bioelectrical impedance analysis (BIA) was used to 

determine body fat percentage for each participant. These measures were taken to provide 

insight into the participant’s maturation stage (for boys only), demographics, and for the 

set-up of the equipment. 

During both visits, the skin of the right forearm directly above the flexor carpi 

radialis (FCR) was shaved (if necessary), abraded with a conductive gel (NuPrep, Weaver 

and Company, Aurora, CO, USA), and cleansed with alcohol before two surface 
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electrodes (H124SG, Covidien Kendall, Minneapolis, MN, USA; N-00-S, Ambu 

BlueSensor N, Malaysia) were placed on the skin. During the second visit the extensor 

carpi radialis (ECR) was also prepared and recorded from. The FCR was chosen as it is a 

superficial wrist flexor muscle that is composed of both type I and type II muscle fibres 

(McIntosh et al., 1985). The ECR contributes to wrist extension and acts as an antagonist 

to wrist flexion. Similar to the FCR the ECR is also comprised of a mixture of type I and 

II muscle fibres (McIntosh et al., 1985). EMG activity from the ECR was examined to 

ensure that there was minimal muscle co-activation during the wrist-flexion task. 

Electrodes were placed on the skin in a series arrangement over the approximate motor 

point of the FCR and ECR with an interelectrode distance of 1.25 cm. A single ground 

electrode was placed on the styloid process of the radius on the right arm during both 

visits. All electrode placements were measured from various body landmarks to keep the 

positioning the same for both visits.  

Following the initial set up, participants were seated at an isometric wrist flexion 

dynamometer (Appendix C), which was adjusted to the participant’s forearm length so 

that rotation of the wrist would occur directly above the axis of rotation for the device. A 

screen was placed in front of the participant to display a trace outlining the torque that the 

participant applied in real-time (Figure 1, bottom). The task of neutral position wrist 

flexion was selected to minimize compensatory muscle activation from the biceps (which 

occurs during supinated wrist flexion). Furthermore, the task was completed isometrically 

to minimize differences in co-activation between boys and men, while also removing the 

variability of concentric and eccentric phases of contraction (Kellis & Unnithan, 1999). 
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Figure 1. Force trace for the first eight of 25 contractions (3-s contraction, 3-s relaxation 
cycle) for the control condition from a representative adult male participant (bottom). The 
red line at 113.2 N denotes the target force that was displayed for each condition (35% 
MVC). The top trace shows the FCR EMG signal for each contraction.  

2.4 Procedures 

The first of the two required visits to the lab focused on anthropometric 

measurements, questionnaire completion, participant equipment familiarization, and a 

first exposure to BFO. This visit included a warm-up and practice contractions with and 

without BFO over a range of different intensities calculated as a percentage of the 

participant’s MVC. During both visits, resting systolic BP was measured prior to the 

completion of three initial MVCs, and systolic BP was also recorded during the first two 

MVCs. Each MVC was held for approximately three seconds, and the largest torque 

produced was used to determine the submaximal loads used for the remainder of each 

session. Each contraction was separated by one minute of rest. BFO was carried out by 
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inflating a blood pressure cuff around the participant’s upper arm (similar to a clinical 

setting) starting at low pressures (~100 mmHg) and increasing to a final pressure of 50 

mmHg above their maximal systolic BP during an MVC.  

On the first visit, the performed contractions mimicked the contraction-relaxation 

cycle (3-s contraction, 3-s relaxation) used by Yasuda and colleagues, who examined the 

effects of BFO on elbow flexors in adults (Yasuda et al., 2009), at a target torque of 35% 

MVC. This was the same intensity as used during the experimental trials on the 

participant’s second visit. The total amount of time with BFO applied during each visit 

was no greater than 3 minutes. Since all of the boys in this study were unfamiliar with 

BFO, an application time limit of 3 minutes was set to minimize the duration of any 

discomfort participants may have felt due to BFO. 

On the second visit, participants completed two experimental conditions in 

random order: (1) control and (2) occlusion (Figure 2). Before each condition, 

participants had the opportunity to warm-up. For adults, the warm-up included 10 

contractions performed at a target torque of 3.9 Nm, as well as 8 contractions at 6.5 Nm, 

and 5 contractions at 9.1 Nm. For children, the warm-up included 10 contractions 

performed at a target torque of 1.95 Nm, as well as 8 contractions at 3.25 Nm, and 5 

contractions at 4.55 Nm. These torques were determined based on estimated maximal 

torque values of 13 Nm for the men, and 6.5 Nm for the boys on average. Following the 

warm-up, participants were given two minutes of rest. Next, the participants completed 

three MVCs and systolic BP was measured (as discussed previously). The highest 

maximal torque production value was used to determine target torque values for the 

experimental conditions relative to their own maximal strength. Each MVC was followed 
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by one minute of rest. Afterward, the participants completed the occlusion and the control 

conditions, in a randomized order.

 

Figure 2. Timeline of both experimental conditions completed on each participants’ 

second visit. 

During the occlusion experimental condition, participants concurrently 

experienced BFO of their right arm at 50 mmHg above their systolic BP recorded during 

an MVC. Immediately following the cuff inflation, a target line was presented on the 

screen in front of them that indicated the amount of torque needed to reach 35% MVC. 

They were instructed to maintain 35% MVC as accurately as they could for 3 seconds at 

a time and repeat this task for 25 contractions (3-s contraction, 3-s relaxation). Following 

the contractions, participants were asked to rate their perceived level of exertion using the 

Omni-Resistance Exercise Scale of Perceived Exertion (Robertson et al., 2005). 

Immediately following the participant’s rating, they completed one MVC before the 

blood pressure cuff was deflated and removed. In total, the blood pressure cuff was 

inflated for no longer than three minutes. A second MVC was also conducted two 

minutes following the cuff removal.  



 21 
 

The control condition was the same as the occlusion condition, with the exception 

that it was completed without BFO. Thus, the participants completed the 25 consecutive 

contractions (3-s contraction, 3-s relaxation), rated their perceived exertion, and 

performed an MVC without BFO. A second MVC was also performed two minutes 

following the completion of the first MVC.  

2.5 Questionnaires 

2.5.1 Medical Screening  

The Brock Applied Physiology Research Group Medical Screening Questionnaire 

was used to determine participation eligibility through screening for previous injuries and 

medical conditions for which participating in physical activity or BFO may be harmful 

(Appendix B). 

2.5.2 Leisure-Time Physical Activity   

Participants completed the Godin-Shepard Leisure Time Exercise Questionnaire 

(Godin & Shephard, 1985; Appendix B) to determine how frequently and at what 

intensity each participant engaged in physical activity throughout a typical week. 

2.5.3 Maturity  

Children’s pubertal stage was determined via self-assessment of secondary sex 

characteristics (e.g., pubic hair) using the Pubertal Stage Questionnaire (Tanner, 1981; 

Appendix B). Somatic maturity was assessed by measuring seated height and estimating 

the maturity offset, which represents the number of years a child is from their age at peak 

height velocity (Mirwald et al., 2002).  
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2.6 Data Collection & Analyses 

2.6.1 Muscle Activity 

 At the beginning of each testing session, the right FCR, ECR (second visit only) 

and styloid process of the radius were prepared for electromyographical (EMG) electrode 

placement. All EMG data were amplified 350 times (Motion Lab Systems, Baton Rouge, 

LA, USA) and recorded using a data acquisition program (Spike2, Cambridge Electronics 

Design, Cambridge, UK) at a sampling rate of 2000 Hz (micro1401, Cambridge 

Electronics Design, Cambridge, UK). Prior to analysis all EMG data were filtered using a 

fourth order 30 – 300 Hz Butterworth filter. The EMG RMS amplitude and MPF of the 

FCR and ECR EMG signal was determined during a 1.5 s window (based on pilot 

experiments) where the dynamometer data (force) were most stable for each of the first 

and last four trials of each condition, with the exclusion of the very first contraction for 

each condition (Figure 3). The 1.5 s window was chosen because this was typically the 

maximum duration for which the force recordings were most stable and excluded the 

over- or under-shooting of force that occurred at the onset of each contraction (see Figure 

4 for examples). Collected EMG measures were then analyzed to determine whether there 

were any differences between conditions, time points, and age groups.  
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Figure 3. Determination of 1.5 s data analysis window during the most stable point of the 
contraction (lowest force SD). 

2.6.2 Torque Production 

 A strain gauge transducer attached to a custom-built wrist dynamometer recorded 

the force exerted onto the dynamometer at a sampling rate of 1000 Hz (micro1401, 

Cambridge Electronics Design, Cambridge, UK). Force (N) was converted to torque 

(Nm) for all data throughout the experimental conditions by using the equation:  

𝑇𝑜𝑟𝑞𝑢𝑒	(𝑇) = 𝑁 ∙ 𝑚		 

(𝑀𝑜𝑚𝑒𝑛𝑡	𝑎𝑟𝑚 = 0.065	𝑚)	 

For each MVC trial, torque was determined as the maximum torque attained 

throughout the duration of the three second contraction. For the occlusion and control 

contractions, the average torque during the most stable 1.5 s of each contraction was 

determined by analyzing each 3 s contraction to determine the 1.5 s with the lowest SD. 

Both the EMG measures and the torque were taken from the same 1.5 s window of each 
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contraction (Figure 3). Values from each of the four trials at the beginning and end of 

each condition were then included for further analysis. Note that when determining the 

average torque at the beginning of each condition, the 2nd to the 5th contractions (i.e., the 

very first contraction was excluded) were considered because participants often initially 

overestimated or underestimated the torque required for the experimental trials (Figure 

4). The collected torque data were analyzed to determine whether there were any 

differences between conditions, time points, and age groups. 

 
 
Figure 4. Example adult male control condition, denoting beginning trials 2 to 5 and end 
trials 22 to 25 that were used for comparisons of torque production and muscle activation 
for both conditions.   

As a measure of within-trial variability, the standard deviation of the torque signal 

for each experimental trial was also calculated within the same 1.5 s window as the 

calculated torque production. These data allowed us to analyze torque fluctuations within 

each of the trials throughout each of the conditions and measure any changes between age 

groups or time points. 
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2.6.3 Rate of Perceived Exertion 

 After the completion of the 25 contractions in each experimental condition, 

participants verbally reported their perceived exertion using the OMNI-Resistance 

Exercise Scale of Perceived Exertion. Participants were asked to rate how “exerted” or 

“tired” their working arm felt by the end of the 25 contractions on a scale of 0 to 10 (0 

being not exerted at all and 10 being completely exerted and they could not complete 

another contraction if they were asked). If necessary, further explanation of how to 

interpret the scale was provided to participants. These data were analyzed to determine 

whether there were any differences in participants’ subjective physical exertion levels 

between conditions and age groups.  

2.7 Statistical Analyses 

Demographic and background physiological measures were analyzed using 

independent samples t-tests. Main measures were analyzed using mixed model analyses 

of variance (ANOVA). The two experimental conditions (occlusion and control) were the 

repeating factors that were analyzed in comparison to age group (children vs. adults) and 

time-point (first 4 contractions vs. last 4 contractions of each condition) for each measure. 

Assumptions of normality were confirmed prior to all statistical analyses. For all 

analyses, post hoc one-way ANOVAs and/or Bonferroni-corrected paired t-tests were 

conducted when appropriate. A significance value of p ≤ 0.05 was used for all tests and 

all statistical analyses were completed using IBM SPSS Statistics (version 24, Armonk, 

NY, USA). The Greenhouse-Geisser correction was interpreted when the assumption of 
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sphericity was violated (i.e. p ≤ 0.05 for Mauchly’s statistics). Unless otherwise stated, all 

data presented in the Results section are reported as the mean ± one SD. 

3. Results 

3.1  Physical Characteristics and Questionnaires 

Analyses revealed that the boys were shorter (t28 = 8.263; p < 0.001) and weighed 

less (t28 = 9.876; p < 0.001) than the men. No differences were found between age groups 

for volar skinfold thickness (t28 = 1.539; p = 0.135) however, percent body fat (t28 = 

3.353; p = 0.002) was higher for the men than the boys. Resting systolic blood pressure 

was influenced by a main effect of group (F1,28 = 207.89; p < 0.001) where the boys had 

lower systolic blood pressure than the men. Similarly, systolic blood pressure recorded 

during an MVC demonstrated a main effect of group (F1,28 = 307.325; p < 0.001), as the 

boys blood pressure remained lower than the men’s (Table 1). 

Table 1. Characteristics of participants 
Variables Men  Boys 

Age (y) * 24.4 ± 2.0 10.7 ± 2.0 

Height (cm) * 180.0 ± 5.9 148.6 ± 13.8 

Weight (kg) * 82.9 ± 13.7 39.9 ± 9.5 

Volar skinfold (mm) 3.9 ± 2.9 2.7 ± 1.6 

Body Fat (%) * 18.2 ± 6.5 11.3 ± 4.6 

Resting Systolic BP (mmHg) * 124.9 ± 5.1 107.2 ± 7.6 

MVC Systolic BP (mmHg) * 135.4 ± 2.8 115.8 ± 4.3 

Physical Activity Level 53.8 ± 27.3 68.1 ± 28.6 
Note: Values are expressed as mean ± SD.  
Asterisks (*) indicate a significant group effect (p < 0.05). 
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One-way ANOVAs revealed that physical activity levels of varying intensities 

(strenuous, moderate, mild) were not significantly different between boys and men (F1,28 

= 1.798; p = 0.191). Similarly, reported physical activity frequencies (often, sometimes, 

rarely/never) were not found to be different between boys and men (F1,28 = 0.722; p = 

0.403). 

3.2 Muscle Activation 

3.2.1 Flexor Carpi Radialis 

When normalized as %MVC, the FCR EMG amplitude was influenced by a group 

x time x condition interaction (F1,28 = 5.953; p = 0.021). Upon further analysis, it was 

apparent that the latter reflects a time x condition interaction in the men (F1,15 = 14.329; p 

= 0.002). Post-hoc analyses indicated that the men’s EMG amplitude increased 16.93 ± 

7.07 % from the beginning to end the occlusion condition (t15 = 3.257; p = 0.005), but not 

the control condition (t15 = 0.103; p = 0.919) (Figure 5). The boys’ EMG amplitude was 

not different over time (F1,13 = 0.329; p = 0.576), nor between conditions (F1,13 = 0.378; p 

= 0.549). 
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Figure 5. Mean ± SD FCR EMG RMS amplitude, expressed as %MVC, from the 
beginning to the end of the control and occlusion experimental conditions. The asterisk 
(*) indicates a significant difference in the men’s RMS amplitude from the beginning to 
the end of the occlusion condition. Appendix D includes graphs with the individuals’ 
results in each group. 

Across both age groups, EMG MPF data during the experimental conditions were 

influenced by a condition x time interaction (F1,28 = 41.654; p < 0.001). Post hoc analyses 

revealed that both men and boys showed larger decreases in MPF at the end compared to 

the beginning of the occlusion condition (-20.10 ± 9.62 %; t29 = 12.793; p < 0.001) than 

the control condition (-5.57 ± 9.73 %; t29 = 3.382; p = 0.002) (Figure 6).  

 
Figure 6. Mean ± SD FCR MPF from the beginning to the end of both experimental 
conditions across both groups. The asterisk (*) indicates a significant difference (p 
<0.01).  
Appendix D includes a graph with the separate results of each age group. 

3.2.2 Extensor Carpi Radialis 

EMG RMS amplitude of the ECR was not influenced by any interactions (p < 

0.05) or a main effect of time (F1,28 = 0.008; p = 0.930), condition (F1,28 = 3.141; p = 

0.087), or group (F1,28 = 0.003; p = 0.959). In contrast, ECR EMG MPF was influenced 

by a condition x time interaction effect (F1,28 = 12.794; p < 0.001). Post-hoc t-tests 
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revealed that across both groups, the occlusion condition resulted in a decrease in MPF 

from beginning to end of the experimental trials (-12.36 ± 9.76 %; t28 = 6.925; p < 0.001). 

The control condition did not elicit any changes in EMG MPF across both groups (t28 = 

2.015; p = 0.053). 

3.3 Torque 

 Pre-exercise MVCs, normalized to body mass (Nm/kg), were influenced by a time 

x group interaction effect (F1,28 = 6.210; p = 0.019). Post-hoc analyses revealed that 

MVCs were lower on day two compared to day one for the boys (-15.53 ± 22.91 %; t13 = 

2.720; p = 0.018) but not the men (1.75 ± 12.53 %; t15 = 0.239; p = 0.814). Furthermore, 

on day two the men’s relative MVC was 27.61 % higher than the boys (t28 = 2.179; p = 

0.038). 

 During the experimental trials (i.e., contractions at 35% MVC), the men’s relative 

torque was not higher than the boys (F1,28 = 0.506; p = 0.483). Both the men’s and boys’ 

torque did not significantly differ between the beginning and end trials of each condition 

(F1,28 = 1.714; p = 0.201) or between each condition (F1,28 = 1.437; p = 0.241) (Table 2). 

Further analysis indicated that the standard deviation of the contraction torque within 

each trial was influenced by a condition x time interaction effect (F1,28 = 9.577; p = 

0.040). Across both groups, it was found that there were no differences in the within-trial 

torque variation during the first 4 trials of either condition (t28 = 0.335; p = 0.740). 

However, the last four trials of the occlusion condition had a 77.36 ± 92.62 % higher 

variance in the form of larger torque fluctuations than the control condition within each 

trial (t28 = 4.154; p < 0.001).  
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Table 2.  Torque variable values during the 25 contractions protocol  

  Control Occlusion 

Variables Group Beginning End Beginning End 
Relative Trial 

Torque 
(Nm/Kg) 

Men 0.070 ± 0.018 0.070 ± 0.018 0.069 ± 0.018 0.071 ± 0.017 

Boys 0.067 ± 0.025 0.067 ± 0.026 0.060 ± 0.01 0.067 ± 0.025 

SD within 
Trial Torque 

(Nm) 

Men 1.24 ± 0.64 1.02 ± 0.41 1.28 ± 0.69 1.92 ± 1.14 

Boys 0.80 ± 0.46 0.82 ± 0.32 0.83 ± 0.43 1.21 ± 0.56 

Total 1.03 ± 0.60 0.93 ± 0.38 1.07 ± 0.61 1.57 ± 0.97a 
Note: Data analyzed using repeated measures ANOVAs. Values are expressed as mean ± 
SD 
a Post hoc t-test: Occlusion beginning < Occlusion end 
 

 Post-exercise MVCs were influenced by a condition x time interaction (F1,27 = 

14.913;    p = 0.001). Further analysis indicated that across both groups there was a larger 

decrease in maximal torque production from pre-exercise MVC to post-exercise MVC 

following the occluded exercise (-18.67 ± 12.76 %) than the control condition (-6.73 ± 

12.47 %) (t28 = 5.854; p < 0.001). However, two minutes following the cessation of 

exercise, there were no differences between MVC torques of either condition (t28 = 1.406; 

p = 0.171) (Figure 7).  
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Figure 7. Mean ± SD percentage change in MVC torque across both groups from pre-
exercise MVC to post exercise MVC 1 (immediately following 25 contraction trials) and 
MVC 2 (two minutes following the completion of the 25 contraction trials). The asterisk 
(*) indicates a significant difference (p < 0.01). 
Appendix D includes a graph with the separate results of each age group. 

3.4 Rating of Perceived Exertion 

 There was a main effect of condition on the participant’s RPE (F1,28 = 138.418; p 

< 0.001). Regardless of age, participants reported feeling higher exertion levels 

immediately following the occlusion condition (6.57 ± 2.01 RPE) compared to the 

control condition (3.43 ± 1.61 RPE) (Figure 8).  
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Figure 8. Mean ± SD RPE ratings across both groups following the experimental 
conditions.         
The asterisk (*) indicates a significant difference (p < 0.001).  
Appendix D includes a graph with the separate results of each age group. 

4. Discussion 

Previous research has established that for adults, an acute session of low-intensity 

resistance exercise with BFO leads to increases in muscle activity and a decrease in 

torque-generating capacity (Wernbom & Aagaard, 2019). The main purpose of this study 

was to determine how children’s muscle activation, as reflected by the EMG signal, and 

torque production is affected by low-intensity resistance exercise (35% MVC) with 

concurrent BFO, and whether their response is different than adults’. It was hypothesized 

that the boys would demonstrate smaller increases in EMG amplitude as a result of 

occlusion than the men. It was also hypothesized that following BFO exercise the boys 

would have a smaller decrease in MVC than the men. The results of this study indicate 

that men’s muscle activation, increased with the application of BFO during low-intensity 

exercise. However, in contrast to our hypothesis, children’s muscle activation did not 

change from the beginning to the end of the occlusion condition. Moreover, the occlusion 

condition caused a decreased MVC for both the men and the boys but the magnitude of 
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change in maximal torque was not different between groups. This result contrasts what 

was hypothesized, and instead suggests that BFO has no differential effect on the torque 

generating capacity between men and boys. 

4.1 Muscle Activation 

Similar to previous findings, the men displayed an increase in EMG amplitude 

during low-intensity RE with BFO (Moritani et al., 1992; Takarada, Takazawa, et al., 

2000; Yasuda et al., 2009). When expressed as a percentage increase from beginning to 

end of each condition, the men’s FCR EMG RMS amplitude increased by 16.31% in the 

occlusion condition but did not change during the control condition. Interestingly, this 

study’s findings are lower than what has been reported in a previous review, where 

increases in EMG amplitude resulting from BFO have ranged from 86 – 285% from the 

beginning to the end of exercise when performed at loads ranging from 20 – 60 % MVC 

(Wernbom & Aagaard, 2019). However, previous studies were focused on larger muscle 

groups including the elbow flexors and leg extensors, and many include higher relative 

loads (40 – 60 % MVC) than this study (35 % MVC), or for longer durations, which may 

have led to the differing results. A recent review found that while additional MU 

recruitment in large limb muscles such as the vastus lateralis, soleus, and tibialis anterior 

can occur at up to 88 – 96% of MVC, smaller limb muscles’ MU recruitment is often 

completed by 30 – 50% MVC (Roman-Liu, 2016; Wernbom & Aagaard, 2019). As this 

study focused on a small limb muscle (FCR) at 35% MVC, more MUs and specifically 

more higher-threshold MUs may have already been recruited at the beginning of each 

condition, thus limiting the MU availability for recruitment and resulting in smaller 

increases in EMG RMS amplitude than seen in previous studies using larger muscles. 
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Furthermore, some studies applied BFR/BFO for durations of 3 – 5 mins (Person & 

Golubovich, 1960; Takarada, Takazawa, et al., 2000; Yasuda et al., 2009), or until task 

failure (Myers & Sullivan, 1968; Yasuda et al., 2015), which is longer than the current 

study’s duration of 2.5 mins. Therefore, a longer application may have elicited larger 

changes in EMG RMS amplitude than were seen in this study. 

It was hypothesized that the boys would demonstrate a smaller increase in EMG 

amplitude during RE with BFO than the men.  However, there was no apparent change in 

EMG amplitude with BFO compared to without BFO in the boys. No increase in EMG 

amplitude as a result of BFO may reflect that the boys recruited less of their high-

threshold MUs than the men during the repetitive, sub-maximal contractions (Dotan et 

al., 2012). Previous research on muscle fibre glycogen depletion during BFO exercise in 

adults has shown that the most used fibres were those with the lowest oxidative capacity 

(high-threshold type IIX), and that type II fibres with higher oxidative capacity (high 

threshold type IIa) were used less (Ingemann-Hansen et al., 1981). The recruitment of 

type IIX before type IIa suggests that the application of BFO may result in an altered 

order of MU recruitment (type I > type IIX > type IIa) (Wernbom & Aagaard, 2019). 

However, children recruit a smaller percentage of their available MU pool (Asmussen & 

Heebøll-Nielsen, 1955), and are hypothesized to have to recruit their higher-threshold 

MUs to the lesser extent compared with adults (Dotan et al., 2012). Thus, it is possible 

that the boys were recruiting a higher percentage of their low-threshold MUs during the 

RE with BFO than adults, which would lead to less of an increase in EMG amplitude 

across both conditions.  



 35 
 

An alternate explanation for why the boys’ EMG amplitude did not increase as 

much as the men’s may involve differences in fiber type composition. As mentioned in 

Section 1.2.1, children have previously been suggested to have approximately 10% more 

type I muscle fibres than adults (Jansson, 1996; Lexell et al., 1992). Based on cross-

sectional data, the authors suggest that, as children mature, type I fibers may decrease, 

while type II may increase in proportion (Lexell et al., 1992). Greater relative availability 

and use of type I fibers would result in minimal increases in EMG amplitude, as seen in 

the boys.  

Finally, another explanation for the lack of increase in RMS in the boys may be 

that, if children recruit a lower percentage of their total MU pool than adults, it is possible 

that the boys were exercising at 35% of their volitional MVC, but at a lower exercise 

intensity relative to their true maximal force.  

Children have been shown to produce and accumulate less lactate during intense 

exercise (Dotan et al., 2003; Hebestreit et al., 1993; Zafeiridis et al., 2005). Therefore, it 

is possible that during the repeated contractions, boys’ muscles had lower lactate 

concentration, resulting in less group III and IV sensory afferent stimulation which would 

have a minimal effect on children’s MU recruitment compared to that of adults. Previous 

research in adults has indicated that arterial occlusion increases the responsiveness of 

group III and IV afferents by 12% and 47% respectively, which could contribute to their 

increased muscle activation (Adreani & Kaufman, 1998). However, the sensitivity of 

group III and IV afferents during BFO has yet to be researched in children so it is 

unknown if the responsiveness of the sensory afferents for children could have 

contributed to the disparity observed between children and adults. 



 36 
 

In contrast to EMG amplitude, MPF of the FCR EMG signal pattern was similar 

in the two groups. Across both groups, there was a decrease in MPF by the end of both 

the occlusion and the control conditions, but more so during the occlusion condition. A 

previous study in adults suggested that decreases in MPF may be related to lower 

recruitment of type II fibres (Young & Mayer, 1981), which is in line with the decrease in 

MPF during the occlusion condition for the boys. However, this would also suggest that 

the men recruited less of their higher threshold MUs, which is inconsistent with the men’s 

increase in EMG RMS amplitude from beginning to end in the occlusion condition but 

not in the control condition. Furthermore, high-threshold MUs are often associated with 

high frequency firing rates but earlier time to fatigue, which could explain the decrease in 

MPF over time for the men. However, this explanation is inconsistent with the MPF 

observation in the children, who unlike adults, did not exemplify any changes in EMG 

RMS amplitude, yet both age groups demonstrated a decrease in EMG MPF.  

The inconsistent patterns in the RMS and MPF changes over time in the two 

groups may be related to the fact that changes in RMS and MPF may reflect changes 

within the muscle, other than MU recruitment or discharge rate (Farina et al. 2014) and 

indeed, over time, the changes in the two outcomes may not be parallel. For example, 

Farina et al. (2014) demonstrated that following a simulated fatiguing contraction, RMS 

during a submaximal contraction (35%MVC) was higher compared with the same 

intensity contraction before the fatiguing contraction, reflecting greater neural drive. On 

the other hand, the mean frequency during the post-fatigue contraction was lower 

compared with the pre-fatigue contraction. That is, despite an increase in the motor unit 
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activity (RMS), there was a reduction in the mean frequency (MPF) of these MUs. Thus, 

the MPF data should be interpreted with caution.   

Metabolite accumulation has been found to be higher for adults than children 

(Dotan et al., 2003; Hebestreit et al., 1993; Ratel et al., 2002; Zafeiridis et al., 2005), and 

group III and IV sensory afferents may be responsible for decreases in MPF associated 

with that accumulation. Some literature suggests that group III and IV afferents are 

responsible for the decreased firing mostly of high-threshold MUs (Windhorst et al., 

1996), while most other studies state that they primarily affect low-threshold MUs that 

have been active since the beginning of a given task (Tucker et al., 2009; Tucker & 

Hodges, 2009). Thus, if low-threshold MUs are affected to a greater extent and men 

accumulated more metabolites across the BFO exercise, it could explain the similar MPF 

decreases in children and adults during BFO.  

4.2 Torque and Perceived Exertion 

Between day one and day two, boys’ pre-exercise MVC decreased 15.53 ± 

22.91%. This change between testing sessions was likely due to an improper technique of 

the boy’s MVC on day one. Coming into the lab the boys and men were not familiar with 

the wrist flexion task and the determination of their MVC was early in the familiarization 

process. Previous studies have found that children’s motor performance improves with 

age (Thomas, 1980). More specifically, young children have been found to be unable to 

correct movement errors without adequate practice, while older children and adults are 

capable of making spontaneous corrections (Thomas, 1980). Thus, it was possible that 

improper technique was initially used by the boys, and additional muscles were recruited 
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to aid in torque production on the first day that were not on the second day (i.e., when the 

task requirements and proper form were both familiar to the participants). 

Across both age groups, trial torque values remained unchanged at approximately 

35% MVC from the beginning to the end of each condition. This means that our main 

measures can be interpreted without a confounding influence of changing load. However, 

the standard deviation of the torque within trials (i.e., the fluctuation of torque during 

each contraction) was found to be greater for both the men and boys during the occlusion 

condition. In adults, a review examining mechanisms behind variations in force 

steadiness found that force fluctuations depend on a variety of factors including age 

(young vs. older adults), muscle group, and contraction type and intensity (Enoka et al., 

2003). Studies comparing children to adults have found that young children (~5 – 7 y) 

have a worse force regulation performance than both older children (~9 – 11 y) and 

young adults (Lazarus et al., 1995). Decreases in young children’s ability to scale their 

forces correctly may reflect the “coincidence – anticipation” paradigm which assesses the 

capacity to predict target durations and estimate reaction time in order to program 

responses to task cues (Schmidt, 1968). These responses have been found to increase with 

age across childhood, and reach adult performance levels by ages of ~9 – 11 y (Lazarus et 

al., 1995), which may explain why there were no group differences in torque variation in 

this study, seeing as the average age of the boys was 10.7 ± 2 y.  

A higher variation in maintaining 35% MVC torque during the occlusion trials for 

both age groups could be due to a decrease in sensory feedback with occlusion. In adults, 

BFO has been shown to disrupt sensory function, which disturbs the central nervous 

system’s regulation of muscle force generation (Leonard et al., 1994). Studies in children 
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have found that children rely heavily on proprioceptive cues to perceive time intervals 

(Goldstone et al., 1958). Verbal reports from participants in this study included feelings 

of numbness and tingling in their forearm and hand, potentially leaving them to rely on 

the visual information provided by the trace of their torque production displayed in front 

of them to maintain 35% MVC instead of other forms of feedback. Together, reduced 

sensory function as shown in adults and a high reliance on proprioceptive cues in children 

suggests that both age groups’ torque steadiness could be negatively affected by the 

application of BFO during the experimental tasks. 

Higher torque variability may also be related to participants’ higher perceived 

exertion during the occlusion condition, in that they had difficulty maintaining a steady 

torque as they started to fatigue. Rating of perceived exertion has previously been found 

to be indicative of muscular fatigue (Troiano et al., 2008; Wernbom & Aagaard, 2019), 

which has been associated with higher levels of force/torque variability (Missenard et al., 

2009). Thus, a decrease in force steadiness with fatigue may have also arisen due to an 

increase in motor unit recruitment and metabolite accumulation (Missenard et al., 2009). 

As previously discussed, when a muscle fatigues it requires more activation to produce a 

given force, and thus recruits higher-threshold MUs that are normally required for higher 

force production (Stein et al., 2005). Additional MUs are also required to compensate for 

the contractile failure of muscle fibres due to changes in metabolic conditions (Allen et 

al., 1995) and inhibitory input to motor neurons via group III and IV sensory afferents 

(Duchateau & Hainaut, 1993). These MUs have a lower firing rate and produce unfused 

twitches that result in increased muscle force variability (Faisal et al., 2008; Stein et al., 
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2005). Thus, higher exertion induced by BFO may have been a contributing factor to both 

groups’ increased torque variability during the occlusion condition.  

4.3 Implications 

The results of this study suggest that low-load BFO RE is effective in modifying 

physiological responses to exercises in boys and men for some measures, but not others. 

It was found that decreases in EMG MPF, increases in RPE and decrease in maximal 

torque generating capacity following BFO was similar in boys and men. These similar 

responses to an acute session of BFO suggest that boys may be able to use low-load BFO 

for strength training in the same way that men currently do. However, contrary to the 

men’s response, the boys did not display an increase in EMG RMS amplitude as a result 

of low-load exercise with BFO. This is potentially the result of boys’ greater reliance on 

lower-threshold MUs during exercise. Since BFO training in adults is largely based on 

the use of high-threshold (type II) MUs (Wernbom & Aagaard, 2019), there may be less 

reason to implement BFO RE in boys than men (Hughes et al., 2017; Karabulut et al., 

2010; Manimmanakorn et al., 2013; Takarada, Nakamura, et al., 2000). However, the 

next section outlines some of the limitations to this study that should be addressed before 

the effectiveness of low-load BFO exercise can be determined for children.   

4.4 Limitations and Future Directions 

Both groups performed muscle contraction at the same intensity (35%) of the 

maximal voluntary force. However, as mentioned in Section 4.1, given children’s lower 

maximal volitional MU activation (O’Brien et al., 2010), this may have resulted in the 

boys exercising at a lower intensity than then men, relative to their true maximal force. 
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That is, since boys are known to volitionally recruit a lower percentage of their available 

MU pool (O’Brien et al., 2010), having them exercise at 35% of MVC would mean that 

they were actually working at an intensity < 35% of their true maximal force. This may 

explain the lack of increase in EMG RMS in the boys. In the future, each participant’s 

volitional activation and true maximal force could be measured to calculate a more 

accurate relative exercise load across participant groups. 

The occlusion pressure used for BFO may also have had an influence on our 

results. Using a BFO cuff pressure of 50 mmHg above systolic BP during an MVC 

resulted in a higher occlusion pressure applied to the men (~185 mmHg) than the boys 

(~165 mmHg) because the men’s systolic BP during contraction was higher than the 

boys’ (Men: 135.4 ± 2.8 mmHg; Boys: 115.8 ± 4.3 mmHg). Further, the constant 

50mmHg increase in pressure was larger, relative to systolic BP during an MVC, for the 

boys. To avoid these imbalances in the future, the BFO pressure could be set at a 

percentage of systolic BP during and MVC. For example, in this study the men’s BFO 

pressure was at ~37% above their systolic BP during an MVC, whereas the boys were at 

~42% above their systolic BP during MVC. In our case, the target pressure for BFO 

could have been standardized at ~40% above systolic BP during an MVC. This may 

account for some of the differences that the cuff pressure may have elicited in increased 

group III and IV sensory afferent stimulation (Adreani & Kaufman, 1998). 

Since previous studies have shown larger increases in EMG with higher loads (50 

– 70 % 1 RM) during BFO (Wernbom & Aagaard, 2019), using relative intensity of 

contractions > 35 % MVC may have better represented the effect of occlusion on EMG 



 42 
 

measures. However, 35% MVC is considered a “low-load”, whereas 50 – 70 % MVC 

could be considered a moderate intensity (Wernbom & Aagaard, 2019). This study chose 

to focus on low-load intensities due to the potential future application of RT with BFO 

being used for youth physical rehabilitation (i.e. chronic conditions and/or sport injury 

rehab). A follow-up study using higher-loads than 35% MVC could be useful to 

determine if high-load BFO exercise has a greater effect on the main outcome measures. 

If found to be effective, moderate-load BFO training could potentially be used to better 

enhance boys’ high-performance training techniques than low-load BFO training.  

Performing contractions in each condition until failure instead of a set number 

(i.e. 25 repetitions) could allow for a more direct comparison of the effect of BFO on 

endurance and the development of fatigue. However, performing until task failure would 

have also increased the amount of time the BFO was applied for, during which time the 

BFO would become increasingly uncomfortable for participants and likely less tolerable, 

especially for the boys. However, increased duration of BFO application and exercise 

may be necessary to demonstrate child-adult differences. 

Another component of this study that could have influenced the results is the 

choice of muscle group. The focus of this study was a small forearm muscle (i.e. FCR) 

that has been found to have a mixed fibre type distribution (~50% type I and II) 

(Botterman et al., 1985). It would also be interesting to examine the effect of BFO on 

other larger muscle groups with varying fibre type distributions to determine which 

muscles could potentially benefit the most from BFO training in children.  
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Lastly, there are considerations that should be taken into account in the event that 

low-load BFO RE is found effective for children and can be implemented as RT. Low-

load resistance training with BFO in adults is known to result in less mechanical stress on 

bones and joints, which could be beneficial for individuals with chronic conditions that 

cannot withstand high loads (Wernbom et al., 2008). However, less mechanical loading 

also has a reduced impact on bone metabolism compared to traditional high-load training 

(Wernbom et al., 2008). Thus, for some chronic conditions and rehabilitation methods 

requiring adaptations from loading exercise, low-load BFO RT may not be 

recommended.  

5.   Conclusion  

This study found that low-load BFO RE resulted in increased EMG RMS 

amplitude, decreased MPF and reduced torque generating capacity in men. However, the 

boys’ EMG RMS remained unchanged as a result of the low-load BFO RE, while their 

MPF and torque production decreased in the same manner as the men. In view of these 

inconsistent patterns in boys and men, it is unclear whether low-load BFO training may 

be as effective in children, as has been previously demonstrated in adults. Future BFO 

research investigating higher relative loads, trials until task failure, and/or different 

muscle groups may be helpful to determine the effectiveness of low-load BFO exercise in 

children.  
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7. Appendices 

Appendix A: Questionnaires 

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. Have you ever been told that you have kidney problems? 

  YES  NO 

6. Have you had any stomach problems such as ulcers? 

  YES  NO 

7. When you experience a cut do you take a long time to stop bleeding? 

  YES  NO 

8. When you receive a blow to a muscle do you develop bruises easily? 

  YES  NO 

9. Are you currently taking any medication (including aspirin) or have you taken any 
medication in the last two days? 

  YES  NO 

10. 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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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 
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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 B: Scales 

OMNI-Resistance Exercise Scale of Perceived Exertion (Robertson et al., 2005) 

This scale was used to assess ratings of perceived exertion (RPE) for the active muscle and 

overall body during resistance exercise with the use of BFO.  

Child Scale: 

 

Adult Scale: 
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Appendix C: Dynamometer and Set-up 
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Appendix D: Supplementary Graphs 
 

 
Mean ± SD FCR MPF from the beginning to the end of both experimental conditions. 
The asterisk (*) indicates a significant difference (p <0.01), no differences were found 
between groups. 

 
Mean ± SD percentage change in MVC torque from pre-exercise MVC to post exercise 
MVC 1 (immediately following 25 contraction trials) and MVC 2 (two minutes following 
the completion of the 25 contraction trials).  
The asterisk (*) indicates a significant difference (p < 0.01), no differences were found 
between groups. 
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Mean ± SD RPE ratings following both experimental conditions.         
The asterisk (*) indicates a significant difference (p < 0.001), no differences were found 
between groups. 
 

 
Boys’ individual EMG RMS amplitude values across both experimental conditions.         
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Men’s individual EMG RMS amplitude values across both experimental conditions.         
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