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Abstract 

The purpose was to examine the effects of equal volume, high-repetition resistance training 

(HRRT) to volitional fatigue, with different workout frequency, on muscle mass and 

muscle performance in healthy postmenopausal women. After matching participants for 

age, weight and years post-menopause, postmenopausal women were randomized to 

perform HRRT two days per week (HRRT-2; 60.8 ± 5.5 years, 72.1 ± 16.4 kg, 160.2 ± 3.9 

cm; 3 sets of 20-30 repetitions/set to volitional fatigue for elbow and knee flexion and 

extension) or three days per week (HRRT-3; 61.8 ± 4.6 years, 67.6 ± 13.6 kg, 160.7 ± 4.4 

cm; 2 sets of 20-30 repetitions/set to volitional fatigue per exercise) for 8 weeks.  Prior and 

following training, assessments were made for muscle thickness of the elbow and knee 

flexors and extensors (B-mode ultrasound), muscle strength (1-repetition maximum for 

elbow and knee flexion and extension), and muscle endurance (maximum number of 

repetitions performed at 50% baseline 1-repetition maximum for elbow and knee flexion 

and extension). There was a significant increase over time for all measures of muscle 

thickness, muscle strength, and muscle endurance (p < 0.001), with no differences between 

groups. Equal volume, HRRT (independent of training frequency), is an effective 

intervention for improving muscle mass and muscle performance in postmenopausal 

women. 

Keywords: aging, resistance training, muscle, frequency, hypertrophy 
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1 Introduction 

Sarcopenia has recently been defined as a muscle disease (ICD-10-MC Diagnosis Code) 

characterized by low muscle strength, muscle mass and functionality (Cruz-Jentoft et al., 2018). 

Typically, adults lose between 1-2 % of their total muscle mass per year after the age of 50, which 

corresponds to a 1.5 % decrease in maximal strength (for review see Van Kan, 2009). 

Postmenopausal women may experience accelerated muscle and strength loss, possibly due to a 

decrease in estrogen production and estrogen receptor concentration in skeletal muscle (Maltais, 

Desroches, & Dionne, 2009; Wiik, Ekman, Johansson, Jansson & Esbjörnsson, 2009). 

Progesterone levels decrease in postmenopausal women is mainly associated with functional 

capacity and muscle performance (Joe and Ramirez, 2001). 

While the exact mechanisms explaining sarcopenia remain to be elucidated, one main 

contributing factor involves muscle protein kinetics (Breen & Phillips, 2011). Specifically, there 

is an attenuated muscle protein synthetic response to resistance training (i.e. aging anabolic 

resistance; Breen & Phillips, 2011).  Therefore, from a healthy aging perspective, the design of 

effective resistance training interventions which can help overcome aging anabolic resistance and 

improve muscle mass and muscle performance are important.  

The American College of Sports Medicine (ACSM) recommends that resistance training 

should be performed at training intensities ≥ 70% one repetition maximum (1-RM) to achieve 

significant muscle accretion (Ratamess, Alvar, Evetoch, and Housh, 2009). Unfortunately, aging 

adults may not be able to train at high intensities due to possible co-morbidities associated with 

aging (i.e. arthritis, osteoporosis, joint pain) (Bemben, Fetters, Bemben, Nabavi, & Koh, 2000; 

Loenneke and Pujol, 2011). Emerging research indicates that high-repetition resistance training 

(HRRT; ≥ 20 repetitions/set) to volitional fatigue may be an effective strategy for improving some 
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indices of muscle biology. For example, young adults (n = 15-18; age = 21 ± 1 years) who 

performed HRRT (3-4 sets of knee extension exercise; ~ 20-30 repetitions/set to volitional fatigue) 

experienced significant increases in the rates of muscle protein synthesis (≤ 24 hours; Burd et al., 

2010) and muscle size and strength over 10 weeks of training (Mitchell et al., 2012). Additional 

work from the same laboratory showed that HRRT (n = 49; 23 ± 1 years, 3 sets of 20-25 repetitions 

to volitional fatigue; whole-body routine, 4 days per week for 12 weeks) significantly increased 

lean tissue mass, muscle cross-sectional area, and muscle strength in resistance-trained young 

males (Morton et al., 2016). Furthermore, postmenopausal women (n = 12; age = 57 ± 4.7 years) 

who performed unilateral HRRT (3 sets of elbow and knee flexion and extension, ~ 21 

repetitions/set to volitional fatigue) experienced significant gains in upper body strength and 

muscle size after 10 weeks of training (Weisgarber, Candow & Farthing, 2015). While it is difficult 

to compare results across studies that use different methodologies, HRRT (~ 20-30 repetitions/set 

to volitional fatigue) appears to be effective for increasing muscle mass and muscle performance.   

In addition to high-repetition, the volume and frequency of resistance training may also be 

important contributing factors for increasing muscle hypertrophy and muscle performance. For 

example, Schoenfeld, Ogborn and Krieger (2016a) performed a systematic review and meta-

analysis on the effects of resistance training frequency and concluded that increased frequency of 

training led to greater muscle accretion (p = 0.002). However, when resistance training volume 

(load x sets x repetitions) was equated across studies, there was no influence from training 

frequency on muscle hypertrophy (Grgic, Schoenfeld & Latella, 2018a). Regarding muscle 

strength, Grgic et al. (2018) showed that increasing the frequency of training from 1 to 3 days per 

week had a significant accumulative effect (p = 0.003). Similar to muscle hypertrophy, when 
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resistance training volume was equated across studies, frequency of training had no greater effect 

on strength (p = 0.421).   

The resistance training guidelines by the ACSM suggests that untrained individuals should 

train each muscle group 2-3 days per week (Garber et al., 2011; ACSM, 2009). Interestingly, young 

untrained adults who performed equal-volume resistance training 2 or 3 days per week (2-3 sets 

of 10 repetitions) for 6 weeks experienced similar gains in muscle hypertrophy and strength 

(Candow & Burke, 2007). However, the effects of equal volume HRRT, with different workout 

frequency, in postmenopausal women are unknown. Therefore, the purpose of this thesis was to 

determine the effects of equal volume HRRT (20-30 repetitions/set to volitional fatigue) with 

different workout frequency (2 vs. 3 days per week) on muscle hypertrophy, muscle strength and 

endurance in postmenopausal females.  

2 Literature Review 

2.1 Muscle protein turnover  

The constant and simultaneous synthesis and breakdown of skeletal muscle proteins is 

referred to as muscle protein turnover (Breen & Phillips, 2011). Muscle hypertrophy will occur 

when the rates of muscle protein synthesis (MPS) are greater than the rates of muscle protein 

breakdown (MPB) (Breen & Phillips, 2011).  The cellular mechanisms helping explain muscle 

protein turnover include gene transcription, cell signalling, and enzymes involved in various 

proteolytic pathways (Burd, Tang, Moore, & Phillips, 2009).  

The mammalian target of rapamycin (mTOR) pathway is considered the main governing 

regulator of messenger ribonucleic acid (mRNA) translation and subsequent MPS (Little & 

Phillips, 2009; Schoenfeld, 2010) and has been shown to play a key role in the regulation of mRNA 

translation and MPS for muscle hypertrophy (Bemben et al., 2000). There are two different mTOR 
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complexes – raptor mammalian target of rapamycin (mTORC1), the predominant multi-protein 

complex regulator of translation initiation, and rictor mammalian target of rapamycin (mTORC2) 

– involved in the regulation of actin cytoskeletons. Resistance training elevates the 

phosphorylation of translational repressor 4E binding protein (4E-BP1), which dissociates from 

eukaryotic translation initiation factor 4E (eIF4E) that subsequently associates with eukaryotic 

translation initiation factor 4 gamma protein (eIF4G). This association assists in the recruitment of 

other translation initiation factors to assembly the eukaryotic translation initiation factor 4F 

(eIF4F) complex and start cap-dependent translation (Ogasawara et al., 2013). Further, as a 

response of the mechanical stimulus of type II muscle fibers during resistance training, the mTOR 

pathways is activated, and it contributes to the progression of protein translation trough the 

phosphorylation of 70-kDA S6 protein kinase (p70S6K) (Camera, Smiles & Hawley, 2016). In 

addition to the regulation of translation initiation and MPS for muscle hypertrophy, mTOR plays 

important roles in processes such as ribosome biogenesis, nutrient metabolism, autophagy, and 

myoblast fusion (Sarbassov, Ali and Sabatini, 2005). Insufficient stimulation of mTOR following 

resistance training may be a contributing factor of sarcopenia.  For example, following an acute 

bout of resistance training, up-regulation of MPS and associated translational signalling through 

the mTORC1 pathways were significantly reduced in aging adults compared to younger adults 

(Fry et al., 2011).   

2.2 Hormones 

The age-related decrease in anabolic factors (e.g. growth hormone, androgens, estrogens) 

and increase in catabolic factors (e.g. cytokines) may have a negative effect on aging muscle 

biology (Morley et al., 2001). Growth hormone (GH) is released in response to acute exercise from 

the pituitary gland and it stimulates the production of insulin-like growth factor 1 (IGF-1) in the 
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liver and skeletal muscle. After resistance training, there is an increase in the gene expression of 

muscle IGF-1 stimulated by GH. IGF-1 stimulates the mTOR pathway, binding to a receptor in 

the outer membrane of the muscle cell that sends a signal to the muscle cell nucleus (Brown, 2007). 

Subsequently, there is an increase in transcription, translation and protein synthesis. Furthermore, 

IGF-1 reduces the gene expression of myostatin, which inhibits myogenesis, and stimulates the 

proliferation and differentiation of satellite cells (Candow et al., 2012; Koopman & van Loon, 

2009).  

Dehydroepiandrosterone (DHEA) is a hormone secreted by the adrenal glands. It acts as 

an androgen precursor and can be transformed into different sex steroids, such as testosterone and 

estrogen. DHEA has multifunctional purposes and is associated with increased bone formation, 

muscle accretion and decreased fat mass as well as improved glucose metabolism (Labrie et al., 

2005).  

Another major anabolic hormone is testosterone, which is known to increase MPS and 

decrease proteolysis, as well as act on the muscular system by binding to intracellular androgen 

receptors, which subsequently translocate to the nucleus and mediate gene expression (Schoenfeld, 

2013). In addition to this direct interaction with the muscle cell, testosterone has a powerful 

anabolic effect by inducing the release of growth hormone (GH) from the pituitary gland (Fleck & 

Kraemer, 2014).  

During and after menopause, estrogen levels in women decrease, leading to a reduced 

anabolic profile (Karakelides & Nair, 2005). Skeletal muscle has estrogen receptors mainly on 

type II muscle fibers, which are reduced in postmenopausal women. Along with the sarcopenic 

loss of type II muscle fibers, low levels of estrogen may accelerate the decrease in muscle mass 

and strength in aging females (Brown, 2008).  
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Serum levels of cytokines are increased in response to concentric and eccentric muscle 

contractions and are involved in the tissue remodelling in response to muscular damage. 

Interleukin-6 cytokine (IL-6) is produced during acute RT and is responsible for the regulation of 

satellite cell-mediated hypertrophic muscle growth. Interleukin-10 cytokine (IL-10) is also 

produced during and after RT, and it plays a role in inflammation (Izquierdo et al., 2009).  

2.3 Satellite cells 

Satellite cells are characterized as stem cells within skeletal muscle, located peripherally 

between the basal lamina and the sarcolemma (Lieber, 2002). These cells are precursors to 

myoblasts and can be found in 3 different stages: quiescence, proliferation, and differentiation 

(Lieber, 2002). Quiescent satellite cells respond to muscle trauma by reinitiating the cell cycle 

through mitotic activity to proliferate and differentiate into a muscle cell (Brack & Rando, 2007; 

Hawke & Garry, 2001; Scharner & Zammit, 2011; Lieber, 2002). When the nucleus receives 

molecular signals to increase cell size, the cell stimulates the proliferation of satellite cells in order 

to increase the number of nuclei, potentially contributing to muscle hypertrophy (Brown, 2007). 

A study by Kadi, Charifi, Denis and Lexell (2004) demonstrated that the biological process of 

aging decreases satellite cell concentration by approximately 40%, especially in type II muscle 

fibers (Snijders, Verdijk & van Loon, 2009; Verdijk, Koopman & Schaart, 2007). During the aging 

process there is a reduction in muscle regenerative capacity (Lightfoot, McCormick, Nye & 

McArdle, 2014). This aging-dependent satellite cell dysregulation can be caused intrinsically (e.g. 

genetic mutations) and/or extrinsically (e.g. local/systemic environment) (Brack & Rando, 2007). 

Moreover, the apoptosis rate of satellite cells in aging muscle increases substantially, impairing 

muscular regenerative processes (Brack & Rando, 2007). Furthermore, age-related decreases in 

serum levels of immune cells and growth factors are closely associated with the reduced activity 
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of satellite cells on aging individuals (Hawke & Garry, 2001). Although satellite cell activity and 

function decreases with aging, resistance training is an effective lifestyle intervention for 

improving satellite cell quantity in aging individuals, especially women (Roth et al., 2001; Mackey 

et al., 2006). 

3 High-Repetition Resistance Training 

A greater volume of muscle contractions may be required to achieve significant muscle 

accretion and strength gains in aging individuals (Breen & Phillips, 2011). Training protocols that 

utilize high-repetitions across multiple sets, especially to volitional fatigue, are effective for 

increasing the rates of muscle protein synthesis, muscle mass and strength (for reviews see Ralston, 

Kilgore, Wyatt, & Baker, 2017; Schoenfeld, Grgic, Ogborn & Krieger, 2017). Volitional fatigue 

can be achieved by performing uninterrupted muscle contractions using high repetitions. 

Mechanistically, volitional fatigue may be caused by reduced muscle fiber conduction velocity 

(Sale, 1987), disabled muscle excitation-contraction action via  metabolic acidosis, reduced 

calcium release by the sarcoplasmic reticulum, low energy status or altered activity of ATPase 

(Green, 1986). To sustain and/or intensify muscle force production, there is an increase in motor 

unit activation, according to Henneman’s size principle (Henneman, Somjen & Carpenter, 1965). 

This principle proposes that the size of the motorneuron determines its threshold, predicting the 

frequency of cell stimulation and the order of recruitment. The order of motor unit recruitment is 

systematic, with type I fibers recruited first followed by type II fibers as force demands increase 

(Henneman et al., 1965; Moore et al., 2004; Neumann, 2010).  

Type II motor units are primarily recruited to maintain force production during fatiguing 

exercise (Mitchell et al., 2012) and are typically associated with higher phosphorylation rates of 

mTOR signaling proteins (Edström & Ekblom, 1972; Fujita et al., 2007; Koopman, Zorenc, 
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Gransier, Cameron-Smith, & van Loon, 2006). Interestingly, HRRT to volitional fatigue increases 

type I and type II recruitment which may help explain the observed increases in muscle mass and 

strength. For example, Burd et al. (2010) showed that HRRT (4 sets of knee extension, ~ 24 

repetitions/set) in young males increased mTOR; phosphorylation of Akt, p70S6K, and 4E-BP1; 

myogenic factors (myogenic differentiation factor D mRNA, myogenin mRNA, paired box protein 

Pax-7), and rates of myofibrillar protein synthesis. Furthermore, Mitchell et al., (2012) showed 

that 10 weeks of HHRT (3 sets of knee extension, ~ 20-30 repetitions/set; 3 days per week) 

significantly increased muscle cross-sectional area and strength over time in young adults.  

Additional work from the same laboratory showed that HRRT (3 sets of 20-25 repetitions; whole-

body routine, 4 days per week for 12 weeks) significantly increased lean tissue mass, muscle cross-

sectional area, and muscle strength in resistance-trained young males (Morton et al., 2016). 

Finally, in aging postmenopausal women (n = 12; age = 57 ± 4.7 years), HRRT (3 sets of elbow 

and knee flexion and extension,  ~ 21 repetitions/set to volitional fatigue) for 10 weeks resulted in 

significant gains in upper-body strength and muscle mass (Weisgarber et al., 2015). Results across 

studies indicate that HHRT performed to volitional fatigue increases muscle size and strength. 

Since sarcopenia is characterized by the loss of muscle mass and strength, HRRT may be an 

effective intervention to help overcome aging anabolic resistance and improve muscle mass and 

muscle performance.   

3.1 Frequency of training 

In addition to high-repetition, the volume and frequency of resistance training may also be 

important contributing factors for increasing muscle hypertrophy and muscle performance. For 

example, Schoenfeld et al. (2016a) performed a systematic review and meta-analysis on the effects 

of resistance training frequency and concluded that increased frequency of training led to greater 



9  

 

muscle accretion (p = 0.002). However, when resistance training volume (load x sets x repetitions) 

was equated across studies, there was no influence from training frequency on muscle hypertrophy 

(Grgic et al., 2018a). Regarding muscle strength, Grgic et al. (2018) showed that increasing the 

frequency of training from 1 to 3 days per week had a significant accumulative effect (p = 0.003). 

Similar to muscle hypertrophy, when resistance training volume was equated across studies, 

frequency of training had no greater effect on strength (p = 0.421).   

The resistance training guidelines by the American College of Sports Medicine suggests 

that untrained individuals should train each muscle groups 2-3 days per week (Garber et al., 2011; 

ACSM, 2009). Interesting, young untrained adults who performed equal-volume resistance 

training 2 or 3 days per week (2-3 sets of 10 repetitions) for 6 weeks experienced similar gains in 

muscle hypertrophy and strength (Candow & Burke, 2007). However, the effects of equal volume 

HRRT, with different workout frequency, in postmenopausal women are unknown.  

4 Research Purpose and Hypothesis 

The purpose of this thesis was to determine the effects of equal volume HRRT (20-30 

repetitions/set to volitional fatigue) with different workout frequency (2 vs. 3 days per week) on 

muscle hypertrophy, muscle strength and endurance in postmenopausal females. It was 

hypothesized that training to volitional fatigue 2 or 3 days per week would produce similar gains 

in muscle mass, strength and endurance.  

5 Methods 

5.1 Participants 

An a priori power analysis (G*Power v. 3.1.5.1) indicated that 34 participants were 

required for the study. This calculation was based on a moderate effect size (Cohen’s f  = 0.25), an 
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alpha level of 0.05, a ß-value of 0.8 employing a repeated measures, within-between interactions, 

ANOVA statistical approach (Faul, Erdfelder, Lang, & Buchner, 2007). Post-menopausal females 

(≥ 50 years of age) who were not engaged in supervised resistance training for ≥ 6 months prior to 

the start of the study were recruited to participate. Females were postmenopausal for at least 1 year 

(defined as having their last menstrual cycle ≥ 1 year prior to the start of the study). Recruitment 

occurred through the University of Regina e-mail server list. Participants were required to fill out 

a leisure time exercise questionnaire (Appendix A), which indicated the average number of times 

that strenuous (i.e. heart beats rapidly), moderate (i.e. not exhausting), and mild exercise (i.e. 

minimal effort) was performed per week (Godin & Shephard, 1985). Participants also filled out a 

Physical Activity Readiness Questionnaire (PAR-Q+; Appendix B), which assessed their readiness 

for participation in resistance training. This questionnaire included questions related to heart 

conditions, angina at rest or during physical exercise, balance, and bone or joint problems that may 

affect exercise performance. If the participant indicated any of the above conditions, they were 

required to get medical clearance before starting the study (PARMED-X; Appendix C). 

Participants were excluded if they had taken medications (i.e. bisphosphonates, hormone 

replacement therapy, selective estrogen receptor modulators, parathyroid hormone, calcitonin ) or 

creatine monohydrate ≤ 12 months prior to the start of the study; if they had a history of fragility 

fractures; diseases that are known to affect muscle biology (i.e. Crohn’s Disease); if they suffered 

from severe osteoarthritis or if they planned to travel during the study period for greater than 2 

weeks duration at a time. Participants were instructed not to change their diet or engage in 

additional physical activity that was not part of their normal daily routine or consume non-steroidal 

anti-inflammatory drugs during the study, as these interventions can affect muscle protein 

synthesis (Trappe et al., 2002). The study was approved by the Research Ethics Board at the 
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University of Regina (REB 2018-027). Participants were informed of the risks and purposes of the 

study before written consent was obtained (Appendix D). 

5.2 Research Design 

 The study was a repeated measures design. After being matched for age, body mass and 

years post-menopause, participants were randomized on a 1:1 basis to one of two groups: HRRT 

for 2 days per week (HRRT-2; Monday/Thursday, Tuesday/Friday or Wednesday/Saturday) or 

HRRT for 3 days per week (HRRT-3; Monday/Wednesday/ Friday or 

Tuesday/Thursday/Saturday). The primary dependent variables measured at baseline and after the 

intervention included: (1) muscle thickness (elbow and knee flexors and extensors), (2) muscle 

strength (1-RM for elbow and knee flexion and extension), and (3) muscle endurance (number of 

repetitions performed for 1 set using 50% baseline 1-RM for elbow and knee flexion and 

extension). In addition, participants were required to complete a 3-day food diary (Appendix E) at 

baseline and during the last week of training to determine whether total energy (kcal) and 

macronutrient intake changed over time. 

5.3 High-Repetition Resistance Training 

 Prior to the start of HRRT, participants became familiar with the machine-based resistance 

training equipment (Pulse Exercise Systems Inc., Winnipeg, Canada) in the Aging Muscle and 

Bone Health Laboratory, University of Regina. During the familiarization training sessions, 

participants were properly shown how to breathe, use the equipment, and perform repetitions to 

volitional fatigue. Participants were instructed to perform the concentric phase in 2 seconds, pause 

for 1 second, then perform the eccentric phase in 2 seconds, in accordance to a metronome (60 

beats per minute). An important aspect of the study was that all repetitions were directly supervised 
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and performed to volitional fatigue (defined as the inability to perform the concentric phase of a 

muscle contraction).  

During the first familiarization session, participants performed 1 set of HRRT (20-30 

repetitions to volitional fatigue) for each exercise in order (knee extension, elbow extension, knee 

flexion, elbow flexion). In the second familiarization session, 2 sets were performed and during 

the final familiarization session, participants in the HRRT-2 group performed 2 sets while 

participants in HRRT-3 group performed 3 sets for each exercise. At least 48 hours separated each 

familiarization session.   

 During the 8 weeks of training, participants in the HRRT-2 group exercised on Monday 

and Thursday, Tuesday and Friday, or Wednesday and Saturday, and performed 3 sets of 20-30 

repetitions to volitional fatigue for knee extension, elbow extension, knee flexion, and elbow 

flexion. Participants in the HHRT-3 group exercised on Monday, Wednesday and Friday or 

Tuesday, Thursday and Saturday, and performed 2 sets of 20-30 repetitions to volitional fatigue 

for each exercise. If required, loads were adjusted accordingly per set and/or session to maintain 

the required 20-30 repetition range.  Participants were provided with verbal encouragement to 

achieve volitional fatigue. Rest period between sets was 2 minutes. Training logs were completed 

to determine the average training volume (weight x sets x repetitions) per set and the average 

number of repetitions performed per set.  

5.4 Primary Dependent Variables 

 5.4.1 Muscle thickness.  Muscle thickness (right side) of the elbow and knee flexors and 

extensors was measured using B-mode ultrasound (LOGIQ e, GE Medical Systems). For elbow 

flexor and extensor muscle thickness, a small mark was drawn on the lateral side of the arm to 

indicate 65% of the distance down from the acromion process to the olecranon process (Farthing 
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& Chilibeck, 2003). A tape measure was wrapped around the arm at the 65% mark and used as a 

reference, while another mark was placed on the bulk of the elbow flexors and extensors where 

the center of the ultrasound probe was placed. To measure elbow flexor muscle thickness, each 

participant placed their right arm flat on a table with the belly of the bicep facing upwards and the 

forearm supinated. To measure elbow extensor muscle thickness, participants stood with their back 

facing the researcher and elbows relaxed and extended. 

For knee flexor and extensor muscle thickness, a small mark was drawn on the lateral side 

of the leg to indicate 70% of the distance down from the greater trochanter to the lateral epicondyle 

of the tibia (Abe et al., 2001). A tape measure was wrapped around the leg at the 70% mark and 

was used to mark another reference point on the bulk of the vastus lateralis (knee extensor) and 

biceps femoris (knee flexor) where the center of the ultrasound was placed. To measure knee flexor 

muscle thickness, each participant was prone on the table with both legs extended and relaxed. To 

measure knee extensor muscle thickness, each participant was placed on a table in a seated position 

with the leg extended and relaxed.  

An 8-MHz scanning transducer head was placed perpendicular to the muscle area. Water-

soluble transmission gel (EcoGel 200, Eco-Med Pharmaceutical Inc., Mississauga, Ontario, 

Canada) was placed on the measurement site to provide acoustic contact with the surface of the 

muscle. When the image was produced on the screen, the image was frozen. A cursor was then 

enabled to quantify muscle thickness (cm) at three sites: proximal, mid, and distal, as determined 

by divisions (1 cm) on the monitor. Muscle thickness measurements were determined from the 

monitor screen by measuring the distance from the bottom of the subcutaneous adipose layer to 

the surface of the humerus for elbow flexor and extensor muscle thickness, and to the surface of 

the femur for knee flexor and extensor muscle thickness. All measurements were taken twice at 
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each site and averaged to give a muscle thickness value. For each muscle group, markings on the 

skin were taken using overhead transparency film to ensure that identical sites were measured at 

baseline and after 8 weeks of training. The reproducibility (coefficient of variation [CV]; intraclass 

correlation coefficient [ICC]) of muscle thickness measurements was as follows: elbow flexors 

(CV: 9.2%; ICC: 0.50), elbow extensors (CV: 8.2%; ICC: 0.76), knee extensors (CV: 5.9%; ICC: 

0.82) and knee flexors (CV: 6.3%; ICC: 0.82).  

The same researcher performed all measurements. Baseline and post-testing muscle 

thickness measurements were performed prior to assessing 1-RM strength and endurance. Post-

testing muscle thickness measurements were performed ≥ 48 hours after the last training session.  

5.4.2 Muscle strength and endurance.  Muscle strength was assessed using a 1-

repeptition maximum (1-RM) standard testing procedure in the Aging Muscle and Bone Health 

Laboratory at the University of Regina. At least 72 hours following the last familiarization training 

session, baseline 1-RM strength testing was performed for knee extension, elbow extension, knee 

flexion, and elbow flexion. Following a 5 minute warm-up on a stationary cycle ergometer at a 

self-selected intensity, participants performed two warm-up sets of each exercise to be tested in 

the following order: 1 set of 10 repetitions using a load determined by each participant to be 

comfortable and 1 set of 5 repetitions using a heavier weight. Two-minutes after the warm-up sets, 

the load was progressively increased for each subsequent 1-RM attempt. Participants rested 

(passively) at least 2 minutes between 1-RM attempts. Five minutes of passive rest separated each 

1-RM assessment. The same researcher performed all measurements.  

 To measure knee extension 1-RM, participants were positioned in a bilateral, seated knee 

extension machine so that the knees aligned with the axis of the machine and the lower part of the 

legs touched the padded lever arm. Following a demonstration, participants were instructed keep 
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their back firmly against the seat and to not lift their buttocks off the seat during the lift. 

Participants were instructed to extend their legs until full extension.  

 To measure elbow extension 1-RM, participants were positioned in a bilateral, seated 

elbow extension machine with both feet on the floor. Following a demonstration, participants were 

instructed to push the weight away from their body until full extension of the elbow was achieved.  

 To measure knee flexion 1-RM, participants were positioned in a bilateral, seated knee 

flexion machine so that the knees were aligned with the axis of the machine and the back of the 

lower part of the legs touched the padded lever arm. Following a demonstration, participants were 

instructed to curl the weight to the point where an estimated 900 angle at the knee was achieved. 

Participants were instructed to keep their back firmly against the back pad and to not lift their 

buttocks off the seat during the lift. 

 To measure elbow flexion 1-RM, participants were positioned in a bilateral, seated elbow 

flexion machine with both feet on the floor. Following a demonstration, participants were 

instructed to curl the weight towards their body so that a 900 angle at the elbow was achieved.  

 Seat position was recorded for each participant to ensure consistency between 

familiarization, baseline and post-testing. Muscle endurance was assessed at least 48 hours after 

muscle strength was assessed so the recovery period was appropriate. To measure muscle 

endurance, participants performed 1 set to volitional fatigue using 50% baseline 1-RM for each 

exercise. Five minutes of passive rest separated each muscle endurance assessment between 

different muscle groups.   

5.4.3 Dietary records.  In order to determine whether habitual dietary intake changed over 

time and to assess possible differences in macronutrient and caloric intake between groups, a 3-

day dietary food record (Appendix E) was collected at the beginning and during the last week of 
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HRRT. Participants were instructed to record all food and beverage consumption during 2 

weekdays and 1 weekend day. Food records were analyzed using MyFitnessPal, which provided 

daily calorie, carbohydrate, protein, and fat intake. 

5.4.4 Adverse event assessment.  In the case of an adverse event, participants were 

required to complete an adverse event form (Appendix F), which provided details on the type of 

adverse event, the severity (i.e. mild, moderate, severe, or life threatening), the frequency, and the 

relationship to the intervention (i.e. not related, unlikely, possible, probable, and definite). 

5.5 Statistical Analyses 

A 2 (group: HRRT-2 vs. HRRT-3) x 2 (time: pre- vs. post-training) analysis of variance 

(ANOVA), with repeated measures on the second factor was performed to determine differences 

between groups over time for the dependent variables of muscle thickness, muscle strength, 

relative strength (kg / cm), muscle endurance and diet. A one-factor ANOVA was used to assess 

baseline data, training volume variables between groups over time, and absolute change scores (Δ 

= post mean - pre mean). Baseline and training volume data are presented as means (standard 

deviation). All other data are presented as absolute change scores and their 95% confidence 

intervals. Significance was set at an alpha level of p < 0.05. Effect size was determined by partial 

eta squared (η2). Statistical analyses were performed using IBM SPSS Statistics, v. 24. 

6 RESULTS 

 A summary of participant recruitment, allocation and analyses is shown in Figure 1.  Of 

the seventy participants who initially volunteered, twenty-five did not meet inclusion criteria and 

three participants could not commit to the study expectations. Forty-two participants were 

randomized and started the familiarization phase of the study with one participant subsequently 

withdrawing because of time constraints. Therefore, forty-one participants started the HRRT 
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portion of the study. Two participants then withdrew because of time constraints, and one 

participant withdrew because of health issues unrelated to the study, leaving thirty-eight 

participants who completed the study. One participant in the HRRT-2 group stopped performing 

elbow flexion after eight training sessions and elbow extension after thirteen training sessions 

because of a previous shoulder injury. Another participant in the HRRT-2 group did not perform 

five sets of elbow flexion and two sets of elbow extension because of wrist pain due to a previous 

surgery. One participant in the HRRT-3 group did not perform six sets of elbow flexion and two 

sets of elbow extension because of shoulder calcification. Three participants, two in the HRRT-2 

group and one in the HRRT-3 group, did not perform five sets of knee extension and one set of 

elbow flexion because of episodic headaches during the exercise tasks. One participant in the 

HRRT-2 groups stopped performing knee extension after seven training sessions because of 

recurring headaches from the exercise. Participants attended all training sessions and provided 3-

day food records at the beginning and end of the study.  
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Figure 1. Summary of recruitment, allocation and analyses. 
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Baseline data are presented in Table 1. There were no differences between groups for any 

baseline measurement except carbohydrate intake. The HRRT-3 group consumed significantly 

more carbohydrate than the HRRT-2 group (F [1, 37] = 9.00, p = 0.005). There was no change 

over time for body mass (F [1, 36] = 1.73, p = 0.197; 2 day: - 0.46 kg [-1.07, 0.14], 3 day: - 0.23 

kg [-1.16, 0.71]). 
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Table 1. Baseline data  

 

 HRRT-2  HRRT-3  p-value 

Age (yrs) 60.89 (5.57) 61.84 (4.64) 0.573 

Mass (kg) 72.15 (16.46) 67.65 (13.65) 0.366 

Height (cm) 160.27 (3.91) 160.78 (4.43) 0.706 

Physical activity score  

(arbitrary units) 

54.38 (37.05) 51.42 (28.21 0.785 

Muscle Thickness (cm)    

Elbow flexors  4.00 (0.58) 3.80 (0.37) 0.222 

Elbow extensors 3.82 (0.73) 3.90 (0.55) 0.707 

Knee extensors  4.10 (0.66) 4.08 (0.53) 0.890 

Knee flexors  4.28 (0.59) 4.22 (0.54) 0.740 

Upper body  7.83 (1.24) 7.71 (0.69) 0.718 

Lower body  8.39 (1.15) 8.30 (0.93) 0.794 

Total body 16.22 (2.25) 16.01 (1.40) 0.734 

Strength (kg)    

Elbow flexion  13.63 (5.88) 13.32 (7.05) 0.885 

Elbow extension 21.65 (6.48) 19.97 (5.05) 0.385 

Knee extension 58.71 (13.59) 56.93 (10.31) 0.656 

Knee flexion 48.44 (10.82) 44.49 (6.87) 0.188 

Upper body  35.29 (11.36) 33.30 (10.96) 0.591 

Lower body  108.37 (23.76) 101.43 (15.96) 0.298 

Total body  142.40 (34.84) 134.73 (24.29) 0.437 

Relative Strength (kg//cm)    

Elbow flexors 3.44 (1.56) 3.50 (1.77) 0.915 

Elbow extensors 5.90 (2.46) 5.19 (1.50) 0.299 

Knee extensors 14.59 (4.17) 14.05 (2.46) 0.475 

Knee flexors 11.49 (3.10) 10.72 (2.37) 0.391 

Upper body 9.34 (3.82) 8.70 (2.85) 0.563 

Lower body 26.36 (6.92) 24.77 (4.46) 0.406 

Total body 35.38 (10.24) 33.47 (6.13) 0.490 

Endurance (repetitions)    

Elbow flexion 28.05 (21.97) 26.29 (15.04) 0.785 

Elbow extension 38.83 (20.56) 53.64 (35.5) 0.138 

Knee extension 16.72 (5.02) 15.58 (4.41) 0.484 

Knee flexion  32.72 (15.65) 37.64 (14.14) 0.396 

Upper body  66.88 (31.83) 79.94 (41.84) 0.305 

Lower body  48.36 (16.00) 53.23 (16.26) 0.373 

Total body  115.10 (42.22) 133.17 (52.92) 0.263 

Diet    

Calories (kcal/day) 1753.85 (462.38) 1932.00 (376.50) 0.201 

Carbohydrate (g/day) 179.24 (50.90) 226.57 (46.22)   0.005* 

Fat (g/day) 77.07 (27.82) 77.21 (26.42) 0.987 

Protein (g/day) 80.59 (34.35) 76.52 (21.12) 0.663 

 

Values are means (standard deviation).  

* Different at baseline.  
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6.1 Muscle Thickness 

There was a significant increase over time (Table 2) for the elbow flexors (F [1, 36] = 

74.05, η2 = 0.67), elbow extensors (F [1, 36] = 98.16, η2 = 0.73), elbow flexors and extensors 

combined (F [1, 36] = 105.44, η2 = 0.74), knee flexors (F [1, 36] = 100.92, η2 = 0.56), knee 

extensors (F [1, 36] = 87.80, η2 = 0.70), knee flexors and extensors combined (F [1, 36] = 125.85, 

η2 = 0.78), and elbow and knee flexors and extensors combined (F [1, 36] = 128.56, η2 = 0.78), 

with no differences between groups.  
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Table 2. Mean Absolute Changes (95% CI) From Baseline to 8 weeks for Muscle  

Thickness (cm). 

 

 HRRT-2 HRRT-3 Exercise 

p-value 

Interaction 

p-value 

Elbow flexors 1.26 (0.77, 1.75) 1.55 (1.07, 2.03) < 0.001* 0.388 

Elbow extensors 1.91 (1.35, 2.47) 1.59 (1.10, 2.07) < 0.001* 0.361 

Knee extensors 1.15 (0.67, 1.63) 1.61 (1.21, 2.00) < 0.001* 0.131 

Knee flexors 1.29 (0.88, 1.69) 1.45 (1.04, 1.85) < 0.001* 0.561 

Upper body 3.18 (2.15, 4.21) 3.14 (2.35, 3.93) < 0.001* 0.947 

Lower body 2.44 (1.68, 3.21) 3.06 (2.37, 3.75) < 0.001* 0.218 

Total body 5.63 (3.93, 7.33) 6.20 (4.81, 7.59) < 0.001* 0.585 

 

* Time main effect (p < 0.05)  

Upper body = Elbow flexors and elbow extensors 

Lower body = Knee flexors and knee extensors 

Total body = Elbow and knee flexors and extensors 
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6.2 Muscle Strength 

Both groups experienced a similar increase in strength over time (Table 3) for elbow 

flexion (F [1, 35] = 31.27, η2 = 0.47), elbow extension (F [1, 35] = 91.65, η2 = 0.72), elbow flexion 

and extension combined (F [1, 35] = 118.27, η2 = 0.77), knee flexion (F [1, 36] = 29.51, η2 = 0.45), 

knee extension (F [1, 36] = 27.12, η2 = 0.43), knee flexion and extension combined (F [1, 36] = 

13.82, η2 = 0.27), and elbow and knee flexion and extension combined (F [1, 36] = 29.62 cm, η2 = 

0.45), with no differences between groups.  
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Table 3. Mean Absolute Changes (95% CI) From Baseline to 8 weeks for Muscle Strength (kg). 

 

 HRRT-2 HRRT-3 Exercise 

p-value 

Interaction 

p-value 

Elbow flexion 4.60 (1.91, 7.29) 3.21 (1.88, 4.54) < 0.001* 0.327 

Elbow extension 4.73 (2.91, 6.55) 6.10 (4.54, 7.65) < 0.001* 0.236 

Knee extension 2.75 (-8.14, 13.64) 9.09 (4.53, 13.65) < 0.001* 0.608 

Knee flexion 8.49 (3.15, 13.82) 7.89 (4.48, 11.31) < 0.001* 0.844 

Upper body 9.34 (6.27, 12.41) 9.31 (7.33, 11.30) < 0.001* 0.988 

Lower body 11.24 (-3.41, 25.90) 16.98 (10.71, 23.26) < 0.001* 0.454 

Total body 20.58 (3.64, 37.5) 26.3 (19.03, 33.57) < 0.001* 0.424 

 

* Time main effect (p < 0.05)  

Upper body = Elbow flexion and elbow extension 

Lower body = Knee flexion and knee extension 

Total body = Elbow and knee flexion and extension 
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6.3 Relative Strength  

 There was a decrease over time (Table 4) for the elbow extensors (F [1, 35] = 9.93, η2 = 

0.22), elbow flexors and extensors combined (F [1, 35] = 7.33, η2 = 0.17), knee flexors (F [1, 36] 

= 11.45, η2 = 0.24), knee extensors (F [1, 36] = 17.75, η2 = 0.33), knee flexors and extensors 

combined (F [1, 36] = 18.56, η2 = 0.34), elbow and knee flexors and extensors combined (F [1, 36] 

= 19.84 cm, η2 = 0.35), with no change for the elbow flexors (p = 0.351). There were no differences 

between groups. 
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Table 4. Mean Absolute Changes (95% CI) From Baseline to 8 weeks for Relative Strength 

 (kg /cm). 

 

 HRRT-2 HRRT-3 Exercise  

p-value 

Interaction 

p-value 

Elbow flexors 0.03 (-0.59, 0.67) -0.34 (-0.63, -.55)   0.351 0.247 

Elbow extensors -1.24 (-2.15, -0.32) -0.37 (-0.97, 0.22)    0.003* 0.101 

Knee extensors -2.90 (-5.56, -0.24) -2.45 (-3.61, -1.26) < 0.001* 0.647 

Knee flexors -1.30 (-2.57, -0.44) -1.44 (-2.59, -0.29)    0.002* 0.867 

Upper body -1.20 (-2.54, 0.13) -0.72 (-1.44, -0.01)    0.010* 0.505 

Lower body -4.21 (-7.69, -0.72) -3.89 (-5.76, -2.03)  < 0.001* 0.868 

Total body -5.25 (-9.72, -0.77) - 4.62 (-6.81, -2.43)  < 0.001* 0.696 

 
* Time main effect (p < 0.05)  

Upper body = Elbow flexors and elbow extensors 

Lower body = Knee flexors and knee extensors 

Total body = Elbow and knee flexors and extensors 
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6.4 Muscle Endurance 

 There was a significant increase in muscular endurance (number of repetitions performed) 

over time (Table 5) for elbow flexion (F [1, 33] = 16.86, η2 = 0.33), elbow extension (F [1, 33] = 

9.75, η2 = 0.22), elbow flexion and extension combined (F [1, 33] = 17.62, η2 = 0.34), knee flexion 

(F [1, 34] = 24. 81, η2 = 0.42), knee extension (F [1, 34] = 20.65, η2 = 0.38), knee flexion and 

extension combined (F [1, 34] = 28.94, η2 = 0.46), and elbow and knee flexion and extension 

combined (F [1, 34] = 37.60, p < 0.001, η2 = 0.52), with no differences between groups. 
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Table 5. Mean Absolute Changes (95% CI) From Baseline to 8 weeks for Muscle Endurance 

 (number of repetitions performed). 

 

 HRRT-2 HRRT-3 Exercise  

p-value 

Interaction 

p-value 

Elbow flexion 11.21 (-0.73, 23.15) 17.78 (6.78, 28.79)   < 0.001* 0.401 

Elbow extension 12.94 (0.93, 24.95) 13.00 (-3.04, 29.04)     0.004* 0.881 

Knee extension 3.78 (-0.75, 8.33) 6.89 (3.37, 10.41)  < 0.001* 0.283 

Knee flexion 40.00 (22.45, 57.54) 42.86 (11.61, 73.75)  < 0.001* 0.664 

Upper body 29.05 (13.03, 45.07) 34.41 (6.16, 62.66)  < 0.001* 0.725 

Lower body 43.78 (24.32, 63.20) 55.41 (20.33, 90.49) < 0.001* 0.533 

Total endurance 75.77 (50.12, 101. 42) 89.82 (42.46, 137.17)  < 0.001* 0.401 

 

* Time main effect (p < 0.05)  

Upper body = Elbow flexors and elbow extensors 

Lower body = knee flexors and knee extensors 

Total body = elbow and knee flexors and extensors 
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6.5 Training Volume 

There were no differences between groups in training volume (Table 6) for the elbow 

flexors (F [1, 37] = 0.016), elbow extensors (F [1, 37] = 3.36), elbow flexors and extensors 

combined (F [1, 37] = 0.69), knee flexors (F [1, 37] = 0.66), knee extensors (F [1, 37] = 0.48), 

knee flexors and extensors combined (F [1, 37] = 0.04), or elbow and knee flexors and extensors 

combined (F [1, 37] = 0.01).  

There was a group x time interaction for the average number of repetitions performed per 

set for the knee flexors and extensors combined with the HRRT-3 group performing more 

repetitions than the HRRT-2 group (F [1, 37] = 5.37; Table 6).  There were no differences between 

groups for the elbow flexors (F [1, 37] = 0.001), elbow extensors (F [1, 37] = 2.38), elbow flexors 

and extensors combined (F [1, 37] = 0.28), knee flexors (F [1, 37] = 4.07), knee extensors (F [1, 

37] = 3.04), or for the elbow and knee flexors and extensors combined (F [1, 37] = 2.57).   
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Table 6. Training volume (kg) and average number of repetitions (Ave Reps)  

performed per set over 8 weeks of training. 

 

 HRRT-2 HRRT-3  Interaction 

p-value 

Training Volume     

Elbow flexors 8121.69 (3737.45 7966.31 (3865.21) 0.900 

Elbow extensors 15130.86 (3374.48) 16960.94 (2745.77) 0.075 

Knee extensors 21767.82 (8139.60) 23388.39 (6122.79) 0.492 

Knee flexors 41010.76 (12684.84) 38254.60 (7450.86) 0.420 

Upper body 23252.55 (6851.37) 24927.26 (5452.75) 0.410 

Lower body 62778.58 (19604.89) 61643.00 (11144.80) 0.828 

Total body 86031.14 (24805.05) 86570.26 (13597.48) 0.934 

 

Ave Reps 

   

Elbow flexors 22.10 (4.73) 22.11 (1.92) 0.996 

Elbow extensors 23.58 (1.89) 24.41 (1.36) 0.131 

Knee extensors 23.68 (4.09) 25.40 (1.31) 0.090 

Knee flexors 26.70 (1.65) 27.83 (1.80) 0.051 

Upper body 45.69 (6.42) 46.53 (2.31) 0.598 

Lower body 50.39 (4.73) 53.24 (2.53)    0.026* 

Total body 96.08 (9.03) 99.77 (4.32) 0.117 

 

Values are means (standard deviation).   

* HRRT-3 greater than HRRT-2 

Upper body = Elbow flexors/extensors 

Lower body = Knee flexors/extensors 

Total body = Elbow and knee flexors/extensors 
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6.6 Diet 

There was a group x time interaction for total calories, fat, and protein (Table 7). The 

HRRT-2 group consumed less total calories F [1, 36] = 7.33, η2 = 0.16), fat (F [1, 36] = 10.125, η2 

= 0.22) and protein (F [1, 36] = 6.87, η2 = 0.16) over time, with no change in the HRRT-3 group. 

There were no other differences.  
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Table 7. Mean Absolute Changes (95% CI) From Baseline to 8 weeks for Average Total Calories 

 (kcal / day) and Average Macronutrient (grams / day). 

 

 HRRT-2  HRRT-3 Exercise 

p-value 

Interaction 

p-value 

 

Total calories  

 

-317.29 (-499.13, -135.46) 

 

80. 49 (-168.71, 329.69)          

 

0.116 

   

    0.010** 

Carbohydrate -15.24 (-36.48, 5.99) -0.49 (-36.96, 35.97) 0.439 0.467 

Fats -20.31 (-30.06, -10.57) 2.78 (-8.94, 14.52)   0.021*     0.003** 

Protein -22.28 (-39.79, -4.76) 6.31 (-8.42, 21.05) 0.152     0.013** 

 

* Time main effect (p < 0.05) 

** HRRT-2 different than HRRT-3 group 

 

 

 

 



33  

 

7 DISCUSSION 

This was the first study to compare the effects of equal volume HRRT, with different 

workout frequency, on muscle mass and muscle performance in postmenopausal women. Results 

showed that HRRT, independent of training frequency, was effective for improving muscle 

hypertrophy, muscle strength and endurance. From a healthy aging perspective, these results are 

important as the reduction in muscle mass and strength with aging decreases the ability to perform 

activities of daily living (Manini & Clark, 2013) and improvements in muscle size and muscle 

performance may lead to greater functionality over time (Chalé et al., 2012).  

Results from the present study support the growing body of literature that HRRT is a very 

effective intervention for improving indices of muscle biology and performance. For example, 

Burd et al. (2010) showed that an acute bout of HRRT (4 sets of knee extension, ~ 24 repetitions/set 

to volitional fatigue) in young males significantly increased the rates of myofibrillar muscle protein 

synthesis for up to 24 hours post-exercise. Furthermore, Mitchell et al. (2012) showed that 10 

weeks of HRRT (3 sets of knee extension, 20-30 repetitions/set to volitional fatigue) increased 

muscle cross-section area and strength over time in young males. Additional work from the same 

laboratory showed that HRRT (3 sets of 20-25 repetitions to volitional fatigue; whole-body 

routine, 4 days per week for 12 weeks) significantly increased lean tissue mass, muscle cross-

sectional area, and muscle strength in resistance-trained young males (Morton et al., 2016). 

Finally, postmenopausal women who performed unilateral HRRT (3 sets of elbow and knee flexor 

and extensor exercise,  ~ 21 repetitions/set to volitional fatigue) experienced significant gains in 

upper body strength and muscle size after 10 weeks of training (Weisgarber et al., 2015). While it 

is difficult to compare results across studies that use different methodologies, HRRT (~ 20-30 
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repetitions/set to volitional fatigue) is an effective intervention to increases muscle mass and 

muscle performance.   

While the mechanisms explaining the significant increase in muscle mass and muscle 

performance from HRRT remain to be elucidated, it is plausible that muscle fiber recruitment 

patterns may be involved (Burd et al., 2009; Schoenfeld, Wilson, Lowery & Krieger, 2016b). 

Hennemann’s ‘size principle’ of neuromuscular adaptation to resistance training indicates a 

hierarchy of muscle fiber recruitment, with Type I fibers being recruited first followed by Type II 

fibers (Henneman et al., 1965). There is speculation that HRRT performed to volitional fatigue 

may cause greater time-under-tension of activated muscle fibers and promote earlier recruitment 

of Type I and Type II fibers, leading to improvements in muscle hypertrophy and muscle 

performance (Schoenfeld et al. 2016b). Unfortunately, muscle biopsies were not performed in the 

present study which negates the ability to determine the effects of HHRT on muscle fiber 

morphology.  

Results showed that the frequency of equal-volume HRRT did not influence muscle 

accretion or muscle performance, which is in agreement with several recent meta-analyses and 

reviews. For example, Grgic et al. (2018) reviewed 22 studies and concluded that the frequency of 

equal-volume resistance training had no greater effect on strength (p = 0.421), even when 

repetitions were performed to volitional fatigue. Ralston, Kilgore, Wyatt, Buchan and Baker 

(2018) also concluded that training frequency (1 -3 days/week) had no effect on muscle strength 

when training volume was equal across 12 studies (p = 0.078). Additional work by Grgic, 

Schoenfeld and Latella (2018a) showed that training frequency had no influence on muscle 

hypertrophy when training volume was equal across 10 studies reviewed.  
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There was a significant increase in muscle thickness and strength but a decrease in relative 

strength (kg / cm) over time for all muscle groups, except the elbow flexors. The decrease in 

relative strength indirectly suggests that the change in muscle thickness was larger than the change 

in muscle strength. Therefore, HRRT may have a greater stimulatory effect (relative basis) on 

muscle accretion compared to strength. In a recent meta-analysis by Schoenfeld, Grgic, Ogborn 

and Krieger (2017), HRRT (low-load) to volitional fatigue increased muscle hypertrophy to the 

same extent as heavy-load, lower repetition training (Effect Size: 0.03 ± 0.05; 95% CI [-0.08, 

0.14]; p = 0.56). However, HRRT was unable to produce the same strength gains as lower-

repetition (heavy-load) training.  Future research should directly compare the effects of longer 

term (> 8 weeks) high-repetition (low-load) resistance training vs. lower- repetition (heavy-load) 

training in postmenopausal women.  

There were several additional limitations to this study not previously mentioned. First, 

results only apply to postmenopausal women. Second, participant’s motivation and activities of 

daily living may have influenced the results. Third, participants were instructed not to change their 

diet or engage in additional physical activity that was not part of their normal routine during the 

study. Changes in these parameters could have influenced the results. Finally, muscle fiber 

area/recruitment, myogenic transcription factors, muscle protein kinetics, satellite cells or 

hormonal properties were not measured.   

In conclusion, equal volume HRRT, performed two or three days per week, is an effective 

intervention to increase muscle hypertrophy, muscle strength and endurance in postmenopausal 

women. These results are important because improvements in muscle hypertrophy and muscle 

performance lead to greater functionality and quality of life. From a lifestyle and knowledge 
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translation perspective, postmenopausal women can expect the same muscle benefits by either 

training with a greater volume two days per week or less volume three days per week.  
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Appendix D: Participant Information and Consent Form 
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