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Abstract 

The purpose was to investigate the effects of high-low resistance training (2 sets of leg 

press, chest press, hack squat and lat pull-down exercises performed to muscle fatigue at 

80% baseline 1-repetition maximum [1-RM] immediately followed by repetitions to 

muscle fatigue at 30% baseline 1-RM) and creatine supplementation in aging adults. 

Participants were randomized to one of two groups: Creatine (CR: n = 14, 7 females, 

7 males; 0.1 g/kg/day of creatine + 0.1 g/kg/day of maltodextrin; age = 58.0 ± 3.0 years) 

or Placebo (PLA: n = 17, 7 females, 10 males; 0.2 g/kg/day of maltodextrin; age = 57.6 ± 

5.0 years) during 12 weeks of high-low resistance training (3 days/week). Prior to and 

following training and supplementation, assessments were made for body composition 

(whole-body lean tissue mass, fat mass, bone mineral), strength (1-RM for the leg press, 

chest press, hack squat and lat pull-down exercise), muscle endurance (total number of 

repetitions performed for 1 set using 70% baseline 1-RM for the chest press exercise and 

80% 1-RM for the leg press exercise), tasks of functionality (hand-grip strength, balance, 

falls, walking speed), muscle protein catabolism (urinary excretion of 3-methylhistidine, 

3-MH) and diet. Results showed that high-low resistance training improved lean tissue 

mass, muscle strength, endurance and tasks of functionality (p < 0.05). The addition of 

creatine to high-low resistance training significantly increased body mass (p = 0.002) and 

lean tissue mass (p = 0.007) compared to placebo. Males on creatine increased muscle 

strength (lat pull-down only) to a greater extent than females on creatine (p = 0.005). 

Creatine enabled males to train at a greater capacity over time compared to males on 

placebo (p = 0.049) and females on creatine (p = 0.012). Males on creatine (p = 0.019) 
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and females on placebo (p = 0.014) decreased 3-MH, while females on creatine showed 

an increase. 

In conclusion, high-low resistance training is an effective intervention for improving 

muscle mass, muscle performance and functionality in aging adults. The addition of 

creatine to high-low resistance training augments the gains in lean tissue mass from 

resistance training alone.  

Keywords: Sarcopenia, Muscle Mass, Strength, Endurance, Muscle Protein 

Catabolism 
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1 Introduction 

 Sarcopenia, defined as the age-related loss of muscle mass and strength 

(Baumgartner et al., 1998; Faulkner, Larkin, Claflin, & Brooks, 2007; Karakelides & 

Nair, 2005), has a negative effect on physical function (Balagopal, Rooyackers, Adey, 

Ades, & Nair, 1997), which subsequently increases the risk of impairment and disability 

(T. Lang et al., 2010; Morley, Baumgartner, Roubenoff, Mayer, & Nair, 2001; Peterson, 

Rhea, Sen, & Gordon, 2010). Possible contributing factors and underlying cellular 

changes of sarcopenia include malnutrition, physical inactivity, neurological and 

hormonal changes (Doherty, 2003; Morley et al., 2001; Roubenoff & Hughes, 2000), 

anabolic resistance (Breen & Phillips, 2011; Fry & Rasmussen, 2011), increased 

inflammation and oxidative stress (Candow et al., 2012; T. Lang et al., 2010; Pollack, 

Phaneuf, Dirks, & Leeuwenburgh, 2002).  

Mechanistically, aging muscle biology is characterized by a loss of muscle cross-

sectional area, especially by a disproportionate atrophy of type II muscle fibers (Martel et 

al., 2006; Snijders, Verdijk, & van Loon, 2009; Verdijk, Koopman, & Schaart, 2007). 

Possibly contributing to aging muscle fiber loss and atrophy is a reduction in the basal 

rates of muscle protein synthesis (MPS) (Short, 2003). However, the majority of well-

controlled studies did not show any differences in the rates of MPS (basal) between 

young and aging adults (Cuthbertson et al., 2005; Volpi, Mittendorfer, Rasmussen, & 

Wolfe, 2000; Volpi, Sheffield-Moore, Rasmussen, & Wolfe, 2001). Nevertheless, aging 

adults may experience a blunted anabolic response to resistance training (referred to as 

aging anabolic resistance), which likely attenuates the rates of MPS following resistance 
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training and limits muscle accretion over time (Fry & Rasmussen, 2011; Koopman, 

Verdijk, & Loon, 2011).  

Catabolic factors, such as oxidative stress and inflammation, have been shown to 

increase during aging, while levels of anabolic hormones (i.e. testosterone, estrogen) 

decrease (Buford et al., 2010; T. Lang et al., 2010; Morley et al., 2001). Furthermore, 

aging has been associated with decreased motor unit (MU) function and muscle fiber 

denervation (T. Lang et al., 2010; Morley et al., 2001). Other factors which may 

contribute to sarcopenia include reduced satellite cell populations (Kadi, Charifi, Denis, 

& Lexell, 2004), malnutrition and decreased levels of physical activity (Buford et al., 

2010; Candow et al., 2012; Roubenoff & Hughes, 2000). The reduction in muscle mass 

and physical activity decreases total energy expenditure, which in turn may lead to other 

pathological changes and morbidities, including obesity, insulin resistance, type 2 

diabetes, dyslipidemia and hypertension (Karakelides & Nair, 2005). Furthermore, 

osteoporosis and the risk of falls and fractures increase with physical inactivity and 

sarcopenia (Karakelides & Nair, 2005). The age-related decrease in physical performance 

involves reduced maximal aerobic capacity (0.5-1% per year), decreased muscle strength, 

endurance and power (1-2% per year) and impaired balance and coordination (Singh, 

2000). Therefore, sarcopenia can lead to functional impairments and physical disability 

(Rolland, Perry, Patrick, Banks, & Morley, 2007), which may contribute to morbidity and 

decreased overall quality of life (Karakelides & Nair, 2005). 

Resistance training has been shown to increase aging muscle mass and strength 

(Maltais, Desroches, & Dionne, 2009). The American College of Sports Medicine 

(ACSM) recommends that resistance training should be performed at training intensities 
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≥ 70% one repetition maximum (1-RM) to achieve muscle accretion (Ratamess, Alvar, 

Evetoch, & Housh, 2009). Unfortunately, aging adults may not be able to train at such 

high intensities (i.e. ≥ 70% 1-RM) for an extended period of time due to possible co-

morbidities associated with aging (i.e. arthritis, osteoporosis, join pain) (D. A. Bemben, 

Fetters, & Bemben, 2000; Loenneke & Pujol, 2011) and may feel more comfortable 

incorporating lighter loads into their resistance training sets. Emerging research indicates 

that low-load (% of baseline 1-RM), high-volume (repetitions to muscle fatigue) 

resistance training may be an alternative strategy to high-load, low-volume resistance 

training for increasing properties of muscle biology. For example, young adults (n = 15-

18; age = 21 ± 1 years) who performed low load (30% 1-RM), high-volume leg resistance 

training (3-4 sets to volitional fatigue) experienced significant increases in MPS, muscle 

size and strength (Burd et al., 2010; Mitchell et al., 2012). This mode of training also 

prolonged the muscle protein synthetic rate for 24 hours compared to high intensity 

training (90% 1-RM to volitional fatigue) (Burd et al., 2010). However, significantly 

greater increases in muscle strength were reported for the high-load resistance training 

protocol (3 sets at 80% baseline 1-RM) compared to the low-load protocol (3 sets at 30% 

baseline 1-RM) (Mitchell et al., 2012).  

Results across studies indicate that high-load (80% baseline 1-RM) and low-load 

(30% baseline 1-RM) resistance training increases muscle size and strength. Since 

sarcopenia is characterized by the loss of muscle mass and strength, it is plausible that a 

resistance training program which combines high-load (80% baseline 1-RM) and low-

load (30% baseline 1-RM) repetitions to muscle fatigue (i.e. high-low) in the same 

exercise session may benefit aging adults. For example, Goto et al. (2004) reported that 
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the combination of high- and low- intensity resistance training protocols improved 

muscle mass, endurance and optimized strength adaptations to a greater extent than 

multiple-sets of high-intensity or low-volume training alone.  

Increased training volume from high-volume resistance training may be an 

effective strategy to help overcome aging anabolic resistance (Breen & Phillips, 2011). 

The biological changes in aging muscle may decrease the ability to fully activate the 

mTOR (mammalian target of rapamycin) signaling pathway and therefore aging adults 

may require a greater volume of resistance training to produce significant muscle 

hypertrophy (Kumar et al., 2012). Thus, high-low resistance training may serve as an 

effective lifestyle intervention to improve aging muscle health. 

 In addition to high-low resistance training, creatine supplementation may also 

benefit aging muscle (Candow, Chilibeck, Abeysekara, & Zello, 2011). Aging may be 

associated with a reduction in high-energy phosphate metabolism, as the resynthesis rate 

of PCr declines approximately 8% every 10 years after the third decade (McCully & 

Posner, 1992). Unfortunately, the mechanisms causing this physiological impairment is 

not fully known (Smith et al., 1998). Creatine supplementation has been shown to 

increase intramuscular total creatine (i.e. free creatine and PCr) in aging adults (Brose, 

Parise, & Tarnopolsky, 2003; Smith et al., 1998). The increase in high energy phosphates 

could allow one to train with a greater volume of resistance training leading to increased 

lean tissue mass (LTM) and muscular strength (Chrusch, Chilibeck, Chad, Davison, & 

Burke, 2001). Furthermore, creatine may have a direct effect on muscle biology by 

influencing cellular hydration status, satellite cell activity, anabolic hormone production 
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(i.e. IGF-1), myogenic regulatory transcription factors, muscle protein kinetics and 

oxidative stress (Candow & Chilibeck, 2008, 2010; Candow et al., 2014).  

 From a healthy aging perspective, Candow et al. (2008) showed that creatine 

supplementation (0.1 g/kg/day or approximately 8 g) combined with resistance training 

(70% 1−RM, 3 days/week) for 10 weeks increased muscle size of the upper and lower 

body in aging males (59-77 years) and decreased muscle protein catabolism (urinary 

excretion of 3−methylhistidine) to a greater extent than males on placebo. Chrusch et al. 

(2001) reported significant increases in training volume, LTM, muscular strength (1-RM 

leg press) and endurance (leg press repetitions to fatigue) in aging males (mean age 70 

years) after 12 weeks of creatine supplementation and whole-body resistance training 

compared to placebo. Furthermore, creatine supplementation (20 g/day for 7 days, 

5 g/day thereafter) and lower-limb resistance training (3 days/week, 4 sets of 8-12 

repetitions) for 12 weeks in postmenopausal women (50-65 years old) with knee 

osteoarthritis resulted in greater improvements in LTM and quality of life outcome 

measures (i.e. improvements in physical function, stiffness and significant reductions in 

pain) compared to women on placebo (Neves Jr et al., 2011).  

 It has been reported that the average increase in muscle strength following a 

resistance training program combined with creatine supplementation is approximately 

20%, compared to a 12% increase in strength following resistance training alone 

(placebo) (Rawson & Volek, 2003). Furthermore, muscle endurance (i.e. maximal 

number of repetitions performed at a given percentage of maximal strength) has been 

reported to increase by 26% when resistance training is combined with creatine ingestion 

compared to 12% from resistance training alone (Rawson & Volek, 2003). Therefore, the 
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addition of creatine supplementation to resistance training has the potential to 

substantially augment the physiological adaptations from resistance training alone. 

 Based on the potential beneficial effects of high-low resistance training and 

creatine supplementation for improving indices of muscle biology, the primary purpose 

of this thesis was to compare the effects of high-low resistance training (2 sets of leg 

press, chest press, hack squat and lat pull-down exercises performed to muscle fatigue at 

80% baseline 1-RM immediately followed by repetitions to muscle fatigue at 30% 

baseline 1-RM; 3 days/week for 12 weeks) and creatine supplementation (0.1 g/kg/day) 

on body composition, muscle strength, endurance, tasks of  functionality, and muscle 

protein catabolism in healthy aging adults (≥ 50 years of age). It was hypothesized that 

creatine supplementation during high-low resistance training would increase muscle 

mass, upper and lower body muscle strength, endurance and functionality, and decrease 

muscle protein catabolism compared to placebo during high-low resistance training.  

 

2 Literature Review 

2.1 Sarcopenia 

Sarcopenia refers to the age-related loss of muscle mass and muscle function 

(Buford et al., 2010). Baumgartner et al. (1998) defined sarcopenia as appendicular 

muscle mass (kg) /height2 (m2), which is 2 standard deviations (SD) below the mean 

appendicular muscle mass of young, healthy people (aged 18- 40 years) of the same sex. 

A number of different factors, such as changes in muscle morphology, endocrinology, 

oxidative stress, inflammation, physical activity and malnutrition contribute to the 
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development of this multifactorial phenomenon (Candow et al., 2012). Potential 

mechanisms and consequences of sarcopenia are highlighted in Figure 1.  
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Figure 1. Potential mechanisms and consequences of sarcopenia. 
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2.2 Changes in Muscle Morphology  

Skeletal muscle tissue consists of different proteins, which are responsible for 

proper contractile and metabolic function (Karakelides & Nair, 2005). Unfortunately, 

aging muscle may develop resistance to anabolic stimuli (i.e. resistance training) (Fry & 

Rasmussen, 2011; Koopman et al., 2011). Mechanistically, mRNA (messenger 

ribonucleic acid) expression of myosin heavy chain (MHC) isoforms is generally reduced 

by approximately 30% in aging muscle (Welle, Bhatt, & Thornton, 2000), with the most 

significant decrease occurring in MHC IIa and IIx fibers (Balagopal, Schimke, Ades, 

Adey, & Nair, 2001; Karakelides & Nair, 2005). It has been repeatedly shown that fiber-

type specific atrophy occurs in aging muscle tissue. In particular, type II fibers exhibit the 

largest degree of atrophy, while type I muscle fibers remain relatively constant (Martel et 

al., 2006; Roos, Rice, & Vandervoort, 1997; Snijders et al., 2009; Verdijk et al., 2007).  

Additionally, mitochondrial proteins, which play an important role in the electron 

transport chain (e.g. cytochrome-c oxidase, NADH dehydrogenase) and are crucial for 

aerobic ATP production, have also been reported to decline with age (Welle et al., 2000). 

The biological process of aging also decreases neuromuscular function (Bea et al., 

2009; Campbell, McComas, & Petito, 1973; Doherty, Vandervoort, Taylor, & Brown, 

1993; Lexell, Taylor, & Sjöström, 1988). Aging is characterized by a primary 

denervation of type II muscle fibers and partial reinnervation by slow MUs. The process 

of muscle fiber denervation presumably includes subsequent axonal sprouting (fine nerve 

outgrowths) of surviving neurons in order to reinnervate denervated muscle fibers. This 

involves a turnover of synaptic connections at the neuromuscular junction, which is 

termed motor unit remodeling (M. C. Brown, Holland, & Hopkins, 1981). It has been 



HIGH-LOW RESISTANCE TRAINING AND CREATINE IN AGING ADULTS 

 

 

9 

suggested that reinnervated type II muscle fibers are subsequently converted into type I 

fibers with respect to their physiological and biochemical properties (Bea et al., 2009; 

Roos et al., 1997). Further evidence for MU remodeling comes from animal studies that 

report fiber type grouping in aging skeletal muscle tissue (Edström & Larsson, 1987). 

These results indicate that over time muscle fibers become less randomly arranged within 

the muscle (Edström & Larsson, 1987). In other words, aging might be characterized by a 

decrease in the number of MUs and a concomitant increase in the size of individual MUs, 

which occurs due to a higher density and rearrangement of the existing muscle fibers.  

It has also been shown that older individuals express two or even three MHC 

isoforms in a single muscle fiber. In particular, MHC I and IIa co-expression appears to 

be significantly elevated in older (28.5%) compared to younger adults (approximately 

10%) (Andersen, Terzis, & Kryger, 1999). These results have been linked to muscle fiber 

type conversion because denervation and reinnervation of muscle fibers, as well as 

impairments of genetically regulated mechanisms that control MHC expression or higher 

levels of myogenic factors, could result in the transcription of several MHC mRNAs in 

the same muscle fiber (Andersen et al., 1999).  

In summary, age-related changes in contractile properties of the existing MUs 

might include altered MHC isoform expression and fiber type transformation, which 

affect the speed of muscular contractions (Edström & Larsson, 1987; Thompson, 1994) 

and force per unit of cross-sectional area (Bruce, Newton, & Woledge, 1989; Doherty et 

al., 1993; S. K. Phillips, Bruce, Newton, & Woledge, 1992). 
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2.3 The Role of Oxidative Stress  

Apoptosis is involved in normal cell turnover and remodeling (Leeuwenburgh, 

2003; Pollack et al., 2002). Although it also occurs in younger individuals, this process 

seems to contribute to the functional decline in post-mitotic tissue (e.g. muscle cells) with 

aging (Pollack et al., 2002). Apoptotic signaling pathways mediate cell death by carrying 

out proteolytic events, which ultimately result in cellular breakdown (Leeuwenburgh, 

2003). Stimuli for apoptotic signaling probably include oxidants, age-related elevated 

intracellular calcium levels and increased TNF-α (tumor necrosis factors-alpha) levels 

(Leeuwenburgh, 2003; Pollack et al., 2002). Specifically, age-related mitochondrial 

dysfunction may lead to the release of caspase activators (e.g. cytochrome c) and other 

pro-apoptotic proteins (e.g. AIF), which initiate mitochondrial-mediated apoptosis (D. R. 

Green & Reed, 1998). The activation of proteolytic caspases and the effects of apoptosis-

inducing factors may also play a role in muscle protein degradation and loss of nuclei, 

thereby causing apoptotic cell death and muscle atrophy in an aging population 

(Leeuwenburgh, 2003). 

Mitochondria are organelles that are called the ‘powerhouse of the cell’ due to 

their ability to generate chemical energy (ATP) by oxidation of carbon substrates in the 

tricarboxylic acid cycle and phosphorylization of ADP by utilizing potential energy from 

the electron transport system (Lanza & Sreekumaran Nair, 2010). Mitochondria are the 

major generators of reactive oxygen species (ROS) (Lanza & Sreekumaran Nair, 2010) 

and aging has been associated with a general increase in oxidative stress (Reid, 2001) and 

accumulation of cellular damage, which can cause impaired cellular function (Johnston, 

De Lisio, & Parise, 2008).  
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The so-called ‘mitochondrial (or oxidative damage) theory of aging’ states that 

age-related increases in oxidative stress and ROS generation result in mitochondrial DNA 

(mtDNA) damage and mtDNA mutation, which can lead to mitochondrial dysfunction 

(i.e. reduced levels of mitochondrial gene transcription and mitochondrial protein 

content) as well as impairments within the electron transport chain (Hiona & 

Leeuwenburgh, 2008; Maltais et al., 2009). In turn, these changes can cause a further 

increase in mitochondrial ROS production, ultimately leading to mitochondrial apoptosis 

and muscle fiber atrophy (Hiona & Leeuwenburgh, 2008; Maltais et al., 2009). 

Consequently, the mitochondrial theory of aging proposes a causal chain of exponentially 

increasing oxidative damage, cellular dysfunction and cell death (Hiona & 

Leeuwenburgh, 2008). 

In contrast, other researchers have argued that mtDNA mutations are not 

necessarily induced by oxidative damage or cause further increases of ROS production 

and oxidative stress (Kujoth et al., 2005; Mott et al., 2001; Trifunovic et al., 2005). This 

is supported by animal studies, which showed that oxidative stress might not be an 

obligatory mediator for elevated mtDNA mutations with increasing age (Kujoth et al., 

2005; Mott et al., 2001; Trifunovic et al., 2005). Thus, it has been argued that mtDNA 

mutations may be associated with electron transport chain dysfunction per se (Trifunovic 

et al., 2005) or driven by central mechanisms (Kujoth et al., 2005). With aging, factors 

other than oxidative damage may contribute to the accumulation of mtDNA mutations. 

They possibly include environmental factors, genotoxins or disease (Mott et al., 2001). 

Furthermore, experiments conducted on mice showed that only some elevated mtDNA 

mutations were responsible for activating pro-apoptotic signaling pathways. Most cells 
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exhibited changes in nuclear gene expression, which prevented cell death but also 

reduced cellular physiological function (Mott et al., 2001).  

 

2.4 Alterations in Satellite Cell Function 

Satellite cells are undifferentiated muscle precursor cells, which are located 

between the sarcolemma and the basal lamina of muscle fibers (Kadi et al., 2005). In 

mature muscles, satellite cells are in a quiescent state (Scharner & Zammit, 2011) but 

they possess the ability to re-enter the cell-cycle (Kadi, Charifi, et al., 2004). Satellite 

cells can be recruited by mechanical stimulation, which causes them to proliferate and 

differentiate into myoblasts used for muscle growth, repair and maintenance (Brack & 

Rando, 2007; Hawke & Garry, 2001; Scharner & Zammit, 2011). Myoblasts are able to 

fuse to existing, hypertrophying muscle fibers and provide additional myonuclei. They 

can also fuse together and generate new myotubes, thus repairing muscle fibers and 

replacing damaged segments (Hawke & Garry, 2001; Kadi, Charifi, et al., 2004; Kadi et 

al., 2005; Mackey et al., 2006). However, not all satellite cells will differentiate in 

response to mechanical stimuli. A certain fraction will return to the quiescent state to 

undergo self-renewal (Brack & Rando, 2007; Scharner & Zammit, 2011). The exact 

processes that are involved in the activation and return to the quiescent state are not fully 

understood. However, factors such as exercise, stretching, injury, compression or 

hypertrophy have previously been shown to trigger the activation of satellite cells 

(Anderson, 2000; Anderson & Wozniak, 2004). More specifically, it has been proposed 

that exercise-induced ultrastructural muscle damage causes the release of inflammatory 

cytokines and growth factors which modify satellite cell activation and regulation via 
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different signaling pathways (Kadi et al., 2005; Scharner & Zammit, 2011). For example, 

insulin-like growth factor-1 (IGF-1) appears to activate multiple signaling pathways 

involved in satellite cell proliferation and differentiation (Hawke & Garry, 2001; Kadi et 

al., 2005) and nitric oxide (NO) has been shown to mediate satellite cell activation 

(Anderson & Wozniak, 2004). More specifically, mechanical activity and stretch appears 

to induce a NO−dependent pathway to transfer the cytokine hepatocyte growth factor 

(HGF) from the extracellular matrix into the muscle to activate satellite cells (Anderson 

& Wozniak, 2004).  

In general, satellite cell content is dependent on physical activity level, age and 

the specific muscle groups involved (Kadi et al., 2005). A study by Kadi, Charifi, et al. 

(2004) reported that aging individuals showed a significantly lower number of satellite 

cells per muscle fiber, but in contrast exhibited a higher number of myonuclei compared 

to younger people with similar physical activity levels. This implies that the proportion of 

satellite cells (number of satellite cells relative to the total number of nuclei) was 

significantly reduced in the aging population (by approximately 40%). The authors 

concluded that aging is associated with an increase of the number of myonuclei per 

muscle fiber but a reduction in the satellite cell pool.  

Each myonucleus controls the mRNA production and protein synthesis of a 

certain ratio of cytoplasm volume, known as myonuclear domain or DNA unit. There is 

evidence to suggest that myonuclei domains adapt to different physiological conditions 

and are able to increase or decrease their area (Kadi et al., 2005). This entails that 

moderate changes in muscle fiber size can occur without the addition of new myonuclei. 

This view is supported by another study from Kadi, Schjerling, et al. (2004), which 
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demonstrated that young men exhibited a gradual increase of about 30% in satellite cell 

number over a training period of 90 days. Furthermore, the number of satellite cells 

decreased gradually in the detraining period. No significant alterations in myonuclei 

density were observed after both the training and the detraining period, despite changes in 

the cross-sectional area of the muscle fibers. However, it appears that if a certain limit of 

hypertrophy is reached and myonuclei are not able to ensure sufficient protein synthesis 

and gene expression for a specific cytoplasmic area, new myonuclei will be added to 

increase the number of myonuclear domains (Kadi et al., 2005). 

It is well established that aging is accompanied with altered satellite cell function 

(i.e. satellite cell activation and proliferation), which can be caused by both cell-intrinsic 

changes (e.g. genetic mutations) and cell-extrinsic influences (e.g. the local and systemic 

environment) (Brack & Rando, 2007). Furthermore, an increased rate of apoptosis among 

aging satellite cells has been shown to impair regenerative processes (Brack & Rando, 

2007). In particular type II muscle fibers, which are prone to age-related atrophy, show a 

fiber-specific reduction of satellite cell content (Snijders et al., 2009; Verdijk et al., 2007). 

Despite the decreased total number of satellite cells and proliferative capacity, the 

myotubes formed in aging muscles are probably thinner and more fragile than those 

found in younger muscle tissue. Additionally, factors such as an impaired immune 

response and reduced serum levels of certain growth factors (e.g. IGF-1) are associated 

with diminished satellite cell activity and impaired regenerative function at an older age 

(Hawke & Garry, 2001). 

However, it remains unclear if an age-related decline in satellite cell number 

reduces the hypertrophic potential of skeletal muscle tissue (Rennie, Wackerhage, 
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Spangenburg, & Booth, 2004). It is evident that even in aging individuals, resistance 

training can lead to significant muscle hypertrophy and increased satellite cell content. 

For example, Roth et al. (2001) and Mackey et al. (2006) showed that 9-12 weeks of 

resistance training increased satellite cell content in aging adults. Further research is 

needed to define the role of satellite cells on aging muscle mass and function and to 

determine if age-related reductions in satellite cell number and activity affect the 

regenerative potential of skeletal muscle.  

 

2.5 Hormonal Changes with Aging 

The exact role and contribution of hormonal changes to the age-related changes in 

muscle mass is not fully understood. However, it is well-established that a decline in 

anabolic factors (e.g. growth hormone, androgens, estrogen) and concomitant increase in 

catabolic factors (e.g. inflammatory cytokines) play a major role. In particular, an age-

related decline in testosterone and adrenal androgen levels have been linked to the loss of 

muscle mass and strength (Morley et al., 2001).  

 Dehydroepiandrosterone (DHEA) is a pro-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 a multifunctional purpose and is 

associated with increases in bone formation, muscle mass, decreases in fat mass as well 

as improved glucose and insulin metabolism (Labrie et al., 2005). It has been proposed 

that DHEA may have greater effects in women due to their overall levels of testosterone 

being lower (Fleck & Kraemer, 2004).  
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Another major anabolic hormone is testosterone, which is known to increase MPS 

and decrease proteolysis. It acts on the muscular system by binding to intracellular 

androgen receptors, which subsequently translocate to the nucleus and mediate gene 

transcription (Kraemer, 1988; 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, 2004).  

GH is secreted by the pituitary gland in a pulsatile pattern (Velloso, 2008) and 

plays a major role in the growth and development of all tissues (Leung, Johannsson, 

Leong, & Ho, 2004). Consequently, GH has anabolic effects on muscle and bone tissue 

(Leung et al., 2004) and stimulates the release of IGF-1 via endocrine, autocrine and 

paracrine mechanisms (Fleck & Kraemer, 2004). Although it is not known whether GH 

also has a direct effect on skeletal muscle growth, the major growth-promoting effects of 

GH appear to be mediated by IGF-1 (Fleck & Kraemer, 2004; Velloso, 2008).  

IGF-1 is primarily secreted by the liver. However, smaller amounts are produced 

in other cells as well, e.g. in muscle tissue. In addition to GH-mediated secretion of 

IGF-1, other factors such as mechanical loading and muscle stretch also affect localized 

IGF-1 production and release (Fleck & Kraemer, 2004). IGF-1 promotes muscle 

hypertrophy by binding to IGF-1 receptors but it also has a lower affinity to insulin 

receptors (Velloso, 2008). Upon binding, IGF-1 activates a cascade of signaling events, 

which involves the protein kinase B (PKB or Akt)/mammalian target of rapamycin 

(mTOR) signaling pathway as well as the subsequent activation of the downstream 

targets p70S6K (phosphoprotein 70 ribosomal protein S6 kinase) and 4E-BP1 (eukaryotic 

translation initiation factor 4E-binding protein 1) (Rennie et al., 2004). The activation of 
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these translation regulators in turn initiates gene transcription, mRNA translation and 

MPS (Rennie et al., 2004). Additionally, IGF-1 has anti-catabolic effects by inhibiting 

muscle protein breakdown (Jeukendrup & Gleeson, 2010; Rennie et al., 2004). It further 

mediates satellite cell proliferation and differentiation and increases glucose and amino 

acid uptake (Fleck & Kraemer, 2004).  

Additionally, increased levels of cytokines (e.g. interleukins, TNF-α) and 

corticosteroids (e.g. cortisol) have been associated with age-related muscle loss (T. Lang 

et al., 2010; Roubenoff & Hughes, 2000). The steroid hormone cortisol accounts for 

approximately 95% of all exercise-induced glucocorticoid activity (Kraemer & Ratamess, 

2005). Cortisol has catabolic effects in skeletal muscles (Kraemer, 1988), i.e. it increases 

protein degradation and decreases protein synthesis. The effects of cortisol appear to be 

greater on type II muscle fibers than on type I muscle fibers (Fleck & Kraemer, 2004). 

Although one crucial function of glucocorticoids is to prevent harmful effects of 

inflammatory processes to the muscle tissue, chronically elevated levels of cortisol have 

the adverse effect (Fleck & Kraemer, 2004). The exact role of inflammation with aging 

remains unclear but it is likely that the dysregulation of certain inflammatory cytokines 

and increased levels of catabolism-inducing hormones contribute to the aging process 

(Roubenoff et al., 1998). 

 Menopause is usually identified retrospectively by 1 year of amenorrhea (J. P. 

Brown & Josse, 2002). Before the onset of menopause the sex hormone estrogen is 

produced primarily by the ovaries (Leidy, 1994). The change from the reproductive to the 

post-reproductive life phase (pre- to post-menopause) is initiated by the depletion of 

oocyte stores through ovarian follicle loss and degeneration, which is termed atresia. 
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Consequently, estrogen levels decline dramatically (Leidy, 1994). Subsequently, 

postmenopausal women exhibit a decrease in the number of estrogen receptors (ERs) in 

muscle cells compared to premenopausal women (Wiik, Ekman, Johansson, Jansson, & 

Esbjörnsson, 2009).  

It has been recognized that changes in hormonal levels in postmenopausal women 

affect muscle mass (Maltais et al., 2009; Messier et al., 2011). Estrogen is known to have 

anabolic effects on muscles by stimulating estrogen receptors (ERα and ERβ), located in 

nuclei membrane of muscle fibers, and IGF-1 receptors (Maltais et al., 2009; Wiik et al., 

2009). It has been shown that postmenopausal women exhibit a decreased number of ERs 

in muscle fibers compared to premenopause women (Wiik et al., 2009), particularly in 

type II muscle fibers (Maltais et al., 2009).  

However, every androgen and estrogen-sensitive tissue is able to produce and 

control the levels of sex steroids locally by expressing enzymes that are required to 

transform the pro−hormone DHEA. After menopause almost all estrogens and androgens 

are produced locally in peripheral tissue via conversion of DHEA (Labrie et al., 2005). 

Despite this fact, women experience an accelerated decline in bioavailable testosterone 

and adrenal androgens (e.g. DHEA) (Greenlund & Nair, 2003; Labrie et al., 2005) as well 

as decreased concentrations of GH and IGF-1 after menopause (T. Lang et al., 2010; 

Maltais et al., 2009; Morley et al., 2001). However, it is difficult to differentiate between 

the physiological changes that are linked to menopause and those associated with the 

general process of aging.  
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2.6 Malnutrition and Aging 

Sarcopenia is often associated with obesity as well as a general decline in food 

intake at an older age, sometimes referred to as anorexia of aging (Buford et al., 2010; 

Morley, 2001). While a general increase in body mass occurs until the age of about 60 

years, many older people start losing weight from this point on (Roubenoff & Hughes, 

2000).  

Factors that contribute to the decreased food intake in older individuals involve 

both peripheral and central mechanisms, such as an increased activity of the peripheral 

satiation system and a decreased activity of the central feeding system (Morley, 2001). 

However, the major reason for an early satiation appears to be a decreased relaxation 

response of the fundus. Other factors that may change with aging and are involved in the 

regulation of food intake include the increased release of cholecystokinin and leptin, 

which are responsible for satiating effect (Morley, 2001). 

Obesity with aging is related to poor muscle quality, i.e. a high proportion of 

intramuscular adipose tissue (Buford et al., 2010). This factor contributes to muscle 

weakness and leads to increases in cortisol and pro-inflammatory cytokines. 

Inflammatory signals secreted by adipose tissue may increase protein breakdown and 

stimulate myonuclear apoptosis (Buford et al., 2010). Obesity is also associated with 

higher oxidative stress, which may increase oxidative tissue damage and apoptosis 

(Buford et al., 2010).  

The onset of menopause is associated with an estrogen deficit-related increase in 

visceral adiposity, which results from the translocation of subcutaneous fat (Carr, 2003; 

Leidy, 1994; Maltais et al., 2009). As a result, women may gain an average of 0.7 kg/year 
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and 0.7 cm in waist circumference per year (Bea et al., 2009; Sternfeld, Bhat, Wang, 

Sharp, & Quesenberry, 2005; Sternfeld et al., 2004). Similarly, the number of adipocytes 

and lipid depositions in muscle fibers increases with age, especially after menopause 

(Douchi et al., 1998; Dubé & Goodpaster, 2006; Forsberg, Nilsson, Werneman, 

Bergström, & Hultman, 1991; Messier et al., 2011), For example, Jubrias, Odderson, 

Esselman, and Conley (1997) reported that the amount of non-contractile muscle tissue 

was twice as much in postmenopausal women compared to premenopausal women.  

It has been established that adipocytes produce various hormones and 

inflammatory markers (Roubenoff, 2003) and decrease insulin sensitivity in 

postmenopausal women (Chevalier, Marliss, Morais, Lamarche, & Gougeon, 2005). 

Thus, pro-inflammatory cytokines levels (e.g. IL-6 and TNF-α) may increase in 

postmenopausal women due to the decreased anti-inflammatory effects of estrogen, 

testosterone, IGF-1 and a higher amount of visceral fat (Ferrucci et al., 2002; Maltais et 

al., 2009; Roubenoff, 2003). 

In general, malnutrition and protein deficiency causes the loss of lean body mass 

(Singh, 2000). Consequently, adequate protein intake is important for maintaining the 

balance between protein synthesis and breakdown. The Food and Nutrition Board of the 

Institute of Medicine (issued in 2005) recommends a daily intake of 0.8 g of protein per 

kg body weight for adults (Wolfe, Miller, & Miller, 2008). However, it has been shown 

that higher protein intakes may offer a greater benefit for maintaining muscle mass in an 

elderly population (Wolfe et al., 2008). In particular, it has been suggested that the 

stimulatory effects of essential amino acids to initiate protein synthesis decrease with 

aging (Breen & Phillips, 2011; Wolfe et al., 2008). This resistance towards anabolic 
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stimuli may contribute to the overall reduction of muscle protein balance. Thus, the 

supplementation of amino acids, especially the branched-chain amino acid leucine, may 

have beneficial effects to maintain and/or increase muscle mass (Candow et al., 2012). 

Leucine appears to be a key metabolic regulator for the activation of the mTOR signaling 

pathway and the initiation of MPS in elderly (Atherton, Smith, Etheridge, & Rankin, 

2010; Kimball & Jefferson, 2006; Rieu et al., 2006). In this regard, Breen and Phillips 

(2011) hypothesized that a “leucine threshold” has to be surpassed in order to activate the 

mTOR signaling pathway and that this threshold is higher for elderly than for younger 

individuals. 

 

2.7 Aging and Inactivity  

Physical activity, which is essential for maintaining or attenuating the loss of 

muscle mass, has been shown to decline with age (Roubenoff & Hughes, 2000). An age-

related decline in exercise capacity may subsequently lead to the avoidance of activity 

and result in disuse, which makes it difficult to distinguish the physiologic changes of 

aging from those related to disuse (Singh, 2000). Prolonged muscle inactivity causes a 

reduction of protein synthesis and increased muscle protein breakdown, thereby 

contributing to muscle atrophy. Consequently, decreased physical activity with aging can 

have detrimental effects on muscle mass and strength (Breen & Phillips, 2011; Copeland, 

Consitt, & Tremblay, 2002). 
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3 Muscle Strength and Functionality 

Aging accounts for a decline in strength and rate of force development, which 

results in reduced power output (Rice, 2000). Muscle strength and power output, which 

are important determinants of functional capacity, start to decline approximately at the 

age of 40 years in both females and males (Metter, Conwit, Tobin, & Fozard, 1997). 

Murray, Duthie, Gambert, Sepic, and Mollinger (1985) reported that muscle strength 

decreases by approximately 20-40% for isometric and dynamic knee strength in 

individuals over 70 years of age. The decline in strength for males and females between 

40 and 60 years was reported to range between 5% and 23% compared to a young 

reference group. Other studies report a reduction of mean isometric strength by 39% and 

35% of the quadriceps for males and females (70-79 years of age) respectively, compared 

to a young reference group (A. Young, Stokes, & Crowe, 1984, 1985).  

 

4 Mechanistic Actions of Resistance Training on Muscle Biology 

It is well established that resistance training has beneficial effects on muscle mass 

and strength in aging adults (Candow & Chilibeck, 2008). Mechanistically, hormonal 

responses play an important role in the cellular adaptations to training. Resistance 

training has been shown to affect cytoplasmic androgen- and glucocorticoid-receptors, 

which are needed to mediate hormonal effects (Kraemer & Ratamess, 2005). It appears 

that a certain threshold of training volume and/or intensity has to be surpassed in order to 

induce a higher secretion of both testosterone and GH (Kraemer & Ratamess, 2005). 

Consequently, a fatiguing resistance training protocol may result in a greater serum GH 
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release (Kraemer & Ratamess, 2005; Linnamo, Pakarinen, Komi, Kraemer, & Häkkinen, 

2005). Exercise-induced elevation of GH levels and cellular muscular adaptations have 

been suggested to mediate changes in receptor sensitivity and IGF-1 potentiation, thus 

leading to muscle hypertrophy (Kraemer & Ratamess, 2005). 

 

4.1 Signal Transduction Pathways 

 In response to functional demands, various signaling pathways that regulate gene 

expression and remodeling of skeletal muscle tissue are activated. These pathways have a 

direct effect on total muscle mass, contractile properties (change of muscle fiber 

phenotypes) and metabolic states (Bassel-Duby & Olson, 2006).  

 The cascade of exercise-induced adaptations is initiated by local and systemic 

signals. In particular, metabolic or mechanical stressors, changes in intracellular calcium 

concentrations and energy status, and input from the nervous and endocrine regulators 

(e.g. growth factors, cytokines, catecholamines) activate different signaling pathways 

(Bassel-Duby & Olson, 2006; Jeukendrup & Gleeson, 2010; Rennie et al., 2004). Upon 

activation, sensor proteins, such as cell membrane receptors or calcineurin (CaN) and 

adenosine monophosphate-activated protein kinase (AMPK), process these signals and 

activate transduction pathways (Jeukendrup & Gleeson, 2010) leading to increased 

transcription and subsequent translation (i.e. MPS) (Jeukendrup & Gleeson, 2010). 

 Muscle contractile activity affects intracellular cascades by activating mitogen-

activated protein kinase (MAPK) and the Akt/mTOR signaling pathway. The Akt/mTOR 

pathway plays a crucial role in MPS and hypertrophy (see Figure 2) (Sakamoto & 

Goodyear, 2002). The main task of Akt is to mediate the effects of both insulin and IGF-1 
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(Sakamoto & Goodyear, 2002). It has numerous targets and is involved in several 

pathways, with one of these being linked to muscle hypertrophy. In particular, muscle 

growth is induced by the activation of mTOR, which binds to a rapamycin-sensitive 

raptor or rictor protein (Velloso, 2008). The mTOR-raptor complex (mTORC1) promotes 

protein synthesis, while the mTOR-rictor complex (mTORC2) is involved in controlling 

actin cytoskeletons (Velloso, 2008). Downstream targets of mTOR-raptor include p70S6K 

and 4E-BP1, which interacts with eIF4E (eukaryotic translation initiation factor 4E). The 

phosphorylation of these translational regulators initiate mRNA translation and protein 

synthesis (Jeukendrup & Gleeson, 2010; Velloso, 2008). 

 Akt also phosphorylates and inhibits the activity of GSK3 (glycogen synthase 

kinase 3), thus increasing glycogen synthesis and inhibiting the translocation of FoxO1 

(forkhead BoxO1) into the nucleus, which prevents protein degradation and muscle 

atrophy (Bassel-Duby & Olson, 2006; Jeukendrup & Gleeson, 2010; Sakamoto & 

Goodyear, 2002; Velloso, 2008). Other signaling mechanisms are triggered by neuronal 

activation and subsequent release of calcium from the sarcoplasmic reticulum. CaN 

detects changes in calcium concentration and activates the transcription factor NFAT 

(nuclear factor of activated T-cells) (Bassel-Duby & Olson, 2006). Subsequently, NFAT 

is translocated into the nucleus, where it regulates the activation of calcium-dependent 

target genes. NFAT activity is necessary for slow myosin heavy-chain expression and 

therefore exhibits a higher activity in slow-twitch fibers (Bassel-Duby & Olson, 2006). 

Consequently, CaN is essential for maintenance of type I muscle fibers because it 

regulates type I muscle fiber gene expression (Bassel-Duby & Olson, 2006). It has further 

been observed that CaN is associated with fast- to slow-twitch muscle fiber-type 
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transformation and that the combined effect with IGF-1 may lead to muscle hypertrophy 

(Jeukendrup & Gleeson, 2010; Rennie et al., 2004). 

 On the other hand, high metabolite levels serve as signaling molecules for AMPK 

(Jeukendrup & Gleeson, 2010). In particular, an increase in the AMP (adenosine 

monophosphate)-to-ATP and creatine-to-PCr ratio activates AMPK (Sakamoto & 

Goodyear, 2002). AMPK plays an important role in energy metabolism because it is 

involved in the regulation of fatty acid oxidation, glucose uptake, biogenesis of glucose 

transporter 4 (GLUT4), insulin sensitivity after exercise and activation of the 

transcriptional co-activator PGC1α to induce mitochondrial biogenesis (Jeukendrup & 

Gleeson, 2010; Sakamoto & Goodyear, 2002). In other words, AMPK activates processes 

that generate ATP and inhibits processes that use ATP (Jeukendrup & Gleeson, 2010). It 

has therefore been suggested that AMPK may inhibit mTOR signaling and impair protein 

synthesis (Jeukendrup & Gleeson, 2010; Nader, 2006; Rennie et al., 2004). 
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Figure 2. Activation of the Akt/mTOR signaling pathway by resistance training (i.e. 
exercise overload) and IGF-1.  
Phosphorylated Akt phosphorylates FoxO1 and thus inhibits protein degradation by 
preventing the nuclear translocation of FoxO1. Akt activates mTOR, which in turn 
phosphorylates the downstream targets p70S6K and 4E-BP1. The activation of p70S6K 

promotes protein synthesis. The phosphorylation of 4E-BP1 inhibits its activity, resulting 
in the release of eIF4E, which initiates protein translation. Furthermore, Akt 
phosphorylates and deactivates GSK3, which usually inhibits protein synthesis. 
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4.2 Aging Anabolic Resistance 

 Resistance training stimulates MPS, which can result in protein accumulation and 

muscle hypertrophy over time. However, in aging adults, the muscle protein synthetic 

response to resistance training is diminished (Fry, Drummond, Glynn, & Dickinson, 

2011). This decreased sensitivity to anabolic stimuli (i.e. resistance training), termed 

aging anabolic resistance, seems to be a major contributing factor of muscle loss 

(Cuthbertson et al., 2005; Kumar et al., 2009; Volpi et al., 2000). In general, aging adults 

experience a reduced anabolic response (i.e. mTOR, rates of MPS) compared to younger 

adults (Fry et al., 2011).  For example, Kumar et al. (2009) investigated the effects of 

resistance exercise intensities ranging from 20 to 90% 1-RM on anabolic signaling 

(phosphorylation of mTOR downstream factors p70S6K and 4E-BP1) and myofibrillar 

protein synthesis in young (average age 24 years, n = 25) and aging men (average age 70 

years, n = 25). The rates of MPS were attenuated by 30% in the aging vs. young men.   

Although the mechanistic actions explaining aging anabolic resistance remain 

elusive, age-related inflammatory processes and an elevated catabolic environment are 

theorized to be potential contributing factors (Breen & Phillips, 2011). Inflammatory 

cytokines such as TNF-α may impair the activation of the Akt/mTOR signaling pathway 

and the initiation of translation (C. H. Lang, Frost, Nairn, MacLean, & Vary, 2002). 

Higher concentrations of TNF-α and lower levels of IGF-1 may also cause a decreased 

satellite cell proliferation, differentiation and an increased rate of apoptosis among 

satellite cells in the elderly (Degens, 2010). Especially, chronic disorders and systemic 

inflammations may impair muscle growth, strength and regeneration (Degens, 2010).  
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5 Potential of High-Volume Resistance Training 

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

muscle accretion and strength gains in aging adults (Breen & Phillips, 2011). For 

example, blood flow restriction training protocols performed with 20-50% of 1-RM 

(Shinohara, Kouzaki, Yoshihisa, & Fukunaga, 1998; Takarada, Sato, & Ishii, 2002; 

Takarada et al., 2000; Takarada, Tsuruta, & Ishii, 2004) and low-load, high-volume 

resistance training interventions with 30% 1-RM to volitional fatigue (Burd et al., 2010; 

Mitchell et al., 2012) have challenged the paradigm of high-intensity resistance training 

being the most effective method to induce muscle hypertrophy (Garber et al., 2011; 

Peterson et al., 2010; Singh, 2000). However, higher-intensity resistance training 

protocols (i.e. 80% 1-RM) appear optimal for increasing muscle strength compared to 

lower-intensity training (i.e. 30% 1-RM) (Mitchell et al., 2012; Peterson et al., 2010).  

While mechanical stress and intensity of loading have been identified as 

important stimulators of MPS and muscle mass (MacDougall, 1986), there is strong 

evidence to suggest that metabolic stress also plays a crucial role in muscle hypertrophy 

(Schoenfeld, 2013). Sustained muscle contractions with submaximal or light loads 

ultimately result in fatigue of active MUs (Mitchell et al., 2012). Consequently, the onset 

of muscular (peripheral) fatigue causes a decrease in muscle force production (Moore et 

al., 2004), possibly because of lower muscle fiber conduction velocity (Sale, 1987), 

impaired excitation-contraction coupling via metabolic acidosis, low energy status (e.g. 

depletion of PCr), impaired calcium release from the sarcoplasmic reticulum, or changes 

in ATPase activity (H. J. Green, 1986). In order to maintain force output, there is an 

increase in MU activation according to Henneman’s size principle. Henneman, Somjen, 
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and Carpenter (1965) proposed that the cell size of a motoneuron determines its 

threshold, which in turn dictates the over-all frequency of discharge and order of 

recruitment. In other words, the recruitment of MUs occurs in an orderly pattern 

beginning with those MUs that are innervated by small alpha-motoneurons with the 

lowest thresholds and twitch forces (Henneman et al., 1965; Moore et al., 2004). Larger 

MUs, which are innervated by larger motoneurons with a high threshold, are recruited 

progressively as effort continues to increase (R. E. Burke, 1986; Sale, 1987). Small MUs 

are classified as S (slow) MUs, based on the contractile characteristics of the muscle 

fibers (i.e. type I muscle fibers) (Neumann, 2010). Larger motor neurons are associated 

with fast-twitch muscle fibers (i.e. type IIa and type IIx muscle fibers) and are classified 

as intermediate FR (fast fatigue-resistant) or FF (fast fatigable) MUs (Neumann, 2010).  

 To sustain force output when muscle fatigue occurs, progressively larger MUs 

and type II muscle fibers must be recruited (Mitchell et al., 2012). It is likely that the 

activation of a higher proportion of type II muscle fibers is associated with higher 

phosphorylation rates of mTOR-signaling proteins because type II muscle fibers have 

been shown to respond with greater hypertrophy to resistance training than type I muscle 

fibers (Edström & Ekblom, 1972; Fujita et al., 2007; Koopman, Zorenc, Gransier, 

Cameron-Smith, & van Loon, 2006). Additionally, only MUs that have been recruited 

during a training session will be able to adapt to a training stimulus (Roubenoff, 2003). 

The recruitment of a larger number of muscle fibers is associated with a greater hormone-

tissue interaction, initiating adaptations in a larger percentage of total muscle mass 

(Kraemer & Ratamess, 2005). Interestingly, muscle adaptations from low-intensity or 

light-load resistance training greatly depends on training to volitional failure (Schoenfeld, 
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2013). For example, Burd et al. (2010) investigated the effects of low-intensity, high-

volume training on MPS in young men. They used a unilateral model, in which each leg 

of the participants was assigned to one of three training conditions: 30% 1-RM to 

volitional failure (30% FAIL), 90% 1−RM to volitional failure (90% FAIL) or 30% 

1-RM work-matched to 90% FAIL (30% WM). Results showed that both the 30% FAIL 

and 90% FAIL protocols produced similar muscular protein synthesis rates 4 hours post-

exercise. However, the rates of MPS were still elevated 24-hour post-exercise in the 30% 

FAIL group, indicating that low-load repetitions to fatigue expand the muscle protein 

synthetic response to resistance training. Theoretically, over time, this could lead to 

greater muscle mass. As expected, the 30% FAIL group performed more repetitions than 

the 90% FAIL, suggesting that increased training volume may be an important factor for 

prolonged MPS. In support of these findings, Mitchell et al. (2012) showed that 10 weeks 

of low-load, high-volume training (3 sets at 30% 1-RM to volitional fatigue) produced 

similar gains in muscle mass compared to high-load, low-volume training (3 sets at 80% 

1-RM to volitional fatigue) in young male adults. However, while muscle strength 

increased significantly in response to both training protocols, the values were 

substantially higher for the 80% 1-RM condition.  

In the most recent study, postmenopausal women (n = 12; age = 57 ± 4.7 years) 

who performed unilateral low-load (30% baseline 1-RM), high-volume (3 sets to muscle 

fatigue) resistance training (elbow and knee flexors and extensors) experienced 

significant gains in upper body strength and muscle mass after 10 weeks of training 

(Weisgarber, Candow, & Farthing, 2015). However, muscle size of the knee flexors and 

extensors and muscle strength of the knee flexors remained unchanged. The authors 
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suggest that low-load, high-volume training is a safe and effective intervention for 

postmenopausal women but that a longer duration (i.e. > 10 weeks) and/or a higher 

training load (i.e. > 30% 1RM) may be required in aging adults to produce significant 

muscle accretion and strength gains in the lower body. Muscle thickness and strength of 

the knee flexors and extensors are reduced more with aging than the elbow flexors and 

extensors in healthy older men (Candow & Chilibeck, 2005). Furthermore, Lynch et al. 

(1999) found that arm and leg muscle mass and strength decreased with age but that the 

decline was significantly greater in the leg muscles, possibly because of alterations in 

muscle contractile properties, connective tissue, or architectural components. Potentially, 

greater decline in muscle physiology of lower body muscle groups may help to explain 

the blunted response to resistance training compared to upper body muscle groups that 

was observed in postmenopausal women (Weisgarber et al., 2015).  

Overall, results across studies indicate that high-load (80% baseline 1-RM) and 

low-load (30% baseline 1-RM) resistance training increases muscle size and strength. 

Since sarcopenia is characterized by the loss of muscle mass and strength, it is plausible 

that a resistance training program which combines high-load (80% baseline 1-RM) and 

low-load (30% baseline 1-RM) repetitions to muscle fatigue (i.e. high-low) in the same 

exercise session may benefit aging adults.  
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6 Creatine Metabolism 

Creatine is a component of PCr, a high-energy phosphate used as an immediate 

energy source (Guerrero-Ontiveros & Wallimann, 1998). PCr acts to rephosphorylate 

ADP to ATP, thereby supporting energy metabolism during high-intensity exercise 

(Candow & Chilibeck, 2008, 2010). Chemically, creatine is defined as a nitrogenous 

amino acid compound (Mesa, Ruiz, Gonzalez-Gross, Sainz, & Garzon, 2002). It is 

naturally produced by the liver, kidneys and pancreas (Candow & Chilibeck, 2010; 

Loike, Zalutsky, Kaback, Miranda, & Silverstein, 1988). Significant dietary sources of 

creatine include fish and red meat (Candow & Chilibeck, 2008; Strumia, Pelliccia, & 

D’Ambrosio, 2012). Consequently, creatine can be synthesized in the body 

(approximately 1-2 g/day) or absorbed from dietary sources by the gastrointestinal 

system (additional 1-2 g/day). The endogenous synthesis of creatine involves the amino 

acids glycine, arginine and methionine (Balsom, Söderlund, & Ekblom, 1994; Candow & 

Chilibeck, 2010; Mesa et al., 2002; Strumia et al., 2012). For the most part, the 

biosynthesis of creatine begins in the kidney (i.e. formation of guanidinoacetate) and 

subsequently proceeds in the liver (i.e. methylation to creatine) (Mesa et al., 2002; Wyss 

& Kaddurah-Daouk, 2000). L-arginine:glycine amidinotransferase (AGAT) catalyzes the 

transfer of an amino group from arginine to glycine to form guanidinoacetate. This is 

followed by the methylation of guanidinoacetate, which is catalyzed by S-

adenosylmethionine:guanidinoacetate N-methyltransferase (GAMT) (Brosnan & 

Brosnan, 2007) to form creatine. 

At rest, creatine is phosphorylated by creatine kinase (CK) to form PCr 

(Guerrero-Ontiveros & Wallimann, 1998). CK catalyzes the transfer of a phosphate 
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group from ATP to creatine to form PCr (Mesa et al., 2002; Volek, Ballard, & Forsythe, 

2008). This reaction is also known as the CK reaction (Volek et al., 2008). The high-

energy phosphate group of PCr is transferred to ADP during exercise, which helps 

maintain ATP (see Figure 3). Creatine is subsequently recycled or transformed to 

creatinine (Crn; approximately 2% of total creatine/day), which is excreted in the urine 

(Mesa et al., 2002; Wyss & Kaddurah-Daouk, 2000).  

 

 

 
Figure 3. Phosphorylation of creatine by ATP to form PCr and ADP at rest. In turn, PCr 
acts to rephosphorylate ADP to ATP during exercise.  
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Skeletal muscle does not have any creatine-synthesizing capacity and has to take 

up creatine from the blood stream against a concentration gradient by a Na+ dependent 

membrane creatine-transporter (Mesa et al., 2002; Wyss & Kaddurah-Daouk, 2000). Up 

to 95% of all creatine stores are located in muscle tissue, which accounts for 

approximately 120 mmol/kg dry mass (Balsom et al., 1994). The majority of 

intramuscular creatine (60-65%) is PCr with the remaining being free creatine (Snow & 

Murphy, 2003; Volek et al., 2008). 

 

6.1 Potential Mechanistic Actions of Creatine Supplementation 

6.1.1  Energy and pH Buffer. PCr acts as a temporary energy buffer by 

replenishing ATP stores and preventing ADP and inorganic phosphate accumulation via 

the CK reaction (Persky & Brazeau, 2001; Volek et al., 2008). PCr also buffers rapid 

increases in hydrogen ions when lactic acid accumulates during intense exercise (Volek 

et al., 2008). The breakdown of PCr involves the uptake of protons, which has acid-base 

implications because it counteracts acidosis (Henriksson & Sahlin, 2003). Thus, during 

sustained high-intensity exercise the CK reaction acts as an important pH-buffer, which 

accounts for approximately 30-40% of the total intracellular metabolic buffer capacity 

(Henriksson & Sahlin, 2003; Rossiter, Cannell, & Jakeman, 1996). Consequently, higher 

PCr concentrations may help to prolong fatigue by maintaining normal pH levels (Cramer, 

2008).  

PCr stores are limited and are thus depleted quickly after approximately 10-20 sec 

during high-intensity activity (Volek et al., 2008). It has been assumed that higher initial 
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PCr stores diminish the reliance on anaerobic glycolysis to provide ATP and thus reduce 

associated lactate formation (Balsom, Ekblom, Söerlund, Sjödln, & Hultman, 2007; 

Cramer, 2008; Jones, Carter, Pringle, & Campbell, 2002). It may also help to buffer the 

accumulation of lactic acid before critical muscle pH level is reached (Rossiter et al., 

1996). However, the effects of creatine supplementation on blood lactate levels remain 

unclear (Cramer, 2008). It has been speculated that higher lactate levels after creatine 

supplementation are related to increases in body weight, which leads to higher energetic 

costs of exercise (e.g. running) and possibly negates advantages from creatine loading 

(Jones et al., 2002). In contrast, sports performance, which is less dependent on body 

mass (e.g. cycling), may be improved by creatine supplementation (Jones et al., 2002). 

 

6.1.2 PCr Energy Shuttle. It has been shown that PCr functions as an 

intramuscular high-energy phosphate shuttle (PCr energy shuttle) and carries energy 

between mitochondria and myosin cross-bridge sites (Volek et al., 2008). Energy is 

required for the cross-bridge cycle, which is catalyzed by myosin ATPase. Specific CK 

enzymes located at the myosin heads rephosphorylate ADP to ATP by using PCr as a 

substrate. The generated free creatine then travels from the myosin heads to the 

mitochondria (Volek et al., 2008). Creatine is actively transported into the mitochondria 

by creatine transporter proteins (Snow & Murphy, 2003), where it interacts with CK to 

yield PCr. In turn, PCr is shuttled back to the side of utilization, i.e. the myosin heads 

(Volek et al., 2008). Consequently, two separate intracellular pools of creatine may exist: 

One in the sarcoplasm of muscle fibers and another in the mitochondria, which is 

regulated by different creatine transporter proteins (Willoughby, 2008). By these 
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mechanisms, PCr acts as a primary transport medium, although the ultimate energy 

compound used for contractions is ATP (Strumia et al., 2012).  

 

6.1.3 Protein Synthesis and Glucose Uptake. PCr does not only benefit 

myofibril contraction but may also stimulate glucose uptake and protein synthesis 

(Strumia et al., 2012). Creatine is an osmotically active compound and increases in total 

creatine content have been linked to concomitant increases in water retention. This may 

partly explain the body mass increases of 1-2 kg after a creatine loading phase of 5-7 

days (Willoughby, 2008). An increased cell volume appears to act as an anabolic signal 

and may enhance protein synthesis (Willoughby, 2008). It has been shown that cell 

hydration affects protein synthesis in liver cells, whereas cell swelling stimulates and cell 

shrinkage inhibits protein synthesis. Although cell hydration and cell function has been 

most extensively studied in liver cells, it appears that these regulatory mechanisms occur 

in other cell types as well (Häussinger, 1996).  Additionally, increased intracellular water 

retention during creatine supplementation (Francaux & Poortmans, 1999) may also affect 

glycogen levels, as evident in rat skeletal muscle (Low, Rennie, & Taylor, 1996). Cellular 

hydration state modulates muscle glycogen synthesis independently of changes in glucose 

uptake (Low et al., 1996). There is evidence to suggest that initial muscle glycogen 

accumulation (increases of 13-23%) is directly associated with increased total muscle 

creatine stores after creatine supplementation (20 g/day for 5 days) (van Loon et al., 

2004). However, enhanced muscle glycogen content was not maintained with a 

subsequent daily administration of 2 g creatine after the initial creatine loading phase. 

Controversial results exist regarding a possible up-regulation of GLUT-4 (glucose 
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transporter type 4) protein expression (Derave et al., 2003; van Loon et al., 2004). Derave 

et al. (2003) stated that creatine supplementation has no direct effect on muscle GLUT-4 

expression or glycogen content but that it may support the beneficial effects of training 

on these factors. Consequently, the combination of creatine supplementation and 

increases in muscle activity levels appear to be beneficial for muscle GLUT-4 and 

glycogen content (Derave et al., 2003). 

Creatine supplementation in combination with resistance training has also been 

shown to increase lean body mass and muscle fiber cross-sectional area (Kreider et al., 

1998; Volek, Duncan, Mazzetti, & Staron, 1999). The presumed hypertrophic action of 

creatine has been linked to increased protein synthesis and/or reduced protein breakdown 

(Persky & Brazeau, 2001) as well as improved expression of myogenic regulatory factors 

(i.e. myogenin and MRF-4). Myogenin and MRF-4 (myogenic regulatory factor-4) have 

repeatedly been associated with increase muscle-specific gene expression, increased CK 

mRNA expression and MHC expression (Hespel et al., 2001; Willoughby, 2008; 

Willoughby & Rosene, 2001; Willoughby & Rosene, 2003). 

 

6.1.4  Anabolic Hormone Secretion and Anabolic Signaling Molecules. It has 

been hypothesized that creatine supplementation improves muscle protein kinetics and 

anabolic hormone secretion (Candow et al., 2012). For example, short-term creatine 

supplementation for 10 days (20 g/day for 3 days; 5 g/day for 7 days) up-regulated the 

expression of genes and proteins that are involved in the synthesis of protein and 

glycogen, as well as satellite cell proliferation in young, healthy men (Safdar, Yardley, 

Snow, Melov, & Tarnopolsky, 2008). In particular, muscle kinases p38 MAPK, ERK6 
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(extracellular signal-regulated kinase 6) and PKB/Akt were shown to be significantly 

elevated. Moreover, 5 days of creatine supplementation (21 g/day) in young men 

increased IGF-1 mRNA expression at rest and the phosphorylation of anabolic signaling 

molecules (i.e. mTOR downstream target 4E-BP1) 24 hours after a bout of high-intensity 

resistance exercise (Deldicque et al., 2005). Another study showed greater increases in 

intramuscular IGF-1 content in healthy men and women after 8 weeks resistance training 

combined with creatine supplementation compared to placebo ingestion (D. G. Burke et 

al., 2008). 

 

6.1.5 Satellite Cell Activity. Creatine supplementation appears to affect 

satellite cell activity and thus muscle hypertrophy (Candow et al., 2012; Volek et al., 

2008; Willoughby, 2008). For example, Olsen et al. (2006) showed that 16 weeks of 

heavy resistance training combined with creatine supplementation (6 g creatine and 14 g 

carbohydrate per day) increased the amount of satellite cells at week 4 and 8. 

Additionally, the authors found a greater number of myonuclei, which was associated 

with the increase in muscle fiber cross-sectional area in the creatine group. Interestingly, 

creatine supplementation alone did not show any significant increases in satellite cell 

activity and muscle cross-sectional area. Thus, it appears that the combination of exercise 

training with creatine supplementation benefits muscle hypertrophy and satellite cell 

adaptation.  
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6.1.6 Antioxidant and Membrane-Stabilizing Effect. PCr may have 

protective effects against oxidative damage (Strumia et al., 2012). Animal studies showed 

that markers of oxidative stress in plasma and muscles were lower in rats that ingested 

creatine after acute aerobic exercise. In addition, the antioxidative capacity of creatine-

supplemented rats increased significantly, which may indicate beneficial effects of 

creatine supplementation on the antioxidative system (Deminice & Jordao, 2011). These 

results are further corroborated by other studies, which demonstrated antioxidative 

activity of creatine and protective effects against ROS generation and tissue damage 

(Sestili, Martinelli, Colombo, Barbieri, & Potenza, 2011). Creatine thus appears to 

protect mtDNA, preserve the integrity of mitochondria and may also protect RNA 

(ribonucleic acid) from oxidative damage (Sestili et al., 2011). Speculation exists that 

creatine supplementation may attenuate sarcopenia as inflammation is a main contributor 

of aging anabolic resistance. 

 

6.1.7 Gender, Age and Muscle Fiber Type. Some studies report no significant 

gender difference with respect to total muscle creatine content or magnitude of change 

after creatine loading (Eckerson, 2008; Snow & Murphy, 2003; Volek et al., 2008). In 

addition, creatine transporter mRNA expression has been reported to be similar in males 

and females, which indicates that creatine supplementation should affect males and 

females equally (Murphy et al., 2003). However, other report gender specific responses to 

creatine supplementation (Fukuda et al., 2010; Parise, Mihic, MacLennan, Yarasheski, & 

Tarnopolsky, 2001). Females may have higher resting intramuscular creatine 

concentrations (Forsberg et al., 1991) which could attenuate the response to creatine 
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supplementation (Tarnopolsky, 2000). Consequently, females may experience smaller 

increases in body mass and fat-free mass after creatine supplementation compared to 

males (Tarnopolsky, 2000). Furthermore, creatine provides anti-catabolic effects in 

males, not females (Parise et al., 2001).  

Evidence exists that aging may decrease high-energy phosphate metabolism by 

approximately 8% per decade after the age of 30 years (McCully & Posner, 1992). Some 

studies have identified lower PCr concentrations (around 5% less) in aging adults 

compared to young adults (Möller, Bergström, Fürst, & Hellström, 1980; Smith et al., 

1998). This has been associated with a lower type II muscle fiber content in aging muscle 

(Mesa et al., 2002). PCr levels are only significantly higher for type IIx muscle fibers 

compared to type IIa and type I muscle fibers, with a positive relationship between MHC 

IIx and PCr content (Karatzaferi, de Haan, & Ferguson, 2001). Type IIx muscle fibers 

contain a large pool of PCr, which initially buffers and regenerates hydrolyzed ATP via 

CK reaction (Wyss & Kaddurah-Daouk, 2000). Creatine supplementation has been 

shown to increase muscle PCr stores in older individuals, which may promote muscle 

hypertrophy through a variety of cellular responses (Dalbo et al., 2009) and may lead to 

enhanced high-energy phosphate metabolism and improved muscular performance (Brose 

et al., 2003; Candow, Chilibeck, & Forbes, 2013; Smith et al., 1998). 

 

6.2 Creatine Supplementation and Resistance Training in Aging Adults 

It has been shown that creatine supplementation in conjunction with exercise 

training increases muscle total creatine (Brose et al., 2003; Eijnde et al., 2003; Smith et 

al., 1998), fat-free mass and muscle strength in aging adults (> 50 years) (Brose et al., 
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2003; Candow et al., 2008; Candow, Vogt, Johannsmeyer, Forbes, & Farthing, 2015; 

Chrusch et al., 2001; Gotshalk, Kraemer, & Mendonca, 2008; Gotshalk, Volek, & Staron, 

2002; Gualano et al., 2014; Tarnopolsky et al., 2007). For example, it has recently been 

shown that 32 weeks of creatine (0.1 g/kg/day) and resistance training increased LTM 

and muscle strength in older adults to a greater extent than resistance training alone 

(Candow et al., 2015). Previous work from the authors showed that 10 weeks of creatine 

(0.1 g/kg/day) and resistance training increase muscle size and reduced muscle protein 

catabolism (urinary excretion of 3-methlyhistidine) in healthy aging males compared to 

males on placebo (Candow et al., 2008). A study conducted over 24 weeks randomly 

assigned older females to one of four groups: creatine supplementation (20 g/day for 5 

days, followed by 5 g/day) with resistance training (2 x/week), creatine supplementation 

alone, placebo supplementation with resistance training or placebo alone (Gualano et al., 

2014). The authors report that creatine supplementation in combination with resistance 

training showed the greatest improvements for bench press 1-RM and appendicular lean 

mass compared to the other groups. Tarnopolsky et al. (2007) showed that six months of 

creatine (5 g/day) and resistance training increased isokinetic knee strength, muscle 

endurance and LTM in healthy aging adults compared to placebo. Another study in 

healthy aging adults (65 years of age) showed that creatine (5 g/day for 14 weeks) during 

resistance training increased intramuscular creatine concentrations, LTM and indices of 

isometric muscle strength in the lower body compared to placebo and resistance training 

(Brose et al., 2003). Furthermore, seven days of creatine supplementation (0.3 g/kg/day) 

increased body mass, fat-free mass, muscle strength and lower-extremity functional 

capacity to a greater extent in older males (59-72 years of age) compared to placebo 
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(Gotshalk et al., 2002). Chrusch et al. (2001) reported greater increases in LTM, maximal 

leg strength, leg endurance and average power after a 12 week resistance training 

program (3 x/week) in aging males who supplemented with creatine (0.3 g/kg/day for 5 

days, followed by 0.07 g/kg/day thereafter) compared to males on placebo. 

However, a recent long-term study that investigated the effects of creatine 

supplementation (1 g/day) in aging postmenopausal women showed no change in lean 

mass, fat mass or muscle function (e.g. timed-stands tests) compared to placebo (Lobo et 

al., 2015). Others have also found no ergogenic effect from creatine in aging adults 

(Bermon, Venembre, Sachet, Valour, & Dolisi, 1998; Rawson & Clarkson, 2000; 

Rawson, Wehnert, & Clarkson, 1999).  

Based on the majority of studies showing a positive effect from creatine 

supplementation on aging muscle biology, creatine may be an effective intervention to 

help overcome aging anabolic resistance by stimulating protein synthesis and/or reducing 

protein catabolism (Candow et al., 2008; Persky & Brazeau, 2001; Volek et al., 2008). 

Additionally, resistance training to volitional fatigue, which involves higher training 

volume, may lead to an enhanced or prolonged muscle protein synthetic response and 

greater muscle accretion over time (Burd et al., 2010). Therefore, the combination of 

high-low resistance training and creatine supplementation in aging adults may be an 

effective lifestyle intervention to improve aging muscle health.  
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7 Research Purpose and Hypothesis 

The purpose was to investigate the effects of high-low resistance training and 

creatine supplementation on body composition, muscle strength, muscle endurance, tasks 

of functionality and muscle protein catabolism in adults ≥ 50 years. It was hypothesized 

that creatine supplementation in combination with high-low resistance training would 

improve LTM, maximal upper and lower body muscle strength and endurance, walking 

speed, balance and hand grip strength and decrease muscle protein catabolism to a greater 

extent than placebo and high-low resistance training.  

 

8 Methods 

8.1 Participants 

Forty participants (21 males; 19 females) volunteered to participate in the study. 

Participants were recruited by email through the University of Regina email server list. 

Both males and females were included to increase the impact of the study findings to the 

general population. Females were postmenopausal for at least 1 year (defined as having 

their last menstrual cycle ≥ 1 year prior to the start of the study).  

Participants were required to fill out a leisure time exercise questionnaire 

(Appendix A) at the start of the study, which indicated the average number of times they 

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

exercise (i.e. minimal effort) per week (Godin & Shephard, 1985). Participants also filled 

out a Physical Activity Readiness Questionnaire (PAR-Q+), which assessed an 

individual’s readiness for participation in exercise programs. This questionnaire included 
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questions related to heart conditions, angina at rest or during physical exercise, balance, 

and bone or joint problems that may affect exercise performance. If participants indicated 

that they had any of the above conditions or were 70 years of age or older, they were 

provided with a Physical Activity Readiness Medical Examination (PARMED-X) form to 

be filled out by their family physician. The PARMED-X gave their physician the option 

of assessing resting ECG or performing an exercise stress test before recommending 

whether or not it was safe for them to participate in the study. The PAR-Q+ and 

PARMED-X were designed by the Canadian Society for Exercise Physiology and 

endorsed by Health Canada (Appendix B).  

Participants were excluded if they had taken medications that affect muscle 

biology (i.e. corticosteroids) or creatine monohydrate ≤ 12 weeks 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; if they had 

participated in moderate-vigorous resistance training (≥ 3 times per week) for 6 weeks 

prior to the start of the study; if they were vegetarian; or if they were planning to travel 

during the study period for greater than 2 weeks at a time.  

Resistance trained participants were excluded because they have been shown to 

respond less favorably to creatine supplementation and resistance training (Candow, 

Chilibeck, Burke, Mueller, & Lewis, 2011). Vegetarians were excluded because they 

have lower total creatine stores than omnivores (Lukaszuk et al., 2002) and may 

experience an elevated response to creatine supplementation (Maughan, 1995). 

Furthermore, participants with pre-existing kidney or liver abnormalities were 

excluded. Creatine supplementation has been shown to increase disease progression in an 
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animal model of renal cystic disease (Edmunds, Jayapalan, DiMarco, Saboorian, & 

Aukema, 2001) and there have been case reports where creatine supplementation 

compromised kidney function in people with pre-existing kidney problems (Koshy, 

Griswold, & Schneeberger, 1999; Pritchard & Kalra, 1998). Creatine supplementation 

increased hepatic inflammatory lesions in mice, but not rats (Tarnopolsky et al., 2003). 

However, most studies involving creatine supplementation and resistance training in 

aging (Candow et al., 2008; Candow et al., 2014) and younger adults (D. G. Burke et al., 

2008; D. G. Burke et al., 2001; D. G. Burke et al., 2003; Candow, Chilibeck, Burke, et 

al., 2011; Cornish et al., 2009) have reported no adverse events.  

Participants were instructed not to change their dietary habits, engage in any 

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 

MPS (Trappe et al., 2002). The Research Ethics Board at the University of Regina 

approved the study and participants were informed of the risks and purposes of the study 

before their written consent was obtained (Appendix C).  

 

8.2 Research Design 

 A priori power analysis (G*Power v. 3.1.5.1) showed that 34 participants were 

required. This calculation was based on a moderate effect size (Cohen’s d = 0.25), an 

alpha level of 0.05, a ß-value of 0.8 for a repeated measures: within-between interactions, 

ANOVA approach (Faul, Erdfelder, Lang, & Buchner, 2007).  

 The study involved a double-blind, repeated measures design. In order to 

minimize group differences, participants were matched according to gender, age, weight, 
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height and baseline physical activity status. After exclusion criteria were applied, 

participants were randomized on a 1:1 basis to supplement with creatine monohydrate 

(CR) or placebo (PLA) during 12 weeks of high-low resistance training. A research 

assistant, who was not involved in any other aspect of the study, was responsible for 

randomization. The creatine supplementation dosage was 0.1 g/kg/day, or approximately 

8 g/day, which has previously been shown to be effective for increasing muscle mass in 

aging adults without resulting in adverse events (Candow et al., 2008). On training days, 

participants consumed half their supplement immediately before and half immediately 

after each exercise session. Creatine supplementation immediately before and 

immediately after resistance training sessions has a positive effect on muscle mass 

(Candow et al., 2015; 2014), strength (Candow et al., 2015) and muscle protein 

catabolism in aging adults (Candow et al., 2014). It has been speculated that increased 

blood flow to skeletal muscle improves creatine transport and intramuscular 

accumulation (Candow et al., 2015; 2014). On non-training days, participants were 

instructed to ingest one third of their daily supplement with each meal (i.e. breakfast, 

lunch, dinner) as creatine retention has been shown to be higher if co-ingested with 

insulin-simulating nutrients (i.e., glucose or protein) (Jäger, Purpura, Shao, Inoue, & 

Kreider, 2011). Adherence with the resistance training program was assessed by training 

logs (Appendix D). Participants were also instructed to make a note in their training log 

whenever they forgot to take their supplement. The primary dependent variables assessed 

at baseline and after the intervention included: (1) body composition (lean tissue mass, fat 

mass, bone mineral), (2) muscle strength (1-RM for the leg press, chest press, hack squat, 

and lat pull-down exercise), (3) muscle endurance (leg press and chest press exercises; 
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maximal number of repetitions performed at 80% and 70% baseline 1-RM respectively), 

(4) tasks of functionality (walking speed, balance, hand grip strength) and (5) urinary 

excretion of 3-methylhistidine (indicator of muscle protein catabolism).  

In addition, participants filled out a 3-day food diary during the first and final 

week of training to determine whether total energy (kcal) and macronutrient intake 

changed over time. To measure urinary excretion of 3-methylhiditine, participants 

underwent a 72 hour meat-free diet (not protein free) immediately before and 

immediately following the study (Elia, Carter, Bacon, Winearls, & Smith, 1981; Frontera, 

Meredith, O'reilly, Knuttgen, & Evans, 1988; Lukaski, Mendez, Buskirk, & Cohn, 1981).  

 

8.3 Supplementation 

 Creatine (Creapure® AlzChem Trostberg GmbH, Germany) and placebo (Globe 

Plus 10 DE Maltodextrin, Univar Canada) were administered in a double-blind fashion in 

powder form. Creatine was mixed with equal parts maltodextrin (i.e. 0.1 g/kg/day 

creatine + 0.1 g/kg/day maltodextrin) and the placebo group received 0.2 g/kg/day 

maltodextrin so the supplements were identical in taste, texture, color and appearance. 

Contents of the creatine monohydrate powder were verified by testing in an independent 

laboratory (The Cary Company, Addison IL, USA; creatine purity > 99.9%). An 

individual not involved in any other aspect of the study was responsible for mixing and 

packaging up the supplements in plastic bags and preparing individual study kits. Each 

study kit contained the participants’ supplement for the duration of the study, detailed 

supplementation instructions, and measuring spoons. Participants were instructed to mix 
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their supplement in water, juice or milk but not in caffeinated beverages as this has been 

shown to decrease ergogenic effects of creatine (Vandenberghe et al., 1996).  

 A retrospective treatment identification was administered to all participants upon 

completion of the study in order to assess whether participants thought they were 

administered creatine, placebo, or unsure about what supplement they consumed.   

 

8.4 Resistance Training  

 Prior to the start of supplementation, participants became familiar with the 

resistance training equipment. The resistance training equipment consisted of four 

machine-based exercises, which included two upper body exercises (chest press, lat pull-

down) and two lower body exercises (hack squat, leg press) using Atlantis® (Precision 

Series) and Equalizer machines in the Fitness and Lifestyle Centre at the University of 

Regina (Appendix E). Machine-based resistance training equipment was chosen because 

it is considered safer and easier to use than free-weights, especially for individuals with 

minimal resistance training experience (Ratamess et al., 2009). Furthermore, the potential 

to compensate for muscle weakness by using other stronger muscle groups is lower with 

machine-based equipment (Singh, 2000).  

 Familiarization 1-RM strength testing was performed for each exercise. 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, which was 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. 
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Participants rested (passively) at least 2 minutes between 1-RM attempts. All participants 

reached their 1-RM in 6 sets or less. Five minutes of passive rest separated each 1-RM 

assessment between different muscle groups.   

  The first training session of the familiarization phase (5 sessions) and the 12-

week training program was directly supervised by the researcher. During the 

familiarization phase, participants were properly shown how to use the equipment and 

perform repetitions to volitional fatigue using 80% and 30% of their familiarization 

1-RM. During the first two familiarization sessions, participants performed 1 set of high-

low resistance training for each exercise in the following order: hack squat, chest press, 

leg press, and lat pull-down. In the subsequent familiarization sessions, participants 

performed 2 sets of high-low resistance training for each exercise. Participants were 

instructed to perform slow repetitions consisting of a concentric and eccentric phase of 

2 sec each and a short isometric pause between the concentric and eccentric movements. 

This helped to reduce the stretch-reflex of muscle shortening (Bosco, Tarkka, & Komi, 

1982) and potential momentum. An important aspect of the resistance training program 

was that all sets were performed to volitional fatigue (defined as the inability to perform 

the concentric phase of a muscle contraction). Baseline 1-RM strength testing was 

performed no earlier than 48 hours after the last familiarization session. The same 

researcher, blinded to group allocation, performed all assessments. During the study, 

participants exercised 3 days/week, on non-consecutive days, to reduce the risk of injury 

and minimize fatigue. Participants performed 2 sets of high-low resistance training for 

the hack squat, chest press, leg press and lat pull-down exercise. Each set consisted of 

performing repetitions to muscle fatigue at 80% baseline 1-RM immediately followed by 



HIGH-LOW RESISTANCE TRAINING AND CREATINE IN AGING ADULTS 

 

 

50 

repetitions to muscle fatigue at 30% baseline 1-RM (see Figure 4). The exercise load did 

not change during the 12 weeks of training and supplementation, as the purpose of the 

study was to overload the upper and lower body musculature by increasing the number of 

repetitions performed to volitional fatigue. Participants were instructed to maintain a 

training log for each training session in order to determine their average training volume 

(weight x sets x repetitions). Only complete muscle contractions were incorporated in the 

training volume calculations. 

!
!! 2.!Set!

!
Repetitions!with!80%!baseline!13RM!
!

No!Rest!
!
Repetitions!with!30%!baseline!13RM!
!

!!Rest!(132!min)!

1.!Set!
!
Repetitions!with!80%!baseline!13RM!
!

No!Rest!
!
Repetitions!with!30%!baseline!13RM!
!

 

Figure 4. Description of the training protocol. 

 

8.5 Primary Dependent Variables 

8.5.1 Body Composition. Lean tissue mass, fat mass and bone mineral was 

assessed by dual-energy X-ray absorptiometry (DXA) in the Aging Muscle and Bone 

Health Laboratory, University of Regina, using the Hologic® Discovery™ DXA system. 

Participants were instructed to refrain from intense physical activity for 48 hours prior to 

their DXA scan because muscle protein turnover is upregulated 48 hours post-exercise 

(S. M. Phillips, Tipton, Aarsland, Wolf, & Wolfe, 1997). 
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Before scanning, participants were required to take off all removable objects 

containing metal (i.e. jewelry, glasses, clothing with buttons, and/or zippers). Scans were 

performed with participants lying in a supine position along the scanning table’s 

centerline longitudinal axis.  Feet were taped together at the toes (i.e. phalanges) to 

immobilize the legs while the hands were placed in a pronated position within the 

scanning region. Two Nuclear Medicine Technologists performed the scans at baseline 

and at the end of the study.  

 

8.5.2 Muscular Strength and Endurance. Leg press, chest press, hack squat 

and lat pull-down strength and leg press and chest press endurance was assessed in the 

Fitness and Lifestyle Centre, University of Regina. Seat position and settings were 

recorded for each participant to ensure consistency between pre- and post-testing. The 

protocol used for the familiarization 1-RM testing (see section 8.4) was also used for the 

determination of baseline 1-RM strength. Leg press and chest press muscular endurance 

was determined as the maximum number of repetitions performed for 1 set using 70% 

baseline 1-RM for the chest press exercise and 80% baseline 1-RM for the leg press 

exercise. The different percentages of 1-RM used for the muscular endurance tests reflect 

observations that for a given percentage of 1-RM, more repetitions can be performed for 

lower body exercises than upper body exercises (Chilibeck, Calder, Sale, & Webber, 

1998; Chrusch et al., 2001).  

 Muscle strength and endurance was assessed in the following order: (1) leg press 

strength, (2) chest press strength, (3) hack squat strength, (4) lat pull-down strength, (5) 

leg press endurance, (6) chest press endurance. Five minutes of passive rest separated 
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each assessment and the time of day and order of tests was identical at the beginning and 

end of the study. 

A horizontal, bilateral leg press machine with backrest placed in a seated position 

was used to measure 1-RM leg press strength and endurance. Following a demonstration, 

participants were positioned in the leg press machine so that a 90°angle at the knees was 

achieved and feet placed shoulder width part. The starting position was near full leg 

extension, with knees slightly bent. Participants were instructed to perform the 

contraction to a knee flexion of 90°, without putting the load down at the end of the 

movement, followed by a full extension back to starting position.  

The 1-RM test for the hack squat was similar to that of the leg press. The same 

bilateral, horizontal leg press machine was used but the backrest was adjusted to a supine 

position. Following a demonstration, participants were positioned in the hack squat to a 

90° knee and hip angle. Feet were placed shoulder width apart. The starting position was 

near full leg extension. Participants were instructed to slowly flex their knees to a 90° 

angle and then push the load back to full leg extension without locking the knees.  

For chest press 1-RM and endurance, participants were positioned in a seated 

converging bilateral chest press machine with both feet placed on the floor. Following a 

demonstration, participants were instructed not to lift their hips off the bench or arch their 

back during the lift. Participants were positioned in the chest press machine so that the 

adjacent bars lined up mid-chest level. Participants were instructed to grasp the bars 

(overhand grip) approximately shoulder width apart and push the load away from the 

body until full extension without locking the elbows and then lower the load back to the 

starting position.  
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The 1-RM strength test for the lat pull-down was conducted on a lat pull-down 

cable pulley machine. Following a demonstration, participants were instructed to grasp 

the bar (overhand grip) wider than their shoulders (at the ‘bends’ in the bar), sit down and 

then tuck their legs under the thigh-pads for support. Participants pulled the bar down to 

their chin and then slowly returned the load to the starting position without locking the 

elbows. Shoulders remained stable and torso slightly arched during the exercise. 

 

8.5.3 Tests of Functionality. Handgrip strength was assessed using a handgrip 

dynamometer (Jamar® Hydraulic Hand Dynamometer by Sammons Preston Rolyan). 

The test was conducted in an upright standing position and the arm to be tested was 

flexed at a 90° angle with the elbow by the side of the body. Grip width was adjusted to 

the participants’ hand size. Participants were instructed to squeeze the dynamometer with 

maximal isometric effort for 3 seconds. Participants performed one practice trial, 

followed by two test trials for each hand with 1-minute rest between trials. The best 

attempt was recorded for each hand.  

Dynamic balance was assessed by recording the time it took participants to 

perform backward tandem walking (i.e. toe to heel) over a distance of 6 m on a 10 cm-

wide board that was raised about 4 cm off the ground. Additionally, the number of errors 

(i.e. number of times the participant stepped off the walking board) during the test was 

recorded. Participants performed one practice trial, followed by two test trials, for which 

the average time and errors were recorded. This test has previously been used to assess 

effectiveness of exercise training on balance in postmenopausal women (Chilibeck et al., 
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2013; Nelson, 1994). Walking speed was assessed by the time required to walk an 80 m 

course on an indoor track as fast a possible. 

 

8.5.4 Urinary 3-methylhistidine. For the measurement of 3-methylhistidine (3-

MH), an indicator of muscle protein catabolism, urine was collected during the last 24 

hours of a 72 hour meat free diet (not protein free) immediately before and immediately 

after the study. A meat-free diet was implemented because meat consumption increases 

urinary 3-MH values and may falsely represent an increase in myofibrillar protein 

turnover (Lukaski et al., 1981). The urine collection procedure was to discard the first 

urination upon waking in the morning and then collect all urine samples for 24 hours, 

including the first urination upon waking the following morning. Participants were 

instructed to store their specimen in a cold place or fridge during the 24 hour urine 

collection. After completing the 24 hour urine collection, participants recorded the total 

urine volume (ml) and poured off two aliquots in vials, which were then sealed in a 

plastic bag. The vials were stored in a freezer at -20o Celsius (Candow, Chilibeck, Facci, 

Abeysekara, & Zello, 2006; Sjölin, Stjernström, Henneberg, Hambraeus, & Friman, 

1989; Speek, Thissen, & Schrijver, 1986). All baseline and post-intervention aliquots 

were analyzed at the end of the study. 

The concentration of 3-MH was measured using gas chromatography-mass 

spectrometry (GC-MS). The daily amount of 3-MH excreted by each participant was 

determined by multiplying the concentration by the 24 hour urine volume. This amount 

of 3-MH was then expressed relative to lean tissue mass (nmol/kg LTM).  
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8.5.5 Diet. Dietary intake was recorded during the first and final week of 

supplementation and resistance training to assess differences in total energy and 

macronutrient composition between groups. Participants used a 3-day food booklet 

(Appendix F) to record food intake for two weekdays and one weekend day. Participants 

were instructed to record all food items, including portion sizes consumed for the three 

designated days. The Interactive Healthy Eating Index (Center for Nutrition Policy and 

Promotion, United States Department of Agriculture) was used to analyze 3-day food 

records.  

 

8.5.6  Adverse Event Assessment. In the case of an adverse event, participants 

were asked to complete an adverse event form (Appendix G) in order to provide 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, or definite). 

 

8.6 Statistical Analyses 

 A 2 (group: CR vs. PLA) x 2 (gender: males vs. females) x 2 (time: pre- vs. post-

training) repeated measures analysis of variance (ANOVA) was conducted to determine 

differences between groups and gender over time for the dependent variables of body 

composition, muscle strength, muscle endurance, balance, hand grip strength, walking 

speed, 3-MH, diet and training volume progression. If significant main effects or 

interactions were found, simple main effects analysis followed using Tukey’s post hoc 
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tests or t-tests, file splitting and profile plots. A t-test was used to assess baseline 

characteristics and average total training volume between groups.  

 Significance was set at an alpha level of 0.05 and all results are expressed as 

means ± standard deviation. The magnitude of the difference between significant means 

was determined by eta squared (η2). This is a measure of the effect size and therefore of 

the proportion of the total variance that can be explained by the effects of the treatment. 

A η2 value of 0.15 represents large differences, 0.06 represents medium differences, and 

0.01 represents small differences. Statistical analyses were performed using IBM® 

SPSS® Statistics, v. 21.  
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9 Results 

9.1 Subjects 

Of the forty participants who volunteered for this study, 3 participants (2 male, 

1 female) did not meet the inclusion criteria and 1 participant (male) withdrew because of 

time constraints. Thirty-six participants started the familiarization phase with 3 

participants (females) withdrawing because of knee pain, shoulder problems and time 

constrains. Therefore, thirty-three participants started the supplementation and resistance 

training portion of the study. Two participants (1 male, 1 female) then withdrew because 

of health issues that were unrelated to the study (see Figure 5 for a summary of 

recruitment, allocation and analysis). Thirty-one participants (CR = 14, PLA = 17) 

completed the study. However, one participant in the PLA group did not perform the 

hack squat exercise because of previous back problems. Another participant from the 

PLA group stopped performing the upper body exercises after 7 training sessions because 

of a torn muscle, which was related to a past shoulder injury. 

Following the 12 weeks of supplementation and training, 5 participants in the 

creatine group correctly guessed they were receiving creatine, 6 participants incorrectly 

guessed and 3 participants did not know.  In the PLA group, 6 participants correctly 

guessed they were receiving placebo, 4 participants incorrectly guessed and 6 participants 

did not know. Supplementation compliance, based on participants’ entries in their logs, 

was similar between the CR and PLA group (98% for both groups). Twenty-six 

participants (CR = 12, PLA = 14) were able to provide urine samples at the beginning 

and end of the study for determination of 3-MH. Twenty-nine participants (CR = 14, 

PLA = 15) were able to provide 3-day food records at the beginning and end of the study. 



HIGH-LOW RESISTANCE TRAINING AND CREATINE IN AGING ADULTS 

 

 

58 

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

Assessed!for!eligibility!(n!=!40)!

Enrollment!(n!=!36)!

Excluded:!!

Not!meeting!inclusion!

criteria!(n!=!3)!

Other!reasons!(n!=!1)!

Familiarization!phase!(n!=!36)!! Withdrew!from!study!(n!=!3)!

Randomized!(n!=!33)!!

Allocated!to!PLA!(n!=!17)!!
!

Discontinued!allocated!

supplementation!(n!=!1)!

Allocated!to!CR!(n!=!16)!!
!

Discontinued!allocated!

supplementation!(n!=!0)!

Discontinued!intervention!(n!=!2)!Discontinued!intervention!(n!=!0)!

Allocation!

FollowOup!(n!=!31)!

Analyses!

Body!composition!(body!weight,!lean!

mass,!fat!mass,!BMD,!BMC)!(n!=!17)!

1ORM!strength:!Leg!press!(n!=!13),!hack!

squat!(n!=!16),!chest!press!(n!=!16),!!

lat!pullOdown!(n!=!15)!

Muscle!endurance:!

Leg!press!(n!=!17),!chest!press!(n!=!16)!

Functionality!tests:!

Balance!test!(n!=!17),!handgripOstrength!

(n!=!16),!walking!time!(n!=!17)!

3Omethylhistidine!analyses!(n!=!14)!!

Training!volume!&!progression!(n!=!15)!

!

Training!volume!&!progression!(n!=!14)!

!

Body!composition!(body!weight,!lean!

mass,!fat!mass,!BMD,!BMC)!(n!=!14)!

1ORM!strength:!Leg!press!(n!=!11),!hack!

squat!(n!=!14),!chest!press!(n!=!14),!!

lat!pullOdown!(n!=!14)!

Muscle!endurance:!

Leg!press!(n!=!14),!chest!press!(n!=!14)!

Functionality!tests:!

Balance!test!(n!=!14),!handgripOstrength!

(n!=!14),!walking!time!(n!=!14)!

3Omethylhistidine!analyses!(n!=!12)!!

3Oday!food!records!(n!=!15)! 3Oday!food!records!(n!=!14)!

 

Figure 5. Summary of recruitment, allocation and analyses. 
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Baseline characteristics of the participants who completed the study are shown in 

Table 1. There were no significant differences between the CR and PLA groups with 

respect to age (p = 0.793), body weight (p = 0.606), height (p = 0.399) and training status 

(Mild: p = 0.789, Moderate: p = 0.189, Strenuous: p = 0.760). 

 
Table 1. Subject characteristics at baseline for the CR group and PLA group. 

Group Age 
(years) 

 

Mass 
(kg) 

Height 
(cm) 

Training Status  
Mild/ Moderate/ Strenuous  

Exercise (times/ week) 
 

CR 
(n=14)  
 

  58.0 ± 3.0  78.3 ± 17.3   168.2 ± 9.1   3.6 ± 3.1/ 1.9 ± 2.2/ 2.3 ± 1.3 

PLA 
(n=17) 
 

  57.6 ± 5.0  81.8 ± 18.9   171.7 ± 12.6   4.0 ± 5.7/ 3.1 ± 2.8/ 2.1 ± 2.1 

Values are means ± standard deviation. 
 

Moreover, the CR and PLA groups showed no significant differences with respect 

to baseline LTM (p = 0.563) or 1-RM strength (leg press: p = 0.552, hack squat: p = 

0.875, chest press: p = 0.931, lat pull-down: p = 0.957). 

 

9.2 Body Composition 

There was a significant gender main effect (F [1, 27] = 10.53, p = 0.003, η2 = 

0.28) and a group x time interaction for body weight (F [1, 27] = 12.04; p = 0.002; η2 = 

0.31). The CR group experienced a significant increase in body weight over time (pre: 

78.3 ± 17.3 kg, post: 80.0 ± 18.3 kg, p = 0.003) with no change for the PLA group (pre: 

81.8 ± 18.9 kg, post: 81.2 ± 18.4 kg, p = 0.260).  
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There was a significant time main effect (F [1, 27] = 31.48, p < 0.001, η2 = 0.54), 

gender main effect (F [1, 27] = 52.52, p < 0.001, η2 = 0.66) and a group x time interaction 

for LTM (F [1, 27] = 8.36; p = 0.007, η2 = 0.24). The CR group increased LTM (pre: 

44.6 ± 11.5 kg, post: 47.4 ± 12.2 kg, p < 0.001) more than the PLA group (pre: 47.1 ± 

12.1 kg, post: 48.0 ± 11.9 kg; p = 0.044; see Figure 6). 

 

 
Figure 6. Lean tissue mass before and after 12 weeks of resistance training and 
supplementation for the CR and PLA groups.  
Values are mean ± standard deviation. 
* Significantly different after training (p < 0.05).  
** Indicates that the CR group increased lean tissue mass more than the PLA group (p = 
0.007). 
 

* 
**	  
	  

 *	  
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Both groups experienced a decrease in body fat over time (F [1, 27] = 11.74, p = 

0.002, η2 = 0.30) (CR: pre: 27.2 ± 9.5 kg, post: 25.9 ± 9.3 kg; PLA: pre: 27.8 ± 9.0 kg, 

post: 26.3 ± 8.8 kg), with no differences between groups or gender (see Figure 7).   

 
 

 
Figure 7. CR and PLA groups decreased fat mass over 12 weeks of resistance training 
and supplementation. 
Values are mean ± standard deviation.  
* Significantly different after training (p < 0.05).  
 

There were no changes in bone mineral content or bone mineral density between 

groups or gender over time.  

  *	  
  *	  
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9.3 Muscle Strength and Endurance 

There was a time main effect and gender main effect for leg press strength (Time 

main effect: F [1, 20] = 70.78, p < 0.001, η2 = 0.78; Gender main effect: F [1, 20] = 

31.72, p < 0.001, η2 = 0.61) and hack squat strength (Time main effect: F [1, 26] = 60.70, 

p < 0.001, η2 = 0.70; Gender main effect: F [1, 26] = 15.79, p = 0.001, η2 = 0.38), with no 

differences between groups over time.  

Similar to leg press and hack squat strength, there was a time main effect (F [1, 

26] = 82.0, p < 0.001, η2 = 0.76) and gender main effect (F [1, 26] = 48.45, p < 0.001, 

η2 = 0.65) for chest press strength. There was also a gender x time interaction (F [1, 26] = 

9.54, p = 0.005, η2 = 0.27). Both males and females increased chest press strength over 

time (p < 0.001) but the magnitude of change was greater in males (pre: 82.3 ± 21.6 kg, 

post: 100.3 ± 26.9 kg) compared to females (pre: 37.7 ± 10.2 kg, post: 46.7 ± 11.0 kg).  

Regarding lat pull-down strength, there was a time main effect (F [1, 25] = 

110.08, p < 0.001, η2 = 0.82), gender main effect (F [1, 25] = 111.65, p < 0.001, η2 = 

0.82), gender x time interaction (F [1, 25] = 9.56, p = 0.005, η2 = 0.28) and a group x 

gender x time interaction (F [1, 25] = 4.27, p = 0.049, η2 = 0.15). Both males and females 

increased lat pull-down strength over time (p < 0.001) but the change was greater in 

males (pre: 80.4 ± 12.5 kg, post: 93.0 ± 15.1 kg) compared to females (pre: 38.8 ± 7.7 kg, 

post: 45.7 ± 8.7 kg). Splitting the file by group showed that males on creatine increased 

lat pull-down strength (pre: 81.8 ± 12.8 kg, post: 98.0 ± 17.2 kg, p = 0.005) more than 

females on creatine (pre: 39.3 ± 5.9 kg, post: 45.8 ± 7.2 kg) with no differences (p = 0.46) 

between males and females on placebo (Males: pre: 79.2 ± 12.9 kg, post: 88.6 ± 12.5 kg; 

Females: pre: 38.2 ± 9.7 kg, post: 45.6 ± 10.6 kg; see Figure 8). Splitting the file by 



HIGH-LOW RESISTANCE TRAINING AND CREATINE IN AGING ADULTS 

 

 

63 

gender showed that there were no significant differences between males or females on 

creatine or placebo. There was a trend (p = 0.053) for males in the CR group to have 

greater lat pull-down strength (pre: 81.8 ± 12.8 kg, post: 98.0 ± 17.2 kg) compared to 

males on placebo (pre: 79.2 ± 12.9 kg, post: 88.6 ± 12.5 kg). 

 

 
 
Figure 8. 1-RM lat pull-down strength before and after the 12-week study for men and 
women in the CR and PLA groups. 
Values are mean ± standard deviation.  
* Significantly different after training (p < 0.05).  
** Indicates that men on creatine increased lat pull-down strength more than women on 
creatine (p = 0.005). 
*** Indicates a trend for males on creatine having greater lat-pull down strength than 
males on placebo (p = 0.053). 

  * 

  *** 

 

 

   * 

** 

 

   * 

    * 
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There was a time main effect for leg press (F [1, 27] = 91.96, p < 0.001, η2 = 

0.77), and chest press endurance (F [1, 26] = 66.73, p < 0.001, η2 = 0.72), with no 

differences between groups or gender (see Table 2). 
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Table 2. Muscle strength (1-RM) for the leg press, hack squat, chest press and lat pull down exercise and endurance measurements 
(repetitions to volitional fatigue with 80% baseline 1-RM for leg press and 70% baseline 1-RM for chest press) before and after 12 
weeks of supplementation and high-low resistance training. 

 

1-RM Strength (kg) 
 

 CR Group   PLA Group   

Exercise 
 

Pre Post % p-value Pre Post % p-value 

Leg Press 117.5 ± 37.0 145.2 ± 37.0 23.6 < 0.001 126.2 ± 32.9 162.0 ± 40.0 28.4 < 0.001 

Hack Squat 100.0 ± 37.3 121.6 ± 46.1 21.6 < 0.001 102.8 ± 35.1 120.3 ± 36.7 17.0 < 0.001 

Chest Press 62.0 ± 27.4 77.3 ± 32.8 24.7 < 0.001 61.1 ± 29.8 73.6 ± 36.3 20.5 < 0.001 

Lat Pull-Down 
 

60.6 ± 24.0 71.9 ± 29.9 18.6 < 0.001 60.1 ± 23.9 68.5 ± 24.9 14.0 < 0.001 

Endurance (number of repetitions)   
 

CR Group   PLA Group   

Exercise 
 

Pre Post % p-value Pre Post % p-value 

Leg Press 10.9 ± 4.1 24.2 ± 9.1 122.0 < 0.001 10.6 ± 3.4 25.2 ± 9.7 137.7 < 0.001 

Chest Press 
 

11.1 ± 2.3 22.6 ± 7.4 103.6 < 0.001 15.5 ± 7.0 27.5 ± 15.6 77.4 < 0.001 

Values are mean ± standard deviation. % = percent change over time. 
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9.4 Tests of Functionality 

There was a significant time main effect for the number of errors (F [1, 27] = 

4.57, p = 0.042, η2 = 0.15) and time taken to finish the balance board test (F [1, 27] = 

63.17, p < 0.001, η2 = 0.70). In addition, there was a group x time interaction for the time 

taken to finish the balance board test (F [1, 27] = 5.12, p = 0.032, η2 = 0.16). Both groups 

improved performance over time but the magnitude of change was greater in the placebo 

group (pre: 32.8 ± 12.7 sec, post: 22.7 ± 10.9 sec, p < 0.001) compared to the creatine 

group (pre: 28.3 ± 9.0 sec, post: 22.8 ± 9.0 sec, p = 0.002).   

There was a time main effect (F [1, 26] = 7.04, p = 0.013, η2 = 0.21) and gender 

main effect (F [1, 26] = 64.7, p < 0.001, η2 = 0.71) for hand-grip strength and walking 

time (Time main effect: F [1, 27] = 19.30, p < 0.001, η2 = 0.42; Gender main effect: F [1, 

27] = 4.73, p = 0.039, η2 = 0.15), with no differences between groups over time. Table 3 

represents the results of the functionality tests for the CR and PLA group.  

 



 

 

  H
IG

H
-LO

W
 R

ESISTA
N

C
E TR

A
IN

IN
G

 A
N

D
 C

R
EA

TIN
E IN

 A
G

IN
G

 A
D

U
LTS 

 

Table 3. Functionality tests (balance test, handgrip strength and walking speed) before and after 12 weeks of supplementation and 
high-low resistance training. 

 

Functionality Tests CR Group 
 

   PLA Group   

 Pre 
 

Post % p-value Pre Post % p-value 

Balance Time (sec) 28.3 ± 9.0 22.8 ± 9.0 19.4 0.002 32.8 ± 12.7 22.7 ± 10.9* 30.8 < 0.001 

Balance Errors 
(Steps off the 
Board) 

2.3 ± 2.1 1.9 ± 1.8 17.4 0.317 2.1 ± 3.2 1.4 ± 2.6 33.3 0.037 

Handgrip Strength 
(kg) 

40.1 ± 11.9 41.0 ± 12.8 2.2 0.054 40.0 ± 10.6 41.4 ± 11.1 3.5 0.058 

80m Walking Time 
(sec) 
 

38.2 ± 4.6 37.1 ± 4.3 2.9 0.045 36.2 ± 5.7 33.9 ± 6.6 6.4 0.001 

Values are mean ± standard deviation. % = percent change over time.  
* Indicates PLA had greater improvements in balance time vs. CR (p < 0.032). 
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9.5 Urinary 3-methylhistidine 

There was a gender x time interaction (F [1, 22] = 7.87, p = 0.010, η2 = 0.26) and 

a group x gender x time interaction (F [1, 22] = 6.69, p = 0.017, η2 = 0.23) for 3-MH. Post 

hoc analysis showed that males experienced a decrease in 3-MH over time (pre: 2.86 ± 

1.50 nmol/kg LTM, post: 2.22 ± 0.88 nmol/kg LTM, p = 0.144) compared to an increase 

for females (pre: 2.29 ± 1.08 nmol/kg LTM, post: 3.02 ± 1.81 nmol/kg LTM, p = 0.106). 

Splitting the file by gender showed that females on creatine increased 3-MH excretion 

over time (pre: 2.35 ± 1.02 nmol/kg LTM, post: 4.12 ± 2.00 nmol/kg LTM, p = 0.014), 

whereas females on placebo decreased 3-MH (pre: 2.24 ± 1.21 nmol/kg LTM, post: 

2.09 ± 1.02 nmol/kg LTM). There were no differences between males on creatine or 

placebo (p = 0.354). Splitting the file by group showed that males on creatine decreased 

3-MH (pre: 3.48 ± 1.41 nmol/kg LTM, post: 2.42 ± 0.92 nmol/kg LTM, p = 0.019) 

compared to an increase for females on creatine (pre: 2.35 ± 1.02 nmol/kg LTM, post: 

4.12 ± 2.00 nmol/kg LTM) with no differences (p = 0.802) between males and females in 

the placebo group (Males: pre: 2.33 ± 1.47 nmol/kg LTM, post: 2.06 ± 0.88 kg; Females: 

pre: 2.24 ± 1.21 kg, post: 2.09 ± 1.02 nmol/kg LTM; see Figure 9). 
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Figure 9. 3-MH before and after the 12-week study for men and women in the CR and 
PLA groups. 
Values are mean ± standard deviation.  
* Indicates that females on creatine increased 3-MH, whereas females on placebo 
decreased 3-MH over time (p = 0.014). 
** Indicates that males on creatine decreased 3-MH compared to an increase for females 
on creatine (p = 0.019). 
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9.6 Training Volume and Progression 

 Average total training volume per session (across 4 exercises) was similar 

between the CR group (12961.5 ± 6656.9 kg) and the PLA group (13426.5 ± 4624.6 kg, 

p = 0.828). There were no differences in average training volume between groups for the 

leg press (CR: 5007.5 ± 3015.3 kg, PLA: 5084.9 ± 2636.5 kg, p = 0.942), chest press 

(CR: 2046.6 ± 972.7 kg, PLA: 2219.9 ± 810.2 kg, p = 0.605), hack squat (CR: 3556.1 ± 

1835.8 kg, PLA: 3838.5 ± 1700.3 kg, p = 0.670) or lat-pull down exercise (CR: 2351.5 ± 

1010.4 kg, PLA: 2283.1 ± 712.4 kg, p = 0.834).  

The weekly average training volume per session is shown in Figure 10. Regarding 

the change in training volume from week 1 (average of the first three training sessions) to 

week 12 (average of the last three training sessions), there was a significant time main 

effect (F [1, 25] = 82.09, p < 0.001, η2 = 0.77), gender main effect (F [1, 25] = 12.43, p = 

0.002, η2 = 0.33), gender x time interaction (F [1, 25] = 9.36, p = 0.005, η2 = 0.27) and 

group x gender x time interaction (F [1, 25] = 4.53, p = 0.043, η2 = 0.15). The change in 

training volume from week 1 to week 12 was greater in males (pre: 11092.4 ± 3721.8 kg, 

post: 19537.9 ± 7942.2 kg) compared to females (pre: 7165.2 ± 1971.5 kg, post: 

11463.2 ± 3721.7 kg). Splitting the file by gender showed that males on creatine 

progressed at a faster rate (pre: 11096.4 ± 4724.9 kg, post: 22407.9 ± 10601.1 kg, p = 

0.049) compared to males on placebo (pre: 11089.3 ± 3037.8 kg, post: 17305.8 ± 

4601.5 kg; see Figure 11). There were no differences in training volume progression 

between females on creatine or placebo (p = 0.442). Splitting the file by group showed 

that males on creatine progressed with a greater volume of training (pre: 11096.4 ± 

4724.9 kg, post: 22407.9 ± 10601.1 kg, p = 0.012) compared to females on creatine   
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(pre: 6802.3 ± 1890.0 kg, post: 10609.4 ± 3263.2 kg) with no differences between males 

and females on placebo (Males: pre: 11089.3 ± 3037.8 kg, post: 17305.8 ± 4601.5 kg; 

Females: pre: 7588.7 ± 2154.6 kg, post: 12459.3 ± 4272.3 kg, p = 0.382; see Figure 11). 

 

 
Figure 10. Weekly average training volume per session. 
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Figure 11. Change in training volume from week 1 to week 12 for men and women in the 
CR group and PLA group. 
Values are means (kg) ± standard error.  
* Significantly different over time (p < 0.05).  
** Indicates men on creatine progressed at a faster rate than men on placebo (p = 0.049).  
*** Indicates men on creatine progressed with a greater volume of training over time 
than women on creatine (p = 0.012). 
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 *** 
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 * 
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9.7 Diet 

The CR and PLA groups did not change their dietary intake over the course of the 

study (see Table 4). There was no change in fat intake between groups or gender during 

the study (p = 0.055). There was a gender main effect for protein (F [1, 25] = 7.96, p = 

0.009, η2 = 0.24) and caloric intake (F [1, 25] = 5.87, p = 0.023, η2 = 0.19), with males 

consuming more protein (pre: 103.0 ± 32.0 g, post: 108.8 ± 34.3 g) and having higher 

total calorie intake (pre: 2186.3 ± 727.2 kcal, post: 2401.5 ± 859.5 kcal) than females 

(Protein: pre: 83.1 ± 14.6 g, post: 80.7 ± 13.8 g; Total calories: pre: 1798.1 ± 231.8 kcal, 

post: 1802.9 ± 367.1 kcal).  

There was a group x gender x time interaction for carbohydrate intake (F [1, 25] = 

5.94, p = 0.022, η2 = 0.19). Splitting the file by gender showed that males in the CR 

group increased carbohydrate intake over time (pre: 250.1 ± 32.3 g, post: 319.1 ± 

105.7 g, p = 0.016), whereas males in the PLA group decreased carbohydrate intake (pre: 

239.0 ± 121.6 g, post: 207.4 ± 100.2 g). 



 

 

Table 4. Total calorie (kcal/day) and macronutrient (g/day) content of the CR and PLA group for 3 days during the first and final 
week of supplementation and resistance training. 
 
 

Dietary Intake CR Group (n=14) 
 

  PLA Group (n=15)  

 Week 1 
 

Week 12 % p-value Week 1 Week 12 % p-value 

Total Calories 
(kcal/day) 

2097.5 ± 329.5 2301.1 ± 724.7 9.7 0.183 1906.9 ± 732.8 1936.5 ± 702.0 1.6 0.741 

Carbohydrates 
(g/day) 

235.1 ± 43.4 264.9 ± 102.3 12.7 0.213 227.7 ± 90.0 211.5 ± 81.5 -7.1 0.168 

Fat (g/day) 80.4 ± 19.6 90.4 ± 34.6 12.4 0.199 66.5 ± 32.8 74.0 ± 36.9 11.3 0.156 

Protein (g/day) 102.2 ± 21.4 
 

100.4 ± 25.0 -1.8 0.794 85.1 ± 29.2 90.4 ± 33.7 6.2 0.218 

 
Data is based on the average for one day from 3-day food records.  
Values are means ± standard deviation. % = percent change over time. 
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9.8 Adverse Events  

There were no serious adverse events reported over time. However, as expected, 

most participants experienced muscle soreness in the first few weeks of training. One 

participant in the PLA group reported back strain during the familiarization phase and did 

not perform the hack squat during the 12-week study. Another participant was diagnosed 

with a torn shoulder muscle at the beginning of the study, which was likely related to a 

past shoulder injury. Two subjects in the PLA group reported gastrointestinal distress at 

the beginning of the supplementation. One participant in the CR group reported increased 

sweating/hot flashes while working out as well as during the day.  
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10 Discussion 

This is the first study to examine the effects of high-low resistance training and 

creatine supplementation in aging adults. The main findings were: (1) High-low 

resistance training increased lean tissue mass, strength, endurance, and indices of 

functionality, (2) Creatine supplementation led to greater gains in body mass and lean 

tissue mass, and (3) Males on creatine increased muscle strength (lat pull-down) and 

resistance training capacity over time. These results have application for the design of 

effective lifestyle interventions which improve aging muscle health. From a health 

promotion and knowledge translational 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 may 

lead to greater functionality over time (Chalé et al., 2013). Furthermore, this unique study 

provides evidence that high-low resistance training and creatine supplementation is safe 

(no serious adverse events were reported) for aging adults.  

Speculation exists that a greater volume of resistance training may have beneficial 

effects on aging muscle. Repeated muscle contractions with submaximal loads may 

activate larger motor units, which in turn may lead to greater muscle force generating 

capacity and muscle accretion. For example, Burd et al. (2010) investigated the effects of 

low-intensity, high-volume resistance training in young males. Participants performed 4 

sets of unilateral leg extensions at 30% 1-RM to volitional fatigue (30% FAIL), 90% 

1-RM to volitional fatigue (90% FAIL) and 30% 1-RM work-matched (30% WM) to 

90% FAIL. Training to volitional fatigue (30% FAIL and 90% FAIL) produced the 

highest rates of MPS 4 hours post-exercise. However, only the 30% FAIL group 
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sustained elevated MPS rates 24 hours post-exercise. These results suggest that low-load 

resistance training to volitional fatigue is an alternative to traditional high-load resistance 

training for increasing MPS. Additional work from the same laboratory showed that 3 

sets of low-load, high-volume training (30% 1-RM to volitional fatigue) produced similar 

gains in muscle mass compared to 3 sets of high-load, low-volume training (80% 1-RM 

to volitional fatigue) in a group of young, healthy men after 10 weeks training (Mitchell 

et al., 2012). However, the 80% 1-RM group had superior muscle strength compared to 

the 30% 1-RM group. In a recent study involving postmenopausal women, significant 

improvements in muscle size (i.e. elbow flexors and extensors) and strength (i.e. biceps 

curl, leg extension, triceps extension) were observed after 10 weeks of low-load (30% 

baseline 1-RM), high-volume (3 sets to muscle fatigue) resistance training (elbow and 

knee flexors and extensors) to volitional fatigue (Weisgarber et al., 2015).  

Results of the present study are unique in that high-loads (80% 1-RM) and low-

loads (30% 1-RM) were combined in the same resistance training session. Unfortunately, 

no comparisons were made between high-low resistance training (80% 1-RM + 30% 

1-RM) and high-load (80% 1-RM) or low-load (30% 1-RM) resistance training alone 

which limits our ability to conclude that the strategic combination of 80% and 30% 1-RM 

in the same training session is superior to 80% 1-RM or 30% 1-RM in aging adults.  

Progressive overload was achieved by increasing the number of repetitions, and 

consequently the training volume, rather than increasing the training load itself. The 

training load was based on 80% and 30% baseline 1-RM strength. The relative intensities 

decreased throughout the 12-week study, as the participants improved their strength.  
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10.1 Lean Tissue Mass 

Creatine supplementation increased LTM (2.8 ± 1.9 kg or 6.3%) to a greater 

extent than placebo (0.9 ± 1.7 kg or 1.9%). These results support the growing body of 

research showing a beneficial effect from creatine on aging muscle (Brose et al., 2003; 

Candow & Chilibeck, 2008; Chrusch et al., 2001; Gotshalk et al., 2008; Gotshalk et al., 

2002; Tarnopolsky et al., 2007). For example, Chrusch et al. (2001) reported increases of 

3.3 kg in LTM for aging males on creatine during 12 weeks of resistance training 

compared to 1.3 kg for males on placebo. A recent study by Candow et al. (2015) showed 

that creatine (0.1 g/kg/day) during 32 weeks of resistance training significantly increased 

LTM (3.0 ± 1.9 kg or 6.4%) compared to placebo (0.5 ± 2.1 kg or 1.2%). Another study 

in aging adults (> 65 years of age) showed that creatine (5 g/day) during 14 weeks of 

resistance training increased LTM (1.7 ± 1.2 kg) compared to placebo during training 

(0.4 ± 0.5 kg) (Brose et al., 2003).  

The potential mechanisms explaining the greater increase in muscle mass from 

creatine are summarized in Figure 12. Briefly, creatine intake appears to increase 

intracellular osmolarity and cause cell swelling (Balsom, Söderlund, Sjödin, & Ekblom, 

1995; Safdar et al., 2008). Cell swelling has been shown to activate downstream 

myogenic regulatory and transcription factor pathways (e.g. MRF4 and myogenin), 

which can subsequently lead to satellite cell proliferation and differentiation (Hespel et 

al., 2001; Olsen et al., 2006; Safdar et al., 2008). In addition, creatine supplementation 

increases MHC synthesis (i.e. mRNA expression of MHC I and IIa) (Deldicque et al., 

2007; Willoughby & Rosene, 2003) and anabolic hormone secretion (i.e. increase in 

intramuscular IGF-1 concentration) (D. G. Burke et al., 2008; Deldicque et al., 2005). 
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IGF-1 has been shown to activate the Akt/mTOR signaling pathway, which plays an 

important role in the activation and regulation of MPS (Bassel-Duby & Olson, 2006; 

Deldicque et al., 2005). For example, creatine supplementation (21 g/day) increased 

IGF-1 mRNA in resting muscle and the phosphorylation state of 4E-BP1, a downstream 

regulator in the Akt/mTOR signaling pathway, 24 hours after an acute bout of resistance 

training (Deldicque et al., 2005). Furthermore, Safdar et al. (2008) showed that short-

term creatine supplementation (loading phase: 20 g/day for 3 days; maintenance phase: 

5 g/day for 7 days) in young, healthy adults significantly increased mRNA expression of 

several genes and up-regulated protein content of kinases that are involved in numerous 

signaling pathways (e.g. Akt/mTOR). It is possible that contraction-induced activation of 

the mTOR signaling pathway is blunted in older adults compared to young individuals 

(Breen & Phillips, 2011; Fry et al., 2011) and that creatine supplementation may help to 

induce a greater anabolic response to resistance training (i.e. decrease aging anabolic 

resistance). 

Creatine supplementation may decrease cell apoptotis (Sestili et al., 2011) and 

oxidative stress (Deminice & Jordao, 2011; Johnston et al., 2008), a main contributing 

factor of sarcopenia (Candow, 2008; Deminice & Jordao, 2011; Johnston et al., 2008; 

Sestili et al., 2011). Furthermore, creatine may exhibit muscle anti-catabolic properties 

(Candow et al., 2012). It has previously been shown that creatine reduces urinary 

excretion of 3-MH, an indicator of muscle protein catabolism, in healthy older males 

compared to placebo (Candow et al., 2008; Candow et al., 2015). 3-MH is an amino-acid 

found in myosin and actin, which is excreted in the urine when these proteins are broken 

down (Elia et al., 1981). 3-MH is neither reutilized for protein synthesis nor metabolized 
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and is therefore thought to be indicative of protein catabolism (Elia et al., 1981; Frontera 

et al., 1988; Lukaski et al., 1981; V. Young & Munro, 1978). Results of the present study 

partially support the findings of Candow et al. (2014; 2008) that creatine reduces 

3-methylhistidine in males and that of Parise et al. (2001) who showed that creatine 

decreased protein catabolism in males, not females. Therefore, creatine’s effect on 

muscle protein catabolism may be gender specific.  

It has been suggested that estrogen has strong antioxidant properties and acts as a 

membrane stabilizer, thereby diminishing exercise-induced muscle damage and protein 

degradation (Tiidus, 2010). Due to the gradual loss of estrogen, aging females may 

experience higher levels of oxidative stress (Ogunro, Bolarinde, Owa, Salawu, & Oshodi, 

2014) and increased post-exercise muscle damage compared to younger females and 

males (Roth et al., 2000).  

However, the increase in 3-methylhistidine excretions from creatine 

supplementation in females is somewhat puzzling and may be related to the small number 

of participants who were able to provide pre- and post-urine samples or by the accuracy 

of using 3-MH as an indicator of muscle protein catabolism.  For example, there is 

disagreement regarding the validity of 3-MH excretion as an indicator of muscle protein 

catabolism due to the contribution of 3-MH from non-muscle sources (i.e. skin, gut) 

(Rennie & Millward, 1983). Other areas of concern are the failure to account for inter-

individual differences in the ratio of non-myofibrillar/myofibrillar contributions (Liu & 

Barrett, 2002) and lack of dietary control (Pivarnik, Hickson, & Wolinsky, 1989).  

Males who supplemented with creatine improved resistance training capacity 

more than females on creatine or males on placebo. Creatine supplementation has been 
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shown to increase muscle PCr stores in aging individuals, which may lead to enhanced 

high-energy phosphate metabolism and improved muscular performance (Brose et al., 

2003; Candow et al., 2013; Smith et al., 1998). Higher PCr stores may cause greater 

training volume by helping to maintain a greater work intensity for a longer time period 

(Dalbo et al., 2009), which theoretically leads towards greater increases in muscle mass 

and strength (Candow et al., 2012; Chrusch et al., 2001). Males supplementing with 

creatine had a 26% greater increase in training volume from week 1 (average of the first 

three training sessions) compared to week 12 (average of the last three training sessions). 

These results support the previous findings of Chrusch et al. (2001) who reported a 31% 

greater increase in resistance training capacity from 12 weeks of creatine 

supplementation in healthy aging males compared to placebo.  

The lack of response from females on creatine could involve intramuscular 

creatine metabolism (Dalbo et al., 2009) and protein kinetics (Tarnopolsky, 2000). 

Females may have higher resting intramuscular creatine levels than males (Forsberg et 

al., 1991) and therefore may not respond as well to creatine supplementation (Fukuda et 

al., 2010; Tarnopolsky, 2000). Creatine also appears to decrease whole-body protein 

catabolism in males, not females (Parise et al., 2001). These potential gender differences 

in creatine metabolism may help explain the greater benefits observed in males who took 

creatine compared to females in the present study. 



  

 

 

 

Figure 12. Potential cellular responses to creatine supplementation and resistance training. 
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10.2 Muscle Strength 

Creatine had no effect on lower- or upper body muscle strength or endurance. 

Only males on creatine experienced a small, yet beneficial increase in lat pull-down 

strength. The 1-RM strength improvements for the leg press and chest press in this study 

were 23.6% and 24.7% for the creatine group and 26% and 20.7% for the placebo group. 

Previously, Candow et al. (2008) reported strength gains for the leg press after 10 weeks 

of resistance training for participants who either received a combination of protein and 

creatine (14%), creatine only (12%) or placebo (12%). Bench press strength also 

increased by 25% for the protein and creatine group, 12% for the creatine group and 13% 

for the placebo group in aging males (Candow et al., 2008). A more recent study by 

Candow et al. (2015) showed improvements in leg press strength after performing a 

traditional 3 x 10 resistance training protocol for 32 weeks. Increases of 26-28% in leg 

press 1-RM were reported for participants who took creatine either before or after the 

training session. In contrast, the placebo group increased their leg press strength by 4.2%. 

Chest press strength improved by 30-36% in the creatine groups and by 38.5% in the 

placebo group.  

Research is equivocal regarding the effects of creatine on muscle performance, 

with some showing a positive effect from creatine (Candow et al., 2015; Chrusch et al., 

2001; Gotshalk et al., 2008; Gotshalk et al., 2002; Willoughby & Rosene, 2003) while 

others do not show the same benefits (M. G. Bemben et al., 2010; Bermon et al., 1998; 

Eijnde et al., 2003; Villanueva, He, & Schroeder, 2014). While it is difficult to compare 

results across studies, these inconsistent findings may be partially explained by 

differences in supplementation regimens (e.g. dosage and frequency), resistance training 
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protocols (e.g. training volume, intensity, frequency and exercise selection), study 

duration, methods used to assess muscle mass and strength (Villanueva et al., 2014), 

baseline intramuscular creatine concentrations (Syrotuik & Bell, 2004) and small sample 

size (Dalbo et al., 2009).  

 

10.3 Functionality Tests 

Age-related loss of muscle mass and strength is a major health issue (Candow et 

al., 2012). Improvements in strength are important for activities of daily living, such as 

carrying groceries and climbing stairs (Short & Nair, 2001). For example, weakness of 

lower body muscles negatively affects walking speed and balance, which in turn 

increases the risk of falls and fractures (Brose et al., 2003). The lack of effect from 

creatine on muscle strength and endurance may have influenced the results of the 

functionality tests. Ironically, the PLA group increased the time to perform the backward 

tandem walk to a greater extent (30.8%) than the CR group (19.4%). One possible 

explanation may involve the greater weight gain observed in the creatine group compared 

to the placebo group. The creatine group increased body mass by 1.7 ± 1.7 kg compared 

to a decrease of 0.6 ± 2.0 kg for the placebo group. The rapid increase in body mass from 

creatine, without subsequent improvements in lower body strength or endurance, may 

have decreased the ability to move quickly during the test.  
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10.4 Diet 

There was no significant change in total caloric or macronutrient intake over time. 

However, males had higher protein and total caloric intake than females and there were 

significant differences in carbohydrate intake over time between males on creatine and 

placebo. Research has shown that malnutrition and low protein intake plays a major role 

in sarcopenia and may be partially responsible for age-related muscle loss (Fielding et al., 

2011). The current recommended dietary allowance for protein intake from the Food and 

Nutrition Board of the Institute of Medicine (issued in 2005) for people ≥ 51 years is 

0.8 g/kg (Wolfe et al., 2008). However, it has been suggested that protein 

recommendations for older individuals, who engage in resistance training should be 

higher, with an daily intake of 1.0 to 1.3 g/kg (Lucas & Heiss, 2005). Protein intake is a 

critical factor that should be considered when analyzing and interpreting study results. 

Notably, the average dietary protein intake at the beginning and at the end of the study 

for females and males in the CR and PLA groups ranged between 1.0 to 1.3 g/kg body 

mass (i.e. CR males: pre 1.3 g/kg, post 1.4 g/kg; CR females: pre 1.4 g/kg, post 1.2 g/kg; 

PLA males: pre 1.1 g/kg, post 1.2 g/kg; PLA females: pre 1.1 g/kg, post 1.1 g/kg). It can 

be concluded that the average daily protein intake during the training and 

supplementation period was very likely sufficient in both groups and probably did not 

interfere with the study results. 
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10.5 Limitations 

There were several limitations to this study that have to be considered when 

interpreting the results.  

(1) Results only apply to a population that has the same characteristics as the participants 

that were recruited for this study (e.g. age range, body composition, training and 

health status as well as diet).  

(2) Although the estimated sample size was 34 subjects, only 31 participants completed 

the program. In addition, some participants did not complete all tests. Gender 

differences are based on relatively small group sizes. This could have reduced 

statistical power and increased the likelihood of error. 

(3) Years of menopause differed between the CR group with 12 ± 6 years and the PLA 

group with 6 ± 4 year significantly (p = 0.031). 

(4)  Subjects’ motivation, well-being, previous physical activities as well as training and 

supplementation compliance may have influenced the primary measurements of the 

study. 

(5) Participants were instructed to perform repetitions to volitional fatigue. Although this 

has been emphasized throughout the study, some participants may have stopped 

before they reached muscular fatigue.  

(6) Compliance with the supplementation and training protocol as well as the record of 

training sessions, repetitions and missed supplement doses are important for the 

study outcomes. It was assumed that all participants provided accurate and true 

information.  
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(7) Participants were instructed to not change their diet or physical activity patterns 

throughout the duration of the training and supplementation intervention. Changes in 

these parameters could have influenced the results of the study. Three-day food 

records and leisure activity status questionnaires were administered to control for 

these variables. However, an accurate estimation of energy intake relies upon the 

ability of the subjects to report exact portion sizes and frequency of food intake as 

well as their loyalty in filling out the 3-day food records. Also, one participant in the 

PLA group indicated that he was involved in 6 additional training sessions in the last 

three weeks of his program, which may have affected his test results.  

(8) The 24 hour urine samples were dependent on participant adherence to the 

designated urine collection procedure throughout the day as well as to the strict 

adherence of a 72 hour meat-free diet. Human error may have occurred during 

sample collection.  

(9) The time interval between the second 24 hour urine collections for the urinary 3-MH 

analyses was around 7 to 10 days after the participants stopped taking their 

supplement. This time period might have influenced or attenuated the results. 

Additionally, urine samples were stored for several weeks at -20o Celsius before 

being analyzed. 

(10) Participants were instructed to not perform any workout at least 48 hours before the 

DXA scan. Noncompliance may have influenced the results of body composition. 

(11) In some cases the maximal load on the leg press machine was not sufficient for the 

1-RM strength tests. Therefore, 1-RM strength was predicted when ≤ 10 repetitions 



HIGH-LOW RESISTANCE TRAINING AND CREATINE IN AGING ADULTS 

 

88 

were performed (Baechle & Earle, 2008). 1-RM tests with  higher numbers of 

repetitions were excluded from the statistical analysis (CR = 3, PLA = 4). 

(12) The leg machine was out of order for 3 days at the beginning of the study. 

Therefore, 12 participants (CR = 5, PLA = 7) missed one training session for the leg 

press and hack squat respectively. 

(13) The familiarization phase showed that participants were able to perform 

disproportionally more repetitions with their 30% familiarization 1-RM for the 

lat pull-down compared to the repetitions on other exercises performed at 30% 1-RM 

familiarization weight. Therefore, 30% baseline 1-RM weight for the lat pull-down 

was increased slightly (on average to 40-50% baseline 1-RM). 

(14) Two Nuclear Medicine Technologists performed the DXA scans. It was assumed 

that the performance and results of the analyses did not differ between technicians. 

(15) It was assumed that the information of the technical equipment that was used in this 

study was accurate. 

(16) No muscle biopsies or magnetic resonance spectroscopy were performed to assess 

intramuscular creatine concentrations. However, the effects of creatine 

supplementation depend on the initial muscle creatine concentration, which may vary 

between subjects (i.e. responders, quasi-responders, non-responders) (Dalbo et al., 

2009). 

(17) Without controlling water retention, increases in LTM cannot be directly related to 

an increase in contractile protein. Thus, hydration status should be measured in order 

to determine creatine related increases in water retention.  
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(18) Muscle cross-sectional area, myogenic transcription factors, MPS, hormonal 

properties and satellite cell number and activity were not measures in this study. 

These specific tests are necessary to give more insight into the effects and 

mechanisms of resistance training and creatine supplementation in aging adults. 
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11 Conclusion 

Sarcopenia, which involves the reduction in myofiber size and number, appears to 

accelerate after the age of 50 years (Hunter, McCarthy, & Bamman, 2004). Strength 

declines at a rate of 12-15% per decade (Hurley, 1995) and adults lose 30-40% of their 

muscle mass from ages 50-80 years (Hunter et al., 2004). Muscle and strength loss are 

associated with functional decline. Advanced sarcopenia leads to a higher risk of 

dependency, disability and hospitalization (Hunter et al., 2004; Villanueva et al., 2014). 

In order to increase the anabolic response and physiological adaptations in aging adults, 

optimal resistance training and nutritional strategies have to be determined. 

This research study is the first to investigate the effects of creatine 

supplementation in combination with high-low resistance training in adults ≥ 50 years on 

muscle mass, muscle performance and functionality. Results showed that high-low 

resistance training is an effective training method to increase lean tissue mass, strength, 

endurance and indices of functionality in aging adults. Participants who supplemented 

with creatine experienced greater gains in body mass and lean tissue mass. Men who 

ingested creatine improved muscle strength (lat pull-down only) to a greater extent than 

females on creatine and increased resistance training capacity over time more than males 

on placebo and females on creatine. Males on creatine also experienced a decrease in 

muscle protein catabolism compared to females on creatine.  

Creatine supplementation has been associated with enhanced anabolic effects and 

augmented protein synthesis. Greater increases in body mass and lean tissue mass are 

probably due to increased intracellular osmolarity and initial water retention. Cell 

swelling has important volume-regulatory mechanisms on protein metabolism and may 
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act as a signal for cellular metabolism and gene expression (Häussinger, 1996). Increased 

satellite cell activity (Dangott, Schultz, & Mozdziak, 2000; Olsen et al., 2006), enhance 

anti-oxidative effects and reduced protein catabolism (Brose et al., 2003) have been 

associated with creatine supplementation. The different effects of creatine 

supplementation in men and women may be linked to a gender specific response in the 

downstream signaling pathways or higher initial intramuscular creatine concentrations in 

women, which may have lead to a less favorable response to creatine supplementation.  

Further investigations are necessary to determine if high-low resistance training 

has greater effects on muscle mass and performance than traditional high-intensity weight 

training or other resistance training protocols. Also, long-term effects of creatine 

supplementation and high-low resistance training on the properties of aging bone need to 

be identified. In addition, detailed test analyses should be implemented in order to 

identify effects and mechanisms of creatine supplementation on intracellular volume, 

muscle protein kinetics, gene expression, and hormonal properties in aging adults. 

Moreover, the potential gender specific response to creatine supplementation remains 

elusive. 
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Appendix A: Leisure-Time Exercise Questionnaire 

Name:&_______________________________________________& & & Date:&______________&
&
&

 Please&do&not&include&activities&performed&from&our&strength&training&
program.&

&
Godin&Leisure,Time&Exercise&Questionnaire&
&
Considering&a&7<Day&period&(one&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&in&each&box&the&appropriate&number).&
&
&
& & & & & & & & & &&&&&&&&&Times&Per&Week&

&
&

A) Strenuous&Exercise&
(Heart&Beats&Rapidly)&
(i.e.&running,&jogging,&squash,&roller&skating,&
vigorous&swimming,&vigorous&long&distance&bicycling)&
&
&
&
&

B) Moderate&Exercise&
(Not&Exhausting)&
(i.e.&fast&walking,&tennis,&easy&bicycling,&&
badminton,&easy&swimming,&popular&and&folk&dancing)&
&
&
&

&
C) Mild&Exercise&

(Minimal&Effort)&
(i.e.&yoga&archery,&gardening,&house&work,&
bowling,&horseshoes,&golf,&easy&walking)&

&
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Appendix B: PAR-Q+ and PARMED-X 
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Appendix C: Consent Form 

 

 

 

Research Participant Information and Consent Form 

 

Title of the study: The effects of High-Low resistance training and creatine 

supplementation on muscle mass, strength, endurance and functionality in aging 

adults. 

 

Researchers: Darren G. Candow, Ph.D. (Principal Investigator), Faculty of 

Kinesiology and Health Studies, University of Regina, phone: 306-585-4906, 

email: Darren.Candow@uregina.ca; Sarah Johannsmeyer, PhD student 

researcher, email: Johansar@uregina.ca 

 

24-hour emergency telephone contact: 306-209-0280 

 

Introduction:  

You are being invited to participate in this research study because we want to 

determine the effects of creatine supplementation and resistance training on 

muscle mass, muscle performance and functionality. 
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Before you decide to participate, it is important that you understand what the 

research involves. This consent form will tell you about the study, why the 

research is being performed, what will happen to you during the study, and the 

possible benefits, risks, and discomforts. 

 

If you wish to participate, you will be asked to sign this form. Your participation is 

entirely voluntary, so it is up to you to decide whether or not to participate in this 

study. If you decide to take part in this study, you are free to withdraw at any time 

without giving any reasons for your decision and your choice not to participate 

will not affect your relationship with any of the researchers or institutions 

conducting the research. Please take time to read the following information 

carefully and to discuss it with your family, friends, and doctor or health 

professional before you decide.  

  

Why is this study being done? 

The purpose of the study is to compare the effects of creatine supplementation 

and resistance training to placebo (an inactive substance) and resistance training 

on muscle mass, muscle performance and tasks of functionality.  Creatine is a 

nitrogen-containing compound naturally produced in the body and/or consumed 

in the diet from red meat and seafood, and when given in higher amounts than 

usually consumed in the diet, may increase muscle mass and muscle 

performance. A total of 40 participants will be involved in this study.  
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Who can participate in this study? 

You can participate if you have not engaged in supervised resistance training for 

≥ 6 weeks prior to the start of the study. Females must be postmenopausal for at 

least 2 years (defined as having your last menstrual cycle ≥ 2 year prior to the 

start of the study). In addition, you cannot have pre-existing kidney or liver 

problems; taken medications that affect muscle biology or creatine monohydrate 

≤ 12 weeks prior to the start of the study; have a history of fragility fractures; 

diseases that are known to affect muscle biology; suffer from severe 

osteoarthritis; are vegetarian or planning to travel during the study period for 

greater than 2 weeks duration at a time.  

 

What does the study involve? 

If you agree to participate in this study, the following will occur: 

 

You will initially be given a questionnaire (Physical Activity Readiness 

Questionnaire; PAR-Q+) which assesses whether you are at a health risk for 

participating in exercise training. If you indicate a possible health risk, you will be 

given a clearance form (PARMED-X) to be filled out by your family physician 

before being permitted to participate in this study. 

 

Prior to the start of the study, you will be randomized (i.e. assigned by chance by 

a computer) into one of two groups: Group 1 will receive creatine monohydrate 
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(0.1 grams per kg body weight per day of creatine + 0.1 grams per kg body 

weight per day of corn-starch maltodextrin ) during 12 weeks of High-Low 

resistance training. Group 2 will receive placebo, an inactive substance (0.2 

grams per kg body weight per day of corn-starch maltodextrin) during 12 weeks 

of High-Low resistance training. High-Low resistance training is defined as 

performing repetitions to muscle fatigue at 80% baseline one repetition maximum 

(1-RM) immediately followed by repetitions to muscle fatigue at 30% baseline 

1-RM.  Creatine and placebo will be in powder form and you will be asked to 

consume this mixed with water, juice or milk. On days when you are exercising (3 

days per week), half your daily dose will be taken before (< 5 minutes) you 

exercise and half will be taken after (< 5 minutes) you exercise. On the days 

where you are not scheduled to exercise, you will consume your daily amount 

spread over three equal doses with your meals (i.e. breakfast, lunch, supper). 

Neither you nor the researchers will know which group you are in until the end of 

the study, but we can find out what group you are in if there is an emergency (i.e. 

an adverse reaction to the creatine or placebo). Due to the nature of the study we 

might not be able to inform you about your group assignment until 6 months after 

the study is over (except in the case of an emergency). 

 

Both groups will participate in 12 weeks of High-Low resistance training. 

Resistance exercises (hack squat, chest press, leg press and lat pull-down) will 

be performed in the Fitness and Lifestyle Centre at the University of Regina and 

take approximately 45 minutes to complete. Two weeks prior to the start of the 



HIGH-LOW RESISTANCE TRAINING AND CREATINE IN AGING ADULTS 

 

139 

study, you will be shown how to use the resistance training equipment with 

proper form and technique and you will participate in six sessions (3 times per 

week) of training to get accustomed to the exercises. Supplementation with 

creatine or placebo will begin on the first day of the study (after the 2 weeks of 

familiarization to the resistance training equipment) and occur daily for the 

remainder of the study. During these sessions you will perform 4 resistance 

training exercises designed to train all your major muscle groups. A warm-up 

(e.g., stretching and 5 minutes of stationary cycling exercise) will be part of the 

training session and the resistance used will not increase throughout the study 

period, only the number of repetitions performed at 80% and 30% baseline 1-RM 

will increase.  

 

Although 100% compliance to the exercise program is the expectation, it is 

unlikely that all participants will meet this goal. Our hope is that you will be able 

to attend approximately 90% of the sessions (i.e. 33/36 sessions). You are not 

expected to attend the training sessions on holidays. You are allowed to do other 

exercises outside of our program if you choose. 
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Study measurements: 

 

The following measurements will be performed prior to the intervention (i.e. 

baseline) and after 12 weeks: 

 

 Your body composition (whole-body lean tissue and fat mass) will be 
assessed using dual energy x-ray absorptiometry. This procedure requires 
you to lie down on a table while your body is scanned by an x-ray beam. This 
measurement takes approximately 15 minutes.  

 

 Your muscle endurance will be determined for the leg press and chest press 
by measuring the maximal number of repetitions performed using 80% 
baseline 1-RM for the leg press and 70% baseline 1-RM for the chest press. 
This measurement takes approximately 15 minutes.  

 

 Balance will be determined by walking backwards toe-to-heel on a board that 
is 5 cm above the ground for 6 meters. This test will be repeated twice. We 
will measure the time it takes you to do this test and the number of times you 
step off the board. Walking speed will be assessed by the time required to 
walk an 80 meter course as fast as possible. This test takes about 10 
minutes. 

 

 Handgrip strength will be assessed with a handgrip dynamometer. You will 
perform 3 handgrip strength assessments using the left and right hands. This 
test takes about 5 minutes. 
 

 You will be required to collect urine for 24 hours at two time points: after the 
first 2 weeks of training (familiarization phase) and at the end of the study. 
Prior to this urine collection, you will have to consume a meat-free diet for 72 
hours. The purpose of the urine collection is to measure a marker of muscle 
protein breakdown. Meat, poultry, and seafood consumption can affect the 
level of this marker; therefore 72 hours without meat, poultry or seafood is 
required.    
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 The following measurements will be performed prior to the familiarization 
period, at baseline and after 12 weeks: 
 

Your muscular strength will be measured for each exercise of the High-Low 

resistance training program (hack squat, chest press, leg press, lat pull-

down). To assess muscular strength, we will first have you do a warm-up of 

stretching and stationary cycling exercise. We will then have you do 8-10 

repetitions of the strength exercise with a light weight. We will then assess 

your ability to maximally lift the heaviest weight you can lift one time. The 

maximal attempts will be repeated until we find a weight that you cannot lift. 

Two minutes of rest will be given between each attempt. This procedure will 

take approximately 30 minutes.  

 

 We will give you questionnaires about your diet and physical activity levels. 
These questionnaires take about half an hour to complete. 

 

Body composition, balance, walking speed, handgrip strength and muscle 

endurance will be assessed in one session. Muscle strength will be assessed in 

a second session, at least 72 hours later. 

  

What are the benefits of participating in this study? 

You might increase your muscle mass, strength, endurance, balance and walking 

speed by participating in this study. These benefits are not guaranteed.  
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What are the possible risks and discomforts? 

The resistance training and strength testing may result in minor muscle pulls and 

strains. You will be given proper warm-up prior to exercising and this will 

minimize the risk. Adequate rest will be given between training and testing 

sessions to ensure that your muscles are recovered by the next training session.. 

 

There is a small amount of radiation exposure from the dual energy X-ray scans. 

The amount of radiation is less than 1% from what you would receive from a 

routine full-mouth dental X-ray. 

 

Creatine supplementation has been shown on a few occasions to decrease 

kidney and liver function in individuals with pre-existing kidney or liver disease. If 

you have any kidney or liver abnormalities, you should not participate in this 

study.  

 

What are alternatives to the study? 

You do not have to participate in this study to have your body composition 

assessed. You could have your body composition determined through an 

appointment at the Faculty of Kinesiology and Health Studies at the University of 

Regina and this can be performed by a number of different techniques (i.e. skin 

folds). You do not have to participate in this study to increase muscle 

performance or balance. You can perform alternative exercises (i.e. free-body 

exercises such as push-ups or chin ups and wall squats instead of the resistance 
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exercises in this study). You could also increase your creatine consumption from 

your diet by consuming more red meat and seafood products instead of receiving 

creatine supplementation in this study.   

 

What happens if I decide to withdraw? 

Your participation in this research is voluntary. You may withdraw from this study 

at any time. You do not have to provide a reason. Your relationships with the 

researchers or the university will not be affected. If you choose to enter the study 

and then decide to withdraw at a later time, all data collected about you during 

your enrolment will be retained for analysis.  

 

What happens if something goes wrong? 

In the case of a medical emergency related to the study, you should seek 

immediate care and, as soon as possible, notify the principal investigator. Inform 

the medical staff you are participating in a clinical study. Necessary medical 

treatment will be made available at no cost to you. By signing this document, you 

do not waive any of your legal rights against the sponsor, investigators or anyone 

else. 

 

What happens after completion of the study? 

We will inform you of the overall study results after we have analyzed all data. 
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What will the study cost me? 

You will not be charged for the creatine, placebo, or any research-related 

procedures. You will not be paid for participating in this study. Reimbursement for 

study-related expenses (e.g. travel, parking, meals) is not available. 

 

Will my participation be kept confidential? 

In Saskatchewan, the Health Information Protection Act (HIPA) defines how the 

privacy of your personal health information must be maintained so that your 

privacy will be respected. Your name will not be attached to any information, nor 

mentioned in any study report, nor be made available to anyone except the 

research team.  It is the intention of the research team to publish results of this 

research in scientific journals and to present the findings at related conferences 

and workshops, but your identity will not be revealed. 

 

Who do I contact if I have questions about the study? 

If you have questions concerning the study you can contact Dr. Darren Candow 

at 306-585-4906 or 306-209-0280 (24 hour cell). 

 

If you have any questions about your rights as a research subject or concerns 

about this study, you may contact the Chair of the University of Regina Research 

Ethics Board at (306) 585-4775 or email research.ethics@uregina.ca. Out of 

town participants may call collect. 
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Consent statement 

 

o I have read (or someone has read to me) the information in this consent 
form. 

o I understand the purpose and procedures and the possible risks and 
benefits of the study.  

o I have been informed of the alternatives to the study.  
o I was given sufficient time to think about it. 
o I had the opportunity to ask questions and have received satisfactory 

answers. 
o I am free to withdraw from this study at any time for any reason and the 

decision to stop taking part will not affect my future relationships at the 
university. 

o I agree to follow the principal investigator's instructions and will tell the 
principal investigator at once if I feel I have had any unexpected or 
unusual symptoms. 

o I have been informed there is no guarantee that this study will provide any 
benefits to me.  

o I give permission for the use and disclosure of my de-identified personal 
health information collected for the research purposes described in this 
form. 

o I understand that by signing this document I do not waive any of my legal 
rights. 

o I will be given a signed and dated copy of this consent form. 
o I give permission for my family physician to be informed about my 

participation in this study if need be: 
q Yes 

q No 

q I do not have a family physician 
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q  I agree to participate in this study: 

 

Printed name of participant:     ______________________      

             

Signature  _______________________      

Date___________________________  

 

Printed name of person obtaining consent: _____________________    

Signature  _________________________ 

Date___________________________                                                                                                         
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Appendix D: Training Log  
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Appendix E: Weight Training Equipment 

Training'Equipment'in'the'Fitness'&'Lifestyle'Centre'
'
'
'
'

Number'67' ' ' ' ' Number'67'

'
!
!

Number'52' ' ' ' '' Number'76,'77'&'89'

! !
!  
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Appendix F: 3-Day Food Booklet 

 

INTRODUCTION 
 

1) The purpose of this diary is to record all the food 
(including drinks) which you eat for a three day period. 
The three day period should include 2 weekdays and 1 
weekend day 
 

2) Two pages are provided for each day oft he three day 
period 
 

3) After each meal or snack that you eat, please write down 
in detail each separate food item you consumed – 
including the type of food (e. g. processed cheese) and 
the amount of food in household measures (e.g. 1 cup of 
cooked spaghetti). A meal will have to be listed by its 
separate parts (e.g. fried steak – 8oz., French fries – 1 
cup, coleslaw – 3 tbsp.) 
 

4) The best way to record the information is by carrying this 
diary around with you wherever you go. Before going to 
sleep, you should look over the diary to check that you 
have not missed anything. Remember to include snacks! 
 

5) If you eat fast food, you can just list the type of food you 
ate (e.g. 1 Big Mac, 1 large fires, 1 chocolate milkshake).  
 

6) The following pages explain the use of household 
measures and the description of foods. A sample day’s 
diet sheet is given. Please take the time to read these 
pages as it will help to make your diet record more 
accurate 
 

 

INTRODUCTION 
 

This booklet is used to record your detailed daily food 
intake. It is meant to give the researchers some idea of your 
usual dietary intake. Therefore, it is very important that you do 
not alter your eating habits while taking part in this study. In other 
words, do not let the fact that you are writing down what you eat 
influence your choice od foods. The names oft he participants in 
this study will be kept confidential. 
 

The usefulness oft he results of this study depends on the 
accuracy with which you record your daily food intake. Please 
write down full details on all the food and drink that you consume 
each day. 
 

 
NAME: 
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Appendix G: Adverse Event Form 
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