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ABSTRACT
Purpose: The purpose of this thesis was to perform a systematic review and meta-analysis
examining sex-based differences (i.e. differences between males and females) in resistance
exercise training-induced changes in skeletal muscle mass, muscle strength, and functional
performance in healthy older adults aged 60 years and older.
Design: Systematic review with meta-analysis.
Data Sources: MEDLINE and EMBASE via Ovid, CINAHL and SPORTDiscus via EBSCO,
and Scopus were searched.
Eligibility Criteria: Studies included were of males and females > 60 years of age who
performed identical resistance training interventions and had outcome measures of skeletal
muscle size, muscle strength, and/or functional performance.
Results: Data from 35 studies (1,142 participants; 518 males 624 females) were included in our
systematic review and meta-analysis. Mean study quality was 17.63/28 on a modified Downs
and Black checklist, considered moderate quality. Older males gained more absolute upper-body
strength (ES = 0.75 [95% CI 0.54, 0.96], p < 0.00001; 1% = 0%, p = 0.72), and absolute lower-
body strength (ES = 0.46 [95% CI 0.29, 0.63], p < 0.00001; 12 = 35%, p = 0.02) than older
females; however, there were no sex differences in relative gains in upper-body or lower-body
strength. There were no sex differences in absolute or relative gains in whole-body fat-free mass
(FFM), limb muscle mass, type I, lla, or 11x muscle fiber size, or functional performance (i.e.
chair rises and walking capacity tests).
Conclusion: The results indicate the existence of some sex differences in the adaptive response
to resistance exercise training in healthy older adults when the results are presented in an

absolute context, but not when the results are presented in a relative context.



RESUME
Objectif: L’objectif de cette these était d’effectuer une revue systématique et une meta-analyse
pour examiner les différences fondées sur le sexe (par exemple, les différences entre les hommes
et les femmes) dans les changements induits par I’entrainement contre résistance sur la masse
musculaire squelettique, la force musculaire et la performance fonctionnelle chez les personnes
agées en bonne santé de 60 ans ou plus.
Le Devis d’Etude: Une revue systématique avec méta-analyse.
La Source des Données: MEDLINE et EMBASE a travers Ovid, CINAHL et SPORTDiscus a
travers EBSCO, et Scopus ont été examinés.
Les Critéres d’Eligibilité: Les hommes et les femmes agés de 60 ans ou plus qui ont effectué
I’intervention de I’entrainement contre résistance avec des mesures de résultats de la force
musculaires, de la grosseur des muscles et/ou de la performance fonctionnelle.
Les Résultats: Donnees de 35 études (1,142 participants; 518 hommes, 624 femmes) ont été
incluses pour I’analyse. La qualit¢ moyenne des études selon la liste de controle de Downs et
Black était 17.63/28, soit une qualité modérée. Les hommes agés ont gagné plus de force absolue
pour le haut du corps (ES = 0.75 [95% CI 0.54, 0.96], p < 0.00001; 1% = 0%, p = 0.72), et de la
force absolue pour le bas du corps (ES = 0.46 [95% CI 0.29, 0.63], p < 0.00001; 12 = 35%, p =
0.02) que les femmes &gées, pourtant, il n’y avait aucune différence entre les hommes et les
femmes pour la force relative pour le haut du corps ou le bas du corps. Il n'y avait aucune
différence fondées sur le sexe absolues ou relatives dans les masse maigre corporelle, la masse
musculaire des membres et tailles de fibres de type I, lla, l1x, et de la mesure de la performance

fonctionnelle (élévations de chaise et des tests de la marche a distance).



La Conclusion: Les résultats montrent I’existence de quelques influence des sexes pour la
mesure de la force musculaire suite a un entrainement contre résistance chez les personnes agées
en bonne santé quand les résultats sont présentés dans un contexte absolues mais pas quand les

résultats sont présentés dans un contextes relative.
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CHAPTER 1. INTRODUCTION

Between 2017 and 2050, the global population of people 60 years of age and older is
projected to increase from an estimated 962 million to over 2.1 billion (1). Advancing age is
associated with profound changes in body composition. An age-related change that is
increasingly being recognised to have important consequences for the older adult is the loss of
muscle mass and deterioration of muscle quality. The loss of muscle mass with aging was termed
‘sarcopenia’ by Rosenberg (in 1989), who derived the term from the Greek ‘sarx’ meaning
‘flesh’ and ‘penia’ meaning ‘deficiency’ (2). In 2018, the European Working Group on
Sarcopenia in Older People (EWGSOP2) updated the official definition of sarcopenia as
a muscle disease that manifests as low levels of muscle strength, muscle mass, and physical
performance (3). Sarcopenia is a complex multifactorial disease that is thought to be precipitated
by several contributing factors including low levels of physical activity, decreased dietary
protein and energy intake, low-grade chronic inflammation, derangements in muscle protein
metabolism, motor unit loss, alterations in hormone concentrations, and impaired mitochondrial
function (4). The loss of muscle mass and strength leads to a decline in functional capacity, an
increased risk of falls and fractures, and an increased risk of developing chronic metabolic
diseases (5). The financial burden associated with sarcopenia is vast and is expected to increase
with the expanding aging demographic. For example, Janssen and colleagues found that $18.5
billion ($10.8 billion in males, $7.7 billion in females), or about 1.5% of total direct healthcare
costs in the U.S. in the year 2000, were attributable to sarcopenia (6). Therefore, it is critical to
identify strategies that can effectively mitigate the progression of sarcopenia in order to improve

the health and well-being of the older population and reduce healthcare expenditure.
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Interventions that can reduce the progression of age-related musculoskeletal decline have
great potential to improve the quality of life in older adults and have a profound impact on
healthcare spending. Several interventions have been investigated as potential therapeutic
approaches to slow down or reverse the process of sarcopenia including hormonal interventions,
nutritional supplementation, and exercise training. In a review on the optimal management of
sarcopenia in older adults, Burton and Sumukadas (7) concluded that resistance exercise training
(i.e. performing the concentric and eccentric phase of each muscle contraction in 2—3 secs)
appeared to have the largest effect on augmenting muscle mass and strength, and was the most
effective intervention at counteracting the effects of sarcopenia. While the beneficial effects of
resistance exercise training on skeletal muscle mass and strength are firmly established,
resistance exercise training confers benefits that extend even beyond that of skeletal muscle (8—
10), such as reducing symptoms of depression (11). In 2019, the National Strength and
Conditioning Association released a position statement with an overview of the current and
relevant literature to provide evidence-based recommendations for resistance training for older
adults (8). A potential limitation of these recommendations is that they are not sex-specific.

Until about 40 years ago, a lot of health research was only conducted on males, while
females were actively excluded from participating in most clinical trials (12). However, females
make up more than 50% of the population in Canada (985 males per 1000 females) and on
average outlive males by ~5 years (13). There are a number of physiological differences between
men and women that may contribute to the existence of sex differences in the adaptive response
to resistance exercise training. It is well known that males tend to have greater skeletal muscle
size and strength than females, due in part to their greater body size and height (14). In addition,

there are reported differences between sexes in fatigability (15,16), inflammatory responses (17),
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recovery time (18), and in overall muscle fibre size and composition (19). Despite a number of
studies (20-31) comparing males and females to examine if there are sex-based differences in the
adaptive response to resistance exercise training, there seems to be a discrepancy in the results
(9). For example, some have noted significantly different muscle mass or strength adaptations
between sexes when exposed to identical resistance training interventions (27-31), while others
have revealed no differences between older males and females (21,24-26,32,33). Currently, it is
unclear whether there are sex-based differences in resistance exercise training-induced changes
in muscle mass, muscle strength, and functional performance in an exclusively older adult (> 60
years of age) population.

Therefore, the purpose of this thesis was to perform a systematic review and meta-
analysis examining sex-based differences (i.e. differences between males and females) in
resistance exercise training-induced changes in skeletal muscle mass, muscle strength, and
functional performance in healthy older adults aged 60 years and older. It was hypothesized that
older males would demonstrate greater absolute, but similar relative, gains in skeletal muscle
mass, muscle strength, and functional performance compared to older females undergoing the

same resistance training program.
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CHAPTER 2. LITERATURE REVIEW
2.1 Aging Demographic

Between 2017 and 2050, the global population of people 60 years of age and older is
projected to increase from an estimated 962 million to over 2.1 billion (1). Older adults also
represent the fastest growing age group in Canada, with people aged 65 years and older reported
to be at 18.0% on July 1st, 2020 (34). The average age in Canada is now 41.4 years and has
increased by 4.1 years since 2000, when it was 37.3 years (35). Additionally, according to
Statistics Canada, there were 11,517 centenarians reported in 2020, which is up 1,137 people
(+10.4%) in one year in comparison to July 1st, 2019 (36). Within the older population females
outlive males, with the average life expectancy being 80 years of age for males and 84 years of
age for females in mid-2020 in Canada (37). Since females have a longer life expectancy, the
vast majority of centenarians are women (81.3%) (36). With the increasing number of adults
aged 65 or older, Health Canada is proactively conducting research and working to better
understand the needs of older Canadians, to enact programs and services in response to the aging
demographic (38).

In 2020, deaths in Canada (309,893) surpassed 300,000 for the first time in Canadian
history. The Public Health Agency of Canada (PHAC) reported that 15,651 deaths (5.1% of all
deaths reported) were due to coronavirus disease 2019 (COVID-19 ), and almost three quarters
occurred among those aged 80 years and older (39). Although the COVID-19 pandemic resulted
in excess mortality among seniors as well as a drop in the number of international migrants, the
age and sex structure of the population over the year 2019/2020 was not significantly affected by

these changes (35).
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2.2 Age-Related Muscle Loss: An Overview

In 1989, Rosenberg proposed the term ‘sarcopenia’ (in Greek, sarx is flesh and penia is
deficiency or loss) to describe the age-related loss of skeletal muscle mass (2). Aging is
accompanied by a change in body composition, including a loss of skeletal muscle mass that is
accompanied by a loss of strength and functional performance (40). In fact, according to
Rosenberg, there is probably no decline in structure and function more dramatic than the loss of
skeletal muscle over the latter decades of life (40). After the age of 60, it is estimated that muscle
mass and strength are lost at a rate of ~1% and ~3% per year respectively (41). For both males
and females the decrease in muscle mass is greatest in the extremities, with the rate of loss in the
lowers limbs being substantially greater than the rate of loss in the upper limbs (42). Limb
muscles from older men and women are 25-35% smaller and have significantly more fat and
connective tissue than limb muscles from younger individuals (43). Lexell and colleagues
observed a difference of up to 50% in muscle mass via cross sectional area (CSA) of the
quadriceps muscle between 90-year-old and 20-year-old subjects (44). Skeletal muscles are
mainly made up of type I (slow-twitch) and type 11 (fast-twitch) muscle fibres, and there is a
decrease in both number and size of muscle fibres with age (5,43). Interestingly, the decline in
skeletal muscle mass with aging is mainly attributed to a reduction in type Il muscle fiber size
(45). Comparisons of muscle biopsies from younger and older individuals reveal that type 11
fibres are smaller in the old, while the size of type I fibres is much less affected (43).

Muscle mass represents a major determinant of muscle strength (46). Goodpaster and
colleagues reported an annualised rate of strength decline of 3.6% in men and 2.8% in women
between 70 and 79 years of age (47). Additionally, muscle strength is closely related to

functional performance in elderly. Bassey and colleagues (48) reported a significant correlation
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between leg extensor strength and capacity to rise from a chair, climb the stairs, and walking
speed. Consequently, the decline in skeletal muscle mass, sarcopenia, is a major cause of the
increased prevalence of disability in the elderly (49). Sarcopenia generally increases the risk of
falls, vulnerability to injury, and is associated with an increased risk of developing chronic

metabolic diseases like type 2 diabetes, obesity, osteoporosis and cardiovascular disease (50,51).

2.2.1 Definition and Diagnosis of Sarcopenia

Rosenberg first introduced the term sarcopenia in 1989 (2) with the goal to draw more
attention towards the problem of the progressive loss of skeletal muscle mass and strength with
aging. Over the past 30 years, there has undoubtedly been more efforts in research to help
understand the epidemiology, as well as the causes and consequences of sarcopenia. However,
there are still variations in the definition and diagnosis of sarcopenia which make it difficult to
summarise the available research and decide on appropriate counteractive interventions. With
that being said, the major diagnostic guidelines concerning sarcopenia are those from the
European Working Group on Sarcopenia in Older People (EWGSOP), the International Working
Group on Sarcopenia (IWGS), the Asian Working Group for Sarcopenia (AWGS), and the
American Foundation for the National Institutes of Health (FNIH) (4,52,53). It wasn’t until
2009-2010 when a practical clinical definition of age-related sarcopenia was developed by the
EWGSOP (54). In 2018, the working group (EWGSOP2) met again to update the definition of
sarcopenia as a muscle disease with an International Classification of Diseases, Tenth Revision,
Clinical Modification (ICD-10-MC) Diagnosis Code that can be used to bill for care in some
countries (3). The EWGSOP2 now define sarcopenia by low level of measures of three
parameters: muscle strength (cut-off points: grip strength <27 kg for men and <16 kg for women;

chair stand >15 s for five rises for both sexes), muscle quantity/quality (cut-off points:
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appendicular skeletal muscle mass <20 kg for men and <15 kg for women), and physical
performance as an indicator of severity (cut-off points: gait speed <0.8 m/s) (3). As described by
the EWGSOP, a wide range of techniques can be used to measure muscle mass, muscle strength,
and functional performance (Table 1). Computed Tomography (CT), Dual Energy X-ray
Absorptiometry (DXA), and Magnetic Resonance Imaging (MRI) are the gold standard for the
assessment of muscle mass in research (3). Grip strength represents a reliable and simple
technique to measure muscle strength (55). On the other hand, knee extension/flexion techniques
are very suitable in scientific research, however require training and special equipment that make
it less practical for clinical use. To assess physical performance, there is the usual gait speed,
400-m walk test, the Timed-up-and-go test (TUG), and the Short Physical Performance Battery

(SPPB) which consists of gait speed, balance and sit to stand time (56).

Variable Clinical practice Research

Skeletal muscle  Cross sectional area (CSA) by Computed CSA by CT or MRI,. Muscle quality by

mass tomography (CT) or Magnetic Resonance muscle biopsy, CT, MRI or Magnetic
Imaging (MRI) resonance Spectroscopy (MRS)

Appendicular skeletal muscle mass (ASMM) ASMM by DXA
by Dual Energy X-Ray Absorptiometry
(DXA)

Whole-body skeletal muscle mass (SMM) or  SMM or ASMM by MRI
ASMM by bioimpedance Analysis (BIA)

Muscle quality by muscle biopsy, CT, MRI or
Magnetic resonance Spectroscopy (MRS)

Skeletal muscle  Grip strength Grip strength
strength Chair stand test (chair rise test) Chair stand test (5 times sit to stand)
Physical Gait speed Gait speed
performance Short physical performance battery (SPPB)  SPPB
Timed-up-and-go test (TUG) TUG
400-meter walk 400-m walk

Table 1. Measurements of skeletal muscle mass, muscle strength and physical performance in
research and practice (Adapted from Cruz-Jentoft et al, Age and Aging, 2019 (3)).

19



2.2.2 Causes of Sarcopenia

Sarcopenia is a multifactorial disease (57). The reduction of muscle mass occurs only
when muscle protein content is reduced, and the protein content of a tissue is determined by the
balance between the synthesis and breakdown of muscle protein (50). In healthy people at rest,
muscle protein turnover occurs at a rate of ~1-2% per day (58). When the rate of muscle protein
synthesis (MPS) over the course of a day matches the rate of muscle protein breakdown (MPB),

muscle mass remains stable. An imbalance between MPS and MPB rates results in either a net
gain (MPS > MPB = positive net protein balance) or net loss (MPS < MPB = negative net

protein balance) of muscle mass (58). There is inconsistency in the literature regarding whether
or not there is an age related reduction in basal resting MPS rates (59-63). However, aging is
accompanied ‘anabolic resistance’ (64), a phenomena whereby the main anabolic signals that act
to maintain muscle mass, namely nutrition (65,66) and physical activity (67), become
dysregulated. Interestingly, Smith and Mittendorfer (58) demonstrated that this blunted MPS
response is greater in older females than in older males. However, they also found that older
females had an increased basal rate of MPS compared to older males (58). Alternatively,
Horstman and colleagues (68) reported no differences in basal MPS rates between middle-aged
women and men; however the response to nutrition (protein ingestion) was greater in women
than in men. Therefore, there may be important sex-based differences in skeletal muscle protein
metabolism that ultimately contribute to age-related muscle loss.

A few other factors that have been suggested to be involved in the etiology of
sarcopenia include immunological, hormonal, neurological, nutritional, and physical activity
changes. Firstly, immunological changes are characterized by a subtle increase in circulating

concentrations of inflammatory cytokines. This is due to the age-related increase in production of
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interleukin-6 (IL-6), which in summary, can be described as an inflammatory mediator (4,69). In
acute inflammation, interleukin-6 (IL-6) promotes the expansion and activation of T cells and
differentiation of B cells, and modulates the synthesis of C-reactive protein (CRP) (70,71). This
inflammatory state appears to contribute to anabolic resistance and play a key role in the
development of sarcopenia (4,72). Several studies indicate that high levels of IL-6 or CRP may
contribute to the loss of muscle mass and strength in elderly people (73,74). Secondly, age-
related hormonal changes are characterised by a decrease in concentrations of testosterone,
estrogen, growth hormone (GH), and/or insulin like growth factor-1 (IGF-1) (75). With aging,
there is a significant decrease in estrogen concentration in females, and testosterone
concentration in males. The overall reduction of testosterone is associated with loss of muscle
strength, muscle mass, a reduction in bone mineral density, and increased risk of fracture risk
following falls (7). Menopause is linked to a reduced concentration of circulating estrogen in
middle to older aged women. During the postmenopausal period when ovarian hormone
production has decreased, there appears to be an impaired muscle performance (7). GH is also
required for maintenance of muscle and bone and exerts most of its anabolic actions through
IGF-1 which is synthesized in the liver for systemic release. IGF-1 may play a role in muscle
function by regulating skeletal muscle satellite cell activity and stimulating the synthesis of
muscle contractile proteins (7). Adults who are deficient in GH have more adipose tissue and less
fat-free mass than age-matched controls (47). Third, age-related neurological changes appear to
be characterised by denervation of motor units which are then reinnervated with slow motor units
(44). This may cause a higher prevalence of type | fibres in comparison to type Il fibres and lead
to a decrease in muscle strength given the larger specific force in type Il fibres (7,44,74).

Furthermore, studies have shown that muscle satellite cells, which are involved in muscle
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regeneration, are lower in older adults (7). Specifically, there is a decline in type 1l muscle fibre
satellite cell content which may contribute to the accelerated loss of muscle mass and strength
with aging (76).

Finally, nutrition and exercise are two key life style factors that contribute to the etiology
of sarcopenia. Both exercise (particularly resistance-type exercise) and dietary protein stimulate
the synthesis of new muscle proteins. However, aging is associated with a decrease in food
intake due to decreased energy expenditure, early satiety, and social isolation, as well as a
decrease in physical activity due to the adoption of a more sedentary lifestyle (77). Many older
adults do not consume sufficient amounts of dietary protein which contributes to the age-related
reduction in lean body mass and increased functional impairment (78). For example, the current
recommended dietary allowance (RDA) for protein is 0.8 g/kg bodyweight/day; almost 40% of
people >70 years do not meet this RDA (78). As already alluded to, aging is also associated with
‘anabolic resistance’ to ingested protein (72), a phenomenon characterized by a blunted capacity
of ingested protein to stimulate increased MPS rates. Although the precise cause of age-related
anabolic resistance is unclear, age-related reductions in physical activity are thought to be a
contributing factor (72). Evidence has shown that older adults who are less physically active are
more likely to have lower skeletal muscle mass and strength and are at increased risk of
developing sarcopenia (7). Regardless of age group, higher percentages of older adults who
reported no physical activity in the past month, or reported difficulty with one or more functional
activities (difficulty walking up or down stairs, dressing and bathing, and performing errands
alone), reported falls, and fall-related injuries (79).

Since the COVID-19 pandemic started at the end of 2019, social isolation has been

adopted worldwide to control the severe acute transmission of the virus. Although social
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isolation measures are necessary, especially for older adults who are disproportionately prone to
experiencing the negative effects of the COVID-19 pandemic, these drastic measures have led to
an average decline in physical activity (80). As stated earlier, low levels of physical activity are
one of the main risk factors for sarcopenia (81). The combined effects of aging and an adopted
sedentary lifestyle due to the COVID-19 restrictions amongst older adults will be deleterious.
Therefore, it is crucial now more than ever, to identify and implement effective intervention
programs to reverse the detrimental loss in muscle mass and strength, and thus functional

performance in older adults (82).

2.2.3 Consequences of Sarcopenia

Muscle makes up ~ 47-60% of lean body mass in men and women, and is one of the
greatest contributors to whole body energy expenditure (83). Skeletal muscle mass is essential to
perform activities of daily living and regulation of overall metabolic health. Muscle impairment
is associated with an increased risk of adverse outcomes including physical disability, poor
quality of life, and death (84). Therefore, maintaining skeletal muscle health is critical to
maintaining longevity throughout the life course, and preserving skeletal muscle mass could be a
potential reversible cause of morbidity and mortality in older persons (33,85). Since adequate
muscle mass and strength are fundamental in preserving functional mobility in older adults, this
has been an increasingly important theme of research in recent years (49). The functional
consequences of age-related sarcopenia are shown in Figure 1 (14). Many consequences of
sarcopenia are prognostic indicators of public health burden, such as the development of physical
disability, nursing home admission, depression, hospitalization, and even mortality (86). Not
only does sarcopenia predict a loss of independence for daily life activities, it is also associated

with falls in elderly men and women (87). Muscle weakness that accompanies advanced age has
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been positively related to the risk of falling and fracture in older individuals (5,88). In 2014,

Tanimoto and colleagues conducted a study with 1,110 community-dwelling Japanese subjects

aged 65 or older and found that sarcopenia was significantly associated with risk of falls in both

men (odds ratio 4.42, 95%CI: 2.08-9.39) and women (odds ratio 2.34, 95%CI: 1.39-3.94)

(89). Falls are the leading cause of injury among adults aged >65 years (older adults) in the U.S.

where more than 1 in 4 older adults report falling each year (79). This results in about 36 million

reported falls annually which can lead to significant functional decline and extensive medical

costs (79). Moreover, the increase in falls and fractures results in an increased tendency for

nursing home admissions and loss of independence (40).

/’ Sarcopenia
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Figure 1. A model of the functional consequences of age-related sarcopenia (14).

2.2.4 Burden of Sarcopenia

A recent systematic review and meta-analysis with data from 35 articles and 58,404

individuals around the world estimated the overall prevalence of sarcopenia to be 10% both in
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men and women over 60 years old (90). This number rises up to >50% in adults over 80 years
old (8,91). Another recent meta-analysis from 2019 conducted by Papadopoulou and colleagues
(92) with data from 41 studies and a total of 34,955 participants, concluded that the prevalence of
sarcopenia in community-dwelling individuals was 11% in men and 9% in women; in nursing-
home seniors it was 51% in men and 31% in women; whereas among hospitalized individuals it
was found to be 23% and 24% for men and women, respectively (92). Prevalence rates are lower
in community-dwelling older adults than those residing in nursing-home facilities or those
hospitalized individuals.

Currently, economic data on sarcopenia is limited. Janssen and colleagues found that
$18.5 billion ($10.8 billion in men, $7.7 billion in women), or about 1.5% of total direct
healthcare costs in the U.S. in 2000, were attributable to sarcopenia (6). These costs are
represented by hospitalization, nursing home admissions and home healthcare expenditures
(6,93). These estimates suggest that, if the prevalence of moderate and severe sarcopenia were
reduced by 10%, it would result in savings of $1.1 billion per year in U.S. healthcare costs (6).
Thus, even a modest reduction in the prevalence of sarcopenia in older persons would bring
about marked healthcare savings when compiled over a number of years (6). These costs reflect
the loss of skeletal muscle mass that occurs with advancing age and could theoretically be
avoided if individuals maintained a healthy skeletal muscle mass throughout the lifespan (6). As
the proportion of older adults living in Canada and around the globe continues to grow, so too
will the number of falls and fall-related injuries. However, many of these falls are preventable.
To help keep older adults living independently and injury-free, reducing fall risk and fall-related
injuries is essential (79). The financial burden associated with sarcopenia is vast and is expected

to increase with the expanding aging demographic. Therefore, it is critical to identify strategies
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that can effectively mitigate the progression of sarcopenia in order to prevent an epidemic of
frailty, and improve the health and well-being of our older population. Interventions that can
reduce the progression of age-related musculoskeletal decline have great potential to improve the

quality of life in older adults and have a profound impact on healthcare spending.

2.2.5 Interventions to Counteract Sarcopenia

Many aspects of the epidemiology and pathophysiology of sarcopenia are better
understood today than 10 years ago, thus researchers have been able to identify links between
muscle pathology and adverse health outcomes (94). Currently, there are studies providing
evidence that certain treatment strategies can help prevent or delay the adverse consequences of
sarcopenia by increasing muscle mass, strength and functional capacity (7). Examples of
strategies include: hormonal interventions, nutritional interventions, and exercise-based
interventions (74). As the focus of this thesis is on sex-based differences in resistance exercise
training-mediated changes in skeletal muscle mass, strength, and functional performance in older
adults, this section will focus on resistance exercise training as a countermeasure to protect and
restore skeletal muscle health in older adults. Readers interested in hormone-based therapies
and/or nutritional interventions to counteract the deleterious effects of age-related
musculoskeletal decline are referred to the following reviews (7,63,75,95).
2.3 Resistance Training: An Overview

One of the most effective means to counteract age-related musculoskeletal decline is a
physically active lifestyle that includes resistance exercise training (7). Phillips and Winett (96)
define resistance exercise training as a form of periodic exercise whereby external weights
provide progressive overload to skeletal muscles in order to make them stronger and often results

in hypertrophy (i.e. muscle growth). The external load lifted is classically expressed as a
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percentage of the individual’s one “repetition” maximum (1-RM), the maximum load that can be
lifted once through a complete range of motion (96). The volume (dose) of resistance training is
described by the load lifted, the number of repetitions, and the number of sets of repetitions (96).
There are numerous other variables that can be manipulated within the design of resistance
training programs, such as inter-set rest intervals, time under tension, number of sets/repetitions,
and order of exercises (96). It is well established that traditional resistance exercise (i.e.
performing the concentric and eccentric phase of each muscle contraction in 2—3 secs) is a safe
and feasible mode of physical exercise that induces muscle hypertrophy and increases muscle
strength in older adults (97). Since muscle strength appears to be indicative of disability (98,99),
resistance training has the potential to directly improve functional capacity (100). In fact, Burton
and Sumukadas (7) conducted a study to investigate the “optimal management of sarcopenia”
and reported that resistance exercise training appeared to have the largest effect on augmenting
muscle mass and strength, as well as attenuating the development of sarcopenia. Mechanistically,
muscle accretion from resistance exercise may be caused by an increase in muscle protein
synthesis (101), satellite cell activation and proliferation (102), anabolic hormone production
(103), and a decrease in catabolic cytokine activity (97,104). Studies have shown that
improvements in muscle strength can be achieved with as little as one 30 minute resistance
exercise training session per week (105).
2.3.1 Benefits of Resistance Training in Older Adults

Numerous studies have demonstrated that resistance training is beneficial in older adults
(7,106-109). According to Health Canada, weight-bearing physical activity reduces the rate of
bone loss associated with osteoporosis, and also maintains flexibility, balance, and coordination

(110). In addition to the fact that resistance training has the ability to induce muscle hypertrophy,
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increase muscle strength, and counteract age-related declines in functional performance, current
research has shown that it confers benefits that extend beyond that of skeletal muscle (8-10).
There is an impressive array of changes in health-related biomarkers that can be derived from
regular participation in resistance training including improvements in body composition, blood
glucose regulation, insulin sensitivity, and blood pressure in individuals with mild or moderate
hypertension (111). Preliminary work suggests that resistance exercise may prevent and/or
improve depression and anxiety, increase vigour, and reduce fatigue (111).

Resistance training is even beneficial for oldest-old adults (> 90 years of age) and elderly
who are considered frail (112). Note that frailty and sarcopenia are distinct (94). While
sarcopenia is a disease that contributes to the development of physical frailty, the syndrome of
frailty represents a much broader concept. Frailty is a multidimensional geriatric syndrome that
is characterised by cumulative decline in multiple physiological systems over a lifetime,
resulting in negative consequences to physical, cognitive, and social dimensions (94). In a now
seminal study, Fiatarone et al. (113) examined the adaptations induced by resistance training in
100 frail elderly nursing home residents. The subjects underwent resistance training that
consisted of 3 sets of 8 repetitions at 80% of 1-RM, 3 times per week for 10 weeks (113). The
results revealed that resistance exercise training, even in older frail nursing home residents,
increases skeletal muscle size, muscle strength, gait velocity, stair-climbing ability, and overall
levels of physical activity (113,114). In a study by Serra-Rexach et al. (115), 20 very old subjects
(9097 years of age) underwent resistance training 3 times a week for 8 weeks, with 2—3 sets of
8-10 repetitions at 30% of 1-RM in the initial phase of training, progressing to 70% of 1-RM.
The results demonstrated an increase in leg press strength (+10.6 kg; p < 0.05), and 1.2 fewer

falls per participant; however, they reported no significant differences in hand grip strength, 8-m
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walk test, 4-step stairs test, and the TUG test (114,115). Finally, a systematic review on the
effects of resistance training in physically frail older adults (70-92 years) reported only one case
of shoulder pain with resistance training out of 20 studies and 2,544 subjects (114), indicating
that it is a very safe intervention strategy.

Despite the known benefits of resistance training, only 8.7% of older adults over 75 years
of age in the U.S. participate in muscle-strengthening activities as part of their leisure time (8).
Some reported barriers to participation in resistance exercise for older adults include: safety,
fear, health concerns, pain, fatigue, and lack of social support (116). In addition, participation in
regular exercise training requires motivation by the individual which may be difficult for some
older individuals (7). The low participation rates can be explained by the promotion of broad
health benefits that are not tailored to a targeted enough population. There is a need for more
specific evidence-based guidelines and individualised recommendations for resistance exercise
for older adults (8). For example, if health benefits and motivation strategies were specific for
older males or females, perhaps this would attract more participation.
2.3.2 Current Resistance Training Guidelines for Older Adults

In 2019, the National Strength and Conditioning Association released a position
statement with an overview of the current and relevant literature to provide evidence-based
recommendations for resistance training for older adults (8). The statement highlighted that
resistance training is safe and beneficial for older adults. The general recommendations from this
position statement (8) for resistance training amongst healthy older adults can be found in Table
2. In a systematic review done by Cadore and colleagues (114) on the effects of exercise
interventions in frail older adults, it was concluded that resistance training programs should be

performed two to three times per week, with three sets of 8-12 repetitions at an intensity that
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starts at 20%—30% and progresses to 80% of 1-RM. They also found that to optimize functional
capacity, resistance training programs should include exercises in which the participants’ body
weight is used for resistance and in which usual daily activities are simulated (such as the “‘sit to
stand’’ exercise) (114). Although these guidelines are beneficial and helpful, they do not account
for sex differences and were established based largely on data on men (12). An optimal
resistance training prescription is difficult to determine (117). Muscular adaptations mainly
depend on training intensity, frequency, and volume (117); however, they may also differ
between individuals depending on factors such genetic make-up, nutritional status, age, and/or
training status (9,107,118). Therefore resistance training programmes should be manipulated via

intensity, frequency, and volume according to individual differences.
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Resistance training general recommendations for healthy older adults.t

Program variable Recommendationt Details

Sets 1-3 sets per exercise per muscle group 1 set for beginners and older adults with frailty progressing to multiple
safs (2-3) per exercise.

Repetitions 812 or10-15 Perform 6—12 reps with variafion for muscular strength for healthy oldar
adults,
Perform 10-13 repetitions at a lower relative resistance for beginners.,

Intensity T0-85% of 1RM Beqin at a resistance that is tolerated and prograss to 70-85% of 1RM

using periodization. Lighter loads are recommendad for beginners, or
individuals with frailty, or special considerations such as cardiovascular
disease and osteoporosis. Exercises should be performed in

a repetition-range intensity zone that aveids going to failure to reduce
joint stress.

Exercise selection 8-10 different exercises Include major muscle groups targeted through multijoint movements
{e.g., chest press, shoulder press, triceps extension, biceps curl, pull-
down, row, lower-back extension, abdominal crunch/curl-up,
quadriceps extension or leg press, leg curls, and calf raise).

Modality Free-weight or machine-based exercises Beqinners, frail older adults, or those with functional limitations benefit
from machine-based resistance training (selectorized weight or
pneumatic resistance equipment), training with resistance bands, and
isometric training. High functioning older adults gain added benefit from
free-weight resistance training (e.q., barbells, dumbbells, kettlebells,
and medicing balls).

Fraquency 2=3 days per week, per muscle group Perform on 2=3 nonconsecutive days per week, per muscle group, may
allow favorable adaptation, improvement, or maintenance.
Power/explosive training A0-60% of 1AM Include power/explosive exarcisas where high-valocity movements are

performed during the concentric phase at moderate intensities (i.e.,
40-60% of 1RM) to promote muscular power, strength, size, and
functional tasks.

Functional movermnents Exercizes fo mimic tasks of daily living Healthy, high functioning older adults benefit from the inclusion of
multijpint, complex, and dynamic movements, with base of support or
body position variations.

"BM = repetition masimum.
tGeneral guidelines are provided. Resistance training programs should inclede variation in intensity and program variables, Strength exercises shoukd be performed before endurance training during concurrent
training sessions 1 optimize strength gains.

Table 2. General recommendations for resistance training amongst healthy older adults (8).
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2.4 Sex Differences: An Overview

As mentioned, muscular adaptations to exercise depend on several factors, including age
and sex. There is significant evidence to demonstrate that biological differences between males
and females contribute to differences in their health (119). For example, the global prevalence of
the number of diagnosed type 2 diabetic patients is reported to be higher in males than females
(120,121). Although, for the same body mass index (BMI) females typically present with ~10%
higher body fat compared to males. The ‘gynoid fat distribution’ with relatively more adipose
tissue in the hips and thighs, confers protection against metabolic diseases, such as type 2
diabetes and atherosclerosis (122). Another notable physiological sex difference is that females
generally exhibit a greater relative fatigue resistance than males (118,123). It is clear that
biological sex influences the risk of developing certain diseases, the response to medical
treatments, and the frequency of health care use (119). According to Countrymeters’ 2020
Demographics on Canada, females make up more than 50% of the population in Canada (985
males per 1000 females) and outlive males by an average of ~5 years (13). However, females
tend to have a faster onset of age-related muscle loss, and many diseases place a heavier burden
on females compared to males including heart disease, cancer, rheumatoid arthritis, lupus, and
osteoporosis. On the other hand, females are known to rely more on medical systems than males
do, and are likely to seek treatment sooner (12).

However, until about 40 years ago, a lot of health research was only conducted on males,
while females were actively excluded from participating in most clinical trials (12). Investigators
believed that females were more difficult to recruit, and study because of their changes in
hormone levels during the menstrual cycle, and the potential risks with pregnancies (85). Sex

was not recognized as a variable in health research and was not considered to be a factor that
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could affect health and illness, therefore the results from these clinical trials were being applied
in medical practice to both males and females of all races (12). It was only in the late 1980s
when concerns about clinical research being conducted primarily in a homogeneous white male
population were first raised (12). Now, The Canadian Institutes of Health Research (CIHR)
expects that all research applicants integrate sex into their research designs (119). Fortunately,
the number of females participating in clinical trials has increased over the last two decades, but
females are still underrepresented in general (12). Accounting for sex in health research has the
potential to make health research more rigorous, more reproducible and more applicable to

everyone (119).

2.5 Sex Differences in Muscle Mass, Strength, and Functional Performance

Sarcopenia is defined by low levels in three parameters: muscle mass, muscle strength,
and functional performance (94). As such, it is important to understand the baseline differences
or similarities in these parameters between sexes. Current research demonstrates that males and
females are clearly different on many aspects of muscular health and physiology including
muscle fibre composition, hormonal interactions, and mitochondrial content and function (85). It
is well known that males tend to have greater skeletal muscle size and strength than females,
partly because of their greater body size and height (14). For example, Janssen and colleagues
conducted a study with healthy adult males (n = 268) and females (n = 200) aged 18-88 where
they measured skeletal muscle mass using whole-body MRI. As can be seen in Figure 2, males
demonstrated more absolute (kg) muscle mass in their upper and lower-body. These differences
remained significant after controlling for height and body mass among participants. However,
males carried a lower percentage of their total muscle mass in their lower-body than females

(42).
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Figure 2. Skeletal muscle mass distribution in males and females (Adapted from Janssen et al, J

Appl Physiol. 2000 (42)).

There is a clear reduction in total skeletal muscle mass that occurs even during healthy

aging. Figure 3 shows representative MR images depicting skeletal muscle architecture in young

(3C), old-inactive (3D) and old-active (3E) males (10). It is evident that there is a reduction in

muscle mass and greater abundance and infiltration of fat around the muscle tissue with age (3C

vs. 3D). When comparing two older males of the same age, the protective effect of increased

physical activity on skeletal muscle with aging is extremely apparent (3E vs 3D).

Male — 24 yrs Male — 66 yrs Male — 66 yrs
Body mass — 76kg Body mass — 81kg Body mass — 79kg
Fat mass - 10kg Fat mass — 57kg Fat mass — 34kg
Fat free mass — 57kg Fat free mass — 13kg Fat free mass — 36kg
Average daily steps = 3141 Average daily steps = 12445
PA =3MET periday = 22mins PA >3MET per/day = 130mins

Figure 3 (C-E). Loss of skeletal muscle size and quality occurs during healthy aging (10).
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In general, women have less muscle mass (and more body fat) than men and are therefore
not able to exert the same absolute maximal force as men (124). The difference in body
composition between the sexes is evident from infancy but becomes most marked after puberty
(when boys experience an accelerated growth spurt) and persists into old age (42). Muscle
strength plays a large role in determining overall physical health and well-being of an adult.
Individuals over the age of 60 years with lower muscular strength are more likely to die of all-
cause mortality than individuals with more muscular strength (125). Cheng and colleagues
studied the changes in muscle strength and functional activities during aging with a total of 744
participants that were first separated by sex, then into 5 different age groups (126). They looked
at muscle strength in terms of hip flexors, ankle planter flexors, and knee extensors. They found
that muscle strength of knee extensors decreased in both males and females after the age of 50
years. However, this decrease appeared earlier in females than males, with the decline of muscle
strength being statistically significant from the age of 70 years in females, and only from the age
of 80 years in males (126). Knee extensor muscles are associated with many functional activities,
and one possible explanation for earlier decline in the knee extensors may be due to the fact that
females tend to suffer from more chronic health conditions.

Furthermore, amongst the 40-89 year old recruited participants in this study, it was found
that functional activities deteriorated significantly after the age of 50 years in both the male and
female groups. Similarly, Cheng and colleagues reported that the decrease in functional activities
were earlier in female than in male individuals (126). Although results showed a decline both in
functional activities and muscle strength with aging, the deterioration in functional activities
appeared earlier in comparison to the deterioration of muscle strength (126). These results are

concerning because females have a longer average life expectancy than males, therefore it could
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lead to arise in an already huge financial burden associated with aging related diseases, long

term care facilities, and hospitalisations.

2.6 Sex Differences and Resistance Training Adaptations

Resistance training is a powerful intervention to combat sarcopenia (8,127); however, the
influence of sex on resistance exercise training-induced changes in skeletal muscle mass, muscle
strength, and functional performance in older adults is unclear. Older men and women both
exhibit a blunted anabolic response to exercise and nutritional stimuli compared with young men
and women (128). The results from studies comparing resistance exercise training-induced
adaptations between older men and women have been inconsistent (9). For example, some
studies have noted significantly different muscle mass or strength adaptations between sexes
when exposed to identical resistance training interventions (27-31); however, other studies have
revealed no difference between older men and women (21,24-26,32,33). For example, Bamman
and colleagues (27) compared the effects of a 26-week resistance exercise training program
(three times per week) between healthy older males and females on changes in muscle fiber size
and maximal strength (1-RM). Type I, Ila, and IIx fiber size and 1-RM strength increased more
in males vs. females. Alternatively, Leenders and colleagues (33) compared the effects of a 6-
month resistance exercise training program (three times per week) between healthy older males
and females on changes in muscle mass, muscle fiber characteristics, strength, and functional
performance. Appendicular leg lean mass (3% + 1%) and quadriceps CSA (9% + 1%) increased
similarly in both groups. Strength of the knee-extensors increased by 42% + 3% (females) and
43% + 3% (males). Following training, type Il muscle fiber size increased and functional
performance (sit-to-stand time) improved with no observed sex differences. Given the

importance of skeletal muscle mass, strength, and functional performance in older adults, it is
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important to clearly define whether there are sex differences in response to resistance exercise
training in this population.
2.7 Knowledge Gaps and Rationale

The age-related decline in muscle mass, strength, and functional performance affects the
health and general well-being of older individuals. Resistance exercise training is the ideal
intervention to combat the detrimental effects of sarcopenia as it effectively increases skeletal
muscle mass, strength, and functional performance (7). However, whether there are differences
between healthy older (> 60 y) males and females in resistance exercise training-induced
adaptations is unclear. Considering the uncertainty regarding the influence of sex on muscular
adaptations following resistance exercise training, further research is needed to resolve this
question, as it may have implications for exercise prescription in older males and females.

Therefore, the purpose of this study was to evaluate via systematic review and meta-
analysis if there are differences between males and females (i.e. sex-based differences) in
resistance exercise training-induced changes in skeletal muscle mass, muscle strength, and
functional performance in healthy older adults > 60 years of age. We hypothesized that older
males would demonstrate greater absolute, but similar relative, gains in skeletal muscle mass,
strength, and functional performance compared to older females undergoing the same resistance

training program.
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CHAPTER 3: THESIS MANUSCRIPT

3.1 Introduction

Aging is accompanied by a change in body composition, including a loss of skeletal
muscle mass, and results in reduced strength and functional performance (40). The age-related
decline in muscle mass is known as ‘sarcopenia’ and it affects the health and general well-being
of elderly individuals (2). The factors driving age-related muscle loss and dysfunction are
unclear but are thought to include lifestyle factors such as physical inactivity and inadequate
nutrient intake, as well as more intrinsic factors such as motor unit loss, dysregulated
proteostasis, inflammation, and impaired mitochondrial function (129). The loss of muscle mass
and strength leads to a reduction in functional capacity, and an increased risk of both falls and
fractures, and risk of developing chronic metabolic diseases (130). The financial burden
associated with sarcopenia is vast and is expected to increase with the expanding aging
demographic (6). Therefore, it is critical to identify strategies that can effectively mitigate the
progression of sarcopenia in order to improve the health and well-being of our older population.

Resistance exercise training is arguably the most potent and effective non-
pharmacological intervention to mitigate age-related musculoskeletal decline as it targets the key
parameters that define sarcopenia: low muscle mass, low muscle strength, and low functional
performance (3). Indeed, resistance exercise training has been well established as an effective
treatment strategy to counteract the loss of muscle mass and strength in older adults (112,131-
133). Even in the very old (> 90 y), substantial improvements in muscle mass, strength, and
functional performance have been observed in response to resistance exercise training (112).
However, whether there are differences between healthy older (> 60 y) males and females in

resistance training-induced adaptations is unclear.
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There are a number of physiological differences between men and women that may
contribute to the existence of sex differences in the adaptive response to resistance exercise
training. There is evidence for the existence of sex differences in fatigability (15,16), skeletal
muscle protein metabolism (58) and gene transcription (134) that may alter adaptive responses to
resistance exercise training between the sexes. It is also well known that when comparing muscle
strength between males and females in absolute terms, females have less muscle mass (and a
greater body-fat percentage) than males, and are therefore not able to exert the same absolute
maximal force (124). However, current evidence comparing relative gains in resistance training
adaptations between older (> 60 y) males and females provides inconsistent observations (8).
Some have noted significantly different muscle mass or strength adaptations between sexes (23—
27), while others have not (19-22,30,31). In addition, females have lower absolute muscle
function than males, and may suffer from a greater decline in muscle function with age due to
menopause (94). However, data on sex-based differences in resistance training induced relative
gains in functional performance measures are sparse, even though it is arguably the most
important outcome measure related to independence and quality of life for older adults. A recent
meta-analysis (135) examined sex differences in resistance training adaptations in adults aged
18-50 y and found that females gained greater relative upper-body strength, while relative
muscle size gains were similar between sexes. Given the importance of skeletal muscle mass,
strength, and functional performance in older adults, it is important to clearly define whether
there are sex differences in response to resistance exercise training in this population.

Therefore, the purpose of this study was to evaluate via systematic review and meta-
analysis if there are differences between males and females (i.e. sex-based differences) in

resistance exercise training-induced changes in skeletal muscle mass, muscle strength, and
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functional performance in healthy older adults > 60 years of age. We hypothesized that older
males would demonstrate greater absolute, but similar relative, gains in skeletal muscle mass,
strength, and functional performance compared to older females undergoing the same resistance
training program.
3.2 Methods and Procedures
3.2.1 Reporting Method and Protocol Registration

This systematic review and meta-analysis was performed in accordance with the
guidelines provided in the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement (136). A 27-item PRISMA checklist addressing the Introduction, Methods,
Results and Discussion sections of a systematic review report was followed to ensure all
essential elements for reporting were included. The review protocol was prospectively registered
as CRD42020153394 with The International Prospective Register of Systematic Reviews
(PROSPERO), an open access online database of systematic review protocols on health-related
topics.
3.2.2 Eligibility Criteria

We included prospective trials published in English that examined a resistance training
intervention in healthy males and females > 60 years of age. According to the United Nations, 60
years is the age cut-off to begin defining an older person (137). Moreover females will no longer
be going through changes that occur during menopause that alter hormone levels, and may
therefore moderate the effect of resistance exercise training on muscle mass, strength, and/or
functional performance. Included studies must have had males and females perform the same
relative exercise training program (i.e. frequency, volume, intensity). Studies were included

when resistance training was delivered concurrently with nutritional supplementation and a
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careful distinction was made between placebo and nutrition groups during the data extraction
process. Only studies that presented relevant outcome data (i.e. a measure of changes in muscle
mass/size, muscle strength and/or functional performance) for males and females separately were
included.

Inclusion Criteria. Research publications were considered eligible for this systematic
review if they (a) were experimental in design, (b) were published in a peer-reviewed, English-
language journal, (c) were conducted in healthy human populations — with a body mass index
(BMI) of < 30 kg/m? and > 18.5 kg/m?, (d) made a direct comparison between sexes in at least
one of the following: changes in muscle mass/size, dynamic, isometric, and/or isokinetic
strength, and/or functional performance, and (e) had subjects who were > 60 years of age.
Participants of different sex, ethnicity and training status were included in this systematic review
and meta-analysis. Studies that only presented data in graph/figure format were included by
using WebPlotDigitizer (Web Plot Digitizer, V.4.4 Pacifica, California, USA: Ankit Rohatgi,
2020) to obtain the numerical data.

Exclusion Criteria. Studies were considered ineligible for this review if (a) the training
protocol lasted for < 4 weeks and/or with training occurring < 2 times per week, (b) the training
protocol was a concurrent exercise program that incorporated both resistance and endurance
exercise, and (c) the study involved subjects with medical conditions or injuries impairing
training capacity. Case studies, and qualitative studies were not included. Studies that were not

written in English, conference abstracts, thesis, or posters were also excluded from this review.

3.2.3 Literature Search
Five electronic databases were searched from inception to August 2020: MEDLINE and

EMBASE via Ovid, CINAHL and SPORTDiscus via EBSCO, and Scopus (Appendix A). The
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search strategy structure for the databases was adopted using the components described in the
PICO framework (population, intervention, comparison, outcome) and thus the keywords
generated were divided into four main categories. The first category was “sex differences” as
males and females are what was compared in the study. The second category was “resistance
training” which is the intervention of interest. The third category was “muscle strength, muscle
mass, and functional performance” which are the outcomes of interest. Finally, the fourth
category was "older adults™ as that is the population studied.

The complete search strategy for MEDLINE was as follows: ("sex differences” OR
"gender differences” OR "sex characteristics” OR "gender characteristics" OR "gender factors"
OR "sex factors" OR "gender comparison" OR “sex comparison” OR (male w/3 female) OR
(women w/3 men)) AND ("resistance training" OR “muscle strengthening” OR "strength
training" OR "weight training™ OR "resistance exercise" OR "weight lifting" OR "isometric
contraction" OR (weight* w/3 lift*)) AND ("muscle strength" OR “physical functional
performance” OR "muscle size" OR hypertrophy OR (muscle* w/3 strength*)) AND (aged OR
“older adults” OR senior OR elderly OR (older* w/3 adult*) OR “aged 60+ years™)). The full
search strategy for all 5 databases can be found in Appendix A. The search strategies were peer
reviewed by a librarian specialising in Kinesiology and Physical Education at McGill University
(M.L).

The official search was conducted on August 3rd, 2020 and all articles found in the 5
databases listed above were downloaded and exported to EndNote (Clarivate, X9.3.3, 2013) on
the same day. Duplicate articles were detected in EndNote and were deleted. Three reviewers
(S.H., O.D., E.H.) independently screened articles via title and abstract using Rayyan

software(138). Articles were excluded if they did not meet the inclusion criteria. The full papers
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were obtained for the studies that appeared to have met the inclusion criteria or where a decision
could not have been made from the title and/or abstract alone. Full texts were independently
assessed for eligibility by three reviewers (S.H., O.D., E.H.). Reasons for excluding studies
during the full text screening phase were recorded. Discrepancies were resolved by an initial
discussion or with a forth reviewer (T.CV.), if required. Studies that were excluded after retrieval
of the full text were recorded, and accompanied by a justification for exclusion. Other than the 5
databases, additional articles were identified by manual searches of the reference lists of included
articles and articles on a similar topic, and were carefully examined and added as “additional
data” if they met the inclusion criteria. A flowchart following the PRISMA statement was
created to demonstrate the different phases of this process and display the number of articles in

each phase (Figure 4).

43



= Records identified from Scopus (n = 1,130),
= SPORTDiscus (n = 177), CINHAL (n = 200),
o Embase (n = 531), Medline (n = 404)
g Total records from databases (n = 2,442)
o
| »| Duplicates removed
L v (n =1,119)
)
Records screened
(n=1,323)
_g’ Records excluded
o | g (n =1,208)
2 v g
[&]
()
) Full-text articles excluded with
Full-text articles accessed for reasons (n = 91)
- eligibility (n = 115) — | Doesn’t separate sexes: 37
— Wrong population (unhealthy/
under 60 years): 26
Wrong publication type (thesis/
= abstract/ systematic review): 5
= o . o No appropriate outcomes: 4
9 Studies included in quantitative Foreign language: 4
2 synthesis (n = 24) Wrong study design (acute): 3
w Unable to retrieve full text: 3
Missing/ duplicated data: 9
e’/
Citation scans yielded (n = 19)
o v
S
3 qu;?}iﬁ;?::;;ﬁg:ig?nga . Additional studies included in
c - | - . . —
£ analysis) (n= 35) quantitative synthesis (n = 11)
e

Figure 4. PRISMA flow diagram.

3.2.4 Outcomes

The outcomes for this review were the differences in resistance training adaptations
between males and females for (1) muscle strength, which was categorized as (1a) upper-body
strength and (1b) lower-body strength; (2) muscle mass which was categorized as (2a) whole-
body fat-free mass (FFM), (2b) limb muscle mass, and (2c) type I, lla, 1Ix fiber size, and (3)

functional performance which was categorized as (3a) chair rises and (3b) walking capacity.
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Absolute and relative (percentage) changes were determined for each of these three general
outcomes. If studies used more than one method evaluating the level of change in muscle
strength, the following hierarchy of outcome measures were used: 1 repetition maximum (RM);
isokinetic maximal voluntary contraction (dynamometry-based); isometric maximal voluntary
contraction (dynamometry-based); multiple repetition maximum (e.g., 2-15 RM) For the lower-
body, the following hierarchy was used: knee/leg extension, knee/leg flexion, leg press, planter
flexion, dorsi flexion. That is, if a study reported results for knee extension and planter flexion,
data for the knee extension were used for the meta-analysis. For the upper-body, the hierarchy
was: bench press, chest press, arm flexion, elbow flexion, shoulder press. For muscle mass, dual-
energy X-ray absorptiometry (DXA) was the only assessment used to measure (a) whole-body
FFM; while MRI, computerized tomography (CT), and ultrasound were used to measure (b) limb
muscle mass (i.e. muscle cross sectional area (CSA), muscle volume or appendicular skeletal
muscle mass (ASMM)); and muscle biopsy samples were used to measure (c) type I, Ila, and 11x
muscle fiber size changes in response to resistance training. If a study reported results for muscle
CSA and muscle volume, data for the muscle CSA were used for the meta-analysis. Finally, (3)
functional performance was broken down into (a) chair rises - where outcome measures were:
Timed Up & Go, chair rise time, sit to stand time, and bed rise time; and (b) walking capacity -
where outcome measures were: 6-minute walking distance, walking endurance, and 12-minute
walking distance.
3.2.5 Data Extraction

First, some general data from each of the included studies were extracted onto a custom
built spreadsheet. This general data consisted of: the number of participants (male and females);

the mean age of participants; the duration and frequency for the resistance training intervention,
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and the desired outcome measures (Appendix B). Next, for all relevant outcomes, the absolute
(mean and standard deviation (SD)) and relative (percentage change and SD) changes from
baseline for males and females were extracted. In all analyses the comparator group (males vs.
females) received an identical resistance training intervention. If a study included a protein-
supplemented group, and a placebo-supplemented control group that were all part of the identical
resistance training intervention, data from both groups were retrieved. Where studies had more
than one relevant outcome measure for either muscle strength, muscle size, or functional
performance, all AMean and ASD values were independently extracted/ calculated. Two authors
(S.H., Y.H.) independently extracted the outcome data from each study into the custom built
spreadsheet. Discrepancies were resolved by an initial discussion or with a third author (T.CV.),
if required. All studies that reported the standard error of the mean (SEM) were converted to SD.
This was calculated using the following equation, where n represents the sample size:

sEM = 22
Vn

Where the desired outcome data were not presented in table or text, it was either
calculated from baseline values and/or percentage change values, extracted from relevant graphs
and figures using Web Plot Digitizer (Web Plot Digitizer, V.4.4 Pacifica, California, USA: Ankit
Rohatgi, 2020), obtained from the study’s corresponding author whom we contacted via email
twice in a two-week period, or we computed a correlation coefficient (corr) for each primary
outcome to calculate the change in SD (ASD) using the following equations according to the

Cochrane Handbook for Systematic Reviews of Interventions (139):

(SDpreZ + SDpostz _SDchangez)
(2 X SDpre X SDpost )

corr =
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ASD = \/(SDprez +SDpost2 —2 X corr X SDpre X SDpost)

We pooled all available data from the included studies for each outcome across males and
females, identified the median correlation, and subtracted 0.1 in order to establish a conservative
computed correlation for our analysis (127). For the primary analysis, we used r = 0.759 for
muscle strength, r = 0.818 for muscle size, and r = 0.5 for functional performance. To investigate
the influence of these decisions, we also performed sensitivity analyses with r = 0.5, and 0.75 for

all analyses, and the results were consistent

3.2.6 Study Quality and Reporting

A modified version of the Downs and Black checklist was used to evaluate the included
studies’ quality (140). This checklist assesses the quality of original research articles in order to
synthesize evidence from quantitative studies for public health purposes. Briefly, the tool
consists of 28 ‘Yes’ or ‘No’ questions across 5 domains, where No = 0, Unable to be determined
= 0 (for certain items) and Yes = 1. The five domains comprise questions concerning study
quality, external validity, study bias, confounding and selection bias, and power of the study.
Studies were rated by two reviewers (S.H., Y.H.), with scores entered into our spreadsheet.
Scores could range from 0 to 28 points, with higher scores reflecting higher study quality. Scores
above 20 were considered good; scores of 11-20 were considered moderate; and scores below 11
were considered poor methodological quality (141).
3.2.7 Data Synthesis

The change in mean (AMean) and ASD values were extracted and calculated for each
outcome measure and uploaded to RevMan (Review Manager, v5.4; The Cochrane

Collaboration). A random-effects meta-analysis was employed for all main outcome measures
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and all meta-analyses were performed using RevMan. The data that are presented include the
standardized mean difference (SMD) which is used as a summary statistic in meta-analysis when
included studies all assess the same outcome but measure it in a variety of ways, and the 95%
Confidence Interval (CI). In this circumstance it is necessary to standardize the results of the
studies to a uniform scale before they can be combined. The SMD expresses the size of the
intervention effect in each study relative to the variability observed in that study. The particular
definition of SMD used in Cochrane reviews is the effect size known in social science as
Hedges’ g (139). In all analyses, positive effect size values favoured males and negative values
favoured females. We considered the summary effect size threshold for significance as p < 0.05.
Meta-Analyses are illustrated using forest plots where the effect estimates for each individual
study are displayed in blocks and the summary effect size is displayed as a diamond. The area of
the blocks indicates the weight assigned to that study in the meta-analysis while the horizontal
line depicts the confidence interval. Heterogeneity was assessed by Chi? and I 2, with an a value
of p < 0.05 on RevMan. Thresholds for the interpretation of | 2 can be misleading, since the
importance of inconsistency depends on several factors. A rough guide to interpretation is as
follows (139):

e 0% to 40%: might not be important;

o 30% to 60%: may represent moderate heterogeneity;
o 50% to 90%: may represent substantial heterogeneity;
e 75% to 100%: considerable heterogeneity.

The importance of the observed value of | 2 depends on the magnitude and direction of effects, as
well as the strength of evidence for heterogeneity (p value from the Chi? test or a confidence

interval for I 2) (139). Finally, funnel plots were visually inspected to determine publication bias
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and multiple sensitivity analyses were performed to determine if any of the results were

influenced if studies were removed.
3.3 Results

3.3.1 Included Studies

We screened 1,323 records from electronic databases, assessed 115 articles for eligibility,
and included a total of 24 studies (Figure 4). We also searched reference lists and conducted
forward citation tracking on the included studies, from which we added 11 more studies.
Ultimately, 35 studies were included in the review, comprising 44 comparison groups of 1,142
older adult participants (518 males; 624 females). Publications ranged from the years 1994
through to 2017. The details of included studies are outlined in Appendix B. The ages of
included participants ranged from 60 to 92 years, and the average ages were 71.6 + 3.4 years for
males and 71.9 + 4.1 years for females and the majority of participants were inactive with no
resistance training experience. Briefly, resistance training interventions averaged 22.3 weeks in
duration (range: 4 to 84 weeks in duration) and consisted of 2-3 sessions per week. The
resistance training programs usually included 3-5 sets of 8-12 repetitions for upper and lower-
body exercises. Typically, the participants’ 1-RM for each exercise would be assessed at baseline
and the load they trained at was ~70% of their individual baseline 1-RM value. For studies that
were longer in duration, the participants’ 1-RM values were re-evaluated and the loads were
readjusted accordingly. Most included studies reported that the resistance training sessions were

supervised by a qualified instructor.

3.3.2 Meta-Analyses

Muscle Strength
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For upper-body strength (16 comparison outcomes; 173 males, 263 females), there was
no difference in relative change between older males and females (ES =-0.20 [95% CI -0.54,
0.13], p = 0.23; 12=58%, p = 0.002; Figure 5). Older males gained more absolute upper-body
strength (ES = 0.75 [95% CI 0.54, 0.96], p < 0.00001; 1% = 0%, p = 0.72; Figure 6). For lower-
body strength (39 comparison outcomes; 477 males, 592 females), there was no difference in
relative change between older males and females (ES = -0.09 [95% CI -0.27, 0.08], p = 0.30; 12
= 40%, p = 0.006; Figure 7). Older males gained more absolute lower-body strength (ES = 0.46

[95% CI 0.29, 0.63], p < 0.00001; 12 = 35%, p = 0.02; Figure 8).
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Male Female Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ades 1996_1RM 42.86 23.67 6 24.24 14.83 6 4.5% 0.87 [-0.34, 2.08] =

Binns 2017 42.5 93 8 0.7 38 25 6.7% 0.74 [-0.08, 1.55] 7

Brose 2003_Cr 26 18.54 8 31.25 30.29 6 5.3%  -0.20([-1.27, 0.86] - 1
Brose 2003_Pla 23 13.43 7 283 156 7 5.3%  -0.34[-1.40, 0.72] —_— 1
Bunout 2005 54.037 35.97 17 33.64 38.02 94 8.8% 0.54 [0.02, 1.06]

Calvao 2006 22.42 8.67 10 29.3 14.6 6 5.4%  -0.58 [-1.62, 0.46] —_—1
Hunter 2002 34 19 14 29 215 12 7.0% 0.24 [-0.53, 1.01] B B
Lemmer 2001 17.4 10 11 148 12.1 10 6.4% 0.23 [-0.63, 1.09] I
Lexell 1995 54.55 12.7 6 66.7 23.36 10 5.4%  -0.57 [-1.61, 0.47] I
McCartney 1995_60-70y 30.32 22 22 39 18 17 8.0%  -0.42[-1.06, 0.22] -
McCartney 1995_70-80y 24 17.06 17 38 15.16 20 7.7% -0.85[-1.53, -0.17] . A

Roth 2001 19.469 9.93 9 16 11.17 10 6.1% 0.31 [-0.59, 1.22] —

Ryan 2001 18 8.94 11 18 13.73 10 6.5% 0.00 [-0.86, 0.86] S E—
Tamopolsky 2007_CrM+CLA 40.38 24.52 10 67.92 20.2 10 5.8% -1.17[-2.14, -0.21] —
Tamopolsky 2007 _Pla 38.776 13.776 8 51.67 115 10 5.6%  -0.98[-1.98, 0.02]

Tanton 2009 22.75 17.41 9 51.74 213 10 5.4% -1.42[-2.45, -0.38]

Total (95% CI) 173 263 100.0% -0.20[-0.54, 0.13] q
Heterogeneity: Tau® = 0.26; Chi* = 35.68, df = 15 (P = 0.002); I’ = 58% _=2 _=1 ) 1 2

Test for overall effect: Z = 1.19 (P = 0.23) Favours Female Favours Male

Figure 5. Forest plot of the effects of resistance training on sex differences in relative changes in upper-body strength.



Male Female Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ades 1996_1RM 8 7.81 6 4 3.262 6 3.3% 0.62 [-0.55, 1.79] —

Binns 2017 373.2 818 8 3 174 25 6.6% 0.86 [0.04, 1.69]

Brose 2003_Cr 30 21.51 8 15 14.54 6 3.7% 0.74 [-0.36, 1.85] ]

Brose 2003_Pla 22 13.02 7 13 7.19 7 3.7% 0.80 [-0.30, 1.91] =

Bunout 2005 8.7 5.79 17 36 4.07 94  15.5% 1.16 [0.62, 1.70] e
Galvao 2006 8.7 3.36 10 6 2.99 6 4.0% 0.79 [-0.27, 1.85] N L
Hunter 2002 240 133.89 14 117 87.77 12 6.6% 1.04 [0.21, 1.86] e —
Lemmer 2001 8 461 11 4  3.26 10 5.4% 0.95 [0.04, 1.87] ———
Lexell 1995 6 1.4 6 4 1.4 10 3.4% 1.35 [0.20, 2.50]

McCartney 1995_60-70y 13.4 9.73 22 9.13 4.07 17 10.8% 0.54 [-0.11, 1.18] T
McCartney 1995_70-80y 10.4 7.49 17 8.16 3.22 20 10.6% 0.39 [-0.26, 1.05] T

Roth 2001 8.8 4.49 9 43 3.13 10 4.6% 1.12 [0.14, 2.11]

Ryan 2001 19 9.21 11 11  8.24 10 5.5% 0.88 [-0.03, 1.78] 1
Tamopolsky 2007_CrM+CLA 42 25.5 10 36 10.7 10 5.8% 0.29 [-0.59, 1.18] e e —
Tamopolsky 2007_Pla 38 13.5 8 31 6.9 10 4.9% 0.65 [-0.31, 1.61] =

Tanton 2009 5.56 4.23 9 6.25 2.6 10 5.5% -0.19 [-1.09, 0.71] - 1

Total (95% CI) 173 263 100.0% 0.75 [0.54, 0.96] &
Heterogeneity: Tau® = 0.00; Chi* = 11.49, df = 15 (P = 0.72); I* = 0% 1

-2 -1 0 1 2

Test for overall effect: Z = 6.92 (P < 0.00001) Favours Female Favours Male

Figure 6. Forest plot of the effects of resistance training on sex differences in absolute changes in upper-body strength.



Male Female Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ades 1996 27.3 22.98 6 37.5 13.96 6 1.7% -0.50 [-1.65, 0.66]
Arnarson 2013 10.92 11.9 67 13.375 12.7 94 5.7% -0.20 [-0.51, 0.12] —T
Asakawa 2007 19.1 14 6 1.5 16 6 1.5% 1.08 [-0.17, 2.33]
Benka 2005 _HI 11 6.28 8 13.2 3.072 8 2.1% -0.42 [-1.42, 0.57] —
Benka 2005 _LI 4.63 5.74 8 2.53 2.301 8 2.1% 0.45 [-0.54, 1.45] —
Benka 2005 _MI 9.22 7.02 8 7.92 7.586 8 2.2% 0.17 [-0.81, 1.15] ——
Binns 2017 42.5 93 8 0.7 38 25 2.7% 0.74 [-0.08, 1.55]
Brose 2003_Cr 36 13.13 8 59.15 22.27 6 1.6% -1.24[-2.42, -0.05]
Brose 2003_Pla 41 20.46 7 57.5 283 7 1.9% -0.63 [-1.71, 0.46] —
Bunout 2005 31.197 28.66 17 11.386 31.86 94 4.3% 0.63 [0.10, 1.15]
Capodaglio 2007 10.225 13.4 11 13.4 10.1 12 2.7% -0.26 [-1.08, 0.56] —
Da Boit 2017_LCn-3PUFA 31.3 21.83 14 30  9.04 13 3.0% 0.07 [-0.68, 0.83] —_— T
Da Boit 2017_Placebo 39.652 26.41 13 15.01 149 10 2.5% 1.07 [0.18, 1.96]
Fernandez 2017_2 ' 9.52 9 7 22 16 14 2.3% -0.85 [-1.80, 0.11] B
Fernandez 2017_3 18 17 11 27 17 13 2.7% -0.51[-1.33, 0.31] —
Fragala 2014 25.773 9.28 7 36.76 16.54 5 1.6% -0.80 [-2.01, 0.41]
Galvao 2006 39.33 13.2 10 236 101 6 1.8% 1.22 [0.10, 2.34]
Hakkinen 1994 15.686 20.84 10 32.06 14.62 11 2.4% -0.88 [-1.79, 0.02]
Hakkinen 2001 21.03 15.99 11 30.59 15.17 10 2.5% -0.59 [-1.47,0.29] —
Hakkinen 2002 30.7 14.8 10 294 11.8 11 2.6% 0.09 [-0.76, 0.95] D
Hunter 2002 35 18.8 14 46  30.1 12 2.9% -0.43 [-1.21, 0.35] —
Kobayashi 2016 22.7 26.7 17 37.9 36.1 13 3.1% =0.48 [-1.21, 0.26] —
Kosek 2006 1.4 6.2757 13 1.6 8.893 12 2.9% -0.03 [-0.81, 0.76] s E—
Leenders 2013 41 45.6 29 39.587 74.65 24 4.2% 0.02 [-0.52, 0.56] -1
Lemmer 2001 29.3 12.5 11 27.2 17.8 10 2.6% 0.13 [-0.73, 0.99] N
Lexell 1995 157.9 58.7 6 158 35.4 10 2.1% =0.00 [-1.01, 1.01]
Mackey 2007 14 17.78 13 14.4 18.02 16 3.1% -0.02 [-0.75, 0.71] I
McCartney 1995_60-70y 27.05 14 22 22 11 17 3.6% 0.39 [-0.25, 1.03] ]
McCartney 1995_70-80y 19 15.16 17 22 15.89 20 3.5% -0.19 [-0.84, 0.46] I
Njemini 2017 _HI 31.28 10.92 8 27.01 16.08 8 2.1% 0.29 [-0.69, 1.28] —
Njemini 2017_LI 20.09 11.85 7 18.18 24.38 9 2.1% 0.09 [-0.90, 1.08] —
Njemini 2017_LM 24.04 15.64 8 28.84 25.66 8 2.2% -0.21 [-1.20, 0.77] —
Ochala 2007 34.4 12.88 8 40,12 229 8 2.1% -0.29 [-1.28, 0.70] —
Roth 2001_LP 12.037 10.8 9 27 17.44 10 2.2% -0.97 [-1.94, -0.01]
Ryan 2001_LE 29 11.08 11 28 21.26 10 2.6% 0.06 [-0.80, 0.91] I A—
Sharman 2001 31.2 15.3 7 34 12.4 7 2.0% -0.19 [-1.24, 0.86] —
Tamopolsky 2007_CrM+CLA 39.32 24.95 10 76.56 18.7 10 2.0% -1.62 [-2.66, -0.58]
Tamopolsky 2007_Pla 49.057 17.547 8 34.57 22.19 10 2.2% 0.68 [-0.28, 1.64] —
Tracy 1999 25.3 9.1 12 31 156 11 2.7% -0.44 [-1.27, 0.39] —
Total (95% CI) 477 592 100.0% -0.09 [-0.27, 0.08]

Heterogeneity: Tau® = 0.11; Chi‘ = 63.14, df = 38 (P = 0.006); I*
Test for overall effect: Z = 1.05 (P = 0.30)

T
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Figure 7. Forest plot of the effects of resistance training on sex differences in relative changes in lower-body strength.
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Male Female Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ades 1996 12 10.11 6 9 3.351 6 1.7% 0.37 [-0.78, 1.51]

Arnarson 2013 57.8 62.8 67 53.5 50.8 94 6.3% 0.08 [-0.24, 0.39] T
Asakawa 2007 6.4 26.24 6 0.4 4.3 6 1.7% 0.29 [-0.85, 1.44] —

Benka 2005 _HI 10.4 5.93 & 10.1 2.35 8 2.2% 0.06 [-0.92, 1.04] I —
Benka 2005 _LI 4.3 5.33 8 4.9 1.73 8 2.1% -0.14 [-1.12, 0.84] I E—
Benka 2005 _MI 8.6 6.55 8 & 5.75 8 2.1% 0.40 [-0.59, 1.39] D
Binns 2017 373.2 818 8 3 174 25 2.7% 0.86 [0.04, 1.69]

Brose 2003_Cr 43 15.63 8 42 37.48 6 1.9% 0.03 [-1.02, 1.09] D
Brose 2003_Pla 44 21.89 7 42  20.67 7 1.9% 0.09 [-0.96, 1.14] N —
Bunout 2005 7.3 6.71 17 2.3 6.44 94 4.5% 0.77[0.24, 1.29] I —
Capodaglio 2007 12.7 16.65 11 106 8.02 12 2.8% 0.16 [-0.66, 0.98] N I —
Da Boit 2017_LCn-3PUFA 39.2 27.31 14 239 7.2 13 2.9% 0.73 [-0.05, 1.51]

Da Boit 2017 _Placebo 433 28.84 13 11.5 11.42 10 2.3% 1.33 [0.40, 2.26]

Fernandez 2017_2 14.41 13.58 7 20.14 14.4 14 2.4% -0.39 [-1.31, 0.53] -
Fernandez 2017_3 25.48 2351 11 24.13 15.6 13 2.8% 0.07 [-0.74, 0.87] I
Fragala 2014 12.5 4.5 7 10.1 4.5 5 1.6% 0.49 [-0.68, 1.66] —

Galvao 2006 26.9 9 10 10.8 4.6 6 1.4% 1.97 [0.69, 3.25]

Hakkinen 1994 484 547.77 10 867 271 11 2.6%  -0.41[-1.28, 0.45] 1
Hakkinen 2001 9.8 7.45 11 9.3 4.6 10 2.6% 0.08 [-0.78, 0.93] I
Hakkinen 2002 40.1 19.8 10 17.59 7.04 11 2.1% 1.48 [0.49, 2.48]

Hunter 2002 509 271.69 14 417 270.49 12 3.0% 0.33[-0.45, 1.11] I
Kobayashi 2016 15.8 18.59 17 159 15.14 13 3.2%  -0.01[-0.73, 0.72] 1
Kosek 2006 186 70.42 13 113 77.32 12 2.7% 0.96 [0.12, 1.79]

Leenders 2013 37.7 41.95 29 247 47.03 24 4.4% 0.29 [-0.25, 0.83] T
Lemmer 2001 46 19.57 11 25 16.4 10 2.3% 1.11 [0.18, 2.05]

Lexell 1995 30 11.15 6 19 4.2 10 1.7% 1.39 [0.24, 2.55]

Mackey 2007 80 98.86 13 62 77.66 16 3.2% 0.20 [-0.53, 0.93] I
McCartney 1995_60-70y 42.3 22.23 22 234 11.34 17 3.5% 1.01[0.33, 1.69] e
McCartney 1995_70-80y 30.6 23.85 17 22,5 15.98 20 3.6% 0.40 [-0.26, 1.05] -
Njemini 2017 _HI 10.85 3.79 & 7.39 4.4 8 2.0% 0.80 [-0.23, 1.83] ]

Njemini 2017_LI 7.89  4.65 7 4.47 6 9 2.0% 0.59 [-0.42, 1.61] —

Njemini 2017_LM 7.95 5.17 8 7.93 7.06 8 2.2% 0.00 [-0.98, 0.98] D
Ochala 2007 15.3 5.73 8 134 7.66 8 2.1% 0.27 [-0.72, 1.25] R B —
Roth 2001_LP 65 58.59 9 95 61.03 10 2.4%  -0.48 [-1.40, 0.44] —

Ryan 2001_LE 104 39.12 11 57 43.37 10 2.3% 1.10[0.18, 2.03]

Sharman 2001 40.7 19.97 7 19.7 7.23 7 1.6% 1.31[0.12, 2.50]

Tamopolsky 2007_CrM+CLA 46 29.19 10 49 12 10 2.5% -0.13 [-1.01, 0.75] S
Tamopolsky 2007_Pla 52 18.6 ] 28 18 10 2.0% 1.25[0.21, 2.29]

Tracy 1999 19 6.8 12 13 6.5 11 2.6% 0.87 [0.01, 1.73]

Total (95% CI) 477 592 100.0% 0.46 [0.29, 0.63] ’
Heterogeneity: Tau? = 0.09; Chi® = 58.33, df = 38 (P = 0.02); I* = 35% 1 + 1

2 0 1 2

Test for overall effect: Z = 5.33 (P < 0.00001) Favours Female Favours Male

Figure 8. Forest plot of the effects of resistance training on sex differences in absolute changes in lower-body strength.



Muscle Mass

For whole-body FFM (20 comparison outcomes; 276 males, 390 females), there was no
difference in relative change between males and females (ES = 0.03 [95% CI -0.13, 0.19], p =
0.68; 12 = 0%, p = 1.00; Figure 9), as well as absolute change in whole-body FFM (ES = 0.13
[95% CI -0.03, 0.30], p = 0.10; 12 = 0%, p = 1.00; Figure 10) between males and females. For
measures of limb muscle mass (17 comparison outcomes; 274 males, 288 females), there was no
difference in relative change (ES = -0.05 [95% CI -0.29, 0.19], p = 0.67; 12 = 41%, p = 0.04;
Figure 11), as well as absolute change (ES = 0.24 [95% CI -0.06, 0.53], p = 0.11; 1?2 = 60%, p =
0.0007; Figure 12) between males and females. For type | fiber size (7 comparison outcomes; 85
males, 70 females), there was no difference in relative change (ES = 0.39 [95% CI -0.63, 1.41], p
=0.46; 12 = 86%, p < 0.00001; Figure 13), as well as absolute change (ES = 0.48 [95% CI -0.60,
1.56], p = 0.38; 12 = 87%, p < 0.00001; Figure 14) between males and females. For type lla fiber
size (7 comparison outcomes; 85 males, 70 females), there was no difference in relative change
(ES = 0.66 [95% CI -0.23, 1.56], p = 0.15; 12 = 82%, p < 0.00001; Figure 13), as well as
absolute change (ES =0.82 [95% CI-0.12, 1.75], p = 0.09; 1% = 83%, p < 0.00001; Figure 14)
between males and females. For type I1x fiber size (7 comparison outcomes; 85 males, 70
females), there was no difference in relative change (ES = 0.16 [95% CI -0.99, 1.31], p = 0.79; 12
= 88%, p < 0.00001; Figure 13), as well as absolute change (ES = 0.58 [95% CI -0.42,1.58], p =

0.26; 1?2 = 85%, p < 0.00001; Figure 14) between males and females.
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Male Female Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ades 1996 1.386 5.0814 6 -0.74 9.553 6 2.0% 0.26 [-0.88, 1.39]
Arnarson 2013 1.739 2.43 67 149 2.93 94  26.4% 0.09 [-0.22, 0.40] B L
Binns 2017 0.352 8.2 8 -3 15 25 4.1% 0.24 [-0.56, 1.04] —
Brose 2003_Cr 2.5 7.81 8 5.935 7.05 6 2.2% -0.43 [-1.50, 0.65]
Brose 2003_Pla 0 6.49 7 161 3.12 7 2.3% -0.30 [-1.35, 0.76]
Bunout 2005 -0.79 6.51 17 -0.58 6.46 94 9.7% -0.03 [-0.55, 0.48] S —
Fernandez 2017_2 1.67 5.4 7 0 8.5 14 3.1% 0.21 [-0.70, 1.12]
Fernandez 2017_3 0 7.8 11 2.4 8 13 4.0% -0.29 [-1.10, 0.52] S E—
Fragala 2014 0 14.3 7 0.94 6.53 5 2.0% -0.07 [-1.22, 1.07]
Galvao 2006 1.3 41.14 10 2.39 6.26 4] 2.5% -0.03 [-1.04, 0.98]
Hakkinen 2002 0.93 7.07 10 -0.4 6.18 11 3.5% 0.19 [-0.67, 1.05]
Hunter 2002 4.8 6.55 14 2.6 10.1 12 4.3% 0.25 [-0.52, 1.03] —]
Kosek 2006 1.4 6.28 13 1.6 8.89 12 4.2% -0.03 [-0.81, 0.76] I E—
Leenders 2013 1.93 28.1 29 2.82 32.74 24 8.9% -0.03 [-0.57, 0.51] S B
Lemmer 2001 1.77 3.5 11 2.19 4.82 10 3.5% -0.10 [-0.95, 0.76]
Roth 2001 1.056 3.18 9 -0.2 491 10 3.2% 0.29 [-0.62, 1.19]
Ryan 2001 1.8 3.17 11 2.4 5.81 10 3.5% -0.12 [-0.98, 0.73]
Tamopolsky 2007_CrM+CLA  4.647 8.86 11 3.874 6.7 10 3.5% 0.09 [-0.76, 0.95]
Tamopolsky 2007 _Pla 2.509 6.039 8 0.973 7.445 10  3.0% 0.21[-0.72, 1.15]
Tracy 1999 0.8 4.5 12 1.3 6.2 11 3.9% -0.09 [-0.91, 0.73] S
Total (95% CI) 276 390 100.0% 0.03 [-0.13, 0.19]

Heterogeneity: Tau® = 0.00; Chi® = 3.78, df = 19 (P = 1.00); I’ = 0%

Test for overall effect: Z = 0.41 (P = 0.68)

S

2

-1 0 1
Favours Female Favours Male

Figure 9. Forest plot of the effects of resistance training on sex differences in relative changes in whole-body FFM.
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Male Female Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ades 1996 0.8 2.932 6 -0.3 3.85 6 2.0% 0.30 [-0.84, 1.44]

Arnarson 2013 1 1.4 67 0.6 1.2 94  26.2% 0.31 [-0.01, 0.62] — &
Binns 2017 0.2 4.65 8 -1.1 5.5 25 4. 1% 0.24 [-0.56, 1.04] _—1]T
Brose 2003_Cr 1.4 437 8 2 2.38 6 2.3% -0.15 [-1.21, 0.91]

Brose 2003_Pla 0 3.37 7 0.6 1.16 7 2.4% -0.22 [-1.28, 0.83]

Bunout 2005 -0.4 3.3 17 -0.2 2.23 94 9.8% -0.08 [-0.60, 0.43] —
Fernandez 2017_2 1 3.3 7 0 3.5 14 3.1% 0.28 [-0.63, 1.19]

Fernandez 2017_3 0 4.6 11 1 3.3 13 4,0% -0.24 [-1.05, 0.56]

Fragala 2014 0 7.49 7 0.4 2.79 5 2.0% -0.06 [-1.21, 1.09]

Galvao 2006 0.7 2.34 10 0.9 2.36 4] 2.5% -0.08 [-1.09, 0.93]

Hakkinen 2002 0.6 4.55 10 -0.2 2.89 11 3.5% 0.20 [-0.66, 1.06]

Hunter 2002 2.8 3.85 14 1 391 12 4,3% 0.45[-0.33, 1.23] L
Kosek 2006 0.8 3.6 13 0.6 3.33 12 4.2% 0.06 [-0.73, 0.84] B L
Leenders 2013 1.2 17.45 29 1.2 13.91 24 8.9% 0.00 [-0.54, 0.54] D
Lemmer 2001 1 1.98 11 0.9 1.98 10 3.6% 0.05 [-0.81, 0.91]

Roth 2001 0.6 1.81 9 -01 202 10 3.2% 0.35[-0.56, 1.26]

Ryan 2001 1 1.8 11 1 2.4 10 3.6% 0.00 [-0.86, 0.86]

Tamopolsky 2007_CrM+CLA 2.7 5.1 11 1.6 2.8 10 3.5% 0.25[-0.61, 1.11)

Tamopolsky 2007_Pla 1.4 3.37 8 0.4 3.1 10 3.0% 0.30 [-0.64, 1.23]

Tracy 1999 0.43 2.4 12 0.5 2.4 11 3.9% -0.03 [-0.85, 0.79]

Total (95% CI) 276 390 100.0% 0.13 [-0.03, 0.30] P

=2 -1 0 1
Favours Female Favours Male

Heterogeneity: Tau® = 0.00; Chi® = 5.56, df = 19 (P = 1.00); I* = 0%
Test for overall effect: Z = 1.62 (P = 0.10)

Figure 10. Forest plot of the effects of resistance training on sex differences in absolute changes in whole-body FFM.
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Male Female Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Arnarson 2013 2.867 5.02 67 2.073 3.11 94  12.4% 0.20[-0.12, 0.51] T

Da Boit 2017_LCn-3PUFA 2.41 4.16 14 4.8 9.5 13 6.1% -0.32 [-1.08, 0.44]

Da Boit 2017_Pla 3.7 9.18 13 1.89 9.73 10 5.5% 0.19 [-0.64, 1.01] N B —
Fragala 2014 6.1 8.54 7 12.82 20.51 5 3.3% -0.43 [-1.59, 0.74]

Hakkinen 1998 1.95 2.83 11 5.01 2.35 10 4.6% -1.12[-2.06, -0.19] —_—

Kobayashi 2016 0.62 10.6 17 -1.46 21.9 13 6.5% 0.12 [-0.60, 0.85] e R —
Leenders 2013 9.2 11 29 7.51 5.256 24 8.7% 0.19 [-0.35, 0.73] 1T
Mackey 2007 0.8 17.37 13  &8.63 23.08 16 6.3% -0.37 [-1.11, 0.37] —_— 1
McCartney 1995_60-70y 6.89 2.8 22 5.6 1.9 17 7.3% 0.52 [-0.13, 1.16] T
McCartney 1995_70-80y 6 2.6 17 4 1.6 20 6.9% 0.92 [0.24, 1.61]

Melnyk 2009 8.03 09.11 11 11,9 128 11 5.3% -0.34 [-1.18, 0.51] —_—1
Njemini 2017_HI 2.23 11 8 4 10.5 8 4.3% -0.16 [-1.14, 0.83] D B
Njemini 2017 _LI 3.41 15 7 139 13.7 9 4.3% 0.13 [-0.86, 1.12] —

MNjemini 2017_LM 0.47 14 8 3.79 11.3 8 4.3% -0.25 [-1.23, 0.74] e
Roth 2001 1.43 3.89 9 5.2 1.54 10 4.2% -1.24 [-2.25, -0.24] . —

Tanton 2009 14.71 15.41 9 21.59 15.44 9 4.6% -0.42 [-1.36, 0.51] —_—1
Tracy 1999 11.5 5.2 12 12 11 11 5.5% -0.06 [-0.88, 0.76] S E—
Total (95% CI) 274 288 100.0% -0.05[-0.29, 0.19] *

Heterogeneity: Tau? = 0.09; Chi* = 27.05, df = 16 (P = 0.04); I* = 41% t f 1

Test for overall effect: Z = 0.43 (P = 0.67) -2 Favou;leemaleoFauourslMale

Figure 11. Forest plot of the effects of resistance training on sex differences in relative changes in limb muscle mass.
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Male Female Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Arnarson 2013 0.8 1.4 67 0.4 0.6 94 9.5% 0.39 [0.08, 0.71] _—
Da Boit 2017_LCn-3PUFA 1.6 2.76 14 1.8 3.57 13 6.2% -0.06 [-0.82, 0.69] s
Da Boit 2017_Pla 2.1 5.21 13 0.7 3.61 10 5.7% 0.29 [-0.54, 1.12] —
Fragala 2014 1 1.4 7 1.5 2.4 5 4.0% -0.25 [-1.40, 0.91]
Hakkinen 1998 0.852 1.24 11 1.703 0.8 10 5.3% -0.77 [-1.67, 0.12] -
Kobayashi 2016 5 84.69 17 -9 135.2 13 6.4% 0.12 [-0.60, 0.85] I
Leenders 2013 6.33 7.539 29 3.5 2.5 24 7.7% 0.48 [-0.07, 1.03]
Mackey 2007 45 965.6 13 301 804.4 16 6.4% -0.28 [-1.02, 0.45] —
McCartney 1995_60-70y 8.6 3.45 22 44 1.52 17 6.5% 1.48 [0.76, 2.20] e —
McCartney 1995_70-80y 6.6 3.05 17 2.7 1.1 20 6.1% 1.72 [0.95, 2.49]
Melnyk 2009 5.1 5.78 11 5.4 5.78 11 5.7% -0.05 [-0.89, 0.79] I B
Njemini 2017_HI 4.2 20.95 3 5.1 13.4 3 4. 8% -0.05 [-1.03, 0.93] —
Njemini 2017_LI 6.3 28.2 7 1.8 17.63 9 4.8% 0.19 [-0.80, 1.18] —
Njemini 2017 _LM 0.9 26.11 8 4.7 14.04 8 4.8% -0.17 [-1.15, 0.81] —
Roth 2001 2.1 5.7 9 54 5.06 10 5.2% -0.59 [-1.51, 0.34] —
Tanton 2009 2.77 2.9 9 2.28 163 9 5.1% 0.20 [-0.73, 1.13] N
Tracy 1999 202  90.7 12 136 123.7 11 5.7% 0.59 [-0.25, 1.43] -
Total (95% CI) 274 288 100.0% 0.24 [-0.06, 0.53]

Heterogeneity: Tau® = 0.21; Chi® = 40.19, df = 16 (P = 0.0007); I?
Test for overall effect: Z = 1.58 (P = 0.11)

= 60%

. 1. |

-1 0 1
Favours Female Favours Male

Figure 12. Forest plot of the effects of resistance training on sex differences in absolute changes in limb muscle mass
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Male Female Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% ClI
1.12.1 Type |
Bamman 2003 28.95 4.43 9 6.55 4.55 5 9.2% 4.69 [2.37, 7.01]
Brose 2003_Cr. 12.79 19.84 8 491 21.46 6 14.8% 0.36 [-0.71, 1.43] -
Brose 2003_ Pla 24.243 17.07 7 5.36 20.02 7 14.5% 0.95 [-0.18, 2.08] T
Hakkinen 2001 -8.52 5.5 11 34.11 19.98 10 13.8% -2.86[-4.14, -1.57] I —
Hakkinen 2002 50.64 20.1 10 28.6 18.36 11 15.4% 1.10[0.17, 2.03] -
Leenders 2013 5.61 61.7 29 8.82 127 24 16.8% -0.03 [-0.57, 0.51] B
Martel 2006 6.49 12.96 11 7.07 17.35 7 15.3% -0.04 [-0.99, 0.91] -
Subtotal (95% CI) 85 70 100.0% 0.39 [-0.63, 1.41] <
Heterogeneity: Tau? = 1.54; Chi® = 42.37, df = 6 (P < 0.00001); 1> = 86%
Test for overall effect: Z = 0.75 (P = 0.46)
1.12.2 Type lla
Bamman 2003, 41.12 4.67 9 5.7887 4.45 5 5.3% 7.19 [3.87, 10.52] —_—
Brose 2003_Cr 20.77 29.94 8 -5.98 19.18 6 14.6% 0.96 [-0.18, 2.10] T
Brose 2003_ Pla 24.66 30.47 7 3.15 14.97 7 14.8% 0.84 [-0.27, 1.95] T
Hakkinen 2001 1.37 16.78 11 38.92 34.94 10 15.7% -1.34[-2.30, -0.37] -
Hakkinen 2002 48.44 15.32 10 33.28 16.38 11 16.0% 0.92 [0.01, 1.83] I
Leenders 2013 19.4 113 29 22.86 133 24 17.9% -0.03 [-0.57, 0.51] B
Martel 2006 24.27 13.18 11 13.9 23.9 7 15.7% 0.55[-0.42, 1.52] T
Subtotal (95% CI) 85 70 100.0% 0.66 [-0.23, 1.56]
Heterogeneity: Tau? = 1.09; Chi®> = 33.10, df = 6 (P < 0.0001); I = 82%
Test for overall effect: Z = 1.45 (P = 0.15)
1.12.3 Type lix
Bamman 2003 4294 6.76 9 5.07 8.94 5 10.1% 4.69 [2.37, 7.01] —_—
Brose 2003_Cr. 28.15 27.08 8 40.6 45.04 6 14.9% -0.33[-1.39, 0.74] =T
Brose 2003_Pla 40.6 44.54 7 17.02 20.81 7 14.9% 0.64 [-0.45, 1.72] T
Hakkinen 2001 -2.28 19.68 11 103.86 33.74 10 13.2% -3.74 [-5.26, -2.22] e
Hakkinen 2002 46.23 19.93 10 18.98 14 11 15.2% 1.53 [0.53, 2.53] —
Leenders 2013 19.4 113 29 22.86 133 24 16.5% -0.03 [-0.57, 0.51] -
Martel 2006 25.12 38.65 11 48.96 30.8 7 15.2% -0.63 [-1.61, 0.34] =T
Subtotal (95% CI) 85 70 100.0% 0.16 [-0.99, 1.31] <@
Heterogeneity: Tau? = 2.02; Chi®> = 51.24, df = 6 (P < 0.00001); I1> = 88%
Test for overall effect: Z = 0.27 (P = 0.79)

4 2 0 2 4
Favours Female Favours Male

Figure 13. Forest plot of the effects of resistance training on sex differences in relative changes in type I, lla, l1x fiber size.
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Male Female Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI 1V, Random, 95% CI
1.11.1 Type |

Bamman 2003 1,419 216.92 9 242 168 5 8.6% 5.46 [2.83, 8.08]

Brose 2003_ Cr, 621 963.19 8 192 840.08 6 15.0% 0.44 [-0.64, 1.52] T
Brose 2003_ Pla 1,137 800.51 7 232 866.1 7 14.7% 1.02 [-0.12, 2.15] T
Hakkinen 2001 -441 284.43 11 1,485 869.86 10 14.0% -2.92[-4.22,-1.62] —

Hakkinen 2002 1,311 520.43 10 653 419.12 11  15.4% 1.34[0.38, 2.31] —
Leenders 2013, 325.56 3,581 29 450 6,481 24 16.8% -0.02 [-0.56, 0.52] -+

Martel 2006 239 476.78 11 242 593.74 7 15.5% -0.01 [-0.95, 0.94] -
Subtotal (95% Cl) 85 70 100.0% 0.48 [-0.60, 1.56] @D

Heterogeneity: Tau? = 1.73; Chi® = 45.89, df = 6 (P < 0.00001); I = 87%
Test for overall effect: Z = 0.87 (P = 0.38)

1.11.2 Type lla

Bamman 2003 1,913 217.2 9 189 147 5 4.7% 8.21 [4.46, 11.96] —_—
Brose 2003_ Cr. 1,050 1,513.52 8 -193 619.41 6 14.9% 0.95 [-0.19, 2.09] T

Brose 2003_ Pla 1,042 1,287.61 7 99 469.8 7 15.0% 0.91 [-0.21, 2.03] T

Hakkinen 2001 60 733.05 11 1,168 1,048.51 10 16.0% -1.19[-2.13,-0.24] —

Hakkinen 2002 1,321 417.84 10 795 391.4 11 15.9% 1.25[0.30, 2.20] —

Leenders 2013 994 5,811 29 724 4,213 24 17.9% 0.05 [-0.49, 0.59] .

Martel 2006 743 403.52 11 317 544.12 7 15.6% 0.88[-0.12, 1.88] I

Subtotal (95% CI) 85 70 100.0% 0.82 [-0.12, 1.75] =

Heterogeneity: Tau? = 1.19; Chi® = 34.71, df = 6 (P < 0.00001); I = 83%

Test for overall effect: Z = 1.72 (P = 0.09)

1.11.3 Type lIx

Bamman 2003 1,700 267.74 9 144 254 5 7.9% 5.53 [2.88, 8.19] I —
Brose 2003_ Cr. 1,098 1,056.09 8 734 814.31 6 14.9% 0.35[-0.72, 1.42] -

Brose 2003_ Pla 1,177 1,291.13 7 383 468.1 7  14.8% 0.77 [-0.33, 1.87] T

Hakkinen 2001 -115 991.68 11 1,589 516.2 10 14.8% -2.04[-3.13,-0.94] —

Hakkinen 2002 1,080 465.55 10 416 304.69 11 15.1% 1.64 [0.62, 2.66] —

Leenders 2013 994 5,811 29 724 4,213 24 17.1% 0.05 [-0.49, 0.59] -

Martel 2006 729 1,121.62 11 634 398.53 7 15.5% 0.10 [-0.85, 1.05] -

Subtotal (95% CI) 85 70 100.0% 0.58 [-0.42, 1.58] S

Heterogeneity: Tau? = 1.45; Chi®> = 40.61, df = 6 (P < 0.00001); I> = 85%
Test for overall effect: Z=1.13 (P = 0.26)

4 -2 0 2 4
Favours Female Favours Male

Figure 14. Forest plot of the effects of resistance training on sex differences in absolute changes in type I, l1a and 11x fiber size.



Functional Performance

For chair rises (10 comparison outcomes; 157 males, 185 females), there was no difference
in relative change (ES = 0.04 [95% CI -0.18, 0.25], p = 0.74; 12 = 0%, p = 0.95; Figure 15) as well
as absolute change (ES = 0.07 [95% CI -0.15, 0.28], p = 0.55; 12 = 0%, p = 0.96; Figure 16)
between males and females. For walking capacity (9 comparison outcomes; 163 males, 268
females), there was no difference in relative change (ES = 0.18 [95% CI -0.32, 0.67], p = 0.48; 1% =
77%, p < 0.0001; Figure 15) as well as absolute change in (ES = 0.18 [95% CI -0.31, 0.68], p =

0.47; 12 = 77%, p < 0.0001; Figure 16) between males and females
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Male Female Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Tetal Mean SD Total Weight IV, Random, 95% ClI IV, Random, 95% CI
1.2.1 Chair Rise _L
Arnarson 2013 -7.23 12 67 =7.5 20 94  46.8% 0.02 [-0.30, 0.33]
Capodaglio 2007 -18.18 27.3 11 -27.4 16 12 6.7% 0.40[-0.43, 1.23] e
Da Boit 2017_LCn-3PUFA -15  19.06 14 =20 19.47 13 8.0% 0.25[-0.51, 1.01] B e —
Da Boit 2017_Pla -13.251 16.99 13 -14.3 26.1 10 6.8% 0.05 [-0.78, 0.87] e
Hakkinen 2002 =27 16.3 10 -25 12.5 11 6.3% -0.13 [-0.99, 0.72] I
Njemini 2017_HI -4.151 14.733 8 -4.313 9.76 8 4.8% 0.01 [-0.97, 0.99] I —
Njemini 2017_LI -8.31 13 7 1.93 23.36 9 4.5% -0.49 [-1.50,0.51] - 1
Njemini 2017_LM -3.56 12.83 8 -4.45 13.53 8 4.8% 0.06 [-0.92, 1.04] -1
Tamopolsky 2007_CrM+CLA -5.52 19.42 11 -11.89 12.837 10 6.1% 0.37 [-0.50, 1.23] I
Tamopolsky 2007 _Pla -14.93 11.18 8 -11.33 10.72 10 5.2% -0.311[-1.25, 0.62] —
Subtotal (95% CI) 157 185 100.0% 0.04 [-0.18, 0.25] “
Heterogeneity: Tau® = 0.00; Chi* = 3.40, df = 9 (P = 0.95); I = 0%
Test for overall effect: Z = 0.34 (P = 0.74)
1.2.3 Walking Capacity
Ades 1996 28 32.2 6 44 153.78 6 8.6%  -0.13[-1.27, 1.00] —
Arnarson 2013 5.99 7.93 67 10.325 15.9 94 14.8% -0.33 [-0.64, -0.01] —=
Bunout 200 0.11 34.83 17 9.8 30.5 94 13.4%  -0.31[-0.83, 0.21] — T
Capodaglio 2007 -11.54 20.35 11 -32.25 1B.37 12 10.5% 1.03 [0.15, 1.91]
McCartney 1995_60-70y 5.005 11 22 10 16 17 12.5%  -0.37 [-1.00, 0.27] —T
McCartney 1995_70-80y 33 16.7 17 -3 19.88 20 11.2% 1.90 [1.11, 2.70]
Mjemini 2017 _HI 6.416 9.96 8 5.664 8.694 8 9.7% 0.08 [-0.90, 1.06] E
Mjemini 2017_LI 5.14 8.2 7 2.11 14.99 9 9.6% 0.23 [-0.76, 1.22] —_—
Njemini 2017_LM 1.31 17.63 8 5.74 11.49 8 9.7%  -0.28[-1.27, 0.70] —
Subtotal (95% CI) 163 268 100.0% 0.18 [-0.32, 0.67] -
Heterogeneity: Tau® = 0.40; Chi’ = 34.59, df = 8 (P < 0.0001); I* = 77%
Test for overall effect: Z = 0.70 (P = 0.48)
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Figure 15. Forest plot of the effects of resistance training on sex differences in relative changes in chair rises and walking capacity.
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Male Female Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean 5D Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 Chair Rise _l_
Arnarson 2013 -0.6 1 67 -0.6 1.6 94  46.8% 0.00[-0.31, 0.31]

Capodaglio 2007 -0.2 0.3 11 -0.3 0.3 12 6.8% 0.32 [-0.50, 1.15] N I
Da Boit 2017_LCn-3PUFA =-1.02 1.3 14 -1.62 1.6 13 7.9% 0.40 [-0.36, 1.16] -t
Da Boit 2017_Pla -0.97 1.24 13 -1.12 2.04 10 6.8% 0.09 [-0.74, 0.91] S h—
Hakkinen 2002 -1.24 0.75 10 -1.33 0.66 11 6.3% 0.12 [-0.73, 0.98] D
Njemini 2017_HI -0.22 0.78 8 -0.27 0.61 8 4.8% 0.07 [-0.91, 1.05] A
Njemini 2017_LI -0.49  0.74 7 0.12 1.45 9 4.5%  -0.48[-1.49, 0.52] R
Njemini 2017_LM -0.21 0.76 8 -0.29 0.88 8 4.8% 0.09 [-0.89, 1.07] A
Tamopolsky 2007_CrM+CLA -0.8 2.82 11 -1.7 1.84 10 6.1% 0.36 [-0.51, 1.22] I
Tamopolsky 2007_Pla -2 1.5 8 -1.7 1.61 10 5.3%  -0.18 [-1.11, 0.75] N
Subtotal (95% CI) 157 185 100.0% 0.07 [-0.15, 0.28] -»

Heterogeneity: Tau® = 0.00; Chi® = 3.15, df = 9 (P = 0.96); I* = 0%
Test for overall effect: Z = 0.60 (P = 0.55)

1.1.2 Walking Capacity

Ades 1996 7 8.05 6 11 3.946 6 8.4% -0.58 [-1.75, 0.58] -1

Arnarson 2013 26.6 35.2 67 45.4 70.1 94  14.9% -0.32 [-0.64, -0.01] I

Bunout 200 1.1 338.65 17 748 2329 94 13.5% -0.29 [-0.81, 0.23] .

Capodaglio 2007 -0.3 0.53 11 -1.1 0.62 12 10.2% 1.33 [0.41, 2.25] e —
McCartney 1995_60-70y 51 112 22 82 128 17 12.5% -0.25 [-0.89, 0.38] 1

McCartney 1995_70-80y 230 118 17 -22 160.41 20 11.4% 1.73 [0.96, 2.50] -
Njemini 2017_HI 41 63.65 8 32 49.12 8 9.7% 0.15 [-0.83, 1.13] I e —

Njemini 2017 _LI 30 47.62 7 11 78.08 9 9.6% 0.27 [-0.72, 1.26] —

Njemini 2017_LM 8 108.04 8 31 62.02 8 9.7% -0.25 [-1.23, 0.74] -

Subtotal (95% CI) 163 268 100.0% 0.18 [-0.31, 0.68] -l

Heterogeneity: Tau® = 0.40; Chi® = 34.75, df = 8 (P < 0.0001); I* = 77%
Test for overall effect: Z = 0.72 (P = 0.47)
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Figure 16. Forest plot of the effects of resistance training on sex differences in absolute changes in chair rises and walking capacity.



3.3.3 Sensitivity Analysis

We completed a sensitivity analysis on all major outcomes measures where 1 study at a
time was removed to determine whether a particular study had any significant impact on the
overall effect size result (effects did not decrease substantially, nor did they cross the threshold
for statistical significance). For absolute and relative change in lower-body strength, we decided
to remove 1 outlier study (26), since there was a large enough total number of included studies
remaining. Removing this study (26) did not change the overall results of absolute change in
lower-body strength favouring males and relative change in lower-body strength favouring
females; rather, it decreased the heterogeneity from 12 = 57% (p = <0.00001) to 1% = 40% (p =
0.005) for relative change in lower-body strength. Funnel plots for each analysis are presented in
Appendix C, they were visually inspected to determine publication bias. We observed no
evidence of publication asymmetry.
3.3.4 Study Quality and Reporting

The mean quality rating score was 17.63 out of a possible score of 28 (Appendix D),
which was considered moderate-study quality. All studies clearly described main outcomes in
the introduction and methods sections, the overall findings of the study, and estimates of random
variability. All studies used valid and reliable outcome measures, as well as appropriate
statistical tests. Three studies performed/presented their power calculation to determine the

sample size required for the study.
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3.4 Discussion

This systematic review and meta-analysis examined sex differences in resistance exercise
training-induced changes in skeletal muscle mass, strength, and functional performance in
healthy older adults > 60 y of age. The results of this systematic review and meta-analysis
indicate the existence of some sex differences in the adaptive response to resistance exercise
training in healthy older adults. However, presentation of the results in an absolute or relative
context influences the sex-dependent differences in adaptations to resistance exercise training.
Specifically, the main findings were that the overall effect sizes for the relative change in skeletal
muscle strength (i.e. upper-body strength, lower-body strength), skeletal muscle size (i.e. whole-
body FFM, limb muscle mass, and type I, lla, and IIx fiber size), and functional performance
(i.e. chair rises and walking capacity measures) were similar between sexes in response to
resistance exercise training. Alternatively, there was a significant effect in favour of males for
absolute changes in upper-body (ES = 0.75 [95% CI 0.54, 0.96], p < 0.00001; 12 = 0%, p = 0.72;
Figure 6) and lower-body (ES = 0.46 [95% CI 0.29, 0.63], p < 0.00001; I? = 35%, p = 0.02;
Figure 8) strength in response to resistance exercise training. However, the overall effect sizes
for the absolute change in whole-body FFM, skeletal muscle size at the limb (i.e. limb muscle
mass) and fiber level (i.e. type I, lla, and 1Ix fiber size), as well as functional performance were
similar between sexes in response to resistance exercise training.
3.4.1 Muscle Strength

It is known that when comparing males and females, females have less total body skeletal
muscle (and a greater body-fat percentage) than males, and may therefore not be able to exert the
same absolute maximal force (124,142,143). The results of the present meta-analysis showed

that absolute changes in both upper-body strength and lower-body strength in response to
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resistance exercise training were greater in older males. Interestingly, our results showed that
older adult males and females displayed similar relative changes in both upper-body strength and
lower-body strength after the same resistance training program. Although the overall effect sizes
for relative changes in upper-body strength (ES = -0.20 [95% CI -0.54, 0.13], p = 0.23; 2= 58%,
p = 0.002; Figure 5) and lower body strength (ES = -0.09 [95% CI -0.27, 0.08], p = 0.30; 12 =
40%, p = 0.006; Figure 7) were negative and trending towards favouring older females, the
sexes were not statistically significant.

Roberts and colleagues (135) recently conducted a meta-analysis on sex differences in
response to resistance exercise training in younger adults aged 18-50 years of age. They found
that females had greater levels of relative strength gain in the upper-body, while relative strength
gains in the lower-body were similar between males and females in response to resistance
training (135). Our findings are in alignment with their results of similar relative strength gains
in the lower-body between males and females. Alternatively, the sex difference in relative gains
in upper-body strength favouring younger females (135) is not present when comparing older
males and females (Figure 5). Another recent meta-analysis by Jones and colleagues (127) on
sex differences following resistance exercise training in middle-aged and older adults (> 50 years
of age) found that females had greater levels of relative strength gain in the lower-body, while
relative strength gains in the upper-body were similar between males and females in response to
resistance training. Our findings of similar relative strength gains in the upper-body are in are in
agreement with those of Jones and colleagues (127). Our findings relating to skeletal muscle
strength are interesting when compared to the recent Jones et al. meta-analyses (127), as the
greater relative lower-body strength gain they observed in middle-aged and older women is not

apparent when examining an exclusively older (> 60 y of age) population. Cheng and colleagues
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(126) observed that the decrease in muscle strength and functional activities occurred earlier in
females than in males. It may be that any beneficial effect of resistance exercise training on
relative increases in strength are only present in younger and middle-aged females, neither of
which were captured in the present meta-analysis. Younger females typically have lower visceral
fat than males, and a gynoid fat distribution such that fat is mostly stored in the hips and thighs
(30). However, menopause is followed by redistribution of adipose tissue towards a more
central/android phenotype (122). It is well established that fat distributed in the trunk and
especially intra-abdominal adipose tissue (IAAT) is related to the development of diabetes and
heart disease, as well as mortality (30). Perhaps this change in fat distribution and increase in
IAAT with age in males but especially females (30) could be the reason why the direction of the
sex differences appears to differ between young and older participants in terms of relative upper-

body and lower-body strength.

3.4.2 Muscle Size

In addition to increasing skeletal muscle strength, resistance exercise training results in
an increase in skeletal muscle mass at the whole-body level (i.e. whole-body FFM),
limb/appendicular level (i.e. based on MRI-derived muscle volume or CSA, CT-derived muscle
CSA, ultrasound-derived muscle thickness, or DXA-derived appendicular FFM), and fiber (i.e.
type 1, lla, and 1Ix fiber CSA) level (33,109). Our results indicate that the overall effect size for
the absolute and relative change in whole-body FFM in response to resistance exercise training,
measured using DXA, was not different between older males and females. A recent meta-
analysis (127) in middle-aged to older (> 50 years of age) adults by Jones and colleagues (127)
reported no sex difference in the relative changes for muscle size in response to resistance

training as well. However, they found that absolute changes in muscle size adaptations after
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resistance training favoured males, contradicting our results. This could be due to the fact that
they included a variety of measurement tools that had outcomes presented for regional, not
whole-body, lean mass as well. Moreover, although the overall effect size for absolute change in
whole-body FFM (ES = 0.13 [95% CI -0.03, 0.30], p = 0.10; 1?2 = 0%, p = 1.00; Figure 10) was
not statistically significant, it was positive and trending towards favouring older males.
Nonetheless, measures of whole-body FFM derived from DXA do not directly measure skeletal
muscle mass; rather it captures total body lean mass which includes tissue from organs like
kidney and liver, as well as fibrotic and other lean tissue (i.e. the vasculature) (144). Although
DXA is a commonly used technique, there are other imaging methods with higher accuracy (i.e.
MRI and CT). Therefore, in the present systematic review and meta-analysis we separated and
categorized the results for muscle mass into whole-body FFM, limb muscle mass (which are
thought to better reflect skeletal muscle than whole-body FFM as these measures do not capture
the visceral organs), and skeletal muscle fibre size (based on needle biopsy).

Our results for limb skeletal muscle mass indicate that there are no significant differences
between older males and females in absolute and relative changes in response to resistance
exercise training. Similar to whole-body FFM, it is worth noting that the even though overall
effect size for absolute change in limb skeletal muscle mass (ES = 0.24 [95% CI -0.06, 0.53], p =
0.11; 12 = 60%, p = 0.0007; Figure 12) was not statistically significant, it was positive and
trending towards favouring older males. The recent meta-analysis in younger adults (18-50 y) by
Robert and colleagues (135) also reported no significant sex differences in resistance exercise
training-mediated increases in muscle size (which included MRI, fiber CSA, ultrasound, and CT

scans).
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Finally, we separately examined sex differences in changes in skeletal muscle fiber size
(type 1, Ha, lIx fiber CSA) in response to resistance exercise training in older males and females.
Our results indicate no significant difference between older males and females in absolute or
relative changes in muscle fiber size in response to resistance training. However, this may
partially be attributed to the limited sample size, with only 7 included studies yielding a total of
85 males and 70 females. Moreover, heterogeneity for this result was considerably high, with an
12 > 75% for both absolute and relative measures of fiber size. As can be seen in Figure 13 and
Figure 14, this heterogeneity is primarily the result of two studies (27,145). Sensitivity analysis
indicated no change in the overall effect size by removing these studies, even though the 12 was
reduced to 39% and 42%. We therefore included these studies in the meta-analysis due to the
already small number of studies reporting sex differences in skeletal muscle fiber size in
response to resistance exercise training in older males and females. It is common that there is a
high heterogeneity when looking at muscle fiber size, because its change in response to
resistance training is often larger than any other method for assessing skeletal muscle
hypertrophy (146). Furthermore, with the unit of measure for muscle fiber size being so small
(um?), the absolute change values are much larger than other methods of assessing the outcome
measures of interest, leading to a possible larger variation in results as well. Splitting up muscle
fibre size into type I, lla, and I1x, did not substantially reduce heterogeneity, nor were there
differences displayed in any of their overall effect sizes.

It is important to note that increased muscle mass does not necessarily imply a causal
relation with strength improvement (147,148) since the mechanisms responsible for strength
development and muscle hypertrophy are different in nature (149). For example strength

improvements as a result of increased neural drive are observed well before muscle hypertrophy
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as a result of increased motor unit firing rate or agonist—antagonist co-activation (149), while
muscle hypertrophy is thought to be stimulated by factors such as metabolic stress, mechanical
tension, and muscle fiber recruitment which then activate intracellular pathways inducing muscle
growth (150). Perhaps this could partially explain the lack of sex differences in our muscle mass

outcomes measures.

3.4.3 Functional Performance

Physical performance refers to an objectively measured whole-body function related to
locomotion (3), and is a multidimensional concept that encompasses muscle function and
nervous system function, including balance (3). Activities of daily living such as rising from a
chair, climbing stairs, and walking are influenced by muscle strength, especially in older people
(77). In early 2018, the EWGSOP2 updated the definition of sarcopenia to: low levels of muscle
strength detected reflects probable sarcopenia; a diagnosis is confirmed by the presence of low
levels of muscle quantity/quality; and physical performance assessment is used to categorise the
severity of sarcopenia (3). Therefore, it can be argued that functional performance is one of the
most important measures to assess in older adults. Overall, in absolute terms females have lower
muscle function than males, and they may suffer from a greater decline in muscle function with
age due to menopause (94). There is a health-survival paradox regarding males and females:
although females live longer than males, they have a greater risk of sarcopenia, and
consequently, functional incapacity, with the aging process (94,151). Carvalho de Abreu and
colleagues conducted a cross-sectional study with 233 community-dwelling older adults (males:
n = 83; females: n = 150) to compare the functional performance of community-dwelling older
adults and investigate the possible mediation aspects (151). They identified that quadriceps

muscle strength is a determining factor for the sex difference regarding SPPB performance, in
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contrast to gait speed, to which stature makes an important contribution. On the other hand, the
association between disability and muscle mass follows a U-pattern (6), meaning that beyond a
certain point, higher muscle mass becomes redundant from a functional standpoint and does not
necessarily lead to better performance, perhaps due to the extra weight that needs to be displaced
(152).

In the present study, we examined functional performance in terms of chair rise and
walking capacity assessments. Our results indicate that the overall effect size for absolute and
relative change in both of the functional performance assessments did not differ between sexes
undergoing the same relative resistance exercise training program. According to Carvalho de
Abreu and colleagues (151), quadriceps muscle strength is a determining factor for the sex
difference regarding SPPB performance, which includes a 4-meter gait speed and five-repetition
sit-to-stand test that are of interest to us as functional performance outcome measures. Our
results indicate that relative increases in lower-body strength were similar between sexes in
response to resistance exercise training. It is interesting though, that even in terms of absolute
change, there were no significant sex differences in chair rise time and walking capacity after
performing the same resistance training protocol. Functional performance measures can also be
heavily influenced by several factors, including the individuals characteristics, lifestyle, and
habits (151). For example, some covariates between each induvial participant could include the
time they spend climbing stairs, walking for exercise, walking for other purposes, and
performing moderate intensity aerobic-type exercises during their normal day (153).

3.4.4 Strengths and Limitations
Strengths of this systematic review and meta-analysis include: (a) the pre-registration of

the study protocol on PROSPERO; (b) the comprehensive search strategy conducted through 5
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databases using a search syntax with a broad range of relevant search terms; (c) additional
included studies yielded from citation scanning; and (d) the final list of 35 included studies with
over 1,142 participants. To our knowledge, this is also the first systematic review and meta-
analysis to investigate sex differences in responses to resistance exercise training in an
exclusively older (> 60 years) population of healthy adults, as well as include meta-analysis on
sex differences in limb skeletal muscle mass, fiber size (type I, Ila, 11x), and functional
performance changes in response to resistance exercise training. Although the present analysis
provides important and novel data, there are limitations that we acknowledge. First, the high
heterogeneity in some of the outcome measures. Many of the included studies did not
specifically aim investigate sex differences, resulting in small sample size comparisons between
sexes. Second, many of these studies established programs that are geared to develop muscle
hypertrophy (moderate-high volume and moderate-high loading) whereas specific strength
training programmes (low volume, high load) were scarce. It would be interesting to see if
strength targeted training would reveal any more prominent differences between older males and
females, especially given the role of neurological adaptations in enhancing strength.
3.4.5 Conclusion

This systematic review and meta-analysis indicates the existence of sex differences in the
adaptive response to resistance exercise training in healthy older adults > 60 years of age.
However, presentation of the results in either an absolute or relative context influences the sex-
dependent differences in adaptations to resistance exercise training as has been reported
previously (127,135). The main findings from this meta-analysis were that the overall effect
sizes for relative resistance exercise training-mediated changes in all outcome measures were

similar between sexes, while the overall effect sizes for absolute resistance-training induced
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change in upper-body and lower-body strength favoured males. The absolute change in whole-
body FFM, limb skeletal muscle mass, fiber size, and functional performance measures showed
no differences between sexes. Heterogeneity for results in muscle fiber size were high which
could relate to the small sample of included studies, as well as the much larger absolute change
values in comparison to other methods of assessment. Finally, since our included population
were healthy older adults, they may have been near their ceiling capacity to walk or time taken to
rise from a chair. More research is needed on sex differences in resistance training induced
changes in skeletal muscle mass and functional performance measures. Overall, healthy older
males and females, as well as exercise professionals working with this demographic, can expect
some sex differences in the adaptive response to resistance exercise training in absolute terms.
However, in relative terms it appears that older males and females adapt similarly to resistance
exercise training-induced changes in muscle mass, muscle strength, and functional performance.
Although it appears that older males and females may gain the same relative benefits in terms of
muscle mass, strength, and functional performance gains from performing the same resistance
training programs, further research is needed to identify optimal resistance exercise training

protocols for older males and females.
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CHAPTER 4: OVERALL CONCLUSION AND SUMMARY

Aging is accompanied by a progressive loss of skeletal muscle mass, strength, and
functional performance (40). These age-related changes are currently referred to as ‘sarcopenia’
(94). Sarcopenia represents a major problem for the older adult as it is associated with adverse
events and diseases (154-156) and predicts disability later in life (157). Resistance exercise
training is arguably the most potent non-pharmacological anabolic stimulus for skeletal muscle
and has been demonstrated to effectively increase both lean body mass (158) and muscle strength
(100) in older adults. However, whether there are differences between healthy older (i.e. > 60
years of age) males and females in resistance exercise training-induced changes in skeletal
muscle mass/size, muscle strength, and/or functional performance is unclear. It is well known
that males tend to have greater skeletal muscle size and strength than females, which is partially
due to their greater body size and height (14). There are also known differences between males
and females in fatigability (15,16), skeletal muscle protein metabolism (128), and skeletal
muscle gene transcription (134) that may alter adaptive responses to resistance exercise training
between the sexes. Therefore, our purpose was to evaluate via systematic review and meta-
analysis if there are sex-based differences in resistance exercise training-induced changes in
skeletal muscle mass, strength, and/or functional performance in healthy older adults > 60 years
of age.

We searched a total of 5 databases and after the screening process ended up with a total
of 35 included studies (1,142 participants; 518 males 624 females) in our systematic review and
meta-analysis. The mean study quality was 17.63/28 on a modified Downs and Black checklist,
considered moderate quality. The main findings from this systematic review and meta-analysis

were that the overall effect sizes for the relative change in skeletal muscle strength (i.e. upper-
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body strength, lower-body strength), skeletal muscle size (i.e. whole-body FFM, limb muscle
mass, and type I, lla, and I1x fiber size), and functional performance (i.e. chair rises and walking
capacity measures) were similar between sexes in response to resistance exercise training.
Alternatively, there was a significant effect in favour of males for absolute changes in upper-
body (ES = 0.75 [95% CI 0.54, 0.96], p < 0.00001; 12 = 0%, p = 0.72; Figure 6) and lower-body
(ES = 0.46 [95% CI 0.29, 0.63], p < 0.00001; 1? = 35%, p = 0.02; Figure 8) strength in response
to resistance exercise training. However, the overall effect sizes for the absolute change in
whole-body FFM, skeletal muscle size at the limb (i.e. limb muscle mass) and fiber level (i.e.
type 1, lla, and 1Ix fiber size), as well as functional performance were similar between sexes in
response to resistance exercise training. Therefore, there are some sex differences in the adaptive
response to resistance exercise training in healthy older adults. However, presentation of the
results in an absolute or relative context influences the sex-dependent differences in adaptations
to resistance exercise training.

Many of the studies included in the present systematic review and meta-analysis included
a relatively small sample size and/or did not specifically aim/were not powered to investigate sex
differences in the adaptive response to resistance exercise training. Heterogeneity for the results
of muscle fiber size (type I, lla, 1Ix CSA) were particularly high (12 > 75%) which could relate to
the small number of included studies, as well as the much larger absolute change values in
comparison to other methods of assessment of muscle size. Many of the included studies did not
specifically aim to investigate sex differences and were therefore underpowered.

Overall, healthy older males and females, as well as exercise professionals working with
this demographic, can expect some sex differences in the adaptive response to resistance exercise

training in absolute terms. However, in relative terms it appears that older males and females
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adapt similarly in terms of resistance exercise training-induced changes in muscle mass, strength
and functional performance. Although it appears that older males and females may gain the same
benefits in terms of muscle mass, strength and functional performance from performing the same
resistance training programs, further research is needed to clarify the optimal exercise
prescription in terms of frequency, intensity, and volume in order to best support healthy active

aging in older males and females.
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APPENDICES

A. Search Strategy

Database: Scopus

TITLE-ABS-KEY(("sex differences” OR "gender differences” OR "sex characteristics" OR
"gender characteristics” OR "gender factors" OR "sex factors" OR "gender comparison" OR “sex
comparison” OR (male w/3 female) OR (women w/3 men)) AND ("resistance training" OR
“muscle strengthening” OR "strength training" OR "weight training" OR "resistance exercise"
OR "weight lifting" OR "isometric contraction" OR (weight* w/3 lift*)) AND ("muscle strength"
OR “physical functional performance” OR "muscle size" OR hypertrophy OR (muscle* w/3
strength*)) AND (aged OR “older adults” OR senior OR elderly OR (older* w/3 adult*) OR
“aged 60+ years™))

Database: SPORTDiscus

(("sex differences" OR "gender differences” OR "sex characteristics” OR "gender
characteristics" OR "gender factors" OR "sex factors" OR "gender comparison" OR “sex
comparison” OR (male N2 female) OR (women N3 men)) AND ("resistance training” OR
“muscle strengthening” OR "strength training" OR "weight training" OR "resistance exercise"
OR "weight lifting" OR "isometric contraction" OR (weight* N3 lift*)) AND ("muscle strength”
OR "muscle size" OR “physical functional performance” OR hypertrophy OR (muscle* N3
strength*)) AND (aged OR “older adults” OR senior OR elderly OR (old* N3 adult*) OR (aged:
60+ years))

Database: CINAHL

("sex differences™ OR "gender differences” OR "sex characteristics” OR "gender
characteristics™ OR "gender factors” OR (MH "sex factors™) OR "gender comparison” OR "sex
comparison” OR (male N3 female) OR (men N3 women)) AND ((MH "resistance

training”) OR (MH "muscle strengthening™) OR "strength training" OR "weight

training” OR "resistance exercise" OR (MH " weight lifting") OR (MH "isometric contraction™)
OR (weight* N3 lift*)) AND ((MH "muscle strength") OR "muscle

size" OR (MH “hypertrophy”) OR (MH “physical performance”) OR “physical functional

78



performance” OR (muscle W/3 strength*)) AND (( MH “aged”) OR “older adults” OR “senior”
OR “elderly” OR (old* w/3 adult*) OR (aged: 60+ years))
Advanced search: Limiters: Age groups: Aged 60+ years

Database: EMBASE

1. Sex difference/
Gender differences.mp.
Sex characteristics.mp.
Gender characteristics.mp.
Sex factor/
Gender factors.mp.
Sex comparison.mp.

Gender comparison.mp.
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[EEN
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. Weight lifting/
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. Muscle isometric contraction/

. (weight* adj3 lift*).mp.
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. Hypertrophy/
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. Physical performance/
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27.
28.
29.
30.
31.
32.
33.
34.
35.

22 0r 22 or 23 or 24 or 25

Aged/

Older adults.mp.

Elderly.mp.

Senior.mp.

Aged 60+.mp.

(old* adj3 adult*).mp.

27 or 28 or 29 or 30 or 31 or 32 or 32
11 and 20 and 27 and 34

Database: MEDLINE

1.

© © N o g B~ DN

N N S e e T o o e
O © O N o O D W DN P O

Sex differences.mp.
Gender differences.mp.
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Gender factors.mp.

Exp sex factors/

Gender comparison.mp.
Sex comparison.mp.

(male adj3 female).mp.

. (men adj3 women).mp.
.lor2or3or4or5or6or7or8or9orl0
. Exp resistance training/

. Muscle strengthening.mp

. Strength training.mp.

. Weight training.mp.

. Resistance exercise.mp.

. Exp weight lifting/

. Exp isometric contraction/

. (weight* adj3 lift*).mp.
.120130r14 or150r 16 or 17 or 18 or 19

80



21.
22.
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11 and 20 and 26 and 33
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B. Summary of Included Studies

Participants (n)

Mean Age (y)

Outcome Measures

Study, Year Duration | Frequency ——

’ Male | Female | Male Female (weeks) | (days/week) Muscle Strength Muscle Mass Functiona

Performance

Ades, 1996 (108) 6 6 69.9+4 12 3 1RM - LE, BP FFM Walking endurance
’ag“;)rson’ 2013 67 94 Range: 65 - 91 12 3 MVC - Quads FFM; ASMM via DXA 6MWD: TUG
(AIZ%")""W""' 2007 6 6 |742+46| 748+42 | 12 23 MVC — KE
Bamman, 2003 9 5 68.7+16 | 662+ 14 2 3 Fiber Size — Type |, lla,
(27) l1x
Beneka, 2005 LI
(161) 8 8 70.7+2.3 68 +5.1
z%nlte)ka, 2005 M1 g 8 [71.7+27| 66455 16 3 MVC - KE
Beneka, 2005_HI
(161) 8 8 70.8+3.2| 68.9+6.7
Binns, 2017 (95) 8 25 746+48| 77.7+6.8 20 2 Total 1IRM FFM
Brose, 2003 _Pla
(162) 7 7 68.3+3.2| 69.9+5.6 20 2 FEM: VL Fiber Size -
Brose, 2003_Cr 1RM-CP, KE Type I, lla, lIx

' - 8 6 68.7+4.8| 70.8+6.1 14 3 .
(162)
Bunout, 2005 (163)| 17 94 75+5 52 2 1RM - Quads, Biceps FFM 12 m'cr;‘g:(:‘i'zj'k'”g
e 91207 |y |12 | 76643 | 766446 | 52 3 MVC - KE Chair rise-1,10; MWD
([;as)Bo't’ 2017.Pla | 93 | 10 | 69.8+4 | 705+3.9
Da Boit 2017 LC 18 2 MVC - KE Muscle ACSA via MRI Chair rise
28) - 14 13 71+4 68 +3
Fernandez-Lezaun,
2017 2x wk (165) | 14 | 70+3 | 6943 % 2 RV Lp e
Fernandez-Lezaun,
2017 3x Ak (165) 11 13 67.3+£5 74.4+75 3
Fragala, 2014 (166)| 7 5 |69.7+43| 60.6+48 6 2 1RM — LE FF'VL'J?I t\r/algocuiﬁ via
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Galvéo, 2006 (21) 10 6 746+59 | 728+55 20 2 1RM — upper, lower FFM
'("1""6"7‘;'”9”’ 1994 10 11 Range: 64 - 73 12 2-3 MVC — LE
g%';k'”e“’ 198 | 41 | 10 | 72¢3 | 67+3 24 2 IRM=LE MVE~LE | L E csa via ultrasound
Hakkinen, 2001 VL Fiber Size — Type I,
(145) 11 10 72+3 67 +3 26 2 1RM — KE a1
Hakkinen, 2002 FFM; VL Fiber Size — L
(168) 10 11 65.4+4.7| 644+35 24 2 1RM — Squat Type I, l1a, lIx Chair Rise
Hunter, 2002 (30) 14 12 67.9+4.4 | 659+4.4 25 3 1RM — upper, lower FFM
Kobayashi, 2016 Muscle Volume via
(169) 17 13 73+5 7047 4 2 MVC - PF trasound
Kosek, 2006 (170) | 13 | 12 |645+11| 633+09 | 16 3 1RM — KE FFTM;pr:}’OIfI'bﬁ;CﬁXA -

FFM; Quads CSA viaCT
'(‘Ze,é?)”ders’ 2013 20 | 24 71+1 | 70+1 24 3 1RM - LE scan; Fiber Size — Type |,

lla, 11x

'(-167"11;“”' 2001 11 | 10 69+3 | 6843 24 3 1RM - CP, LE FFM
Lexell, 1995 (172) | 6 10 70-77 11 3 1RM — EF, KE
Z';‘g')‘ey* 2007 13 16 76+ 4 74+3 12 3 MVC — KF Fibre Area via MRI
Martel, 2006 (174) | 11 7 69 + 1 68 + 1 9 3 Fiber Size ﬂXType | Mla,
McCartney, 15 | 14 60-70
1996_60-70 (175) 84 2 1RM - BP, LP KE CSA via CT scan Treadmill endurance
McCartney, 14 | 14 70-80
1996 70-80 (175)
Melnyk, 2009 (107)| 11 11 69 +3 68 + 3 9 3 Middle Q,\‘jl‘éfl CSA via
Njemini, 2017_HI
(176) 8 8
Mjemini, 2017_LM| g 8 | 68452 | 678453 | 12 3 1RM -LE Muscle Volume viaCT | gmwp; TuG
(176) scan
Njemini, 2017_LI
(176) ! 9
Ochala , 2007 (177)| 8 8 |751+21| 77.1+22 48 2 MVC - PF
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Roth, 2001 (25)

10

69+1

68+1

26

1RM - LP, CP

FFM, Muscle CSA via

MRI
Ryan, 2001 (178) 10 9 70+1 69+1 26 3 1RM - LE, CP FFM
(Slh%;“a”' 2001 7 7 |e6.4+48| 646+36 24 2 1RM — Squat
Tamopolsky,
2007 Pla (180) 8 10 748+6.6| 68.2+4.4
Tamopolsky, 24 2 1RM - CP, KE FFM Sit and stand
2007_CrM+CRA 11 10 71.8+52| 69.5+3.8
(180)
Tanton, 2009 (181)| 9 9 73+3.74 |71.11 + 5.88 12 2 1RM — Preacher curl Biceps CSA via MRI
Tracy, 1999 (31) | 12 | 11 | 69+1 | 68+1 9 3 1RM — KE FEM; M“SK/'IeR\I’O'“me via
Total / Means:
Total Comparison Males | Eemales Mean Mean Mean Mean
Groups Male Age | Female Age | Duration | Frequency
44 518 624 716+3.4| 71.9+4.1 22.3 2.6
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C. Funnel Plots
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D. Downs and Black Checklist

Study, Year Rezirlt)mg I\E/):I?(;?t?/l {?;Ielgllgj Iniaorr::lu\ggllirégi]ty Pc()/vi/)e r T?;é? L
(/3) ) (Selection Bias) (/6)

Ades, 1996 7 2 5 5 0 19
Arnarson, 2013 9 2 4 6 0 21
Asakawa, 2007 9 1 5 4 0 19
Bamman, 2003 8 0 4 3 0 15
Benka, 2005 8 0 4 4 0 16
Binns, 2017 8 2 4 4 0 18
Brose, 2003 9 1 7 5 0 22
Bunout, 2005 7 0 5 4 0 16
Capodaglio, 2007 9 2 4 3 0 18
Da Boit, 2017 8 1 7 5 0 21
Fernandez, 2017 8 1 5 5 0 19
Fragala, 2014 8 0 4 4 1 17
Galvao, 2006 8 0 4 4 0 16
Hakkinen, 1994 9 1 4 3 0 17
Hakkinen, 1998 8 0 4 3 0 15
Hakkinen, 2001 9 0 4 3 0 16
Hakkinen, 2002 7 1 4 4 0 16
Hunter, 2002 9 1 5 4 0 19
Kobayashi, 2016 10 1 3 4 0 18
Kosek, 2006 8 2 5 4 0 19
Leenders, 2013 7 1 3 4 0 15
Lemmer, 2001 9 0 4 3 1 17
Lexell, 1995 8 1 4 4 0 17
Mackey, 2007 10 1 4 3 0 18
Martel, 2006 9 0 4 3 0 16
McCartney, 1996 10 0 5 5 1 21
Melnyk, 2009 9 0 6 3 0 18
Njemini, 2017 9 1 4 4 0 18
Ochala, 2007 7 0 4 4 0 15
Roth, 2001 9 0 5 3 0 17
Ryan, 2001 9 0 5 4 0 18
Sharman, 2001 8 0 4 4 0 16
Tamopolsky,

2007 8 2 5 4 0 19
Tanton, 2009 7 1 6 4 0 18
Tracy, 1999 9 0 4 4 0 17

Mean Totals 8.40/11 0.71/3 4.51/7 3.91/6 0.08/1  17.63/28
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