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Abstract
Background: The extent of muscle deterioration associated with ageing or disease can be quantified by
comparison with appropriate reference data. The objective of this study is to present normative data for lower-limb
muscle strength and quality for 573 males and 923 females aged 20-97 yr participating in the Geelong Osteoporosis
Study in southeastern Australia.
Methods: In this cross-sectional study, measures of muscle strength for hip flexors and hip abductors were
obtained using a Nicholas manual muscle tester, a hand-held dynamometer (HHD; kg). Leg lean mass was
measured by dual energy x-ray absorptiometry (DXA; kg), and muscle quality calculated as strength/mass (N/kg).
Results: For both sexes, muscle strength and quality decreased with advancing age. Age explained 12.9–25.3% of
the variance in muscle strength in males, and 20.8–24.6% in females; age explained less of the variance in muscle
quality. Means and standard deviations for muscle strength and quality for each muscle group are reported by agedecade for each sex, and cutpoints equivalent to T-scores of − 2.0 and − 1.0 were derived using data from young
males (n = 89) and females (n = 148) aged 20–39 years.
Conclusions: These data will be useful for quantifying the extent of dynapenia and poor muscle quality among
adults in the general population in the face of frailty, sarcopenia and other age-related muscle dysfunction.
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Background
Age-related loss of skeletal muscle strength, or dynapenia
[1], is a hallmark of impairment that affects the health and
wellbeing of older individuals. Muscle strength is important
for mobility [2] and other activities of daily living [3], and is
central for maintaining independence in older age. Muscle
weakness is a predictor for falls [4], falls-related hospitalisation [5], fractures [6], comorbidities such as the metabolic
syndrome [7] and all-cause mortality [8]. Weakness is one
of five physical characteristics considered by Fried et al. [9]
to support a diagnosis of frailty, and low muscle strength is
a key component of sarcopenia [10–13].
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The extent of muscle deterioration associated with
ageing, injury or disease can be gauged with reference to
appropriate normative data. We have previously reported normative data for total and appendicular lean
mass with and without adjustment for height [14] and
body mass index (BMI) [15]. These surrogate measures
of muscle mass have been incorporated into different
definitions for sarcopenia from Europe [10, 11] and the
USA [12] and yet are applied to the Australian population where local cutpoints might have relevance.
Measures of handgrip strength are often recommended in the assessment of both sarcopenia and frailty,
and reference ranges have been published for populations in Australia [16] and elsewhere [17]. However,
lower-limb rather than upper-limb weakness specifically
compromises functional capacities [18] and increases
falls risk [19]. Although there is evidence that handgrip
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strength is indicative of overall muscle strength [20], loss
of maximal strength is not consistent across all muscle
groups [21] and good agreement between handgrip and
lower limb strength is not supported in all studies [22].
Furthermore, assessment of lower limb strength offers
an alternative when handgrip strength is not feasible due
to hand disability. A role for measuring lower-limb
muscle strength in geriatric assessment needs the support of appropriate normative data for quantifying deficits, but there are few published for the lower-limb [23].
Muscle strength deteriorates more rapidly and to a
greater extent than muscle mass during ageing, and this
divergence is suggestive of an ageing-related loss of
muscle quality [24, 25]. Muscle quality is generally conceptualised as muscle strength or power per unit of
muscle mass [18] and, in this study, we refer to muscle
quality as the ratio of muscle strength per unit of lean
mass. The aim of this cross-sectional, population-based
study of adults was to provide age- and sex-specific
norms for skeletal muscle strength and quality in the
lower limbs, specifically for the muscle groups known as
hip flexors and hip abductors.

Methods
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This technique has been identified previously as a reliable
method for assessing lower-limb muscle strength in adults
[27, 28]. The procedure was explained to participants before
the tests commenced; no warm-ups or practice attempts
were trialed. The examiner did not stabilise the participant
during testing but provided verbal encouragement. For the
measurement of hip flexion strength, the participant was
seated with feet hanging above floor level. With the test thigh
held 10 cm above the table surface, the HHD was positioned
5 cm proximal to the patella and the contralateral limb was
neutral. The examiner applied a downward force on the
test thigh while the participant resisted, until resistance
could no longer be maintained. For the measurement of
hip abduction strength, the participant was in a side-lying
position, with the test leg outstretched and raised 20 cm
above the surface of the bench; the HHD was positioned
10 cm proximal to the lateral malleolus. Measurements
were repeated bilaterally, in triplicate for hip flexors (for
573 males and 922 females) and hip abductors (for 565
males 916 females). There was no recovery period between trials. Multiplying the maximal registered value (kg)
by 9.81 converted the strength to Newtons (N). Values for
missing data were not imputed. The HHD was calibrated
by the manufacturer before each follow-up phase.

Participants

Data for this cross-sectional sub-study were generated by
the Geelong Osteoporosis Study (GOS), a populationbased cohort study in the Barwon Statistical Division in
southeastern Australia. Details of study design, participation and retention are described elsewhere [26]. Agestratified samples of males and females were drawn at random using the electoral roll as the sampling frame. In
Australia, registration with the Australian Electoral Commission is compulsory for adults aged 18 years and over,
so the electoral roll provides a comprehensive listing of all
residents. A listing on the electoral roll encompassing the
Barwon Statistical Division fulfilled eligibility criteria. Participants were excluded if they had resided in the region
for less than 6 months or were unable to provide written,
informed consent. In total, 1467 males were recruited
2001–2006 (ages 20–96 years, 67% participation) and
1494 females were recruited 1993–1997 (ages 20–93 years,
77% participation). This study utilises data for 573 males
from their baseline assessment and 882 females from their
6-year follow-up assessment. The cohort composition was
98.2% Caucasian, 0.8% Asian, 0.2% Indian, 0.1% Indigenous and 0.8% other or unknown ethnicity.

Muscle mass assessment

Lean soft tissue mass of the legs was measured for 568 males
and 914 females using whole body dual energy x-ray absorptiometry (DXA; DPX-L, Lunar, Madison, WI, USA) as previously described [14]. We used the standard segmentation of
whole body DXA scans into axial (head, spine, trunk and
pelvis) and appendicular (arms and legs) regions using the
predefined whole body model as required by the software.
The legs were isolated using cut-lines that passed through
the femoral necks. DXA-derived lean soft tissue mass comprises non-fat and non-bone tissue that correlates well with
muscle mass measured using magnetic resonance imaging
(MRI) in males and females [29, 30].
Muscle quality assessment

In this study, muscle quality was calculated as the ratio of lower
limb muscle strength to DXA-derived leg lean mass (N/kg).
This approach is similar to that employed in other studies [31,
32]. Muscle quality was determined for each muscle group (hip
flexors and hip abductors) separately for each leg and the maximum for each muscle group was used in analyses.
Other measures

Muscle strength assessment

A break test technique was utilised to measure peak eccentric muscle strength in the legs using a hand-held dynamometer (HHD), the Nicholas manual muscle tester (model
01160, Lafayette Instrument Company). The HHD records
the peak force required to break an isometric contraction.

Body mass was measured to ±0.1 kg using electronic
scales, standing height was measured to ±0.01 m using a
wall-mounted stadiometer and BMI calculated as body
mass/height2 (kg/m2). Participants were not fasted prior
to being measured. All clinical measures were performed
by trained personnel.
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Statistical analysis

Data for males and females were analysed separately. For
each muscle group on each side, muscle quality was calculated as muscle strength referenced to leg lean mass
(N/kg). Sex-specific means and standard deviations (SD)
for muscle strength and quality were calculated for all
participants (and expressed for age-decades 20–29 to
70–79 years, and 80+ years) and for a young adult reference sample aged 20–39 years, which corresponds to the
reference sample used for lean mass [14]. Cutpoints
were derived using young adult reference data and were
equivalent to T-scores of − 2.0 and − 1.0.
Linear regression models were developed to examine
the associations between muscle strength (and muscle
quality) of each muscle group and age, body mass and
height. Age was centered around the mean. The selection for parsimonious models for muscle strength and
muscle quality involved maximising the coefficient of determination (R2) while minimising the Mallow’s Cp statistic. Statistical analyses were performed using Minitab
(version 16, Minitab, State College, PA, USA).

Results
Characteristics of all participants are shown in Table 1.
Young adult reference data were derived from 89 males and
148 females for maximum muscle strength, and 89 males and
145 females for maximum muscle quality, for ages 20–39
years. These data are shown in Table 2 together with cutpoints corresponding to T-scores of − 1 and − 2 for hip flexors
and hip abductors.
Sex-specific means and SDs for maximum muscle
strength and muscle quality values for each age decade are
shown in Table 3. For each group of muscles, an agerelated decline was evident across the age range. The agerelated decline observed in muscle quality was less marked
and less consistent than for muscle strength.
The relationship between maximum muscle strength
and age was curvilinear for males; for females, a curvilinear pattern was also observed for the hip abductors, but
for hip flexors, the relationship was linear (Fig. 1). Age
explained 12.9–25.3% of the variance in muscle strength
in males, and 20.8–24.6% in females. There was a weak
positive correlation between muscle strength and body
mass; for males the correlations were 0.19 for hip flexors
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and 0.22 for hip abductors, and for females, 0.21 for hip
flexors and 0.24 for hip abductors (all p < 0.001). There
was a weak positive correlation between muscle strength
and height; for males r = 0.28 for hip flexors, and r = 0.20
for hip abductors, and for females, r = 0.27 for hip
flexors and 0.28 for hip abductors (all p < 0.001). Correlations between muscle strength and BMI were also
weak and positive; for males r = 0.16 for hip flexors (p =
0.058) and r = 0.13 for hip abductors (p = 0.002), and for
females, r = 0.11 for hip flexors (p = 0.001) and 0.14 for
hip abductors (p < 0.001). Best models for predicting
muscle strength are shown in Table 4.
When muscle strength was expressed as a ratio to
body mass, the correlation with age for males was r = −
0.48 for hip flexors and r = − 0.32 for hip abductors (p <
0.001); the correlations were strengthened when muscle
strength was scaled to body mass raised to two-thirds,
r = − 0.50 for hip flexors and r = − 0.34 for hip abductors
(p < 0.001). Similarly, for females, when muscle strength
was expressed as a ratio to body mass, the correlation
with age was r = − 0.42 for hip flexors and r = − 0.37 for
hip abductors (p < 0.001); and when muscle strength was
scaled to body mass raised to two-thirds, r = − 0.46 for
hip flexors and r = − 0.10 for hip abductors (p < 0.001).
For muscle quality, the relationship with age explained
less of the variance in muscle quality (Fig. 2). For males,
muscle quality was weakly and negatively associated with
body mass for the hip flexors and abductors (r = − 0.15,
p < 0.001; r = − 0.09, p = 0.04, respectively). For females,
the correlation between muscle quality and body mass
was poor (hip flexors r = − 0.002, p = 0.9 and hip abductors r = 0.07, p = 0.05). Correlations between muscle
quality and height were inconsistent: for males, hip
flexors (r = − 0.06, p = 0.13) and hip abductors (r = −
0.12, p = 0.007), and for females, hip flexors (r = − 0.01,
p = 0.8) and hip abductors (r = 0.07, p = 0.05). For males,
negative weak correlations were also observed between
muscle quality and BMI for hip flexors (r = − 0.13, p =
0.002) but not for hip abductors (r = − 0.04, p = 0.350).
For females, no correlations were detected between
hip flexor quality and BMI (r = − 0.00, p = 0.990) or
hip abductor quality and BMI (r = 0.04, p = 0.221).
Best models for predicting muscle quality are
shown in Table 4.

Table 1 Participant characteristics. Data are displayed as median (interquartile range) or mean ± standard deviation
Males (n = 573)

Females (n = 923)

Age (yr)

55.6 (45.6–66.7)

58.1 (44.3–71.6)

Body mass (kg)

83.7 ± 13.7

70.7 ± 15.2

Height (m)

1.74 ± 0.07

1.60 ± 0.07

Body mass index (kg/m2)

27.5 ± 4.1

27.5 ± 5.7

Appendicular lean mass (kg)

26.3 ± 3.6

17.2 ± 2.5

Relative appendicular lean mass (kg/m2)

8.63 ± 0.90

6.68 ± 0.81
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Table 2 Young adult (20–39 years) reference data for hip flexors and hip abductors strength (N) and muscle quality (N/kg) together
with cutpoints equivalent to T scores of − 1.0 and − 2.0
Males (n = 89)

Females (n = 148)

Hip Flexors

Hip Abductors

Hip Flexors

Hip Abductors

Mean ± SD

342 ± 73

203 ± 49

200 ± 51

151 ± 56

T score = − 1.0

269

154

149

98

T score = − 2.0

196

105

96

40

Mean ± SD

35.7 ± 6.7

21.2 ± 4.7

30.9 ± 9.0

23.4 ± 8.5

T score = − 1.0

29.0

16.5

21.9

14.9

T score = − 2.0

22.4

11.8

13.0

6.4

Muscle strength

a

Muscle quality

a

Missing data: n = 3 females

Discussion
Here we provide sex-specific normative data describing muscle strength and muscle quality for hip
flexors and hip abductors for males and females
from Australia. The overall and age-specific data are
useful for calculating T-scores and Z-scores and for
quantifying the extent of dynapenia among adults in
the general population. These data can be used in
conjunction with measures of muscle mass to

determine muscle quality and with performance for
identifying conditions such as sarcopenia and frailty.
We report generally weak correlations between muscle
strength and body mass or height. Despite being statistically significant, the low correlation coefficients suggest
little relationship between these variables. However, it is
recognised that body size influences muscle strength [12,
33]. Instead of a linear adjustment for body mass, allometric scaling of muscle strength to body mass raised to

Table 3 Leg muscle strength (N) and muscle quality (N/kg) for men and women by 10-year age group and for the full age range
(20–98 years). Data are displayed as mean ± standard deviation
Age
group
(yr)

Males

Females
a

b

n

Hip Flexors

Hip Abductors

n

Hip Flexorsa

Hip Abductorsb

20–29

17

324 ± 61

188 ± 33

23

199 ± 57

142 ± 40

30–39

72

346 ± 76

207 ± 52

125

201 ± 50

153 ± 58

40–49

118

323 ± 64

195 ± 50

174

182 ± 49

161 ± 53

50–59

139

306 ± 66

192 ± 56

185

165 ± 48

146 ± 51

60–69

112

263 ± 72

180 ± 54

160

157 ± 46

129 ± 39

70–79

93

232 ± 65

148 ± 45

164

133 ± 45

108 ± 41

80+

22

229 ± 71

144 ± 43

91

112 ± 38

84 ± 31

All

573

292 ± 78

183 ± 54

922

161 ± 54

134 ± 53

20–29

17

35.4 ± 5.5

20.3 ± 3.0

23

31.8 ± 14.7

22.4 ± 9.2

30–39

72

35.8 ± 6.9

21.4 ± 5.0

122

30.8 ± 7.5

23.6 ± 8.4

40–49

118

34.4 ± 7.4

20.6 ± 5.2

172

28.4 ± 7.4

25.1 ± 7.9

50–59

139

33.1 ± 6.9

20.8 ± 5.9

185

26.2 ± 7.2

23.2 ± 7.8

60–69

112

29.8 ± 7.6

20.4 ± 5.6

159

26.1 ± 8.1

21.4 ± 6.8

Muscle strength

Muscle quality

70–79

93

27.7 ± 7.6

17.6 ± 5.2

162

22.6 ± 7.4

18.4 ± 7.0

80+

22

27.4 ± 7.8

17.7 ± 5.2

90

21.0 ± 7.4

15.7 ± 5.4

All

573

32.0 ± 7.8

20.1 ± 5.5

913

26.2 ± 8.3

21.9 ± 7.9

Missing data for muscle strength: a n = 1 female; b n = 8 males and n = 7 females
Missing data for muscle quality: a n = 5 males and n = 10 females; b n = 13 males and n = 16 females
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Fig. 1 The association between age and muscle strength of the hip flexors for males and females (a and c), and hip abductors for males and
females (b and d). Regression line (solid) and 95% prediction interval (dashed), regression equations and adjusted R2 values are shown.
Abbreviations: HF hip flexors; HA hip abductors; Agec centred (mean 55.7 yr)

Table 4 Constant values, regression coefficients and adjusted coefficients of determination (R2) for linear regression models for
muscle strength (N) and muscle quality (N/kg) for hip flexors and hip abductors
Constant

Age-ca

(Age-ca)2

Body mass

Height (m)

Adjusted R2 (%)

Hip flexors

3.4

−2.52

−0.0241

0.666

136

28.9

Hip abductors

125

−1.25

−0.0252

0.754

Hip flexors

129

−1.56

Hip abductors

24.6

−1.05

−0.0266

0.482

53.2

23.2

Hip flexors

59.3

−0.211

−0.0598

−12.8

16.2

Hip abductors

44.2

−0.0903

−13.5

7.4

Hip flexors

66.1

−0.227

−24.6

16.4

Hip abductors

44.2

−0.150

−13.0

14.3

Muscle strength
Males

16.3

Females
0.512

26.6

Muscle quality
Males
−0.00272

Females
−0.00502

Data represent associations with age (yr) centred about the mean (55.7 yr), body mass (kg) and height (m)
All regression coefficients are significant at p < 0.001
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Fig. 2 The association between age and muscle quality of the hip flexors for men and women (a and c), and hip abductors for men and women
(b and d). Regression line (solid) and 95% prediction interval (dashed), regression equations and adjusted R2 values are shown. Abbreviations: HF
hip flexors; HA hip abductors; Agec centred (mean 55.7 yr)

the power of two-thirds has been recommended as an
effective approach to account for the effects of body size
on muscle strength [33]. Our results support this concept,
as the linear correlations between muscle strength and age
were strengthened when muscle strength was normalised
for body mass raised to the power of two-thirds.
Loss of lower-limb strength causes problems with locomotion and activities of daily living [3]. Hip abductor and
hip extensor muscles can work together to affect postural
reactions and are important for standing and walking [34].
A recent systematic review [23] highlighted a study by
Andews at al [35] that utilised HHD to test lower-limb
strength for males and females aged 50–79 years. Participant positioning for hip abduction strength testing was
similar to the method we employed; however, matching
for sex-and age-decade, our muscle strength values were
approximately one-third lower than their maximum
values for dominant or non-dominant sides. Further, our
correlations between hip abduction strength and body
mass or height were lower than their reported pooled
values for males and females. In contrast to our study,
their convenience sample of 156 adults was smaller and
recruited from a population in the USA, a series of healthrelated exclusions retained healthy participants only and
maximal muscle strength was tested using a different type
of dynamometer. Such disparities in study design could

have contributed to the reported differences in muscle
strength and correlations with body mass and height.
Baseline data from a randomised controlled trial, conducted in a similar region of Australia to this study, involving 90 females aged ≥70 years, used a comparable
method for measuring lower-limb strength (except the
mean of three trials on the left side was routinely calculated) to report overall median values of 11.7 kg for hip
flexion strength and 8.0 kg for hip abduction strength
[36]. These values for selected trial participants were similar, albeit lower, than the median (95% confidence interval) maximal values of 12.4 (11.9, 12.9) kg and 9.8 (9.3,
10.3) kg, respectively, for 253 females aged 70 years and
older reported in this study. Using mean values for one
side instead of the maximum of both sides, could account
for the minor differences noted between these studies.
In contrast to this study involving population-based
data, group-specific normative data may be more relevant for individuals with different musculature, such as
elite athletes. Based on data from a cohort study of 350
healthy, elite female handball and football players in
Norway, normative data were established for several isokinetic concentric knee extension and flexion muscle
strength tests performed bilaterally using a dynamometer [37]. Differences in muscle strength were detected
between the handball and football players. For these
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athletes, it was important to identify differences between
right and left sides and also between agonist-antagonist
muscle groups, as strength asymmetries have been implicated in injuries [38, 39]. It is clear that for these females,
normative data developed from an appropriate population
are important as these data could be useful for setting
goals for muscle strength rehabilitation following injury.
The strength of our study is that participants were selected
using a random process from the electoral rolls, rather than
from convenience samples or on the basis of disease. We utilised objective measures of muscle strength, lean mass and anthropometry; however, inter-individual variability of testing
could have caused some discrepancies with the data collected.
It is possible that maximum performance on the muscle
strength tests could have been influenced by sub-optimal performance by some participants and, as there was no recovery
between trials, fatigue in later trials may have limited maximal
readings. We recognise that the use of lean mass may be imprecise as a surrogate measure of muscle mass, as differences
in muscle composition relating to factors such as fat infiltration, lean tissue thickness and hydration may not have been
captured by DXA. Further, DXA scans in the non-fasted state
could over-estimate lean mass. These limitations may have influenced the validity of muscle quality estimates. Normative
data have been presented by age for males and females and
we have not accounted for differences in body size. In this
study, the term ‘muscle quality’ was estimated using muscle
strength of particular muscle groups in relation to leg lean
mass of the whole leg rather than individual muscle groups.
Data presented here are representative of the underlying
population, as participants were not excluded because of exposure to medications or disease. As the sample is from
Australia, and comprises mainly Caucasians, the data might
not be generalisable to other populations or other ethnicities.

Conclusion
The data presented here will be useful for quantifying
the extent of dynapenia and poor muscle quality for
males and females in the general population in the face
of frailty, sarcopenia and other age-related skeletal
muscle function deficits.
Abbreviations
BMI: Body mass index; DXA: Dual energy x-ray absorptiometry; GOS: Geelong
Osteoporosis Study; HA: Hip abductors; HF: Hip flexors; HHD: Hand-held
dynamometer; MQ: Muscle quality; SD: Standard deviation
Acknowledgments
We thank the study participants.
Authors’ contributions
JAP: the conception and design of the work; the acquisition, analysis, and
interpretation of data; drafting the manuscript. ALS: the design; the
acquisition and interpretation of data. KLH-K: design of the work; the interpretation of data. MCT: the interpretation of data. SXS: the interpretation of
data. KBA: the interpretation of data. NKH: the interpretation of data. LJW:
the interpretation of data. MAK: the conception and design of the work; the
interpretation of data. All authors read and approved the final manuscript.

Page 7 of 8

Funding
The study was supported by the National Health and Medical Research
Council (NHMRC, projects 251638, 299831, 628582), but they played no part
in the design or conduct of the study; collection, management, analysis, and
interpretation of the data; or in preparation, review, or approval of the
manuscript. KLH-K was supported by an Alfred Deakin Postdoctoral Research
Fellowship, MCT and SXS by a Deakin Postgraduate Scholarship, KBA by an
Australian Government Research Training Program Scholarship, NKH by a
Faculty Postgraduate Research Award (Deakin) and LJW by a National Health
and Medical Research Council (NHMRC) Australian Career Development Fellowship (1064272) and an NHMRC Investigator Grant (1174060).
Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.
Ethics approval and consent to participate
Ethics approval for this study was received from the Barwon Health Human
Research Ethics Committee (reference numbers 92/01 and 00/56). All study
participants provided informed, written consent.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
School of Medicine, Deakin University, Geelong, VIC 3220, Australia.
2
Department of Medicine – Western Health, The University of Melbourne, St
Albans, Australia. 3Department of Epidemiology and Preventive Medicine,
Monash University, Melbourne, Australia. 4Barwon Health, Geelong, Australia.
Received: 8 October 2019 Accepted: 28 January 2020

References
1. Clark BC, Manini TM. Sarcopenia =/= dynapenia. J Gerontol A Biol Sci Med
Sci. 2008;63(8):829–34.
2. Reid KF, Naumova EN, Carabello RJ, Phillips EM, Fielding RA. Lower
extremity muscle mass predicts functional performance in mobility-limited
elders. J Nutr Health Aging. 2008;12(7):493–8.
3. Xue QL, Beamer BA, Chaves PH, Guralnik JM, Fried LP. Heterogeneity in rate of
decline in grip, hip, and knee strength and the risk of all-cause mortality: the
Women's health and aging study II. J Am Geriatr Soc. 2010;58(11):2076–84.
4. Aoyama M, Suzuki Y, Kuzuya M. Muscle strength of lower extremities related
to incident falls in community-dwelling older adults. J Gerontol Geriatr Res.
2015;4(2):1000207.
5. Sim M, Prince RL, Scott D, Daly RM, Duque G, Inderjeeth CA, Zhu K,
Woodman RJ, Hodgson JM, Lewis JR. Utility of four sarcopenia criteria for
the prediction of falls-related hospitalization in older Australian women.
Osteoporos Int. 2019;30(1):167–76.
6. Harvey NC, Oden A, Orwoll E, Lapidus J, Kwok T, Karlsson MK, Rosengren BE,
Ribom E, Cooper C, Cawthon PM, et al. Measures of physical performance
and muscle strength as predictors of fracture risk independent of FRAX,
falls, and aBMD: a meta-analysis of the osteoporotic fractures in men (MrOS)
study. J Bone Miner Res. 2018;33(12):2150–7.
7. Fraser BJ, Huynh QL, Schmidt MD, Dwyer T, Venn AJ, Magnussen CG.
Childhood muscular fitness phenotypes and adult metabolic syndrome.
Med Sci Sports Exerc. 2016;48(9):1715–22.
8. Garcia-Hermoso A, Cavero-Redondo I, Ramirez-Velez R, Ruiz JR, Ortega FB,
Lee DC, Martinez-Vizcaino V. Muscular strength as a predictor of all-cause
mortality in an apparently healthy population. A systematic review and
meta-analysis of data from approximately 2 million men and women. Arch
Phys Med Rehabil. 2018;99(10):2100–13 e5.
9. Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gottdiener J,
Seeman T, Tracy R, Kop WJ, Burke G, et al. Frailty in older adults: evidence
for a phenotype. J Gerontol A Biol Sci Med Sci. 2001;56(3):M146–56.
10. Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T, Landi F, Martin
FC, Michel JP, Rolland Y, Schneider SM, et al. Sarcopenia: European

Pasco et al. BMC Musculoskeletal Disorders

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

(2020) 21:89

consensus on definition and diagnosis: report of the European working
group on sarcopenia in older people. Age Ageing. 2010;39(4):412–23.
Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyere O, Cederholm T, Cooper
C, Landi F, Rolland Y, Sayer AA, et al. Sarcopenia: revised European
consensus on definition and diagnosis. Age Ageing. 2019;48(1):16–31.
Studenski SA, Peters KW, Alley DE, Cawthon PM, McLean RR, Harris TB,
Ferrucci L, Guralnik JM, Fragala MS, Kenny AM, et al. The FNIH sarcopenia
project: rationale, study description, conference recommendations, and final
estimates. J Gerontol A Biol Sci Med Sci. 2014;69(5):547–58.
Zanker J, Scott D, Reijnierse EM, Brennan-Olsen SL, Daly RM, Girgis CM,
Grossmann M, Hayes A, Henwood T, Hirani V, et al. Establishing an operational
definition of sarcopenia in Australia and New Zealand: Delphi method based
consensus statement. J Nutr Health Aging. 2019;23(1):105–10.
Gould H, Brennan SL, Kotowicz MA, Nicholson GC, Pasco JA. Total and
appendicular lean mass reference ranges for Australian men and women:
the Geelong Osteoporosis Study. Calcif Tissue Int. 2014; 94(4):363-72.
Pasco JA, Holloway-Kew KL, Tembo MC, Sui SX, Anderson KB, Rufus-Membere
P, Hyde NK, Williams LJ, Kotowicz MA. Normative data for lean mass using
FNIH criteria in an Australian setting. Calcif Tissue Int. 2019;104(4):475–9.
Massy-Westropp NM, Gill TK, Taylor AW, Bohannon RW, Hill CL. Hand grip
strength: age and gender stratified normative data in a population-based
study. BMC Res Notes. 2011;4:127.
Leong DP, Teo KK, Rangarajan S, Kutty VR, Lanas F, Hui C, Quanyong X,
Zhenzhen Q, Jinhua T, Noorhassim I, et al. Reference ranges of handgrip
strength from 125,462 healthy adults in 21 countries: a prospective urban rural
epidemiologic (PURE) study. J Cachexia Sarcopenia Muscle. 2016;7(5):535–46.
Barbat-Artigas S, Rolland Y, Zamboni M, Aubertin-Leheudre M. How to
assess functional status: a new muscle quality index. J Nutr Health Aging.
2012;16(1):67–77.
Moreland JD, Richardson JA, Goldsmith CH, Clase CM. Muscle weakness and
falls in older adults: a systematic review and meta-analysis. J Am Geriatr Soc.
2004;52(7):1121–9.
Rantanen T, Era P, Heikkinen E. Maximal isometric strength and mobility
among 75-year-old men and women. Age Ageing. 1994;23(2):132–7.
Hughes VA, Frontera WR, Wood M, Evans WJ, Dallal GE, Roubenoff R, Singh
MA. Longitudinal muscle strength changes in older adults: influence of
muscle mass, physical activity, and health. J Gerontol A Biol Sci Med Sci.
2001;56A(5):B209–17.
Yeung SSY, Reijnierse EM, Trappenburg MC, Hogrel JY, McPhee JS, Piasecki
M, Sipila S, Salpakoski A, Butler-Browne G, Paasuke M, et al. Handgrip
strength cannot be assumed a proxy for overall muscle strength. J Am Med
Dir Assoc. 2018;19(8):703–9.
Benfica PDA, Aguiar LT, Brito SAF, Bernardino LHN, Teixeira-Salmela LF, Faria
C. Reference values for muscle strength: a systematic review with a
descriptive meta-analysis. Braz J Phys Ther. 2018;22(5):355–69.
Hughes VA, Frontera WR, Roubenoff R, Evans WJ, Singh MA. Longitudinal
changes in body composition in older men and women: role of body
weight change and physical activity. Am J Clin Nutr. 2002;76(2):473–81.
Goodpaster BH, Park SW, Harris TB, Kritchevsky SB, Nevitt M, Schwartz
AV, Simonsick EM, Tylavsky FA, Visser M, Newman AB. The loss of
skeletal muscle strength, mass, and quality in older adults: the Health,
Aging and Body Composition study. J Gerontol A Biol Sci Med Sci.
2006; 61(10):1059-64.
Pasco JA, Nicholson GC, Kotowicz MA. Cohort profile: Geelong Osteoporosis
Study. Int J Epidemiol. 2012; 41(6):1565-75.
Wang CY, Olson SL, Protas EJ. Test-retest strength reliability: hand-held
dynamometry in community-dwelling elderly fallers. Arch Phys Med Rehabil.
2002;83(6):811–5.
Pasco JA, Holloway KL, Brennan-Olsen SL, Moloney DJ, Kotowicz MA. Muscle
strength and areal bone mineral density at the hip in women: a crosssectional study. BMC Musculoskelet Disord. 2015;16:124.
Chen Z, Wang Z, Lohman T, Heymsfield SB, Outwater E, Nicholas JS,
Bassford T, LaCroix A, Sherrill D, Punyanitya M, et al. Dual-energy X-ray
absorptiometry is a valid tool for assessing skeletal muscle mass in older
women. J Nutr. 2007;137(12):2775–80.
Tavoian D, Ampomah K, Amano S, Law TD, Clark BC. Changes in DXAderived lean mass and MRI-derived cross-sectional area of thigh are
modestly associated. Sci Rep. 2019; 9(1):10028.
Newman AB, Haggerty CL, Goodpaster B, Harris T, Kritchevsky S, Nevitt M,
Miles TP, Visser M. Strength and muscle quality in a well-functioning cohort

Page 8 of 8

32.

33.
34.
35.

36.

37.

38.

39.

of older adults: the Health, Aging and Body Composition Study. J Am
Geriatr Soc. 2003;51(3):323-30.
Hairi NN, Cumming RG, Naganathan V, Handelsman DJ, Le Couteur DG,
Creasey H, Waite LM, Seibel MJ, Sambrook PN. Loss of muscle strength,
mass (sarcopenia), and quality (specific force) and its relationship with
functional limitation and physical disability: the Concord Health and Ageing
in Men Project. J Am Geriatr Soc. 2010; 58(11):2055-62.
Folland JP, Mc Cauley TM, Williams AG. Allometric scaling of strength
measurements to body size. Eur J Appl Physiol. 2008;102(6):739–45.
Cerny K. Pathomechanics of stance. Clinical concepts for analysis. Phys Ther.
1984;64(12):1851–9.
Andrews AW, Thomas MW, Bohannon RW. Normative values for isometric
muscle force measurements obtained with hand-held dynamometers. Phys
Ther. 1996;76(3):248–59.
Levinger I, Scott D, Nicholson GC, Stuart AL, Duque G, McCorquodale T,
Herrmann M, Ebeling PR, Sanders KM. Undercarboxylated osteocalcin, muscle
strength and indices of bone health in older women. Bone. 2014;64:8–12.
Risberg MA, Steffen K, Nilstad A, Myklebust G, Kristianslund E, Moltubakk
MM, Krosshaug T. Normative quadriceps and hamstring muscle strength
values for female, healthy, elite handball and football players. J Strength
Cond Res. 2018;32(8):2314–23.
Tsepis E, Vagenas G, Ristanis S, Georgulis A. Thigh muscle weakness in ACL
deficient knees persist without structural rehabilitation. Clin Orthop Relat
Res. 2006;450:211–8.
Croisier JL, Ganteaume S, Binet J, Genty M, Ferret JM. Strength imbalances
and prevention of hamstring injury in professional soccer players: a
prospective study. Am J Sports Med. 2008;36(8):1469–75.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

