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Abstract

Background Despite no international consensus on the diagnostic criteria for sarcopenia, low lean mass, muscle strength, and
physical function are important risk factors for disability, frailty, and mortality in older individuals, as well as in a wide range of
patients with muscle loss. Here, we provide a population-based reference material of total and regional lean body mass, muscle
strength/power parameters, and physical function in a healthy cohort of Danish men and women across the lifespan.
Methods Volunteers aged 20–93 years from the Copenhagen City Heart Study were invited to establish a Danish reference
material (Copenhagen Sarcopenia Study) on lean mass characteristics [appendicular lean mass (ALM), iDXA, GE Lunar], muscle
function [handgrip strength (HGS), Jamar dynamometer and leg extension power (LEP), Nottingham Power Rig], and physical
function [30 s sit-to-stand test (STS), 10-m maximal and habitual gait speed (GS)].
Results A total of 1305 participants [729 women (age: 56.4 ± 18.9 years, height: 1.66 ± 0.01 m, body mass index: 24.6 ± 4.3
kg/m2 and 576 men, age: 57.0 ± 17.5 years, height: 1.80 ± 0.07 m, body mass index: 26.0 ± 3.9 kg/m2] completed all measure-
ments and were included in the present analysis. Lean mass characteristics (TLM, ALM, and ALM/h2) decreased with increasing
age in both men and women (P < 0.001). Men demonstrated larger absolute and relative total ALM and higher HGS and LEP
compared with women at all age intervals (P< 0.001). HGS and LEP decreased progressively with age in both men and women
(P< 0.01); 30 s STS performance, habitual GS, and maximal GS decreased at an accellerated rate of decline with increasing age
in both men and women (P < 0.001). Habitual GS was reduced in men and women aged ≥70 years, while maximal GS was
reduced from the age of ≥60 years compared with young adults (P < 0.001). Regardless of sex, 30 s STS was reduced from
the age of ≥50 years compared with the young reference group (P < 0.001)
Conclusions While the power-based measurements (LEP and 30 s STS) started to decline already at age +50 years, less
power-based parameters (GS and HGS) and lean mass characteristics (TLM, ALM, and ALM/h2) remained unaltered until after
the age of +70 years. Notably, the cut-off thresholds derived in the present study differed from earlier reference data, which
underlines the importance of obtaining updated and local reference materials.
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Introduction

Sarcopenia was initially defined as a multifactorial syn-
drome characterized by the slow and progressive loss of
muscle mass associated with aging in the absence of any
underlying disease or condition.1,2 Since the first proposed
definition in 1989, the field of sarcopenia research has
evolved substantially with a number of consensus reports
published in 2010,3 2011,4 2014,5 2014,6 and recently an
updated definition of sarcopenia was proposed by the Eu-
ropean Working Group on Sarcopenia in Older People.7

During the last three decades, the field has moved from fo-
cusing primarily on assessment of muscle mass to integrat-
ing muscle strength and physical function as part of a more
comprehensive definition on sarcopenia, with muscle
strength [handgrip strength (HGS)] replacing muscle mass
as the primary assessment parameter.7 These initiatives
have contributed to shed light on the clinical significance
of sarcopenia, with a major milestone being reached in
2016 when sarcopenia was formally recognized as a sepa-
rate condition of muscle disease (ICD-10-MC diagnosis
code).8 Yet there is still no international consensus of a
common operational definition, which is hindering imple-
mentation of the sarcopenia diagnose and effective treat-
ment options in the clinical field.

In contrast to the slow and progressive loss of muscle mass
associated with aging,9,10 loss of lean mass often occurs at an
accelerated rate secondary to acute and chronic disease
states such as cancer, infections, chronic organ failure, immo-
bilization, and disability11–13 collectively termed as secondary
sarcopenia.7

Skeletal muscle mass can be assessed using computed to-
mography, magnetic resonance imaging, dual-energy X-ray
absorptiometry (DXA), or estimated by bioelectrical imped-
ance analysis.14,15 Although computed tomography and mag-
netic resonance imaging are considered the gold standard
methods for the quantification of skeletal muscle mass, both
methods are expensive and time consuming and therefore
primarily suited for research.15 For the clinical implementa-
tion of lean mass assessment in patients, DXA is recom-
mended due to its high reliability, low cost, and low
radiation doses.14,15 However, population-specific reference
data for lean mass estimates based on DXA scanning remain
limited, especially for the European population. Classical ref-
erence data on age-related trajectories in lean mass have
been derived in New Mexico2 and from American population
studies16 with the use of an older generation of DXA equip-
ment.17 However, the resolution and quality of DXA scanners
and analysis software have been markedly improved over the
last decade, enabling a more precise evaluation of the biolog-
ical variations in body composition and lean mass across the
lifespan.18 More recently, reference data have emerged from
Australian,19,20 Mexican,21 and American22 population studies
using advanced scanners (combination of GE Lunar Prodigy

and iDXA), whereas European based population data remain
more scarce.23,24

In order to gain increased knowledge about the age-
specific changes in the domains of muscle dysfunction
(muscle mass, muscle strength, and physical function) in-
cluded in the recent sarcopenia definitions,3,4,7 assessments
of HGS, maximal horizontal gait speed (GS), and sit-to-stand
(STS) performance were combined with the assessment of
appendicular lean mass (ALM) in the present study. In addi-
tion, maximal leg extension muscle power (LEP) was re-
corded25 as muscle power declines more rapidly with age
than muscle strength and therefore is considered a sensi-
tive predictor of frailty, fall risk, and mortality in older indi-
viduals.26 Further, LEP appears to provide a sensitive
outcome measure to evaluate individual responses to inter-
ventional treatments (nutritional, pharmaceutical, and exer-
cise based) aimed at improving muscle mass, power, and
strength in order to enhance functional capacity in aging
adults.27,28 Lastly, LEP assessments have relevance also in
younger populations, where the assessment of maximal
GS and HGS may be of limited prognostic value due to sys-
tematic ceiling effects.

The aim of the present study, therefore, was to establish
reference data on lean mass, maximal muscle
strength/power [HGS and leg extension power (LEP)],
and functional capacity (walking speed and STS test) in a
Danish cohort of healthy male and female adults aged
20–93 years to establish reference data across the full adult
lifespan as well as for establishing specific reference values
for successive 10 year age intervals, spanning from young
to old age.

Subjects and methods

Study cohort

The Copenhagen Sarcopenia Study is a population-based
cross-sectional study conducted at Copenhagen University
Hospital Rigshospitalet, Glostrup, from December 2013 to
June 2016. Participants were recruited through the Copenha-
gen City Heart Study, a prospective cardiovascular population
study comprising a random sample of more than 24 000 men
and women aged 20 to 101 years, drawn from the Copenha-
gen Population Register as of 1 January 1976. More detailed
information on the Copenhagen City Heart Study has been
described elsewhere.29 Specifically, a subpopulation of 3000
men and women aged 20–93 years were invited from this co-
hort to participate in the present study. Apart from the oldest
participants (+80 years), all participants had to provide for
their own transportation to the hospital and were character-
ized by living independently and being apparently healthy. Ex-
clusion criteria were (i) pregnancy, (ii) acute medical illness,
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(iii) surgery within the last 3 months, (iv) ongoing medication
known to affect body composition, and (v) history of compro-
mised ambulation or prolonged immobilization. All partici-
pants gave their written informed consent, and all
investigations were performed in accordance with the Decla-
ration of Helsinki II and approved by the Ethical Committee of
Copenhagen (H-3-2013-124).

Physical measurements

All measurements were carried out by three designated
and trained biotechnicians. Height (m) was assessed with-
out shoes to the nearest 0.1 cm. Weight (kg) was mea-
sured wearing light clothing (hospital shirt) to the nearest
0.1 kg and subsequently body mass index (BMI) was calcu-
lated (kg/m2).

Muscle function

Handgrip strength
Handgrip strength was measured in three successive trials
separated by 45 s pause using a Jamar dynamometer
(Sammons Preston Rolyan, Chicago, Illinois, USA). Subjects
were seated in the upright position with the arm along the
side, bent at 90° in the elbow with the arm supported by a
horizontal surface. The width of the dynamometer handle
was adjusted to fit the size of the hand, and the best of the
three trials was used for each arm.30 High inter-rater and
test–retest reliabilities have previously been demonstrated
for this apparatus and procedure.30

Leg extension power
Maximal LEP was assessed using a Nottingham Leg Extension
Power Rig (Medical Engineering Unit, University of Notting-
ham Medical School, Nottingham, UK).25,31 Subjects were
seated in the power rig chair, and the seat was adjusted to
allow a knee angle of 15° with the footplate being fully
pushed down. Subjects were instructed to push down the
footplate connected to a flywheel as hard and fast as possi-
ble. The maximum speed of the flywheel was used to calcu-
late the average power produced by the lower limb
extensor muscles. Subjects were familiarized with the test
procedure in two warm-up trials followed by at least five tri-
als with 30 s rest for each leg that were repeated until the
subject did not improve LEP in two successive trials. Subjects
were carefully instructed to keep their hands across the chest
and to not move the upper body while pushing. Verbal en-
couragement was given to ensure maximal performance,
and an on-line visual feedback of the power curve was pro-
vided on a PC screen after each trial.

Functional capacity

Gait speed
Gait speed was measured over a 10 m straight walking
course.32,33 From a standing position, the participants were
asked to walk at their maximal safe walking pace, without
running and continue further than 10 m to avoid stopping
or deceleration before reaching the 10mmark.32,34 No verbal
encouragement was given during the test. The time was mea-
sured with a stopwatch to the nearest 0.1 s. Maximal GS was
computed as the 10-m distance divided by the elapsed time
(m/s). Subsequently, habitual GS was estimated in subjects
<65 years old based on normative data on the ratio between
habitual and maximal GS in people aged 20–60 years,32

whereas habitual GS for people aged 65 years and older
was calculated by means of a conversion equation previously
published for this specific age group.33

Sit-to-stand performance
Sit-to-stand performance was assessed as the number of
times a person was able to rise and sit from a standardized
chair within 30 s (30 s STS).35,36 The participant was seated
in the middle of a standardized chair (with no arm rest, seat
height 45 cm) back straight and arms crossed against the
chest. At the signal ‘go’, the participant was instructed to rise
to a full stand (body erect and straight) and then immediately
return back to the initial seated position. Participants were
encouraged to complete as many full stands as possible
within 30 s and were carefully instructed and monitored to
fully sit between each stand. The total number of stands
within 30 s was measured.35 Incorrect executed stands were
not counted.

Dual-energy X-ray absorptiometry

Whole body DXA scans were performed using an iDXA fan
beam densitometer (GE Lunar, Madison, Wisconsin, USA).
The same scanner was used for all body scans and was car-
ried out by one of three designated and trained techni-
cians. Analyses of all exams were performed using Encore
software version 16.0. Lean soft tissue assessed by DXA is
composed of all fat-free mass components except for min-
eral content. ALM was defined as the sum of lean soft tis-
sue from the arms and legs. Relative ALM was acquired by
normalizing ALM to height2 as previously suggested to ac-
count for allometric differences in body size.2 However,
both absolute and normalized parameters are reported in
the present study because differential age-related changes
in lean mass and body height may be caused by different
mechanisms, which affects the estimated loss of muscle
mass observed with aging.15
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Statistical analysis

Data are presented as group mean ± standard deviation (SD)
unless otherwise stated. All analyses were performed sepa-
rately for women and men. Sex-specific young reference
groups comprising all participants aged between 20 and 39
years were formed, and cut-off thresholds were obtained
based on normative data obtained in this age group (T scores
of –2.0 and –1.0, indicating the number of SDs below the
young adult reference mean).2 One-way ANOVA was used
to compare obtained outcome variables between age groups
(40–49, 50–59, 60–69, 70–79, and ≥80 years) and the young
reference groups (i.e. 20–39 years). Statistical differences be-
tween women and men were evaluated using Student’s t-test
for independent samples. In addition, the relationship be-
tween age andmeasured variables was assessed by regression
analyses. Least square linear and quadratic regression models
were compared based on the coefficient of determination (R2)
in order to determine the most appropriate regression model.
For the analysis of variance, residuals were checked for normal
distribution by visual inspection. Finally, contingency tables
were used to calculate the proportion and numbers (for each
10 year age group) of subjects allocated within each T score
category (T score below –2.0, T score between –2.0 and –1.0,
and T score above –1.0) for each investigated outcome vari-
ables. Statistical analyses were performed using SPSS v20

(SPSS Inc., Chicago, Illinois, USA), and the level of significance
was set at α = 0.05 using two-tailed testing.

Results

A total of 1365 persons (767 women and 598 men) aged
20–93 years volunteered to participate in the study of
which 1305 (729 women and 576 men) completed all the
measurements and were selected for further analysis
(Table 1). Anthropometric characteristics of the study co-
hort (n = 1305) are listed in Table 1.

Main characteristics of the young female and male refer-
ence groups are reported in Table 2. Compared with women,
men were taller, heavier, and had a larger BMI (all P< 0.001).
Men also had larger absolute and relative total ALM and
higher levels of HGS and LEP compared with women in all
age groups (P < 0.001). Finally, men demonstrated a faster
maximal GS compared with women (P < 0.001), while no
sex differences were observed regarding the number of rep-
etitions performed in the 30 s STS test (P < 0.05).

Lean mass

Both total and ALM decreased with age in men (Figures 1A and
2A) and women (Figures 1B and 2B) (P < 0.001). Decreased
levels of total and ALM were found in the 60 to 69 year, 70
to 79 year, and ≥80 year age groups compared with the young
reference group (each P < 0.01) for men and among women
aged 70 to 79 year and ≥80 year (both P < 0.05) (Table 3).
Men showed larger total and ALM values compared with
women at all age groups (P < 0.001). When lean mass mea-
sures were normalized to height squared (Figures 3 and 4), de-
creased levels of relative total and ALM were observed in men
aged 70 to 79 year and ≥80 year compared with the young

Table 1 Characteristics of study participants displayed as mean ± stan-
dard deviation

Men (n = 576) Women (n = 729)

Age (years) 57.01 ± 17.48 56.39 ±18.94
Weight (kg) 83.83 ± 13.35 67.57 ±11.73
Height (m) 1.80 ± 0.07 1.66 ±0.07
Body mass index (kg/m2) 25.99 ± 3.86 24.64 ±4.31

Table 2 Young adult (20–39 years) reference data and cut-points equivalent to T scores of –1.0 and –2.0

Men (n = 110) Women (n = 172)

Mean ± SD T score = –1.0 T score = –2.0 Mean ± SD T score = –1.0 T score = –2.0

Age (years) 30.04 ± 5.15 29.93 ± 5.22
Weight (kg) 82.99 ± 12.39 64.35 ± 9.67
Height (m) 1.83 ± 0.07 1.68 ± 0.07
BMI (kg/m2) 24.77 ± 3.41 22.71 ± 3.14
TLM (kg) 60.71 ± 6.97 53.74 46.77 42.26 ± 5.28 36.98 31.70
ALM (kg) 29.03 ± 3.89 25.14 21.25 18.76 ± 2.77 15.99 13.22
Relative TLM (kg/m2) 18.12 ± 1.82 16.30 14.58 14.88 ± 1.37 13.51 12.14
Relative ALM (kg/m2) 8.66 ± 1.03 7.63 6.60 6.61 ± 0.79 5.82 5.03
HG strength (kg) 52.99 ± 8.44 44.55 36.11 34.83 ± 7.33 27.50 20.17
LEP (W) 384.69 ± 78.61 306.08 227.47 232.33 ± 61.34 170.99 109.65
Habitual GS (m/s) 1.84 ± 0.25 1.59 1.34 1.63 ± 0.26 1.37 1.11
Maximal GS (m/s) 2.81 ± 0.42 2.39 1.97 2.57 ± 0.42 2.15 1.73
30 s STS test (n) 27.26 ± 5.55 21.71 16.16 27.24 ± 6.07 21.17 15.10

ALM, appendicular lean mass; BMI, body mass index; GS, gait speed; HG, handgrip; LEP, leg extensor power; SD, standard deviation; STS,
sit-to-stand; TLM, total lean mass.
T score = –1.0 corresponds to 1 SD below the young adult reference mean; T score = –2.0 corresponds to 2 SD below the young adult
reference mean.

The Copenhagen Sarcopenia Study 1319

DOI: 10.1002/jcsm.12477
Journal of Cachexia, Sarcopenia and Muscle 2019; 10: 1316–1329



Figure 1 The association between age and total lean mass for men (A; dark grey diamonds) and women (B; white circles). Regression line (wide solid
line) and 95% prediction interval (narrow solid line), T score equal to –2.0 (dashed line), data more than 2 SD below the young adult reference mean
(shaded area), regression equations and adjusted R2 values are shown. TLM, total lean mass.

Figure 2 The association between age and appendicular lean mass for men (A; dark grey diamonds) and women (B; white circles). Regression line
(wide solid line) and 95% prediction interval (narrow solid line), T score equal to –2.0 (dashed line), data more than 2 SD below the young adult ref-
erence mean (shaded area), regression equations and adjusted R2 values are shown. ALM, appendicular lean mass.

Table 3 Absolute total and appendicular lean mass for men and women by 10 year age groups and for the full age range (20–93 years, displayed as
mean ± standard deviation)

Age
group

Men Women

n TLM (kg) ALM (kg) n TLM (kg) ALM (kg)

20–29 59 61.33 ± 7.26 29.26 ± 3.85 98 41.74 ± 5.32 18.57 ± 2.79
30–39 51 60.00 ± 6.63 28.77 ± 3.97 74 42.97 ± 5.16 19.01 ± 2.73
40–49 83 59.50 ± 6.31 28.02 ± 3.67 96 43.29 ± 4.27 19.30 ± 2.36
50–59 96 58.71 ± 6.23 27.61 ± 3.48 109 42.63 ± 5.29 19.03 ± 2.87
60–69 118 57.64 ± 6.21* 26.82 ± 3.49* 130 40.80 ± 4.10 17.96 ± 2.20
70–79 127 53.36 ± 6.09* 23.97 ± 3.38* 151 39.36 ± 4.25* 17.18 ± 2.42*
≥80 42 51.10 ± 5.61* 22.63 ± 2.98* 71 36.92 ± 4.59* 15.66 ± 2.51*
All 576 57.23 ± 7.00 26.61 ± 4.08 729 41.07 ± 5.05 18.10 ± 2.76

ALM, appendicular lean mass; TLM, total lean mass.
*Statistically significant differences compared with the young adult (20–39 years) reference data (P < 0.05).
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reference group (P< 0.001) (Table 4). In women, relative ALM
decreased compared with the young reference group in indi-
viduals aged 80 years and older (P< 0.001), but no differences
were observed in terms of relative total lean mass (TLM) (P >
0.05). Men demonstrated larger relative total and ALM than
women for all age groups (P < 0.001).

Muscle strength and power

Compared with women, men showed HGS and LEP for all
age groups (P < 0.001), but regardless of gender, both HGS
and LEP decreased progressively with age (Figures 5 and 6)
(P < 0.001). More specifically, HGS decreased in men aged
60 to 69 years, 70 to 79 years, and ≥80 years (P < 0.001)
and in women aged 50 to 59 years, 60 ot 69 years, 70 to 79

years, and ≥80 years compared with young reference values
(P < 0.01) (Table 5). Likewise, LEP decreased in both men
and women aged 50 to 59 years, 60 to 69 years, 70 to 79
years, and ≥80 years compared with the young reference
group (P < 0.001).

Functional capacity

Habitual and maximal GS both decreased with increasing
age in men (Figures 7A and 8A) and women (Figures 7B and
8B) (P < 0.001). Compared with young reference values, ha-
bitual GS was reduced in both men and women aged 70 to 79
years and ≥80 years, while maximal GS was reduced in age
groups 60 to 69 years, 70 to 79 years, and ≥80 years com-
pared with young adults (Table 6) (P < 0.001). In addition,

Figure 3 The association between age and relative total lean mass for men (A; dark grey diamonds) and women (B; white circles). Regression line (wide
solid line) and 95% prediction interval (narrow solid line), T score equal to –2.0 (dashed line), data more than 2 SD below the young adult reference
mean (shaded area), regression equations and adjusted R2 values are shown. TLM/h2, relative total lean mass (normalized to height squared).

Figure 4 The association between age and relative appendicular leanmass for men (A; dark grey diamonds) andwomen (B;white circles). Regression line
(wide solid line) and 95% prediction interval (narrow solid line), T score equal to –2.0 (dashed line), data more than 2 SD below the young adult reference
mean (shaded area), regression equations and adjusted R2 values are shown. ALM/h2, relative appendicular lean mass (normalized to height squared).

The Copenhagen Sarcopenia Study 1321

DOI: 10.1002/jcsm.12477
Journal of Cachexia, Sarcopenia and Muscle 2019; 10: 1316–1329



Table 4 Relative total and appendicular lean mass for men and women by 10 year age groups and for the full age range (20–93 years, displayed as
mean ± standard deviation)

Age
group

Men Women

n Relative TLM (kg/m2) Relative ALM (kg/m2) n Relative TLM (kg/m2) Relative ALM (kg/m2)

20–29 59 18.00 ± 1.84 8.58 ± 0.97 98 14.72 ± 1.33 6.55 ± 0.77
30–39 51 18.26 ± 1.80 8.76 ± 1.11 74 15.10 ± 1.41 6.69 ± 0.82
40–49 83 17.85 ± 1.46 8.40 ± 0.86 96 15.31 ± 1.28 6.82 ± 0.77
50–59 96 18.22 ± 1.75 8.56 ± 1.00 109 15.12 ± 1.61 6.75 ± 0.94
60–69 118 17.92 ± 1.53 8.33 ± 0.87 130 15.01 ± 1.33 6.61 ± 0.75
70–79 127 17.08 ± 1.66* 7.67 ± 0.96* 151 14.78 ± 1.47 6.45 ± 0.87
≥80 42 16.70 ± 1.36* 7.39 ± 0.74* 71 14.41 ± 1.35 6.11 ± 0.80*
All 576 17.72 ± 1.70 8.23 ± 1.02 729 14.93 ± 1.43 6.58 ± 0.84

ALM, appendicular lean mass; TLM, total lean mass.
*Statistically significant differences compared with the young adult (20–39 years) reference data (P < 0.05).

Figure 5 The association between age and handgrip strength for men (A; dark grey diamonds) and women (B; white circles). Regression line (wide solid
line) and 95% prediction interval (narrow solid line), T score equal to –2.0 (dashed line), data more than 2 SD below the young adult reference mean
(shaded area), regression equations and adjusted R2 values are shown. HGS, handgrip strength.

Figure 6 The association between age and leg extension power for men (A; dark grey diamonds) and women (B; white circles). Regression line (wide
solid line) and 95% prediction interval (narrow solid line), T score equal to –2.0 (dashed line), data more than 2 SD below the young adult reference
mean (shaded area), regression equations and adjusted R2 values are shown. LEP, leg extension power.
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Table 5 Handgrip strength and leg extension power for men and women by 10 year age groups and for the full age range (20–93 years, displayed as
mean ± standard deviation)

Age
group

Men Women

n Handgrip strength (kg) Leg extension power (W) n Handgrip strength (kg) Leg extension power (W)

20–29 38 51.59 ± 7.68 375.15 ± 78.40 60 34.88 ± 8.11 228.73 ± 49.16
30–39 51 54.11 ± 8.87 391.37 ± 78.84 73 34.79 ± 6.67 234.46 ± 67.73
40–49 83 53.39 ± 8.95 385.00 ± 95.88 97 34.39 ± 5.63 232.74 ± 59.30
50–59 95 50.26 ± 7.73 322.70 ± 83.36* 108 31.83 ± 5.99* 200.12 ± 55.85*
60–69 116 47.54 ± 8.31* 297.19 ± 82.10* 128 28.09 ± 5.81* 165.37 ± 51.49*
70–79 125 39.99 ± 7.56* 221.11 ± 71.27* 148 23.90 ± 5.09* 129.46 ± 43.97*
≥80 43 33.73 ± 7.96* 164.88 ± 72.26* 71 20.30 ± 4.62* 97.79 ± 36.73*
All 551 46.98 ± 10.22 299.90 ± 107.56 685 29.17 ± 7.75 176.72 ± 70.61

*Statistically significant differences compared with the young adult (20–39 years) reference data (P < 0.05).

Figure 7 The association between age and habitual gait speed for men (A; dark grey diamonds) and women (B; white circles). Regression line (wide
solid line) and 95% prediction interval (narrow solid line), T score equal to –2.0 (dashed line), data more than 2 SD below the young adult reference
mean (shaded area), regression equations and adjusted R2 values are shown. GS, gait speed.

Figure 8 The association between age and maximal gait speed for men (A; dark grey diamonds) and women (B; white circles). Regression line (wide
solid line) and 95% prediction interval (narrow solid line), T score equal to –2.0 (dashed line), data more than 2 SD below the young adult reference
mean (shaded area), regression equations and adjusted R2 values are shown. GS, gait speed.
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men showed elevated maximal and habitual GS compared
with women for all age groups (P < 0.05).

Thirty second STS performance declined with increasing
age in both men and women (P < 0.01) (Figure 9). In ad-
dition, men and women aged 50 to 59 years, 60 to 69
years, 70 to 79 years, and ≥80 years demonstrated

impaired 30 s STS performance compared with their
young reference counterparts (P < 0.001) (Table 7). Differ-
ences in 30 s STS values between men and women were
only observed for the age group 70 to 80 years, with
men performing a higher number of stands than women
(P < 0.05).

Table 6 Maximal and habitual gait speed for men and women by 10 year age groups and for the full age range (20–93 years, displayed as mean ±
standard deviation)

Age
group

Men Women

n Habitual gait speed (m/s) Maximal gait speed (m/s) n Habitual gait speed (m/s) Maximal gait speed (m/s)

20–29 40 1.84 ± 0.25 2.92 ± 0.40 60 1.63 ± 0.26 2.58 ± 0.42
30–39 51 1.72 ± 0.26 2.72 ± 0.42 74 1.61 ± 0.26 2.55 ± 0.42
40–49 83 1.76 ± 0.31 2.79 ± 0.49 96 1.57 ± 0.28 2.49 ± 0.44
50–59 96 1.68 ± 0.28 2.63 ± 0.44 109 1.57 ± 0.32 2.49 ± 0.51
60–69 118 1.66 ± 0.35 2.43 ± 0.50* 130 1.54 ± 0.34 2.19 ± 0.49*
70–79 127 1.54 ± 0.29* 2.00 ± 0.42* 150 1.37 ± 0.27* 1.76 ± 0.39*
≥80 42 1.30 ± 0.34* 1.65 ± 0.49* 72 1.15 ± 0.23* 1.44 ± 0.34*
All 557 1.64 ± 0.33 2.42 ± 0.59 691 1.49 ± 0.32 2.18 ± 0.59

*Statistically significant differences compared with the young adult (20–39 years) reference data (P < 0.05).

Figure 9 The association between age and 30 s sit-to-stand performance for men (A; dark grey diamonds) and women (B; white circles). Regression
line (wide solid line) and 95% prediction interval (narrow solid line), T score equal to –2.0 (dashed line), data more than 2 SD below the young adult
reference mean (shaded area), regression equations and adjusted R2 values are shown. STS, sit-to-stand.

Table 7 Thirty second sit-to-stand performance for men and women by 10 year age groups and for the full age range (20–93 years, displayed as mean
± standard deviation)

Age
group

Men Women

n 30 s sit-to-stand test (reps) n 30 s sit-to-stand test (reps)

20–29 35 26.07 ± 5.34 43 27.09 ± 5.70
30–39 50 28.20 ± 5.58 72 27.36 ± 6.37
40–49 76 26.22 ± 4.98 92 24.60 ± 6.30
50–59 95 23.30 ± 6.05* 108 22.18 ± 6.47*
60–69 118 19.44 ± 6.39* 128 18.57 ± 5.94*
70–79 125 16.45 ± 5.00* 148 15.03 ± 4.43*
≥80 42 13.55 ± 4.37* 72 12.87 ± 3.04*
All 541 21.31 ± 7.16 664 20.30 ± 7.46

*Statistically significant differences compared with the young adult (20–39 years) reference data (P < 0.05).

C. Suetta et al.1324

DOI: 10.1002/jcsm.12477
Journal of Cachexia, Sarcopenia and Muscle 2019; 10: 1316–1329



Discussion

Skeletal muscle function is vital for locomotion, bone
health, neuromuscular function, and metabolism and serves
as an important protein reserve in catabolic conditions.11,37

Consequently, low muscle mass represents an independent
and substantial risk factor for frailty, morbidity, falls, frac-
tures, and mortality in old age as well as for a wide
range of acute and chronic diseases.11,37,38 Yet, despite
solid evidence of the detrimental effects of sarcopenia, no
universally accepted definition appears to exist, and conse-
quently, the prevalence of sarcopenia reported in the liter-
ature varies considerably depending on the definitions used
and the specific populations studied.39 Moreover, the intro-
duction of physical performance (i.e. functional capacity)
and muscle strength as integral parts of the sarcopenia
concept underlines the need for establishing reference ma-
terials that combine muscle mass characteristics with an
evaluation of muscle strength and functional capacity.6

The present study is the first to report the combination
of total and regional lean mass (DXA), muscle strength
and power (HGS and LEP), and functional capacity (GS
and STS performance) in men and women across the adult
lifespan. Notably, the present population-based healthy co-
hort aged 20–93 years provides the first European refer-
ence values for total and regional lean mass measures
obtained in young, middle-aged, and old adults.

When the term sarcopenia was introduced by Irwin
Rosenberg in 1989, it was referring to low skeletal muscle
mass,1 which was operationalized by Baumgartner as values
measured by DXA 2 SD below the normal mean of a young
reference population.2 Although a wide range of assessment
techniques can be used to measure or estimate lean body
mass, DXA is considered the clinical gold standard based on
the feasibility, high validity, accuracy, low radiation exposure,
and price.14,15 Still, it is noteworthy that the two dominant
DXA manufacturers (Hologic and GE Healthcare) when vali-
dated against criterion four-compartment models40,41 have
been shown to produce different body composition results,
stressing the importance of obtaining common reference
data using both scanner types.42

In line with earlier findings, the present study demon-
strate greater ALM in men compared with women for all
age groups (cf. Figure 1).19,20,22 Moreover, a non-linear de-
cline in TLM and ALM was observed with increasing age in
both sexes, also in agreement with previous reports.19,20,22

More specifically, ALM decreased 22.7% and 18.9%
throughout the lifespan in men and women, respectively,
whereas the decrease in ALM/h2 was 15.6% in men and
10.4% in women, respectively.

Notably, the sarcopenia cut-off threshold for ALM/h2 de-
rived in the present study (men 6.60 kg/m2 and women
5.03 kg/m2, Table 2) was lower compared with those re-
ported in classical studies from New Mexico and USA,2,16

while more similar to newer ALM/h2 reference data obtained
both in Australia and in the USA.19,20,22 The difference may
partly be explained by a lower BMI in the present population
(men 25.99 kg/m2 and women 24.64 kg/m2, cf. Table 2) com-
pared with the data from the USA2,16 and Australia.19,20 Re-
gardless, a general trend seems to exist towards lower cut-
off values in more recent studies compared with earlier refer-
ence data,2,16 which may partly be explained by a lower spa-
tial resolution in the older scanner types leading to a
systematic overestimation of lean mass.43 This calls for up-
dated reference values not only in Europe but also in other
parts of the world.

In parallel with the observed decline in lean mass, progres-
sively non-linear reductions in HGS and LEP were observed
with increasing age in both men and women (cf. Figures 5
and 6). Moreover, men showed greater muscle strength
and power (HGS and LEP) than women at all age intervals ex-
amined. Compared with the cut-off values for HGS suggested
by the European Working Group on Sarcopenia in Older Peo-
ple (EWGSOP) in 20103 (men: 30 kg; women: 20 kg), 20187

(men: 27 kg; women: 16 kg), and by the International Work-
ing Group on Sarcopenia in 20114 (men: 26 kg; women: 16
kg), the present values were considerably higher for
men (36.1 kg) and women (20.2 kg) based on the most
recent recommendations.4,7 The recent cut-off values for
HGS suggested by the EWGSOP are based on normative
data from the 12 British studies46 and values 2.5 SD below
the sex-specific young reference group were used. Notably,
the cut-off values based on 2 SD below the young reference
group would have been 32 kg for men and 19 kg for women,
which is very similar to the threshold values in the present
study and the findings from a previous Danish cohort aged
19–72 years.31

In the present study, the cut-off threshold for LEP was
227.5 and 109.7 W for men and women, respectively. To
our best knowledge, no previous cut-off values have been re-
ported based on assessment in large cohorts. However, LEP
has been assessed in a subgroup of subjects in the aforemen-
tioned Danish cohort and, notably, the present cut-off values
were 10–20% higher for both sexes in all age groups,31 which
is supporting the present cohort being representative for
healthy individuals.

Similar to HGS and LEP, a significant decrease in GS with
aging was observed in both men and women. However, dif-
ferences in both magnitude and timing of onset were ob-
served. Thus, habitual GS decreased from the age of 70
and above in both men and women, whereas maximal GS
showed an earlier deflection point by decreasing from the
age of 60 years in men and women compared with young
adults (cf. Table 6). In addition, both GS measures were el-
evated in men compared with women for all age groups.
Although most GS test methods have excellent inter-rater
and test–retest reliabilities, there is no consensus regarding
the optimal measurement protocol including walking
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Table 8 Prevalence of subjects according to T score categories displayed by 10 year age group for men and women

Age
group

Men [n (%)] Women [n (%)]

Less than –2.0 –2.0 to –1.0 Greater than –1.0 Less than –2.0 –2.0 to –1.0 Greater than –1.0

TLM
20–29 2 (3.5) 3 (5.3) 54 (91.2) 1 (1.0) 18 (18.4) 79 (80.6)
30–39 1 (2.0) 8 (16.0) 42 (82.0) 1 (1.4) 6 (8.3) 67 (90.3)
40–49 0 (0.0) 15 (18.3) 68 (81.7) 0 (0.0) 7 (7.4) 89 (92.6)
50–59 2 (2.1) 17 (17.9) 77 (80.0) 1 (0.9) 12 (11.0) 96 (88.1)
60–69 2 (1.7) 28 (23.9) 88 (74.4) 2 (1.6) 22 (17.2) 106 (81.2)
70–79 17 (13.5) 49 (38.9) 61 (47.6) 5 (2.7) 45 (30.0) 101 (67.3)
≥80 7 (16.7) 21 (50.0) 14 (33.3) 8 (11.3) 32 (45.1) 31 (43.7)
All 31 (5.4) 141 (24.8) 397 (69.8) 17 (2.4) 142 (19.6) 564 (78.0)
ALM
20–29 1 (1.7) 5 (8.5) 53 (89.8) 0 (0.0) 16 (16.3) 82 (83.7)
30–39 1 (2.0) 8 (15.7) 42 (82.4) 1 (1.4) 10 (13.5) 63 (85.1)
40–49 1 (1.2) 17 (20.5) 65 (78.3) 0 (0.0) 8 (8.3) 88 (91.7)
50–59 3 (3.1) 19 (19.8) 74 (77.1) 2 (1.8) 7 (6.4) 100 (91.7)
60–69 6 (5.1) 31 (26.3) 81 (68.6) 2 (1.5) 21 (16.2) 107 (82.3)
70–79 27 (21.3) 55 (43.3) 45 (35.4) 3 (2.0) 47 (31.1) 101 (66.9)
≥80 12 (28.6) 30 (47.6) 10 (23.8) 10 (14.1) 31 (43.7) 30 (42.3)
All 51 (8.9) 155 (26.9) 370 (64.2) 18 (2.5) 140 (19.2) 571 (78.3)
Relative TLM
20–29 2 (3.5) 6 (10.5) 51 (86.0) 2 (2.0) 17 (17.3) 79 (80.6)
30–39 0 (0.0) 6 (12.0) 45 (88.0) 1 (1.4) 8 (11.1) 65 (87.5)
40–49 0 (0.0) 11 (13.4) 72 (86.6) 0 (0.0) 7 (7.4) 89 (92.6)
50–59 2 (2.1) 10 (10.5) 84 (87.4) 3 (2.8) 8 (7.3) 98 (89.9)
60–69 0 (0.0) 14 (12.0) 104 (88.0) 0 (0.0) 14 (10.2) 116 (89.8)
70–79 7 (5.6) 29 (23.0) 91 (71.4) 2 (1.3) 23 (15.3) 126 (83.3)
≥80 2 (4.8) 14 (33.3) 26 (61.9) 1 (1.4) 19 (26.8) 51 (71.8)
All 13 (2.3) 90 (15.8) 473 (81.9) 9 (1.2) 96 (13.1) 624 (85.6)
Relative ALM
20–29 0 (0.0) 9 (15.3) 50 (84.7) 1 (1.0) 17 (17.3) 80 (81.6)
30–39 0 (0.0) 7 (13.7) 44 (86.3) 0 (0.0) 11 (14.9) 63 (85.1)
40–49 0 (0.0) 15 (18.1) 68 (81.9) 0 (0.0) 8 (8.3) 88 (91.7)
50–59 2 (2.1) 15 (15.6) 79 (82.3) 2 (1.8) 7 (6.4) 100 (91.7)
60–69 3 (2.5) 22 (18.6) 93 (78.8) 0 (0.0) 18 (13.8) 112 (86.2)
70–79 13 (10.2) 47 (37.0) 67 (52.8) 5 (3.3) 36 (23.8) 110 (72.8)
≥80 6 (14.3) 23 (54.8) 13 (31.0) 5 (7.0) 18 (25.4) 48 (67.6)
All 24 (4.2) 138 (24.0) 414 (71.9) 13 (1.8) 115 (15.8) 601 (82.4)
Handgrip strength
20–29 1 (2.6) 6 (15.8) 31 (81.6) 0 (0.0) 8 (13.3) 52 (86.7)
30–39 1 (2.0) 6 (11.8) 44 (86.3) 1 (1.4) 6 (8.2) 66 (90.4)
40–49 1 (1.2) 10 (12.0) 72 (86.7) 0 (0.0) 11 (11.3) 86 (88.7)
50–59 2 (2.1) 20 (21.1) 73 (76.8) 1 (0.9) 27 (25.0) 80 (74.1)
60–69 8 (6.9) 34 (29.3) 74 (63.8) 12 (9.4) 45 (35.2) 71 (55.5)
70–79 38 (30.4) 52 (41.6) 35 (28.0) 33 (22.3) 78 (52.7) 37 (25.0)
≥80 26 (60.5) 14 (32.6) 3 (7.0) 37 (52.1) 31 (43.7) 3 (4.2)
All 77 (14.0) 142 (25.8) 332 (60.3) 84 (12.3) 206 (30.1) 395 (57.7)
Leg extensor power
20–29 3 (8.6) 4 (11.4) 28 (80.0) 1 (2.3) 4 (9.3) 38 (88.4)
30–39 1 (2.0) 5 (10.0) 44 (88.0) 1 (1.4) 13 (17.8) 59 (80.8)
40–49 3 (3.9) 12 (15.8) 61 (80.3) 1 (1.1) 14 (15.2) 77 (83.7)
50–59 12 (12.6) 29 (30.5) 54 (56.8) 5 (4.6) 29 (26.9) 74 (68.5)
60–69 26 (22.0) 40 (33.9) 52 (44.1) 16 (12.5) 58 (45.3) 54 (42.2)
70–79 70 (56.0) 38 (30.4) 17 (13.6) 49 (33.1) 68 (45.9) 31 (20.9)
≥80 38 (90.5) 2 (4.8) 2 (4.8) 44 (61.1) 27 (37.5) 1 (1.4)
All 153 (28.3) 130 (24.0) 258 (47.7) 117 (17.6) 213 (32.1) 334 (50.3)
Habitual gait speed
20–29 0 (0.0) 11 (27.5) 29 (72.5) 0 (0.0) 11 (18.3) 49 (81.7)
30–39 4 (7.8) 18 (35.3) 29 (56.9) 2 (2.7) 12 (16.2) 60 (81.1)
40–49 5 (6.0) 31 (37.3) 47 (56.6) 1 (1.0) 24 (25.0) 71 (74.0)
50–59 13 (13.5) 38 (39.6) 45 (46.9) 12 (11.0) 17 (15.6) 80 (73.4)
60–69 19 (16.1) 39 (33.1) 60 (50.8) 13 (10.0) 30 (23.1) 87 (66.9)
70–79 41 (32.3) 34 (26.8) 52 (40.9) 20 (13.3) 63 (42.0) 67 (44.7)
≥80 23 (54.8) 11 (26.2) 8 (19.0) 29 (40.3) 33 (45.8) 10 (13.9)
All 105 (18.9) 182 (32.7) 270 (48.5) 77 (11.1) 190 (27.5) 424 (61.4)

(Continues)
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distance, instructed pace, and start mode.44 Notably, maxi-
mal GS has been associated with skeletal muscle mass and
self-rated health in older individuals,45 indicating that walking
speed at maximal pace is an important parameter to show
early changes in health and functional performance.45 By con-
trast, habitual GS may be influenced by the desire of the per-
son being tested to demonstrate a ‘normal’ physical function.

In line with maximal GS and LEP, 30 s STS performance was
found to decline from the age of 50 years in men and women
compared with young individuals (cf. Table 7). However, in
contrast to all other measurements, STS performance did
not differ between men and women, apart from the age
group of 70–79 years. Yet, despite that both HGS and STS
started to decline from the fifth decade, the 30 s STS out-
come variable was considerable more senstive to aging. Thus,
compared with the young reference population, 14.0% men
and 12.3% women (Table 8) demonstrated reduced HGS,
whereas 29.5% men and 31.8% women (Table 8) had a 30 s
STS test below the present cut-off values (women: 15 STS
per 30 s, men: 16 STS per 30 s) supporting that the 30 s
STS test represents a low cost, fast, and sensitive screening
tool for sarcopenia and age-related loss in functional
capacity.36

A major strength of the present study was that all mea-
surements in a given participant were performed on the
same day by one of three designated and trained technicians.
Further, all assessments of lean mass were performed using
the same iDXA scanner (GE Healthcare), which is rare com-
pared with other reference reports.19,20,22 In relation to the
updated EWGSOP recommendations, it would have been
valuable to obtain data using the 5×STS test; however, we
chose to measure the 30 s STS test as it seems more sensitive

with low and high performance values (below and above 5
reps) as demonstrated by McAllister and coworkers.35 An-
other potential study limitation was that cut-off values for ha-
bitual GS may have been overestimated or underestimated,
because only maximal GS were directly measured. Lastly, sim-
ilarly to previous reference materials,2,16,19,20,22 only limited
information could be obtained regarding the persons who
were invited but did not actively accept to participate in the
present study. However, based on the obtained data, the
present study population appears to represent a healthy Dan-
ish population, which, depending on the perspective, may be
considered a limitation or a strength of the study. Thus, it
may be argued that the present data might not be represen-
tative for the general Danish population. On the other hand,
the present reference material based on an apparently
healthy population may be usable to identify individuals at
risk of low physical performance or low muscle mass indepen-
dently of any co-morbidities.

In conclusion, the present data obtained in 1305 healthy
citizens located in greater Copenhagen revealed that power-
based measures of functional capacity (LEP and 30 s STS)
started to decline already at age +50 years, whereas grip
strength and habitual gait parameters (GS and HGS) and lean
mass characteristics (TLM, ALM, and ALM/h2) remained unal-
tered until after the age of +70 years. Further, our data un-
derline a strong need for establishing local (regional)
reference data given that the lean mass and BMI cut-off
values were lower compared with previous reference data
obtained in populations from New Mexico and the USA,2,16

respectively, whereas cut-off values for GS, HGS, and STS per-
formance generally were higher compared with previous
reports.7,46

Table 8 (continued)

Age
group

Men [n (%)] Women [n (%)]

Less than –2.0 –2.0 to –1.0 Greater than –1.0 Less than –2.0 –2.0 to –1.0 Greater than –1.0

Maximal gait speed
20–29 0 (0.0) 4 (10.0) 36 (90.0) 0 (0.0) 7 (11.7) 53 (88.3)
30–39 1 (2.0) 11 (21.6) 39 (76.5) 2 (2.7) 11 (14.9) 61 (82.4)
40–49 1 (1.2) 15 (18.1) 67 (80.7) 1 (1.0) 23 (24.0) 72 (75.0)
50–59 5 (5.2) 21 (21.9) 70 (72.9) 12 (11.0) 13 (11.9) 84 (77.1)
60–69 16 (13.6) 46 (39.0) 56 (47.5) 27 (20.8) 38 (29.2) 65 (50.0)
70–79 60 (47.2) 43 (33.9) 24 (18.9) 83 (55.3) 41 (27.3) 26 (17.3)
≥80 30 (71.4) 9 (21.4) 3 (7.1) 62 (86.1) 8 (11.1) 2 (2.8)
All 113 (20.3) 149 (26.8) 295 (53.0) 187 (27.1) 141 (20.4) 363 (52.5)
30 s STS test
20–29 1 (2.5) 10 (25.0) 29 (72.5) 1 (1.7) 8 (13.8) 49 (84.5)
30–39 0 (0.0) 6 (11.8) 45 (88.2) 2 (2.7) 10 (13.5) 62 (83.8)
40–49 2 (2.4) 12 (14.5) 69 (83.1) 5 (5.2) 28 (29.2) 63 (65.6)
50–59 16 (16.7) 22 (22.9) 58 (60.4) 19 (17.4) 34 (31.2) 56 (51.4)
60–69 44 (37.3) 31 (26.3) 43 (36.4) 42 (32.8) 52 (40.6) 34 (26.6)
70–79 71 (56.8) 31 (24.8) 23 (18.4) 93 (62.4) 43 (28.9) 13 (8.7)
≥80 29 (72.5) 10 (25.0) 1 (2.5) 56 (78.9) 15 (21.1) 0 (0.0)
All 163 (29.5) 122 (22.1) 268 (48.5) 218 (31.8) 190 (27.7) 277 (40.4)

ALM, appendicular lean mass; STS, sit-to-stand; TLM, total lean mass.
Less than –2.0, measure more than 2 SD below the young adult reference mean; –2.0 to –1.0, measure equal to or between 1 and 2 SD
below the young adult reference mean; greater than –1.0, measure <1 SD below the young adult reference mean.
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Perspectives

Despite aetiological differences,47 both primary and second-
ary sarcopenia are globally under-recognized and negatively
affecting millions of elderly people and patients, and being
closely related to deteriorations in functional capacity, in-
creased risk of frailty, and increased morbidity and mortal-
ity.3,11,37 In both conditions, there is a strong need for
effective diagnostic tools to identify the different domains
of muscle loss, for example, low muscle mass and/or parallel
impairments in muscle strength and functional capacity. A
distinction between the different domains of muscle dysfunc-
tion may facilitate the development of targeted individualized
treatments with the purpose of increasing muscle mass, mus-
cle strength, and/or physical function, respectively, as a result
of individualized non-pharmacological (exercise and/or nutri-
tion based) and/or pharmacological interventions. Reference
material as presented in the present study may help to indi-
vidualize such targeted intervention efforts.
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