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Abstract
Summary In this study, we compare the extent to which seven
available definitions of sarcopenia and two related definitions
predict the rate of falling. Our results suggest that the defini-
tions of Baumgartner and Cruz-Jentoft best predict the rate of
falls among sarcopenic versus non-sarcopenic community-
dwelling seniors.
Introduction The purpose of the study is to compare the extent
to which seven available definitions of sarcopenia and two
related definitions predict the prospective rate of falling.
Methods We studied a cohort of 445 seniors (mean age
71 years, 45 % men) living in the community who were
followed with a detailed fall assessment for 3 years. For
comparing the rate of falls in sarcopenic versus non-

sarcopenic individuals, we used multivariate Poisson regres-
sion analyses adjusting for gender and treatment (original
intervention tested vitamin D plus calcium against placebo).
Of the seven available definitions, three were based on low
lean mass alone (Baumgartner, Delmonico 1 and 2) and four
required both low muscle mass and decreased performance
in a functional test (Fielding, Cruz-Jentoft, Morley,
Muscaritoli). The two related definitions were based on
low lean mass alone (Studenski 1) and low lean mass con-
tributing to weakness (Studenski 2).
Results Among 445 participants, 231 fell, sustaining 514 falls
over the 3-year follow-up. The prospective rate of falls in
sarcopenic versus non-sarcopenic individuals was best pre-
dicted by the Baumgartner definition based on low lean mass
alone (RR=1.54; 95%CI 1.09–2.18) with 11% prevalence of
sarcopenia and the Cruz-Jentoft definition based on low lean
mass plus decreased functional performance (RR=1.82; 95 %
CI 1.24–2.69) with 7.1 % prevalence of sarcopenia. Consis-
tently, fall rate was non-significantly higher in sarcopenic ver-
sus non-sarcopenic individuals based on the definitions of
Delmonico 1, Fielding, and Morley.
Conclusion Among the definitions investigated, the
Baumgartner definition and the Cruz-Jentoft definition had
the highest validity for predicting the rate of falls.

Keywords Community-dwelling seniors . Comparative
performance . Falls . Prevalence . Sarcopenia

Introduction

The European population is aging rapidly, and the num-
ber of seniors aged 65 and older is expected to increase
from 25 to 40 % by 2030 [1], as is the number of
seniors wi th physica l d i sabi l i ty and resul t ing
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consequences, such as falls, fractures, and loss of auton-
omy [2–4]. This causes enormous challenges to the in-
dividual, health economy, and societies as a whole
[5–11]. A condition that is considered central to the
development of physical disability, frailty, and their con-
sequences are sarcopenia [4, 5, 9, 10, 12–23] and the
loss of muscle mass and strength [20, 24].

The prevalence of sarcopenia has been reported to range
between 5 and 13 % in seniors aged 60 to 70 years, and 11
and 50 % in seniors age 80 and above [16, 25]. Given the
high prevalence of sarcopenia and its costly consequences,
it imposes an enormous and rising economic burden. Based
on the effect of sarcopenia on increasing physical disability
risk in older persons, the direct healthcare cost attributable
to sarcopenia in the USA in 2000 was estimated to be
$18.5 billion [5], and a 10 % reduction in sarcopenia prev-
alence would result in savings of $1.1 billion per year in
US healthcare costs [5]. To date, however, the development
of effective treatments for sarcopenia is hampered by reg-
ulatory and consensual obstacles on how to define and
measure sarcopenia as a medical condition in the senior
population [9, 14].

The underlying conceptual model of sarcopenia is that
low skeletal mass leads to decreased muscle strength, and
that decreased strength impairs physical function, which is
thought to cause an increased risk of falls and to precede
physical disability and frailty [26]. Seven operational defini-
tions of sarcopenia [15–17, 21–23, 27] have been published,
and two main concepts have been proposed, one that is
based on low muscle mass alone [21–23] and the other that
requires both low muscle mass and decreased performance
in a functional test within a composite definition of
sarcopenia [15–17, 27].

Falls in senior adults are accepted as a severe complica-
tion of sarcopenia [15, 16, 26] and are frequent and costly
events [28]. One in three adults aged 65 and one in two aged
80 years and older fall each year [29, 30]. Falls cause mod-
erate to severe injuries in 20 to 30 % of cases, which result
in functional impairment and increase the risk of nursing
home admission and mortality [30, 31]. In the USA, the total
direct medical costs of fall injuries for seniors 65 years and
older was $30 billion in 2012 [28]. By 2020, the annual
direct and indirect cost of fall injuries is expected to reach
$67.7 billion [32].

While several definitions of sarcopenia have been pro-
posed, they lack comparative performance testing against im-
portant endpoints such as falls. In this manuscript, we com-
pared the extent to which available operational definitions of
sarcopenia predict the rate of falls in 445 community-dwelling
seniors age 65 years and older who were followed for 3 years.
For the primary analyses, we focused on the rate of falls as
each fall carries an important risk of injury, functional decline,
and loss of autonomy [30, 31].

Methods

Cohort

The study was based in the original Boston STOP-IT cohort,
which enrolled 445 healthy community-dwelling seniors age
65 and older, of whom 430 were White, 11 were Black, and 4
were Asian. All participants provided written informed con-
sent, and the study protocol was approved by the Human
Investigation Review Committee at Tufts University, Boston,
USA. The original study design was a 3-year double-blind
placebo-controlled trial originally designed and powered to
study the effect of cholecalciferol-calcium on bone mineral
density [33]. A secondary analysis addressed the effect of
cholecalciferol-calcium on a person’s risk of falling [34]. Of
445 subjects who were randomized, 389 attended the 3-year
follow-up visit, and 318 were still receiving study medication
at the 3-year follow-up visit.

The following exclusion criteria were applied: therapy
consisting of bisphosphonate, calcitonin, estrogen, tamoxifen
citrate, or testosterone in the past 6 months or fluoride in the
past 2 years; those with a history of renal disease or renal stone
in the past 5 years; and those with current cancer, hyperpara-
thyroidism, dietary calcium intake exceeding 1500 mg/day, or
laboratory evidence of kidney or liver disease. Additional ex-
clusion criteria have been published previously [33].

Fall definition and ascertainment

Participants were asked to send a postcard after every fall,
which was then followed by a telephone call from a staff
member to assess the circumstances of the fall. In addition,
falls were ascertained at every 6-month follow-up visit. Falls
were defined as Bunintentionally coming to rest on the ground,
floor, or other lower level [35].^ For the primary analyses, we
focus on the total number of falls reflecting the mean inci-
dence at the individual level. As each fall carries an important
risk of injury, functional decline, and loss of autonomy, this
was our pre-defined preferred outcome as opposed to falling at
least once [30, 31].

Measurements

Throughout the 3-year trial, subjects were invited to the study
center every 6 months for a follow-up visit (six visits). Base-
line body mass index was measured as weight in kilograms
divided by the square of the height in meters at the study
center. Baseline 25-hydroxyvitamin D (25-OHD) levels were
measured by a competitive protein binding assay as described
by Preece et al. [36]. Total body leanmass, total body fat mass,
and appendicular muscle mass was measured by dual-energy
X-ray absorptiometry with use of a DPX-L scanner (Lunar
Radiation, Madison, WI). Scanner software versions 1.2 and
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1.3 were used for data acquisition and analysis. Grip strength
of the dominant and nondominant arms was measured twice at
each visit and the higher of the two measurements for each
arm was recorded. Gait speed was assessed by recording the
time required to walk 15 feet. Subjects were asked to walk the
15 feet at their normal pace.

Seven available definitions of sarcopenia and two related
definitions

Three definitions focused on low muscle mass by DEXA alone

The first definition was proposed by Baumgartner et al. in
1998 [21] and is based on appendicular skeletal lean mass
(ALM). According to this definition, individuals whose

ALM divided by height squared ( ALM kgð Þ
Height2 m2ð Þ ) is 2 or more

standard deviations below sex-specific means of the Rosetta
study [37] reference data set are defined as sarcopenic. The
1996 Rosetta Study included 284 participants (148 women
and 136 men), White and African-American, average age
47.6 years [37]. Cutoffs for the definition based on data from
Rosetta study reference data set are ≤7.26 kg/m [2] for men
and ≤5.45 kg/m2 for women. This definition is further referred
to as BBaumgartner.^

The second definition was proposed by Delmonico et al. in
2007 and is calculated in the same way but the reference
population and threshold for low appendicular lean mass is
different. According to this definition, individuals whose

ALM divided by height squared ( ALM kgð Þ
Height2 m2ð Þ ) is below the

20th percentile of sex-specific distribution of the reference
population in the Health ABC study [22] are defined
sarcopenic. The 2000 baseline cohort of the Health ABC
study included 1761 participants (992 men and 769 women),
25–44 years old [38]. Cutoffs for the definition based on data
from the Health ABC study reference data set are ≤7.25 kg/m2

for men and ≤5.67 kg/m2 for women. This definition is further
referred to as BDelmonico 1.^

The third definition was proposed by Delmonico et al. in
2009 and uses the same reference population (Health ABC) as
in Delmonico 1 but extends to gender-specific residuals that
also include fat mass [22]. Linear models regressing ALM by
height and total body fat mass were fit separately to the data
from men and women. For men, the resulting model was
ALM(kg)=−22.59+24.21×height (m)+0.21× total fat
mass(kg). For women, the resulting model was AL(kg)=−
13.21+14.76×height (m)+0.23×total fat mass (kg). These
models, when used on the population under study, give pre-
dicted values for ALM for each individual. Then for each
individual, a residual is calculated as a difference between
observed and predicted ALM. A positive residual indicates
that the person is relatively more muscular than predicted by
the model and a negative residual suggests that this person is

less muscular than predicted. People whose residuals fall be-
low the 20th percentile of the sex-specific distribution are
defined as Bsarcopenic.^ This definition is further referred to
as BDelmonico 2.^

Four definitions focused on both low muscle mass by DEXA
and decreased performance in a functional test such as slow
gait speed or reduced grip strength

The fourth definition was proposed by Cruz-Jentoft et al. for
the European Working Group on Sarcopenia in Older People
in 2010 [15]. In addition to low ALM, the definition also
requires decreased gait speed performance and/or decreased
grip strength. Sarcopenia is defined by two conditions: (1)
ALM
height2

≤7.26 kg/m2 for men and ≤5.54 kg/m2 for women and

(2) gate speed <0.8 m/s and/or low grip strength <30 kg for
men and <20 kg for women. As the authors do not provide a
definite recommendation on the cutoff for low appendicular
mass, we used the cutoffs proposed by Baumgartner based on
the Rosetta study. This definition is further referred to as
BCruz-Jentoft.^

The fifth definition was proposed by Fielding et al. for
the International Working Group on Sarcopenia in 2011
[16]. In addition to low ALM using Health ABC as the
reference population, the definition also requires decreased
gait speed performance. Sarcopenia is defined by two con-
ditions: (1) ALM

height2
≤7.23 kg/m2 for men and ≤5.67 kg/m2 for

women and (2) gate speed <1 m/s. This definition is further
referred to as BFielding.^

The sixth definition was proposed by Morley et al. for the
Society for Sarcopenia, Cachexia, and Wasting Disorders
BSarcopenia with limited mobility^ in 2011 [17]. In addition
to low ALM, the definition requires low gait speed or a dis-
tance less than 400 m on the 6-min walk. Sarcopenia is de-
fined by two conditions: (1) ALM

height2
of 2 standard deviations of

more below the mean of healthy individuals between 20 and
30 years of age of the same ethnic group, using NHANES IV
[39] as the reference population. The 2008 NHANES IV co-
hort includes 2402 participants (1035 men and 1367 women),
20–30 years old [39]. Sarcopenia is defined by two conditions:
(1) appendicular muscle mass ≤6.81 kg/m2 for men and
≤5.18 kg/m2 for women and (2) gate speed <1.0 m/s. This
definition is further referred to as BMorley.^

The seventh definition was proposed by Muscaritoli et al.
for the Special Interest Groups Bcachexia-anorexia in chronic
wasting diseases^ and Bnutrition in geriatrics^ in 2010 [27]. In
addition to low lean mass, the definition also requires low gait
speed. To define low muscle mass, like other authors, a −2SD
cutoff is proposed, however, related to total body skeletal lean
mass (TLM) as opposed to appendicular lean mass. For gait
speed they propose <0.8 m/s as a cutoff for Blow gait speed.^
For the low lean mass cutoff, Muscaritoli et al. refer to a paper
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by Janssen et al. [40]. In order to standardize TLM measure-
ments, Janssen et al. propose using a skeletal mass index
(SMI): SMI ¼ SM

BodyMass� 100 Sarcopenia is defined by two

conditions: (1) SMI ≤37 % for men and SMI ≤28 % for wom-
en and (2) gate speed <0.8 m/s. This definition is further re-
ferred to as BMuscaritoli.^

We also identified two recently published related defini-
tions proposed by Studenski et al. for the Foundation for the
National Institutes of Health Biomarkers Consortium
Sarcopenia Project [41]. BStudenski 1^ refers to low lean
mass and BStudenski 2^ refers to low lean mass contributing
to weakness. To define low lean mass, the authors use ALM
adjusted for body mass index (ALMBMI) and weakness is
defined based on grip strength. As a reference data set for
the ALMBMI thresholds, the authors use a pooled data set of
26,625 community-dwelling older adults age 65 years and
older (11,427 men and 15,198 women) from nine studies
(the Study of Osteoporotic Fractures (SOF), the Osteoporot-
ic Fractures in Men (MrOS) Study, the Framingham study,
the UConn clinical trials, the Boston Puerto Rican Health
Study, the Rancho Bernardo Study, the InChianti, Health
ABC, and the AGES-Reykjavik study). The Studenski 1
definition of low lean mass alone is defined by ALMBMI <
0.789 men and ALMBMI < 0.512 for women. The Studenski
2 definition of low lean mass contributing to weakness re-
quires two conditions: (1) grip strength <26 kg for men and
<16 kg for women and (2) ALMBMI <0.789 men and
ALMBMI <0.512 for women.

Statistics

All analyses were based on 445 seniors enrolled in the Boston
STOP-IT trial. Prevalence of sarcopenic individuals at base-
line was defined according to the seven definitions as outlined
above. We used Poisson regression to compare the rate of falls
between individuals classified as sarcopenic versus individ-
uals classified as non-sarcopenic during the 36-month fol-
low-up, for each of the seven available definitions of
sarcopenia and the two related definitions. Because the origi-
nal study design was a clinical trial, the model included ad-
justment for treatment and gender for the full data set. Fully
adjusted models also included age, BMI, and baseline serum
25(OH)D level. To account for the reduced exposure time
among patients who died or withdrew from the study, we used
an offset in the Poisson regression equal to the number of days
in the study.

We performed several sensitivity analyses

In the first, we performed subgroup analyses for the rate of
falls stratified by gender to test whether there is a differential
pattern among men and women. For the second sensitivity

analysis, we used a binary variable (fall yes versus no) instead
of the rate of falls as the outcome variable. For this analysis,
we used logistic models adjusting for the same set of covari-
ates as the Poisson models of the primary analyses.

Results

Fifty-two percent of the subjects fell during the 3-year study
(48.9 % of men and 54.7 % of women). The 213 fallers
sustained a total of 514 falls: 45 % had 1 fall, 24 % had 2
falls, and 31 % had 3+ falls. Mean±SD baseline 25-OHD
levels were 26.6±12.7 ng/mL (66.4±31.7 nmol/L) in women
and 33.2±14.2 ng/mL (82.9±34.9) in men. Table 1 describes
baseline characteristics of the study population.

Prevalence of sarcopenia

Across the seven available definitions of sarcopenia plus the
two related definitions, the prevalence of sarcopenia varied
between 2.5 and 27.2 % among women, and 3.1 and 20.4 %
among men (Table 2). The overall pattern suggested that the
composite definitions were more conservative in defining
sarcopenia compared with definitions that used ALM alone.
Only one composite definition, the one by Muscaritoli et al.,
provided a higher prevalence of sarcopenia based on total lean
mass plus low gait speed identifying 20.4 % of men and
26.2 % of women as sarcopenic.

Among the three definitions that used low lean mass
alone based on ALM, the prevalence of sarcopenia in men
and women combined varied between 11 % (Baumgartner)
and 21.4 % (Delmonico 2). Among the other four definitions
(excluding Muscaritoli) that used low lean mass based on
ALM in combination with decreased performance in a func-
tional test, the prevalence of sarcopenia in men and women
combined varied between 2.7 and 7.1 %.

Regarding prevalence by gender, all definitions except
Delmonico 1 and 2 suggested a similar prevalence of
sarcopenia among men and women.

Comparative performance with respect to rate of falls

The prospective rate of falls in sarcopenic versus non-
sarcopenic individuals was best predicted by the Baumgartner
definition based on low ALM (RR=1.54; 95 % CI 1.09–2.18)
and the Cruz-Jentoft composite definition of low ALM plus
low gait speed or decreased grip strength (RR=1.82; 95 % CI
1.24–2.69). For all other sarcopenia definitions but
Delmonico 2 and Muscaritoli, sarcopenic individuals had a
non-significantly higher rate of falls compared with non-
sarcopenic individuals (Fig. 1, Table 3). For the two related
definitions Studenski 1 and 2, seniors with low lean mass had
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a neutral and those with low lean mass contributing to weak-
ness had a non-significantly lower rate of falls.

Comparative performance with respect to rate of falls—by
gender

In the sensitivity analysis for the prospective rate of falls by
gender (Table 3), all definitions but Delmonico 2 and the two
related definitions Studenski 1 and 2 indicated a higher rate of
falls among affected men, although this was significant only
for the Delmonico 2 definition. For women, a similar validity

of an increased rate of falls among sarcopenic women was
documented for the Baumgartner and the Cruz-Jentoft defini-
tions. Notably, however, for Delmonico 2, Muscaritoli and
Studenski 1+2, the direction was inverted with a suggested
lower rate of falls among affected women.

Comparative performance with respect to odds of becoming
a faller

In the sensitivity analysis for the odds of becoming a faller
(Table 3), the composite definitions tended to work best with

Table 1 Baseline characteristics of the study population

Mean, SD (±) Men (N=199) Women (N=246) p* Combined (N=445)

Age, years 70.70 (4.60) 71.15 (4.62) 0.30 70.95 (4.61)

Height, meter (m) 1.74 (0.06) 1.60 (0.06) <0.0001 1.66 (0.10)

Total body weight, kilogram (kg) 81.85 (11.89) 68.05 (12.46) <0.0001 74.22 (14.00)

Body mass index, kg/m2 27.01 (3.36) 26.70 (4.78) 0.42 26.84 (4.20)

Total body lean mass, kg 54.85 (5.63) 37.63 (4.41) <0.0001 45.29 (9.91)

Total body fat mass, kg 23.00 (7.81) 27.16 (9.00) <0.0001 25.31 (8.73)

Appendicular lean muscle mass, kg 24.81 (3.06) 15.93 (2.31) <0.0001 19.88 (5.16)

Appendicular lean muscle mass/height sq. (kg/m2) 8.19 (0.83) 6.24 (0.76) <0.0001 7.11 (1.25)

Appendicular lean muscle mass adjusted for BMI 0.93 (0.11) 0.61 (0.09) <0.0001 0.75 (0.19)

Grip strength in dominant hand, kgF 35.67 (6.50) 19.46 (4.79) <0.0001 26.67 (9.82)

Gait speed, m/s 1.05 (0.22) 1.00 (0.20) 0.01 1.02 (0.22)

*Based on two-sample t test for continuous variables and on χ2 test for categorical variables

Table 2 Prevalence of
sarcopenia according to the seven
available definitions and two
related definitions

Definition Men (N=199) Women (N=246) p* Both genders (N=445)

Frequency % Frequency % Frequency %

Definitions based on low muscle mass alone

Baumgartnera 24 12.2 25 10.2 0.54 49 11.0

Delmonico 1a 22 11.2 53 21.5 0.005 75 16.9

Delmonico 2a 28 14.2 67 27.2 0.001 95 21.4

Studenski 1a 19 9.6 33 13.4 0.06 52 11.7

Composite definitions based on low muscle and decreased performance in a functional test

Cruz-Jentoft 13 6.6 18 7.4 0.85 31 7.1

Fieldingb 7 3.6 15 6.2 0.27 22 5.0

Morley 6 3.1 6 2.5 0.77 12 2.7

Muscaritoli 40 20.4 64 26.2 0.18 104 23.6

Studenski 2 3 1.55 11 4.51 0.10 14 3.1

All definitions refer to appendicular lean mass (ALM) for DEXA muscle mass assessment except Muscaritoli,
which refers to total body lean mass (TLM)

*p values are based on Fisher’s exact test comparing prevalence’s of sarcopenia between men and women for the
seven available definitions of sarcopenia and the two related definitions for low leanmass alone (Studenski 1) and
for low lean mass contributing to weakness (Studenski 2)
a Two patients had missing data on appendicular lean muscle mass, height, or total fat mass. Sample size for these
definitions is N=443
b In addition to the participants mentioned above three participants had missing gait speed data. Sample size for
fielding definition: N=440
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sarcopenic individuals having higher odds of becoming a
faller. Among the definitions that focused on low lean mass
alone, the Baumgartner definition showed consistent validi-
ty. Also, consistent with the primary findings, the
Delmonico 2, Muscaritoli, and Studenski 1+2 definitions
suggested non-significantly lower odds of becoming a faller
among affected individuals. For the primary and sensitivity
analyses, the additional adjustments by age, BMI, and base-
line 25(OH)D status made no major difference in the results
presented in Table 3.

Discussion

Falling is a widely accepted serious and clinically and
economically relevant consequence of sarcopenia [15,
16]. To our knowledge, our study is the first attempt to
define and compare the extent to which seven available
definitions of sarcopenia [15–17, 21–23, 27] and two re-
cently published related definitions [41] of low lean mass
and low lean mass contributing to weakness predict the
rate of falling. Our results, based on a cohort of 445
community-dwelling seniors age 65 years and older
followed for 3 years, suggest that the definitions of
Baumgartner referring to low appendicular lean mass alone
and Cruz-Jentoft requiring both low appendicular lean
mass and decreased performance in gait speed and/or grip
strength best predict the rate of falls among sarcopenic
versus non-sarcopenic community-dwelling seniors.

With the same cutoff for low appendicular lean mass, the
additional requirement of decreased function in the Cruz-
Jentoft definition increased the prediction of the rate of falls
among sarcopenic individuals from an odds ratio of 1.54
(Baumgartner) to 1.82 (Cruz-Jentoft) and reduced the respec-
tive prevalence of sarcopenia from 11 % (Baumgartner) to
7.1 % (Cruz-Jentoft).

At the beginning of its conceptualization, the definition of
sarcopenia was related to loss of muscle mass alone [24].
Then clinical observations in ageing cohorts emerged sug-
gesting that muscle mass loss alone may not predict future
strength decline [4, 42]. These important observations sup-
ported the rationale for the use of composite definitions of
sarcopenia, which required both low muscle mass and the
presence of decreased strength/gait performance to define
sarcopenia [13, 14]. However, with the composite
sarcopenia definition that purportedly captures decreased
muscle mass and quality, several aspects may need to be
considered. First, as decreased function is an integral part
of these definitions, a better prediction of functional decline
with the composite definition of sarcopenia as compared
with low lean mass alone may be considered flawed.
Second, by making it necessary that both criteria of low lean
mass and decreased functional performance are met, most
likely a progressed state of sarcopenia is identified, and the
opportunity of early diagnosis of sarcopenia may be missed.
Third, the requirement of both low lean mass and decreased
performance in a functional test identifies very few
community-dwelling seniors as sarcopenic [43].
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Fig. 1 Prospective rate of falls in sarcopenic versus non-sarcopenic
seniors based on seven available definitions of sarcopenia plus two
related definitions on low lean mass and low lean mass contributing to
weakness. We used Poisson regression to compare the rate of falls
between individuals classified as sarcopenic versus individuals
classified as non-sarcopenic during the 3-year follow-up. The two
related definitions by Studenski, refer to low lean mass (Studenski 1)
and weakness due to low lean mass (Studenski 2). The filled circles
represent definitions that were based on low lean mass alone, while the

open circles represent definitions that required both low lean mass and
decreased functional performance. The analyses adjusted for treatment
and gender. Best performance was documented for the Baumgartner
and the Cruz-Jentoft definition of sarcopenia. The Delmonico 2 (adding
body fat), the Muscaritoli (using total lean mass as oppose to ALM plus
low gait speed) and the Studenski 1 (adjusting ALM for BMI) and
Studenski 2 (low ALM adjusted for BMI contributing to weakness)
definitions may not be useful in predicting fall incidence in community-
dwelling seniors

2798 Osteoporos Int (2015) 26:2793–2802



Alternatively, defining sarcopenia by low lean mass alone
may be worth re-visiting for the following arguments: First,
with low muscle mass alone, as proposed earlier [15, 44], the
opportunity of capturing an early disease stage is available.
Also, the introduction of multiple cutoffs to define the extend
of muscle mass loss would provide the prospect of defining a
spectrum of disease, such as pre-sarcopenia and sarcopenia
[15, 44], similar to the definition of osteopenia and osteopo-
rosis based on DEXA bone mineral density [45]. Second, by
defining sarcopenia based on DEXA muscle mass alone,
inter-rater variability and the influence of the patient’s moti-
vation would be eliminated from the diagnosis of sarcopenia.
It is conceivable that regulatory agencies prefer an operator-
independent and exact technology-based definition of
sarcopenia. Third, based on our findings, a significant 54 %
increased rate of falls among sarcopenic individuals based on
the Baumgartner definition of low muscle mass alone is

clinically relevant, especially as falls have multifactorial
causes. Fourth, we document a useful prevalence of
sarcopenia based on the Baumgartner sarcopenia definition
of low muscle mass alone (11 %), while most composite def-
initions such as Cruz-Jentoft (7.1 %) and Fielding (5 %) de-
fined a much lower prevalence likely due to the progressed
disease stage. Finally, functional performance testing will re-
quire standardization efforts and additional resources in the
assessment setup. Performance-based definitions of
sarcopenia without muscle mass (i.e., the lowest 20 % of the
distribution for hand grip strength or lower limb strength)
carry the same concerns [43, 46].

It is of interest that two available sarcopenia definitions and
the two recently published related definitions of low leanmass
and weakness due to low lean mass performed inconsistently
compared to the other definitions. One is the Delmonico 2
definition, which defined a relatively high prevalence of

Table 3 Comparative
performance of the seven
available sarcopenia definitions
and two related definitions on low
lean mass and low lean mass
contributing to weakness with
respect to rate of falls and odds of
falling over the 3-year follow-up

Sarcopenia definition Rate of falls sarcopenic
versus non-sarcopenic seniors

Odds of falling sarcopenic
versus non-sarcopenic seniors

Definitions based on low muscle mass alone

Baumgartner all 1.54 (1.09–2.18) 1.27 (0.70–2.32)

Men 1.10 (0.60–2.02) 1.85 (0.77–4.45)

Women 1.97 (1.32–2.94) 0.93 (0.40–2.13)

Delmonico 1 all 1.27 (0.92–1.74) 1.06 (0.64–1.74)

Men 1.03 (0.54–1.96) 1.57 (0.63–3.85)

Women 1.34 (0.93–1.93) 0.83 (0.45–1.54)

Delmonico 2 all 0.95 (0.68–1.31) 0.75 (0.47–1.18)

Men 1.83 (1.13–2.96) 2.05 (0.90–4.71)

Women 0.59 (0.38–0.92) 0.42 (0.23–0.74)

Studenski 1 all 0.99 (0.66–1.47) 1.18 (0.66–2.12)

Men 0.97 (0.49–1.92) 1.47 (0.56–3.83)

Women 0.99 (0.60–1.62) 1.00 (0.47–2.10)

Composite definitions based on low muscle and decreased performance in a functional test

Cruz-Jentoft all 1.82 (1.24–2.69) 2.07 (0.95–4.51)

Men 1.31 (0.63–2.74) 3.76 (1.00–14.12)

Women 2.18 (1.40–3.40) 1.41 (0.53–3.81)

Fielding all 1.53 (0.94–2.50) 1.67 (0.69–4.08)

Men 1.24 (0.47–3.27) 6.60 (0.78–55.92)

Women 1.64 (0.93–2.87) 0.99 (0.34–2.83)

Morley all 1.66 (0.89–3.12) 0.93 (0.29–2.93)

Men 1.15 (0.39–3.35) 1.04 (0.21–5.30)

Women 2.32 (1.08–5.01) 0.85 (0.17–4.33)

Muscaritoli all 0.99 (0.73–1.36) 0.91 (0.59–1.41)

Men 1.14 (0.69–1.88) 1.36 (0.67–2.74)

Women 0.89 (0.60–1.32) 0.70 (0.39–1.25)

Studenski 2 all 0.61 (0.24–1.55) 0.70 (0.24–2.06)

Men 0.82 (0.14–4.67) 0.52 (0.05–5.83)

Women 0.53 (0.18–1.59) 0.71 (0.20–2.40)

Italicized results indicate that the 95 % CI excludes 1 and thereby indicates significance
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sarcopenia among women with 27.2 % and a significantly
decreased rate of falls among sarcopenic versus non-
sarcopenic women (RR=0.59; 95 % CI 0.38–0.92), while
sarcopenic men according to the Delmonico 2 definition had
a significantly increased rate of falls (RR=1.83; 95 % CI
1.13–2.96). This differential gender pattern was not seen for
the other available definitions of low appendicular lean mass
alone and questions the usefulness of this definition in clinical
practice. An explanation may be the inclusion of fat mass in
this Delmonico 2 definition, which may introduce a biased
assessment among women.

Similarly, the Muscaritoli definition that required both low
muscle mass and decreased gait speed performance defined a
high prevalence of sarcopenia in both women (20.4 %) and
men (26.2 %) if compared with the other available composite
sarcopenia definitions which reported a prevalence of 7.4% or
less among women and 6.6 % or less among men. Also, the
Muscaritoli definition showed poor performance in predicting
the rate of falls with a non-significant 14 % increased rate of
falls among sarcopenic men and a non-significant 11 % de-
creased rate of falls among sarcopenic women. A possible
explanation of the limited performance of the Muscaritoli def-
inition may be the fact that their muscle mass cutoffs referred
to total muscle mass (TLM) as opposed to appendicular mus-
cle mass (ALM) used by all other definitions. Finally, the most
recent related definition by Studenski et al. [41] for the Foun-
dation for the National Institutes of Health Biomarkers Con-
sortium Sarcopenia Project identified both a very low preva-
lence of weakness due to low lean mass (4.5 % among women
and 1.6 % among men) but also suggested a lower rate of falls
among these individuals (RR=0.53 among women and RR=
0.82 among men). Compared with the other seven available
definitions of sarcopenia, the authors did not adjust appendic-
ular muscle mass by height but by BMI. In addition, they
required low grip strength to identify individuals with low
muscle mass contributing to weakness as these individuals
may benefit most from interventions. Despite their appealing
concept, their sarcopenia-related definitions/thresholds of low
lean muscle mass adjusted for BMI in combination with low
grip strength did not predict the rate of falls in this study of
community-dwelling seniors. While we agree with Studenski
and colleagues that the reference population (Rosetta study
[37]) of the Baumgartner definition may be too modest in size
for optimal distributional characteristics for low lean mass,
their alternative approach of using appendicular mass adjusted
for BMI with a threshold assessed in a pooled data set from
large cohort studies did not perform sufficiently well for fall
prediction, both alone or in combination with weakness
assessed by low grip strength.

The strength of this comparative performance exercise is
that it is based on a cohort of 445 community-dwelling seniors
followed for 3 years. Falls were ascertained comprehensively
through postcards and at every 6-month follow-up visit. This

is important because falls tend to be forgotten if no injuries are
involved [47]. Also, the frequency of falls in this community-
dwelling study sample is representative of what has been re-
ported in the literature [48]. Additionally, the whole instru-
ment library of sarcopenia (DXA lean mass, DXA fat mass,
grip strength, gait speed, body mass index) was assessed in all
participants at baseline allowing the comparative performance
testing of the seven available definitions of sarcopenia pub-
lished to date [15–17, 21–23, 27] plus the two related defini-
tions published recently [41] in a head-to-head manner.

There are also limitations to our study. Generalizability
may be limited to community-dwelling older persons. Further,
some may consider becoming a faller or not to be a more
relevant or more conservative endpoint. Notably, however,
as pointed out in the introduction of this paper, our pre-
planned primary endpoints was the total number of falls as
each fall carries an important risk of injury, functional decline,
and loss of autonomy [30, 31]. Further, our sensitivity analy-
ses based on number of individuals who fell (odds of falling)
support our main findings. Notably, however, falls may not be
the sole outcome of relevance in sarcopenia. Alternative im-
portant endpoints of sarcopenia not tested in our study might
be quality of life and loss of independence. Further, our results
require validation in multiple cohorts. For the application of
the individual definitions, two additional limitations need
mentioning. First, for the sarcopenia definition proposed by
Morley [17], the authors required low gait speed or a distance
less than 400 m on the 6-min walk next to the presence of low
requested low ALM. As we did not have data on the 6-min
walk test, we required all participants to have low gait speed.
This may have been a more conservative approach than Mor-
ley et al. originally intended. Second, for the Crutz-Jentoft
[15] definition, no defined threshold for ALM was selected
by the authors and we chose the Baumgartner cutoff for opti-
mal comparison with the Baumgartner definition. However,
an alternative threshold mentioned by Cruz-Jentoft is the
threshold for ALM by Newman et al. [49] referring to the
sex-specific lowest 20 % of the Health ABC cohort. In a
sensitivity analysis (data not shown), we found that using this
alternative ALM threshold for the Cruz-Jentoft definition did
not improve but attenuate its prediction of falls among
sarcopenic versus non-sarcopenic individuals. Finally, we ac-
knowledge that some of the definitions will have low power
due to the lower prevalence of sarcopenia.

In summary, our study is pertinent to the very timely efforts
of consensus building on the definition of sarcopenia as a
pivotal basis for the development of treatments against
sarcopenia. Within this context, our comparative performance
exercise of published definitions supports the possibility of a
pragmatic approach that may be focused on low appendicular
lean mass adjusted for body height alone as suggested by
Baumgartner and colleagues. While, we acknowledge the
somewhat enhanced prediction of fall incidence by the
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composite definition suggested by Cruz-Jentoft and col-
leagues, we point out that this is counterbalanced by the low
percentage of individuals identified with sarcopenia and that
these individuals likely represent a progressed disease stage
and may therefore miss out on early treatment opportunities.
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