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in a cohort of 3,153 older adults—an alternative
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Abstract Conventionally, sarcopenia is defined by
muscle mass and physical performance. We hypothe-
sized that the disability caused by sarcopenia and
sarcopenic obesity was related to the amount of adi-
posity or body weight bearing on a unit of muscle
mass, or the adiposity to muscle ratio. We therefore
examined whether this ratio could predict physical
limitation by secondary analysis of the data in our
previous study. We recruited 3,153 community-
dwelling adults aged >65 years and their body
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composition was measured by dual-energy X-ray
absorptiometry. Assessment of physical limitation
was undertaken 4 years later. The relationship between
baseline adiposity to muscle ratio and incident physi-
cal limitation was examined by logistic regression. In
men, the adiposity to muscle ratios, namely total body
fat to lower-limb muscle mass, total body fat to fat-
free mass (FFM), and body weight to FFM, were
predictive of physical limitation before and after ad-
justment for the covariates: age, Mini-mental Status
Examination score, Geriatric Depression Scale score
>8, and the diagnosis of chronic obstructive pulmo-
nary disease, diabetes mellitus, hypertension, heart
disease, and stroke (all p values<0.001), when the
total body fat to lower-limb muscle mass ratio was
greater than or equal to 0.75. In women, throughout
the entire range of that ratio, all three adiposity to
muscle ratios were associated with physical limitation
4 years later both before and after adjustment for the
same set of covariates (all p values<0.05). Sarcopenia
and sarcopenic obesity as measured by the body
weight or adiposity bearing on a unit of muscle mass
(the adiposity to muscle ratio) could predict incident or
worsening physical limitation in older women across
the entire range of the total body fat to lower-limb
muscle mass ratio; and in older men when this ratio
was equal to or greater than 0.75.
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Introduction

Sarcopenia is associated with physical disability in old
age (Lee et al. 2007; Rolland et al. 2008; Cawthon et
al. 2007; Laurentani et al. 2003; Topinkova 2008;
Roubenoff 2003; Morley et al. 2001; Delmonico et
al. 2007; Goodpaster et al. 2006; Janssen et al. 2002),
although the definition of sarcopenia is still being
debated in the literature. Conventionally, the definition
of sarcopenia has adopted the method in osteoporosis,
taking the two standard deviations below the mean of
the young reference population as the cutoff for diag-
nosis (Baumgartner et al. 1998; Melton et al. 2000;
Rolland et al. 2003). The European Working Group on
Sarcopnia in Older People includes physical perfor-
mance in the definition of sarcopenia rather than con-
sidering muscle mass alone (Cruz-Jentoft et al. 2010).
An alternative method is to search for a cutoff value
below which the risk of physical limitation is substan-
tially increased, preferably in a prospective manner.
We have attempted to examine sarcopenia in this latter
approach in a cohort of older Chinese adults (Woo et
al. 2009). A U-shaped relationship, however, was
observed between physical limitation and muscle
mass. Muscle mass was associated with physical lim-
itation both below and paradoxically, above a certain
value (Woo et al. 2009). It was postulated that the
increase in physical limitation with increasing muscle
mass is more likely a result of the increasing body
mass index (BMI) or fat mass; or the associated fat
infiltration into muscle (Kim et al. 2004; Goodpaster
et al. 2001; Visser et al. 2002; Song et al. 2004; Visser
et al. 2005; Beasley et al. 2009; Cesari et al.
2006). In the past, we (Auyeung et al. 2010) and others
(Baumgartner et al. 1998; Forbes 1987; lannuzzi-Sucich
et al. 2002; Janssen et al. 2000) have demonstrated a
consistent positive association between muscle mass
and BMI. We carried out secondary analysis of this
U-shaped relationship (Woo et al. 2009) and illustrated
that the BMI values increased consistently along that U
curve, confirming this speculation. In the ascending
limb of the U curve, the increasing adiposity or body
weight had exceeded the advantageous effect of increas-
ing muscle mass, compatible with the phenomenon of
sarcopenic obesity (SO). Studying muscle mass alone,
without combining with the associated adverse effect of
increasing fat mass or body weight may lead to erratic
observation, particularly in the normal weight and
overweight.
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Sarcopenic obesity has been attributed as a major
cause of disability in old age but the methods used to
classify SO are variable (Baumgartner et al. 2004;
Rolland et al. 2009; Bouchard et al. 2009; Lim et al.
2010; Kim et al. 2009; Broadwin et al. 2001).
Baumgartner et al. (2004) first reported that SO as
defined by both muscle mass and fat mass below and
above a certain cutoff value, respectively, predicts dis-
ability. Broadwin et al. (2001) have illustrated that in-
creased percentage of fat mass and decreased percentage
of fat-free mass were associated with greater functional
disability in older adults without categorizing muscle
and fat mass into sarcopenia and obesity, respectively.
The relative importance of sarcopenia and obesity in
causing disability is intriguing. Rolland et al. (2009)
observed that sarcopenia did not cause disability in the
absence of obesity. Similarly, Bouchard et al. (2009)
demonstrated that obesity contributed more to lower
physical capacity than sarcopenia. Furthermore, fat
mass has been shown to be a more important factor than
appendicular muscle mass in determining walking speed
in community-living older adults (Woo et al. 2007).
Visser et al. (1998) have demonstrated that low skeletal
muscle mass was not associated with self-reported
physical disability and persons with high percent
body fat had high level of disability; and that fat infil-
tration in muscle was a major determinant of disability
(Visser et al. 2005, 2002). These studies suggest that
when studying sarcopenia, fat mass should also be
considered.

We hypothesized that the disability caused by SO
was related to the amount of adiposity that was bear-
ing on a unit of muscle mass, or the adiposity to
muscle ratio. We therefore, proposed an alternative
method in examining sarcopenia and SO, using three
ratios: (1) total body fat to lower-limb muscle mass,
(2) total body fat to fat-free mass (FFM), and (3) body
weight to FFM; and performed a secondary analysis of
the data in a previous study (Woo et al. 2009) to
examine their relationships with incident or worsening
physical limitation.

Methods

Four thousand community-dwelling men and women
aged 65 years or over were recruited in a project
primarily examining the bone mineral density of older
Chinese adults. Only ethnical Chinese subjects were
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recruited. The study was approved by the Clinical
Research Ethics Committee of the Chinese University
of Hong Kong. Written informed consent were
obtained from all participants.

Body height and weight were measured to cal-
culate BMI (body weight in kilograms divided by
the square of stature in meters). We measured
muscle and fat mass by dual-energy X-ray absorp-
tiometry (DXA) using a Hologic QDR 2000 den-
sitometer (Hologic, Waltham, WA). Appendicular
skeletal mass (ASM) was calculated by the sum-
mation of muscle mass measured in the four limbs,
with the operator adjusting the cut lines of the
limbs according to specific anatomical landmarks
as described by Heymsfield et al. (1990). The
method has been described in detail in other
reports of the same cohort of older adults (Woo
et al. 2009; Auyeung et al. 2010, 2008).

At baseline, the physical performance was mea-
sured by 6-m walking speed. At baseline and 4 years
afterwards, a questionnaire was administered by two
trained research assistants containing information re-
garding demographics, Mini-mental Status Examina-
tion score (MMSE) (Folstein et al. 1975), Geriatric
Depression Scale (GDS) (Yesavage et al. 1983), and
medical history including chronic obstructive pulmo-
nary disease (COPD), heart disease, diabetes mellitus,
hypertension, and stroke. Assessment of physical lim-
itation was undertaken by two questions:

“Does your current health now limit you on the
following activities?

1. Moderate activities such as moving a table, push-
ing a vacuum cleaner?
2. Climbing several flights of stairs?

If so, how much? None, moderate or severe.”

These two questions were part of the question-
naire used for the Osteoporotic Fractures in Men
Study, an observational multicenter study of the
determinants of fracture in older men initiated in
the USA (Orwoll et al. 2005). Our center became
a satellite center after the main study was initiated
and women were also recruited. If the participant
responded any new or worsening physical func-
tioning 4 years later, they were taken as the inci-
dent or worsening physical limitation group. Those
that reported no change were taken as comparison
group. This response was analyzed as dependent
variable in a binary manner.

Statistical methods

All analyses were undertaken separately for women
and men. The 6-m walking speed was plotted against
the muscle mass per height square. The risk of incident
or worsening physical limitation of individual group
of participants having a certain total body fat to lower-
limb muscle mass ratio was represented graphically. If
a unidirectional trend was observed, a single logistic
regression would be employed to examine whether
this ratio at baseline was predictive of incident or
worsening physical limitation 4 years later by univar-
iate and then multivariate analysis, adjusting for the
covariates: age, MMSE score, GDS >8, and the diag-
nosis of COPD, diabetes mellitus, hypertension, heart
disease, and stroke. If a bidirectional relationship was
present instead, the analysis would be undertaken sep-
arately by subdividing the participants into two groups
according to the turning point of the relationship. This
point would be determined by testing regression anal-
ysis on either side of the curve where it yielded the
maximum sum of squares of the regression coeffi-
cients from both sides. Separate logistic regression
was then carried out after subdividing the participants
according to this turning point of the total body fat to
lower-limb muscle mass ratio.

The analysis was repeated with two other adiposity
to muscle ratio, namely body weight to FFM and body
fat to FFM. All tests were two-sided and a p value less
than 0.05 were taken as statistically significant. The
tests were undertaken by the statistical package SAS,
version 9.1 (SAS Institute, Inc., Cary, North Carolina).

Results

At baseline, we recruited 2,000 men and 2,000 wom-
en. One hundred sixty-nine participants died and 651
defaulted the fourth year assessment. Therefore 1,566
men and 1,587 women were included into the final
analysis which was a secondary analysis of the data
we published previously (Woo et al. 2009). The mean
age of the cohort was 71.9 years and 49.7 % were
men. The baseline characteristics of the participants
were tabulated in Table 1. Men and women had dif-
ferent baseline and body composition characteristics
(Table 1) and were analyzed separately.

The 6-m walking speed followed an inverted U-
shaped curve with increasing muscle mass in both men
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Tablg 1 Ba§elipe characteristics and incident or worsening of ratio, in men, was U-shaped (quadratic regression, R*=
physical limitation 0.568, p<0.0001; Fig. 2). As such the analysis in men
Mean (SD) or frequency (%) p value was divided into two groups according to the turning
point of the curve which was determined to be a ratio
?Sinl 566) 2:‘:?651;7) value of 0.75, according to the method described in the
’ ’ method section. All three adiposity to muscle ratios,
Age (year) 7176 (4.67) 72.03 (5.07)  0.1255 namely body fat to lower-limb muscle mass, body fat
Total body fat (kg) 1532 (4.61) 19.19(5.12) <0.0001 to FFM, and body weight to FFM, were predictive of
Total body fat (%) 2432 (487) 34.62(5.09) <0.0001 incident or worsening physical limitation before and
FFM (kg) 46.57 (5.52) 3542 (420) <0.0001 after adjustment both when the value was above or
Weight (k) 61.90 (9.02) 54.60 (839) <0.0001 b§low 0.75 though the associatioqs were in the opposite
LLMM (kg) 1431 (1.92) 1043 (1.45) <0.0001 direction (Table ?). When the ratio was less than '0.75,
Body fayLLMM 107 (028)  1.84 (041) <0.0001 tbe models explained from 17.1 to 1? % V.an'atl(.)n in the
(kg/kg) risk of any new or worsening physical limitation; and
Body fat/FFM (kg/kg)  0.33 (0.08)  0.54 (0.12) <0.0001 4.8 to 4.9 % when it was greater than or equal to 0.75
Weight/FFM (kg/kg) 1.33 (0.08)  1.54 (0.12) <0.0001 (McFadden R?, Table 2).
Body mass index 23.52 (3.06) 23.96 (3.36) <0.0001 In women, the incidence of any new or worsening
MMSE score 2724 (2.47) 24.62 (3.76) <0.0001 physical limitation increased consistently from the
GDS>8 112 (7.15) 153 (9.65)  0.0116 lowest to the highest body fat to lower-limb muscle
COPD 157 (10.03) 75 (4.73)  <.0001 mass ratio (linear regression, R2:0.358, p<0.0001;
Diabetes mellitus 222 (14.18) 220 (13.86) 0.7998 Fig. 2). Therefore the analysis was undertaken without
Hypertension 647 (41.32) 694 (43.73)  0.1702 subdivision. A higher ratio in any one of the three
Heart disease 275 (17.56) 257 (16.19)  0.3056 adiposity to muscle ratios was associated with a higher
Stroke 71 (4.53) 54(3.40)  0.1036 probability of incident or worsening physical limita-
New or worsening 366 (23.37) 592 (37.30) <.0001 tion 4 years later both before and after adjustment
physical limitation in (Table 2). The models explained 1.7 % variation in
4 years the risk of any new or worsening physical limitation

] (McFadden R?, Table 2).
LLMM lower-limb muscle mass, FFM fat-free mass, MMSE

mini-mental status examination, GDS geriatric depression scale,
COPD chronic obstructive pulmonary disease

Discussion

and women (Fig. 1). The relationship between physical In the secondary analysis of our previous study (Woo

limitation and total body fat to lower-limb muscle mass et al. 2009), we have observed that in the ascending
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Fig. 1 Relationship between walking speed and muscle mass
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Fig. 2 Relationship between physical limitation and adiposity to muscle ratios

limb of the physical limitation and muscle mass rela-
tionship curve, it was the increasing BMI that caused
disability, revealing the adverse effect of SO. This ob-
servation is further supported by the present study, in
which we have demonstrated again an inverted U-
shaped relationship between objective physical perfor-
mance test and muscle mass, signifying the paradoxical

deterioration in physical performance with increasing
muscle mass in the descending limb of the curves
(Fig. 1).

We attempted to assess SO quantitatively by mea-
suring the amount of weight or adiposity bearing on
one unit of muscle mass as represented by the adipos-
ity (body weight or total body fat mass) to muscle
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Table 2 Relationship between baseline adiposity to muscle ratio and physical limitation after 4 years

New or worsening physical limitation in 4 years

Crude OR (95 % CI) Wald p value McFadden's Adjusted OR Wald
R? of model (95 % CI)

p value McFadden's
R? of model

Men

Body fat/LLMM <0.75
Body fat/LLMM 0.431 (0.190, 0.978)  4.056 0.044
Body fat/FFM 0.371 (0.170, 0.810)  6.197 0.013
Body weight/FFM 0.371 (0.170, 0.810) 6.197 0.013

ASM/height square
FFM/height square
Body fat/LLMM >0.75

Body fat/LLMM

Body fat/FFM
Body weight/FFM
Women
All body fat/LLMM

0.478 (0.318, 0.719) 12.595 0.0004
0.536 (0.362, 0.796)  9.595 0.002

1.454 (1.246, 1.697) 22.497 <.0001
1.419 (1.214, 1.660) 19.303 <.0001
1.419 (1.214, 1.660) 19.303 <.0001

Body fat/LLMM 1.143 (1.029, 1.271)  6.166 0.013
Body fat/FFM 1.127 (1.015, 1.252)  4.996 0.025
Body weight/FFM  1.127 (1.015, 1.252)  4.996 0.025

0.019 0.373 (0.145, 0.956) 4.213 0.040 0.171
0.029 0.324 (0.130, 0.804) 5.902 0.015 0.180
0.029 0.324 (0.130, 0.804) 5.902 0.015 0.180
0.065 0.479 (0.293, 0.783)  8.615 0.003 0.195
0.048 0.531 (0.329, 0.858)  6.689 0.010 0.184
0.015 1.355 (1.155, 1.590) 13.895 0.0002 0.049
0.013 1.340 (1.141, 1.574) 12.691 0.0004 0.048
0.013 1.340 (1.141, 1.574) 12.691 0.0004 0.048
0.003 1.136 (1.018, 1.266) 5.245 0.022 0.017
0.002 1.125 (1.009, 1.254)  4.530 0.033 0.017
0.002 1.125 (1.009, 1.254) 4.530 0.033 0.017

Numbers are OR increase per one SD increase in the adiposity to muscle ratio

Adjusted for age, Mini-mental status examination score, Geriatric depression scale score>8, chronic obstructive pulmonary disease,

diabetes mellitus, hypertension, heart disease, stroke

LLMM lower limb muscle mass, FFM fat-free mass, CI confidence interval, OR odds ratio

ratio. By employing this ratio, the paradoxical U-shaped
relationship of our previous study (Woo et al. 2009) was
transformed into a unidirectional one in women (Fig. 2b,
d, f), though not in men (Fig. 2a, c, ¢).

We have demonstrated the risk of physical limita-
tion increased across the entire range of adiposity to
muscle ratio in women and in men when the ratio was
above 0.75. Our hypothesis that disability was associ-
ated with the amount of adiposity or body weight
bearing on one unit of muscle, however, became in-
valid in men when the ratio was below 0.75. This ratio
appeared to be protective rather than hazardous or the
risk decreased with increasing adiposity to muscle
ratio. We postulated that they belonged to the under-
weight group in whom increasing adiposity may be
advantageous instead. As such, we have examined the
relationship between BMI and adiposity to muscle
ratio and revealed a significant correlation by linear
regression (Fig. 3), in which a ratio of 0.75 corre-
sponded to a BMI value of 21. We tested further
whether in this lower range of the ratio or BMI (ratio

@ Springer

<0.75 or BMI<21), muscle mass alone could yield a
non-paradoxical protective relationship instead. The
risk of physical limitation decreased with increasing
muscle mass in this range (Table 2). In men, therefore,
there appeared a dividing point, below which muscle
mass is the determinant of disability alone and above
which, muscle and fat have to be considered collec-
tively. In women, in contrary, the adiposity to muscle
ratio is a valid predictor across the entire range of body
composition. This may indicate that even in the un-
derweight range, body weight exceeding the support-
ing capacity of muscle could determine disability in
women but not in men. This observation is compatible
with the survey undertaken by Visser et al., which
failed to observe any association between muscle mass
and physical function (Visser et al. 1998), and other
studies demonstrating the combined effect of adiposity
and muscle, instead of muscle alone (Cesari et al.
2006; Auyeung et al. 2010; Janssen et al. 2000;
Rolland et al. 2009; Bouchard et al. 2009; Lim et al.
2010). Perhaps, the disability in women is more body
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Fig. 3 Relationship between
BMI and total body fat to
lower limb muscle mass ratio
BMI = 21.1 when the total
body fat to lower limb muscle
mass ratio = 0.75 R> = 0.434,
p<0.001

40
38
36
34—
32
30
28
26
24 -
22

body mass index

20 4
18 -
16 -
14
12
10

weight or adiposity dependent and in men it is more
muscle dependent particularly in the underweight
range. However, the underlying mechanism of this
gender variation is still unknown at present.

In our previous study (Woo et al. 2009), one of our
analyses was examining the relationship between the
risk of physical limitation and the muscle mass to
body weight ratio, which mathematically was similar
to the inverse of body weight to FFM ratio, one of the
three ratios used in the present study. The two ratios,
however, represented different meanings. The muscle
mass to body weight ratio (Woo et al. 2009) was
employed to achieve a better correction of body build
as proposed by another study (Estrada et al. 2007)
while the body weight to FFM ratio in the present
study represented the amount of body weight bearing
on one unit of muscle mass.

Older women were more likely to report new or
worsening limitation after 4 years in general (Table 1).
In men, however, the risk of physical limitation rose
more steeply with every unit change of adiposity to
muscle ratio (Fig. 2 and Table 2).

We did not observe a threshold value of either
muscle mass or adiposity to muscle ratio at which
the incident of physical limitation starting to rise sub-
stantially. Instead, physical limitation incidence rose
uniformly with increasing adiposity to muscle ratio
(Fig. 2b). Adopting a certain cutoff value to categorize
muscle mass or adiposity to muscle ratio may not be

T
1.00

T
1.50

T T T
0.75 1.25 175 2.00

Body fat to lower limb muscle ratio

an appropriate approach in the definition of sarcopenia
or SO.

Our survey has several limitations. Our sample was
not generated from population random sampling but
rather by voluntary participation. We have a consider-
able defaulter rate (16.3 %) and some subjects died
(4.9 %) in between these 4 years. As such, the sample
was biased towards those who were healthier and
physically more active. Physical limitation was de-
fined by self-report and therefore it would be subjected
to reporting error. The use of DXA to measure region-
al muscle mass (lower-limb muscle mass) is not read-
ily available. We have deliberately included body
weight to FFM and total body fat to FFM ratio into
our analyses because these parameters can be mea-
sured by bio-impedance method. The data we had
were derived from DXA and though they were pre-
dictive of physical limitation, it is uncertain whether
bio-impedance measurement can predict disability
similarly. This warrants future studies. If body weight
to FFM ratio by bio-impedance method can be shown
to be equally predictive, this adiposity to muscle ratio
taken as a measurement SO can then be widely
employed in clinical practice to predict future disability
risk. Body composition is ethnic dependent and the
body composition values or ratio derived in this survey
may not be applicable to other ethnic groups. Whether
adiposity to muscle ratio can be applied as a measure-
ment of SO in other ethnicities remains uncertain.

@ Springer



1384

AGE (2013) 35:1377-1385

We have followed a relatively large cohort of older
adults for an optimal period of 4 years to observe the
new emergence or worsening of the existing physical
limitation. Being prospective rather than cross-sectional,
the SO assessment method, namely the adiposity to
muscle ratio, perhaps can be considered an alternative
method.

Conclusion

Sarcopenia and sarcopenic obesity as measured by the
body weight or adiposity bearing on a unit of muscle
mass (the adiposity to muscle ratio) could predict
incident or worsening physical limitation in older
women across the entire range of the total body fat
to lower-limb muscle mass ratio; and in older men
when this ratio was equal to or greater than 0.75.
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