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Abstract

Background: Sarcopenia is assessed by several methods, including dual energy X-ray absorptiometry (DEXA), which provide
a height-adjusted skeletal muscle index (H-SMI). A SMI 2 standard deviation below the young adult reference [1] combined
with low muscle strength or performance is used to identify sarcopenia. As height declines with age, H-SMI may underestimate
low skeletal muscle mass in the older population. Our study aims to evaluate an alternative SMI and to examine its relationship
to grip strength in a group of Australian women.
Methods: Women from two cohorts were analysed. 2041 women had body composition data (112 had calf circumference, 137
had leg length measurements) without grip strength, and 49 women had grip strength measured (40 had body composition
data).The relationship between leg length-adjusted SMI (LL-SMI) to grip strength and anthropometric variables to skeletal
muscle mass by DEXA were examined by linear regression analysis.
Results: Cohort 1: Older women were compared to younger women. Older women were shorter but leg length did not differ
between different age groups. H-SMI was not different between groups (P = 0.528). LL-SMI was lower in older women
(P = 0.002). Cohort 2: LL-SMI was significantly associated with grip strength (P = 0.048) after adjustment for age.
Conclusion: Older women were shorter, while leg length did not differ from the younger group. H-SMI may obscure and
may underestimate low muscle mass in older individuals. LL-SMI may be a better measure of skeletal muscle mass in older
individuals. These alternate SMI would benefit from further exploration in older individuals.
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Key Points

• Leg length was observed to remain unchanged with age and may serve as a useful denominator in the SMI.
• Calf circumference is a strong predictor of skeletal muscle mass.
• Height-adjusted skeletal muscle mass index may underestimate low skeletal muscle mass in the older population.
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Introduction

Sarcopenia is a loss in skeletal muscle mass and function
with age. Following its initial description by Rosenberg
[2], research has consistently demonstrated an association
between sarcopenia with adverse outcomes, morbidity and
mortality. While knowledge into this field has expanded
in recent years, there remains a scarcity of studies in the
Australian population.

In clinical practice, sarcopenia is identified by the pres-
ence of low skeletal muscle mass combined with low muscle
performance or function. Skeletal muscle mass assessment
is performed by a variety of imaging modalities, while low
gait speed or grip strength are commonly used to assess mus-
cle performance and function. The diagnosis of sarcopenia
is dependent on the criteria proposed by different expert
consensus groups [3–8].

Recommended gold standard imaging tools for skeletal
muscle mass assessment are computed tomography scan and
magnetic resonance imaging. Although these tools provide
an accurate assessment of skeletal muscle mass, radiation
dose and cost remain a limiting factor. As an alternative,
the use of Dual energy X-ray absorptiometry (DEXA) is
increasingly popular due to its low radiation exposure. More-
over, DEXA analysis provides information on a standardised
skeletal muscle index (SMI), which is calculated by total
appendicular lean mass (ALM) (kg) divided by standing
height (m2). The use of the SMI allows further comparison
between studies.

Increasing age is associated with a decline in height [9,
10]. This is due to a combination of loss of height of the
vertebral column due to flattening of intervertebral tissues,
loss of vertebral height due to crush fractures and increasing
spinal curvature. Leg length remains unchanged. Given the
use of height in the SMI, this may lead to underestimation of
low muscle mass particularly in the older population where
muscle loss is more prevalent. The lack of decline in height-
adjusted SMI (H-SMI) with age has so far been reported in
the Asian population [11, 12] particularly in older women
[11]. To our knowledge, this has not been reported before in
the Australian population.

Accurate height measurement in those with impaired
mobility is another barrier to the use of H-SMI. Efforts to
explore alternative measures for skeletal muscle mass assess-
ment have led to the evaluation of anthropometric measures
as another option. There is a good correlation between calf
circumference (CC) with calf muscle mass [13–15], and
reduced CC is associated with increased mortality [16–18].
In the Australian population, CC were predominantly asso-
ciated with poor nutrition [19] and impaired function [20];
however, specific cut points to determine low skeletal muscle
mass by CC measurement have not yet been identified.

The aims of our study were to evaluate an alternative SMI
for skeletal muscle mass assessment and to examine its rela-
tionship to grip strength. We also compared anthropometry
measures and examined their relationship to skeletal muscle
mass by DEXA in a group of Australian women.

Methods

Analysis was performed on women from two cohorts. A
larger cohort (Cohort 1) of women was analysed for compar-
ison of body composition and anthropometry and alternative
SMI. As these women did not have measures of muscle
strength, a smaller cohort (Cohort 2) with grip strength
recorded was analysed to determine the relationship between
the new leg length-adjusted SMI (LL-SMI) to grip strength.
Description of both cohorts are provided:

Cohort 1

Participants were recruited by convenience sampling
between February 2001 and February 2012. This was a
heterogeneous group of individuals who were predominantly
referred for bone mineral density studies measured with
Lunar DPX (General Electric, Madison, WI) or Lunar
Prodigy (General Electric) dual energy absorptiometry
(DEXA) machine. A smaller proportion of these women
who were referred for more extensive body composition
assessment had leg length and anthropometry recorded.

Estimated DEXA skeletal muscle mass (DEXA SMM)
was calculated, using a regression equation model by Kim
[21], on individuals with BMI between 15.9 and 35.0 kg/m2.
To increase validity, only individuals who fall within this
BMI range had DEXA SMM included in the analysis. Of
the 2,434 women screened, 393 women with absent DEXA
SMM or DEXA SMM < 8 kg were excluded, resulting in
a total of 2,041 women analysed. Leg lengths calculated
as a difference in sitting height and measured standing
height were available from 137 women. Anthropometric
measures were available from 112 women measured using
methods outlined in Lohman [22]. This study was approved
by the Monash University Human Research Ethics Commit-
tee Project ID 1158.

Cohort 2

In this cohort, 49 participants were recruited between June
2016 and July 2019 for a separate study examining skeletal
muscle mass in older women. This group consisted of 20
women with hip fracture, 10 women awaiting total hip
replacement for osteoarthritis and 19 ambulant women from
the community. This study was approved by the Eastern
Health Ethics Committee HREC/16/EH/104.

Data from these women were analysed to report on the
relationship between the conventional H-SMI and LL-SMI
to muscle performance (grip strength). DEXA data were
obtained by the Hologic Discovery Machine (New South
Wales, Australia). ALMs in kg were calculated from the
total lean mass in both arms and legs. In those who had
hip surgery, DEXA assessment was performed in the post-
operative period. Due to impaired mobility in women with
acute hip fracture precluding accurate assessment of sitting
height in this cohort, leg length was measured using the dis-
tance between the greater trochanter to the lateral malleolus
either on the right leg or non-fracture leg. Grip strength
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assessment with a hand-held Jamar dynamometer was used
as a measure of muscle performance, with an average of three
attempts recorded as the final reading.

Height, weight and skeletal muscle mass index measurement

Height and weight were measured to the closest cm and
kg in light clothing. SMI adjusted for height (H-SMI), leg
length (LL-SMI) and fat mass index (FMI) were calculated,
as follows:

H-SMI = ALM (kg)/height (m2),
LL-SMI = ALM (kg)/leg length (m2), and
FMI = total fat mass (kg)/height (m2).
Alternative skeletal muscle indices explored using leg lean

mass and CC adjusted for height, leg length and knee height
were calculated (Supplementary Table 1).

Low skeletal muscle mass by DEXA criteria

Reporting of low skeletal muscle mass by DEXA criteria were
in reference to the European Working Group for Sarcopenia
2 [3] criteria, ALM/height2 (kg/m2) < 5.5 kg/m2.

Statistical analysis

Analysis was performed with SPSS version 26 (IBM,
Chicago). Parametric data were expressed as mean ± standard
deviation and non-parametric data as median (interquartile
range). Groupwise comparison, using Students t-test for
parametric, Mann Whitney U test for non-parametric
data and Chi square analysis for categorical variables,
was performed. P value < 0.05 was selected to suggest
the statistical significance. The relationships between
anthropometric variables to DEXA SMM, and H-SMI or
LL-SMI to grip strength were assessed in a linear regression
analysis.

Results

Cohort 1

Demographics

Median age was 58 years old and range was 40–92 years.
Women were divided into two age group categories for
comparison: Group 1 (age: 40–60 years, n = 1,163) and
Group 2 (age: 61–92 years, n = 878). Younger women
were comparatively taller and had lower body mass
index than older women (Supplementary Table 2). The
majority of these women were referred for osteoporo-
sis screening and follow-up for established osteoporosis
(Supplementary Table 3).

Groupwise comparison (Cohort 1): Anthropometry Older
women were significantly shorter in standing and sitting
height. Leg length was not significantly different between
groups of younger and older women. Mid-upper arm,
thigh and CC were significantly lower in older women
(Supplementary Table 4).

Groupwise comparison (Cohort 1): Body composition Older
women when compared to the younger age group had
low ALM, DEXA SMM and high FMI, and were more
osteopenic (Supplementary Table 5). There was no differ-
ence in H-SMI between groups (P = 0.528). In the smaller
group of women where leg length measurement was available
(n = 137), LL-SMI was lower in older women (P = 0.002).

ALM adjusted for leg length and knee height, leg ALM
adjusted for leg length and knee height and CC adjusted
for knee height were significantly lower in older women.
There was no significant difference in the proportion of
individuals with low skeletal muscle mass by EWGSOP2
criteria (P = 0.971) (Supplementary Table 5).

Given the lack of difference observed in leg length
between groups, a scatter plot was examined. Older women
were shorter, while leg length remained unchanged across age
(Figure 1). H-SMI and LL-SMI were significantly associated
with age (Figure 2). Low LL-SMIs in older women were
more apparent when visualised in the scatter plot.

Relationship between anthropometric variables to estimated
skeletal muscle mass by DEXA (Cohort 1) Linear regression
analysis was performed by examining the relationship
between anthropometric measures to DEXA SMM. In a
multiple regression analysis adjusted for age and mid-upper
arm circumference, CC was the strongest predictor of DEXA
SMM (β: 0.513, r2: 0.421, P < 0.001). For every 1 cm
increase in CC, there was an increase in DEXA SMM by
0.51kg. 42.1% of variation to DEXA SMM was explained
by age, mid-upper arm and CC (Supplementary Table 6).

To explore CC cut points corresponding to low skeletal
muscle mass by EWGSOP2 definition, a ROC curve was
created. When assessed against the EWGSOP2 criteria, a CC
<35.60 cm provided a sensitivity of 88.6% and a specificity
of 54.5% (AUC: 0.829, P < 0.001, 95% CI: 0.75–0.91)
(Supplementary Figure 1).

When CC adjusted for leg length was explored, a CC
adjusted for leg length index of 0.602 provided a sensitivity
of 89.7% and a specificity of 61.8% when detecting low
skeletal muscle mass by EWGSOP2 criteria (AUC: 0.736,
P < 0.001, 95% CI: 0.64–0.84) (Supplementary Figure 2).

When CC adjusted for knee height was explored, an index
of 0.135 provided a sensitivity of 85.7% and a specificity of
61.8% when detecting low skeletal muscle mass by EWG-
SOP2 criteria (AUC: 0.743, P < 0.001, 95% CI: 0.65–0.83)
(Supplementary Figure 3).

Cohort 2

This was a smaller cohort of 49 women age between 61
and 99 years. Data from this cohort were analysed to report
on the relationship between H-SMI and LL-SMI to grip
strength, a measure of muscle quality. DEXA data were
available from 40 women. Mean age in this cohort was
76.7 ± 9.8 years old. Up to 36.7% of women in this cohort
had low skeletal muscle mass by the EWGSOP2 criteria.
Mean grip strength was 18.6 ± 7.6 kg.
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Figure 1. Leg length and height plotted across age (Cohort 1). Regression equations reported in corresponding boxes. P value (95%
CI) relates to the significance of the relationship between variables examined in the regression analysis.

Figure 2. Scatter plot showing skeletal muscle mass index using height or leg length across age (Cohort 1). Regression equations
are reported in corresponding boxes. P value (95% CI) relates to the significance of the relationship between variables examined in
the regression analysis. LL-SMI: Leg length adjusted SMI, H-SMI: Height adjusted SMI.

A negative relationship was observed between age and
height but not leg length. When both SMIs were examined
in a scatter plot, older women had lower LL-SMI compared
with relatively preserved H-SMI (Figures 3 and 4). Univari-
ate linear regression analysis was performed to assess the
relationship between H-SMI and LL-SMI to grip strength
(Table 1). Both HH-SMI and LL-SMI had a positive

relationship to grip strength, however when adjusted for
age, only LL-SMI remained significant (P = 0.048).

Discussion

Our study examined data from Australian women with the
aim of evaluating an alternative SMI for skeletal muscle
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Figure 3. Scatter plot height and leg length across age (Cohort 2). Regression equations are reported in corresponding boxes. P
value (95% CI) relates to the significance of the relationship between variables examined in the regression analysis.

Figure 4. Scatter plot showing skeletal muscle mass index using height or leg length across age (Cohort 2). Regression equations
are reported in corresponding boxes. P value (95% CI) relates to the significance of the relationship between variables examined in
the regression analysis. LL-SMI: Leg length adjusted SMI, H-SMI: Height adjusted SMI.

mass assessment. The relationship between anthropometric
measures to skeletal muscle mass was also examined. We
observed several findings.

Older women have lower standing height while leg
length was unchanged across age

Older women were demonstrated to have lower standing
height while leg length was not different across age groups.

Scatter plots comparing height and leg length show a signifi-
cant negative relationship between height with age, contrast-
ing with the lack of association between leg length and age
in both cohorts. While a decline in height is expected, stable
leg length measurements across age is a novel finding from
our study. Further examination of scatter plots comparing
both H-SMI and LL-SMI shows a more apparent decline in
LL-SMI with age. In addition, following adjustment for age
LL-SMI remained significantly associated with grip strength,
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Table 1. Linear regression analysis to grip strength as dependant variable (Cohort 2)

Independent variable r2 Beta P value (95% CI)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
H-SMI (kg/m2) 0.11 1.59 0.049 (0.01, 3.18)
LL-SMI (kg/m2) 0.15 0.71 0.014 (0.15, 1.26)
Age-adjusted model
Independent variable r2 Beta P value (95% CI)
H-SMI (kg/m2) 0.48 1.13 0.075 (−0.12, 2.39)
LL-SMI (kg/m2) 0.43 0.48 0.048 (0.004, 0.946)

supporting its role as a potential tool for skeletal muscle mass
assessment.

Height was observed to decline with age in several lon-
gitudinal studies [9, 10, 23]. These changes can result in
an artefactual increase in body mass index. Because of the
decline in height proportional to skeletal muscle mass with
increase age, there is also a propensity for H-SMI to underes-
timate low muscle mass particularly in the older population.
Studies exploring the use of leg length in the SMI are
scarce. Otsuka performed a longitudinal study incorporating
several denominators in the SMI [24] in predicting mortality
and disability. Compared to the conventional H-SMI, ALM
adjusted for leg length was a better predictor of disability
in men, while unadjusted ALM was a stronger predictor in
women.

To our knowledge, we were unaware of studies in the
Australian population examining the use of leg length in the
SMI. Hence, our study finding provides new knowledge on
the use of LL-SMI in a group of Australian women. While
our analysis shows a significant relationship between LL-
SMI and muscle strength, findings are limited to a small
sample size. This novel finding would benefit from further
exploration and validation of specific cut points for alter-
native SMI in a larger population. Additionally, assessing
its relationship to outcome measures of muscle strength,
disability and mortality would be pertinent in defining its
role further.

CC as a marker of low skeletal muscle mass

Anthropometrics are simple and reliable measurements,
which can be performed at the bedside. Mid-upper arm
[1] and CC [13, 25–28] have been explored as screening
tools for low muscle mass. There is good correlation between
CC and calf muscle by MRI [15], DEXA [13, 25, 29] and
grip strength [30].

Increased CC was associated with low frailty index and
reduced disability [31]. A CC of <31 cm was associated
with impaired physical function, disability and lower frailty
scores [14, 31]. Analysis from our study indicates that CC is
a strong predictor of SMM, which is consistent with other
study findings [15, 29].

When determining CC cut points in detecting low muscle
mass by EWGSOP2 DEXA criteria, a CC < 35.60 cm
provided a sensitivity of 88.6% and a specificity of 54.5%.
This suggests this cut point is useful in detecting low skeletal

muscle mass but cannot reliably exclude individuals without
low muscle mass.

Given the ease of performing these measurements, we
would still argue for its utility as a screening tool for sarcope-
nia detection in populations with impaired mobility (hospi-
tal patients and nursing home residents) or where access to
skeletal muscle imaging is limited. To further expand work in
this area, exploring the different cut points and correlations
with outcome measures, such as disability and mortality,
would provide further insights.

SMI incorporating leg length and knee height as
potential alternatives for skeletal muscle
assessments

Obtaining accurate assessments of standing height in those
with mobility impairment can be difficult and lead to impre-
cise results. These challenges have led us to consider whether
there were other alternative measurements for the assessment
of skeletal muscle mass. Knee height does not decline with
age [32] and has been used to validate and predict standing
height in the older population [33, 34]. As the majority of
lean mass in the body is attributed to lean mass from the
arms and legs, the use of leg lean mass adjusted for height,
leg length and knee height was explored in our analysis.

In the comparison of alternative SMI between younger
and older women using these measurements, there was a
significant difference observed when lean mass was adjusted
for leg length and knee height. These findings suggest leg
length and knee height could be used as potential alter-
natives in those where accurate measurements of standing
height may not be possible. An avenue for future research is
the assessment of the relationship between these alternative
skeletal muscle indices to muscle strength, function and
clinical outcomes.

Strengths and limitations

New findings from our study are that of the stable leg length
across age groups and LL-SMI as a better indicator of skeletal
muscle mass compared to the conventional H-SMI. In a
small subset of women, LL-SMI was associated with grip
strength, supporting its role as an alternative for skeletal
muscle mass assessment.

Our study has several limitations. Data were obtained
from a group of women with a variety of medical con-
ditions limiting the generalizability of study findings to
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community-dwelling older women. There was also a lack of
data on ethnicity and other confounding factors (nutritional
status and lifestyle factors), which was not adjusted for
in the analysis. In addition, body composition assessment
in both cohorts differs by the use of different machines,
and anthropometry data were only available from a select
population in the cohort.

While we were able to show a significant relationship
between LL-SMI and muscle strength this was performed on
a small cohort. The lack of grip strength in the larger cohort
limits further assessment between LL-SMI and measures
of muscle quality, which would provide more meaningful
results. Finally, there was also a difference in leg length
measurement methods between both cohorts. However, it
was considered that women from the hip fracture group
were unlikely to provide accurate measures of sitting height,
resulting in the difference in methods.

Conclusion

To summarise, leg length was observed to remain stable
across age. LL-SMI were shown to have a more obvious
decline with age and were associated with grip strength. The
use of LL-SMI may be a better alternative compared to H-
SMI in skeletal muscle assessment in the older population.
Alternative SMI using leg length and knee height can be
useful alternative measures in populations where mobility
is impaired and would benefit from further exploration in
a multi-centre study to further delineate cut points and its
relationship to meaningful outcomes and mortality.

Supplementary Data: Supplementary data mentioned in
the text are available to subscribers in Age and Ageing online.
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