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Abstract

Summary There are limited longitudinal data regarding relationships between changes in body composition and bone mineral
density (BMD). In 3671 participants aged 46-70 years at baseline, Alean mass was a stronger determinant than Afat mass
of ABMD over 6 years. Maintained or increased lean mass may slow down age-related bone loss.

Purpose There are limited longitudinal data regarding relationships between changes in body composition and bone mineral
density (BMD) with ageing. We examined these in the Busselton Healthy Ageing Study.

Methods We studied 3671 participants (2019 females) aged 46-70 years at baseline with body composition and BMD assess-
ments by dual-energy x-ray absorptiometry at baseline and after ~6 years. Relationships between changes in total body mass
(ATM), lean mass (ALM) and fat mass (AFM) with ABMD at total hip, femoral neck and lumbar spine were evaluated using
restricted cubic spline modelling (accounting for baseline covariates) and mid-quartile least square means were compared.
Results ATM was positively associated with ABMD of total hip and femoral neck in both sexes, and spine in females; in
females but not males, associations plateaued at ATM above ~5kg for all sites. In females, ALM was positively associated
with ABMD of all three sites with plateauing of the relationship at ALM above ~1kg. Women in the highest quartile of ALM
(Q4, mid-quartile value +1.6 kg) had 0.019-0.028 g/cm2 less reduction in BMD than those in the lowest quartile (Q1, -2.1
kg). In males, ALM was positively associated with ABMD of total hip and femoral neck; men in Q4 (+1.6 kg) had 0.015
and 0.011 g/cm? less bone loss, respectively, compared with Q1 (-2.7 kg). AFM was positively associated with ABMD of
total hip only in both sexes.

Conclusion ALM is a stronger determinant than AFM of ABMD. Maintained or increased LM is associated with less age-
related bone loss.

Keywords Body composition - Lean mass - Fat mass - Bone mineral density - Middle-to-older aged adults - Busselton
Healthy Ageing Study
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participants with normal BMI, indicating that high body
mass is not necessarily protective against bone loss [7].

Randomised controlled trials (RCTs) of caloric restriction
have shown that intervention induced weight loss is related
to a decrease in BMD [8], but weight regain after the trial
does not increase BMD [9]. In the Women's Health Initia-
tive study, compared with stable body weight, weight gain,
weight loss, and intentional weight loss were associated with
increased incidence of fracture at different locations [10].
Regarding the components of body mass, cross-sectional
studies showed that in men and pre-menopausal women, lean
mass is a stronger predictor than fat mass for bone mass,
whereas in postmenopausal women, the influence of lean
mass and fat mass on BMD were comparable [11-13]. Few
studies have evaluated the longitudinal relationships between
change in body composition and BMD during middle to
older age. In a study with 172 men and 165 women aged
over 65 years, rate of loss of lean mass in the lower limbs
was positively associated with the rate of total hip BMD loss
in women, although the associations were attenuated when
rate of loss in leg muscle strength was included in the model
(P =0.07) [14]. Associations between change in fat mass and
BMD were not evaluated in that study. In 539 participants
of the Study of Women’s Health Across the Nation, during
menopause transition (defined as the four years surrounding
the final menstrual period) greater loss of lean mass was
associated lower femoral neck BMD and greater gain in fat
mass was associated with higher femoral neck and lumbar
spine BMD at the end of the transition period [15].

In a cross-sectional analysis of participants in the Bus-
selton Healthy Ageing Study (BHAS) at baseline, we previ-
ously reported positive relationships between lean and fat
mass with BMD, which were attenuated or absent in indi-
viduals with higher BMI [6]. With the collection of further
dual-energy x-ray absorptiometry (DXA) body composition
and BMD data after ~6 years follow-up, the aim of the pre-
sent study was to perform a longitudinal analysis of associa-
tions between changes in total body mass, lean mass and fat
mass with changes in BMD of total hip, femoral neck and
lumbar spine in this representative cohort of middle-to-older
aged Australians.

Participants and methods
Participants

The Busselton Healthy Ageing Study [16] is a longitudi-
nal cohort study of “Baby Boomers” (born between 1946
and 1964 inclusive) who live within the City of Bussel-
ton local government boundary, in south-western Western
Australia, which has a predominantly white population.
All non-institutionalised residents listed on the electoral
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roll were invited to participate (in Australia, electoral
roll registration is compulsory). At baseline (Phase 1,
May 2010 to December 2015), 5107 participants were
recruited, representing ~80% of those eligible. The 6-year
survey (Phase 2) was conducted between March 2016 and
January 2022, and 3888 participants (76%) attended. Of
these, 3692 participants had valid DXA BMD and body
composition assessment at both baseline and 6-year. After
exclusion of 21 participants taking antiresorptive agents at
baseline, 3671 (2019 females) were included in this analy-
sis. The study was approved by the University of Western
Australia Human Research Ethics Committee (Number
RA/4/1/2203). Written informed consent was obtained
from participants.

DXA scans

At baseline and 6 years, BMD (g/cm?) of total hip, femoral
neck and anterior-posterior lumbar spine (L1-L4) and body
composition (whole body lean and fat mass) were meas-
ured by DXA using a GE Lunar Prodigy Pro densitome-
ter (Madison, WI, USA) [17]. Scans were analysed using
enCORE Version 16 software (GE Health) with the “copy”
feature used to analyse follow-up scans; manual inspection
of regions of interest and adjustment where necessary were
made by two independent reviewers (KZ and MH). Calibra-
tion of the DXA scanner using a phantom was performed
prior to each scanning session according to manufacturer’s
recommendations. For the duration of the study, there was
no obvious shift in the phantom BMD values on the quality
assurance plot (coefficient of variation = 0.30%). Precision
error was less than 2.0% for all measured sites based on
repeated scans in a random sample of 30 subjects.

Other assessments

At baseline and 6 years, body mass and height were
measured by standard anthropometric techniques and
BMI calculated as body mass (kg) / height (m)2. At
baseline, demographic data were collected by question-
naire, including race, education level, smoking habit,
alcohol consumption (glasses per day), medical history,
and medication and supplement use [16]. The Interna-
tional Physical Activity Questionnaire (IPAQ) was used
to assess physical activity and sedentary behaviour,
with physical activity level categorised as low, medium
and high according to the IPAQ scoring protocol [18].
Venous blood samples were collected after an overnight
fast, and serum 25-hydroxyvitamin D (250HD) measured
using the ARCHITECT 25-OH Vitamin D immunoassay
(Abbott Laboratories, Abbott Park, Illinois, US) [17].



Osteoporosis International (2023) 34:1601-1611

1603

Data analysis

Variables are presented as means + standard deviations (SD)
for descriptive statistics or means (95% confidence internal)
or means + standard error of mean (SEM) for estimated
(adjusted) values unless otherwise stated. Comparisons of
characteristics between males and females were made by
Student's t-test and chi-squared test.

Restricted cubic spline modelling, which allows the
assessment of whether the relationship is non-linear, was
used to evaluate the relationships between change in total,
lean and fat mass with change in bone measures over 6 years,
with change in BMD of each site [ABMD, 6 years — base-
line] as the dependent variable and changes in total mass,
lean mass or fat mass [ATM, ALM or AFM, 6 years — base-
line] as independent variables using R package “rms” with
three knots (10th, 50th and 90th percentile) [19]. Covari-
ates adjusted in the models were race, measurement inter-
val between baseline and follow-up DXA assessment, and
baseline BMD value, age, total mass (or lean and fat mass
for the models for ALM or AFM), height, smoking history
(never/previous/current), serum 250HD, physical activity
level (low/medium/high), sitting hours per day, alcohol con-
sumption (glasses per day), education level, calcium sup-
plementation and use of menopausal hormone treatment
(MHT, in women); models for ALM or AFM adjusted for
each other. Due to the sex difference in body composition
and its age-related change [20], males and females were ana-
lysed separately. The least square means of ABMD of each
site at mid-quartile levels of each of ATM, ALM or AFM
were estimated, and comparisons between mid-quartile
means were made.

In a further analysis, participants whose body mass was
stable from baseline to 6 years (change in total body mass
<3% [21]) were grouped by whether LM and FM increased

or decreased over time, as Group 1 (LM & |FM), Group 2
(LM & 1FM), Group 3 (1LM & |FM) and Group 4 (LM
& 1FM), and comparisons for ATM and ABMD between
groups made by general linear model. The models for ATM
adjusted for baseline TM, the models for ABMD adjusted
for baseline BMD value, lean mass, fat mass, and calcium
supplementation, and all the models adjusted for race, meas-
urement interval, and baseline age, height, smoking history,
serum 250HD, physical activity level, sitting hours per day,
alcohol consumption, education level and MHT (in women).
Statistical significance level was set at P < 0.05 (two-tailed).
All analyses were performed using IBM SPSS (version 27,
IBM, Chicago, IL, USA) and R (version 4.0.3, R Foundation
for Statistical Computing, Vienna, Austria).

Results
Characteristics of study participants

In total, 3671 participants were included in this analysis, and
Fig. 1 depicts how the study was sample derived. Compared
with those who attended the baseline survey but were not
included in this analysis (n = 1436), those included were
not significantly different in proportion of females (55.0%
vs 54.5%, P = 0.73) and baseline age (57.9 + 5.7 vs 58.2 +
5.9 years, P = 0.09), but had lower BMI (28.0 + 4.7 vs 28.8
+ 5.5 kg/m?, P < 0.001), higher proportion of high physi-
cal activity level (46.2% vs 43.1%, P = 0.009) and lower
proportion of current smoker (7.8% vs 16.0%, P < 0.001)
at baseline.

Table 1 shows participant characteristics at baseline and
changes in body composition and BMD over 6 years. Mean
age at baseline was 57.9 + 5.7 years, and mean measurement
interval between baseline and follow-up 6.2 + 0.9 years.

Fig. 1 Participants flow

5107 recruited into the BHAS

study

3888 attended follow-up survey

at ~6 years
217 excluded

61 - no baseline DXA body composition
131 - no follow-up DXA body composition
4 - no follow-up DXA BMD

3671 included in the analysis

21 — taking antiresorptive agents at baseline

2019 females

1652 males
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Table 1 Baseline characteristics

it o Females Males P value
and change in body composition (n =2019) (n =1652)
and bone measures over 6 years
in Australian baby boomers Baseline characteristics
Age (year) 57.8 +5.7 58.1+5.8 0.092
Height (cm) 162.8 + 6.0 176.1 + 6.6 <0.001
Body mass (kg) 73.6 + 14.0 88.1 +13.2 <0.001
BMI (kg/m?) 27.7+52 283 +3.9 <0.001
White (%) 98.8 99.4 0.066
Physical activity level (%)
Low 25.2 20.2 <0.001
Medium 35.7 25.1
High 39.2 54.7
Sitting (hours/day) 44+25 4.8 +2.6 <0.001
Alcohol (glasses/week) 7.0+ 83 169+ 154 <0.001
Smoking (%)
Never 52.1 444 <0.001
Previous 40.6 47.2
Current 7.3 8.5
TAFE, college or university education (%) 52.7 50.1 0.113
Calcium supplementation (%) 9.3 1.2 <0.001
Menopausal hormone therapy (%) 8.9 - -
Serum 250HD (nmol/L) 78.9 +£25.3 85.7 £ 26.1 <0.001
Baseline DXA measures
Fat body mass (kg) 298 £104 259+84 <0.001
Lean body mass (kg) 41.4+5.0 59.0 +6.7 <0.001
Total hip BMD (g/cm?) 0.988 +0.142 1.100 + 0.144 <0.001
Femoral neck BMD (g/cm?) 0.945 + 0.136 1.017 £ 0.133 <0.001
Lumbar spine BMD (g/cm?) 1.166 + 0.176 1.270 + 0.192 <0.001
Changes over 6 years
Measurement interval (year) 6.2+09 6.2+09 0.941
ATotal mass (kg) 0.263 +5.711 0.076 + 5.181 0.301
AFat mass (kg) 0.654 + 4.685 0.616 + 4.170 0.795
ALean mass (kg) -0.318 + 1.791 -0.566 + 2.085 <0.001
ATotal hip BMD (g/cm?) -0.043 + 0.048 -0.012 + 0.038 <0.001
AFemoral neck BMD (g/cmz) -0.046 + 0.050 -0.016 + 0.045 <0.001
ALumbar spine BMD (g/cm?) -0.035 + 0.072 0.032 + 0.061 <0.001

Values are mean + SD or percentage (%) as stated. 250OHD, 25-hydroxyvitamin D; BMI, body mass index;
BMD, bone mineral density. P values obtained using Student’s t-test or chi-square test

There were no significant differences in mean change in total
mass (ATM, 0.3 +£ 5.7 vs 0.1 + 5.2 kg) and fat mass (AFM,
0.7 +4.7 vs 0.6 + 4.2 kg) between females and males. How-
ever, males had greater loss in lean mass compared with
females (ALM, —0.6 + 2.1 vs —0.3 + 1.8 kg, P < 0.001).
Decline in BMD at all three sites measured was significantly
greater in females compared with males. The average annual
change in total hip, femoral neck and lumbar spine BMD
was -0.7%, -0.8% and -0.5% in women, and -0.2%, -0.2%
and 0.4% in men, respectively. Using the lowest T-score
among the three sites, the proportion of participants with
low bone density (T-score between -1 to -2.5) and osteo-
porosis (T-score <-2.5) increased significantly in women

@ Springer

(baseline 37.8% and 6.3% vs 6 years 49.0% and 10.2%, P <
0.001) and slightly in men (baseline 21.4% and 1.1% vs 6
years 22.7% and 1.2%, P = 0.037).

A Total mass

In women, restricted cubic spline analyses showed posi-
tive, non-linear relationships between ATM and ABMD at
total hip, femoral neck and lumbar spine with flattening of
the curves at ATM above +5kg (Fig. 2A). Women in the
highest quartile of ATM (Q4, with a mid-quartile value of
+5.7 kg) had 0.035, 0.018 and 0.025 g/cm? less reduction in
total hip, femoral neck and lumbar spine BMD, respectively,
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Fig.2 The association of change in total mass (A), lean mass (B) and
fat mass (C) with change in bone mineral density (BMD) of total hip,
femoral neck and lumbar spine from baseline to follow-up, based on
fitted restricted cubic spline regression with three knots (10th, 50th
and 90th percentile), adjusted for race, measurement interval between
baseline and follow-up, baseline BMD value, age, total mass (or lean

and fat mass for the models for Alean mass or Afat mass), height,
smoking history, serum 25-hydroxyvitamin D, physical activity level,
sitting hours per day, alcohol consumption, education level, calcium
supplementation and menopausal hormone treatment (in females);
models for Alean mass or Afat mass adjusted for each other. Grey
shadow represents 95% confidence interval
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Fig.2 (continued)

compared with those in the lowest quartile (Q1, with a mid-
quartile value of -5.0 kg) (Table 2). In men, ATM was posi-
tively related to ABMD at total hip and femoral neck with no
plateau apparent in the relationships; ATM was not signifi-
cantly associated with ABMD at the lumbar spine. Men in
the highest quartile of ATM (Q4, mid-quartile value +5.0kg)
had 0.017 and 0.008 g/cm? less reduction in total hip and
femoral neck BMD, respectively, compared with those in the
lowest quartile (Q1, mid-quartile value -4.8 kg).

A Lean mass

In females, ALM was positively associated with ABMD at
all three sites measured up to ~1 kg lean mass gain, above
which the associations plateaued (Fig. 2B). Women in the
highest quartile of ALM (Q4, mid-quartile value +1.6 kg)
had 0.019-0.028 g/cm? less bone loss than women in Q1
(mid-quartile value -2.1 kg) (Table 2). In males, ALM posi-
tively associated with ABMD of total hip and femoral neck
in near-linear relationships (Fig. 2B), whereas ALM was not
associated with ABMD at the spine. Men in Q4 (mid-quar-
tile value +1.6 kg) had 0.015 and 0.011 g/cm? less reduction
in total hip and femoral neck BMD, respectively, than men
in Q1 (mid-quartile value -2.7 kg) (Table 2).
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Change in fat mass (kg) Change in fat mass (kg)

A Fat mass

In women, AFM was positively associated with ABMD
of total hip, with plateauing of the relationship at AFM
of ~+3 kg, whereas AFM was not significantly associated
with ABMD at femoral neck or spine (Fig. 2C). Women in
the highest quartile of AFM (Q4, mid-quartile value +5.1
kg) had 0.017 g/cm? less reduction in ABMD of total hip
compared with women in Q1 (mid-quartile value -3.8 kg).
Results were similar in men, with a significant association
between AFM and ABMD of total hip, but not femoral neck
or spine. Men in Q4 for AFM (mid-quartile value +4.5 kg)
had 0.007 g/cm? less bone loss than men in Q1 (mid-quartile
value -3.4 kg) (Table 2).

Analysis by changes in FM and LM

Table 3 shows the analyses where body mass stable partici-
pants (774 females and 815 males) were grouped according
to whether fat mass and lean mass increased or decreased
over time. Group 3 (LM & |FM) had better maintenance of
total hip BMD compared with Group 2 (|LM & 1FM) in both
sexes, and better maintenance of femoral neck BMD com-
pared with Group 1({LM & |FM) and Group 2 in males. In
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Table 2 Estimated means of change in bone mineral density over 6 years at mid-quartile levels of change in total mass, fat mass and lean mass in

female and male participants

Ql

Q2

Q3

Q4

Female
A Total mass
ATotal hip BMD
AFemoral neck BMD
ALumbar spine BMD
A Lean mass
ATotal hip BMD
AFemoral neck BMD
ALumbar spine BMD
A Fat mass
ATotal hip BMD
AFemoral neck BMD
ALumbar spine BMD
Male
A Total mass
ATotal hip BMD
AFemoral neck BMD
ALumbar spine BMD
A Lean mass
ATotal hip BMD
AFemoral neck BMD
ALumbar spine BMD
A Fat mass
ATotal hip BMD
AFemoral neck BMD
ALumbar spine BMD

-5.0[-36.8, -2.6] kg*
-0.051 (-0.069, -0.034)*
-0.049 (-0.068, -0.031)
-0.051 (-0.078, -0.025)
2.1[-9.1,-1.4T kg
-0.050 (-0.067, -0.033)
-0.051 (-0.069, -0.033)
-0.054 (-0.080, -0.028)
-3.8[-29.0, -1.6] kg
-0.046 (-0.063, -0.029)
-0.047 (-0.065, -0.028)
-0.048 (-0.074, -0.022)

-4.8-25.6, -2.5] kg
-0.023 (-0.046, 0.001)
-0.014 (-0.042, 0.014)
-0.002 (-0.041, 0.037)
2.7[-11.8, -1.8] kg
-0.028 (-0.051, -0.005)
-0.018 (-0.046, 0.010)
-0.001 (-0.041, 0.038)
-3.4[-20.3, -1.6] kg
-0.022 (-0.045, 0.001)
-0.015 (-0.043, 0.013)
0.002 (-0.037, 0.041)

1.0 [-2.6, 0.3] kg
-0.040 (-0.058, -0.023)?
-0.045 (-0.064, -0.027)
-0.045 (-0.071, -0.019)
0.8 [-1.4.-0.3] kg

-0.040 (-0.057, -0.023)?
-0.043 (-0.062, -0.025)?
-0.042 (-0.068, -0.017)*
0.4 [-1.6.0.7] kg

-0.038 (-0.055, -0.022)*
-0.044 (-0.063, -0.026)
-0.042 (-0.068, -0.016)

-1.2[-2.5,0] kg
-0.018 (-0.041, 0.005)*
-0.012 (-0.040, 0.016)
0.001 (-0.038, 0.039)
1.1[-1.8,-0.5] kg
-0.024 (-0.047, -0.002)
-0.017 (-0.045, 0.010)
-0.004 (-0.043, 0.035)
0.4 [-1.6,0.5] kg
-0.020 (-0.043, 0.003)
-0.016 (-0.043, 0.012)
0.001 (-0.038, 0.040)

1.6 [0.3,3.2] kg
-0.029 (-0.046, -0.012)*°
-0.039 (-0.058, -0.021)*°
-0.036 (-0.062, -0.010)*°
0.2[-0.3,0.7] kg

-0.032 (-0.049, -0.015)*°
-0.038 (-0.056, -0.019)*"
-0.033 (-0.059, -0.007)*°
1.7[0.7,2.9] kg

-0.033 (-0.050, -0.016)*°
-0.041 (-0.060, -0.023)
-0.039 (-0.064, -0.013)

1.3 [0, 2.8] kg
-0.015 (-0.037, 0.008)™"
-0.011 (-0.038, 0.017)
0.002 (-0.037, 0.041)
0.1[-0.5,0.7] kg

-0.021 (-0.044, 0.002)*"
-0.015 (-0.042, 0.013)
-0.004 (-0.043, 0.035)
1.5[0.5,2.8] kg

-0.019 (-0.042, 0.004)
-0.016 (-0.043, 0.012)
0.001 (-0.038, 0.040)

5.7[3.2,31.7] kg
-0.016 (-0.034, 0.001)"¢
-0.031 (-0.050, -0.013)™P¢
-0.026 (-0.052, 0.000)*>¢
1.6 [0.7, 18.4] kg

-0.022 (-0.039, -0.005)™P¢
-0.032 (-0.051, -0.014)®b¢
-0.029 (-0.055, -0.003)™"
5.1[2.9,23.2] kg

-0.029 (-0.046, 0.012)*°
-0.039 (-0.058, -0.021)
-0.038 (-0.064, -0.012)

5.0[2.8,29.8] kg
-0.006 (-0.029, 0.017)b¢
-0.006 (-0.034, 0.022)
-0.001 (-0.041, 0.038)
1.610.7,9.6] kg

-0.013 (-0.036, 0.010)"¢
-0.007 (-0.034, 0.021)b¢
-0.001 (-0.039, 0.040)
45(2.8,26.7] kg

-0.015 (-0.038, 0.009)"¢
-0.014 (-0.041, 0.014)
-0.001 (-0.041, 0.038)

*Mid-quartile level with range (in brackets). *Restricted cubic spline estimated least square mean (95% confidence interval) of changes in bone
mineral density (BMD, g/cm?) for the mid-quartile of change in each of total mass, fat mas and lean mass. *P < 0.05 vs Q1, °P < 0.05 vs Q2,
‘P < 0.05 vs Q3 adjusted for race, measurement interval, baseline BMD value, age, total mass (or lean and fat mass for the models for A lean
mass or A fat mass), height, smoking history, serum 25-hydroxyvitamin D, physical activity level, sitting hours per day, alcohol consumption,
education level, calcium supplementation and menopausal hormone treatment (in females); models for ALM or AFM adjusted for each other.

females, Group 4 (1LM & 1FM) also had better maintenance
of total hip BMD compared with Group 1 and Group 2.

Discussion

In this study of a representative cohort of middle to older aged
Australians, in females we observed a positive, non-linear asso-
ciation of ATM and ALM with ABMD of total hip, femoral
neck and lumber spine, with a threshold level of ~+5kg for
ATM and ~+1kg for ALM. In males a positive, near-linear
association of ATM and ALM with ABMD of total hip and
femoral neck, but not lumbar spine, was observed. AFM was
positively associated with Atotal hip BMD in both sexes, with
a threshold level of ~3 kg gain in fat mass, but was not signifi-
cantly associated with ABMD of femoral neck or lumbar spine.

Our study is the first longitudinal study to show that
maintenance or increase of lean mass is associated with
reduction in age-related bone loss in middle to older aged
adults, whereas maintenance or increase in fat mass plays a
lesser role for total hip BMD and was not associated with
changes in femoral neck and lumber spine BMD. Further-
more, in body mass stable participants we showed that those
who had increased lean mass but decreased fat mass over
time (Group 3) had better maintenance of total hip BMD in
both sexes and better maintenance of femoral neck BMD in
males compared with those who had decreased lean mass
but increased fat mass over time (Group 2). Previous obser-
vational studies [22, 23] and weight loss RCTs [24] showed
that a decline in body mass was associated with bone loss,
but there have been limited data on the relative contribu-
tions of change in lean and fat mass. To our knowledge, the
only other longitudinal study that evaluated changes in body
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Table 3 Estimated means of change in bone mineral density over 6 years by change in body composition groups in body mass stable participants

Group 1 Group 2 Group 3 Group 4 P value
LM & |FM LM & 1EM 1LM & |FM 1LM & 1EM
Female, n 115 361 167 131
ATotal mass (kg) -1.4 +0.1 0.2 +0.1* 0.4 +0.1%° 1.3 +0.13b€ <0.001
ATotal hip BMD (g/cm?) -0.048 + 0.004 -0.047 + 0.002 -0.037 + 0.003° -0.032 + 0.004° <0.001
AFemoral neck BMD (g/cm?) -0.045 + 0.004 -0.050 + 0.002 -0.044 + 0.003 -0.039 + 0.004 0.096
ALumbar spine BMD (g/cm?) -0.035 + 0.006 -0.039 + 0.003 -0.033 + 0.005 -0.031 + 0.005 0.514
Male, n 147 386 172 110
ATotal mass (kg) -1.7+0.1 0.3 +0.1* -0.5+0.1%° 1.7 + 0.13b¢ <0.001
ATotal hip BMD (g/cm?) -0.012 + 0.003 -0.016 + 0.002 -0.006 + 0.003° -0.008 + 0.003 0.014
AFemoral neck BMD (g/cm?) -0.021 + 0.004 -0.021 + 0.002 -0.007 + 0.003** -0.017 + 0.004 0.006
ALumbar spine BMD (g/cm?) 0.033 + 0.005 0.031 + 0.003 0.044 + 0.004 0.028 + 0.005 0.046

Body mass stable is defined as total body mass change <3% from baseline to follow up. Values are estimated mean + SEM. BMD, bone mineral
density, FM, fat mass, LM, lean mass. *P <0.05 vs Group 1 (JLM & |FM), ’P <0.05 vs Group 2 (|\LM & tFM), °P <0.05 vs Group 3 (LM &
|FM), general linear model adjusted for race, measurement interval, age, height, smoking history, serum 25-hydroxyvitamin D, physical activity
level, sitting hours per day, alcohol consumption, education level and menopausal hormone therapy (in females); models for Atotal mass addi-
tionally adjusted for baseline total mass, and models for ABMD additionally adjusted for baseline BMD value, lean mass, fat mass, and calcium

supplementation

composition and BMD is The Study of Women’s Health
Across the Nation, which focused on the changes in lean
and fat mass during the menopause transition period and
evaluated lumbar spine and femoral neck BMD [15]. By
including both male and female participants, having a larger
sample size and wider age range (baseline age 46-70 years),
and evaluating total hip BMD which has better precision
compared with femoral neck BMD and is the preferred site
for monitoring changes in older individuals who tend to have
lumbar spine artifact [25], our study advances knowledge on
the complicated association between body composition and
bone health, and shows the importance of maintaining lean
mass for preventing age-related bone loss.

Cross-sectional studies in young, middle-age and older
adults have shown positive associations between lean mass
and BMD [11, 12, 26]. The important role of lean mass in
preserving bone mass is also supported by meta-analysis of
RCTs, which showed that exercise could attenuate femo-
ral neck bone loss resulted from diet-induced weight loss
[27]. Several mechanisms could link lean body mass with
bone mass, including direct mechanical loading (muscle
contraction and gravitational loading) [28], genetic factors,
hormonal factors, physical inactivity and nutrition factors
that related to both muscle and bone loss [29, 30]. In addi-
tion, muscle-derived myokines can affect bone remodelling,
for example irisin could improve osteoblastgenesis whereas
follistatin could inhibit myostatin induced bone resorption
[31]. Our study showed that women and men in the highest
quartile of ALM had 2.8% and 1.4% less loss of total hip
BMD over 6 years, respectively, compared with those in
the lowest quartile. A 2% improvement in total hip BMD is
related to 28% reduction in vertebral fracture risk and 16%
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reduction in hip fracture risk [32]. Thus, the reduced bone
loss observed in our study could be clinically relevant and
of importance for fracture prevention.

In cross-sectional studies, associations between fat
mass and BMD had been reported to be positive, neutral
or negative, depending on participants’ age and sex, as well
as analytical methods and covariates adjusted [11-13, 26,
33]. In an analysis of 10,814 participants aged 20-59 from
NHANES 2011-2018, after accounting for lean mass, fat
mass had a moderate, negative association with total body
BMD, especially in men [33]. Adipose tissue influences
BMD directly through gravitational loading and has indi-
rect, positive effects via endocrine mechanisms, including
aromatization of androgens to estrogens, secretion of leptin
by adipocytes and increased pancreatic insulin secretion in
individuals with higher fat mass [34]. However, adipose tis-
sue can also negatively impact bone through production of
inflammatory cytokines which increase bone resorption [35].
Furthermore higher fat mass could negatively affect bone
metabolism by reduced circulating 250HD levels, increased
production of parathyroid hormone [36], and dysregulation
of the growth hormone /insulin-like growth factor-1 axis
[37]. These together could account for the weak or absence
of associations with ABMD for AFM in our study. In the
context of the global epidemic of obesity, our findings are
of importance in that gain in fat mass provides little benefits
in preventing bone loss in older age.

We observed stronger associations between changes in
TM, LM and FM with changes in BMD in females compared
with males. Partly it could be due to that females had greater
bone loss compared with males during the follow up period.
The annual rate of change was -0.7% to -0.8% in women and
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-0.2% in men for total hip/femoral neck BMD, and -0.5% in
women and 0.4% in men for lumbar spine BMD, which are
comparable to those reported in other longitudinal cohort
studies [38, 39]. Another possible explanation is that estro-
gen receptors have been reported to have different actions
on male and female skeleton during loading. In animal stud-
ies, estrogen receptor alpha (ERa) plays a critical role in
the adaptive response of bone to loading in female mice
[40], but not in male mice [41]. Interestingly, an associa-
tion of change in body mass and bone loss of lumbar spine
was only observed in women, which was mainly related to
change in lean mass. In males neither change in total mass,
nor changes in lean or fat mass associated with change in
lumbar spine BMD. The increase in lumbar spine BMD over
time observed in males might indicate the high prevalence
of spinal osteoarthritis in older men [42], which could influ-
ence the accuracy of lumbar spine DXA BMD assessment
and obscure any potential association with change in body
composition. In addition, previous studies have shown that
lumbar spine BMD is less influenced by weight loss com-
pared with total hip BMD [43].

Our study is the first large population-based longitudi-
nal study to evaluate the relationships between change in
body composition and BMD during middle to older age that
included both male and female participants. In both sexes
we showed the importance of maintaining lean mass for
preventing age-related bone loss. Assessment at baseline
and 6 years allowed us to examine the longitudinal asso-
ciations of body composition and bone density over suf-
ficient interval to assess age-related bone loss. Our study
does have several limitations. Firstly, it is observational in
nature and although in the restricted cubic spline analyses
we controlled for important confounding variables includ-
ing lifestyle factors, it remains possible that the greater
bone loss observed with greater decline body mass/lean
mass was due to uncontrolled or residual confounding, as
we were unable to take into account the reason for weight
loss and whether it was voluntary or involuntary (i.e. due
to medical reasons). Secondly, only those who were able
to attend the year 6 survey were included in this study, and
therefore our study population might be healthier than peo-
ple of similar age. Thirdly, DXA technology uses a three-
compartment model and assumes that fat free mass has the
same hydration. However, it has high reproducibility and has
been shown to have strong agreement for body fat % with
the reference 4C Lohman model (R?>=0.93) [44]. Lastly, we
used IPAQ to assess physical activity, which although has
been validated for adults [45], does not provide information
on activity type. The impact of physical activity type and
change in physical activity on changes in body composition
and BMD deserves further study. Furthermore, the majority
of participants were white, therefore further research in other
ethnic groups is needed.

In conclusion, in this longitudinal study of middle-aged
and older Australians, loss of body mass is associated with
increased bone loss in both males and females. Changes in
lean body mass are a stronger determinant than changes in
fat mass of changes in bone density. Interventions which
preserve or increase lean mass in ageing adults may have
long term skeletal benefits.
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