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Abstract

The longitudinal relationship between bone health and muscle health is scarcely explored. We aimed to explore the rela-
tionship between bone decline and muscle decline over 1 year in older individuals. We used data from the SarcoPhAge
cohort, which aims to identify the consequences of sarcopenia. In this way, this study also highlights the yearly changes in
muscle mass (by dual-energy absorptiometry), muscle weakness (by grip strength), and/or physical performance (by the
short physical performance battery test). Measurements of areal bone mineral density (aBMD), enabling the diagnosis of
osteoporosis, and bone microarchitecture (by means of the trabecular bone score) were also performed each year. A 1-year
clinically relevant decline in bone and muscle health components was evidenced using the Edwards—Nunnally index. Among
the 232 participants with complete data (75.5 + 5.4 years, 57.8% women), we observed an association between a clinically
relevant decline in the skeletal muscle mass index (SMI) and a decrease in aBMD (adjusted OR=2.12 [1.14-2.51] for the
spine, 2.42 [1.10-5.34] for the hip and 2.12 [1.04-5.81] for the neck), as well as a significant association between SMI and
deterioration of the skeletal microarchitecture (aOR =3.99 [2.07-7.70]). A clinically relevant decline in muscle strength
was associated with a decrease in spine aBMD (aOR =2.93 [1.21-7.12]) and hip aBMD (aOR =3.42 [1.37-7.64]) only. The
decline in muscle performance was related to the decline in bone microarchitecture only (aOR =2.52 [1.23-5.17]). Individu-
als with incident sarcopenia had an approximately fivefold higher risk of concomitantly developing osteoporosis. A dynamic
relationship between impaired muscle and bone health was observed, with an obvious association between the concomitant
incidences of osteoporosis and sarcopenia.
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Introduction

The interaction between bone and muscle is essential for
individuals to move in their environment: muscle activity
generates a biomechanical load stimulating adjustment to
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However, the aging process deeply affects the mus-
culoskeletal system. Inevitably, there is a decline in
muscle and bone tissue in terms of mass, structure, and
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increase in prevalence [3, 4], requires specific attention
from scientific research and health practitioners, given
the complications that it engenders, which have an unde-
niable impact on the quality and quantity of life and, con-
sequently, the burden of illness caused in terms of public
health [3, 5].

More specifically, in its complete definition, osteopo-
rosis is a disorder in which a decrease in bone mass and
its microstructure is observed, predisposing the individual
to an increased risk of fracture [6, 7]. Sarcopenia is a dis-
order in which muscle mass is diminished, accompanied
by impaired muscle strength and physical function [8—12].
It has already been shown that these two conditions can
co-exist [13-15], with the presence of one increasing the
risk of the other by at least twofold [16]. This simultane-
ous bone and muscle impairment is currently referred to
as osteosarcopenia [17], making the older individual even
more susceptible to severe adverse health outcomes than
each pathological entity considered separately [14]. Not-
withstanding some studies exploring the cross-sectional
association between osteoporosis and sarcopenia, with a
reported risk increase from 2- to 12-fold [16], the pro-
spective association between these two conditions, also
taking into account most of the aspects defining them
(i.e., mass, quality, and function), seems to be extremely
underexplored. The evolution of the muscle and bone sys-
tems and the influences they have on each other during
the aging process remain as challenging problems, with
the question of whether the whole skeletal status indi-
ces decline in parallel to those of the muscle system or
whether these two phenomena are initiated independently
of one another.

Through the SarcoPhAge (for Sarcopenia and Physical
Impairment with Advancing Age) study, we have already
demonstrated the cross-sectional association between skel-
etal indices and muscle components, as well as between
sarcopenia and osteoporosis [16]. Since then, within this
framework, we have sought to examine the longitudinal
interrelationships between the decline in skeletal status
(i.e., decreased bone mass, altered microstructure, and
increased fracture risk) and that of muscle components
(i.e., decreased muscle mass, strength, and performance)
in a cohort of older subjects, with the ultimate goal of
emphasizing the pathways through which age-related mus-
culoskeletal changes occur in order to optimize the preven-
tion of osteosarcopenia and the management of individuals
with this disease. Additionally, we also aim to highlight
the individual relevance, intrinsic to each participant, of
the variation in bone and muscle status over 1 year by
using an original method that few have employed in the
field, that of the Edwards—Nunnally index. This approach
would allow us to determine, at the individual level, a
threshold of clinically relevant change.
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Methods
Study Population

The SarcoPhAge (Sarcopenia and Physical impairment with
advancing Age) study, implemented in 2013 in Liege, Bel-
gium, involved the observational follow-up of 534 subjects
aged 65 years and older recruited by convenience, both by
advertisement and in clinical routine. Other methodological
implications of the study were described previously [18].
Originally planned to determine the predictors and con-
sequences of sarcopenia in the long term, this study also
investigated, since October 2015, the bone health (i.e., bone
mineral density, bone microstructure and fracture risk) of
subjects. This baseline year of recruitment yielded 316 sub-
jects for which all bone and muscle data were gathered [16].
We collected cross-sectional data covering a full year, and
in October 2017, we obtained one complete year of follow-
up data with regard to the evolution of bone parameters in
our cohort of older subjects. Between baseline and 1-year
follow-up, 84 subjects (26.6%) were not reviewed for vari-
ous reasons: death (n=7), physical or cognitive inability to
attend the annual follow-up (n=31), impossible to contact
(n=6), and refusal to participate again (=40). As a result,
this analysis covers a total sample of 232 participants with
complete baseline and 1-year follow-up muscle and bone
parameter data (Fig. 1).

Investigation of Muscle Health and Diagnosis
of Sarcopenia

Dual-energy X-ray absorptiometry (DXA) (Hologic Discov-
ery A, USA) was performed on each participant, ensuring
that he/she was not wearing metal, wearing only light cotton
clothing, and not wearing shoes. Quality control procedures
were performed daily by scanning a spine phantom, accord-
ing to the manufacturer’s instructions. The completion of
this examination allowed us to determine the skeletal muscle
mass index (SMI), calculated as the sum of the muscle mass
of the four limbs divided by the squared height, indicated in
kg/m?. To further analyze muscle health, we also determined
handgrip strength using a hydraulic hand-dynamometer

Baseline data collection
n=316 Non-reviewed participants (n =84):
¢ - 6 impossible to contact
- ’ - 40 refusal to participate
Lyear follow-up - 31 physically or cogmtively disabled
n=232 - 7 deaths

Fig. 1 Flow diagram of the 1-year follow-up
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(Saehan Corporation, MSD Europe Bvba, Belgium), cali-
brated yearly. Subjects had to strongly squeeze the device
three times with each hand, and the highest measurement
was recorded [19]. Then, muscle function was established
via an assessment of physical performance through the short
physical performance battery (SPPB) test (maximum score
of 12 points) [20] examining three skills: balance, 4-m walk-
ing speed and chair stand test. A diagnosis of sarcopenia was
established on the basis of the criteria proposed by the Euro-
pean Working Group on Sarcopenia in Older People (EWG-
SOP) [8] when the following criteria were applied: a weak
SMI (equal to or less than 5.5 kg/m? for women, 7.23 kg/m?
for men) accompanied by a low muscle strength (less than
20 kg for women, 30 kg for men) and/or an impaired physi-
cal performance (score on the SPPB test equal to or less than
8 points for both men and women).

Investigation of Bone Health and Diagnosis
of Osteoporosis

Using DXA technology and subsequent quality procedures,
areal bone mineral density (aBMD) was evaluated at three
sites, namely, the lumbar spine (L2-L4), total hip, and femo-
ral neck, and is expressed in g/cm2 and as a T-score (sex-
specific, derived from the National Health and Nutrition
Examination Survey III normative data [21]). From these
data, we define osteoporosis as an aBMD T-score equal
to or less than — 2.5 for at least one of the three sites [6].
More specifically, the lumbar spine aBMD data allowed us
to determine a trabecular bone score (TBS), an index of the
bone texture obtained by analysis of the gray-level variation
of the DXA image via the TBS iNsight software (Medi-
maps Group, Geneva, Switzerland, version 3.0.1). A weak
TBS value reflects a poorer quality and fracture-prone bone
microarchitecture, and inversely, a high TBS value is cor-
related with an improved and better fracture-resistant bone
microstructure [22]. Another indicator of subject bone health
is the measurement of his/her fracture risk. To perform this
measurement, the FRAX tool, validated for Belgium [23],
was applied. This tool consists of an algorithm that takes
into account age, sex, clinical risk factor presence, and femo-
ral neck aBMD to determine a 10-year probability of major
osteoporotic fracture (MOF) and hip fracture (HF) for each
individual.

Confounder Collection
At each annual interview, a set of parameters that could
influence the musculoskeletal health of subjects was col-

lected, including the following:

e Body mass index (BMI), calculated as the weight (to
the nearest 0.1 kg) divided by the height (to the near-

est 0.1 mm) squared (kg/mz), measured by means of a
standardized instrument that was calibrated regularly.

e Number of conditions that the subjects were affected by
and number of drugs consumed, self-reported by each
individual.

e Nutritional status was highlighted by the Mini-Nutri-
tional Assessment [24]. The evaluation used a 30-point
scale. Subjects were classified as well-nourished if their
score was 24 points or more; those with scores between
23.5 and 17 points were classified as at risk of malnutri-
tion; and those with scores below 17 points were classi-
fied as malnourished.

e Cognitive function was assessed with the Mini-Mental
State Examination (MMSE) [25], which consists of a
30-point questionnaire. A maximum score of 30 signi-
fies no neuropsychological impairment.

e Level of physical activity based on self-reported time
spent on physical exercise in the past 7 days based on the
Minnesota scale [26] proposing sex-specific cut-offs.

Statistical Methods

The data were processed using the SPSS Statistics 24
(IBM Corporation, Armonk, NY, USA) software package.
First, descriptive statistics were used to describe the popu-
lation of older subjects with regard to their main charac-
teristics, with the results expressed as the mean + standard
deviation (SD) for continuous variables that followed a
Gaussian distribution (as checked by examining the his-
togram, the quantile—quantile plot, the Shapiro—Wilk test,
and the difference between the mean and the median).
Absolute and relative (%) frequencies were described for
qualitative variables. Annual change in the amount of
each muscle and bone component was calculated between
baseline and 1 year of follow-up and is expressed as the
mean percentage of change. To determine the magnitude
of the association between the percentage of losses of bone
and muscle function, Pearson’s correlation coefficient was
calculated for parametric data. Multivariable regression
models were constructed to analyze the independent con-
tribution of a factor on muscle status variables, yielding
a f coefficient with standard error (SE). Next, we wanted
to highlight changes in bone and muscle health, which are
particularly meaningful in the clinic. Therefore, we used
the notion of clinically significant change, measured by
the Edwards—Nunnally (EN) index [27], as a method for
computing clinically significant improvement and deterio-
ration rates. We focus here on the degree of change in the
health status of each individual patient rather than statisti-
cal comparisons of averages between conventional groups.
This approach represents a considerable value in research
because it bridges the gap between clinical research and
clinical practice. Specifically, this is an index of regression
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to the mean by inserting an adjustment that minimizes the
risk of exchange rates being factitiously bloated by regres-
sion to the sample mean. The formula of the applied EN
is as follows:

[rxx(xpre - ﬂpre) + #pre] * 2O-pre (1- rxx)’

where x,,,. is an individual’s score at pretest; u,, is the mean
of the whole sample at pretest; o,,,, is the standard deviation
of the whole sample at pretest; and r,, is the reliability of
the measure.

More specifically, reliability measures were 0.990 for
BMD and TBS assessment [28], 0.486 for MOF probabil-
ity [29], 0.469 for HF probability [29], 0.997 for lean mass
assessment [30], 0.976 for grip strength evaluation [31],
0.870 for the SPPB, and 0.750 for chair and stand test [32].

If the score obtained during the posttest is outside the
two bounds of the confidence interval, then a clinically
significant change will be noted. Because scientific lit-
erature has taught us that there were gender differences
regarding age-associated bone and muscle mass changes
[33], we have applied this EN index sex-specifically, and
thus performed analyzes on men and women separately,
before grouping them together. For categorical variables
such as the SPPB test, this technique was not applicable.
Therefore, scientific literature was used, and a clinically
relevant decline in physical performance was defined as a
loss of one unit over 1 year [34]. Chi-squared tests were
applied for group comparisons of binary variables (i.e.,
clinically significant decline present or not). A stepwise
binary logistic regression prediction model was developed
to determine the influence of cofactors on a dependent
binary variable (i.e., the presence or absence of a clini-
cally relevant decline), and an odds ratio (OR) with a 95%
confidence interval (CI) was calculated. These covariates
were included in the multivariable model because they
significantly differed between groups in the univariate
analysis for at least one of the bone and muscle measure-
ments (Model 1). Then, in view of the results obtained
below, an additional adjustment (Model 2) was made tak-
ing into account the incidence or not of falls and fractures
(Model 2).

Finally, we decided to determine the incidence (in per-
centages) of the pathological versant of muscle and bone
decline and, subsequently, the association between the
incidence of sarcopenia and osteoporosis by comparing
the incidences in the two groups using Chi-squared tests.

Regarding all statistical stages of this work, adjust-
ments were computed for covariates known to signifi-
cantly impact muscle and bone health, including age, sex
when applicable, BMI, comorbidity number, coprescrip-
tion number, nutritional and cognitive status, and physical
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activity level. The overall results were statistically signifi-
cant at the 0.05 critical threshold.

Results
Clinical Characteristics of Participants

After a 1-year follow-up, 232 older participants were inter-
viewed a second time. The mean follow-up time between
the two visits was 377 (+44.9) days. They had a mean age
of 75.5 (£5.4) years, and the sample was 57.8% women.
A summary of the baseline characteristics is available in
Table 1. The most prevalent concomitant diseases were
osteoarthritis (42.4%) and high blood pressure (20.6%).
The medication was mainly used for indications concern-
ing the nervous system (46.5%), the osteoarticular system
(45.2%), as well as the cardiovascular system (40.9%). The
general characteristics of participants interviewed after
1 year (n=232) did not differ significantly from those of
non-interviewees after 1 year (n=284), all p values being
greater than 0.05 (Supplementary Material).

Regarding the bone and muscle parameters, Table 2 pro-
vided the absolute values for each component at baseline
and at follow-up as well as the percentage of annual change
in these components. Furthermore, with the use of the EN
index, we were able to determine that between 12.5% (lum-
bar spine aBMD) and 22.8% (TBS value) of the whole sam-
ple presented a clinically relevant decline over 1 year of at
least one bone parameter and between 17.2% (grip strength)
and 32.3% (SMI) presented a clinically relevant decline in
muscle health.

Association Between the Mean Annual Percentage
Change in Bone Health and That in Muscle
Components

When we examined the association between the annual per-
centage change in skeletal status and the annual percentage
change in muscle components, we observed that the annual
percentage of 1-year decline in muscle mass was signifi-
cantly correlated with the annual percentage of TBS value
decline (r=0.27, p value <0.05), which remained statisti-
cally significant after adjustment for covariates (f(SE)=0.20
(0.11), p value=0.02). However, we did not observe any
association between the annual percentage change in muscle
mass and the annual change in aBMD values or the risk of
fracture (all p values > 0.05). When performing the analysis
in men and women separately, we could highlight an addi-
tional association: whereas the first findings remained in the
same range when analyzed in men and women for associa-
tion with the annual percentage change of TBS (i.e., coef-
ficient correlation r around 0.27), and in women, the annual
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Table 1 Baseline characteristics of the sample for the whole population and by sex

Whole sample (n=232)
n (%) or Mean + SD

Women (n=134)
n (%) or Mean +SD

Men (n=98)
n (%) or Mean + SD

Sex

‘Women 134 (57.8)

Men 98 (42.2)
Age (years) 755+54 75.1£5.6 76.0+5.1
BMI (kg/m?) 26.6+4.2 30.1+4.9 25.6+3.7
Number of concomitant diseases per subject 4.0+24 42+24 3.8+24
Number of drugs per subject 6.6+3.4 69+3.4 6.2+3.1
Mini-Nutritional Assessment

Well-nourished 132 (56.9) 75 (56.0) 57 (58.2)

At risk of malnutrition 96 (41.4) 56 (41.8) 40 (40.8)

Malnourished 4 (1.7) 3.2 1(1.0)
Mini-Mental State Examination (/30 points) 28.6+4.2 28.6+1.9 282+1.8
Level of physical activity (kcal/day) 2536.8+416.3 2429.6+£429.2 2661.9+759.1
Low SMI 61 (25.8) 31(23.1) 30 (30.6)
Low handgrip strength 71 (30.1) 52 (38.8) 19 (19.4)
Low physical performance 38 (16.1) 24 (17.9) 14 (14.3)
Low aBMD (T-score <—1) 84 (35.6) 43 (32.1) 41 (41.8)

percentage change in muscle mass was also significantly cor-
related with the percentage change in hip aBMD (r=0.26, p
value =0.02), remaining significant in multivariate analysis
(B(SE)=0.34 (0.40), p value =0.04).

We also reported significant associations between the
annual percentage of change in grip strength and that of
hip aBMD (r=0.24, p value <0.05) and femoral neck
aBMD (r=0.37, p value <0.05), which were still present
after adjustments (S(SE)=0.17 (0.04), p value=0.04 and
P(SE)=0.21 (0.10), p value=0.04, respectively). No asso-
ciation between muscle strength and risk of fracture or bone
microstructure was detected (all p values > 0.05). Again,
a sex-specific analysis has brought us a new element: in
women, the annual percentage change in grip strength is
also associated with the annual percentage change in TBS
(r=0.31, p value =0.02), remaining significant after adjust-
ment (F(SE)=0.19 (0.13), p value=0.03).

The annual percentage change in physical perfor-
mance had a negative and significant correlation with the
annual percentage change in the 10-year MOF probabil-
ity (r=-0.24, p value <0.05). Multivariate analysis con-
firmed the significant influence of the change in physical
performance on the 10-year MOF probability variation
(P(SE)=-0.21 (0.02), p value =0.04). It should be noted
that no significant association was established for the decline
in physical performance with that of the aBMD values (all p
values > 0.05). However, when analyzed sex-specifically, we
found that the annual percentage change in physical perfor-
mance in men was also associated with the annual percent-
age change in hip and femoral neck aBMD (respectively,

r=0.44, p value=0.003 and r=0.54, p value <0.001, all
results remaining significant in multivariate analysis).

Association Between the Relevant Decline of Bone
Health and That of Each Muscle Component

We found that 75 subjects (32.3%) showed a clinically sig-
nificant decline in their SMI, 40 (17.2%) presented a muscle
strength decline, and 49 (21.1%) had a clinically relevant
decline in physical performance. We therefore investigated
whether this clinically significant decline in muscle function
was associated with a parallel deterioration of skeletal status.
The results are detailed in Table 3. We have described that
when a subject has a decline in muscle mass (i.e., SMI), he/
she has a 2.07 (1.05-4.09)-fold (MOF probability) to 3.99
(2.07-7.70)-fold (for TBS value) higher risk of presenting
a decline in bone status in terms of bone mass, its micro-
architecture, and the risk of fracture, even after full adjust-
ment. In addition, individuals showing a significant decline
in muscle strength have a significantly increased risk, after
adjustment, of concomitantly presenting a decline in bone
mass (Model 1 adjusted OR=2.93 (1.21-7.12) for lumbar
spine aBMD and Model 1 OR=3.42 (1.37-7.64) for femo-
ral neck aBMD). Finally, a clinically relevant decline in the
physical function of individuals is associated, on the one
hand, with a significant increase in fracture risk (Model 1
adjusted OR=3.10 (1.29-7.44) for HF and Model 1 adjusted
OR =2.93 (1.37-6.25) for MOF) and, on the other hand,
with a decline of bone microarchitecture (Model 1 adjusted
OR=2.52(1.32-5.71)).
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Table 2 Baseline and follow-up bone and muscle health components (n=232)

Baseline 1-Year follow-up Annual change in % Clinically relevant decline®
according to the EN index
Mean + SD Mean+SD Mean+SD n (%)
Bone health
Lumbar spine aBMD (g/cmz) 1.051+0.193 1.047 +0.189 —0.66+5.34 29 (12.5)
Women 1.008 +0.187 1.000+0.192 —-0.37+5.01 19 (14.2)
Men 1.101+0.180 1.111+0.178 —-1.32+5.10 10 (10.2)
Total hip aBMD (g/cm?) 0.865+0.147 0.859+0.144 -1.69+11.3 31 (13.4)
Women 0.804+0.128 0.801+0.140 —-1.56+8.51 17 (12.7)
Men 0.930+0.141 0.918+0.127 —1.85+4.07 14 (14.3)
Femoral neck aBMD (g/cm?) 0.731+0.126 0.727+0.129 —1.03+8.85 30 (12.6)
Women 0.692+0.122 0.701£0.128 -1.56+8.61 15(11.2)
Men 0.772+0.123 0.774+0.117 -0.56+8.34 15 (15.3)
Trabecular bone score value 1.298 £0.105 1.276 £0.103 —0.08+£5.30 53 (22.8)
Women 1.301+0.115 1.290+£0.112 —-1.39+9.25 32 (23.9)
Men 1.297+0.090 1.297+0.089 -0.28+5.65 21(21.4)
10-year MOF probability (%) 102+7.3 10.6+3.9 +0.16+4.50 45 (19.4)
Women 12.9+8.2 12.6 +7.68 +0.21+4.76 25 (18.7)
Men 6.8+3.7 6.9+3.7 +0.14+3.67 20 (20.4)
10-year HF probability (%) 38+53 49+5.0 +0.90+3.34 31 (13.4)
Women 4.8+4.6 4.5+6.1 +0.94+2.97 13 (9.7)
Men 26+2.5 2.7+23 +0.87+1.89 18 (18.4)
Muscle health
SMI (kg/m?) 6.84+1.24 6.70+1.24 -0.79+5.84 75 (32.3)
Women 6.13+0.90 6.10+0.95 -0.63+6.0 36 (26.9)
Men 7.81+£0.92 7.75+£0.93 -1.01+5.6 39 (39.8)
Grip strength (kg) 27.8+11.3 27.1+£13.2 —-0.98+4.32 40 (17.2)
Women 20.4+6.0 20.0+5.9 -0.32+8.6 22 (16.4)
Men 37.8+8.8 37.1+9.1 -1.70+1.87 18 (18.4)
Physical performance (/12 points) 10.2+2.0 10.1+£2.01 —2.50+9.78 49 (21.1)
Women 10.0+2.1 10.0+2.1 —-5.51+5.71 25 (18.7)
Men 104+1.8 103+1.8 -1.12+104 24 (24.5)

Clinically relevant increase in MOF and HF probabilities

We thus noted that a large proportion of individuals
showed a clinically relevant decline in muscle and bone
health. We therefore investigated whether this could be
related to a morbidity event. We found that a clinically
relevant decline in physical performance was significantly
associated with the occurrence of falls during the year of
follow-up: 28 out of 49 subjects (57.1%) with a decline
in performance experienced a fall, while 74 out of 183
subjects (40.4%) with no decline experienced a fall (p
value =0.04). In addition, a clinically relevant decline
in lumbar spine aBMD was significantly associated with
the occurrence of fractures: 6 out of 29 subjects (20.7%)
with a decline in lumbar spine aBMD experienced a
fracture in the year of follow-up compared to 16 out of
187 subjects (8.7%) with no decline which experienced
a fracture (p value =0.03). Based on these results, further
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adjustments (Model 2) were performed in order to see if
the associations found between muscle and bone persist
or not (Table 3). In most situations, we confirmed the
results obtained using Model 1, with some associations
even increasing in magnitude. However, we did encounter
a case where the association was no longer significant:
the relationship between the clinically relevant decline
between muscle mass decline and lumbar spine aBMD
decline (Model 2 adjusted OR=2.16 [0.97-4.79]). We
also found three new associations when we adjust for the
incidence of falls and fractures (as binary variables): the
association between the clinically relevant grip strength
decline was then significantly associated with the clini-
cally relevant femoral decline. aBMD (Model 2, OR=2.74
[1.15-6.52]), as well as the decline in physical perfor-
mance, which was then significantly associated with
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Table 3 Association between clinically relevant bone health decline and clinically relevant muscle component decline (n=232)
Comparison and univariate analysis Multivariable analysis
Clinically rel-  No clini- Crude Crude OR (95% Model 1 Model 1 Model 2 Model 2
evant decline in cally relevant p value CI) adjusted® OR adjusted® p  adjusted® OR adjusted® p
SMI (n=175) decline in SMI (95% CI) value (95% CI) value
(n=157)
Clinically rel- 14 (18.7) 15 (9.5) 0.04 2.17 (1.08-3.77) 2.12 (1.14-2.51) 0.04 2.16 (0.97-4.79)  0.06
evant decline
in lumbar
spine aBMD,
n (%)
Clinically rel- 16 (21.3) 15 (9.5) 0.01 2.57(1.19-5.53) 2.42(1.10-5.34) 0.03 2.64 (1.22-5.73)  0.01
evant decline
in total hip
aBMD, n (%)
Clinically rel- 30 (40.0) 23 (14.6) 0.03  2.38 (1.09-5.15) 2.12(1.04-5.81) 0.04 243 (1.11-5.31) 0.03
evant decline
in femoral
neck aBMD,
n (%)
Clinically rel- 30 (40.0) 23 (14.6) <0.001 3.88 (2.05-7.36) 3.99 (2.07-7.70) <0.001 4.02 (2.10-7.68) <0.001
evant decline
in trabecular
bone score
value, n (%)
Clinically rel- 21 (28.0) 24 (15.3) 0.02  2.05(1.07-2.79) 2.07 (1.05-4.09) 0.04 2.16 (1.11-4.22)  0.02
evant increase
in 10-year
MOF prob-
ability, n (%)
Clinically rel- 18 (24.0) 13 (8.3) 0.01 3.36(1.15-9.82) 3.16 (1.14-7.04) 0.01 3.49 (1.60-7.62) 0.01
evant increase
in 10-year HF
probability,
n (%)
Clinically No clinically Crude Crude OR (95% Model 1 Model 1 Model 2 Model 2
relevant decline relevant decline p value CI) adjusted* OR adjusted® p adjustedb OR adjustedb P
in grip strength in grip strength (95% CI) value (95% CI) value
(n=40) (n=192)
Clinically rel- 10 (25.0) 19 (9.9) 0.01 2.54 (1.02-6.36) 2.93 (1.21-7.12) 0.02
evant decline
in lumbar
spine aBMD,
n (%)
Clinically rel- 11 (27.5) 20 (10.4) 0.01 3.47 (1.96-7.26) 3.42 (1.37-7.64) 0.01
evant decline
in total hip
aBMD, n (%)
Clinically rel- 9 (22.5) 21 (10.9) 0.04 2.47 (1.09-6.13) 2.15(0.89-5.19) 0.09
evant decline
in femoral
neck aBMD,
n (%)
Clinically rel- 13 (32.5) 40 (20.8) 0.11 1.25 (0.55-2.85) 1.59 (0.72-3.47) 0.25 2.34 (0.96-5.67) 0.06

evant decline
in trabecular
bone score
value, n (%)
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Table 3 (continued)

Clinically
relevant decline
in grip strength
(n=40)

No clinically

relevant decline p value
in grip strength

(n=192)

Crude

Crude OR (95% Model 1 Model 1
CI) adjusted* OR adjusted® p
(95% CI) value

Model 2 Model 2
adjusted® OR adjusted® p
(95% CI) value

Clinically rel-
evant increase
in 10-year
MOF prob-
ability, n (%)

Clinically rel-
evant increase
in 10-year HF
probability,

n (%)

11 (27.5)

8(20.0)

34 (17.7)

23 (12.0)

0.15

0.17

1.47 (0.49-4.36) 1.73 (0.76-3.96) 0.19

1.36 (0.40-4.67) 1.83 (0.69-4.89) 0.23

1.69 (0.76-3.78) 0.20

2.09 (0.83-5.25) 0.11

Clinically
relevant decline
in physical
performance
(n=49)

No clinically
relevant decline
in physical
performance
(n=183)

Crude
p value

Crude OR
(95% CI)

Model 1
adjusted* OR
(95% CI)

Model 1
adjusted® p
value

Model 2
adjusted® OR
(95% CI)

Model 2
adjusted” p
value

Clinically rel-
evant decline
in lumbar
spine aBMD,
n (%)

Clinically rel-
evant decline
in total hip
aBMD, n (%)

Clinically rel-
evant decline
in femoral
neck aBMD,
n (%)

Clinically rel-
evant decline
in trabecular
bone score
value, n (%)

Clinically rel-
evant increase
in 10-year
MOF prob-
ability, n (%)

Clinically rel-
evant increase
in 10-year HF
probability,

n (%)

10 (20.4)

8(16.3)

10 (20.4)

18 (36.7)

16 (32.6)

12 (24.5)

19 (10.4)

23 (12.6)

20 (19.2)

35(19.1)

29 (15.8)

19 (10.3)

0.06

0.49

0.08

0.01

0.01

0.01

1.76 (0.72-4.31) 2.15 (0.87-5.31) 0.10

0.91 (0.36-2.38) 1.28 (0.49-3.33) 0.61

1.92 (0.36-3.57) 2.21 (0.92-5.32) 0.08

2.72 (1.204.29) 2.52 (1.23-5.17) 0.01

2.85(1.69-5.10) 2.93 (1.37-6.25) 0.01

2.73 (1.57-5.87) 3.10 (1.29-7.44) 0.01

#Adjusted for covariates that are known to impact body composition (i.e., age, sex, BMI, comorbidity number, drug number, cognitive status,
nutritional status, and physical activity level)

®Adjusted for covariates that are known to impact body composition (i.e., age, sex, BMI, comorbidity number, drug number, cognitive status,
nutritional status, and physical activity level) and for incidence of falls and fractures as binary variables
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Table 4 Dynamic of the
presence of osteoporosis and
sarcopenia in our sample

Osteoporosis Sarcopenia

n (%) n (%)
Prevalence at baseline (n=316) 36 (11.4) 43 (13.6)
Incident cases during the 1-year follow-up (n=232) 13 (5.6) 16 (6.9)
Incident non-cases during the 1-year follow-up (n=232) 4 (1.7) 7 (3.0)
Cases lost-to-follow-up after the 1-year follow-up (n=284) 5(5.9) 8(9.5)
Prevalence after 1-year follow-up (n=232) 40 (17.2) 44 (18.9)

the clinically relevant decline in hip and femoral aBMD
(respectively, Model 2 adjusted OR =2.91 [1.31-6.46] and
OR =2.33[1.07-5.31]).

Association Between Sarcopenia Incidence
and Osteoporosis Incidence

A detailed description of baseline and 1-year follow-up
prevalence of osteoporosis and sarcopenia, as well as their
incidence, is available in Table 4. Within 1 year, 13 sub-
jects (5.6%) became osteoporotic, and 16 became sarcopenic
(6.9%). Individuals who became sarcopenic were signifi-
cantly more likely to present concomitant osteoporosis com-
pared to the sample who did not experience the occurrence
of sarcopenia (incidence of osteoporosis amounting to 3 of
16 sarcopenic individuals (18.7%) versus the incidence of
osteoporosis amounting to 10 of 216 non-sarcopenic patients
(4.6%), p value <0.001). Individuals with sarcopenia have a
4.75-fold higher risk of developing osteoporosis concomi-
tantly: OR=4.75 (1.16-19.41).

Discussion

Through this original study, we have provided further
evidence that each muscle component that changed with
advancing age was significantly associated with at least one
change in bone parameters. This result shows a dynamic
interaction between the two musculoskeletal slopes. This
finding is true from a statistical point of view, but our
research further demonstrates that, from a clinical view, with
the use of the Edwards—Nunnally index, the interrelation-
ships are even more numerous, marked, and relevant.
When we study our results in more detail, we first
describe a positive longitudinal relationship between mus-
cle and bone mass decline (adjusted ORs up to 2.1), as
well as an increase in the risk of fracture (OR =2.07). This
was an anticipated result, which is in line with other lon-
gitudinal studies [33]. A decline in muscle mass seems to
also be related to the TBS value, which is likely to reflect
bone quality (OR =3.99). TBS is not a direct measurement
of bone architecture, but it is related to three-dimensional
bone characteristics such as the trabecular number, the

trabecular separation, and the connectivity density [35].
This relationship was previously demonstrated in a cross-
sectional study in older individuals [16] and through a
longitudinal design study in children [36] where bone
microstructure was assessed using peripheral quantitative
computed tomography. This observation is supported by
the hypothesis of hormonal interaction between muscular
quantity and quality of bone [37].

A second component of muscle health was prospectively
assessed in our study: the decline in muscle strength was
correlated with the decline in bone mass. This correlation
has already been demonstrated in another study [33], where
the rate of loss in leg muscle strength was significantly
related (r=0.25) to the rate of aBMD loss. Our results have
an added value by also highlighting the change at the indi-
vidual level: we showed a significant association between
a clinically relevant decline in the two components in the
same individuals (ORs>2.90). These observations may
be explained by multiple factors (mechanical, endocrine,
genetic, etc.), and it could be hypothesized that improve-
ment of muscle strength could possibly be protective against
bone mass decline. However, care should be taken regarding
findings related to handgrip strength, bearing in mind that
this measure, taken alone, does not appear to totally reflect
overall muscle strength [38].

Finally, the last muscle component assessed in our study
was physical performance. Our results also highlight the
well-known link between a decline in muscle physical
function and an increased risk of fracture [39] (OR=2.93
[1.37-6.25]). This close relationship could be explained
by a mechanical link, that is, the structural strength of the
bone adapting to the physical activity of subjects [40]. We
also observed a parallel evolution between bone texture and
physical performance (OR =2.52 [1.23-5.17]). This associa-
tion has already been proven crosswise [16, 41], reporting
poor bone microstructure in subjects with impaired physical
performance. Through our study, we extended these pre-
vious findings by incorporating a longitudinal and clini-
cally relevant angle. By performing additional adjustments
(i.e., incidence of falls and fractures as covariates), we also
found that a clinically relevant decline in physical perfor-
mance was significantly associated with a relevant decline
in hip and neck aBMD. These results were not surprising
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starting from the fact that physical performance is related
to the history of falls and fractures [42]. This phenomenon
of association between physical performance decline and
bone density decline seems to explain that physical activity
generates muscle contraction on the adjacent bone surface,
thus contributing to bone remodeling [42].

Overall, we also noted some differences in results when
we analyzed the results separately between men and women.
This does not seem surprising. Indeed, it appears that age-
related changes in body composition are not progressing at
the same rate in both sexes, according to a recent study [33].

Regarding the pathological aspect of poor muscle and
bone health, we also established, despite the limited num-
ber of cases, that the occurrence of sarcopenia was sig-
nificantly associated with the incidence of osteoporosis:
participants with sarcopenia have a 4.75-fold higher risk
of developing osteoporosis concomitantly. A recent meta-
analysis had already shown that the association of their
prevalence is evident [43], but to our knowledge, there is
no study on the concomitant occurrence of these patholo-
gies. This study brings a wealth of evidence to the existing
evidence (e.g., genetic, hormonal, and mechanical factors)
to support the hypothesis of a muscle-bone entity, whose
progressive decline accompanying advancing age is known
as “osteosarcopenia.” This kind of results is not, in the end—
not so surprising. More and more evidence now proves the
existence of a bone—muscle crosstalk. A recent review of
the literature [44] has shown, more specifically during the
aging process, the importance of the “mechanostat theory™:
the bone adapts, from a morphological point of view, to
mechanical load exercise by the muscle during its mobili-
zation. However, this review showed that the relationship
is also to look further: bone and muscle are also loosened
by their adjacent surface [45], and, more specifically, there
appear to exist muscle factors acting on bone formation and
vice-versa. A molecular signaling between bone and mus-
cle, going in both directions [44, 46] actually seem to allow
communication between these two tissues, by the action of
autocrine, paracrine, and endocrine mediators to coordi-
nate their development [45]. Indeed, the endocrine function
involves, for example, osteocalcin and osteoblast-derived
protein, which could act specifically on the regulation of
muscle mass [45]. In addition, together, molecules released
by muscle secretome affect bone such as insulin-like growth
factor-1, myostatin, and interleukin-6 [47]. Furthermore, the
influence of paracrine on bone-muscle crosstalk is objecti-
fied by its localization on the muscle fiber insertion along
periosteal interfaces [44].

Finding these numerous associations, at the group and
individual levels, between each component of muscle and
bone decline could pave the way for the development of
a unique preventive and therapeutic treatment, targeting
both structures simultaneously, aiming to drastically reduce
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impaired mobility, decline, and fractures. These results
provide important insight into the parallel evolution and
therefore have clinical implications. They indeed suggest
an important role of good muscle health (with respect to its
qualitative, quantitative, and functional aspects) in order to
prevent the concomitant decline of skeletal status, thus hop-
ing to decrease the risk of fracture. For example, a preclini-
cal study already reported that dynamic muscle stimulation
induced attenuation of bone loss and changes in trabecular
bone microarchitecture [48]. A screening for sarcopenia dur-
ing osteoporosis diagnosis could provide real added value
and would therefore result in prediction of information that
is instrumental to the clinical monitoring of bone mass.
We acknowledge some limitations of this study, and the
interpretation of our results should therefore be done in this
context. First, we adopted a convenience sample for this
study, and thus, our sample may not be representative of the
entire population over 65 years of age. Then, 26.6% of the
baseline population was not interviewed again after 1 year of
follow-up. A selection bias may therefore be present, as indi-
viduals presenting for maintenance are likely to be in better
health because they are able to move, although the general
characteristics of the participants interviewed after 1 year do
not differ significantly from those who did not show up after
1 year. Furthermore, from this point on, the associations
observed in our study were probably lessened. Moreover,
the follow-up period was short. A longer follow-up duration
would allow more statistical power. However, after 1 year,
we already observe relevant associations, statistically and
clinically, and are adding value in the field. Additionally, the
accuracy of the technique used to measure body composition
may impact the actual change detected. However, the DXA
device shows good reproducibility even though a change in
bone mineral density can often be detected after approxi-
mately 2 years [49]. This is also one reason why we recal-
culated the change in body composition using the EN index,
which allows us to determine a clinically relevant decline at
the individual level. Concerning this EN index, we chose
this statistical technique by dichotomizing the information
(i.e., decline: yes or no). There is then a loss of information
with this approach. However, this technique is adapted to our
data and our objectives and has proved its relevance from
a clinical point of view. By binarizing the data through the
EN index, the associations found were sometimes height-
ened with respect to the manipulation of quantitative data
via correlations. This may seem counterintuitive, but, in the
end, it is not so surprising: if, from a global point of view, at
the level of the entire population, the indices of muscle and
bone health did not seem to decrease considerably in 1 year,
the decline felt at the individual level was more significant.
Indeed, in clinical practice, many patients feel, at their indi-
vidual level, a decline in their own health, but, relativized
by the collective level, no longer seems significant for the
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clinician. It is therefore important to have a collective and
individual vision of subjects’ health to allow optimal care.
Finally, it is well known that the musculoskeletal system is
influenced by a multitude of factors, such as hormonal, envi-
ronmental, and behavioral factors. Therefore, the relation-
ship between the decline in bone health and the decline in
muscle components may be confounded by such potentially
important factors (e.g., sex-hormone levels, calcium intake,
250HD level, and inflammatory markers), which we did not
have the opportunity to thoroughly investigate in this study.
However, all our results take into account (and were adjusted
for) a very large number of other known covariates.

In conclusion, a dynamic interaction was found between
each component of bone and muscle health accompanying
advancing age. We have shown that a decline in muscle
function could be predicted by a deterioration of bone health
indices, and vice-versa. Our results provide an additional
substantial body of evidence for a pathological pathway
in which bone and muscle entities are synchronized in the
aging process. It is necessary to develop a better understand-
ing of identifying and preventing these two diseases.
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