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Abstract 

Context: High fracture risk in individuals with low muscle strength is attributed to high 
risk of falls.
Objective: This work aims to study the association of muscle mass and physical 
performance with bone microarchitecture decline and risk of fall and nonvertebral 
fracture in men.
Methods: A prospective, 8-year follow-up of a cohort was conducted among the general 
population. A total of 821 volunteer men aged 60 and older participated. Hip areal bone 
mineral density (aBMD) and appendicular lean mass (ALM) were assessed at baseline by 
dual x-ray absorptiometry. Lower-limb relative ALM (RALM-LL) is ALM-LL/(leg length)2. 
The physical performance score reflects the ability to perform chair stands and static and 
dynamic balance. Bone microarchitecture was assessed by high-resolution peripheral 
quantitative computed tomography (HR-pQCT) at baseline and after 4 and 8  years. 
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Statistical analyses were adjusted for shared risk factors. Outcome measurements 
included the rate of change in the HR-pQCT indices, incident falls, and fractures.
Results: Cortical bone loss and estimated bone strength decline were faster in men 
with low vs normal RALM-LL (failure load: –0.74 ± 0.09 vs –0.43 ± 0.10%/year; P < .005). 
Differences were similar between men with poor and those with normal physical 
performance (failure load: –1.12 ± 0.09 vs –0.40 ± 0.05%/year; P < .001). Differences were 
similar between men having poor performance and low RALM-LL and men having 
normal RALM-LL and performance (failure load: –1.40 ± 0.17 vs –0.47 ± 0.03%/year; 
P < .001). Men with poor physical performance had a higher risk of fall (hazard ratio 
[HR] = 3.52; 95% CI, 1.57-7.90, P < .05) and fracture (HR = 2.68; 95% CI, 1.08-6.66, P < .05).
Conclusion: Rapid decline of bone microarchitecture and estimated strength in men 
with poor physical performance and low RALM-LL may contribute to higher fracture risk.

Key Words: bone microarchitecture, physical performance, fall, fracture, aging, sarcopenia

Fragility fractures are a major public health problem. 
Age-related bone loss and loss of muscle mass and 
strength increase the fracture risk jointly and independ-
ently of each other (1-4). Their association is character-
ized by a disproportionately high fracture risk, suggesting 
an interaction between them (2, 5, 6). The link between 
low muscle strength and poor bone status is supported 
by the concept of “mechanostat” (7-9). Experimental 
data suggest that osteocytes orchestrate the regulation of 
bone remodeling to adapt bone response to mechanical 
load (10, 11).

The results of clinical studies support this theory. In 
home-dwelling individuals, lower muscle mass and strength 
were associated with lower areal bone mineral density 
(aBMD) (12). In prospective studies, individuals with low 
muscle strength had a high risk of osteoporosis and rapid 
bone loss (9, 13). Studies on bone microarchitecture pro-
vided similar results. In the STRAMBO cohort, we have 
shown that older men with low grip strength had lower 
cross-sectional area and lower cortical area at the distal ra-
dius (14). In the same cohort, we have shown that, in older 
men, low grip strength at baseline was associated with a 
more rapid decline of cortical bone microarchitecture as-
sessed prospectively at the distal radius (15).

Lower mechanical strain may not counteract pathways 
leading to bone loss. In particular, differences between 
the radius and tibia may be partly due to the impact of 
body weight. Previous studies suggested poor mobility (eg, 
slow gait speed) as a risk factor for fracture (6, 16). Poor 
mobility is associated with a high risk of fall (16). In the 
cross-sectional part of the STRAMBO study, we found 
poor bone microarchitecture in older men with impaired 
physical performance (17). A study of mobility may permit 
the assessment of muscle-bone interaction on load-bearing 
bones. In addition, microfinite element analysis, combining 
bone mass and microarchitecture, shows lower estimated 

bone strength (eg, failure load) in men with fracture (18). 
Thus, poor physical performance could contribute to 
higher fracture risk via accelerated deterioration of bone 
strength and higher risk of falling. However, to the best of 
our knowledge, no study has explored the impact of poor 
physical performance of the lower limbs on the decline in 
bone microarchitecture and strength and on the risk of fall 
and fracture in the same cohort.

Some factors (hypogonadism, vitamin D deficit, dia-
betes) may have parallel but independent effects on bone 
and muscle, their interaction, and the risk of falls (19-24). 
Thus, the link between bone, muscle and risk of fall found 
in previous studies may be spurious and related to insuf-
ficient control for the confounding effect of these shared 
risk factors.

Thus, our aim was to assess the link of poor physical 
performance of the lower limbs with the deterioration of 
bone microarchitecture at the tibia, the risk of fall and that 
of non-vertebral fracture in a cohort of older men followed 
prospectively for 8  years, after accounting for possible 
confounders.

Materials and Methods

Cohort

The STRAMBO study is a prospective, single-center co-
hort study designed to explore fracture prediction by bone 
microarchitecture measures in men (25). The study was 
accepted by the local ethics committee and carried out 
according to the 1975 and 1983 Declaration of Helsinki. 
It was performed as a collaboration between INSERM 
(Institut National de la Santé et de la Recherche Médicale) 
and a health insurance company MTRL (Mutuelle des 
Travailleurs de la Région Lyonnaise). The cohort was en-
rolled during 2006 to 2008 from the Greater Lyon MTRL 
lists. Invitations were sent to a random sample of men aged 
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20 and older. We included 1169 men who gave their in-
formed consent, answered questionnaires, and had diag-
nostic exams. Among them, 821 men aged 60 and older at 
baseline were followed prospectively for 8 years.

Physical Performance

The score of physical performance was described pre-
viously (25, 26). A  5-time chair stand test was used to 
evaluate power on vertical movement and the hip sur-
rounding muscle function. The inability to perform the test 
was diagnosed when a man was unable to complete 5 chair 
stands (score 0). Men were classified as able if they man-
aged to get up 5 times regardless of the time required. They 
were separated according to the quartiles of time required 
to complete the 5 chair stands (scored 1 to 4 according to 
the quartiles). Static balance was evaluated by 10 seconds 
standing with feet in the side-by-side position. Every inter-
ruption during this time (grasp, inability to maintain the 
position) ended the test. The time was recorded when it 
was less than 10 seconds. For standing balance, the test was 
scored as follows: unable to stand in the positions (score 0), 
less than 10 seconds with eyes open (score 1), 10 seconds 
with eyes open and less than 5  seconds with eyes closed 
(score 2), 10 seconds with eyes open and 5 to 9  seconds 
with eyes closed (score 3), and 10 seconds in each position 
(score 4). The dynamic balance was evaluated with a for-
ward and backward 10-step tandem walk on a drawn line 
on the floor. The examiner recorded the time, number of 
steps, and number of errors. The men who did not perform 
a 10-step tandem walk forward or backward were scored 
unable (score 0). For men who accomplished 10 steps, 
time was scored 1 to 4 according to the quartiles (4 for the 
shortest). The composite physical performance score was 
obtained by summing up the 4 scores (0-16).

Dual X-Ray Absorptiometry and Anthropometric 
Measurements

Body composition and hip areal BMD (aBMD) were as-
sessed at baseline by dual x-ray absorptiometry (Hologic 
Discovery A, Hologic). Long-term coefficient of variation 
(CV) of aBMD of the commercial spine phantom was 
0.35%. Body composition was assessed by the 12.4.3 soft-
ware. Standing and sitting heights were measured using a 
standard stadiometer. Upper segment length is the differ-
ence between the sitting height and height of the chair. The 
difference between the standing height and the upper seg-
ment length is the lower segment length. CVs of the standing 
and sitting heights were 0.5% and 1.3% (27). Relative ap-
pendicular lean mass of the lower limbs (RALM-LL) was 

calculated as the sum of lean mass of both legs divided by 
lower segment length squared. RALM-LL is supposed to 
reflect muscle mass of lower limbs better than RALM be-
cause it is not biased by lean mass of the upper limbs or by 
variability of the upper segment length.

High-Resolution Peripheral Quantitative 
Computed Tomography

Bone microarchitecture was assessed at the right distal tibia 
by the XtremeCT device (Scanco Medical) at baseline and 
after 4 and 8 years. An anteroposterior scout view was used 
to set a reference line at the end plate of the distal tibia. 
The volume of interest composed of 110 slices was acquired 
starting at a fixed offset of 22.5 mm from the reference line 
with an isotropic voxel size of 82 µm (17). Standard analysis 
was used to separate the trabecular and cortical compart-
ments. Derived parameters (as opposed to measured) are 
denoted with a superscript “d” (28). Trabecular (Tb.Ar) and 
cortical area (Ct.Ar) are cross-sectional areas of each com-
partment. Cortical thickness (Ct.Thd) is the mean cortical 
volume divided by the outer bone surface. Average volu-
metric bone mineral density (BMD) in each compartment 
of volume of interest were calculated as cortical (Ct.BMD) 
and trabecular density (Tb.BMD). In the trabecular bone, 
outer, subendocortical Tb.BMD (s.e.Tb.BMD) and central, 
inner (inn.Tb.BMD) were calculated. Trabecular thickness 
(Tb.Thd) and separation (Tb.Spd) were derived from bone 
volume/tissue volume and trabecular number (Tb.N) (28). 
The heterogeneity of the trabecular network was quanti-
fied from the intraindividual distribution of Tb.N (Tb.1/N.
SD, µm). Quality control was performed by daily scan 
phantom measurements. The short-term and long-term 
CV for the phantom densities were 0.05% to 0.9% and 
0.5% to 1.7%, respectively. The in vivo reproducibility of 
the bone microarchitectural variables was 0.7% to 4.5% 
(29). Overlap between baseline follow-up scans was de-
termined based on slice-matching, and movement artifacts 
were graded from a scale from 1 (no motion) to 5 (severe 
motion) (30). All scans with a motion score of 4 or greater 
and/or overlap of 85% or less were excluded.

Finite Element Analysis

Microfinite element (µFE) analysis was performed using 
the unregistered segmented HR-pQCT images to deter-
mine reaction force and estimated failure load. Linear µFE 
models were generated by using the voxel-by-voxel ap-
proach. Poisson ratio of 0.3 and a homogeneous Young 
modulus of 6829 GPa were assigned as bone tissue prop-
erties (31, 32). The model boundary conditions were an 
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axial compression test with 1% compressive strain, and 
resultant reaction force of the bone was measured. Failure 
load was estimated from the models using a yield criterion 
of 2% critical volume and 0.7% critical strain (33). µFE 
models were solved using a conjugate gradient approach 
with a convergence criterion of 1 × 10–6 (FAIM v8.0, 
Numerics88 Solutions Ltd) on the University of Calgary’s 
high-performance computing cluster.

Incidence of Falls and Nonvertebral Fragility 
Fractures

Participants were interviewed annually for 8 years with an 
interviewer-assisted questionnaire to assess falls, injurious 
falls (ie, necessitating hospitalization) and nonvertebral fra-
gility fractures. We retained self-reported low-trauma frac-
tures (a fall from a standing position or less) confirmed by 
a health professional (x-ray, medical, or surgical report). 
Fractures of the skull, face, hand, fingers, and toes as well 
as those related to high trauma were not retained.

Epidemiologic Questionnaire

At baseline, men replied to an interviewer-administered 
questionnaire covering self-reported lifestyle factors and 
health status. Smoking was assessed as current smoker vs 
nonsmoker. Alcohol intake was calculated as the average 
amount of alcohol consumed weekly. Calcium intake 
was assessed by a food-frequency questionnaire adapted 
to French alimentary habits (34). Current leisure phys-
ical activity was calculated as the amount of time spent 
walking, gardening, and participating in leisure sport ac-
tivity including seasonal activities. Occupational physical 
activity was self-reported and classified as weak, average, 
high, or very high. Intrinsic falls during the year preceding 
the recruitment and prior fractures were self-reported. 
Comorbidities (ischemic heart disease [IHD], hypertension, 
diabetes mellitus, prior stroke, Parkinson disease, cancer, 
chronic obstructive pulmonary disease [COPD], type 2 dia-
betes mellitus [T2DM], rheumatoid arthritis, and digestive 
diseases) were self-reported, classified as present or absent, 
and not further ascertained.

Hormonal Assessment

Testosterone was measured by radioimmunoassay (RIA) 
with diethyl ether extraction. Limit of detection was 
0.06  nM. Interassay CV was 8% (22). 17β-estradiol 
(17β-E2) was measured by ultrasensitive RIA (CISBio-
International) (22). Intra-assay and interassay CV of 17β-
E2 were 5.7% and 18%, respectively. The detection limit 
was 5 pM. Sex hormone–binding globulin was measured by 

RIA (CISBio-International) (22). Intra-assay and interassay 
CV were 4% and 5%, respectively. Apparent free testos-
terone concentration (AFTC) and bioavailable 17β-E2 
(bio-17β-E2) were calculated as described previously (22, 
35). 25-hydroxycholecalciferol (25OHD) was assessed by 
RIA (DiaSorin) after acetonitrile extraction (23). The de-
tection limit was 3 ng/mL. Intra-assay and interassay CV 
were 5% to 7% and 9% to 11%, respectively. Serum para-
thyroid hormone (PTH) was measured by human-specific, 
2-site immunochemiluminescence assay. The detection limit 
was 3 pg/mL (23). Intra-assay and interassay CV were less 
than 5%. High-sensitivity C-reactive protein (hsCRP) was 
measured by immunoturbidimetric latex assay (Roche 
Diagnostics). The detection limit was 0.15 mg/L. Intra-assay 
and interassay CV were 8%. Serum creatinine was meas-
ured using a modified kinetic Jaffé method (36). Glomerular 
filtration rate (GFR) was estimated with the Chronic Kidney 
Disease Epidemiology Collaboration equation (36).

Statistical Analysis

The analyses were performed using the R version 3.3.3 
software (2017, R Foundation for Statistical Computing). 
Simple correlations were assessed using the Pearson cor-
relation coefficient. Comparisons according to the quar-
tile of RALM-LL or of the physical performance score 
were performed by analysis of covariance with and 
without adjusting for age. Chi-square test or Fisher exact 
test was used for categorical variables. Linear mixed-
effect models were used to explore the evolution of bone 
parameters according to age decade. Multivariable-
adjusted linear mixed-effect models were used to explore 
the evolution of bone indices according to the classes 
of RALM-LL and physical performance score. To con-
struct the model, a bivariate analysis was performed to 
explore the association between independent variables 
and each bone parameter with a simple linear regression 
and an α risk of 10%. Model assumptions were checked 
by histograms and quantile-to-quantile plots of resid-
uals. Variables were selected based on biological plausi-
bility, previous published data, and bivariable analyses 
with bone microarchitectural measures. The selected 
variables were integrated into a multivariate model to 
adjust partial correlation coefficients of the comparison 
groups. The quality of the statistical model for a given 
set of variables was assessed with the Akaike informa-
tion criterion and the coefficient of determination (R2). 
For strongly correlated variables (AFTC and bio-17β-E2, 
PTH, and 25OHD), 2 models were checked and the vari-
able with a stronger effect was retained. The final mixed 
models were adjusted for age, body mass index, calcium 
intake, leisure and occupational physical activity, length 
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of leg, bio-17β-E2 or AFTC, 25OHD or PTH, GFR, IHD, 
cancer, COPD, T2DM, and Parkinson disease. The con-
ditions for the validity of fixed-effect models have been 
verified graphically. Random-effect models were added 
to characterize individual trajectories to allow individual 
specific prediction. Then, log-transformed variables were 
analyzed to obtain results as percentages.

Adjusted Cox proportional hazard analyses were per-
formed to assess hazard ratios and 95% CI for incident mul-
tiple falls, incident injurious falls, and incident nonvertebral 
fractures according to the defined risk groups of physical 
performance. The quality of statistical models for a given 
set of variables was checked with Schönfeld residuals. The 
final Cox model for falls was adjusted for age, prior falls, 
RALM-LL, systolic blood pressure, hsCRP, and AFTC. The 
final Cox model for fractures was adjusted for age, weight, 
hip aBMD, prior fractures and falls, RALM-LL, IHD, and 
25OHD. Other potential confounders such as lifestyle fac-
tors, comorbidities, and hormones were checked; however, 
they were not significant and not retained in the final model.

Results

Among 821 men, 795 (97%), 620 (78%), and 456 (54%) 
had good-quality scans at baseline and 4 and 8 years, re-
spectively. The causes of attrition were death (61 and 168 
after 4 and 8 years), poor health (32 and 126 after 4 and 
8 years), relocation (3 and 7 after 4 and 8 years), and poor 
quality of scans (53 and 42 after 4 and 8 years). The 343 
men who did not have complete follow-up were older than 
those who did (age 79 vs 74 years, P < .001). After adjust-
ment for age, they were heavier, had lower grip strength, 
less leisure physical activity, and lower testosterone and 
25OHD levels (P < .001 for all).

Aging-related Deterioration of Bone 
Microarchitecture

Total BMD (Tt.BMD) decreased significantly in all the 
age groups, that is, the means differed significantly from 0 
(Table 1). In all the age groups, Ct.Ar, Ct.Thd, and Ct.BMD 
decreased, whereas Tb.Ar and s.e.Tb.BMD increased. 
Tb.BMD and inn.Tb.BMD increased in the first 2 younger 
age groups, but not in the oldest one. Tb.N increased, 
whereas Tb.1/N.SD and Tb.Spd decreased in the 2 younger 
groups. Failure load and reaction forces decreased in all the 
groups. Aging-related decrease in Tt.BMD, cortical meas-
ures, Tb.BMD, reaction force and failure load, as well as 
endocortical expansion (Tb.Ar) accelerated across all age 
groups. Similar results were found when the changes were 
expressed as percentages.

Lower-Limb–Relative Appendicular Lean 
Muscle Mass

Men in the 2 lower RALM-LL quartiles were older than the 
2 higher quartiles (P < .001) (37). After adjustment for age, 
men in the lowest quartile had lower weight and higher 
GFR and testosterone level. Ct.Thd, Ct.Ar, and Ct.BMD 
decreased significantly in all the quartiles; however, the 
loss was 23% to 28% (0.23-0.30 SD) more rapid in the 
first quartile than in the 3 upper quartiles jointly (P < .001) 
(Table 2). Tb.Ar and s.e.Tb.vBMD increased significantly in 
all the quartiles, the increase being 31% (0.25 SD, P < .005) 
and 26% (0.18 SD, P < .05) more rapid in the first quartile 
vs the 3 upper quartiles combined. No consistent patterns 
were found for the other trabecular indices. Failure load 
and reaction force decreased in all the quartiles. Their rates 
of decrement increased across the RALM-LL quartiles and 
were more rapid by 30% (0.24 SD) and 45% (0.21 SD), 
respectively, in the first vs the fourth quartile. Results 
were similar in the analysis using the percentage values of 
changes.

Score of Physical Performance

Men in the lowest quartile of the physical performance score 
were older (Table 3). After adjustment for age, they were 
heavier and had lower leisure physical activity and lower 
AFTC and 25OHD levels. They had higher concentrations 
of PTH and hsCRP. Prevalence of COPD, Parkinson dis-
ease, stroke, and IHD were higher in the lowest compared 
with the highest quartile.

Tt.BMD decreased significantly in all the quartiles, and 
the decrease was 2.5-fold more rapid in the first quar-
tile compared with the 3 upper ones combined (0.68 SD, 
P < .001) (Table 4). Ct.Thd, Ct.Ar, and Ct.BMD decreased 
significantly in all the quartiles and the decrease was 63%j 
to 100% (0.54-0.62  SD) more rapid in the first quartile 
compared with the 3 upper ones combined (P < .001). 
Tb.Ar increased in all the quartiles and the expansion was 
2.2-fold more rapid in the first quartile than in the 3 upper 
ones combined (0.66  SD, P < .001). Tb.BMD was stable 
in the first quartile and increased in the 3 other ones. Inn.
Tb.BMD decreased significantly in the first quartile and 
was stable in the other ones (P < .001). S.e.Tb.BMD in-
creased significantly in all the quartiles. Tb.N increased in 
all the quartiles, and the rate of increase was 11% higher 
in the first compared with the fourth quartile (0.06  SD, 
P < .05). Tb.Thd and Tb.Spd decreased in the first quartile 
and were stable in other ones. Failure load and reaction 
forces decreased in all the quartiles. The rate of decrease in 
reaction force and failure load were 2-fold more rapid in 
the lowest quartile compared with the 3 upper ones jointly 
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(0.61  SD and 0.63  SD, respectively, P < .001). Results 
were similar in the analysis using the percentage values of 
changes in the HR-pQCT indices.

Lower-Limb–Relative Appendicular Lean 
Muscle Mass, Physical Performance, and Bone 
Microarchitecture

Four groups were created according to the lowest quar-
tiles of the physical performance score and RALM-LL 
(Table 5). Men having both RALM-LL and the physical 
performance score in the 3 upper respective quartiles 

were the reference group. Tt.BMD, cortical indices, re-
action force, and failure load decreased significantly in 
all the groups, and more rapidly in the groups with low 
physical performance compared with the reference group. 
Tt.BMD decreased more rapidly in both groups with low 
performance with differences of 0.90  SD and 0.56  SD 
compared with the reference group (P < .001). Failure 
load decreased more rapidly in both groups with low 
physical performance with differences of 0.92  SD and 
0.44 SD compared with the reference group (P < .001). 
Tb.Ar increased significantly in all the groups. It increased 
more rapidly in both groups with low performance with 

Table 1. Prospectively assessed aging-related deterioration of bone microarchitecture at the distal tibia according to age 

group

Age range 60-70 y (n = 336) Ref. 70-80 y (n = 359) > 80 y (n = 128) P for trend

Change of bone microarchitecture as absolute values
Tt.BMD, mg HA/cm3/y –0.55 ± 0.07 –1.15 ± 0.19d –2.86 ± 0.30d < .001
Ct.Thd, µm/y –0.63 ± 0.06 –1.21 ± 0.15d –2.75 ± 0.24d < .001
Ct.Ar, mm2/y –0.66 ± 0.07 –1.41 ± 0.17d –3.12 ± 0.27d < .001
Ct.BMD, mg HA/cm3/y –3.04 ± 0.17 –4.40 ± 0.44d –7.89 ± 0.70d < .001
Tb.Ar, mm2/y 0.40 ± 0.05 1.00 ± 0.14d 2.34 ± 0.22d < .001
Tb.BMD, mg HA/cm3/y 0.35 ± 0.04 0.30 ± 0.10 0.00 ± 0.16c < .05
inn.Tb.BMD, mg HA/cm3/y 0.31 ± 0.04 0.17 ± 0.11a –0.24 ± 0.13d < .001
s.e.Tb.BMD, mg HA/cm3/y 0.41 ± 0.04 0.49 ± 0.11 0.35 ± 0.18 .70
Tb.N, 1/mm/year*103 3.81 ± 1.15 8.39 ± 2.93 –0.50 ± 4.62 .50
Tb.Thd, µm/y 0.02 ± 0.53 -0.20 ± 0.14b 0.13 ± 0.21 .20
Tb.Spd, µm/y –1.21 ± 0.33 –2.30 ± 0.84a 0.64 ± 1.33 .98
Tb.1/N.SD, µm/y –0.40 ± 0.21 –0.73 ± 0.53 0.54 ± 0.84 .70
Reaction force, No. –41.5 ± 5.4 –99.2 ± 8.2d –176.7 ± 16.3d < .001
Failure load, No. –21.8 ± 2.4 –49.1 ± 3.7d –83.4 ± 7.3d < .001
Change of bone microarchitecture as percentage   
Tt.BMD, %/y –0.19 ± 0.03 –0.46 ± 0.07d –1.16 ± 0.12d < .001
Ct.Thd,%/y –0.59 ± 0.08 –1.40 ± 0.20d –3.29 ± 0.32d < .001
Ct.Ar, %/y –0.55 ± 0.08 –1.41 ± 0.20d –3.34 ± 0.31d < .001
Ct.BMD, %/y –0.37 ± 0.02 –0.58 ± 0.06d –1.05 ± 0.10d < .001
Tb.Ar, %/y 0.06 ± 0.01 0.14 ± 0.02d 0.35 ± 0.03d < .001
Tb.BMD, %/y 0.20 ± 0.02 0.17 ± 0.06 –0.05 ± 0.10d < .005
inn.Tb.BMD, %/y 0.22 ± 0.04 0.06 ± 0.11a –0.36 ± 0.18d < .001
s.e.Tb.BMD, %/y 0.18 ± 0.02 0.21 ± 0.05 0.12 ± 0.07 .94
Tb.N, %/y 0.21 ± 0.06 0.45 ± 0.16a –0.08 ± 0.26 .64
Tb.Thd, %/y 0.01 ± 0.07 –0.26 ± 0.17a 0.11 ± 0.26 .17
Tb.Spd, %/y –0.24 ± 0.06 –0.48 ± 0.16a 0.07 ± 0.26 .74
Tb.1/N.SD, %/y –0.20 ± 0.07 –0.40 ± 0.19 0.22 ± 0.30 .84
Reaction force, %/y –0.30 ± 0.03 –0.79 ± 0.07d –1.96 ± 0.13d < .001
Failure load, %/y –0.31 ± 0.03 –0.77 ± 0.06d –1.93 ± 0.12d < .001

Bold indicates a decrease significantly different from zero. Italic indicates an increase significantly different from zero. Derived parameters (as opposed to measured) 
are denoted with a superscript “d.”
Abbreviations: BMD, bone mineral density; Ct.Ar, cortical area; Ct.BMD, cortical vBMD; Ct.Thd, cortical thickness; inn.Tb.BMD, inner, central Tb.BMD; mg 
HA, mg hydroxyapatide; RALM-LL, relative appendicular lean mass of the lower limbs; Ref., reference; s.e.Tb.vBMD, subendocortical Tb.BMD; Tb.N, trabecular 
number; Tb.1/N.SD, inhomogeneity of trabecular network; Tb.BMD, trabecular vBMD; Tb.Spd, trabecular separation; Tb.Thd, trabecular thickness; Tt.BMD, total 
volumetric bone mineral density (vBMD).
aP less than .05, 
bP less than .01, 
cP less than .005, and 
dP less than .001 for comparisons vs reference group.
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differences of 1.45 SD and 0.40 SD compared with the 
reference group (P < .001). In the group with low phys-
ical performance but higher RALM-LL, the loss of 
Tb.BMD and inn.Tb.BMD was more rapid compared 
with the reference group (P < .001). No consistent pat-
terns were found for the other trabecular variables. 
Results expressed as percentages were similar.

We compared both groups with low physical perform-
ance. Men having high RALM-LL and low physical per-
formance were the reference group. Ct.Thd decreased more 
rapidly in men with low RALM-LL compared with the 

reference group (0.76 SD, P < .05). Ct.Ar and Ct.BMD de-
creased and Tb.Ar increased twice as rapidly in men with 
low RALM-LL compared with men with higher RALM-LL, 
with differences of 1.05 to 1.31  SD between the groups 
(P < .001 for all). Results expressed as percentages were 
similar.

Multiple Incident Falls

Over 8  years, 243 men sustained multiple intrinsic 
falls. The median time to the first fall was 944  days 

Table 2. Bone microarchitecture according to the quartiles of relative appendicular lean mass of the lower limbs

RALM-LL Q1 < 5.27 kg/
m2(n = 206)

Q2 (5.27-5.63 kg/
m2) (n = 205)

Q3 (5.63-6.07 kg/
m2) (n = 205)

Q4 (Ref.) ≥ 6.07 kg/
m2 (n = 206)

Change in bone microarchitectural variables as absolute values
Tt.BMD, mg HA/cm3/y –1.18 ± 1.80a –0.97 ± 0.29 –0.88 ± 0.28 –0.76 ± 0.28
Ct.Thd, µm/y –12.59 ± 1.00d –9.58 ± 2.41 –9.38 ± 2.37 –8.39 ± 2.36
Ct.Ar, mm2/y –1.40 ± 0.11c –1.05 ± 0.27 –1.03 ± 0.26 –0.97 ± 0.26
Ct.BMD, mg HA/cm3/y –4.73 ± 0.28d –3.94 ± 0.67 –3.71 ± 0.66 –3.28 ± 0.66
Tb.Ar, mm2/y 0.98 ± 0.21c 0.68 ± 0.20 0.73 ± 0.20 0.63 ± 0.08
Tb.BMD, mg HA/cm3/y 0.37 ± 0.06 0.28 ± 0.15 0.31 ± 0.15 0.27 ± 0.15
inn.Tb.BMD, mg HA/cm3/y 0.25 ± 0.07 0.14 ± 0.17 0.25 ± 0.16 0.21 ± 0.16
s.e.Tb.BMD, mg HA/cm3/y 0.55 ± 0.07a 0.46 ± 0.16 0.42 ± 0.16 0.36 ± 0.16
Tb.N, 1/mm/y*103) 4.85 ± 4.22 4.66 ± 4.33 4.39 ± 4.25 7.09 ± 4.24
Tb.Thd, µm/y 0.12 ± 0.19 –0.01 ± 0.08 –0.03 ± 0.20 –0.04 ± 0.20
Tb.Spd, µm/y –1.81 ± 0.52 –1.62 ± 0.72 –1.40 ± 0.70 –1.14 ± 0.50
Tb.1/N.SD, µm/y –0.81 ± 0.41 –0.49 ± 0.44 –0.40 ± 0.43 –0.11 ± 0.29
Reaction force, No. –88.0 ± 11.6a –72.7 ± 11.6 –72.1 ± 11.2 –62.0 ± 7.8
Failure load, No. –44.5 ± 5.2b –37.1 ± 5.2 –36.8 ± 5.0 –30.8 ± 3.1
Change in bone microarchitectural variables as percentage
Tt.BMD, %/y –0.45 ± 0.05d –0.36 ± 0.11 –0.36 ± 0.11 –0.27 ± 0.11
Ct.Thd, %/y –1.45 ± 0.30c –0.96 ± 0.31 –1.06 ± 0.30 –0.87 ± 0.31
Ct.Ar, %/year –1.45 ± 0.13d –0.95 ± 0.31 –1.02 ± 0.30 –0.85 ± 0.30
Ct.BMD, %/y –0.62 ± 0.03d –0.49 ± 0.10 –0.48 ± 0.10 –0.41 ± 0.10
Tb.Ar, %/y 0.15 ± 0.03a 0.10 ± 0.03 0.10 ± 0.03 0.09 ± 0.03
Tb.BMD, %/y 0.22 ± 0.04 0.17 ± 0.09 0.16 ± 0.09 0.15 ± 0.09
inn.Tb.BMD, %/y 0.18 ± 0.07 0.18 ± 0.07 0.10 ± 0.17 0.15 ± 0.17
s.e.Tb.BMD, %/y 0.23 ± 0.03a 0.20 ± 0.07 0.17 ± 0.07 0.15 ± 0.07
Tb.N, %/y 0.27 ± 0.10 0.26 ± 0.24 0.23 ± 0.24 0.37 ± 0.24
Tb.Thd, %/y –0.00 ± 0.10 –0.07 ± 0.24 –0.04 ± 0.24 –0.19 ± 0.24
Tb.Spd, %/y –0.31 ± 0.10 –0.29 ± 0.24 –0.26 ± 0.24 –0.40 ± 0.24
Tb.1/N.SD, %/y –0.18 ± 0.11 –0.16 ± 0.27 –0.16 ± 0.27 –0.20 ± 0.27
Reaction force, %/y –0.74 ± 0.09b –0.56 ± 0.12 –0.54 ± 0.10 –0.44 ± 0.10
Failure load, %/y –0.74 ± 0.09c –0.57 ± 0.08 –0.55 ± 0.11 –0.43 ± 0.10

Bold indicates a decrease significantly different from zero. Italic indicates an increase significantly different from zero. Results presented as adjusted means ± SEM. 
Derived parameters (as opposed to measured) are denoted with a superscript “d.” Models adjusted for age, body mass index, calcium intake, leisure and occupa-
tional physical activity, length of leg, apparent free testosterone or bioavailable 17β-estradiol, 25-hydroxycholecalciferol or parathyroid hormone, log-transformed 
high-sensitivity C-reactive protein, glomerular filtration rate, cancer, diabetes, prior stroke, ischemic heart disease, COPD, and Parkinson disease.
Abbreviations: BMD, bone mineral density; Ct.Ar, cortical area; Ct.BMD, cortical vBMD; Ct.Thd, cortical thickness; inn.Tb.BMD, inner, central Tb.BMD; mg HA, 
mg hydroxyapatide; Q, quartile; RALM-LL, relative appendicular lean mass of the lower limbs; Ref., reference; s.e.Tb.BMD, subendocortical Tb.BMD; Tb.N, 
trabecular number; Tb.1/N.SD, inhomogeneity of trabecular network; Tb.BMD, trabecular vBMD; Tb.Spd, trabecular separation; Tb.Thd, trabecular thickness; 
Tt.BMD, total volumetric bone mineral density (vBMD).
aLess than 0.05, 
bless than 0.01, 
cless than 0.005, and 
dless than 0.001 for comparisons vs reference group (Q4).
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(interquartile range, 548-1323 days). The percentage of 
men with falls was higher in the men with the poorest 
performance (41.6%) compared with those with the 
highest performance (24.4%) (Table 6). In the fully ad-
justed model, the risk of fall was higher in the poorest 
performance class compared with the class with the 
highest performance (hazard ratio = 1.72; 95% CI, 1.17-
2.54, P < .05). The risk of multiple falls was higher in the 
class with the poorest performance compared with the 3  
upper classes combined (hazard ratio = 1.67; 95% CI, 
1.24-2.23, P < .001).

Incident Injurious Falls (Necessitating 
Hospitalization)

Seventy-three men sustained injurious falls. The me-
dian time to the fall was 1551  days (interquartile range, 

845-2073 days). The percentage of men with such falls was 
higher in the class with the lowest performance (18.7%) 
compared with the class with the highest performance 
(4%). In the final model, the risk of fall was higher in the 
poorest compared with the highest performance group 
(hazard ratio = 3.52; 95% CI, 1.57-7.90, P < .05). In a 
similar model, the risk of injurious fall was higher in the 
poorest performance class compared with the 3 upper 
classes jointly (hazard ratio = 2.60; 95% CI, 1.56-4.34, 
P < .001).

Incident Nonvertebral Fractures

Sixty-eight men had nonvertebral fragility fractures. 
Fracture incidence was similar in the second and the 
third quartiles and the proportional hazard risk was 
not observed between them (violation of the condition 

Table 3. Characteristics of the cohort at baseline according to the score of physical performance

Test of physical performance Q1 < 8 (n = 206) Q2 (8-10) (n = 231) Q3 (11-12) 
(n = 176)

Q4 (Ref.) (13-
16), (n = 200)

Pe Pf

Age, y 76.9 ± 6.5a 71.8 ± 6.7a 70.9 ± 6.3a 68.9 ± 6.8 < .001  
Weight, kg 79.1 ± 11.3 79.3 ± 11.9 77.4 ± 10.3 77.6 ± 11.3 .086 < .05
BMI 28.7 ± 0.24a 27.1 ± 0.26 27.1 ± 0.24 27.1 ± 0.25 < .001 < .001
Lower limb mass, kg 15.42 ± 2.05b 16.25 ± 2.20 16.23 ± 2.13a 16.67 ± 2.23 < .001 .051
RALM-LL, kg/m2 5.6 ± 0.6d 5.7 ± 0.6 5.7 ± 0.6 5.8 ± 0.6 < .005 .24
Leisure physical activity, h/wk 3.3 ± 0.43d 5.6 ± 0.43 6.4 ± 0.46 5.8 ± 0.43 < .001 < .001
Time spent outdoors, h/wk 6.2 ± 0.32d 7.6 ± 0.30c 8.4 ± 0.35 9.0 ± 0.33 < .001 < .001
25OHD, nmol/L 18.5 ± 0.66d 21.5 ± 0.62d 23.8 ± 0.71 25.2 ± 0.67 < .001 < .001
Parathyroid hormone, pg/mL 56.9 ± 1.70d 47.8 ± 1.62 44.9 ± 1.85 44.7 ± 1.74 < .001 < .05
Calcium intake, mg/d 753 ± 254 766 ± 260 751 ± 223 791.6 ± 231.9 .32 .34
Testosterone, nmol/L 10.9 ± 0.38a 11.8 ± 0.35 12.5 ± 0.40 12.2 ± 0.37 < .05 < .05
AFTC, pmol/mL 211.7 ± 6.35d 246.9 ± 6.00 252.4 ± 6.87 260.1 ± 6.46 < .001 < .05
Total 17β-estradiol, pmol/L 52.6 ± 23.0a 53.1 ± 18.1 53.2 ± 21.0 54.8 ± 21.2 .73 .81
Bio-17β-estradiol, pmol/L 36.3 ± 1.45 38.0 ± 1.38 37.6 ± 1.57 39.8 ± 1.48 .15 .87
SHBG, nmol/L 46.85 ± 1.45d 41.71 ± 1.38 44.49 ± 1.57a 39.50 ± 1.48 < .005 .26
hsCRP, ng/mL 2.1 (1.2-5.0)d 1.6 (0.8-3.4) 1.6 (0.8-3.1) 1.3 (0.7-2.4) < .001 < .005
Glomerular filtration rate, mL/min 67.3 ± 1.07d 70.8 ± 1.01 70.8 ± 1.02 73.0 ± 1.08 < .005 .59
Comorbidities       
Fall 54 (26.2%) 39 (16.9%) 37 (21%) 30 (15%) < .05 .47
Cancer 27 (13.1%) 35 (15.2%) 23 (13.1%) 21 (10.5%) .563 .44
COPD 20 (9.7%) 14 (6.1%) 7 (4%) 10 (5%) .1 < .05
Parkinson disease 10 (4.9%) 3 (1.3%) 1 (0.6%) 1 (0.5%) < .005 < .001
Diabetes 44 (5.4%) 24 (2.9%) 18 (2.2%) 11 (1.4%) .29 .11
Stroke 15 (7.3%) 11 (4.8%) 3 (1.7%) 2 (1%) < .005 < .05
Ischemic heart disease 52 (25.2%) 39 (16.9%) 20 (11.4%) 17 (8.5%) < .001 < .001

Results are mean ± SD, median (interquartile range) or number of participants (proportion, %). Fall equals one or more self-reported intrinsic fall during the year 
prior to recruitment.
Abbreviations: 25OHD, serum 25-hydroxycholecalciferol; AFTC, apparent free testosterone concentration; BMI, body mass index; COPD, chronic obstructive 
pulmonary disease; hsCRP, high-sensitivity C-reactive protein; RALM-LL, relative appendicular lean mass of the lower limbs; Ref., reference; SHBG, sex hor-
mone–binding globulin; Q, quartile. 
aP less than .05, 
bless than .01, 
cless than .005, and 
dless than .001 vs Q4 (Ref. group).
Pe equals without age adjustment.
Pf equals with adjustment for age.
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for the test). Therefore, the second and the third quar-
tile were combined to produce 3 classes according to 
the physical performance score: the poorest, the inter-
mediate, and the highest category (Table 7). In the fully 
adjusted model, the nonvertebral fracture risk was sig-
nificantly higher in the poorest performance category 
compared to the highest performance class (hazard 
ratio = 2.68; 95% CI, 1.08-6.66, P < .05) (Fig. 1). The 
risk of nonvertebral fractures increased across the 
categories (P for trend < .05).

Discussion

In older men followed up for 8 years, low RALM-LL and 
poor physical performance were associated with more rapid 
aging-related decline of distal tibia bone microarchitecture. 
Poor physical performance was associated with a higher 
risk of fall and of nonvertebral fracture.

Accelerated aging-related deterioration of distal tibia 
bone microarchitecture in men with low RALM-LL and 
poor physical performance suggests an interaction between 
muscle and bone in line with the “mechanostat” theory 

Table 4. Annual changes in bone microarchitecture at distal tibia according to the score of physical performance at baseline

Score of physical performance Q1 (0-7) (n = 206) Q2 (8-10) (n = 231) Q3 (11-12) (n = 176) Q4 (ref) (13-16) (n = 200)

Change in bone microarchitectural variables as absolute values
Tt.BMD, mg HA/cm3/y –1.89 ± 0.14d –0.75 ± 0.32 –0.86 ± 0.33 –0.71 ± 0.32
Ct.Thd, µm/y –16.63 ± 1.21d –8.91 ± 2.69 –9.51 ± 2.74 –7.92 ± 2.70
Ct.Ar, mm2/y –1.98 ± 0.13d –0.99 ± 0.29 –1.08 ± 0.29 –0.84 ± 0.29
Ct.BMD, mg HA/cm3/y –5.87 ± 0.33d –3.56 ± 0.75 –3.88 ± 0.76 –3.33 ± 0.75
Tb.Ar, mm2/y 1.41 ± 0.21d 0.65 ± 0.25 0.72 ± 0.25 0.53 ± 0.25
Tb.BMD, mg HA/cm3/y 0.03 ± 0.08d 0.37 ± 0.17 0.38 ± 0.17 0.34 ± 0.17
inn.Tb.BMD, mg HA/cm3/y –0.18 ± 0.08d 0.28 ± 0.19 0.31 ± 0.19 0.29 ± 0.19
s.e.Tb.BMD, mg HA/cm3/y 0.32 ± 0.08 0.50 ± 0.18 0.47 ± 0.19 0.40 ± 0.18
Tb.N, 1/mm/y*103 8.51 ± 2.18a 7.89 ± 3.30 8.37 ± 3.70 6.95 ± 3.31
Tb.Thd, µm/y –0.36 ± 0.10c –0.10 ± 0.22 0.02 ± 0.23 0.05 ± 0.23
Tb.Spd, µm/y –2.26 ± 0.62 –2.10 ± 1.39 –1.20 ± 1.42 –0.90 ± 1.39
Tb.1/N.SD, µm/y –0.55 ± 0.33 –0.39 ± 0.78 –0.11 ± 0.77 –0.77 ± 0.77
Reaction force, N/y –137.2 ± 12.6d –72.0 ± 10.5 –60.4 ± 10.9 –53.6 ± 7.4
Failure load, N/y –67.26 ± 5.63d –35.67 ± 4.70 –32.43 ± 4.90 –27.37 ± 3.33
Change in bone microarchitectural variables as percentage
Tt.BMD, %/y –0.76 ± 0.06d –0.28 ± 0.12 –0.33 ± 0.13 –0.26 ± 0.12
Ct.Thd, %/y –2.04 ± 0.15d –0.90 ± 0.35 –1.03 ± 0.35 –0.83 ± 0.35
Ct.Ar, %/y –2.13 ± 0.15d –0.88 ± 0.34 –1.04 ± 0.35 –0.79 ± 0.34
Ct.BMD, %/y –0.78 ± 0.05d –0.45 ± 0.11 –0.49 ± 0.11 –0.42 ± 0.11
Tb.Ar, %/y 0.21 ± 0.05d 0.09 ± 0.04 0.11 ± 0.04 0.08 ± 0.04
Tb.BMD, %/y 0.01 ± 0.05c 0.22 ± 0.10 0.22 ± 0.10 0.18 ± 0.10
inn.Tb.BMD, %/y –0.37 ± 0.08d 0.23 ± 0.18 0.24 ± 0.19 0.20 ± 0.18
s.e.Tb.BMD, %/y 0.15 ± 0.03 0.21 ± 0.08 0.20 ± 0.08 0.16 ± 0.08
Tb.N, %/y 0.46 ± 0.12a 0.40 ± 0.15 0.18 ± 0.15 0.17 ± 0.15
Tb.Thd, %/y –0.46 ± 0.12c –0.15 ± 0.27 0.03 ± 0.28 0.03 ± 0.27
Tb.Spd, %/y –0.48 ± 0.12 –0.44 ± 0.27 –0.23 ± 0.28 –0.20 ± 0.27
Tb.1/N.SD, %/y –0.20 ± 0.10 –0.22 ± 0.28 –0.16 ± 0.27 –0.40 ± 0.27
Reaction force, %/y –1.16 ± 0.07d –0.54 ± 0.08 –0.46 ± 0.09 –0.39 ± 0.05
Failure load, %/y –1.12 ± 0.09d –0.53 ± 0.07 –0.49 ± 0.08 –0.40 ± 0.05

Bold indicates a decrease significantly different from zero. Italic indicates an increase significantly different from zero. Results presented as adjusted means ± SEM. 
Derived parameters (as opposed to measured) are denoted with a superscript “d.” Models adjusted for age, body mass index, calcium intake, leisure and occupa-
tional physical activity, length of leg, apparent free testosterone or bioavailable 17β-estradiol, 25-hydroxycholecalciferol or parathyroid hormone, log-transformed 
high-sensitivity C-reactive protein, glomerular filtration rate, cancer, diabetes, prior stroke, ischemic heart disease, COPD, and Parkinson disease.
Abbreviations: BMD, bone mineral density; Ct.Ard, cortical area; Ct.BMD, cortical vBMD; Ct.Thd, cortical thickness; inn.Tb.BMD, central trabecular vBMD; 
mg HA, mg hydroxyapatide; Q, quartile; Ref., reference; s.e.Tb.BMD, subendocortical vBMD; Tb.BMD, trabecular vBMD; Tb.N, trabecular number; Tb.1/N.
SD, inhomogeneity of trabecular network; Tb.Spd, trabecular separation; Tb.Thd, trabecular thickness; Tt.BMD, total volumetric bone mineral density (vBMD).
aLess than 0.05, 
bless than 0.01, 
cless than 0.005, and 
dless than 0.001 for comparisons vs reference group (Q4).
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(38). This interaction drives bone gain during growth and 
in young athletes. In older individuals, mechanical strain 
may prevent bone loss and preserve bone mass. Clinical 
data are consistent with regard to this “mechanostat” 

concept. In older individuals physical activity preserves 
BMD (39, 40). The studies using pQCT showed that older 
men with low muscle strength had lower cross-sectional 
area, Ct.Ar, and estimated bone strength at the distal 

Table 5. Aging-related changes in bone microarchitecture parameters according to the categories of physical performance 

and relative appendicular lean mass of the lower limbs

RALM-LL
score of physical  
performance

< 5.27 kg/m2 (4.91 ± 0.34) 
< 8 (7 [0; 7]) (n = 50)

> 5.27 kg/m2 (5.77 ± 0.49) 
< 8 (7 [0; 7]) (n = 103)

< 5.27 kg/m2 (4.98 ± 0.23) 
≥ 8 (12 [8; 16]) (n = 155)

> 5.27 kg/m2 (5.96 ± 0.49) 
≥ 8 (12 [8; 16]) (Ref., n = 512)

Change in bone microarchitectural variables as absolute values
Tt.BMD, mg HA/

cm3/y
–2.26 ± 0.36d –1.71 ± 0.32d –1.02 ± 0.14 –0.78 ± 0.07

Ct.Thd, µm/y –2.41 ± 0.30d,e –1.31 ± 0.10a –1.10 ± 0.12 –0.87 ± 0.06
Ct.Ar, mm2/y –3.01 ± 0.33d,f –1.52 ± 0.20c –1.18 ± 0.13 –0.97 ± 0.06
Ct.BMD, mg HA/

cm3/y
–8.90 ± 0.84d,f –4.09 ± 0.52 –4.18 ± 0.33 –3.59 ± 0.16

Tb.Ar, mm2/y 2.36 ± 0.27d,f 1.12 ± 0.22c 0.80 ± 0.11 0.65 ± 0.05
Tb.BMD, mg HA/

cm3/y)
0.51 ± 0.19 –0.24 ± 0.15d 0.37 ± 0.08 0.34 ± 0.04

inn.Tb.BMD, mg HA/
cm3/y

0.28 ± 0.21 –0.46 ± 0.17d 0.26 ± 0.08 0.27 ± 0.04

s.e.Tb.BMD, mg HA/
cm3/y

0.84 ± 0.21 0.09 ± 0.13c 0.52 ± 0.08 0.44 ± 0.04

Tb.N, 1/mm/ye 103 9.27 ± 5.39 7.17 ± 3.38 4.27 ± 2.16 5.22 ± 1.02
Tb.Thd, µm/y –0.11 ± 0.25 –0.41 ± 0.20a –0.01 ± 0.10 –0.03 ± 0.05
Tb.Spd, µm/y –1.94 ± 1.55 –1.93 ± 0.97 –1.63 ± 0.62 –1.34 ± 0.29
Tb.1/N.SD, µm/y 0.05 ± 0.09 –0.41 ± 0.06 –0.76 ± 0.04 –0.42 ± 0.18
Reaction force, N/y –173.1 ± 57.2d –115.5 ± 16.2c –75.2 ± 10.2 –64.1 ± 4.8
Failure load, N/y -84.54 ± 26.53d –57.29 ± 9.33d –38.52 ± 4.59 –32.54 ± 2.17
Change in bone microarchitectural variables as percentage
Tt.BMD, %/y –0.86 ± 0.14d –0.67 ± 0.09d –0.39 ± 0.03 –0.30 ± 0.03
Ct.Thd, %/y –3.36 ± 0.39d,e –1.40 ± 0.24a –1.18 ± 0.15 –0.92 ± 0.07
Ct.Ar, %/y –3.66 ± 0.38df –1.41 ± 0.24c –1.16 ± 0.15 –0.90 ± 0.07
Ct.BMD, %/y –1.29 ± 0.12d,f –0.52 ± 0.07 –0.53 ± 0.05 –0.45 ± 0.02
Tb.Ar, %/y 0.34 ± 0.04d,f 0.16 ± 0.02c 0.13 ± 0.02 0.09 ± 0.01
Tb.BMD, %/y 0.33 ± 0.11 –0.10 ± 0.07d 0.21 ± 0.04 0.19 ± 0.02
inn.Tb.BMD, %/y 0.22 ± 0.21 –0.51 ± 0.13d 0.18 ± 0.08 0.17 ± 0.04
s.e.Tb.BMD, %/y 0.37 ± 0.09 0.08 ± 0.05 0.22 ± 0.03 0.18 ± 0.02
Tb.N, %/y 0.47 ± 0.30 0.41 ± 0.19 0.25 ± 0.12 0.27 ± 0.06
Tb.Thd, %/y –0.07 ± 0.30 –0.49 ± 0.19a –0.04 ± 0.12 –0.06 ± 0.06
Tb.Spd, %/y –0.49 ± 0.30 –0.37 ± 0.19 –0.29 ± 0.12 –0.30 ± 0.06
Tb.1/N.SD, %/y –0.22 ± 0.34 –0.27 ± 0.22 0.19 ± 0.14 –0.26 ± 0.07
Reaction force, %/y –1.43 ± 0.19d –0.93 ± 0.13c –0.64 ± 0.08 –0.47 ± 0.04
Failure load, %/y –1.40 ± 0.17d –0.91 ± 0.12d –0.64 ± 0.07 –0.47 ± 0.03

Bold indicates a decrease significantly different from zero. Italic indicates an increase significantly different from zero. Results presented as adjusted means ± SEM. 
Derived parameters (as opposed to measured) are denoted with a superscript “d.” Models adjusted for age, body mass index, calcium intake, leisure and occupa-
tional physical activity, length of leg, apparent free testosterone or bioavailable 17β-estradiol, 25-hydroxycholecalciferol or parathyroid hormone, log-transformed 
high-sensitivity C-reactive protein, glomerular filtration rate, cancer, diabetes, prior stroke, ischemic heart disease, and COPD, Parkinson disease.
Abbreviations: BMD, bone mineral density; Ct.Ard, cortical area; Ct.BMD, cortical vBMD; Ct.Thd, cortical thickness; inn.Tb.BMD, central trabecular vBMD; 
mg HA, mg hydroxyapatide; Q, quartile; Ref., reference; s.e.Tb.BMD, subendocortical vBMD; Tb.BMD, trabecular vBMD; Tb.N, trabecular number; Tb.1/N.
SD, inhomogeneity of trabecular network; Tb.Spd, trabecular separation; Tb.Thd, trabecular thickness; Tt.BMD, total volumetric bone mineral density (vBMD).
aLess than 0.05, 
bless than 0.01, 
cless than 0.005, and 
dless than 0.001 for comparisons vs reference group, 
eLess than 0.05 and 
fless than 0.005 for the comparisons Q1 vs Q2.
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tibia and radius (41, 42). Men with low ALM of upper  
limbs and low grip strength had poorer bone 
microarchitecture and its faster decline at the non–
load-bearing distal radius (14, 15).

Mechanical stress exerts direct, local strain on osteo-
cytes and activates bone metabolism (10, 11). It may af-
fect bone microarchitecture, its internal structure, and its 
strength (43). Our cross-sectional data showed that men 
with poor physical function of the lower limbs had poorer 
bone microarchitecture at the tibia compared with the ra-
dius (17). However, cross-sectional data do not assess the 
temporal order. In this prospective study of the distal tibia, 
poor physical performance and low RALM-LL were asso-
ciated with more rapid loss of cortical bone and of bone 
strength compared with the reference group. Men with the 
lowest physical performance had more rapid endocortical 
expansion compared with those with the highest one. 

Endocortical resorption results in bone loss of the internal 
layer of the cortex leading to cortical thinning and medul-
lary expansion. However, it also produces cortical rem-
nants resembling trabeculae (trabecularization). Cortical 
remnants, mistaken by the software for trabecular bone, 
are subtracted from cortical bone and added to trabecular 
bone. It leads to the overestimation of cortical bone loss 
and to the underestimation of trabecular bone loss. The in-
clusion of cortical remnants in trabecular bone results in an 
apparent stability of Tb.N and Tb.BMD (even an increase 
in s.e.Tb.BMD) (44). Endocortical bone loss may also re-
sult in cortical pore perforation, which may promote crack 
propagation during mechanical loading and aggravate the 
loss of failure load (45).

To overcome the effect of trabecularization, we assessed 
bone status in the central zone, which undergoes aging-
related decline but does not comprise cortical remnants. 

Table 6. Association of physical performance of the lower legs with risk of fall

Quartiles of per-
formance score

Men with in-
cident falls, %

Adjusted for age 
HR (95% CI)

Adjusted for age, 
prior falls, RALM-LL

Adjusted for age, prior falls, RALM-LL, 
systolic blood pressure, hsCRP, AFTC

Incident multiple falls, ≥ 1 fall/y   
Best, 13-16 24.4 1.00 1.00 1.00
11-12 23.7 0.95 (0.63-1.44) 0.90 (0.60-1.37) 0.94 (0.62-1.43)
8-10 28.0 1.17 (0.81-1.70) 1.11 (0.76-1.61) 1.14 (0.78-1.67)
Poorest, < 8 41.6 1.69 (1.16-2.46)a 1.68 (1.15-2.46)a 1.72 (1.17-2.54)a

Ref., 8-16 25. 1.00 1.00 1.00
Poorest, < 8 41.6% 1.60 (1.20-2.13)b 1.67 (1.25-2.22)c 1.67 (1.24-2.23)c

Incident falls necessitating hospitalization (injurious fall)   
Best, 13-16 4.0 1.00 1.00 1.00
11-12 7.9 1.86 (0.78-4.43) 1.87 (0.78-4.47) 1.88 (0.78-4.51)
8-0 5.2 1.17 (0.48-2.87) 1.18 (0.48-2.89) 1.22 (0.49-2.99)
Poorest, < 8 18.7 3.48 (1.57-7.74)a 3.61 (1.62-8.04)a 3.52 (1.57-7.90)a

Ref., 8-16 5.6 1.00 1.00 1.00
Poorest, < 8 18.7 2.64 (1.59-4.37)b 2.72 (1.64-4.49)b 2.60 (1.56-4.34)b

Abbreviations: AFTC, apparent free testosterone concentration; HR, hazard ratio; hsCRP, high-sensitivity C-reactive protein; RALM-LL, relative appendicular 
lean mass of the lower limbs; Ref., reference.
aP less than .05.
bP less than .005.
cP less than .001.

Table 7. Association between physical performance of the lower legs and risk of incident nonvertebral fracture

Performance score Men with 
fractures

Adjusted for age 
HR (95% CI)

Adjusted for age, weight, 
hip aBMD HR (95% CI)

Adjusted for age, weight, hip aBMD, prior fractures 
and falls, RALM-LL, IHD, and 25OHD HR (95% CI)

Best score (13-16) 3.5% 1.00 1.00 1.00
Intermediate score 

(8-12)
8.8% 2.44 (1.09-5.51)a 2.20 (0.97-4.97) 2.27 (0.99-5.14)

Poorest score (< 8) 11.9% 3.11 (1.29-7.47)a 2.43 (1.00-5.93)a 2.68 (1.08-6.66)a

P for trend  < .05 .07 < .05

Abbreviations: 25OHD, 25-hydroxycholecalciferol; aBMD, areal bone mineral density; HR, hazard ratio; IHD, ischemic heart disease; RALM-LL, relative appen-
dicular lean mass of the lower limbs.
aP less than .05.
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In our study, poor physical performance is associated 
with greater inn.Tb.BMD loss and trabecular thinning. 
This suggests that the mechanical strain is transferred in-
side bone to the trabeculae. Bone reaction to mechanical 
strain and its resistance to fracture are partly determined 
by cortical and trabecular microarchitecture (46). From 
the mechanical point of view, both trabecular and cortical 
bone transfer the load from the articular surface and work 
as a unit to prevent the fracture (46). In our study, the 
greatest declines in bone microarchitecture and strength 
were found in men with the lowest RALM-LL and in those 
with the poorest physical performance. It shows that leg 
disability contributes to the greater loss of bone strength at 
the distal tibia in older men.

In our cohort, bone microarchitecture decline was asso-
ciated with poor physical performance more strongly than 
with muscle mass. This finding is in line with other studies 
(47). However, having both low RALM-LL and low phys-
ical performance score was associated with a 2-fold faster 
deterioration of Ct.Ar, Ct.BMD and greater Tb.Ar expan-
sion compared with men having low physical performance 
but high RALM-LL. Thus, this residual muscle mass and 
strength may play a protective role in individuals with poor 
physical performance.

Our previous research (15) and these data show similar 
patterns of the link of muscle mass and force (or perform-
ance) with bone microarchitecture decline at the non–
weight-bearing distal radius and at the weight-bearing 
distal tibia. Jointly, they show the importance of muscle 
status for bone microarchitecture and its decline regardless 
of the impact of body weight. Thus, they are another argu-
ment in favor of the link between sarcopenia and bone loss.

In our study, poor physical performance was associ-
ated with a high risk of fall, in line with prior data (16, 48, 
49). The ability to prevent a fall requires not only muscle 
strength, but also power (acceleration) and sense of balance 
(50, 51). Thus, better physical performance can lower the 
risk of fall and fracture. However, in our study, men with 
the poorest physical performance had not only a higher risk 
of fall but also a greater decline in bone microarchitecture 
compared with the reference group. Thus, physical per-
formance may increase the fracture risk of fracture both via 
its effect on the risk of falling and on bone itself. However, 
numerous factors may influence bone and muscle in par-
allel but independently of each other. Previous studies of 
the relationships of bone, muscle, and fracture did not con-
sider all potential confounders and could not assess the role 
of the link between bone and muscle as determinants of the 
fracture risk (2, 3, 52-54).

The study of the muscle and bone crosstalk has to 
account for shared risk factors to better assess their 
interaction with fall, bone structure, and fracture. Sex 
steroids regulate bone metabolism and influence bone 
status (22, 55, 56). Aging men with lower testosterone 
have faster loss of lean mass and of physical perform-
ance (56). Thus, bone microarchitecture decline and 
muscle loss could be parallel but independent conse-
quences of low testosterone secretion. T2DM is associ-
ated with greater cortical bone deterioration and more 
rapid muscle loss (21, 24, 57). Thus, the higher risk of 
fracture in patients with diabetes may be due to the in-
dependent effects on bone and muscle (58). Vitamin D 
deficit is associated with poor physical performance and 
poor bone microarchitecture (23, 59). Thus, muscle loss 

Figure 1. Survival without nonvertebral fractures according to the score of physical performance: thin, highest quartile (13-16, best performance, 
reference group); dashed, intermediate group (8-12); bold, lowest quartile (< 8, worst performance).
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and bone loss may be 2 parallel pathways increasing 
the fracture risk in vitamin D-deplete individuals (60). 
However, in our study, adjustment for these confounders 
had no effect on the results.

Our study has limitations. It is a single-center cohort 
composed of home-dwelling White (98%) older men. Our 
results may not be extrapolated to women and other ethnic 
groups. Prior nonspine fractures and comorbidities were 
self-reported and not checked. We did not measure muscle 
force of lower limbs directly (eg, bench press). However, 
our score is similar to the Short Physical Performance 
Battery, the results of which are correlated with knee ex-
tensor strength (61). Although our physical performance 
score was validated in previous studies, it does not fully 
assess lower limb function. The attrition rate was 46% at 
8 years. Men who were lost to follow-up could have poorer 
physical performance and more rapid bone loss. Thus, we 
may underestimate the associations between the variables. 
Self-reported incident nonvertebral fractures were checked, 
but false negatives are possible. There were only 68 inci-
dent fractures; however, the post hoc calculation showed 
that we had 89% statistical power to find the significantly 
higher fracture risk in men with poor physical performance. 
Incident falls were not ascertained. We assessed muscle mass 
and force, lifestyle, and health status only at baseline, but 
their changes during the follow-up may influence the rate 
of bone loss. Tb.Thd and Ct.Thd were calculated, not meas-
ured. Bone microarchitecture assessment may be inaccurate 
because of partial volume effect. HR-pQCT does not reflect 
the age-related intrinsic bone deterioration (microdamage, 
posttranslational modification of proteins, mineral imper-
fection). Currently, RIA is not the gold standard for the 
assessment of 25OHD and sex hormones.

Overall, our prospective study shows the importance of 
lower-limb physical performance for the aging-related de-
cline of bone microarchitecture and estimated strength at 
the distal tibia, and for the risk of fall and nonvertebral 
fracture. The associations remained significant after adjust-
ment for shared risk factors. Thus, poor physical perform-
ance may increase the fracture risk not only via its impact 
on the risk of falling but also via the direct effect on bone. 
Further studies are needed to better understand the mech-
anisms underlying this association. From the clinical point 
of view, efforts to maintain physical performance of the 
lower limbs are needed to prevent injurious falls and frac-
tures in older populations.
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