
Article Not peer-reviewed version

Age-Related Trajectories for Bone,

Muscle, and Adipose Tissue in Healthy

Adults: Impact of Osteosarcopenic

Adiposity

Jasminka Z. Ilich * , Jon Mills , Selma Cvijetic , Emily M. Barlow , Semira Galijasevic , Dario Boschiero ,

Jeffrey Harman

Posted Date: 3 March 2026

doi: 10.20944/preprints202603.0171.v1

Keywords: body composition; osteopenia/osteoporosis; sarcopenia; adipose tissue; intramuscular adipose

tissue; osteosarcopenic adiposity

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/24157
https://sciprofiles.com/profile/5143316
https://sciprofiles.com/profile/2614294
https://sciprofiles.com/profile/2712505
https://sciprofiles.com/profile/1334869
https://sciprofiles.com/profile/5142962
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


 

 

Article 

Age-Related Trajectories for Bone, Muscle, and 
Adipose Tissue in Healthy Adults: Impact of 
Osteosarcopenic Adiposity 
Jasminka Z. Ilich 1,*, Jon Mills 2, Selma Cvijetic 3, Emily M. Barlow 4, Semira Galijasevic 5, Dario 
Boschiero 6 and Jeffrey Harman 2 

1 Institute for Successful Longevity, Florida State University, Tallahassee, Florida; USA 
2 Center for Medicine & Public Health Policy and Practice, Florida State University College of Medicine, 

Tallahassee, Florida, USA 
3 Division of Occupational and Environmental Health, Institute for Medical Research and Occupational 

Health, Zagreb, Croatia 
4 Florida State University College of Medicine, Tallahassee, Florida, USA 
5 University Sarajevo, School of Science and Technology, Bosnia & Herzegovina 
6 Open Academy of Medicine, Marcon (Venice), Italy 
* Correspondence: jilichernst@fsu.edu 

Abstract 

Background/Objectives: Age-related changes in body composition (bone, muscle, and adipose tissue) 
are often assumed to follow linear, sex-specific patterns. Some evidence suggests that these 
trajectories are nonlinear, and their timing and dynamics remain poorly characterized. 
Osteosarcopenic adiposity/obesity (OSA), defined by the coexistence of osteopenia/osteoporosis, 
sarcopenia, and excess/redistributed adiposity, is recognized as a body composition disorder 
associated with multiple morbidities, but its impact on age-related body composition trajectories has 
not been fully explored. We aimed to delineate sex-specific, age-related trajectories of bone, muscle, 
fat mass, and intramuscular adipose tissue (IMAT), identify inflection points across adulthood, and 
compare patterns in individuals without and with OSA. Methods: Cross-sectional data from 9717 
healthy Caucasian adults (aged 20–90 years) enrolled in a multicenter Italian study were analyzed. 
Body composition was measured using validated bioelectrical impedance analysis. LOESS regression 
was employed to identify age-related inflection points. Standard diagnostic criteria defined 
osteopenia/osteoporosis, sarcopenia, adiposity, and OSA. Results: Men exhibited earlier peaks and 
midlife stability in bone and muscle mass, followed by later decline. Women showed lower baseline 
values, multiple early-life inflection points, and sharper midlife downturns, particularly around 
menopause. Fat mass increased steadily in men but followed a multi-phasic pattern in women. IMAT 
rose progressively with age in both sexes. Adults with OSA, identified in participants even as young 
as 20 years, demonstrated destabilized trajectories, earlier downturns in bone and muscle, and more 
complex body fat and IMAT patterns. Conclusions: Distinct sex-specific patterns and mitigating effect 
of OSA on body composition trajectories were identified. Early detection of OSA may be crucial for 
preventing acceleration of musculoskeletal decline and rise in adiposity. 

Keywords: body composition; osteopenia/osteoporosis; sarcopenia; adipose tissue; intramuscular 
adipose tissue; osteosarcopenic adiposity 
 

1. Introduction 

Recent studies have refuted the longstanding notion that physiological processes associated 
with aging and contributing to the development of chronic diseases, follow a linear progression. 
Instead, the studies revealed the greater complexity inherent in age-related physiological changes 
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[1,2]. The assumption of linearity has also been extended to changes in primary body composition 
components. Traditionally, it has been posited that reductions in bone and muscle mass and increases 
in adipose tissue among women are linked to menopause, whereas the timing and progression of 
analogous body composition changes in men have remained insufficiently characterized. 

While women experience significant bone loss around menopause resulting in osteopenia or 
osteoporosis [3–6], the onset and progression of such changes in men, as well as the nuances of these 
processes in both sexes, are less clear. Age-related risks similarly influence muscle tissue loss and fat 
accumulation and redistribution in both men and women [7,8]. Notably, fat redistribution may 
manifest as increased visceral adiposity [9] or ectopic fat infiltration into bone and muscle, the latter 
known as intramuscular adipose tissue (IMAT), ultimately contributing to deterioration of each tissue 
[10,11]. However, the precise timing of muscle mass/strength loss (resulting in sarcopenia) and fat 
accumulation or redistribution has not been clearly established in either sex, aside from the common 
belief that these changes in women are menopause-related [4,12,13].   

An increasingly recognized impairment in body composition is the osteosarcopenic 
adiposity/obesity (OSA/OSO) syndrome. This condition represents the concurrent, predominantly 
age-related alterations in bone, muscle, and adipose tissues, resulting in a cumulative effect 
characterized by reduction in bone and muscle mass alongside an increase and/or redistribution of 
adipose tissue [14]. Global research across diverse populations indicates that OSA constitutes a 
significant body composition disorder, exhibiting a bidirectional association with cardiometabolic 
abnormalities such as dyslipidemia, hypertension, and elevated inflammatory markers [15]. 
Furthermore, evidence suggests potential links between OSA and certain malignancies, as well as 
multiple chronic conditions [16]. Consequently, the identification of OSA and the determination of 
inflection points where trajectories of body composition components shift direction, as well as their 
sex-specific variations across ageing may enhance understanding of these physiological changes. 
Such insights could inform more specific diagnostic assessments and facilitate targeted interventions 
for both the younger and ageing populations. 

Given the critical role of body composition in health and disease, we aimed to delineate the 
relationship between chronological age and body composition components (bone, muscle, and 
adipose tissue) in healthy adults. We mapped age-related trajectories and identified inflection points 
for each component, keeping in mind biological triggers such as hormonal changes, and possible 
shifts in metabolic functions that occur during ageing. Additionally, we assessed the presence of OSA 
in both sexes and compared trajectories in individuals without and with OSA. To our knowledge, 
this is the first study to comprehensively characterize these trajectories across the adult lifespan in a 
healthy population.  

2. Materials and Methods 

2.1. Participants and Study Design 

Participants in this study comprised men and women of Caucasian ancestry, aged between 20 
and 90 years, who were enrolled in a larger multicenter cross-sectional investigation conducted in 
Italy from 2010 to 2014. Informed consent was obtained from all participants, and all completed a 
comprehensive medical history questionnaire. The study protocol received approval from the 
Consortium for the Science and Technology Research (AREA), Trieste, Italy, and adhered to the 
ethical principles outlined in the Declaration of Helsinki. Individuals were excluded if they had a 
history or current diagnosis of any chronic disease, recent fractures, heavy alcohol consumption, use 
of medications affecting bone metabolism or other long-term pharmacological treatments, 
established or suspected pregnancy, or the presence of metal prostheses or implanted electronic 
devices. Further methodological details are available in Cvijetic et al. [17]. 

2.2. Anthropometric and Bioimpedance Measurements 
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Body height (cm) and weight (kg) were measured in indoor clothing and without shoes. Body 
mass index (BMI; kg/m²) was subsequently calculated. Body composition was evaluated using 
bioelectrical impedance analysis (BIA-ACC; BioTekna®, Marcon–Venice, Italy). In addition to 
quantifying soft tissues (lean/muscle and adipose), the BIA-ACC device provides a unique capability 
to measure total bone mass (kg). The device has been validated against dual-energy X-ray 
absorptiometry (DXA) [18]. All measurements were conducted with participants in a supine position, 
using two electrodes placed on the right hand (metacarpal and wrist regions) and two on the right 
foot (metatarsal and ankle regions). The parameters obtained included: total bone mass (kg); lean 
mass (expressed as a % of body weight); muscle mass (expressed as a % of lean mass); fat mass (FM, 
expressed as a % of body weight); and intramuscular adipose tissue (IMAT, expressed as a % of body 
fat). Osteopenia and osteoporosis were diagnosed based on T-score thresholds (≤ −1.0 for osteopenia 
and ≤ −2.5 for osteoporosis). Sarcopenia was defined by an S-score ≤ −1.0 for muscle mass, while 
overweight/adiposity was classified according to total body fat percentage (≥ 25% for men and ≥ 32% 
for women) [19]. The concurrent presence of osteopenia/osteoporosis, sarcopenia, and 
overweight/adiposity constituted the diagnostic criterion for OSA syndrome. 

2.3. Statistical Analysis 

This is a retrospective cross-sectional study. The results are presented as mean and standard 
deviation for continuous variables and as percentages for categorical variables. The normality of the 
distribution was tested using the Kolmogorov–Smirnov test. Since the majority of variables were not 
normally distributed, the differences between mean values were tested with the Wilcoxon rank-sum 
test (PROC NPAIRWAY in SAS). The inflexion points for each outcome (dependent variable) were 
calculated against the age, as the independent variable from PROC LOESS in SAS. The outcomes 
included bone mass as a T-Score, muscle mass as an S-Score, FM as % of body weight, and IMAT as 
% of body fat. The analytic approach was based on estimating the points where a regression curve 
has zero slope, using the linear interpolation between age points where slope is zero [20].  

3. Results 

A total of 9717 participants (n=6412 women, 65.9%) were included, with the mean age of 47.7 
years. All body composition parameters, except FM%, were higher in men than in women (P<0.001) 
(Tables 1 and 2). According to BMI, more than half of women (55.2%) had a normal body weight, 
while more than half of men were overweight or obese (57.9%). Also, more women than men were 
“undernourished” according to BMI < 18.5 kg/m2 (3.5% vs. 0.6%, respectively; P < 0.001). Compared 
to the normal reference, mean values for FM% and IMAT% were higher in both men and women, 
while mean T-Scores were lower in women but within the normal range in men. Similar values were 
observed regarding the muscle mass and S-scores. The values of the anthropometric measurements 
and other body composition components in all men and women, as well as in those without and with 
OSA are presented in Tables 1 and 2. 

Table 1. Age, anthropometry, and body composition in men with reference values. 

  All Men  (n=3305) 
Men without OSA  

(n=2843; 86%) 
Men with OSA 

(n=462; 14%) 
  

Variables Mean 95% CI Mean 95% CI Mean 95% CI P a Ref. 

 
Age (years) 

47.8 (47.4 – 48.4) 58.3 (57.0 – 59.6) 46.2 (45.7 –  46.7) <0.0001  

Weight (kg) 83.0 (82.5 – 83.5) 70.4 (69.8 – 71.1) 85.0 (84.3 –  85.3) <0.0001  
Height (cm) 176.4 (176.2 –176.7) 171.0 (170.4 – 171.7) 177.3 (177.1 –  177.6) <0.0001  
BMI (kg/m2) 26.6 (26.5 – 26.8) 24.1 (23.9 – 24.3) 27.1 (26.9 –  27.2) <0.0001 18.5 – 24.9 

T-Score (SD of 
normal bone 

mass  
-0.3 

(-0.34 –  
-0.29) 

-1.4 
(-1.4 –  
-1.3) 

-0.1 
(-0.2 –  
-0.1) 

<0.0001 
 

> -1.0 
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S-Score (SD of 
normal muscle 

mass) 
-0.1 

 (-0.23 –  
-0.15) 

-1.7 
(-1.7 –  
-1.6) 

0.1 
(0.0 –  
-0.1) 

<0.0001 
 

> -1.0 

Fat mass (% of 
total body 

weight) 
32.5 (32.3 – 32.8) 33.1 (32.2 – 33.6) 32.5 (32.2 –  32.8) 0.272 7.0 – 24.9 

IMAT (% of total 
body fat) 

2.2 (2.2 – 2.3) 2.4 (2.3 – 2.5) 2.2 (2.2 – 2.2) <0.0001 < 2.0 

a Difference in means assessed with Wilcoxon rank-sum test from PROC NPAIRWAY in SAS; OSA = 
osteosarcopenic adiposity; CI = confidence intervals; Ref. = reference for normal values; BMI = body mass index; 
SD = standard deviation; FM = fat mass; IMAT = intramuscular adipose tissue. 

Table 2. Age, anthropometry, and body composition in women with reference values. 

  
All Women   

(n=6412) 
Women  without OSA (n=5053; 

78.8%) 
Women with OSA (n=1359; 

21.2%) 
  

Variables Mean 95% CI Mean 95% CI Mean 95% CI P a Ref. 

Age (years) 47.6 (47.3 – 48.0) 58.2 (57.6 – 58.8) 44.8 (44.4 – 45.1) <0.0001  
Weight (kg) 66.7 (66.4 –67.1) 63.8 (63.5 – 64.1) 67.6 (67.1 – 68.0) 0.003  
Height (cm) 163.1 (163.0 –163.4) 160.8 (160.5 – 161.1) 163.8 (163.6 – 164.0) <0.0001  

BMI (kg/m2) 25.1 (25.0 – 25.2) 24.7 (24.6 – 24.8) 25.2 (25.1 – 25.4) <0.0001 
18.5 – 
24.9 

T-Score (SD of 
normal bone 

mass  
-1.13 

(-1.15 –     -
1.12) 

-1.76 
(-1.78 –     
-1.74) 

-0.96 
(-0.98 – 
 -0.94) 

<0.0001 > -1.0 

S-Score (SD of 
normal muscle 

mass) 
-0.94 

(-0.98 –   -
0.90) 

-1.87 
(-1.90 –  
-1.84) 

-0.70 
(-0.69 – 
 -0.73) 

<0.0001 > -1.0 

Fat mass (% of 
total weight) 

33.2 (33.0 –33.5) 36.8 (36.6 – 37.0) 32.3 (32.0 – 32.5) <0.0001 12.0 –31.9 

IMAT (% of total 
body fat) 

2.0 (2.05 – 2.08) 2.41 (2.39 – 2.42) 1.97 (1.95 – 1.99) <0.0001 < 2.0 

a Difference in means assessed with Wilcoxon rank-sum test from PROC NPAIRWAY in SAS; OSA = 
osteosarcopenic adiposity; CI = confidence intervals; Ref = reference for normal values; BMI = body mass index; 
SD = standard deviation; FM = fat mass; IMAT = intramuscular adipose tissue. 

Osteoporosis was detected in 3.9% women and none in men, and osteopenia in 58.5% women 
and in 20.4% men (P<0.001). More women (54.9%) than men (28.1%) had sarcopenia (P<0.001). 
Obesity based on FM%, was detected in 65.1% women and 86.1% men (P<0.001). In all age groups, 
men had higher prevalence of obesity than women but a lower prevalence of sarcopenia and 
osteopenia/osteoporosis, with the exception in the oldest age group. The prevalence of 
overweight/obesity according to BMI (≥25.0 kg/m2) was lower than according to FM% in all age 
groups and was also higher in men than in women, except in the oldest age group (all P≤0.001). As 
expected,  OSA prevalence was higher in women, except in the youngest group. Surprisingly, the 
prevalence of OSA in men and women between 20-30 years was at 4.6% (out of n=436) and 2.6% (out 
of n=776), respectively. 

3.1. Bone Mass Trajectories for Men and Women 

Trajectories with inflexion points in men and women are presented in Figures 1 and 2 (A, B, C), 
respectively. Based on the presented trends, men showed earlier peak bone mass, greater midlife 
stability, and delayed acceleration of bone loss, compared to women. Women exhibited lower 
baseline values for bone mass, more complex early pattern in changes, and menopause-related trend 
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toward rapid loss. The presence of OSA destabilized male bone loss (with alternate minima and 
maxima) and speeded up female bone loss. 

(a) (b) (c) 

Figure 1. Inflexion points estimates for age in bone mineral density (expressed as T-Score) in males. A, all males 
(n=3305); data show local maxima at age 35.0 years with T-Score of -0.2, with a slight increase/ plateauing in T-
Score to early fifties (~53 years) and then declining with advancing age. B, males without osteosarcopenic 
adiposity (n=2843); data show local maxima at age 42.4 years with T-Score of -0.1 and then a slight decline with 
advancing age and a bit steeper decline around 55 years. C, males with osteosarcopenic adiposity (n=464); data 
show fluctuations and multiple inflexion points, indicating less stable BMD/T-Scores. The table with the 
fluctuations is presented below the corresponding graph and elaborated more in the Discussion. 

 

 

 

 

(a) (b) (c) 

Figure 2. Inflection points estimates for age in bone mineral density (expressed as T-Score) in females. A, all 
females (n=6413); data show local minima at age 28.7 years with T-Score of -0.91 and local maxima at age 35.9 
years with T-Score of -0.88. There is slow downturn until the age of 55 years, and then a steeper downturn 
continues with advancing age. B, females without osteosarcopenic adiposity (n=5053); there are multiple 
inflection points presented in the table with the corresponding graph and elaborated more in the Discussion. C, 
females with osteosarcopenic adiposity (n=1359); there was no significant T-score but a downward trend starting 
at about menopause with T-score at approximately -1.4. 

3.2. Muscle/Lean Mass Trajectories for Men and Women 

Trajectories with inflexion points in men and women are presented in Figures 3 and 4 (A, B, C), 
respectively. Overall patterns in men showed clear early-mid adulthood peak, extended plateau, then 
gradual decline, while patterns in women were irregular with multiple inflection points, slow decline 
until ~60 years, and then progressive downturn. The presence of OSA in men reflected a fluctuating 
pattern with two midlife inflections then continuous decline, while in women, there was no 
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significant inflection -- just a steady downward trend with age. Similar to bone mass patterns, female 
trajectories showed greater complexity and a steady decline, particularly with advancing age. 

(a) (b) (c) 

Figure 3. Inflexion point estimates for age in muscle/lean tissue (expressed as S-Score) in males. A, all males 
(n=3305); data show local maxima at age 34.7 years with S-Score of 0.1, showing an increase in muscle mass to 
the age of 34.7, plateauing  at about ~53 years and then declining with advancing age. B, males without 
osteosarcopenic adiposity (n=2843); data show local maxima at  37.5 years with S-Score of 0.2, plateauing  until 
about 50 years, with subsequent slight downturn with ageing. C, males with osteosarcopenic adiposity (n=464); 
data show the fluctuations with age with two inflexion points between ages of 45 and 49 years and an S-Score 
around -1.6, followed by a continuous downward trend with ageing. 

 
 
  

(a) (b) (c) 

Figure 4. Inflexion point estimates for age in muscle/lean tissue (expressed as S-Score) in females. A, all females 
(n=6413); data show multiple inflection points, presented in the table below the corresponding graph, indicate a 
slow downturn until about age 60 years, then a steeper decline continuing with age. B, females without 
osteosarcopenic adiposity (n=5053); multiple infection points (table with the corresponding graph) also indicate 
significant multiple points between 27 and 67 years with S-Scores of -0.5 to -1.05, and a steeper downward trend 
after age of 70 years. C, females with osteosarcopenic adiposity (n=1359); there was no significant inflection point 
but a continuous downward trend with ageing. 

3.3. Fat mass (%) Trajectories for Men and Women 

Trajectories with inflexion points in men and women are presented in Figures 5 and 6 (A, B, C), 
respectively. Overall, men exhibited a generally flat, age-progressive FM% increase, while women 
exhibited multiple inflection points between ~26–55 years, early local minima (~26 years, ~28% FM), 
then upward trend into the mid-70ties, followed by plateau and subsequent slight rise. In the 
presence of OSA, trajectories in men showed multiple inflection points between ~52–69 years with 
FM ~32–35%, and then continuous increase. Trajectory in women showed early maxima (~42 years, 
34.9% FM), rise to late peak (~73 years, 39.2% FM), slight dip (~78 years, 38.% FM), and then steep 
increase. Briefly, OSA in men resulted in late, clustered fluctuations with flat increase afterward, 
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while in women there was a prolonged multi-phase pattern with late-life dip and subsequent 
rebound. 

 

 
(a) (b) (c) 

Figure 5. Inflexion point estimates for age in fat mass percentage (FM%) in males. A, all males (n=3305); data 
show the fluctuations with age with two inflexion points between ages of 62-68 years and FM of around 35%, 
followed by a continuous upward trend with ageing. B, males without osteosarcopenic adiposity (n=2843); data 
show local maxima at 61.5 years with FM of 35.6% continuing with a slight upward trend. C, males with 
osteosarcopenic adiposity (n=464); data show fluctuations with age with multiple inflexion points between ages 
of 52-69 years and FM% ranging from 32% to 35% and a continuous upward trend with ageing. The table with 
the fluctuations is presented below the corresponding graph and elaborated more in the Discussion. 

 

 
 

(a) (b) (c) 

Figure 6. Inflexion point estimates for age in fat mass percentage (FM%) for females. A, all females (n=6413); data 
show multiple inflection points between age 26 and 55 years with a local minima of 28.0%  FM, then an upward 
trend to age 76.2 with another local minima of 38.6%. Subsequently, there is almost a plateau at age of 76.2 years, 
with 38.6% FM and then a slight upward trend. B, females without osteosarcopenic adiposity (n=5053); data 
show multiple inflection points with first local maxima at about 39 years and 31.6% FM. There is a subsequent 
upward trend until age 69 years and a local maxima of 38.5%  FM, with further slight downward trend. C, 
females with osteosarcopenic adiposity (n=1359); data show first inflection point starting at age 42 years with a 
local maxima at 34.9% FM. There is a slight upward trend until the age of 73 years and local maxima of 39.2% 
FM, with a slight dip at about 78 years and local minima of 38.2% FM. Subsequently there is a steep upward 
trend with ageing. All significant inflection points are marked in the graphs with corresponding tables and 
elaborated further in the Discussion. 

3.4. Intramuscular Adipose Tissue (%) Trajectories for Men and Women 

Trajectories with inflexion points in men and women are presented in Figures 7 and 8 (A, B, C), 
respectively. Overall patterns in men showed almost linear upward trend across age, while in 
women, there was also an upward trend, but with some early- and late-life inconsistencies, 
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suggesting greater age-specific variability. In the presence of OSA, patterns in men showed minor 
late inflections between ~64–67 years, then an upward trend, while in women, there was a late local 
maxima (~74 years), slight dip, and then continued upward trend. 

(a) (b) (c) 

Figure 7. Inflexion point estimates for age in intramuscular adipose tissue (IMAT%) in males. A, all males 
(n=3305); data show the upward trend over the age range without identified inflexion point. B, males without 
osteosarcopenic adiposity (n=2843); there is also an upward trend over the age range without identified 
significant inflexion point. C, males with osteosarcopenic adiposity (n=464); data show the local maxima and 
minima between 64 and 67 years with IMAT of about 2.6% and subsequent upward trend. 

  
(a) (b) (c) 

Figure 8. Inflexion point estimates for age in intramuscular adipose tissue (IMAT%) for females. A, all females 
(n=6413); data show a continuous upward trend and a local maxima at age 21.6 years with IMAT of 1.5%. B, 
females without osteosarcopenic adiposity (n=5053); data show an upward trend with age and no identifiable 
inflection point. C, females with osteosarcopenic adiposity (n=1359); data show overall upward trend with age 
with a local maxima between 73.5 and 75.0 years with IMAT of 2.7%. 

4. Discussion 

Our results show sex-specific inflexion points and changes with ageing for bone, muscle, and 
body fat in generally healthy men and women ranging in age from 20 to 90 years. The data also 
revealed early presence of OSA and distinct trajectories between those without and with OSA, 
implying possible adverse outcomes of the latter. 

4.1. Bones 

In general, bone turnover (resorption and formation) is in balance between the ages 30-50 years 
in both men and women. After the age of ~50 years, bone resorption surpasses bone formation; mostly 
due to hormonal (estrogen and testosterone) decline, particularly pronounced in women [13, 21-23) 
and implicated for men. Importantly, the peak bone mass along with the age-related bone loss are 
main determinants of resistance or susceptibility to bone fractures and timing of both are important. 
This applies mostly to trabecular bone (predominantly in spine and femoral neck) which starts to 
decline immediately after the peak has been reached in late tennage years [21]. This does not 
necessarily indicate a decrease in bone strength, since bone mass expansion also reflects the periosteal 
expansion in young adulthood; thus the maintenance of bone mass at these sites may compensate for 
the changes in trabecular density. As was previously shown in women [21], the other regions of 
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skeletal sites show minimal change or slight gain in bone mass during young adulthood, again due 
to continuous periosteal expansion. 

Congruent with these findings, our data show precise timing and the shifts with age in both men 
and women. However, in our study, only the total bone mass (kg) was measured, thus we could not 
distinguish between different skeletal sites and those with predominantly cortical or trabecular bone. 
Nevertheless, our data show that the maximum bone mass in all men was achieved by the age of 35 
years (with T-Score of -0.2), plateauing to early fifties and then declining. However, men without 
OSA showed more stable and higher bone mass with the maximum inflexion point at 42 years (T-
Score -0.1) and slower decline, starting at about 55 years. In contrast, men with OSA, had a minimum 
inflexion point already at age 42 years (T-Score -1.4), followed by some maintenance and then rapid 
decline after age 78 years. These fluctuations indicate less stable bone mass/T-Scores, possibly because 
of the osteoarthritic changes precluding accurate analyses of the scans. As expected, and in contrast 
to men, women experienced lower bone mass overall, and even those without OSA had multiple 
inflexion points between 29 and 46 years. The early dip at 29 years (T-Score -0.9) rebounded at ~ 37 
years. At about 60 years, the T-Scores dropped below -1 and the downward trend continued with 
age. Women with OSA exhibited a continuous downward trend starting at age 20 years with T-Score 
at about -1.4 and continuing further with no identified inflexion point.  

4.2. Muscle 

Muscle mass was assumed to increases from birth until 30-35 years with subsequent 
maintenance until about the age of 65 years for women and 70 years for men. Specifically, as per 
earlier report, muscle mass peaks between the second and fourth decades of life [24]. The results from 
a study investigating lean/muscle mass in 471 healthy Caucasian women, revealed that in 
premenopausal women an average lean mass was 63.0% of body weight, while in postmenopausal 
women it was 52.4% (p<0.05) [25]. This study showed a significant decline in muscle mass after 
women went through menopause (on average at ~50 years).  

In our study, the changes in muscle/lean mass with age in men showed an upward trend to 
about 35 years (with local maxima, S-Score 0.1), then plateauing to ~48 years, and then declining with 
advancing age. Men without OSA reached the maximum muscle mass (S-Score 0.2) at about 38 years 
and after sustaining this level to about age of 50 years, experienced a slight downturn with ageing. 
There was no identified inflexion point in men with OSA -- just a continuous downturn which started 
from the age of 20 years (S-Score below -1), carrying the downturn trend in all men. Based on our 
data, all women experienced several inflexion points between 29-35 years, with a S-Score of about -
0.5. Subsequently, a slow downturn occurred to the age of 60 years, and then a steeper downturn 
continued with ageing. When analyzing separately women without and with OSA, clearer picture is 
revealed, indicating that those with OSA drove the downward trends in all women. The women 
without OSA experienced inflexion points between 27-60 years with S-Scores from -0.5 and -0.8. After 
about 70 years, the S-Scores assumed steeper downward trend. Women with OSA experienced a 
continuous downturn in muscle/lean mass starting at 20 years (S-Score -1) with no identified inflexion 
point. 

4.3. Body fat and IMAT 

Body fat change and distribution are also different between men and women throughout the 
age. Although women tend to have more overall body fat compared to men, when it comes to visceral 
adipose tissue, men accumulate more, resulting in the well-known “pear vs. apple” (women vs. men) 
body shape, even with equal BMIs [26]. A wealth of research addressed detrimental effects of visceral 
and ectopic fat and their relations to metabolic syndrome, cardiovascular risk factors, cancers, and 
other chronic diseases, due to the secretion of proinflammatory cytokines and creation of higher 
inflammatory environment [10,27,28]. Additionally, adipose tissue, an energy reservoir and 
endocrine organ, undergoes significant changes and redistribution during ageing also causing 
physiological declines and age-related disease, such as dyslipidemia, chronic inflammation, insulin 
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resistance, and type 2 diabetes [29–32]. Furthermore, adipose stem cells decrease their effectiveness 
with age, which may be a reason why there is a decrease in subcutaneous fat, but increase in 
intramuscular fat with ageing [33].  

Our data show a steady increase in fat mass in all men, as well as in those without OSA, who 
experienced maximum inflexion point at ~61 years (FM 35.6%) and then further upward trend. Men 
with OSA exhibited multiple maxima and minima between 52-69 years, driving this instability in the 
data with all men. There was a steady increase in body fat with age in all women, as well. The women 
without OSA experienced the upward trend with the first maxima at 39 years (31.6% FM). After the 
upward trend, and some fluctuations, the last maxima occurred at 69 years (FM 38.5%), with 
subsequent slight downward trend, possibly explained by the decreased activity of adipocytes with 
ageing [33]. Those with OSA experienced the first maxima at 42 years with 34.9% FM, with continued 
upward trend to ~73 years, reaching 39.2% FM. Subsequently there was a short downturn at ~78 years 
(38.2% FM) followed by a further steep upward trend.This group carried the upward trend in all 
women.  

The rise in IMAT with age had a similar trend in both men and women and in those without and 
with OSA. Men without OSA started at about 1.5% IMAT followed by the upward trend with age to 
about 2.9% IMAT without identified inflexion point. Men with OSA started at about 1.8% IMAT and 
experienced maximal inflexion point at ~64 years (2.6% IMAT), followed by the upward trend to ~3% 
IMAT. Similarly, women started at ~1.5% IMAT and experienced a steady increase to about 3%, but 
there was no identifiable inflexion point, except in those with OSA. It is interesting to note that men 
had higher IMAT% compared to women (normal should be ≤2%), despite that men have larger 
muscle mass and typically exhibit higher muscle exertion than women.  

As clearly shown here, sex-specific differences exist in the age-related changes of bone, muscle, 
and fat tissue distribution. Importantly, as addressed earlier, their respective impacts on health 
outcomes are sex specific as well [26,34]. Increased muscle mass does not universally confer health 
benefits, nor does greater fat mass invariably result in adverse outcomes among older adults. For 
example, men consistently possess higher bone and muscle mass than women across the lifespan, 
while women (particularly in mid age) tend to have greater fat mass. However, the functional 
significance of these tissues is contingent upon both their absolute volume and regional 
distribution. In men, higher muscle mass is generally associated with improved physical function, 
reduced risk of falls, and better cognitive outcomes. Conversely, in women, a moderate increase in 
fat mass may be more advantageous for BMD, metabolic health, and cognitive function than 
equivalent increases in muscle mass [34]. These findings underscore the importance of considering 
age, sex and tissue distribution when evaluating the health implications of body composition in aging 
populations. 

4.4. Limitations 

Body fat mass % cut-offs in our analysis to identify OSA were ≥25% for men and ≥32% for 
women. While this cutoff for overweight in men has reached consensus, this is not the case for 
women. Although the proposed cutoffs range between 30% to 42% of body fat for overweight/obesity, 
we opted for 32% based on the percentage that showed detrimental effect on bone in our previous 
study in postmenopausal women [25], and to align with subsequent recommendations [17,19]. This 
slightly higher percentage cutoff (compared to 30%) could have underestimated the number of 
women with overweight and thus those with OSA. Nevertheless, the number of participants was 
high enough to counteract this possible underestimation, showing the right trend. Regarding the 
bone, the BIA-ACC device measures total bone mass in kg, thus we could not determine inflexions 
and peak or nadir in different skeletal sites. 

Some of the powerful physiological mediators/hormones affecting each aspect of body 
composition, also undergo major changes during ageing processes. However, they were not 
controlled for in our analysis, due to the absence of their measurement in this data set. These include 
calcitriol (active form of vitamin D), estrogen, and testosterone. Each of these hormones is involved 
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in body composition maintenance, including bone turnover, regulation of intestinal calcium 
absorption, muscle proliferation and strength, as well as in regulation of adipose tissue metabolism, 
blood lipid regulation, and insulin resistance [35–37] and they all decrease with age. Despite the lack 
of these hormonal influencers as confounders, we believe that the data still show the overall trend in 
general population as our sample included healthy men and women, excluding those with any 
chronic diseases or other endocrine conditions, or younger women with pregnancy.  

We did not have data for the participants’ long-time lifestyle habits, including their diet and 
regular and/or sporadic physical activity engagement, that might have slightly mitigated our 
analyses. As these were all healthy men and women, we could assume that they all followed typical 
regimens for that geographic area and their age groups. If some abrupt changes occurred just before 
the study’s onset, they probably would be irrelevant for the assessment conducted at the onset of the 
study. 

5. Conclusions and Implications 

The trajectory for bone mass demonstrated age-related declines with distinct sex-specific 
patterns and differences between those without and with OSA. Participants without OSA generally 
displayed more stable trajectories, although multiple inflection points were evident in females. The 
trajectories in males with OSA showed greater instability, whereas those in females showed a more 
pronouced downward trend. Collectively, these patterns suggest sex-specific timing and magnitude 
of peak bone mass and subsequent loss, with further adverse modification in the presence of OSA. 

Male and female trajectories in muscle mass also revealed distinct patterns. In participants 
without OSA, males showed a single, well-defined peak and modest subsequent declines, in contrast 
to females who presented numerous, widely distributed inflection points across midlife. Men with 
OSA displayed slightly fluctuating inflection patterns, while females showed no significant inflection, 
but a continuous downward trajectory. Overall, these findings suggest more stable peak and plateau 
phases in men, and more complex, gradually deteriorating patterns in women, with OSA further 
amplifying instability in males and accelerating continuous loss in females. 

While male and female patterns of age-related inflection in IMAT % showed similar trends (the 
upward trend throughout), the patterns in FM% diverged substantially. In males, FM% trajectories 
showed late-onset fluctuations, with inflections concentrated in the sixth and seventh decades, 
followed by a continuous upward trend with age. In contrast, females exhibited multiple, earlier, and 
more frequent inflections spanning through young and mid-adulthood, accompanied by alternating 
local minima and maxima, broader plateaus, and late-life reversals. These sex-specific patterns 
suggest that fat accumulation in males increases more steadily across ageing, whereas in females it 
follows a more complex, multi-phase trajectory that begins earlier and shows greater temporal 
variability, particularly in the presence of OSA. 

The major takeaway is that both men and women identified with OSA had adverse processes 
with bone and muscle started from as early as 20 years of age. These findings implicate the need for 
early OSA identification (especially with so many young adults with obesity), and implementation 
of appropriate measures as the alteration in body composition may lead to adverse complications. 
The results of our study have several important implications for health, research, and clinical practice 
and indicate: 

1. The need for earlier risk assessment, because the nonlinear, sex-specific age-related 
trajectories indicate that risk for osteoporosis, sarcopenia, and obesity cannot be predicted by age 
and/or sex alone, highlighting the importance to monitor body composition from early adulthood, 
especially if OSA is identified. Early detection of adverse trends can prompt timely lifestyle (nutrition 
and physical activity) or even medical interventions. 

2. Recognizing that bone, muscle, and fat mass do not change at a constant rate allows for 
more precise timing of preventive or therapeutic strategies. For example, interventions for bone 
health in women may need to be intensified earlier in life, not just around menopause. Comparable 
situation holds for both muscle and adipose tissue  
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3. These findings also support the shift toward personalized approaches in managing age-
related changes. Treatment and monitoring plans can be tailored based on an individualʹs unique 
body composition trajectory rather than relying on generalized age-based guidelines 

4. Understanding these nonlinear changes informs the design of research studies and public 
health policies, warranting that recommendations are based on actual physiological patterns rather 
than oversimplified linear models.  

Briefly, recognizing nonlinear changes in body composition enables more accurate risk 
prediction, earlier and more effective interventions, and the development of personalized strategies 
for healthy aging. 
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