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Introduction: Obstructive sleep apnea (OSA) is linked to increased
cardiovascular and metabolic risks. Although body mass index is a recognized
risk factor, the roles of fat mass, muscle mass, and hydration status in influencing
OSA severity and sleep architecture remain unclear. This study examined the
associations between body composition and apnea-hypopnea index, sleep
efficiency, and sleep stages across sex, age, and BMI strata.

Materials and methods: In this cross-sectional study, data from 5,381 adults
undergoing overnight polysomnography and bioimpedance analysis were
analyzed. Multivariable linear regression, adjusted for age, sex, and BMI were
used, with additional analyses stratified by sex, age, and BMI.

Results: A unit increase in fat percentage (FATP) and fat mass (FATM) were
associated with increasing AHI, whereas increase in bone mass, and FFM were
associated with decreasing AHI, particularly in younger adults. Intracellular and
total body water associated with increasing AHI. Stratified analyses revealed
stronger associations in females and individuals with obesity. A unit increase in
adiposity associated with increasing WASO, while bone mass (BONEM) reduced
WASO. A unit increase in BMI and water content were linked to increasing N1
stage, whereas increase in PMM and BONEM associated with increasing deeper
stages. Age- and sex-specific analyses showed stronger adiposity-AHI
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associations in younger adults, while these including hydration parameters, tend
to attenuate with age.

Conclusion: Body composition and hydration status were significantly
associated with sleep architecture and AHI. These findings support a
personalized approach to sleep health and OSA management, emphasizing not
only weight control but also muscle preservation and fluid balance optimization.

AHI, body composition, hydration status, OSA, polysomnography, sleep architecture

1 Introduction

Obstructive sleep apnea (OSA) is a common sleep disorder
marked by recurrent upper airway collapse during sleep, leading to
intermittent oxygen desaturation, disrupted sleep continuity and
reduced overall sleep quality. OSA is associated with increased risks
of cardiovascular disease, metabolic dysfunction, and
neurocognitive decline (1). The apnea-hypopnea index (AHI),
which quantifies respiratory events per hour of sleep, is widely
used to assess OSA severity. Although obesity has been recognized
as a major risk factor for OSA, growing evidence suggests that a
more nuanced evaluation of body composition. Body composition
(i.e., fat mass (FATM), muscle mass (PMM), bone mass (ONEM),
and hydration status) may associate with the pathophysiology and
severity of OSA.

Body composition, defined as the relative proportions of fat,
muscle, bone, and body water, offers greater specificity than body
mass index (BMI) in predicting health outcomes (2-4). Excess
adiposity, particularly central and visceral fat, can exacerbate airway
obstruction and respiratory instability during sleep (5-8), while
greater muscle and bone mass may help preserve upper airway
patency (9). Hydration parameters (i.e., total body water (TBW),
extracellular water (ECW), and intracellular water (ICW)) may
further influence tissue compliance and airway resistance; however,
they remain insufficiently studied in the context of OSA.

Despite the well-established association between obesity and
OSA (10, 11), limited research has explored specific components of
body composition regulates sleep stage architecture. Sleep stages,
including light sleep (N1), intermediate (N2), deep sleep (N3), and
rapid eye movement (REM) sleep, are increasingly recognized as
physiological markers of metabolic and restorative processes.
Lighter sleep stages may reflect poor sleep quality and are
associated with adverse metabolic outcomes, while deeper sleep
stages support tissue recovery and energy balance (12). Together,
the effects of fat distribution, muscle mass, and hydration on sleep
stages remain unclear.

Sleep disturbances also represent a growing global health
concern, with an estimated prevalence of 27% worldwide (13-16).
In Taiwan, high rates of sleep dysfunction have been reported across
various populations, often coexisting with lifestyle-related and
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chronic health conditions (17-19). Given the pervasive burden of
sleep disorders and their systemic consequences, identifying
modifiable physiological contributors such as body composition
and fluid balance is essential for effective intervention. The objective
of this study is to examine the effects of body composition on AHI,
sleep efficiency (SE), and the architecture of sleep stages by sex, age,
and BMI strata. The findings may help guide targeted physiology-
informed interventions that extend beyond weight management to
include strategies focused on muscle preservation, fluid regulation,
and sleep stage optimization.

2 Materials and methods
2.1 Study population

This cross-sectional study enrolled 5,381 adult participants
(aged 18-80 years) from a sleep center in New Taipei City,
Taiwan. The inclusion criteria were subjects ages 18~80 years and
diagnosed with OSA (overall AHI > 5 events/hour) by a full-night
polysomnography (PSG). We excluded patients with cardiovascular
diseases, heart failure, chronic obstructive pneumonia disease,
diabetes mellitus, venous insufficiency, renal failure, and patients
with hemodialysis. The comorbidity was defined based on clinical
diagnosis. The study protocol was reviewed and approved by the
Joint Institutional Review Board of Taipei Medical University
(TMU-JIRB No. N201912095). As this study employed a
retrospective design and involved only routine clinical
procedures, the requirement for informed consent was waived.

2.2 Body composition measurements

Body composition was measured before and after overnight
PSG using a validated bioelectrical impedance analysis (BIA) device.
Parameters recorded included fat mass (FATM), fat percentage
(FATP), visceral fat level (VFATL), muscle mass (PMM), fat-free
mass (FFM), bone mass (BONEM), and hydration compartments:
total body water (TBW), extracellular water (ECW), and
intracellular water (ICW). Participants were instructed to fast for
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3-4 hours, avoid physical activity for at least 12 hours, and maintain
adequate hydration before testing. Bladders were emptied prior to
each measurement, and no food or drink was allowed between the
pre- and post-sleep assessments.

2.3 Sleep parameter assessment

Sleep parameters were assessed using a digital PSG system
(Embla N7000, Medcare, Reykjavik, Iceland), which recorded
nasal and oral airflow, thoracic and abdominal respiratory effort,
oxygen saturation (SpO,), body movement, sleeping position, and
snoring events. All recordings were scored by certified sleep
technologists in accordance with the American Academy of Sleep
Medicine (AASM) criteria (20, 21). Apnea was defined as a >290%
reduction in airflow lasting at least 10 seconds, with or without
associated desaturation or arousal. Hypopnea was defined as a
230% but <90% reduction in airflow lasting at least 10 seconds,
accompanied by either 3% oxygen desaturation or an arousal. The
apnea-hypopnea index (AHI) was computed by dividing the total
number of apneas and hypopneas events per hour by the total sleep
time (TST) in hours. Sleep architecture was determined by
calculating the percentage of TST spent in non-rapid eye
movement sleep (N1, N2, N3) and rapid eye movement (REM)
sleep. SE was defined as the ratio of TST to time in bed, expressed as
a percentage. Wake after sleep onset (WASO) was measured in
minutes as the cumulative duration of wakefulness after initial
sleep onset.

2.4 Statistical analysis

All statistical analyses were performed using SPSS version
22.0.0.0 for Windows (SPSS Inc., Chicago, IL, USA). Data were
first assessed for normality, and extreme values beyond the 1st and
99th percentiles were winsorized to limit the influence of outliers
(22). Paired t-tests were applied to compare pre- and post-sleep
values of body composition and metabolic parameters. Linear
regression analyses were conducted using delta (A) values, defined
as the difference between post- and pre-sleep measurements. These
models examined associations with AHI and other sleep metrics,
stratified by sex and body mass index (BMI) categories: normal (<24
kg/m?), overweight (24-27 kg/m?), and obese (=27 kg/m?). Model 1
adjusted for age and sex, while Model 2 included additional
adjustment for BMI. All models controlled for relevant covariates,
including waist circumference, neck circumference, FATM, FATP,
PMM, VFATL, TBW, ECW, ICW, BONEM, FFM, basal metabolic
rate (BMR), metabolic age (METAAGE), impedance (IMP), phase
angle (PHASEANGLE), and physical rating (PHYSRATE).
Additional regression models were conducted to assess the
associations of SE and WASO with body composition and
physiological variables, with SE stratified into three categories
(=85%, 70-85%, <70%), adjusted for age and sex. Further models
examined associations between body composition and sleep stages
(N1, N2, N3, REM), adjusted for age and sex. Subgroup analyses
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included stratification by age group (<50 vs. =50 years), adjusted for
sex and further stratification by both age and BMI for male and
female participants. Regression results were presented as beta
coefficients (B) with 95% confidence intervals (CI), and statistical

significance was defined as p < 0.05.

3 Results
3.1 Characteristic of study subjects

The study subject recruited in this study is shown in Figure 1.
The characteristics of the 5,381 study participants are summarized
in Table 1. The mean age was 47.17 * 13.77 years, and 65.8% (n =
3,531) were male. The average BMI was 26.80 + 5.10 kg/m®. The
mean neck and waist circumferences were 37.56 + 4.70 cm and
91.67 + 12.99 cm, respectively. The average TST was 4.49 + 1.03
hours, and SE was notably low at 73.31 + 16.64%. Participants
experienced substantial sleep disruption, with an average WASO of
65.52 + 51.43 minutes and a mean snoring index of 210.57 + 215.95
events per hour. The AHI was elevated, averaging 32.05 + 26.08
events per hour. Sleep stage distribution indicated that N1
accounted for 11.27 + 15.03% of TST, N2 for 28.99 + 31.18%, N3
for 3.01 + 6.78%, and REM for 7.28 + 8.16%. The mean oxygen
saturation (SpO,) was reported as 94.77 + 2.30%. Body composition
analysis revealed a FATP of —0.40 + 1.86 and FATM of —0.04 + 1.61.
The predicted muscle mass (PMM) was 0.75 + 1.27, and the VFATL
was —0.08 + 0.72. BONEM was 0.05 + 0.09, while FFM was 0.79 +
1.34. TBW, ECW, and ICW were 1.51 + 1.58,0.25 + 0.40, and 1.26 +
1.23, respectively. Metabolic indices showed a BMR of 98.18 +
157.31 and a METAAGE of —0.67 + 3.26. IMP was —36.22 + 24.97,
PHASEANGLE was —0.10 + 0.75, and the PHYSRATE averaged
1.00 + 4.67.

3.2 Associations between body
composition and AHI

Linear regression analyses examining the associations between
body composition, hydration status, and metabolic parameters with
AHI are presented in Table 2. Unless otherwise specified, all
predicators refer to overnight change (/\) values. In Model 1,
adjusted for age and sex, fat percentage (FATP: B = 1.27, 95% CI:
0.91 t01.63) and fat mass (FATM: B = 1.62, 95% CI: 1.20 to 2.03)
were significantly positively associated with AHI (p < 0.05).
Conversely, predicted muscle mass (PMM: B = -1.33, 95% CI:
—1.87 to —0.80), visceral fat level (VFATL: B = -1.75, 95% CI: -2.67
to —0.82), bone mass (BONEM: B = -20.21, 95% CIL: -27.72 to
-12.69), and fat-free mass (FFM: § = —1.28, 95% CI: —1.78 to —0.77)
showed significant negative associations with AHI (all p < 0.05).
Among hydration indices, total body water (TBW: § = 1.17, 95% CIL:
0.71 to 1.62) and intracellular water (ICW: 3 = 1.86, 95% CI: 1.27 to
2.44) were positively correlated with AHI, whereas extracellular
water (ECW) was not significantly associated. Metabolic parameters
such as basal metabolic rate (BMR: f = —0.01, 95% CI: -0.01 to
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Subject recruitment

(N = 5523)

Subject excluded:
Age outside 18-80 (n=61)

Missing variables (n= 81)

(N =5381)

Eligible subject were included in the analysis

Sex stratification

Male= 3531 (65.8%);
Female=1850

Age stratification

< 50 years, n=3021

> 50 years, n=2360

BMI stratification
<24 kg/m?, n=1709
24-27kg/m?, n=907

FIGURE 1
Flow diagram of participant recruitment, exclusion and stratification.

—0.00) and physical rating (PHYSRATE: B = -0.31, 95% CI: —0.45
to —0.16) were inversely associated with AHI (p < 0.05), while
metabolic age (METAAGE), impedance (IMP), and phase angle
(PHASEANGLE) showed no significant associations. In Model 2,
which additionally adjusted for BMI, the associations remained
consistent or became more pronounced. Notably, the positive
association between fat mass and AHI increased (B = 1.75, 95%
CIL: 1.23 to 2.28), while the inverse relationship between muscle
mass and AHI strengthened ( = -1.73, 95% CI: —2.28 to —1.17).
Similarly, stronger inverse associations were observed for VFATL
(B = -3.94), BONEM (B = —25.05), and FFM (B = -1.65). Total
body water and intracellular water remained significantly positively
associated, while ECW continued to show no
significant association.

3.3 Associations between physiological
parameters, WASO, and sleep efficiency

As shown in Table 3, increased adiposity was significantly
associated with longer wake after sleep onset (WASO).
Specifically, BMI was positively associated with WASO (8 = 4.07,
95% CI: 1.36 to 6.79), as were fat percentage (FATP: B = 1.17, 95%
CI: 0.45 to 1.88), fat mass (FATM: B = 1.67, 95% CI: 0.84 to 2.50),
and visceral fat level (VFATL: B = 2.72, 95% CI: 0.88 to 4.56).
Conversely, bone mass was negatively associated with WASO
(BONEM: B = -17.49, 95% CI: -32.46 to —2.52) and was
inversely associated with WASO. For sleep efficiency, no adiposity
or muscle-related metrics showed significant associations across
efficiency categories (285%, 70-85%, <70%). However, basal
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metabolic rate (BMR) was significantly associated with lower
sleep efficiency in the <70% group (B = 4.76, 95% CI: <0.001 to
<0.001), and impedance (IMP) was also positively associated with
poor sleep efficiency (85-70%) (B = 6.43, 95% CI: <0.001 to <0.001).

3.4 Associations between physiological
parameters and sleep stage

Table 4 presents the regression analysis of physiological
parameters with sleep stage architecture. Fat mass (FATM) was
positively associated with N1 sleep (8 = 0.26, 95% CI: 0.01 to 0.51),
while no significant associations were found between adiposity
measures and N2, N3, or REM stages. Predicted muscle mass
(PMM) showed a marginal association with increased N3 sleep
and REM sleep. Bone mass (BONEM) was significantly associated
with increased N2 (f = 9.62, 95% CI: 0.21 to 19.04), N3 (B = 2.10,
95% CIL: 0.10 to 4.09), and REM sleep (B = 3.50, 95% CI: 1.03 to
5.97). Among hydration metrics, total body water (TBW) was
positively associated with N1 (B = 0.53, 95% CI: 0.26 to 0.80),
and intracellular water (ICW) was also significantly associated with
N1 sleep (B =0.75, 95% CI: 0.40 to 1.10). Extracellular water (ECW)
was positively associated with REM sleep ( = 0.64, 95% CI: 0.06 to
1.22). Impedance (IMP) showed a significant inverse relationship
with N2 sleep (B = —0.04, 95% CIL: —0.07 to —0.01), while higher
physical rating (PHYSRATE) was associated with reduced N1 sleep
(B =-0.11, 95% CI: =0.19 to —0.02). Bone and muscle mass were
positively associated with higher percentages of N2, N3 and REM,
whereas higher impedance and lower physical rating were
associated with a higher percentage of N1.
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TABLE 1 Basic characteristics of study participants (N = 5,381).

Age, years 47.17 £ 13.77
Male, % (n) 65.8 (3,531)
BMI, kg/m’ 26.80 + 5.10
Neck circumference, cm 37.56 + 4.70
Waist circumference, cm 91.67 + 12,99
Total sleep time, h 4.49 + 1.03
Sleep efficiency, % 73.31 + 16.64
WASO, min 65.52 + 51.43

Snoring index, events/h 210.57 + 215.95

AHI, events/h 32.05 + 26.08
Sleep stages
N1 (% of TST) 11.27 + 15.03
N2 (% of TST) 28.99 + 31.18
N3 (% of TST) 3.01 + 6.78
REM (% of TST) 7.28 + 8.16
Mean SpO,, % 94.77 + 2.30
Body composition
FATP -0.40 + 1.86
FATM -0.04 + 1.61
PMM 0.75 + 1.27
VEATL -0.08 + 0.72
BONEM 0.05 + 0.09
FEM 0.79 + 1.34
TBW 151 £ 1.58
ECW 0.25 + 0.40
ICW 126 +1.23
BMR 98.18 + 157.31
METAAGE -0.67 +3.26
IMP -36.22 + 24.97
PHASEANGLE -0.10 + 0.75
PHYSRATE 1.00 + 4.67

AHI, apnea-hypopnea index; WASO, wake after sleep onset; TST, total sleep time; FATP, fat
percentage; FATM, fat mass; PMM, predicted muscle mass; VFATL, visceral fat level;
BONEM, bone mass; FFM, fat-free mass; TBW, total body water; ECW, extracellular water;
ICW, intracellular water; BMR, basal metabolic rate; METAAGE, metabolic age; IMP,
impedance; PHASEANGLE, phase angle; PHYSRATE, physical rating.

3.5 Associations of sex- and BMI-specific
body composition with AHI

Table 5 presents the results of sex- and BMI-specific linear
regression analyses assessing the associations between body
composition, hydration, and metabolic parameters with AHI. In
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TABLE 2 Associations of overnight change (/\) in body composition,
hydration, and metabolic parameters with AHI.

Variable Model 1 Model 2

FATP 1.27 (0.91, 1.63)* 1.15 (0.77, 1.54)*
FATM 1.62 (1.20, 2.03)* 1.75 (1.23, 2.28)*
PMM -1.33 (-1.87, -0.80)* 173 (-2.28, -1.17)*
VFATL -1.75 (-2.67, -0.82)* -3.94 (-5.03, -2.84)*
BONEM 2021 (-27.72, -12.69)*  -25.05 (-32.75, -17.35)*
FEM -1.28 (-1.78, -0.77)* -1.65 (-2.17, -1.13)*
TBW 1.17 (0.71, 1.62)* 1.02 (0.56, 1.48)*
ECW 0.67 (-1.09, 2.43) -0.84 (-2.74, 1.06)
Icw 1.86 (1.27, 2.44)* 1.74 (1.15, 2.32)
BMR -0.01 (-0.01, -0.00)* -0.01 (-0.02, -0.01)*
METAAGE 0.13 (-0.08, 0.33) 0.03 (-0.18, 0.24)
IMP -0.002 (-0.03, 0.03) 0.01 (-0.02, 0.03)
PHASEANGLE -0.59 (-1.49, 0.30) -0.63 (-1.52, 0.26)
PHYSRATE -0.31 (-0.45, -0.16)* -0.27 (-0.42, -0.13)

Beta coefficients () with 95% confidence intervals (CI). Model 1 adjusted for sex and age.
Model 2 adjusted for sex, age and BMI. *p<0.05.

sex-stratified models (adjusted for age and BMI), fat percentage
(FATP) and fat mass (FATM) were positively associated with AHI
in both males (B = 0.94, 95% CI: 0.45 to 1.43; B = 1.27, 95% CI: 0.64
to 1.90, respectively) and females (3 = 1.69, 95% CI: 1.07 to 2.31; 3 =
3.40, 95% CI: 2.43 to 4.36, respectively) (all p < 0.05). Conversely,
muscle-related indices such as predicted muscle mass (PMM), fat-
free mass (FFM), and bone mass (BONEM) showed significant
negative associations with AHI, with stronger effects observed in
females (e.g., PMM: B = —-3.48, 95% CI: —4.51 to —2.45) than in
males (B = —1.24, 95% CL: —1.91 to —0.58). Hydration parameters
showed contrasting associations by sex: total body water (TBW),
extracellular water (ECW), and intracellular water (ICW) were
positively associated with AHI in males (e.g., TBW: B = 1.61, 95%
CI: 1.08 to 2.13), but ECW negatively associated in females (B =
-19.21, 95% CI: —22.82 to —15.59). Basal metabolic rate (BMR) was
inversely associated with AHI in both sexes, with a stronger effect in
females (B = —0.03, 95% CI: —0.04 to —0.02). Physical rating
(PHYSRATE) also exhibited a significant negative correlation
with AHI in both males and females (p < 0.05). In the BMI-
stratified models (adjusted for age and sex), most associations
between body composition and AHI were not statistically
significant in the normal (BMI < 24) and overweight (BMI 24-
27) subgroups. However, in the obese group (BMI = 27), fat mass (3
=0.85,95% CI: 0.26 to 1.44), muscle mass (f = —0.87, 95% CI: —1.72
to —0.02), bone mass (B = -15.16, 95% CIL: —27.45 to —2.86), and
total body water (B = 1.08, 95% CI: 0.39 to 1.77) showed significant
associations with AHI (p < 0.05). In addition, intracellular water
(ICW) was positively associated (B = 1.77, 95% CI: 0.87 to 2.67),
while impedance (IMP: B = —0.08) was negatively associated with
AHI in the obese subgroup (p < 0.05). In stratified models, the
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TABLE 3 Associations of overnight change (/\) in body composition, hydration, and metabolic parameters with wake after sleep onset (WASO) and
sleep efficiency.

Sleep efficiency

Variable

All 85%-70%
BMI 4.07(1.36, 6.79) * 0.70(-1.51, 0.65) 0.71(-1.58, 3.00) 0.00(-0.00, 0.01) -0.00(-0.02, 0.01)
FATP 1.17(0.45, 1.88) * -0.04(-0.20, 0.11) 0.17(-0.38, 0.73) 0.00(-0.00, 0.00) -0.00(-0.00, 0.00)
FATM 1.67(0.84, 2.50) * -0.05(-0.23, 0.12) 0.18(-0.50, 0.86) -8.55(-0.00, 0.00) -0.00(-0.01, 0.00)
PMM -0.70(-1.77, 0.37) 0.12(-0.11, 0.35) 0.08(-0.73, 0.89) 0.00(-0.00, 0.00) 0.00(-0.00, 0.01)
VFATL 2.72(0.88, 4.56) * -0.20(-0.59, 0.19) -0.12(-1.54, 1.30) 0.00(-0.00, 0.00) 0.00(-0.01, 0.01)
BONEM -17.49(-32.46, -2.52) 2.30(-0.87, 5.48) 1.99(-9.01, 12.99) 0.02(-0.01, 0.04) 0.00(-0.07, 0.07)
FFM -0.70(-1.71, 0.31) 0.12(-0.10, 0.33) 0.08(-0.68, 0.84) 0.00(-0.00, 0.00) 0.00(-0.00, 0.01)
TBW -0.32(-1.22, 0.58) 0.08(-0.11, 0.27) -0.04(-0.71, 0.63) 0.00(-0.00, 0.00) -0.00(-0.01, 0.00)
ECW -1.43(-4.92, 2.06) 0.27(-0.47, 1.01) 0.11(-2.57, 2.79) 0.00(-0.00, 0.01) 0.00(-0.01, 0.02)
ICW -0.37(-1.53, 0.79) 0.10(-0.15, 0.34) -0.07(-0.93, 0.78) 0.00(-0.00, 0.00) -0.00(-0.01, 0.00)
BMR -0.00(-0.01, 0.01) 0.003 (-0.001, <0.001) 0.00(-0.01, 0.01) 4.76 (<0.001, <0.001) 4.33 (<0.001, <0.001)
METAAGE 0.82(0.41, 1.23) * -0.04(-0.13, 0.05) 0.06(-0.23, 0.35) 0.00(-0.00, 0.00) 0.00(-0.00, 0.00)
IMP -0.03(-0.08, 0.03) 0.00(-0.01, 0.01) 0.01(-0.03, 0.05) 6.43 (<0.001, <0.001) 0.00 (-0.001, <0.001) *
PHASEANGLE -1.59(-3.37, 0.18) 0.19(-0.19, 0.56) 0.33(-1.10, 1.75) 0.00(-0.00, 0.00) 0.00(-0.00, 0.01)
PHYSRATE -0.17(-0.46, 0.11) -0.02(-0.08, 0.04) -0.17(-0.38, 0.04) 4.21(0.00, 0.00) 0.00(-0.00, 0.00)

Beta coefficients (B) with 95% confidence intervals (CI). Models were adjusted for age and sex. *p<0.05; coefficients extremely close to zero are shown as < 0.001.

magnitude of associations between body composition, hydration  significantly associated with increased AHI (FATM: 3=0.85, CL:
0.26 to 1.44). Intracellular water (ICW) also showed a strong
positive correlation (B=1.77, CI: 0.87 to 2.67), and total body

water (TBW) was positively associated with AHI (3=1.08, CL:

status, and AHI differed by sex and BMI category, with stronger and
more consistent relationships observed in females and individuals
with obesity. For BMI categories, in the obese group, fat mass was

TABLE 4 Associations of overnight change (/\) in body composition, hydration, and metabolic parameters with sleep stage .

Variable N1 N2 N3 REM

BMI 0.98 (0.17, 1.80) 0.20 (-1.50, 1.91) -0.00 (-0.37, 0.36) 0.19 (-0.26, 0.64)
FATP 0.17 (-0.05, 0.39) -0.27 (-0.72, 0.18) -0.09 (-0.18, 0.01) -0.07 (-0.19, 0.05)
FATM 0.26 (0.01, 0.51) -0.23 (-0.75, 0.29) -0.09 (-0.20, 0.02) -0.05 (-0.19, 0.09)
PMM 0.07 (-0.26, 0.39) 0.61 (-0.07, 1.28) 0.14 (-0.00, 0.28) 0.17 (-0.01, 0.34)
VFATL -0.20 (-0.76, 0.35) 0.16 (-1.00, 1.31) -0.03 (-0.27, 0.22) -0.10 (-0.40, 0.21)
BONEM 0.06 (-4.46, 4.58) 9.62 (0.21, 19.04) 2.10 (0.10, 4.09) 350 (1.03, 5.97)
FFM 0.06 (-0.24, 0.36) 058 (-0.05, 1.22) 0.13 (-0.00, 0.27) -0.16 (-0.00, 0.33)
TBW 0.53 (0.26, 0.80)* 037 (-0.19, 0.94) -0.01 (-0.23, 0.02) 0.11 (-0.04, 0.26)
ECW 1.18 (0.13, 2.23) 1.31 (-0.88, 3.50) 0.17 (-0.30, 0.63) 0.64 (0.06, 1.22)
cw 0.75 (0.40, 1.10)* 0.47 (-0.25, 1.20) -0.03 (-0.18, 0.13) 0.12 (-0.08, 0.31)
BMR 0.00 (-0.00, 0.00) 0.01 (-0.00, 0.01) 0.00 (-0.00, 0.00) 0.00 (0.00, 0.00)
METAAGE 0.03 (-0.09, 0.16) -0.12 (-0.86, 0.14) 0.01 (-0.05, 0.06) -0.04 (-0.11, 0.03)
IMP -0.02 (-0.03, 0.00) -0.04 (-0.07, -0.01) 0.00 (-0.01, 0.01) -0.00 (-0.01, 0.01)
PHASEANGLE 0.07 (-0.47, 0.61) 039 (-0.73, 1.51) 0.18 (-0.06, 0.42) 0.26 (-0.03, 0.56)
PHYSRATE -0.11 (-0.19, -0.02) 0.03 (-0.15, 0.21) 0.02 (-0.02, 0.06) 0.00 (-0.05, 0.05)

Beta coefficients (B) with 95% confidence intervals (CI). Models were adjusted for age and sex. * p <0.05.
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TABLE 5 Associations of sex- and BMI-specific overnight change (/\) in body composition, hydration, and metabolic parameters with the apnea-

hypopnea index (AHI).

Variable

Female

BMI
Normal (BMI < 24)

Overweight (24—-27)

Obese (>27)

FATP 0.94(0.45, 1.43)* 1.69(1.07, 2.31)* 0.13(-0.27, 0.53) 0.25(-0.35, 0.86) 0.71(0.08, 1.34)
FATM 1.27(0.64, 1.90)* 3.40(2.43, 4.36)* 0.20(-0.40, 0.80) 0.33(-0.49, 1.14) 0.85(0.26, 1.44)*
PMM -1.24(-1.91, -0.58)* -3.48(-4.51, -2.45)* 0.24(-0.45, 0.93) -0.28(-1.15, 0.60) -0.87(-1.72, -0.02)
VFATL -4.41(-5.83, -2.98)* -2.51(-4.16, -0.87)* -0.54(-1.68, 0.60) -0.18(-1.73, 1.37) -1.68(-3.14, -0.21)
BONEM 22.76(-33.56, -11.96)  -29.45(-39.65, -19.24)* -0.26(-9.25, 8.73) -5.10(-17.79, 7.60) -15.16(-27.45, -2.86)
FFM -1.20(-1.83, -0.57)* -3.18(-4.13, -2.23)* 0.21(-0.43, 0.86) -0.27(-1.10, 0.56) -0.84(-1.64, -0.04)
TBW 1.61(1.08, 2.13)* -2.05(-3.09, -1.00)* 0.59(-0.02, 1.21) 0.33(-0.41, 1.07) 1.08(0.39, 1.77)*
ECW 4.08(1.85, 6.32)* -19.21(-22.82, -15.59)* 1.77(-0.71, 4.24) -0.62(-3.78, 2.55) 0.40(-2.15, 2.95)
ICW 2.25(1.58, 2.92)* -0.82(-2.12, 0.48) 0.80(0.01, 1.59) 0.59(-0.35, 1.52) 1.77(0.87, 2.67)*
BMR -0.01(-0.01, -0.00)* -0.03(-0.04, -0.02)* 0.00(-0.00, 0.01) -0.00(-0.01, 0.01) -0.01(-0.01, 0.00)
METAAGE -0.08(-0.33, 0.18) 0.38(-0.01, 0.76) -0.14(-0.45, 0.17) -0.03(-0.36, 0.31) 0.13(-0.18, 0.43)
IMP 0.01(-0.03, 0.05) 0.01(-0.03, 0.05) -0.01(-0.04, 0.02) -0.08(-0.12, -0.03)* -0.08(-0.13, -0.03)*
PHASEANGLE -0.13(-1.34, 1.07) -1.60(-2.84, -0.35) 0.02(-1.16, 1.20) -1.39(-2.69, -0.08) -0.64(-2.11, 0.83)
PHYSRATE -0.24(-0.42, -0.06) -0.33(-0.57, -0.10)* -0.03(-0.18, 0.12) -0.08(-0.29, 0.13) -0.13(-0.42, 0.16)

Beta coefficients (B) with 95% confidence intervals (CI). Sex models were adjusted for age and BMI. BMI models were adjusted for age and sex. *p <0.05.

0.39 to 1.77). Additionally, bone mass (BONEM) was negatively
correlated with AHI (=-15.16, CI: -27.45 to -2.86), consistent with
higher AHI co-occurring with greater total and intracellular water
in individuals with obesity.

3.6 Age-stratified analysis of physiological
parameters

Table 6 presents a comparative analysis of physiological
parameters stratified by age (<50 vs. =50 years) with models
adjusted for sex. Among participants aged <50 years, body mass
index (BMI) (B = 4.03, 95% CI: 2.22 to 5.84), fat percentage (FATP:
B =1.59,95% CI: 1.03 to 2.15), fat mass (FATM: B = 2.09, 95% CI:
1.49 to 2.69), and hydration markers (i.e. total body water (TBW: f3
=1.74,95% CI: 1.09 to 2.38), and intracellular water (ICW: § = 2.51,
95% CI: 1.68 to 3.33)) were all significantly elevated. In contrast,
muscle mass (PMM: B =-1.45, 95% CI:-2.30 to -0.60), visceral fat
(VFATL: B = -1.97, 95% CI: —3.31 to —0.63), bone mass (BONEM:
B =-20.23, 95% CI: =31.90 to —8.55), and fat free mass (FFM: 3
=-1.38, 95% CIL:-2.18 to -0.59) were significantly reduced in this
group. Among participants aged =50 years, the associations were
less pronounced; however, a significant increases were observed in
FATP (B = 0.84, 95% CI: 0.39 to 1.30), FATM (B = 0.95, 95% CI:
0.38 to 1.51), TBW (B = 0.92, 95% CI: 0.30 to 1.53), and ICW (B =
1.60, 95% CI: 0.81 to 2.40). Bone mass was significantly lower in this
group (BONEM: B = -17.22, 95% CI: —26.77 to —7.66), as was
physical rating (PHYSRATE: = —0.29, 95% CL: -1.48 to —0.11).
These results indicate that while younger adults exhibited broad
associations with AHI across adiposity, muscle, bone and hydration
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parameters, older adults showed significant associations mainly
with fat mass, bone mass, hydration, and physical fitness.

4 Discussion

The findings of this study show the multifactorial relationships
between physiological parameters and sleep-disordered breathing,
particularly OSA, as measured by the AHI Notably, significant
associations were observed between body composition, hydration
status, and AHI, with both muscle and fat metrics playing critical
roles. Increased fat mass and reduced muscle mass were
significantly associated with higher AHI, aligning with previous
evidence suggesting that excess adiposity is linked to greater airway
collapsibility and inflammation, whereas lower lean mass may be
associated with reduced airway stability (23-25). Recent studies
corroborate associations of trunk fat and total body water with OSA
severity and imaging work differentiates structural from functional
muscle indices (26-28). Similarly, the positive associations between
fat metrics and AHI emphasize the role of adiposity in exacerbating
OSA severity (29), whereas the inverse relationships observed for
muscle and bone mass highlight the potential protective effect of
better musculoskeletal health, although the mechanisms remain
complex (9). We observed bone mass showed a strong inverse
relationship with AHI and WASO. Given that BIA-derived bone
mass typically tracks overall physique greater lean and skeletal
frame size with lower adiposity and fluid burden rather than a bone-
specific effect. This interpretation is consistent with our boarder
pattern, higher lean mass, and skeletal frame co-occurred with
lower AHI and better sleep continuity, suggesting that the BONEM
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TABLE 6 Associations of Age-Related Overnight Change (/\) in Body
Composition, Hydration, and Metabolic Parameters with the Apnea-
Hypopnea Index (AHI).

Variable Age < 50 Age > 50

BMI 4.03 (222, 5.84)* 1.27 (-0.82, 3.35)
FATP 1.59 (1.03, 2.15)* 0.84 (0.39, 1.30)*
FATM 2.09 (1.49, 2.69)* 0.95 (0.38, 1.51)*
PMM -1.45 (-2.30, -0.60)* -0.89 (-1.56, 0.22)
VFATL -1.97 (-3.31, -0.63)* -1.42 (-2.68, -0.16)
BONEM -20.23 (-31.90, -8.55) -17.22 (-26.77, -7.66)*
FFM -1.38 (-2.18, -0.59)* -0.87 (-1.50, -0.23)
TBW 1.74 (1.09, 2.38)* 0.92 (0.30, 1.53)*
ECW 3.1 (0.52, 5.70) -0.46 (-2.79, 1.86)
IcW 2.51 (1.68, 3.33)* 1.60 (0.81, 2.40)*
BMR -0.01 (-0.01, 0.00) -0.01 (-0.01, 0.00)
METAAGE 0.21 (-0.10, 0.51) 0.05 (-0.23, 0.32)
IMP 0.00 (-0.04, 0.03) -0.02 (-0.06, 0.02)
PHASEANGLE -0.23 (-1.89, 1.43) -0.74 (-1.76, 0.27)
PHYSRATE -0.25 (-0.47, 0.02) -0.29 (-0.48, -0.11)*

Beta coefficients () with 95% confidence intervals (CI). Models were adjusted for sex. * p <
0.05.

coefficient largely indexes overall physique rather than a bone-
specific airway mechanism. Furthermore, the positive association
between ICW and AHI suggests a potential role for fluid retention,
may be related to airway narrowing during sleep (30).

In terms of sleep disruption, our findings demonstrated that
increased WASO was significantly associated with higher BMI, fat
percentage, visceral fat levels, and reduced bone mass. These results
are consistent with previous research indicating that disrupted sleep
is associated with greater adiposity and lower bone mineral density
(31). In this cohort, WASO showed more frequent and stronger
associations with body composition variables than sleep efficiency.
This pattern highlights sleep continuity as a key phenotypic
correlate; whether enhancing continuity improves metabolic or
cardiometabolic outcomes requires prospective evaluation. This
aligns with prior work showing that simple anthropometric
parameters can rapidly and reliably identify cardiometabolic risk
in patients with OSA without the need for laboratory tests (32).

When examining sleep stage architecture, we found that lighter
sleep stages, particularly N1, were positively associated with BMI,
TBW, and ICW, consistent with links between disrupted sleep and
fluid retention. These findings align with existing literature
indicating that poor sleep quality is associated with metabolic
dysregulation, appetite hormone imbalance, and higher adiposity
(33-36). In contrast, deeper sleep stages such as N2 and N3 were
positively associated with muscle mass and bone indices;
mechanistic implications require confirmation. Interestingly,
VFATL did not show significant associations with sleep stage
distribution, contrasting with some prior studies suggesting
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disrupted sleep increases visceral adiposity (37, 38). This
discrepancy may be due to methodological differences, population
variation, or the complexity of fat redistribution, highlighting the
need for further mechanistic exploration. The association between
REM sleep and bone mass also highlights potential systemic benefits
of sleep architecture beyond cognitive function.

Sex- and BMI-stratified analyses further clarified these
relationships. Stronger associations between AHI and body
composition were observed in females and individuals with
obesity, reinforcing findings from previous studies that link BMI
with OSA severity (29, 39, 40). Our sex-stratified analyses revealed
that hydration indices were positively associated with AHI in men
but inversely or non-significantly associated in women, with a
particularly strong negative association for ECW in women. This
discrepancy may reflect hormonal influence on fluid regulation and
airway physiology, as well as sex-specific difference in fat
distribution. Women’s greater subcutaneous and peripheral fat
depots may buffer extracellular fluid shifts differently from the
visceral predominance in men, thereby modifying the effect of
rostral fluid redistribution on pharyngeal tissues. Additional
contributors, such as vascular compliance, lymphatic drainage or
soft-tissue composition, may further account for these sex-specific
patterns. In the obese group, increased fat mass and ICW were
particularly associated with higher AHI, suggesting that both
adiposity and fluid retention may contribute to sleep-disordered
breathing (41, 42). These findings emphasize the significance of
targeting both weight control and fluid regulation as part of
comprehensive OSA management. From a clinical perspective,
these subgroup findings suggest that weight control and fluid
regulation should be core components of OSA management,
especially in high-risk groups. Age-stratified analysis revealed that
adiposity-related measures such as fat percentage, and fat mass
remained significantly associated with AHI across both age groups,
with stronger associations observed in individuals under 50 years.
In contrast, older adults exhibited more pronounced reductions in
bone mass and physical rating, consistent with aging-related
physiological decline (43, 44). The shift from adiposity-driven
factors in younger adults to a greater involvement of
musculoskeletal and hydration factors in older adults, suggests a
need for age-tailored preventive and therapeutic strategies (45-47).

Sex-specific trends were also evident. In younger males, obesity was
associated with increased fat mass, TBW, ECW, and ICW, indicating a
tendency toward both increased adiposity and fluid retention. In older
males, body composition parameters were not significantly associated
with AHI, with fat-related variables in particular showing a marked
reduction in relevance with age. In contrast, adiposity remained a key
factor across all age groups in females, with postmenopausal women
particularly affected by increased visceral fat and reduced bone mass
(48, 49). These observations support evidence that hormonal changes,
particularly estrogen decline, may amplify OSA risk through metabolic
and anatomical pathways.

A more granular, hierarchical analysis integrating age, sex, and
BMI showed a reduction in predicted muscle mass and fat-free mass
among younger obese women, although not statistically significant,
suggesting a potential for early sarcopenic obesity (50, 51).
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Moreover, ECW levels were significantly lower in younger obese
individuals and trended similarly in older age groups, reflecting fluid
distribution imbalances possibly related to inflammation and cellular
water dysregulation (52, 53). In younger obese males, increased fat
mass, TBW, ECW, and ICW were associated with OSA severity,
supporting evidence that fluid intake and body composition interact
in early adulthood (54-56). In older males, these associations
diminished, suggesting a shift in the drivers of sleep-related
outcomes from adiposity to lean mass and hydration stability (57).
BMR, phase angle, and ECW showed limited associations across
groups. Their clinical relevance may require larger datasets or more
sensitive methodologies to detect meaningful effects. Nonetheless,
these findings contribute to a broader understanding of physiological
profiles linked to sleep health.

Our findings provide valuable guidance for tailoring interventions.
Enhancing sleep quality, particularly deep sleep stages, may benefit
muscle and bone health while reducing AHI. Weight loss, muscle
preservation, and hydration management are crucial in younger and
obese individuals, whereas older adults may benefit from interventions
focused on lean mass retention and fluid balance. Such targeted
strategies are essential for improving sleep-disordered breathing and
related health outcomes. It is important to note that /\ values derived
from pre- to post-sleep BIA assessment may not exclusively represent
true metabolic changes in fat or muscle compartments. BIA is highly
sensitive to body fluid distribution, and an overnight recumbent
position is known to induce a rostral fluid shift. Therefore, a
proportion of the observed /\ values may reflect postural fluid
dynamics rather than actual alterations in tissue composition. This
study has some limitations. Owing to its cross-sectional design,
interpretation is limited to statistical associations between
physiological parameters and sleep outcomes; predictive or causal
claims are beyond the scope of this work. Furthermore, potential
confounders such as lifestyle behavior, diet, physical activity, and
comorbidities were not available in our study. In addition, there are
more limitations that should be acknowledged. First as a retrospective
single-center study, the generalizability of our findings may be limited,
and selection bias cannot be excluded. Second, important biochemical
markers such as lipid profiles, HbAlc, and inflammatory parameters
were not available, which restricts our ability to explore mechanistic
links with cardiometabolic risk. Third, we did not have an
independent external validation cohort and replication in other
populations will be needed to confirm our findings. Finally,
although anthropometric and bioimpedance assessments were
conducted by trained staff under standardized conditions, potential
inter-observer variability cannot be entirely excluded.

5 Conclusion

In conclusion, this study identifies sleep quality, particularly the
distribution of sleep stages, as a key factor associated with body
composition and hydration status. These findings highlight the
potential of targeting sleep architecture, especially enhancing
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deeper sleep and reducing lighter sleep stages, as a therapeutic
approach to support metabolic and physiological health.
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