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Purpose: The association between weight change across adulthood and obstructive sleep apnea (OSA) is unclear. This study aimed to 
evaluate the effect of weight change across adulthood on OSA and subsequent mortality.
Methods: This study included 2019 participants of the Multi-Ethnic Study of Atherosclerosis (MESA). Weight at ages 20 and 40 was 
recalled at Exam 1, and height and weight were measured in Exam 5 and used to calculate current body mass index (BMI). Home- 
based polysomnography was conducted for each enrolled participants in the MESA Sleep Study immediately following Exam 5. The 
relationship between changes in BMI across adulthood and the risk of OSA was investigated using logistic regression and restricted 
cubic splines. In addition, the association between BMI change and all-cause mortality was examined using Cox regression.
Results: Of 2019 participants (median age: 67 years; 930 [46.1%] men), 970 (48.0%) had OSA. Compared to the non-OSA group, 
participants in the OSA group were older, more often male, and had greater weight changes across adulthood. Logistic regression 
showed that increased BMI across adulthood was an independent risk factor for OSA. Further studies showed that both mild (0–10%) 
and significant (>10%) increases in BMI between the ages of 20 and 40 were associated with a higher risk of OSA, and this finding 
remained after adjustment for current BMI. Subgroup analyses showed consistent results for participants with current BMI <30 or ≥30. 
In addition, weight gain from age 20 to 40 was also associated with an increased mortality risk after OSA diagnosis.
Conclusion: Weight gain in early adulthood was associated with a higher risk of OSA and subsequent mortality, regardless of weight status in 
later life. Therefore, maintaining a normal body weight in early adulthood should be actively promoted to prevent OSA and improve prognosis.
Keywords: weight change, early adulthood, obstructive sleep apnea, prognosis

Introduction
Obesity has become a global public health problem. Epidemiological studies have shown that global obesity rates 
increased from 3% in men and 6% in women to 11% and 15%, respectively, between 1975 and 2016.1 The World Obesity 
Atlas showed that about 2.2 billion adults and 430 million children were overweight/obese globally in 2020, and it is 
projected to reach 3.3 billion and 770 million respectively by 2035. Therefore, weight control, especially early weight 
control, is of great public health importance.

Obesity is the most important risk factor for obstructive sleep apnea (OSA), and about 50–60% of obese individuals 
have comorbid OSA.2,3 Back in 2003, Tishler et al found that body mass index (BMI) was a risk factor for sleep- 
disordered breathing and that its effect decreased with age.4 Obesity can increase the risk of OSA through several 
pathophysiological mechanisms. First, obesity leads to fat accumulation in the neck, thereby increasing the risk of upper 
airway collapse.5 Additionally, abnormal visceral fat deposition can raise intra-abdominal pressure, which in turn affects 
diaphragmatic movement.6 Obese individuals are also more prone to ventilatory control imbalances, leading to 
a reduction in functional residual lung capacity, further heightening the risk of OSA.7 Genetic factors also play 
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a significant role in the development of obesity and OSA, with related genes potentially influencing energy metabolism, 
appetite regulation, and adipocyte differentiation.8 However, previous studies have only discussed the association 
between body weight at a single measurement and the risk of OSA, ignoring the effect of dynamic changes in body 
weight at different stages on OSA. A recent study showed that individuals who went from normal weight to obese 
between early and middle adulthood had a higher risk of all-cause and cardiovascular death. In contrast, in middle to late 
adulthood, weight loss was independently associated with mortality.9 However, no relevant studies have reported the 
effect of weight changes in adulthood on OSA.

The Multi-Ethnic Study of Atherosclerosis (MESA) is a multicenter prospective study designed to investigate the 
characteristics and predictors of subclinical atherosclerosis.10 The ethnic diversity, validated home-based polysomno-
graphy (PSG), and long-term follow-up of the MESA make it an excellent choice for studying the risk factor and 
prognosis of OSA. Using data from its primary and ancillary studies, we explored the effect of weight change at different 
stages of adulthood on OSA and subsequent mortality. This study aims to improve the early screening and diagnosis of 
OSA and further emphasize the importance of early weight control, which has certain public health significance.

Methods
Study Design and Population
The MESA is a multicenter prospective study designed to investigate the characteristics and prognosis of subclinical 
cardiovascular disease and the risk factors for its progression to clinically overt cardiovascular disease. Between 
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July 2000 and August 2002, the study enrolled 6814 community-dwelling participants without evidence of cardiovascular 
disease from six field centers in the United States. The study was approved by the Institutional Review Board, written 
informed consent was obtained from all participants, and detailed methodology has been previously published.10–12 This 
post-hoc analysis of MESA was approved by the Institutional Review Board of Beijing Anzhen Hospital, Capital Medical 
University (No. KS2024028), with a waiver of informed consent granted for the retrospective use of de-identified data.

Enrolled participants received a total of 5 exams at 2-year intervals. After completing Exam 5 (2010–2013), 4077 
participants were invited to participate in the MESA Sleep Study (2010–2012), of whom 1816 were excluded due to 
ineligibility or inability to participate. The MESA Sleep Study consisted of a home-based PSG, sleep questionnaire and 
diary, and actigraphy for the following 7 days. Of the 2261 participants in the MESA Sleep Study, 2057 had successful 
PSG data. In addition, 13 participants with central sleep apnea and 25 participants with missing data were excluded, and 
2019 participants were included in the final analysis (Figure 1).

PSG and OSA Definition
Home-based PSG was performed using the Somte System (Compumedics, Australia), which recorded electroencephalo-
gram, airflow, finger pulse oximetry, leg movement, and other data. In this study, apnea was defined as a complete 
reduction in airflow amplitude for ≥ 10s. Hypopnea was defined as a > 30% reduction in airflow amplitude for ≥ 10s 
accompanied by a 4% oxygen desaturation. Apnea-hypopnea index (AHI) was defined as the number of apneas and 
hypopneas per hour of total recording time. According to guidelines of the Adult Obstructive Sleep Apnea Task Force of 
the American Academy of Sleep Medicine,13 ≥ 15 obstructive respiratory events per hour in the absence of sleep-related 
symptoms is sufficient for the diagnosis of OSA. Several studies have also found that OSA diagnosed using an AHI ≥15/ 
h as a cut-off value was strongly associated with future cardiovascular events.14,15 Therefore, for this analysis, 
participants were divided into an OSA group (AHI ≥15/h) and a non-OSA group (AHI <15/h).

Assessment of BMI and Covariates
Figure 2 provides information on data items and chronology of the data collection. BMI was calculated by dividing 
weight (kg) by the square of height (m2). The height and weight of all participants were measured at Exam 5, from which 
the current BMI was calculated. In addition, weight at ages 20 and 40 was recalled at Exam 1 (median age 58 years), 
while height at Exam 1 was used as a proxy to calculate BMI at ages 20 and 40. We also calculated the change in BMI 
for two-time intervals: ΔBMI from age 20 to 40, and ΔBMI from age 40 to current.

Demographic characteristics, medical history, and family history were collected at Exam 5. Both smoking and 
drinking status were divided into three categories: never, previous, and current use. Hypertension was defined as seated 

Figure 1 Participant inclusion flowchart. 
Abbreviations: Mesa, the Multi-Ethnic Study of Atherosclerosis; PSG, polysomnography.
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systolic blood pressure ≥140 mmHg and/or diastolic blood pressure ≥90 mmHg. Diabetes was defined as fasting glucose 
level ≥7 mmol/L and/or use of any oral hypoglycemic agents or insulin.

Outcome and Follow-up
From 2000 to 2015, the MESA study followed participants by telephone, surface mail, or electronic mail. The follow-up 
endpoint was the occurrence of the outcome event or the end of 2015. We analyzed follow-up data after the MESA Sleep 
Study, with an average follow-up of 4.0 years. The outcome for this analysis was all-cause mortality, as most of the other 
outcomes had occurred before the MESA Sleep Study.

Statistical Analysis
Normally distributed variables were described as mean and standard deviation, and comparisons between groups were made 
using the independent samples t-test. Variables with skewed distributions were described as medians (quartile 1, quartile 3), and 
comparisons were made using the Mann–Whitney U-test. Categorical variables were shown as numbers (percentages) and were 
compared by χ2 test. Pearson’s correlation coefficients were calculated between BMI and its change in adulthood and AHI. 
Multivariate logistic regression was used to assess the association of BMI and its changes in adulthood with OSA, while 
restricted cubic splines (RCS) were used to explore possible non-linear correlations. In addition, logistic regression was used to 
explore the association between BMI change patterns and absolute weight gain with OSA. Cox regression was used to assess the 
association between BMI and its change with all-cause mortality in both OSA and non-OSA patients, and RCS were used to 
describe the dose-response relationship. In the multivariate regression analysis, Model 1 was adjusted for current age, sex, and 
race; Model 2 was adjusted for Model 1 plus education, income, smoking status, hypertension, and diabetes; Model 3 was 
adjusted for Model 2 plus BMI before change; and Model 4 was further adjusted for current BMI. To demonstrate the robustness 
of the results, the stratified analyses of associations between BMI change pattern and OSA by current age, sex, and current BMI 
were performed. Furthermore, the sensitivity analysis also took into account the participants who self-reported a previous 
diagnosis of OSA and different diagnostic criteria for OSA. A P value <0.05 was considered statistically significant. Statistical 
analyses were performed using SPSS 26.0 (IBM Corp., NY, USA) and R software 4.3.2 (R Foundation, Vienna, Austria).

Results
Clinical Characteristics and BMI Changes of OSA and Non-OSA Groups
A total of 2019 participants were included in the final analysis, with a median age of 67 years. Table 1 demonstrates the 
clinical characteristics of participants in the OSA and non-OSA groups. In terms of demographic characteristics, 
participants in the OSA group were older, more likely to be male, Hispanic, or Chinese, less educated, and current 
drinkers. Regarding medical history, a higher proportion of participants in the OSA group had comorbid hypertension 
and diabetes. For PSG data, patients in the OSA group had significantly higher AHI and percentage of time spent at SaO2 

below 90% (T90), while the average and minimum oxygen saturation during sleep were lower than in non-OSA patients. 
For anthropometric indicators, participants in the OSA group had greater weight and BMI at all three time points in 

Figure 2 Flow diagram of data collection timeline and information gathered. 
Abbreviations: BMI, body mass index; OSA, obstructive sleep apnea; Mesa, the Multi-Ethnic Study of Atherosclerosis; PSG, polysomnography.
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Table 1 Clinical Characteristics for Participants Stratified by OSA Status

Characteristic 
(median [Q1, Q3] or n [%])

Total (n=2019) OSA (n=970) Non-OSA (n=1049) P-value

Demographics

Current Age (years) 67 (61, 75) 69 (62, 76) 66 (60, 74) <0.001

Male 930 (46.1) 569 (58.7) 361 (34.5) <0.001
Race 0.001

Caucasian 733 (36.3) 335 (34.5) 398 (37.9)

Chinese 246 (12.2) 125 (12.9) 121 (11.5)
African American   

Hispanic

561 (27.8) 245 (25.3) 316 (30.1)

479 (23.7) 265 (27.3) 214 (20.4)
Education 0.045

Less than high school 300 (14.9) 158 (16.3) 142 (13.5)

High school or equivalent 803 (39.8) 399 (41.1) 404 (38.5)
College or above 912 (45.2) 413 (42.6) 499 (47.6)

Annual household income 0.598

<$50,000 1055 (52.3) 501 (51.6) 554 (52.8)
≥$50,000 910 (45.1) 443 (45.7) 467 (44.5)

Smoking 0.095

Never 1066 (52.8) 490 (50.5) 576 (54.9)
Previous 705 (34.9) 361 (37.2) 344 (32.8)

Current 244 (12.1) 119 (12.3) 125 (11.9)

Alcohol use 0.044
Never 393 (19.5) 176 (18.1) 217 (20.7)

Previous 437 (21.6) 196 (20.2) 241 (23.0)

Current 1185 (58.7) 598 (61.6) 587 (56.0)
Clinical History

Hypertension 770 (38.1) 405 (41.8) 365 (34.8) 0.001

Diabetes 191 (9.5) 111 (11.4) 80 (7.6) 0.003
Cancer 142 (7.0) 66 (6.8) 76 (7.2) 0.215

Family history

Heart attack 682 (33.8) 316 (32.6) 366 (34.9) 0.547
Stroke 543 (26.9) 249 (25.7) 294 (28.0) 0.195

Diabetes 809 (40.1) 397 (40.9) 412 (39.3) 0.424

PSG data
AHI (events/h) 14.4 (7.0, 27.1) 27.6 (20.3, 41.1) 7.3 (4.1, 11.1) <0.001

T90 (%) 0.59 (0.04, 3.18) 2.50 (0.70, 7.02) 0.09 (0, 0.63) <0.001

Average SaO2 during REM (%) 94 (93, 95) 93 (92, 94) 95 (94, 96) <0.001
Average SaO2 during NREM (%) 95 (94, 96) 94 (93, 95) 95 (94, 96) <0.001

Min SaO2 during REM (%) 86 (81, 90) 82 (76, 87) 89 (86, 91) <0.001

Min SaO2 during NREM (%) 87 (83, 90) 84 (79, 87) 89 (87, 91) <0.001
Anthropometry

Weight at age 20 (kg) 59.0 (52.2, 68.0) 61.2 (54.4, 72.6) 56.7 (49.9, 66.2) <0.001

Weight at age 40 (kg) 68.0 (61.2, 79.4) 72.6 (63.5, 83.9) 65.8 (59.0, 75.7) <0.001
Current weight (kg) 76.9 (65.8, 89.1) 81.2 (69.6, 94.8) 73.1 (63.0, 84.6) <0.001

BMI at age 20 (kg/m2) 21.5 (19.6, 23.8) 22.1 (20.1, 24.4) 21.1 (19.2, 23.1) <0.001

BMI at age 40 (kg/m2) 24.8 (22.5, 27.4) 25.5 (23.3, 28.3) 24.1 (22.1, 26.7) <0.001
Current BMI (kg/m2) 27.9 (24.6, 31.8) 29.1 (25.8, 33.2) 26.8 (23.8, 30.4) <0.001

ΔBMI from age 20 to 40 (kg/m2) 2.8 (1.4, 5.0) 3.2 (1.6, 5.3) 2.6 (1.2, 4.7) <0.001

ΔBMI from age 40 to current (kg/m2) 2.8 (0.7, 5.5) 3.1 (0.9, 6.1) 2.5 (0.5, 4.9) <0.001

Notes: Continuous and categorical variables were described as median (Q1, Q3) or n (%), respectively, and differences between the OSA 
and non-OSA groups were compared using the Mann–Whitney U-test and χ2 test, respectively. 
Abbreviations: OSA, obstructive sleep apnea; PSG, polysomnography; AHI, apnea-hypopnea index; T90, percentage of time spent at 
SaO2 below 90%; SaO2, arterial oxygen saturation; REM, rapid eye movement; NREM, non-rapid eye movement; BMI, body mass index.
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adulthood. For all participants, the changes in BMI from age 20 to 40 and age 40 to current were 2.8 (1.4, 5.0) and 2.8 
(0.7, 5.5) kg/m2, respectively. In particular, participants in the OSA group had a greater increase in BMI than participants 
in the non-OSA group in adulthood, which led to an increasing weight gap between the two groups (Figure 3A). There 
was no statistically significant difference between the two groups in the remaining characteristics. The results of the 
correlation analysis showed a linear correlation between the 20’s, 40’s and current BMI, with correlation coefficients 
ranging from 0.401 to 0.667 (Supplementary Table 1).

The Relationship Between BMI and Its Changes in Adulthood and OSA
Of the 2019 participants enrolled, 970 (48.0%) were diagnosed with OSA. Logistic regression showed that greater BMI 
and its increase in adulthood (20’s, 40’s and current) were the risk factors for OSA, which still held true after adjusting 
for confounders such as age, sex, and race (Table 2). Meanwhile, the RCS curves showed a progressive increase in the 

Figure 3 Changes in body weight across adulthood. (A) BMI at age 20, 40 and current age in OSA and non-OSA groups; (B) Proportion of BMI increase patterns across 
adulthood; (C) Proportion of weight gain patterns across adulthood. 
Abbreviations: BMI, body mass index; OSA, obstructive sleep apnea.

Table 2 Odds Ratios (95% Confidence Intervals) for OSA 
Associated with BMI and Its Changes During Adulthood 
(Treated as a Continuous Variable)

Variables OR (95% CI)* P-value

BMI at age 20

Model 1 1.076 (1.044 ~ 1.109) <0.001
Model 2 1.075 (1.042 ~ 1.110) <0.001

BMI at age 40

Model 1 1.103 (1.077 ~ 1.131) <0.001
Model 2 1.102 (1.074 ~ 1.131) <0.001

Current BMI

Model 1 1.127 (1.104 ~ 1.150) <0.001
Model 2 1.125 (1.102 ~ 1.149) <0.001

ΔBMI from age 20 to 40

Model 1 1.088 (1.056 ~ 1.121) <0.001
Model 2 1.085 (1.052 ~ 1.119) <0.001

Model 3 1.105 (1.070 ~ 1.141) <0.001

ΔBMI from age 40 to current
Model 1 1.093 (1.067 ~ 1.119) <0.001

Model 2 1.091 (1.064 ~ 1.118) <0.001

Model 3 1.120 (1.091 ~ 1.150) <0.001

Notes: *Odds ratio (95% CI) per 1 kg/m² increase in BMI. Model 1 was adjusted 
for current age, sex, and race. Model 2 was adjusted for Model 1 + education, 
income, smoking status, hypertension, and diabetes. Model 3 was adjusted for 
Model 2 + BMI before change. 
Abbreviations: OSA, obstructive sleep apnea; BMI, body mass index; OR, 
odds ratio; 95% CI, 95% confidence interval.
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risk of OSA with increasing BMI and its changes in adulthood. Among them, there was a non-linear correlation between 
the change in BMI from age 20 to 40 and the risk of OSA (Figure 4).

To further investigate the relationship between BMI change pattern in adulthood and OSA, participants were divided 
into 3 groups: decreased/no increase in BMI, mild increase in BMI (0–10%), and significant increase in BMI (>10%). 
Between the ages of 20 and 40, only 10.8% of the participants had a decreased/no increase in BMI; the proportions of 
mild and significant increases in BMI were 29.8% and 59.4%, respectively, higher than after the age of 40 (Figure 3B). 
Logistic regression showed that increased BMI during this period was associated with a higher risk of OSA. Surprisingly, 
this result held after adjustment for current BMI. From age 40 to current, the increase in BMI also increased the risk of 
OSA, but the OR was consistently smaller than that from age 20 to 40 (Table 3). The results of the correlation analyses 
showed a weak positive correlation between BMI and its change with AHI at all stages of adulthood (Supplementary 
Table 1).

The relationship between absolute weight gain and the risk of OSA was also investigated. Between the ages of 20 and 
40, the proportion of weight loss/no weight gain was only 10.8%. In contrast, the proportions of participants who gained 
0–10 kg and >10 kg reached 50.9% and 38.3%, respectively, higher than after the age of 40 (Figure 3C). The risk of OSA 
was 1.934 and 3.134 times higher in participants with a weight gain of 0–10 kg and >10 kg, compared with those with 
weight loss/no weight gain. After adjusting for current BMI, the effect of weight gain on OSA remained significant. From 
age 40 to current, weight gain also increased the risk of OSA, but its effect appeared to be less than it is during the age 20 
to 40 (Table 4). In addition, there were significant differences in PSG data such as AHI and T90 for patients with 
different BMI increase patterns and weight gain patterns, as shown in Supplementary Tables 2–3.

Association of BMI and Its Changes with All-Cause Mortality
Participants were followed for an average of 4.0 years after the MESA-Sleep study. A total of 87 (4.3%) all-cause deaths 
occurred during follow-up, including 51 (5.3%) in the OSA group and 36 (3.4%) in the non-OSA group (P = 0.044). For 
participants in the OSA group, BMI at age 40 years and change from age 20 to 40 were independent risk factors for all- 
cause mortality. After adjusting for current BMI, increasing BMI between the ages of 20 and 40 was still associated with 

Figure 4 Restricted cubic splines of BMI and its changes across adulthood with OSA. (A) BMI at age 20; (B) BMI at age 40; (C) Current BMI; (D) ΔBMI from age 20 to 40; 
(E) ΔBMI from age 40 to current. 
Notes: Model was adjusted for current age, sex, race, education, income, smoking status, hypertension, and diabetes. 
Abbreviations: BMI, body mass index.

Nature and Science of Sleep 2025:17                                                                                               https://doi.org/10.2147/NSS.S520901                                                                                                                                                                                                                                                                                                                                                                                                   1197

Du et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/520901/520901%20Supplementary%20Materials.docx
https://www.dovepress.com/article/supplementary_file/520901/520901%20Supplementary%20Materials.docx
https://www.dovepress.com/article/supplementary_file/520901/520901%20Supplementary%20Materials.docx
https://www.dovepress.com/article/supplementary_file/520901/520901%20Supplementary%20Materials.docx


Table 3 Odds Ratios (95% Confidence Intervals) for OSA Associated with BMI Increase Patterns During 
Adulthood (Treated as Categorical Variables)

BMI Increase Patterns

Decreased/no Increase in BMI 0–10% Increase in BMI* >10% Increase in BMI*

Age 20 to 40

n (%) 218 (10.8) 602 (29.8) 1199 (59.4)

Model 1 Reference 1.626 (1.166 ~ 2.268) 0.004 2.090 (1.523 ~ 2.869) <0.001

Model 2 Reference 1.549 (1.105 ~ 2.171) 0.011 1.992 (1.443 ~ 2.748) <0.001

Model 3 Reference 1.840 (1.300 ~ 2.603) <0.001 2.667 (1.897 ~ 3.749) <0.001

Model 4 Reference 1.492 (1.045 ~ 2.132) 0.028 1.480 (1.024 ~ 2.138) 0.037

Age 40 to current

n (%) 371 (18.4) 572 (28.3) 1076 (53.3)

Model 1 Reference 1.272 (0.964 ~ 1.678) 0.089 1.678 (1.303 ~ 2.162) <0.001

Model 2 Reference 1.275 (0.961 ~ 1.693) 0.093 1.662 (1.281 ~ 2.157) <0.001

Model 3 Reference 1.553 (1.157 ~ 2.085) 0.003 2.284 (1.729 ~ 3.017) <0.001

Notes: *Odds ratio (95% CI), reference: decreased/no increase in BMI. Model 1 was adjusted for current age, sex, and race. Model 2 was 
adjusted for Model 1 + education, income, smoking status, hypertension, and diabetes. Model 3 was adjusted for Model 2 + BMI before 
change. Model 4 was further adjusted for current BMI. 
Abbreviations: OSA, obstructive sleep apnea; BMI, body mass index.

Table 4 Odds Ratios (95% Confidence Intervals) for OSA Associated with Weight Gain Patterns During 
Adulthood (Treated as Categorical Variables)

Weight Gain Patterns

Weight Loss/no Weight Gain Weight Gain of 0–10 kg* Weight Gain >10 kg*

Age 20 to 40

n (%) 218 (10.8) 1027 (50.9) 774 (38.3)

Model 1 Reference 1.625 (1.185 ~ 2.228) 0.003 2.468 (1.771 ~ 3.440) <0.001

Model 2 Reference 1.558 (1.131 ~ 2.146) 0.007 2.341 (1.669 ~ 3.282) <0.001

Model 3 Reference 1.934 (1.388 ~ 2.696) <0.001 3.134 (2.195 ~ 4.475) <0.001

Model 4 Reference 1.468 (1.041 ~ 2.070) 0.029 1.585 (1.071 ~ 2.347) 0.021

Age 40 to current

n (%) 448 (22.2) 830 (41.1) 741 (36.7)

Model 1 Reference 1.284 (1.005 ~ 1.641) 0.045 2.114 (1.635 ~ 2.733) <0.001

Model 2 Reference 1.286 (1.001 ~ 1.652) 0.049 2.086 (1.602 ~ 2.716) <0.001

Model 3 Reference 1.676 (1.287 ~ 2.184) <0.001 2.759 (2.087 ~ 3.648) <0.001

Notes: *Odds ratio (95% CI), reference: weight loss/no weight gain. Model 1 was adjusted for current age, sex, and race. Model 2 was 
adjusted for Model 1 + education, income, smoking status, hypertension, and diabetes. Model 3 was adjusted for Model 2 + BMI before 
change. Model 4 was further adjusted for current BMI. 
Abbreviation: OSA, obstructive sleep apnea.
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a higher risk of death. In contrast, change in BMI from age 40 to current was a somewhat protective factor for all-cause 
mortality (Table 5). The RCS curves showed a consistent conclusion that weight gain from age 20 to 40 and weight loss 
after age 40 increased the risk of all-cause mortality (Figure 5). For participants without OSA, the relationship between 
weight change and all-cause mortality was similar to that of OSA patients, as shown in Table 5 and Supplementary 
Figure 1. The main findings of this study are visually summarized in the Graphical Summary, which highlights the key 
relationships between BMI changes and OSA risk and mortality.

Sensitivity Analysis
To make the results more reliable, sensitivity analyses were performed by stratifying by age, sex and current BMI. For 
ΔBMI from age 20 to 40, the effect on OSA was consistent across age, sex, and current BMI subgroups (Supplementary 
Tables 4–6). The relationship between the BMI increase pattern in early adulthood and OSA was consistent across age 
and sex subgroups, and this relationship varied between current BMI subgroups, but all were statistically significant 
(Supplementary Tables 7–9). The relationship between weight gain pattern and OSA was similar to the BMI increase 
pattern, as shown in Supplementary Tables 10–12. Furthermore, we excluded 93 participants who self-reported 
a previously diagnosed sleep apnea in Exam 4 (median age 63 years), and the main results were consistent with the 
overall population, as shown in Supplementary Tables 13–15. When using an AHI ≥5/h as the diagnostic threshold of 
OSA, the main results remained unchanged, as shown in Supplementary Tables 16.

Table 5 Hazard Ratios (95% Confidence Intervals) for Mortality Associated with BMI and Its 
Changes During Adulthood (Treated as Continuous Variables)

Variables OSA Non-OSA

HR (95% CI)* P-value HR (95% CI)* P-value

BMI at age 20

Model 1 1.081 (0.993 ~ 1.176) 0.074 1.080 (0.984 ~ 1.184) 0.105

Model 2 1.070 (0.980 ~ 1.168) 0.131 1.078 (0.973 ~ 1.193) 0.151
BMI at age 40

Model 1 1.112 (1.056 ~ 1.170) <0.001 1.114 (1.041 ~ 1.191) 0.002

Model 2 1.092 (1.035 ~ 1.152) 0.001 1.095 (1.019 ~ 1.177) 0.014
Current BMI

Model 1 1.000 (0.941 ~ 1.063) 0.997 1.020 (0.950 ~ 1.095) 0.586

Model 2 1.000 (0.940 ~ 1.064) 0.994 0.992 (0.920 ~ 1.071) 0.844
ΔBMI from age 20 to 40

Model 1 1.118 (1.048 ~ 1.193) <0.001 1.115 (1.005 ~ 1.236) 0.040

Model 2 1.086 (1.016 ~ 1.160) 0.014 1.093 (0.982 ~ 1.218) 0.105
Model 3 1.094 (1.027 ~ 1.165) 0.005 1.104 (0.995 ~ 1.225) 0.063

Model 4 1.133 (1.055 ~ 1.216) <0.001 1.186 (1.050 ~ 1.340) 0.006

ΔBMI from age 40 to current
Model 1 0.877 (0.821 ~ 0.937) <0.001 0.902 (0.824 ~ 0.988) 0.026

Model 2 0.901 (0.843 ~ 0.963) 0.002 0.879 (0.799 ~ 0.966) 0.008

Model 3 0.933 (0.865 ~ 1.007) 0.073 0.902 (0.817 ~ 0.996) 0.040
ΔBMI from Exam 1 to current

Model 1 0.837 (0.749 ~ 0.936) <0.001 0.908 (0.798 ~ 1.034) 0.145

Model 2 0.853 (0.767 ~ 0.950) 0.004 0.901 (0.785 ~ 1.034) 0.137
Model 3 0.866 (0.774 ~ 0.969) 0.012 0.904 (0.782 ~ 1.045) 0.173

Notes: *Hazard ratio (95% CI) per 1 kg/m² increase in BMI. Model 1 was adjusted for current age, sex, and race. Model 2 was 
adjusted for Model 1 + education, income, smoking status, hypertension, and diabetes. Model 3 was adjusted for Model 2 + BMI 
before change. Model 4 was further adjusted for current BMI. 
Abbreviations: HR, hazard ratio; 95% CI, 95% confidence interval; BMI, body mass index; OSA, obstructive sleep apnea.
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Discussion
In post-hoc analyses of this large prospective cohort study, we found independent associations between changes in BMI 
at different stages of adulthood and the risk of OSA. Regardless of weight status in later life, weight gain in early 
adulthood significantly increased the risk of OSA. Furthermore, increasing BMI in early adulthood also increased the risk 
of all-cause mortality, both in patients with and without OSA. The results of this study highlight the importance of weight 
control in early adulthood in preventing OSA and improving the prognosis, and suggest that early screening for OSA in 
high-risk groups, such as obese individuals, is essential.

Weight changes vary at different stages of adulthood. Weight gain is more rapid in early adulthood, when overweight 
and obesity tend to accumulate. In contrast, body weight tends to stabilize or even decrease in middle to late 
adulthood.16,17 In this study, we found that the proportion of mild and significant increases in BMI reached 29.8% and 
59.4% between the ages of 20 and 40, which is higher than after the age of 40. In addition, previous studies have shown 
that once a person becomes obese, it is difficult to lose weight and keep it off over time.18,19 In this study, 957 (47.4%) 
participants were overweight/obese at the age of 40, of whom only 6.7% became normal weight in late adulthood 
(median age 67 years). These results suggested that preventing weight gain in early adulthood may be more meaningful 
and feasible than losing weight later in life.

There is a strong link between obesity and OSA. Epidemiological studies have shown that about half of patients with 
OSA are obese.20 And in severely obese individuals, the prevalence of OSA can be as high as 40–90%.21 Obesity 
increases the risk of OSA by affecting upper airway anatomy, lung volume, and stability of respiratory control, while 
OSA can cause reduced physical activity, increased appetite, and insulin resistance, leading to further weight gain.22,23 

Our study showed consistent results: BMI and its increase were consistently greater in OSA patients than in non-OSA 
patients. And BMI at different stages in adulthood (20’s, 40’s, and current (median age 67 years)) was positively 
associated with the risk of OSA, suggesting that weight control throughout adulthood has implications for the prevention 
of OSA.

As early as 1999, a retrospective study found that patients with OSA were more likely to have experienced weight 
gain in the year prior to diagnosis.24 Based on a longitudinal cohort of the Sleep Heart Health Study, Newman et al found 

Figure 5 Restricted cubic splines of BMI and its changes with mortality in patients with OSA. (A) BMI at age 20; (B) BMI at age 40; (C) Current BMI; (D) ΔBMI from age 20 to 40; 
(E) ΔBMI from age 40 to current. 
Notes: Model was adjusted for current age, sex, race, education, income, smoking status, hypertension, and diabetes. 
Abbreviations: BMI, body mass index.
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an association between changes in body weight and changes in the respiratory disturbance index;25 however, the study 
focused only on the relationship over a 5-year interval, leaving the long-term association throughout adulthood unclear. 
Our study found that the change in BMI from age 20 to 40 and from age 40 to current was an independent risk factor for 
OSA, suggesting that not only BMI itself but also its dynamic changes deserve our attention. To further explore the 
effects of BMI changes at different stages of adulthood on OSA, we defined three patterns of BMI increase (see Methods 
for details). The results showed that both mild and significant increases in BMI from age 20 to 40 were significantly 
associated with OSA, regardless of current BMI. After the age of 40, the association between BMI increase and OSA 
remains, but appears to weaken with age. We also examined the association of absolute weight gain with OSA and found 
results consistent with the BMI increase pattern. This finding suggests that weight control in early adulthood is critical for 
the prevention of OSA. Possible reasons are as follows: Redistribution of bodily fat away from the extremities towards 
the trunk usually occurs during adolescence and early adulthood, and this process is more rapid in males.26 Besides, early 
obesity may be accompanied by a longer-term accumulation of metabolic disorders such as diabetes and hypertension, 
jointly leading to the occurrence of OSA.27 The “metabolic memory” effect may explain the legacy effect induced by 
weight gain in early adulthood, which can increase the risk of OSA independently of late-life weight via insulin 
resistance, low-grade inflammation, and other pathways.28

The association between weight in adulthood and prognosis has been discussed in several previous studies.29,30 

A prospective study in the United States found that overweight and obese participants in early adulthood (age 21) had 
a 19% and 64% higher mortality rate, respectively, than normal-weight individuals.31 Another study of more than 
120,000 participants without cardiovascular disease found that being overweight or obese in mid-adulthood (average age 
51.4 years) significantly increased the risk of cardiometabolic multimorbidity over the next 10 years.32 Similar results 
were found in our study: BMI at age 20 and 40 was an independent risk factor for all-cause mortality. In addition, due to 
the high variability of body weight in adulthood, many studies have also explored the association between BMI changes 
and prognosis during this period. A prospective cohort study found that both weight gain from early to middle adulthood 
and weight loss from middle to late adulthood were associated with an increased mortality risk, suggesting that weight 
changes at different times may have different prognostic implications.9 In this study, we found that increased BMI from 
20 to 40 years of age was an independent risk factor of all-cause mortality, regardless of current BMI. In contrast, weight 
loss rather than weight gain from middle to late adulthood was significantly associated with mortality risk. Combining 
the effects of weight change in adulthood on OSA and prognosis, it is reasonable to assume that early adulthood is 
a critical period for weight control.

There is no sufficient evidence that treatments such as continuous positive airway pressure can improve the 
cardiovascular prognosis of patients with OSA, and existing randomized controlled trials such as the SAVE and 
RICCADSA trials have all produced negative results.33–35 Therefore, we should pay more attention to the prevention 
of OSA. The results of this study suggest that maintaining a normal body weight in adulthood, especially in early 
adulthood, should be actively encouraged to reduce the risk of OSA. At the same time, for individuals who experience 
significant weight gain in adulthood, particularly in early adulthood (eg, BMI increase >10% or weight gain >10 kg), 
early OSA screening should be actively conducted to minimize the potential health impact. Developing OSA screening 
tools and algorithms based on individual weight history for high-risk populations is highly meaningful and will be one of 
our next steps. To our knowledge, this study is the first to assess the relationship between weight change in adulthood and 
the risk of OSA. Given the current pandemic trends of obesity and OSA, more relevant studies are needed in the future to 
provide sufficient evidence to support prevention, screening, and prognostic improvement.

This study also has some limitations: firstly, we used self-reported body weight at 20 and 40 years of age, which may 
be different from actual values. However, some studies have demonstrated the validity and reliability of self-reported 
body measurements by comparing them with prospectively measured body measurements. Second, the screening for 
OSA in this study was done later, which means that the age of diagnosis of OSA may be later than the age of onset. 
However, we excluded participants with self-reported previous diagnoses of sleep apnea in sensitivity analysis, and the 
results remained robust. Third, the outcome for this analysis was all-cause mortality only, as most of the other outcomes 
occurred before the MESA Sleep Study and could not be analyzed.
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Conclusion
This study found that weight gain in early adulthood was associated with a higher risk of OSA and subsequent mortality, 
regardless of weight status in later life. This suggests that accumulation of excess weight during this critical period may 
increase the risk of OSA by altering upper airway anatomy, increasing fat distribution, and impairing respiratory control. 
Therefore, it is crucial to actively promote healthy weight maintenance in young adults, incorporating early screening, 
lifestyle counseling, and targeted interventions. These proactive strategies could play a key role in preventing OSA and 
improving long-term health conditions.

Abbreviations
OSA, obstructive sleep apnea; BMI, body mass index; MESA, the Multi-Ethnic Study of Atherosclerosis; PSG, 
polysomnography; AHI, apnea-hypopnea index; RCS, restricted cubic splines; T90, time spent at SaO2 below 90%.
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