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Purpose: The present study aimed to evaluate the efficiency of traditional anthropometric and body composition parameters in 
predicting apnea hypopnea index (AHI) change after weight loss.
Patients and Methods: Chinese adults with overweight and obesity were included into this study containing two parts. A cross- 
sectional study was conducted in 137 individuals using the baseline data from two weight loss intervention trials. The second part was 
the weight-loss intervention study conducted in 60 overweight and obese patients with obstructive sleep apnea (OSA). All participants 
underwent physical examination, bioelectrical impedance analysis and overnight polysomnography. Multivariate linear regression 
models were used to identify the most accurate parameters to predict AHI and the mediation analysis to evaluate the mediators 
between weight loss and AHI reduction.
Results: Waist circumference (WC), body mass index and fat mass were positively associated with AHI after adjusting multiple 
collinearities in the cross-sectional study. After weight-loss intervention, body weight decreased from 94.6 ± 15.3 to 88.0 ± 13.9 kg, 
and AHI decreased from 41.9 (13.0,66.9) to 20.7 (8.7,51.2) events/h. Among these parameters, only percentage changes in WC and 
AHI across the intervention were positively intercorrelated after controlling for covariates (adjusted r = 0.271, P = 0.041). The 
mediation analysis supported WC as a mediator between weight loss and AHI reduction (standardized indirect effect [95% CI] = 4.272 
[0.936,7.999]).
Conclusion: Both general and abdominal obesity are of high prognostic value for OSA. WC as an easily accessible parameter 
mediates the effects of weight loss in decreasing OSA severity.

Plain Language Summary:  
Current Knowledge: Obesity is a well-recognized risk factor for the development of obstructive sleep apnea (OSA), whereas weight 
loss has been written into the treatment guidelines for overweight and obese patients with OSA. However, the anthropometric 
parameters more related to OSA have not been fully clarified, and an easily acquired index is needed to predict the effect of weight 
loss on apnea hypopnea index (AHI) improvement. 
Study Impact: This study found that both general obesity and abdominal obesity were positively associated with AHI, and waist 
circumference mediated the effect of weight loss in improving AHI. These results provide an easily acquired index to monitor the 
effect of weight loss on OSA. 
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Introduction
Obstructive sleep apnea (OSA) has an incidence that has kept growing to 9–38%.1 Studies have indicated that OSA may 
increase morbidity and mortality from cardiovascular events,2,3 metabolic disease and cancer.4,5 Obesity is a well- 
recognized risk factor for OSA. Weight gain can increase, but weight loss reduces the severity of OSA.6,7

The following anthropometric parameters have been used to predict OSA in obese individuals, including body mass index 
(BMI), neck circumference (NC), waist circumference (WC), fat mass and muscle. BMI is not an accurate index to distinguish 
muscle from fat mass or distribution. Inter-ethnic population studies show that despite having a lower average BMI, Chinese 
subjects present higher prevalence and severity of OSA than Europeans, suggesting that fat distribution may play a role, rather 
than overall body weight.8–11 Reflecting neck fat distribution, NC is strongly associated with OSA severity, independent of 
visceral obesity.12,13 This association is more prominent for WC, a surrogate of the abdominal obesity.14,15 Additionally, body fat 
mass, body fat percentage and body muscle-to-fat ratio (BMFR), which can be measured by bioelectrical impedance analysis 
(BIA), show a significant association with OSA, and BMFR is a suitable index for screening OSA in patients with T2DM.16 

However, the anthropometric parameters more related to OSA have not been fully clarified.
Weight loss has been written into the treatment guidelines for overweight and obese patients with OSA.17,18 Lifestyle 

interventions, pharmacotherapy, and bariatric surgery can lead to significant improvement or even remission of OSA through 
losing weight but with highly variable effects on apnea hypopnea index (AHI).19–21 The decrease in AHI is not only related to 
change in body weight but also baseline AHI and intervention, independent of weight change.19 And no matter whatever weight 
loss interventions, a goal of losing weight by at least 7% to 11% should be set for clinically significant improvement in OSA, while 
25% to 30% for the maximal benefit on AHI.21 AHI is only moderately associated with weight loss.22 More efficient predictors for 
AHI improvement remain to be elucidated. Sutherland et al found that AHI improvement was strongly associated with upper 
airway length and visceral abdominal fat with weight loss, according to the computed tomography results of the upper airway and 
abdomen.23 Using magnetic resonance imaging results, Wang et al found that the effect of weight loss in improving AHI was 
mediated by the volume of tongue fat.24 However, these parameters are difficult and costly to obtain, and may not be suitable for 
routine examination. An easily acquired index is needed to predict the effect of weight loss on AHI improvement.

In this study, we aimed to compare the accuracies of traditional anthropometric and body composition parameters in 
predicting the effect of weight loss on AHI improvement in Chinese adults with overweight and obesity. First, we 
performed a cross-sectional study to identify which anthropometric parameters were related to OSA severity. Second, we 
performed an intervention study to tease out the correlation of these parameters with weight loss and AHI improvement.

Materials and Methods
Study Design
The study consisted of two parts. The first part was to identify anthropometric parameters evidently associated with the severity of 
OSA in overweight and obese patients. The baseline data were collected from 106 patients with overweight and obesity attending 
an open-label prospective weight-loss intervention study (ChiCTR1800015923) and 31 patients with metabolic syndrome (MetS) 
undergoing individualized multidisciplinary weight management (ChiCTR1900022948) in the Affiliated Wuxi People’s Hospital 
of Nanjing Medical University. Obesity and overweight were defined in Chinese adults as BMI ≥ 28kg/m2 and BMI between 
24.0 kg/m2 and 27.9 kg/m2, respectively.25 The definition of MetS was stated by the Joint Committee for Developing Chinese 
Guidelines (JCDCG). In this study, MetS was defined as elevated WC (≥90 cm in males and ≥85 cm in females) with 2 or more of 
the following components: elevated triglycerides (TG ≥ 1.7 mmol/L); reduced high-density lipoprotein cholesterol (HDL-C <1.0 
mmol/L); elevated blood pressure (systolic blood pressure ≥130 or diastolic blood pressure ≥85 mmHg) or receipt of treatment of 
previously diagnosed hypertension; or elevated glucose level (fasting plasma glucose ≥6.1 mmol/L or 2 h postprandial plasma 
glucose ≥7.8 mmol/L) or previously diagnosed diabetes mellitus.26 The second part was to identify the most efficient anthropo-
metric index to predict the improvement in OSA caused by weight loss. Data were collected from 60 overweight and obese 
patients with OSA (ChiCTR1800015923) before and after weight-loss intervention. The two studies were carried out in adherence 
to the Declaration of Helsinki and approved by the hospital ethics committee (KYLLKS201806, KS2019020). All patients 
provided written informed consent.

https://doi.org/10.2147/DMSO.S442738                                                                                                                                                                                                                               

DovePress                                                                                                                                

Diabetes, Metabolic Syndrome and Obesity 2024:17 454

Ren et al                                                                                                                                                              Dovepress

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

https://www.dovepress.com
https://www.dovepress.com


Participants
The weight-loss intervention study (ChiCTR1800015923) with 117 participants screened was conducted from June 2018 
through February 2020. Sixty-nine patients were evaluated and consecutively subjected to individualized multidisciplin-
ary weight management (ChiCTR1900022948), which spanned from May 2019 to September 2020. The inclusion and 
exclusion criteria of two studies are detailed in the Supplementary Appendix (Supplementary Table 1). In addition to the 
eligibilities set in the original studies, additional inclusion and exclusion criteria were further introduced to screen the 
baseline data. Inclusion criteria were as follows: (1) ages 18 to 65 years; (2) BMI between 27kg/m2 and 46kg/m2; (3) 
available BIA and polysomnography (PSG) data. The exclusion criteria were as follows: (1) a history of diabetes which 
had been medically treated; (2) previous use of pharmacologic agents to normalize fat metabolism; (3) being on positive 
airway pressure therapy at recruitment. According to the above inclusion and exclusion criteria, 11 participants (1 with 
lung cancer, 1 with severe thrombocytopenia, 2 with diabetes, 1 with BMI >46kg/m2 and 6 with no PSG) were excluded 
from the weight-loss intervention study (ChiCTR1800015923), and 38 participants (20 with a medical history of 
diabetes, 13 with BMI <27kg/m2 and 5 with BMI >46kg/m2) from the individualized multidisciplinary weight manage-
ment study (ChiCTR1900022948). Finally, a total of 137 participants were included into the cross-sectional study. Of the 
117 participants screened in the weight-loss intervention study (ChiCTR1800015923), 4 subjects were excluded for 
having lung cancer, severe thrombocytopenia, or diabetes at baseline; 9 subjects (including 1 with BMI > 46kg/m2 and 2 
with no PSG) dropped out of the study during the 4-week run-in phase and 14 subjects during the 12-week weight loss 
phase. Among the 90 subjects who finished the 16-week study, 4 subjects were excluded for having no PSG data, 15 
subjects having an AHI less than 5, and 11 subjects refusing PSG re-examination. Finally, 60 overweight and obese 
patients with OSA completed weight-loss intervention and were included into the analysis. The flowchart of participants 
is detailed in Supplementary Figure 1.

All patients were assessed in an outpatient setting. Self-reported demographic parameters, medical history, smoking 
and alcohol drinking were collected as baseline data. Anthropometric assessment, BIA and PSG were performed at both 
baseline and the end of weight-loss intervention.

Anthropometric Assessment
A well-trained nurse collected anthropometric data (including body weight, height, as well as NC, WC and hip circumference 
[HC]) from all participants at baseline and from weight-loss participants after follow-up. Body weight and height of each patient 
were recorded using a calibrated scale (HNH-318, Omron, Japan) with 0.1kg and 0.5cm accuracy, respectively. BMI was 
calculated as weight/height squared (kg/m2). NC was measured horizontally at the level of the cricothyroid membrane using 
a standard flexible nonelastic metric tape, WC at the midway between the lower rib margin and the iliac crest, and HC at the 
symphysis greater trochanter level. Waist-to-hip ratio (WHR) was calculated as WC (cm)/HC (cm).

Body Composition Assessment
Body composition parameters were assessed by an InBody® S10 device (Biospace, Seoul, Korea). The BIA was 
measured in the morning after at least 3 hours of fasting without physical activity and in a room at controlled temperature 
between 20°C and 25°C. The participants were required to empty their bladders, remove their coats and footwear, and 
stand on the equipment. Electrodes were placed on the person’s both hands and feet, then 30 impedance values were 
measured at 6 frequencies (1, 5, 50, 250, 500, and 1000 kHz) on each arm, each leg, and the trunk, with data being 
obtained automatically. The parameters consisted of fat mass (FM, kg), fat-free mass (FFM, kg), skeletal muscle mass 
(SMM, kg), and body fat percentage (BFP, %). BMFR was calculated as muscle mass (kg)/fat mass (kg).

Polysomnography
All participants underwent an overnight PSG (Alice 5, Philips Respironics, USA), which was performed by an experienced sleep 
technician blinded to participants’ data. Apnea was defined as the complete cessation of airflow for at least 10 sec. Hypopnea was 
defined as an ≥30% decrease in airflow lasting for ≥10 sec with ≥3% oxygen desaturation. AHI, as the main metric for diagnosing 
OSA, was the average number of apneas and hypopneas per hour of sleep. OSA was diagnosed with the number of AHI ≥5 events 
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per hour. According to AHI, OSA was classified as mild (5 ≤ AHI < 15 events/h), moderate (15 ≤ AHI < 30 events/h), and severe 
(AHI ≥ 30 events/h).

Weight Loss Intervention
The weight-loss intervention study was carried out by a multidisciplinary team composed of an endocrine physician, a registered 
nutritionist, a nutrition technician and two rehabilitation physicians. The study consisted of a 4-week run-in phase and a 12-week 
intervention phase. During the run-in phase, all participants consumed a hypocaloric balanced diet (HBD), with 39% of its total 
energy from carbohydrate, 37% from fat, and 24% from protein. The total calories of HBD were calculated by multiplying the 
basal metabolic rate (measured by BIA) by 1.2. During the intervention phase, all participants chose any of three weight-loss 
programs at their will. Patients in the lifestyle modification group underwent an HBD for a 12-week intervention. Patients in the 
multiphase modified ketogenic diet (MMKD) group underwent two cycles of multiphase diet, which comprised 2 weeks of 
ketogenic diet, 2 weeks of transition diet and 2 weeks of HBD. The total calories of ketogenic diet were the actual basal metabolic 
rate measured by BIA, or 1500 kcal if the basal metabolism exceeded 1500 kcal. Of the total energy of the ketogenic diet, 27% was 
from carbohydrates, 41% from fat and 32% from protein. In the beinaglutide group, patients consumed a HBD plus daily 0.4 mg of 
slowly titrated beinaglutide for 2 weeks. Beinaglutide and injector pens were supplied by Shanghai Benemae Pharmaceutical 
Corporation. Meanwhile, all participants performed aerobic and resistance exercises. Aerobic exercise referred to daily 30 min of 
4.8 km/h brisk walking during the whole study. Resistance exercise, only performed during the intervention period, involved daily 
10 groups of hip bridges, plank supports, static squatting against the wall, and 60-degree double straight-leg elevation. Each 
movement was maintained for 30 sec, with one 1-min rest every 5 min. The detailed weight-loss protocols have been described in 
our previous studies.27,28 Of the 60 obese patients with OSA who completed weight-loss intervention, 31 were treated with 
lifestyle modification, 12 with MMKD and 17 with beinaglutide.

Statistical Analysis
Mean and standard deviation (SD) and median (Q1, Q3) were used to describe quantitative parameters in normal distribution and 
non-normal distribution, respectively. The one-way analysis of variance (ANOVA) and the Kruskal–Wallis test were performed to 
compare parameters among groups. Categorical parameters were expressed by frequencies and percentages and analyzed with the 
chi-square test. The relationships between anthropometric parameters, body composition parameters, and continuous values of 
AHI were estimated using Spearman correlation coefficient. All parameters were log-transformed to conform to homogeneity of 
residual variance before further statistical analysis. The simple linear regression model was used to explore the parameters related 
to AHI. Then, the factors with p-values less than 0.05 were submitted to the multivariate linear regression model to identify the 
most potent predictor for AHI. Considering the possibility of multicollinearity, different prediction models were developed. NC 
and WC were applied in model 1; BMI, NC and WHR in model 2; body composition in model 3. All models were adjusted for age 
and sex. Sex of participants was defined based on assigned following external or internal examination of body characteristics.

The data before and after weight loss intervention were analyzed by the paired t-test, chi-square test or Wilcoxon-rank 
sum test, according to variable type. The percentage change was calculated as follow-up minus baseline divided by 
baseline. Pearson correlation analysis was used to assess relationships (1) between percentage change in body weight and 
those in anthropometric parameters and body composition parameters; (2) between percentage change in AHI and those 
in anthropometric parameters and body composition parameters. Mediation analysis was used to evaluate the mediators 
between percentage change in body weight and those in AHI. Bootstrap method was used to estimate 95% confidence 
interval (CI) to verify indirect effect. Mediation was shown if the CI excluded zero.

All statistical analyses were performed using SPSS statistical software (version 26; Chicago, IL, USA). Graphs were created in 
GraphPad Prism version 8.3.0 (GraphPad Software, San Diego, CA, USA). P-value <0.05 was considered statistically significant.

Results
Clinical Characteristics of Participants Stratified by AHI
As shown in Table 1, 20 patients (14.6%) had no OSA; 37 (27.0%), 22 (16.1%) and 58 (42.3%) presented mild, moderate 
and severe OSA, respectively. The participants with severe OSA were more likely to be male and drinkers. Body weight, 
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BMI, NC, WC, WHR, SMM, FM and FFM were higher in OSA participants than in non-OSA participants and increased 
with the severity of OSA. Body weight, NC, WHR, SMM and FFM in participants with severe OSA were significantly 
higher than those in the participants with mild OSA. Curiously, patients with severe OSA had a lower PBF and a higher 
BMFR than patients with mild OSA.

Relationships Between Anthropometric Parameters, Body Composition and AHI
AHI had an association with body weight, BMI, NC, WC, WHR, SMM, FM, FFM PBF and BMFR, especially 
a significantly positive association with NC, WC, WHR and FFM (r > 0.4, P < 0.01) (Supplementary Table 2). The 
simple linear regressions showed that AHI was significantly associated with age, body weight, BMI, NC, WC, WHR, 
SMM, FM and FFM (Supplementary Table 3). The relationships between AHI and other parameters were further 
analyzed using three multivariate linear regression models adjusted by age and sex (Table 2). Model 1, in which NC 
and WC were incorporated, showed that WC was positively associated with AHI (β = 3.564, P = 0.001, adjusted 
R-squared = 0.313). Model 2, in which BMI, NC and WHR were incorporated, showed that BMI was positively 
associated with AHI (β = 2.374, P = 0.018, adjusted R squared = 0.343). Model 3, in which SMM, FM and FFM were 
incorporated, showed that FM was positively associated with AHI (β = 1.664, P = 0.001, adjusted R squared = 0.295).

Effect of Weight-Loss Intervention on AHI
A total of 60 overweight and obese participants received weight-loss management, with a median age of 33 years and 40 
(66.7%) being males. After 12 weeks of weight-loss intervention, AHI decreased from 41.9 (13.0,66.9) to 20.7 (8.7,51.2) 
events/h, downgrading 11 OSA cases from severe to moderate, 5 from moderate to mild, 1 from severe to none, and 6 
from mild to none (Table 3, Supplementary Figure 2). On the other hand, body weight dropped significantly so did BMI, 

Table 1 Demographic Characteristics, Anthropometric Indicators and Body Composition in Overweight and Obese Patients 
According to AHI

Variable Non-OSA (n = 20) Mild OSA (n = 37) Moderate OSA (n = 22) Severe OSA (n = 58) P

Demographic characteristics

Age, y 30(21,35) 30(26,34) 31(26,38) 34(30,39) 0.022

Male, n (%) 8(40.0) 14(37.8) 12(54.5) 50(86.2)a,b,c <0.001
Smoking, n (%) 2(10.0) 4(10.8) 4(18.2) 13(22.4) 0.454

Drinking, n (%) 1(5.0) 2(5.4) 2(9.1) 17(29.3)a,b 0.005

Anthropometric 
measurements

Body weight, kg 80.9(70.4,93.4) 87.8(77.5,98.6) 96.7(85.4,107.0)a 95.6(86.0,104.5)a,b 0.001
BMI, kg/m2 29.3(28.4,31.4) 32.4(29.6,35.3)a 33.9(31.0,36.6)a 33.1(30.9,35.9)a 0.001

NC, cm 37.0(35.0,40.5) 38.5(36.8,41.5) 41.0(38.0,43.1) 42.0(40.8,44.0)a,b <0.001

WC, cm 94.5(89.3,101.8) 102.0(93.5,109.8) 107.3(99.7,115.1)a 106.5(102.0,114.0)a <0.001
WHR 89.5(87.2,92.5) 92.7(89.7,97.9) 97.9(91.6,100.0) 99.1(96.7,103.5)a,b <0.001

Body composition

SMM, kg 27.6(23.7,38.3) 27.7(25.3,36.4) 31.8(28.7,38.9) 35.0(32.1,39.0)a,b 0.001
FM, kg 27.7(25.0,35.7) 33.1(28.3,43.6) 36.7(31.2,46.1)a 33.5(30.0,40.7) 0.023

FFM, kg 49.8(42.9,67.0) 49.5(45.2,63.6) 56.6(50.9,68.4) 62.1(56.7,68.8)a,b <0.001

PBF, % (SD) 36.6±6.4 39.7±6.1 40.1±6.6 36.3±5.4b 0.009
BMFR 1.5(1.4,1.9) 1.5(1.2,1.7) 1.5(1.1,1.7) 1.8(1.5,1.9)b 0.018

PSG data

AHI, events/h 2.45(1.43,3.68) 7.60(5.90,10.80) 21.25(17.58,22.63)a,b 60.40(45.00,83.40)a,b,c <0.001

Notes: Data are expressed as mean ± SD, median with IQR, or percent frequency, as appropriate. aCompare to non-OSA, P<0.05; bCompare to mild OSA, P<0.05; 
cCompare to moderate OSA, P<0.05. 
Abbreviations: OSA, obstructive sleep apnea; BMI, body mass index; NC, neck circumference; WC, waist circumference; WHR, waist–hip ratio; SMM, skeletal muscle 
mass; FM, fat mass; FFM, fat-free mass; PBF, percentage of body fat; BMFR, body muscle–fat ratio; AHI, apnoea-hypopnoea index.
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Table 2 Multivariate Linear Regression Models for Predicting 
Log (AHI) in Overweight and Obese Patients

β(SE) β’ P value

Model 1

Age 1.417(0.378) 0.271 <0.001

Male 0.366(0.109) 0.314 0.001
NC 0.113(1.127) 0.010 0.920

WC 3.564(1.024) 0.294 0.001

R2 0.334
Adjusted R2 0.313

Model 2
Age 1.378(0.420) 0.260 0.001

Male 0.440(0.130) 0.367 0.001

BMI 2.374(0.991) 0.209 0.018
NC −0.172(1.148) −0.015 0.881

WHR 2.678(1.990) 0.142 0.181

R2 0.373
Adjusted R2 0.347

Model 3

Age 1.467(0.398) 0.285 <0.001
Male 0.556(0.162) 0.471 0.001

SMM −0.544(0.417) −0.130 0.195

FM 1.664(0.468) 0.317 0.001
FFM 0.334(1.034) 0.049 0.747

R2 0.321

Adjusted R2 0.295

Notes: R2, R-square; β, unstandardized beta coefficients; β’, standardized beta 
coefficients. 
Abbreviations: BMI, body mass index; NC, neck circumference; WC, waist 
circumstance; WHR, waist–hip ratio; SMM skeletal muscle mass; FM, fat mass; 
FFM, fat-free mass.

Table 3 Paired Comparisons of Anthropometric Indicators, Body Composition and 
AHI at Baseline and After a 12-Week Weight Loss Intervention

Variables Baseline 12 Weeks P value

Demographic characteristics

Body weight, kg 94.6±15.3 88.0±13.9 <0.001
BMI, kg/m2 33.2±3.6 30.9±3.6 <0.001

Anthropometric measurements

Body weight, kg 94.6±15.3 88.0±13.9 <0.001
BMI, kg/m2 33.2±3.6 30.9±3.6 <0.001

NC, cm 41.0(38.0,43.0) 39.5(37.6,42.0) <0.001

WC, cm 106.5±10.9 99.2±10.7 <0.001
WHR 63.2±5.4 58.9±5.5 <0.001

Body composition

SMM, kg 33.3±6.0 32.5±5.6 <0.001
FM, kg 35.5±9.0 30.2±8.7 <0.001

FFM, kg 60.9(49.9,49.7) 59.2(49.7,66.7) <0.001

PBF, % 37.0(33.1,42.5) 33.7(28.4,39.7) <0.001
BMFR 1.6(1.3,1.9) 1.9(1.4,2.4) <0.001

PSG

AHI, events/h 41.9(13.0,66.9) 20.7(8.7,51.2) <0.001

Abbreviations: BMI, body mass index; NC, neck circumference; WC, waist circumference; WHR, waist– 
hip ratio; SMM skeletal muscle mass; FM, fat mass; FFM, fat-free mass; PBF, percentage of body fat; BMFR, 
body muscle–fat ratio; AHI, apnoea-hypopnoea index.

https://doi.org/10.2147/DMSO.S442738                                                                                                                                                                                                                               

DovePress                                                                                                                                

Diabetes, Metabolic Syndrome and Obesity 2024:17 458

Ren et al                                                                                                                                                              Dovepress

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

https://www.dovepress.com
https://www.dovepress.com


NC, WC and WHR. Furthermore, a significant improvement in body composition was observed, with decreases in SMM, 
FM, FFM and PBF and an increase in BMFR.

Mediating Effect of WC Between Weight Loss and AHI
The percentage change in body weight was significantly positively related to those in BMI, NC, WC, WHR, SMM, FM, 
FFM and PBF, and negatively related with that in BMFR (Supplementary Table 4, Figure 1). After controlling for 
covariates, similar results were observed. The percentage change in AHI was significantly positively related to those in 
BMI, NC, WC, WHR, SMM, FM and FFM. However, after controlling for covariates, only a positive correlation 
between AHI and WC was observed (adjusted r = 0.271, P = 0.041) (Supplementary Table 5, Figure 1).

To identify which parameter mediates the effect of weight loss on AHI, the mediation analysis was used. The findings 
showed that the AHI decreased by 3% (unstandardized total effect [95% CI] = 3.135 [0.676,5.593]; standardized total 
effect = 0.332) with one percent reduction in weight, suggesting the mediating role of WC between body weight and AHI 
(standardized indirect effect [95% CI] = 4.272[0.936,7.999]) (Supplementary Table 6, Figure 1).

Discussion
In the present study, both general obesity (measured by BMI and FM) and abdominal obesity (measured by WC) were 
found positively associated with AHI. Weight loss reduced AHI effectively, and all anthropometric parameters and body 
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composition parameters changed with weight loss. Notably, WC significantly mediated the effect of weight loss in 
reducing AHI.

The contribution of fat mass and fat distribution to OSA in obesity has been proven in previous studies.29 However, 
whether abdominal or general obesity parameters are more strongly associated with OSA is controversial across studies. 
A study from Brazil held that surrogate markers of regional adiposity were not more accurate than BMI in predicting OSA 
and that age and sex-adjusted BMI were the most accurate to detect OSA.30 Another large population-based study, 
including 3699 Chinese adults, showed that the abdominal obesity parameters (NC, WC, and HC) were associated with 
OSA severity, and WC was the strongest predictor.31 Unal et al also supported this view, finding a cutoff value of 95.5 cm in 
females and 100.5 cm in males for predicting OSA and a cutoff value of 104.5 cm in females and 106.5 cm in males for 
predicting severe OSA.15 Chinese patients, who are more prone to central obesity, consistently exhibit lower BMIs for an 
equivalent OSA severity. Our study showed BMI, FM (reflecting general obesity) and WC (reflecting abdominal obesity) 
were all associated with AHI. Different from those in previous studies in China, we found that WC was no more correlated 
with AHI than BMI. One explanation may be that the participants included in our study were mostly young and middle- 
aged. One age-related study demonstrated that general adiposity appeared to be more strongly associated with OSA in the 
non-elderly.30,32 Confusingly, we found no association between AHI and visceral fat area (VFA, data not provided), 
a parameter that always changes in the same manner with that of WC.33 A possible reason is that VFA was determined by 
BIA in our study, the accuracy of which is limited in adults, particularly in men, or participants with a high BMI.34–36

Interestingly, the body composition variables were similar between the moderate OSA and severe OSA groups. Most of the 
key factors that cause OSA vary with disease severity. Obesity plays a partial role in the pathogenesis of severe OSA.37 The upper 
airway (UA) anatomy/collapsibility differs across a range of OSA severities. Severe OSA patients always have smaller airway 
lumen/cross-sectional area, larger number of lesion sites and higher degree of collapse, and longer airway length.37

For the first time, we found that WC, as an easily acquired index, could predict AHI improvement after weight loss. 
Studies have shown that a 10% decrease in body weight results in a 14–34% decrease in AHI.6,22,38 In accordance with 
previous studies, we also found an average 6.8% decrease in body weight resulted in an average 23.2% decrease in AHI 
in the present study. Meanwhile, body dimensions and body composition changed with weight loss, which is consistent 
with those reported in previous studies.39,40 Moreover, our mediation analysis supported that WC was a variable most 
related to OSA improvement. This mediating effect may be achieved through three mechanisms. One mechanism is that 
the reduction in abdominal fat area can relieve pressure on the chest and increase lung volume, thereby expanding 
pharyngeal cross-sectional area (CSA). With such an expansion, the upper airway length reduces and AHI drops.23 In 
addition, the change in tongue adiposity may be parallel to that in ectopic fat elsewhere, including abdominal 
adipose.41,42 Correlation between the percentage changes in tongue fat and total abdominal fat has been proved 
(Wang, et al, 2020).24 Another mechanism may involve metabolic factors. Ample evidence demonstrates that insulin 
resistance may contribute to OSA pathogenesis, independent of the presence or absence of obesity.43 In the overweight or 
obese group, WC serves as an important marker of insulin resistance in patients with OSA.44 On the contrary, the 
reduction of WC may indicate the fall of insulin resistance.

One strength of this study is the standard and homogenous evaluation of the participants. All participants were 
assessed by the high-quality overnight PSG for diagnosing OSA and treated by the same multidisciplinary team 
following the same protocol. Second, this is the first study to evaluate the AHI-predicting anthropometric parameters 
that change with weight loss Anthropometric parameters are cheap and easy to be obtained and can be used to 
personalize OSA treatments.

Its limitations cannot be ignored. First, the data in our study were collected from one single center and the sample size 
was small, which may introduce some selection bias. Second, OSA was not distinguished from obesity hypoventilation 
syndrome (OHS), for we had not measured the carbonate levels in the participants awake in daytime. BMI was 
significantly higher in OHS than in OSA,45 which may influence the results to some extent. In addition, we did not 
exclude the effects of several potential confounders, such as sleep position and skeletal malformations.46–48 Third, this 
study was limited to young and middle-aged Chinese adults with overweight and obesity. The findings may not apply to 
non-Asian individuals and older individuals (>60 years of age). Further studies are required to verify whether WC is an 
effective index in predicting AHI reduction with weight loss.
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Conclusion
Both general and abdominal obesity are implicated in the development of OSA, and WC mediates the effect of weight 
loss in lowering AHI. For OSA patients with obesity, WC should be monitored to optimize the effect of weight loss 
on OSA.

Abbreviations
AHI, apnea hypopnea index; ANOVA, analysis of variance; BFP, body fat percentage; BIA, bioelectrical impedance 
analysis; BMFR, body muscle-to-fat ratio; BMI, body mass index; CI, confidence interval; FFM, fat-free mass; FM, fat 
mass; HBD, hypocaloric balanced diet; HC, hip circumference; HDL-C, high-density lipoprotein cholesterol; JCDCG, 
the Joint Committee for Developing Chinese Guidelines; MetS, metabolic syndrome; MMKD, multiphase modified 
ketogenic diet; NC, neck circumference; NPOSA, non-positional obstructive sleep apnea; OHS, obesity hypoventilation 
syndrome; OSA, obstructive sleep apnea; PSG, polysomnography; SD, standard deviation; SMM, skeletal muscle mass; 
TG, triglyceridesVFA, visceral fat area; WC, waist circumference; WHR, Waist-to-hip ratio.
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