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Purpose: To analyze the relationship between body mass index (BMI) and lung function, which may help optimize the screening and
management process for chronic obstructive pulmonary disease (COPD) in the early stages.

Patients and Methods: In this cross-sectional study using data from the Enjoying Breathing Program in China, participants were
divided into two groups according to COPD Screening Questionnaire (COPD-SQ) scores (at risk and not at risk of COPD) and three
groups based on lung function (normal lung function, preserved ratio impaired spirometry [PRISm], and obstructive lung function).
Results: A total of 32,033 subjects were enrolled in the current analysis. First, in people at risk of COPD, overweight and obese
participants had better forced expiratory volume in one second (FEV1; overweight: 0.33 liters (1), 95% confidence interval [CI]: 0.27
to 0.38; obesity: 0.31 L, 95% CI: 0.22 to 0.39) values than the normal BMI group. Second, among people with PRISm, underweight
participants had a lower FEV1 (—0.56 L, 95% CI: —0.86 to —0.26) and forced vital capacity (FVC; —0.33 L, 95% CI: —0.55 to —0.11)
than participants with a normal weight, and obese participants had a higher FEV1 (0.22 L, 95% CI: 0.02 to 0.42) and FVC (0.16 L,
95% CI: 0.02 to 0.30) than participants with a normal weight. Taking normal BMI as the reference group, lower FEV1 (=0.80 L, 95%
CI: —0.97 to —0.63) and FVC (-0.53 L, 95% CI: —0.64 to —0.42) were found in underweight participants with obstructive spirometry,
and better FEV1 (obesity: 0.26 L, 95% CI: 0.12 to 0.40) was found in obese participants with obstructive spirometry.

Conclusion: Being underweight and severely obese are associated with reduced lung function. Slight obesity was shown to be
a protective factor for lung function in people at risk of COPD and those with PRISm.
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Introduction

Chronic obstructive pulmonary disease (COPD) is common in Chinese people aged older than 40 years, with
a prevalence of 13.7%." In today’s aging society, many COPD patients (including both smokers and non-smokers) are
asymptomatic, suggesting that a higher proportion of people are at risk of the pre-clinical status of the disease.
Questionnaires have been designed to rapidly find potential COPD patients,”’ such as the COPD Screening
Questionnaire (COPD-SQ), which was developed based on a Chinese population.’ Previous studies have shown that
the COPD-SQ has a high area under the curve (AUC) of 0.829 when the cut-off value is 16 points.’ Preserved ratio
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impaired spirometry (PRISm), which is defined as a forced expiratory volume in one second (FEV1) value of less than
80% predicted, combined with a normal or preserved FEV1/forced vital capacity (FVC) ratio >0.70,% is hypothesized to
be a pre-clinical COPD state.” Similar to COPD, people with PRISm have increased comorbidities and mortality,'* '
which is associated with a higher disease burden.

Evidence indicates that early diagnosis and intervention in patients with COPD can delay disease progression and
improve physical and mental health,'? thus it is important to explore reversible risk factors, especially in those at risk
of COPD and those with PRISm. Obesity has become a global disease burden'® and has been proven to affect
pulmonary function in healthy people and patients with COPD.'>"' A previous study of 22,743 participants showed
a positive association between BMI and lung function, measured using FVC and FEV1.?° Epidemiological studies
have shown that 62% of people with PRISm have a BMI of less than 30 kg/m?*' and some regard obesity as a risk
factor of PRISm.” However, these studies were limited by small sample sizes and were conducted in western
countries.'®'***** No previous study has focused on the relationship of BMI and pulmonary function in people at
risk of COPD.

“The Enjoying Breathing Program” was designed by the Medical Cluster for Respiratory Diseases and National
Center for Respiratory Diseases Clinic Research in China and the purpose of this program is to establish a new
comprehensive COPD patients’ management model starting with the screening stage and involving all levels of health
care institutions. Thus, we conducted the current study using data from “The Enjoying Breathing Program” including
a Chinese population to fill the knowledge gap regarding the relationship between BMI and pulmonary function in people
at risk of COPD or those with PRISm. Further, we aimed to provide evidence regarding any potential benefits of
optimizing COPD screening and management processes at an early stage.

Materials and Methods

Study Design and Participants

The Enjoying Breathing Program is a prospective study involving 29 cities in China, which was designed by the Medical
Cluster for Respiratory Disease and the National Center for Respiratory Diseases Clinic Research. This program aims to
establish a new comprehensive COPD patients’ management model involving all levels of health care institutions, from
screening to diagnosis, treatment, and rehabilitation. This national clinical study was registered in March 2020 (Clinical
Trials ID: NCT04318912). Ethical approval was granted by the China-Japan Friendship Hospital (approval number
2019-41-k29). This study is being conducted in accordance with ethical principles of the Declaration of Helsinki. All
participants included in this study have been informed about the study and signed informed consent before screening.
This project will last for 10 years and is not yet fully completed. The first stage of “The Enjoying Breathing Program”
has already finished. Our present study is part of this project, and only focuses on the relationship between BMI and lung
function among participants with different characteristics at baseline.

Non-pregnant participants older than 18 years old were enrolled from secondary and tertiary hospitals across 29 cities
in China. Those with a history of bronchial asthma, bronchiectasis, pulmonary fibrosis, tuberculosis, cancer, renal
dysfunction, neuro-muscular disease, or mental illness and other conditions that meant they were unable to sign an
informed consent form were excluded. Until December 2020, a total of 33,223 subjects completed the basic information
collection, screening using COPD-SQ,? and lung function testing. People with uncompleted and low-quality data were
excluded in the current study, and a final number of 32,033 participants were enrolled.

Data Collection
Basic information was collected using questionnaire, including sex, age, weight, height, smoking status, respiratory
symptoms, biomass exposure, and family history of chronic bronchitis, emphysema, or COPD.

The COPD-SQ was designed for use in Chinese populations® and was used in the Enjoying Breathing Program to
identify people at risk of COPD. With a cut-off value of 16 points, the correct classification rate using the COPD-SQ was
82.7%, and it was associated with a high AUC of 0.829. People with a COPD-SQ score of more than 16 were regarded
as at risk of COPD, and others were considered not at risk.
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All participants were required to complete pre-bronchodilator spirometry according to the American Thoracic Society
guidelines.* Lung function testing was performed by trained paramedical personnel, and portable pulmonary function
machines were allocated by a central team of the Enjoying Breathing Program. Lung function parameters including FVC,
FEV1, FEV1/FVC ratio, and the percentage of FEV1 to predicted FEV1 (FEV1%) were collected. Strict quality control
of lung function data was conducted by trained quality controllers. The specific quality control standard of lung function
testing is shown in Supplement Material 1. PRISm was defined as a FEV1% less than 80% and a FEV1/FVC ratio of 0.70
or higher.® Obstructive spirometry was defined as a FEV1/FVC ratio <0.70 according to the Global Initiative for Chronic
Obstructive Lung Disease (GOLD).?*> Normal spirometry was defined as a FEV1% more than 80% with a FEV1/FVC
ratio of 0.70 or higher.

Body weight and height were measured using standardized protocols. Height was measured with participants in bare

feet accurate to 0.1 cm and weight was measured in light clothes accurate to 0.1 kg. BMI was calculated as the weight
divided by the square of height (kg/m?). Based on the criteria of the National Health and Family Planning Commission of
the Chinese population®® and a former study,”’ those with BMI < 18.5 kg/m® were classified as underweight, 18.5—
23.9 kg/m? as normal, 24-27.9 kg/m? as overweight, 28-34.9 kg/m” as obese, and >35 kg/m? as severely obese.

Statistical Analysis

We performed a two-part analysis. First, we divided enrolled participants into two groups according to COPD-SQ scores:
people at risk of COPD and people not at risk of COPD. Second, we divided them into three groups based on lung
function: people with normal lung function, people with PRISm, and people with obstructive lung function. The specific
grouping rules have been described in the previous section.

We compared the differences in demographics between two different groups by calculating p values using the #-test
for continuous data and Person’s y for categorical data. Multiple linear regression models were used to assess multi-
variable associations between BMI and pulmonary function parameters in different groups. Further, we applied
a restricted cubic spline with three knots to explore non-linear associations. The first, second, and last knots were placed
at percentage 1, percentage 50, and percentage 99 of the examined parameters, respectively. We adjusted for age, sex,
smoking status, cough, breath shortness, biofuel use, and family history. In order to avoid potential collinearity, height
and weight, which were contained in BMI, were not included in the model. As the magnitude and distribution of obesity
are dissimilar according to sex, results were further shown for the males and females separately. Additionally, we
performed a sensitivity analysis among participants older than 40 years old and non-smokers. FEV1 predicted (FEV1%)
and FVC predicted (FVC%) were also used to complete the current analysis.

A two-sided p-value < 0.05 was considered statistically significant. All analyses were performed using Stata version
15.0 (StataCorp LLC, College Station, TX, USA).

Results

Characteristics of Enrolled Participants

In the current program, a total of 1,318,510 individuals completed basic information and the COPD-SQ, and 33,223 of
these completed lung function test. After removing 1190 participants because of incomplete information and low
qualifying lung function, 32,033 subjects were finally enrolled in the current analysis (Figure 1). The mean age of
included participants was 58.75 years old, and 55.57% were males.

People at risk of COPD were more likely to be elderly, male, have a relatively low BMI, and be a smoker (p<0.001).
Compared with people with normal spirometry, those with PRISm were older, more likely to be male and a smoker
(p<0.001), but had a similar BMI (p=0.495). People with obstructive spirometry were older, more likely to be male, more
likely to be a smoker, and had a lower BMI (p<0.001), when taking those with normal spirometry as a reference group.
The specific characteristics of the current study are shown in Table 1. We further compared the characteristics of
participants with combined at risk and preserved ratio spirometry and the group not at risk with normal spirometry, as

shown in Supplement Table 1. People with combined at risk and PRISm were more likely to be elderly, male, and
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collection and COPD-SQ screening

People participated in basic information
(n=1,318,510)

( Excluded those without lung
L function test (n=1,285.287)

People had all basic information, COPD-SQ
and lung function test (n=33,223)

Excluded people with
incomplete basic
information (n=219), and

L lung function test was

regarded as low quality
(n=971)

Participants included in the
current study (n=32,033)

FEV1/FVC20.7 FEV1/FVC20.7
FEV1/FV(C<0.7
COPD-5Q216 COPD-5Q<16 preFEV120.8 preFEV1<0.8 /
Participants Participants Participants Participants Participants with
at risk of not at risk of with normal ricip obstructive
CcopD COPD spirometry with PRISm spirometry
(n=15867) | | (n=16,166) (n=18,828) (n=6,325) (n=6,880)

Figure | Flow chart for participants included in the analysis of relationship between BMI and lung function.

a smoker (p<0.001), and had higher COPD-SQ scores, a lower BMI, more symptoms, a family history, and reduced lung
function (p<0.001).

The Relationship Between BMI and Pulmonary Lung Function

Grouping by COPD-SQ

Based on COPD-SQ scores, subjects were divided into two groups: those not at risk of COPD (n=16,166) and those at
risk of COPD (n=15,867). Of people not at risk of COPD, compared with those with a normal BMI, those underweight
(—0.49 L, 95% CI: —0.68 to —0.29), obese (—0.07 L, 95% CI: —0.15 to 0.00), or severely obese (—0.42 L, 95% CI: —0.76
to —0.07) had a lower FEV1, and those underweight (—0.26 L, 95% CI: —0.43 to —0.09), overweight (—0.04 L, 95% CI.:
—0.09 to 0.00), and obese (—0.15 L, 95% CI: —0.22 to —0.09) had a lower FVC. In analysis of FEV1/FVC, underweight
people had worse FEV1/FVC (-2.97, 95% CI: —4.11 to —1.84) compared to those with normal weight, but overweight
and obese patients had better results (overweight: 1.22, 95% CI: 0.83 to 1.61; obesity: 1.21, 95% CI: 0.70 to 1.72;
Table 2). After adjusting for related variables, non-linear analysis showed an inverse U-shaped curve between BMI and
FEV1 and FVC, and an upward curving arc between BMI and FEVI1/FVC (Figure 2A). By performing the analyses
according to gender, we found more obviously significant results in females than males (Supplement Tables 2 and 3,

Supplement Figures 1 and 2).

Underweight people at risk of COPD had a significantly lower lung function as evaluated using FEV1 (—0.63 L, 95%
CI: —0.73 to —0.54), FVC (-0.51 L, 95% CI: —0.59 to —0.38), and FEV1/FVC (—2.47, 95% CI: —2.94 to —2.01) compared
to those with normal weight. After adjusting for covariables, overweight and obese at risk participants had better FEV1
(overweight: 0.33 L, 95% CI: 0.27 to 0.38; obesity: 0.31 L, 95% CI: 0.22 to 0.39) and FEV1/FVC (overweight: 2.23,
95% CI: 1.93 to 2.53; obesity: 2.70, 95% CI: 2.24 to 3.15) values than the normal BMI group. No difference in FVC
existed among normal BMI, overweight, obese, and severely obese patients at risk of COPD (Table 2B). By using an
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Table | Characteristics of Participants Included in the Analysis of Relationship Between BMI and Lung Function

Total Not at Risk At Risk p value Normal PRISm Obstructive | p value p value

(at Risk vs Spirometry Spirometry (PRISm vs (Obstructive
Not at Risk) Normal) vs Normal)

Number (n) 32,033 16,166 15,867 18,828 6325 6880

Age (year, meantSD) 58.75+12.04 52.35+11.29 65.27+8.87 <0.001 56.83£12.06 58.54£12.10 64.20£10.15 <0.001 <0.001

Sex <0.001 <0.001 <0.001

Male (n, %) 17,802 (55.57%) | 7510 (46.46%) | 10,292 (64.86%) 9422 (50.04%) 3655 (57.79%) | 4725 (68.68%)

Female (n, %) 14,231 (44.43%) | 8656 (53.54%) | 5575 (35.14%) 9406 (49.96%) 2670 (42.21%) | 2155 (31.32%)

BMI (kg/m?, meantSD) | 24.11£3.50 24.92+3.38 23.30+3.43 <0.001 24.38+3.37 24.41+3.56 23.12+3.62 0.495 <0.001

Smoker (n, %) 13,914 (43.44%) | 4649 (28.76%) | 9265 (58.39%) <0.001 7263 (38.58%) 2774 (43.86%) | 3877 (56.35%) | <0.001 <0.001

Symptom

Cough (n, %) 10,406 (32.49%) | 2007 (12.41%) | 8399 (52.93%) <0.001 5233 (27.79%) 2033 (32.14%) | 3140 (45.64) <0.001 <0.001

Breathlessness (n, %) 15,926 (49.72%) | 4622 (28.59%) | 11,304 (71.24%) | <0.001 7979 (42.38%) 3272 (51.73%) | 4675 (67.95%) | <0.001 <0.001

Biofuel exposure (n, %) | 19,570 (61.09%) | 9836 (60.84%) | 9734 (61.35%) 0.355 11,646 (61.85%) 3927 (62.09%) | 3997 (58.10%) | 0.742 <0.001

Family history (n, %) 6384 (19.93%) 1817 (11.24%) | 4567 (28.78%) <0.001 3452 (18.33%) 1296 (20.49%) | 1636 (23.78%) | <0.001 <0.001

COPD-SQ 14.81+6.88 9.28+3.95 20.44+4.08 <0.001 13.22+6.29 14.66+6.59 19.30+6.69 <0.001 <0.001

(score, mean+SD)

Lung function

FEVI (I, meanSD) 2.25+0.82 2.49+0.77 2.00+0.80 <0.001 2.65+0.67 1.81+0.56 1.54+0.73 <0.001 <0.001

FVC (I, meanSD) 2.93+£2.07 3.13+0.95 2.7242.77 <0.001 3.26+0.82 2.27+0.73 2.62+4.11 <0.001 <0.001

FEVI/FVC (meantSD) 0.77£0.12 0.80+0.09 0.73£0.14 <0.001 0.81+0.06 0.81+0.10 0.59+0.09 0.003 <0.001

Abbreviations: BMI, body mass index; COPD-SQ, the COPD Screening Questionnaire; COPD, Chronic Obstructive Pulmonary Disease; PRISm preserved ratio impaired spirometry; FEV|, the predicted forced expiratory volume in
one second; FVC, the Predicted forced vital capacity.
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Table 2 The Relationship Between BMI and Lung Function According to COPD-SQ Scores

People at risk of COPD

BMI=35.0
BMI<I8.5
18.5<BMI<23.9
24.0sBMI<27.9
28.0sBMI<34.9
BMI=35.0

-0.38 (-0.67, —0.10)
—0.59 (-0.67, —0.51)
Ref

0.13 (0.08, 0.17)
0.04 (—0.04, 0.11)
—0.30 (—0.69, 0.09)

—0.42 (-0.76, —0.07)
—0.63 (—0.73, —0.54)
Ref

0.33 (0.27, 0.38)
0.31 (0.22, 0.39)
0.09 (-0.35, 0.53)

—0.25 (-0.48, —0.01)
—0.45 (-0.52, —0.38)
Ref

0.00 (-0.01, 0.01)
—0.09 (-0.15, —0.03)
—0.39 (-0.72, —0.05)

-0.29 (-0.59, 0.01)
—0.51 (-0.59, —0.43)
Ref

0.01 (-0.01, 0.03)
0.0l (-0.02, 0.03)
—0.15 (-0.54, 0.24)

Participants BMI FEVI FVC FEVI/FVC
Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted
People not at risk of COPD BMI<18.5 —0.10 (—0.25, 0.06) —0.49 (-0.68, —0.29) —0.01 (-0.13, 0.11) —0.26 (-0.43, —0.09) —2.36 (-3.50, —1.22) —2.97 (-4.11, —1.84)
18.5<BMI<23.9 Ref Ref Ref Ref Ref Ref
24.0sBMI<27.9 —0.06 (-0.10, —0.02) 0.04 (-0.02, 0.10) —0.06 (—0.10, —0.03) —0.04 (-0.09, 0.00) 0.30 (-0.07, 0.68) 1.22 (0.83, 1.61)
28.0sBMI<34.9 —0.15 (-0.21, —0.09) —0.07 (-0.15, 0.00) —0.14 (-0.19, —0.09) —0.15 (-0.22, —0.09) 0.17 (-0.32, 0.67) 1.21 (0.70, 1.72)

—0.45 (-2.69, 1.79)
—2.38 (—2.82, —1.95)
Ref

1.34 (1.07, 1.62)
1.69 (1.26, 2.13)
1.08 (—1.22, 3.38)

0.32 (—1.96, 2.60)
—2.47 (—2.94, -2.01)
Ref

2.23 (1.93, 2.53)
2.70 (2.24, 3.15)

228 (-0.03, 4.59)

Notes: Adjusted model: sex, age, smoke, cough, breath shortness, biofuel use and family history.
Abbreviations: BMI, body mass index; COPD-SQ, the COPD Screening Questionnaire; COPD, Chronic Obstructive Pulmonary Disease; FEVI, the predicted forced expiratory volume in one second; FVC, the Predicted forced vital

capacity.
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Figure 2 The relationship between BMI and lung function according to COPD-SQ scores. (A) The relationship between BMI and lung function in people at risk of COPD.
(B) The relationship between BMI and lung function in people not at risk of COPD.

adjusted model in non-linear analyses, an inverse U-shaped curve was shown between BMI and FEV1 and FVC, and an
upward curving arc was shown between BMI and FEV1/FVC (Figure 2). Further analysis by gender revealed a similar
relationship of BMI and lung function in both females and males (Supplement Tables 2 and 3, Supplement Figures 1
and 2).

Grouping by Lung Function

According to lung function test results, participants were divided into three groups: normal spirometry (n=18,828),
PRISm (n=6325), and obstructive spirometry (n=6880). First, we regarded BMI as the categorical variable and regarded
normal BMI as the reference group. Among people with normal spirometry, those underweight had a lower FEV1 (—0.24
L, 95% CI: —0.44 to —0.04) and similar FVC (=0.17 L, 95% CI: —0.33 to 0.01) and FFEV1/FVC (-1.79, 95% CI: —2.18,
0.60) after adjusting for related covariables. Obese and severely obese subjects had a lower FEV1 (obesity: —0.22 L, 95%
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CI: —0.33 to —0.11; severe obesity: —0.97 L, 95% CI: —1.60 to —0.33) and FVC (obesity: —0.26 L, 95% CI: —0.34 to
—0.17; severe obesity: —0.76 L, 95% CI: —1.25 to —0.28), but overweight participants showed no difference of FEV1
(0.01 L, 95% CI: —0.06 to 0.08) and FVC (—0.05 L, 95% CI: —0.11 to 0.01) compared to a normal BMI group.
Overweight and obese participants appeared to have higher FEV1/FVC value than normal BMI participants (overweight:
1.06, 95% CI: 0.56 to 1.55; obesity: 1.29, 95% CI: 0.59 to 1.98; Table 3). The results showed a non-linear relationship
between BMI and lung function in healthy participants. We further regarded BMI as a continuous variable, and
performed a restricted cubic spline. Inverse U-shaped curves were found in the relationship between BMI and FEV1
and FVC, and an upward curving arc was found between BMI and FEVI/FVC (Figure 3A). Further analysis showed
these results were more obvious in females than males (Supplement Tables 4 and 5, Supplement Figures 3 and 4).

In people with PRISm, underweight participants had a lower FEV1 (—0.56 L, 95% CI: —0.86 to —0.26) and FVC
(-0.33 L, 95% CI: —0.55 to —0.11) than those with normal weight, after adjusting for related covariables. Overweight and
obese participants were shown to have a higher value of FEV1 (overweight: 0.22 L, 95% CI: 0.08 to 0.36; obesity: 0.22
L, 95% CI: 0.02 to 0.42) and FVC (overweight: 0.12 L, 95% CI: 0.02 to 0.22; obesity: 0.16 L, 95% CI: 0.02 to 0.30) than
normal weight participants. No difference of FEV1 (0.18 L, 95% CI: —0.70 to 1.05) and FVC (0.21 L, 95% CI: —0.43 to
0.85) existed in those with severe obesity or a normal BMI. Analyses indicated similar FEV1/FVC ratios among

underweight, normal BMI, overweight, obese, and severely obese participants (Table 3). Further non-linear analyses
showed an inverse U-shaped relationship between BMI and lung function in PRISm participants (Figure 3B). We did
analyses by gender, and obesity seemed to be a protective factor for lung function in males with PRISm but not females
(Supplement Tables 4 and 5, Supplement Figures 3 and 4).

Underweight people with obstructive spirometry had a lower FEV1 (—0.80 L, 95% CI: —0.97 to —0.63), FVC (-0.53
L, 95% CI: —0.64 to —0.42), and FEV1/FVC (-2.75, 95% CI: —3.60 to —1.90) than normal BMI participants, whether
adjusting for covariates or not. Taking normal BMI as the reference group, better FEV1 (overweight: 0.27 L, 95% CI:
0.18 to 0.36; obesity: 0.26 L, 95% CI: 0.12 to 0.40) was shown among overweight and obese participants with
obstructive spirometry, and better FEVI/FVC was shown among overweight, obese, and severely obese participants
(overweight: 2.44, 95% CI: 1.78 to 3.11; obesity: 3.90, 95% CI: 2.77 to 5.03; severe obesity: 8.19, 95% CI: 2.11 to
14.26), in both unadjusted and adjusted models. However, it seemed no difference existed in FVC among overweight,

obese, severely obese, and normal BMI participants (Table 3). An inverse U-shaped relationship was found in non-linear
analysis between BMI and FEV1 and FVC, and an upward curving arc was found between BMI and FEV1/FVC
(Figure 3C). Similar significant results were shown both in males and females with obstructive spirometry (Supplement
Tables 4 and 5, Supplement Figures 3 and 4).

Sensitivity Analysis

In order to evaluate for potential factors of heterogeneity, we performed a sensitivity analysis among participants aged
more than 40 years and non-smokers. Among participants aged more than 40 years, similar results were found in both
categorical and continuous analysis of the relationship between BMI and lung function, and specific information is shown
in Supplement Tables 6 and 7. In the analysis of non-smokers, the effect of BMI on lung function seemed to reduce,

especially in males with normal spirometry and people with PRISm, where no significant relationship existed between
BMI and lung function. Other results remained less marked but similar with the former analyses (Supplement Tables 8

and 9). Further, we used predicted values to repeat the analysis and the results were consistent with previous analyses
(Supplement Tables 10 and 11).

Discussion

Our study is unique in that the current analysis demonstrated for the first time the correlation between BMI and lung
function among people at risk of COPD and those with PRISm using a large population-based program. Some initial
notable findings include: (1) an inverted U-shaped relationship between BMI and lung function among people with
normal spirometry and those not at risk of COPD, and the phenomenon was more obvious in females than males; (2)
being underweight was shown to be a risk factor for impaired lung function in all participants, and severe obesity was
a risk factor for FEV1 and FVC, especially in people not at risk of COPD and those with normal spirometry; (3)
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Table 3 The Relationship Between BMI and Lung Function According to Lung Function Test

People with obstructive spirometry

BMI=35.0
BMI<18.5
18.5<BMI<23.9
24.0sBMI<27.9
28.0sBMI<34.9
BMI=35.0

0.27 (-0.34, 0.88)
-0.76 (-0.91, —0.61)
Ref

0.21 (0.14, 0.28)
0.17 (0.06, 0.29)
0.32 (-0.17, 0.82)

0.18 (-0.70, 1.05)
—0.80 (-0.97, —0.63)
Ref

0.27 (0.18, 0.36)
0.26 (0.12, 0.40)
0.51 (-0.08, I.11)

0.25 (-0.22, 0.72)
—0.50 (—0.59, —0.40)
Ref

0.00 (-0.01, 0.01)
0.00 (—0.04, 0.03)
0.00 (—0.05, 0.06)

0.21 (-0.43, 0.85)
—0.53 (—0.64, —0.42)
Ref

0.00 (-0.01, 0.01)
0.00 (-0.03, 0.03)
0.01 (—0.04, 0.06)

Participants BMI FEVI FVC FEVI/FVC
Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted

People with normal spirometry BMI<18.5 —0.25 (-0.38, —0.12) | —0.24 (-0.44, —0.04) | —0.19 (-0.30, —0.08) | —0.17 (—0.33, 0.01) —1.03 (—2.42, 0.37) —1.79 (-2.18, 0.60)
18.5sBMI<23.9 | Ref Ref Ref Ref Ref Ref
24.0<BMI<27.9 | 0.06 (0.01, 0.10) 0.01 (-0.06, 0.08) 0.02 (-0.02, 0.06) —0.05 (-0.11, 0.01) 1.04 (0.55, 1.52) 1.06 (0.56, 1.55)
28.0<BMI<34.9 | —0.04 (-0.11, 0.03) —0.22 (-0.33, —0.11) | —0.08 (-0.13, —0.02) | —0.26 (—0.34, —0.17) | 1.40 (0.72, 2.08) 1.29 (0.59, 1.98)
BMI=35.0 —0.56 (—0.95, -0.18) | —0.97 (-1.60, —0.33) | —0.49 (-0.80, —0.18) | —0.76 (—1.25, —0.28) | 1.67 (—1.71, 5.05) 1.22 (—2.32, 4.76)

People with PRISm BMI<18.5 —0.50 (-0.73, -0.27) | —0.56 (-0.86, —0.26) | —0.33 (-0.50, —0.15) | —0.33 (-0.55, —0.11) | —0.12 (—1.49, 1.25) —0.03 (—1.34, 1.28)
18.5sBMI<23.9 | Ref Ref Ref Ref Ref Ref
24.0<BMI<27.9 | 0.13 (0.03, 0.23) 0.22 (0.08, 0.36) 0.09 (0.01, 0.16) 0.12 (0.02, 0.22) 0.14 (-0.42, 0.70) 0.17 (-0.40, 0.73)
28.0<BMI<34.9 | 0.10 (—0.04, 0.23) 0.22 (0.02, 0.42) 0.08 (—0.02, 0.18) 0.16 (0.02, 0.30) —0.35 (—1.18, 0.49) —0.38 (—1.23, 0.47)

~1.33 (-5.50, 2.85)
—2.84 (—3.65, —2.03)
Ref

2.38 (1.74, 3.01)
3.80 (2.71, 4.88)
7.41 (1.43, 13.39)

—1.27 (-5.65, 3.10)
—2.75 (-3.60, —1.90)
Ref

2.44 (1.78, 3.11)
3.90 (2.77, 5.03)
8.19 (2.11, 14.26)

Notes: Adjusted model: sex, age, smoke, cough, breath shortness, biofuel use and family history.
Abbreviations: BMI, body mass index; COPD-SQ, the COPD Screening Questionnaire; COPD, Chronic Obstructive Pulmonary Disease; PRISm preserved ratio impaired spirometry; FEVI, the predicted forced expiratory volume in
one second; FVC, the Predicted forced vital capacity.
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Figure 3 The relationship between BMI and lung function according to lung function test. (A) The relationship between BMI and lung function in people with normal

spirometry. (B) The relationship between BMI and lung function in people with PRISm. (C) The relationship between BMI and lung function in people with obstructive
spirometry.
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moderate obesity appeared to be protective factor in people at risk of COPD and those with PRISm or obstructive
spirometry, and the effect was shown more strongly in males than females; and (4) no significant relationship existed
between BMI and lung function among non-smokers with PRISm.

Comparison with Other Studies
Former studies have found complex relationships between BMI and lung function, and the results were unclear, with one

study giving an inverted U-shaped correlation,'” some reporting a negative,'>***°

none, or even positive
associations.'®'® However, these studies were performed in different races and most were in healthy elderly participants.
A Chinese study including 8284 general adults found obesity to be negatively associated with lung function, which was
more evident in women than in men.*° The study only focused on obesity, not underweight participants. In our current
study, we included a large sample size with a wide age range from a Chinese population. Furthermore, we differentiated
between people with normal and abnormal lung function, and found different results. For people with normal spirometry
not at risk of COPD, the relationship between BMI and lung function was an inverted U-shaped, and normal BMI was
associated with the best lung function testing performance. The phenomenon was more obvious in females than males,
which supports the findings of previous studies.'>! Analysis of people with abnormal lung function and those at risk of
COPD showed a similar inverted U-shaped relationship between BMI and lung function, but the best lung function was
performed in participants with moderate obesity. Thus, evidence indicates that moderate obesity could be a protective
factor.

An accumulating body of evidence paradoxically links increasing body mass index with a better prognosis, and this
phenomenon is termed the “obesity paradox”.>* The “obesity paradox” has been found in many diseases, including

323839 osteoporosis,* and cancer.*!

cardiovascular disease,>>>° kidney disease,’® diabetes,’” chronic respiratory disease,
Previous Chinese studies discovered that obesity only had a protective effect on lung function in COPD patients with
Global Initiative for Chronic Obstructive Disease (GOLD) 3—4 grade rather than GOLD 1-2 grade.*®** Thus, the
“obesity paradox” was found to exist among COPD patients, but how about people with PRISm and at risk of COPD? In
this study, we conducted further analysis in these two population groups and found obesity to be a protective factor for
lung function. Interestingly, further analysis in different sexes showed that the “obesity paradox” was more apparent in
males than females, which is different from healthy populations. The underlying mechanisms driving these changes
require more research.

Notably, being underweight has been shown to be a risk factor for low lung function. A former cross-sectional study
with a small sample size conducted in China found low BMI (<18.5 kg/m?) was associated with a lower FEV1 and FVC,
compared to those with a normal BMI (18.5 kg/m’<BMI<24 kg/m?).*> The same finding was found in economically
developed regions, where a cross-sectional study of healthy Korean population showed that low body weight was
associated with lower FEV1 and FVC, but not with FEV1/FVC.** Our study extended the findings to show that being
underweight is associated with low lung function in people with abnormal lung function and those at risk of COPD. In
the current analysis, severe obesity was shown to be a risk factor for low lung function, measured by FEV1 and FVC,
especially in people not at risk of COPD and those with normal spirometry. One study focused on obese Chinese elderly
participants and found being overweight and obese were two risk factors for a lower FVC.?' Similar views were found in
other studies.***® The association between obesity and FEV1/FVC remains conflicting. Some studies indicated a positive-
4751 or negative® association between obesity and FEV1/FVC. However, in our analysis no relationship was found
between severe obesity and FEV1/FVC, except in those with obstructive spirometry. Similar results were found in other
studies. Age and smoking are two other factors that can affect lung function. We performed a sensitivity analysis limiting
participants to those aged more than 40 years and non-smokers. All results were similar to the original analysis, except
for non-smokers with PRISm, where no correlation existed between BMI and lung function. The results may be
explained by different processes of metabolism and physiology between smokers and non-smokers in COPD,>* which
remain to be fully elucidated.
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Potential Mechanisms

In the healthy population, obesity has a negative impact on lung function, and severe obesity and being underweight have
been shown to be risk factors in all participants. The inverse relation between obesity and respiratory function has been
explained by various mechanisms, including the accumulation of fat in the mediastinum and the abdominal and thoracic

3556 and low-grade chronic inflammation.’” The different distribution of fat in men and

cavities,”* insulin resistance,
women may lead to differences in its effects on lung function.'” Most underweight participants had nutritional deficiency
and dysplasia, and low muscle mass,”® which had adverse effects not only on lung function but also on whole-body
health.>*% Physical inactivity, which was more likely to relate to low muscle mass and strength, may be another
explanation for the poor lung function observed in underweight participants.®’ A former study of sedentary young
females found that lean body mass is significantly correlated with low FVC and FEV1.%

The mechanisms underlying the obesity paradox remain unresolved. Some potential explanations are as follows.
Exercise, which can increase muscle mass and lead to a higher BMI, has numerous important beneficial effects on whole-
body health, including respiratory health. A previous study found that lung volume reduction surgery (LVRS) for
emphysema significantly increases BMI through its association with positive changes in health status,> so some
researchers have speculated that the “obesity paradox” in COPD is related to a low-grade emphysema, rather than to

excess weight.** However, more studies are needed to further explore the “obesity paradox”.

Public Health Impact

Obesity is an emerging health problem with a prediction that obesity will affect 18% of men and 21% of women globally
by 2025.%° Not only obesity, but also being underweight has been found to have a harmful impact on health and
prognosis.®> The current analysis indicates that being underweight and obese are risk factors for lung function decline in
the general population, which emphasizes the importance of maintaining a healthy BMI.

People with COPD-SQ scores more than 16 are at risk of COPD, and they need further examination to confirm the
diagnosis in hospital. However, some at risk people with minor symptoms are unlikely to see doctors, and current
medical resources limit lung function testing to the entire population. The current analysis indicates that underweight
individuals had worse lung function when at risk of COPD. Thus, underweight people with COPD-SQ scores more than
16 should be paid more attention during screening.

Analysis of lung function trajectories in PRISm showed that if lung function recovers during early adulthood,
a previous history of PRISm does not appear to affect long-term prognosis,®® which means that early intervention is
sensible. For these people, it is particularly important to directly carry out effective lifestyle interventions, such as
balanced nutrition and physical activity. According to our analysis, it is important for these people, including those at risk
of COPD and with PRISm, to maintain a healthy BMI.

These findings imply that the public health of underweight and obese subjects should be an area of concern and the

potential opportunities, which exist for prevention and early intervention,®”-*®

should be emphasized.

Strengths and Limitations

To our knowledge, this is the first study to focus on the relationship between BMI and lung function among people at risk
of COPD and those with PRISm in a large Chinese population, which filled the gap in the related fields. However, some
limitations remain. First of all, the study design was cross-sectional in nature due to the unfinished nature of the program,
which had inherent limitations in relation to inferring causality. As the Enjoying Breathing Program is ongoing, we will
continue to conduct longitudinal studies in the future to explore the cause-and-effect relationship between BMI and lung
function. Second, post-bronchodilator spirometry is required in the current clinical definition of lung diseases, which is
unavailable in this study. However, it has been shown that equal value exists in pre-bronchodilator measures and post-
bronchodilator spirometry, similar to the prognostic value of health outcomes in the general population.®® Third, it was
not possible to distinguish between abdominal and thoracic fat; hence, we are unable to determine whether the
distribution of body fat affects respiratory function. Last, lung function is affected by many factors, including age,
sex, height, and smoking status. Although we used the original values in the current study, we adjusted potential factors,
performed the analyses in different genders, and conducted sensitivity analyses to mitigate the influence of these potential
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factors. We found similar results in all analysis, which corroborates the reliability of our study findings. We divided
participants into three groups according to separate lung function thresholds, thus creating groups with different lung
function. In each group, we found reliable results confirming that being underweight and obese were risk factors for
impaired lung function, measured by FEV1 and FVC. Finally, due to the absence of comorbidity data, we did not include
this potential factor in the analysis models.

Conclusion

According to our analysis, an inverted U-shaped relationship exists between BMI and lung function, measured by FEV1
and FVC in all participants. Being underweight is a significant risk factor for impaired lung function in all participants,
and severe obesity is a significant risk factor of low FEV1 and FVC, especially in people not at risk of COPD and those
with normal spirometry. Slight obesity may be a protective factor of lung function in people at risk of COPD and those
with PRISm, while it is a negative factor in healthy populations. Thus, underweight people with COPD-SQ scores more
than 16 should be given more attention during screening; maintaining a healthy weight and starting early interventions
are important for public health, especially for those in the pre-clinical status of the disease. The mechanisms underlying
the “obesity paradox” require further elucidation.
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BMI, body mass index; COPD-SQ, the COPD Screening Questionnaire; COPD, Chronic Obstructive Pulmonary
Disease; PRISm preserved ratio impaired spirometry; preFEV1, the predicted forced expiratory volume in one second;
FEV1, the forced expiratory volume in one second; FVC, the forced vital capacity; preFVC, the predicted forced vital
capacity; FEV1/FVC, the ratio of FEV1 to FVC; AUC, area under the curve; GOLD, Global Initiative for Chronic
Obstructive Disease.
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