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Background: Chronic obstructive pulmonary disease (COPD) is a leading cause of global morbidity and mortality. Patients
hospitalized with severe acute exacerbations of COPD (AECOPD) represent a high-risk group with poor outcomes and accelerated
lung function decline. Body mass index (BMI) shows inconsistent associations with lung function across populations, and its role in
AECOPD remains unclear. Understanding this relationship may improve clinical management. Hemoglobin (Hb), essential for oxygen
transport, may further influence this association through physiological mechanisms. This study aimed to explore the relationship
between BMI and lung function in hospitalized patients with severe AECOPD and to assess whether BMI influences length of hospital
stay (LOHS), while evaluating the potential modifying role of Hb.

Methods: A retrospective, single-center cross-sectional study was conducted among 579 patients hospitalized for severe AECOPD
from 2021 to 2023. Data on BMI, lung function, Hb levels, and LOHS were collected. Nonlinear and threshold effect analyses were
used to explore associations between BMI and lung function or LOHS. Subgroup analyses assessed the modifying effect of Hb.
Results: BMI exhibited a nonlinear positive association with FEV1, FVC, FEV1% predicted, and FVC% predicted. Thresholds were
identified at 25.39 kg/m? for FEV1, 26.23 kg/m? for FEV1% predicted, 21.67 kg/m? for FVC, and 22.19 kg/m? for FVC% predicted.
The association was more pronounced in patients with higher Hb levels. No significant association was found between BMI and
LOHS, suggesting that other factors such as infection severity, comorbidities, or treatment strategies may may exert greater influence.
Conclusion: A nonlinear, inverse L-shaped association was observed between BMI and lung function, further modified by Hb levels.
These findings highlight the importance of individualized treatment and stratification strategies in severe AECOPD. Future long-
itudinal studies are needed to validate these observations.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a heterogeneous respiratory condition and remains one of the three
leading causes of death globally.'* Acute exacerbations of COPD (AECOPD) significantly impair patients’ health status
and long-term prognosis,> > contributing to the progressive decline in lung function—particularly in those experiencing
severe episodes that require hospitalization.®’ Patients hospitalized with severe AECOPD represent a high-risk pheno-
type that warrants urgent clinical attention and individualized management. Obesity has become a global health burden
and is known to affect pulmonary function in both healthy individuals and patients with COPD.*? It is also associated
with increased healthcare costs among patients with COPD.'® Body mass index (BMI), the most widely used clinical
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indicator of obesity, has demonstrated complex and inconsistent associations with lung function in both general
populations and individuals at risk for COPD. Some studies have reported an inverted U-shaped relationship between

.12 1314 hull," or even positive associations.'®!” In patients

BMI and lung function, while others have shown negative,
with stable COPD, higher BMI has been positively correlated with forced expiratory volume in 1 second as a percentage
of the predicted (FEV1% predicted).'® In BMI-stratified analyses, underweight patients exhibited significantly lower
FEV1, forced vital capacity (FVC), and FEV1/FVC ratio, whereas overweight or obese individuals tended to have higher
values for these parameters.'® Furthermore, a higher BMI may confer protection against accelerated lung function decline
in patients with COPD.?° Although observational studies have shown varying associations between BMI and lung
function, the underlying physiological mechanisms remain incompletely understood. During acute exacerbations of
COPD, patients experience increased respiratory demand, systemic inflammation, and metabolic stress. BMI may affect
lung function through multiple pathophysiological pathways, including altered respiratory mechanics, systemic inflam-
mation, muscle wasting, impaired gas exchange, and metabolic dysregulation.”' >* These mechanisms may be amplified
in severe AECOPD, potentially contributing to variations in clinical presentation and outcomes. Yet, the relationship
between BMI and lung function in the context of severe AECOPD remains underexplored. Collectively, these mechan-
isms may underlie the so-called “obesity paradox” in COPD, wherein a higher BMI has been paradoxically associated
with better lung function and improved survival, while lower BMI correlates with an increased risk of mortality.*> %’

Hemoglobin (Hb) plays a critical role in oxygen transport and has increasing clinical relevance in the context of
COPD. Anemia is common among patients with COPD and has been associated with reduced exercise capacity, poorer
quality of life,”® and increased in-hospital mortality.?’>° Conversely, elevated Hb levels may reflect a compensatory
response to chronic hypoxemia and have been linked to lower dyspnea scores, fewer exacerbations, and improved
survival outcomes.®'*> However, excessive erythrocytosis may contribute to adverse consequences such as pulmonary
hypertension and cor pulmonale, both of which are indicators of poor prognosis.*® Given that both BMI and Hb are
closely related to metabolic demand, and respiratory function, their interaction may jointly influence the severity and
clinical outcomes of COPD. The bidirectional effects of Hb—beneficial or harmful depending on its level—may modify
the association between BMI and clinical outcomes, including lung function. Despite these potential interactions, few
studies have investigated the combined effects of BMI and Hb in patients hospitalized for severe AECOPD. In this
population, prolonged length of stay has been associated with increased healthcare utilization and poorer clinical
outcomes.***> However, the relationship between BMI and LOHS remains poorly understood.

Therefore, this study aimed to investigate the association between BMI and lung function parameters in patients
hospitalized for severe AECOPD, and to assess whether BMI is associated with LOHS. In addition, the potential
modifying effect of Hb on these associations was explored. Understanding these relationships may help clarify the
interplay between metabolic and hematologic factors in severe AECOPD and offer insights for improving nutritional
assessment, individualized treatment strategies, and patient stratification. Potential confounding factors, including
smoking status, medication use, inflammatory and biochemical markers, and comorbidities, were also considered in
the analysis to ensure the robustness of the findings.

Methods
Study Population

This single-center cross-sectional study retrospectively collected data on 855 inpatients with severe AECOPD from

Jingzhou Central Hospital between January 2021 and December 2023. Inclusion criteria were as follows:

i. a prior diagnosis of COPD, defined as a post-bronchodilator FEV1/FVC ratio <0.7 during the stable phase, and (ii)
severe AECOPD was the primary discharge diagnosis for the current hospitalization. Exclusion criteria included
common respiratory diseases such as bronchial asthma, bronchiectasis, interstitial pneumonia, and bronchopul-
monary malignancies. Patients with missing BMI or pulmonary function parameters were also excluded. Finally,
579 patients were included in the final analysis (Figure 1).
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Severe AECOPD patients admitted to Jingzhou Central Hospital (n=855) |

Exclusion:

Asthma (n= 55)
> Bronchiectasis (n=140)

Lung cancer (n=37)

Interstitial lung diseases (n=26)

Remained patients (n=597) |

Excluded participants with missing
values of BMI, lung function

EEEEE— (n=18)
\

Patients finally included (n=579)

Variables:

Sex, Age, BMI, Smoking status, Comorbidities;

Arterial blood gas analysis, Blood cell count, Inflammation indicators, Biochemical Indicators, Inhaled medication;
lung function parameters, Length of hospital stay (LOHS).

Figure | Flowchart depicting the selection of study participants.

This study was conducted in accordance with the Declaration of Helsinki and was approved by the Ethics Committee
of Jingzhou Central Hospital (Approval No: 2022-058-01). The requirement for individual informed consent was waived
due to the retrospective nature of the study. All patient data were anonymized before analysis, and strict confidentiality
was maintained throughout, in compliance with institutional and national data protection regulations.

Data Collection

For all patients included in the analysis, the following variables were collected through the electronic medical record system:
Demographic characteristics, including age, sex, and smoking status (Never-smoker/Ex-smoker/Current-smoker).*®
Comorbidities, such as hypertension, diabetes, coronary artery disease, and chronic kidney disease. Blood test results at
admission, including arterial blood gas parameters (PH, PaCO,, and oxygenation index [OI]), complete blood counts, Hb
levels, fibrinogen, D-Dimer, C-reactive protein (CRP), and biochemical markers (albumin, blood urea nitrogen, and creati-
nine), Pro B-type Natriuretic Peptide (ProBNP), Inhalation therapy regimens at admission (LAMA/ICS+LABA/LABA
+LAMA/ICS+LABA+LAMA), and LOHS. BMI was calculated using height (cm) and weight (kg) recorded at the time of
admission. Pulmonary function parameters—including FEV1 (L/min), FEV1% predicted, FVC (L/min), FVC % predicted,
and FEV1/FVC ratio—were measured during a clinically stable period, defined as either during hospitalization once the acute
episode had resolved, or within approximately one month after admission.

Statistical Analysis

Continuous variables were presented as mean + standard deviation (SD) or median with interquartile range (IQR), as
appropriate, while categorical variables were expressed as counts and percentages. The Kruskal-Wallis test and chi-
square test were used to compare patient characteristics across BMI quartiles. To assess the linear association between
BMI and lung function parameters or LOHS, multiple linear regression models were applied. Three models were
constructed: Model 1 was unadjusted; Model 2 was adjusted for sex, age, and smoking status; and Model 3 was adjusted
for all covariates. Covariates known or suspected to be associated with BMI, lung function, or LOHS were selected based
on clinical relevance and prior literature. These included demographic variables (age, sex, smoking status), comorbidities
(hypertension, diabetes), inflammatory and biochemical markers (lymphocyte count, eosinophil count, CRP, D-dimer,
fibrinogen, and albumin), and inhalation therapy at admission. Covariates were further refined using a stepwise selection
approach. Bcoefficients and 95% confidence intervals (Cls) were reported to quantify effect sizes for each model.
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Interaction tests were performed to assess whether the associations between BMI and clinical outcomes varied across
subgroups defined by Hb levels. A generalized additive model (GAM) was employed to explore potential nonlinear
relationships. To assess threshold effects of BMI on lung function and LOHS, a two-piecewise linear regression model
was applied. The inflection point was determined using a recursive algorithm by comparing models with different
candidate thresholds. Model fit was evaluated based on log-likelihood values, and the optimal threshold was selected
according to the maximum likelihood estimate. A likelihood ratio test was conducted to compare the segmented model
with a single-line linear model. To assess the robustness of the results, sensitivity analyses were performed. Missing
values were handled using multiple imputation by chained equations (MICE), implemented via the “mice” package in
R. Five imputed datasets were generated. Variables with missing data included smoking status (0.5%), PaCO, (20.6%),
lymphocyte count (2.4%), eosinophil count (3.3%), CRP (8.9%), fibrinogen (8.3%), D-dimer (5.4%), albumin (3.5%),
and inhalation therapy regimen (3.1%). All variables included in the primary regression models were used as predictors
in the imputation model. All statistical analyses were conducted using R software (version 4.2.0) and EmpowerStats
(version 4.1). A two-sided p-value of <0.05 was considered statistically significant.

Results

Clinical Characteristics of Patients During Severe AECOPD
This retrospective study included 579 patients diagnosed with AECOPD who met the predefined inclusion and exclusion
criteria. Baseline characteristics are summarized in Supplementary Table 1. The mean age was 69.48 + 8.64 years, and
the mean BMI was 22.15 + 3.64 kg/m?. Of the included patients, 487 (84.1%) were male and 92 (15.9%) were female.
A history of smoking was reported in 463 patients (80.0%), and hypertension was the most common comorbidity, present
in 219 patients (37.8%). Inhaled triple therapy was used by 315 patients (56.2%). The median LOHS was 8 days. Median
lung function parameters were as follows: FEV1, 1.01 L/min; FEV1% predicted, 44.00%; FVC, 2.29 L/min; FVC %
predicted, 74.00%; and FEV1/FVC ratio, 47.79%.

Differences in baseline characteristics across BMI quartiles were also examined (Table 1). Smoking status and inhaled

medication regimens varied significantly among BMI groups. Patients in higher BMI quartiles showed a greater
proportion of comorbidities, as well as significantly higher lymphocyte counts, Hb levels, red blood cell (RBC) counts,
albumin, uric acid, and creatinine levels. Higher BMI was also associated with better lung function parameters and lower
PaCO, levels.

Association Between BMI and Impaired Lung Function
In this study, the unadjusted linear association (Model 1) revealed a positive correlation between BMI and lung function
parameters, with B coefficients of 0.04 (95% CI: 0.03, 0.05) for FEV1, 1.46 (95% CI: 1.01, 1.90) for FEV1% predicted,
0.03 (95% CI: 0.02, 0.05) for FVC, 1.07 (95% CI: 0.60, 1.55) for FVC% predicted, and 0.94 (95% CI: 0.69, 1.20) for
FEV1/FVC. This positive association remained consistent in both Model 2 and Model 3. In Model 3, which adjusted for
age, sex, smoking status, hypertension, diabetes, Paco2, lymphocyte count, eosinophil count, fibrinogen, D-dimer,
albumin, CRP, and inhaled medication use, the association persisted with B coefficients of 0.02 (95% CI: 0.01, 0.04)
for FEV1, 0.78 (95% CI: 0.29, 1.26) for FEV1% predicted, 0.02 (95% CI: 0.00, 0.04) for FVC, 0.70 (95% CI: 0.10, 1.29)
for FVC% predicted, and 0.55 (95% CI: 0.24, 0.85) for FEV1/FVC. Detailed results are shown in Table 2. However,
piecewise regression and smoothing curves revealed a nonlinear positive association between BMI and lung function
parameters, except for FEV1/FVC (Figure 2). Threshold effect analysis identified turning points as follows: 25.39 kg/m?
for FEV1, 26.23 kg/m? for FEV1% predicted, 21.67 kg/m? for FVC, and 22.19 kg/m? for FVC% predicted. Below these
thresholds, a positive correlation was observed, with § coefficients of 0.04 (95% CI: 0.02, 0.05) for FEV1, 1.21 (95% CI:
0.60, 1.82) for FEV1% predicted, 0.09 (95% CI: 0.04, 0.13) for FVC, and 2.28 (95% CI: 1.08, 3.47) for FVC% predicted.
No significant associations were observed above these thresholds. Results are summarized in Table 3.

Hb was stratified into tertiles—Hb,,, (range: 42.0-123.0 g/L), Hbyiqaie (124.0-138.0 g/L), and Hbpign (139.0-174.0
g/L)—to assess the association between BMI and pulmonary function within each group, and interaction tests were
performed. In the fully adjusted model (Model 3), no significant associations were observed in the Hb,,,, and Hb;qq1e
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Table | Baseline Characteristics According to the Quartiles of the BMI

BMI (kg/m?) p
QI (13.2-18.9) Q2 (18.9-21.5) Q3 (21.5-24.2) Q4 (24.2-34.0)
N=108 N=157 N=158 N=156
Age (years) 70.11 £ 8.03 68.32 + 8.64 70.20 + 8.03 69.49 + 9.54 0.21
Male, n (%) 95 (87.96%) 132 (84.08%) 131 (82.91%) 129 (82.69%) 0.66
Ex-smoker, n (%) 69 (63.89%) 107 (68.59%) 83 (53.21%) 92 (58.97%) 0.03
Hypertension, n (%) 25 (23.15%) 48 (30.57%) 67 (42.41%) 79 (50.64%) 0.00
Diabetes, n (%) 4 (3.70%) 6 (3.82%) 5 (3.16%) 24 (15.38%) 0.00
Coronary Heart Disease, n (%) 8 (7.41%) 17 (10.83%) 18 (11.39%) 31 (19.87%) 0.0l
Chronic Kidney Disease, n (%) 1 (0.93%) Il (7.01%) 14 (8.86%) 15 (9.62%) 0.04
PH 7.44 £ 0.04 7.44 £ 0.04 7.44 £ 0.04 7.43 £ 0.04 0.13
Paco, (mmHg) 45.19 + 8.89 4447 + 8.82 42.37 + 882 41.96 + 7.86 0.01
Oxygenation index 32871 £ 71.11 329.25 + 77.96 352.79 + 101.47 346.59 + 69.60 0.05
WBC (10°/L) 6.73 (5.16-8.99) 6.56 (4.95-8.43) 6.65 (5.23-8.54) 7.07 (5.62-8.66) 0.42
Neutrophil (10°/L) 4.58 (3.55-6.92) 4.49 (3.31-6.48) 471 (3.24-6.51) 4.69 (3.66-6.21) 0.58
Lymphocyte (10°/L) 0.98 (0.70-1.43) 1.15 (0.84—1.46) 1.16 (0.82—1.48) 1.43 (1.00-1.82) 0.00
Eosinophil (10%/L) 0.08 (0.04-0.16) 0.10 (0.04-0.16) 0.09 (0.03-0.20) 0.13 (0.06-0.22) 0.14
Platelet (10%/L) 199.00 (163.00-252.00) | 195.00 (155.50-248.50) | 184.00 (146.00-228.00) | 197.00 (160.00-237.00) | 0.12
Hb (g/L) 129.88 + 17.06 133.07 + 16.98 13345 = 16.35 137.84 + 17.36 0.00
RBC (10%/L) 4.23 + 0.56 4.26 + 0.56 4.31 £ 0.51 4.48 + 0.58 0.00
CRP (mg/L) 7.29 (1.78-24.17) 7.40 (2.08-26.91) 4.73 (1.58-22.52) 6.17 (2.17-22.03) 0.39
Fibrinogen (ng/mL) 422+ 1.10 4.05 + 1.06 4.02 + 1.36 4.03 = I1.10 0.55
D-Dimer (ng/mL) 166.00 (79.00-266.50) 133.00 (84.00-239.00) 131.00 (75.00-198.25) 124.00 (83.75-211.75) | 0.80
Albumin (g/L) 38.96 + 4.83 40.00 + 4.94 40.80 * 5.04 41.72 £ 471 0.00
Creatinine (umol/L) 70.25 (64.12-79.25) 73.90 (64.65-86.45) 76.75 (65.43-92.30) 79.30 (70.05-95.80) 0.00
Uric Acid (umol/L) 317.50 (250.90-395.25) | 326.60 (281.10-407.40) | 343.25 (272.17—401.70) | 375.00 (315.30-441.60) | 0.00
ProBNP (pg/mL) 139.00 (70.75-369.50) 154.00 (67.25—415.50) 146.00 (66.50-363.00) 141.00 (45.00-362.00) | 0.83
ICS + LABA + LAMA, n (%) 75 (69.44%) 95 (61.69%) 73 (48.34%) 72 (48.65%) 0.02
LOHS 9.11 £455 849 + 3.28 892 + 4.24 871 £ 3.49 0.59
FEVI (L/min) 0.84 (0.61-1.04) 0.95 (0.69-1.29) 1.02 (0.76—1.48) 1.19 (0.94-1.65) 0.00
FEV1% predicted 37.00 (26.00-47.50) 39.00 (31.00-55.50) 47.00 (34.00-63.00) 54.00 (41.00-63.00) 0.00
FVC (L/min) 2.01 (1.66—2.48) 2.25 (1.86-2.86) 2.32 (1.81-2.86) 2.42 (2.03-3.00) 0.00
FVC % predicted 66.00 (55.25-81.75) 71.50 (60.00-88.75) 76.00 (63.00-89.00) 80.00 (66.00-92.00) 0.00
FEVI/FVC (%) 41.50 (36.00-50.25) 44.00 (35.89-52.00) 50.12 (39.00-59.75) 52.79 (44.30-61.00) 0.00

Notes: Data are expressed as the mean+SD, median (interquartile range), or percentage. Among the 579 patients, the amount of missing values for the covariates were 3
(0.5%) for Smoking status, 119 (20.6%) for Paco,, 14 (2.4%) for Lymphocyte, 19 (3.3%) for Eosinophil, 52 (8.9%) for CRP, 48 (8.3%) for Fibrinogen, 31 (5.4%) for D-Dimer, 20
(3.5%) for Albumin, 18 (3.1%) for Inhalation therapy regimens at admission. For continuous variables: the P value was calculated by the Kruskal-Wallis rank test. For
categorical variables: the P value was calculated by the chi-square test. 0.00 indicates a p-value less than 0.001. Bold values indicate statistical significance at p-value less than
0.05.

Abbreviations: BMI, body mass index; LOHS, length of hospital stay; WBC, White Blood Cell; Hb, hemoglobin; RBC, Red Blood Cell; CRP, C-reactive Protein, ProBNP,
Pro B-type Natriuretic Peptide; FEV1, forced expiratory volume in | second; FEV 1%, predicted forced expiratory volume in | second percentage of predicted; FVC, forced
vital capacity; FVC %, predicted forced vital capacity percentage of predicted.

groups. However, in the Hby;g, group, BMI was significantly positively associated with all pulmonary function
parameters (Supplementary Table 2). Subsequently, the Hb,,,, and Hb ;441 tertiles were combined and compared with the

Hbpign group in a secondary stratified analysis. In Model 3, BMI remained unassociated with lung function in the
Hbjw-middie Subgroup (mean + SD: 123.70 £ 13.24), whereas in the Hby;g, subgroup (mean + SD: 149.59 + 8.19), BMI
was positively associated with lung function, with B coefficients of 0.05 (95% CI: 0.03-0.06) for FEV1; 1.40 (95% CI:
0.70-2.11) for FEV1% predicted; 0.05 (95% CI: 0.02-0.07) for FVC; 0.97 (95% CI: 0.12-1.82) for FVC% predicted;
and 1.03 (95% CI: 0.57-1.49) for FEV1/FVC (Table 2). Smoothing curves stratified by Hb level further supported these
findings and are presented in Figure 2.
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Table 2 Association of BMI with Lung Function Parameters and Subgroup Analysis by Hemoglobin

Levels
Model | Model 2 Model 3
B (95% CI) ) B (95% CI) P B (95% CI) P

Total n=579 n=576 n=360

FEVI 0.04 (0.03 to 0.05) | 0.00 | 0.04 (0.03 to 0.05) | 0.00 | 0.02 (0.0l to 0.04) | 0.00
FEV1% predicted 1.46 (1.01 to 1.90) | 0.00 | 1.42 (0.97 to 1.86) | 0.00 | 0.78 (0.29 to 1.26) | 0.00
FvC 0.03 (0.02 to 0.05) | 0.00 | 0.04 (0.02 to 0.05) | 0.00 | 0.02 (0.00 to 0.04) | 0.02
FVC % predicted | 1.07 (0.60 to 1.55) | 0.00 | 1.04 (0.56 to 1.51) | 0.00 | 0.70 (0.10 to 1.29) | 0.02
FEVI/FVC 0.94 (0.69 to 1.20) | 0.00 | 0.90 (0.65 to 1.15) | 0.00 | 0.55 (0.24 to 0.85) | 0.00
Hbiow-middle n=342 n=340 n=210

FEVI 0.02 (0.0l to 0.03) | 0.00 | 0.03 (0.0l to 0.04) | 0.00 | 0.0l (0.0l to 0.03) | 0.21
FEV1% predicted .11 (0.52 to 1.70) | 0.00 | 0.98 (0.39 to 1.57) | 0.00 | 0.36 (—0.30 to 1.01) | 0.29
FvC 0.0l (0.0l to 0.03) | 0.37 | 0.02 (0.00 to 0.04) | 0.03 | 0.0l (—0.0l to 0.04) | 0.37
FVC % predicted | 0.83 (0.18 to 1.49) | 0.01 | 0.71 (0.06 to 1.37) | 0.03 | 0.59 (—0.25 to 1.42) | 0.17
FEVI/FVC 0.84 (0.51 to I.16) | 0.00 | 0.73 (0.4] to 1.05) | 0.00 | 0.2]1 (—0.18 to 0.60) | 0.28
Hbpigh n=223 n=222 n=150

FEVI 0.07 (0.05 to 0.09) | 0.00 | 0.07 (0.05 to 0.09) | 0.00 | 0.05 (0.03 to 0.06) | 0.00
FEV1% predicted | 2.30 (.61 to 2.99) | 0.00 | 2.31 (.61 to 3.00) | 0.00 | 1.40 (0.70 to 2.11) | 0.00
FvC 0.06 (0.04 to 0.09) | 0.00 | 0.07 (0.04 to 0.09) | 0.00 | 0.05 (0.02 to 0.07) | 0.00
FVC % predicted | 1.69 (0.99 to 2.39) | 0.00 | 1.68 (0.98 to 2.38) | 0.00 | 0.97 (0.12 to 1.82) | 0.03
FEVI/FVC 1.28 (0.87 to 1.69) | 0.00 | 1.28 (0.87 to 1.69) | 0.00 | 1.03 (0.57 to 1.49) | 0.00

Notes: Data were presented as § (95% CI) P value. Model |: No covariates were adjusted. Model 2: age, sex, smoking status
were adjusted. Model 3: age, sex, smoking status, hypertension, diabetes, Paco,, lymphocyte, eosinophil, CRP, fibrinogen,
D-Dimer, albumin, inhalation therapy regimens at admission were adjusted. Hbjow.middie (42.0-138.0 g/L): Combined group of
the first two terciles of hemoglobin levels. Hby,gp, (139.0-174.0 g/L): The third tercile of hemoglobin levels. 0.00 indicates a p-value
less than 0.001. Bold values indicate statistical significance at p-value less than 0.05.

Association Between BMI and Length of Hospital Stay
The association between BMI and LOHS was assessed using both a multiple linear regression model (Model 1) and
a piecewise linear regression model (Model 2). After adjusting for all confounding variables, neither model demonstrated
a significant association between BMI and LOHS (Table 4).

Taken together, across all regression analyses—including those evaluating pulmonary function parameters and LOHS
—the results remained consistent after multiple imputation of missing covariates (Supplementary Tables 3 and 4), further

supporting the robustness of our findings. Imputed variables included PaCO,, CRP, fibrinogen, D-dimer, albumin,
lymphocyte and eosinophil counts, smoking status, and inhalation therapy regimen.

Discussion
In the present study, we identified a potential inverse L-shaped association between BMI and lung function parameters,
including FEV1, FEV1% predicted, FVC, and FVC% predicted, in patients hospitalized for severe AECOPD. In contrast,
BMI was positively and linearly associated with the FEV1/FVC ratio. No significant association was observed between
BMI and LOHS. Notably, the association between BMI and lung function appeared more evident among individuals with
higher Hb levels.

The relationship between BMI and COPD is complex. Low BMI is a known risk factor for COPD development and is
negatively associated with lung function.” However, studies on the association between high BMI, lung function, and
COPD have yielded inconsistent results due to variations in populations, ethnicities, and the number of confounding
factors controlled in observational studies.'' "7 With respect to COPD prognosis, existing evidence suggests that patients
with higher BMI tend to have more favorable outcomes, including improved survival.2®~3° Several prior studies have
also reported a positive association between BMI and lung function in patients with COPD,'®'? which is consistent with
the findings of our study. However, using nonlinear models, we further observed that BMI exhibited a nonlinear
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Figure 2 Associations between BMI and pulmonary function parameters in all patients with AECOPD. (Left panel) A threshold, nonlinear association between BMI and
FEVI, FEV1% predicted, FVC, and FVC% predicted was identified using a generalized additive model (GAM). The solid red line represents the smooth curve fit between
variables, while the black dashed lines indicate the 95% confidence interval. (Right panel) Association between BMI and lung function, stratified by hemoglobin levels. The red
line represents the Hbo,._middie Subgroup (combined first two terciles of hemoglobin levels), and the blue line represents the Hby,g, subgroup (third tercile of hemoglobin
levels). All models were adjusted for age, sex, smoking status, hypertension, diabetes, PaCO,, lymphocyte count, eosinophil count, CRP, fibrinogen, D-Dimer, albumin, and
inhalation therapy regimens at admission.
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Table 3 Threshold Effect Analysis of BMI on Lung Function Parameters and Its Clinical Relevance

B (95% CI)
Turning Point (95% CI) <Turning Point > Turning Point Likelihood Ratio Test p
FEVI 25.39 (23.66 to 27.04) 0.04 (0.02 to 0.05) 0.02 (—0.06 to 0.02) 0.02
FEV1% predicted 26.23 (24.22 to 27.66) 1.21 (0.60 to 1.82) —1.20 (—2.98 to 0.57) 0.02
FvC 21.67 (20.81 to 23.03) 0.09 (0.04 to 0.13) —0.02 (—0.05 to 0.01) 0.00
FVC % predicted 22.19 (21.11 to 23.34) 2.28 (1.08 to 3.47) —0.57 (—1.59 to 0.46) 0.00
FEVI/FVC 19.10 (17.85 to 20.20) —0.52 (—1.81 to 0.78) 0.73 (0.36 to 1.10) 0.09

Notes: Data were presented as § (95% CI) P value. Age, sex, smoking status, hypertension, diabetes, Paco,, lymphocyte, eosinophil, CRP, fibrinogen,
D-Dimer, albumin, inhalation therapy regimens at admission were adjusted. 0.00 indicates a p-value less than 0.001. The identified BMI turning points
represent clinically significant thresholds where the relationship between BMI and lung function changes. Below these thresholds, higher BMI is
associated with improved lung function, whereas above these thresholds, the benefits of increasing BMI plateau. Bold values indicate statistical
significance at p-value less than 0.05.

Table 4 Association of the BMI with LOHS

B (95% CI) P
Model 0.01 (—0.09 to 0.12) 0.80
Model2
Turning point 20.55
< turning point —0.12 (-0.41 t0 0.17) | 0.43
> turning point 0.06 (—0.08 to 0.21) 0.40
Likelihood ratio test p 0.33

Notes: Data were presented as B (95% CI) P value. Model I:
multiple linear regression model. Model 2: Threshold effect analy-
sis. Age, sex, smoking status, hypertension, diabetes, Paco,, lym-
phocyte, eosinophil, CRP, fibrinogen, D-Dimer, albumin, inhalation
therapy regimens at admission were adjusted.

association with several lung function parameters, characterized by an inverse L-shaped pattern. In contrast, prior studies
in healthy individuals and populations at high risk for COPD have reported an inverted U-shaped relationship between
BMI and lung function.'"'? Several factors may explain the inverse L-shaped relationship observed in our study. First,
lung function gradually declines as COPD progresses, and in patients hospitalized for acute exacerbations, lung function
is often already severely impaired. This may result in a plateau effect, where further increases in BMI do not yield
substantial changes in pulmonary function.*’ Previous studies have shown that higher BMI is associated with a slower
rate of lung function decline in COPD patients;* thus, once BMI reaches a certain level, further increases may no longer
lead to significant improvements or deterioration in lung function. Second, BMI is not a reliable indicator of nutritional
status in COPD. Rather, it reflects a complex interplay of systemic inflammation, muscle wasting, and metabolic

dysregulation,?'*?

which may obscure or modify its association with lung function. Additionally, BMI does not
distinguish between fat and lean mass, nor does it capture central obesity, which has a stronger correlation with adverse
cardiopulmonary outcomes.*' Furthermore, patients with higher BMI have been reported to exhibit better respiratory
endurance and a lower frequency of severe exacerbations.*** Since each exacerbation accelerates lung function decline,
reduced exacerbation frequency may help mitigate the potential detrimental effects of higher BMI on lung function. Our
study also found no significant association between BMI and LOHS, which is consistent with previous findings.** LOHS
may reflect both disease severity and a range of acute clinical factors—including pathogen virulence, degree of airway
inflammation, comorbidity burden, and in-hospital management strategies—rather than chronic factors such as BMI. In
addition, non-clinical influences, such as discharge policies, healthcare resource availability, and patient or family
preferences, may further confound the relationship between BMI and LOHS.*>

Our study revealed that Hb levels may modify the association between BMI and lung function. Moderate elevations
in Hb may enhance oxygen transport efficiency, thereby improving systemic oxygen delivery even when pulmonary

function is compromised. This compensatory mechanism may alleviate tissue hypoxia and reduce the ventilatory burden.
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Additionally, elevated Hb levels may improve oxygen diffusion gradients and maintain arterial oxygen content, which
can support respiratory muscle function and delay fatigue, thereby contributing to better pulmonary performance.**’
Prior studies have demonstrated that COPD patients with anemia tend to have reduced lung function,”® whereas those
with higher Hb levels show better FEV1% predicted values.>* Several pathophysiological mechanisms may explain the
observed interaction between BMI and Hb in patients with severe AECOPD. First, individuals with higher BMI may
have better nutritional and metabolic reserves, which could augment the compensatory effects of elevated Hb, thereby
amplifying its beneficial influence on lung function. Second, although elevated BMI may confer both beneficial effects—
such as improved respiratory muscle strength and greater energy reserves—and adverse effects, including increased low-
grade systemic inflammation,*® higher Hb levels may help shift this balance toward a net physiological benefit.
Specifically, Hb has been shown to exert anti-inflammatory and antioxidant effects,*” which may attenuate the inflam-
mation associated with higher BMI and enhance its positive effect on lung function. Third, patients with higher BMI are
more prone to hypoventilation and CO, retention, which can impair respiratory function and acid—base homeostasis.
Elevated Hb levels may enhance the body’s buffering capacity for CO, and help maintain acid—base balance,” thus
mitigating the respiratory burden associated with excess weight. This compensatory mechanism may help preserve lung
function and strengthen the positive impact of BMI in individuals with higher Hb levels. In contrast, among those with
lower Hb levels, the absence of such compensatory mechanisms may allow the detrimental effects of obesity to
predominate, attenuating the overall benefit of increased BMI.

The identification of an inverse L-shaped relationship between BMI and lung function has important clinical
implications. Our findings suggest that while increases in BMI may improve lung function in underweight or normal-
weight patients with severe AECOPD, this benefit plateaus beyond a certain threshold. This underscores the need for
individualized nutritional management, particularly in patients with low BMI, who may derive the greatest benefit from
targeted interventions such as nutritional supplementation, pulmonary rehabilitation, or anabolic therapy. In contrast,
excessive weight gain in already overweight patients may confer limited pulmonary benefit and may increase the risk of
cardiovascular or metabolic complications. These findings highlight the importance of optimizing—not merely increasing
—BMI as part of a comprehensive COPD management strategy. Moreover, our study is among the first to demonstrate
that Hb levels may modify the positive association between BMI and lung function in patients with severe AECOPD.
This interaction suggests that the beneficial effects of higher BMI on lung function are more pronounced in individuals
with elevated Hb levels, as previously discussed. These results provide new insight into the obesity paradox in COPD
and emphasize the potential value of incorporating hematologic markers into clinical risk assessment and management.
Further studies are warranted to validate this interaction and to explore whether coordinated modulation of BMI and Hb
could improve clinical outcomes.

This study has several limitations. First, its retrospective, cross-sectional, single-center design limits both causal
inference and the generalizability of the findings. Second, missing data on certain covariates may have affected the
results, although multiple imputation was used to reduce potential bias. Third, although the interaction between BMI and
Hb levels reached statistical significance, the direction of association between BMI and lung function was consistent
across Hb subgroups. Additionally, no formal correction for multiple comparisons (eg, Bonferroni adjustment) was
applied, and the observed interaction effect may attenuate with a larger sample size. Finally, residual confounding from
unmeasured variables cannot be ruled out. Although we adjusted for key demographic, clinical, and laboratory factors,
other relevant variables—such as specific pharmacologic treatments, participation in pulmonary rehabilitation—were not
fully accounted for and may have influenced the observed associations. Future prospective, multicenter studies are
warranted to validate these findings and to evaluate the clinical utility of BMI and Hb as stratification markers in severe
AECOPD. Longitudinal and interventional studies are also needed to clarify the causal relationships between metabolic
and hematologic factors and pulmonary outcomes in this population.

Conclusion

In summary, this study identified an inverse L-shaped association between BMI and lung function in patients with severe
AECOPD, with pulmonary benefits diminishing beyond a certain threshold. These findings underscore the need for
individualized management strategies, particularly in underweight patients. Hemoglobin levels may further modify this
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association, highlighting the potential clinical relevance of combined metabolic and hematologic profiling. Prospective
studies are warranted to validate these findings and to inform stratified treatment approaches in this high-risk population.
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