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ABSTRACT

The relationship of body mass index (BMI) with lung function and COPD has been previously
described in several high-income settings. However, few studies have examined this relationship
in resource-limited settings where being underweight is more common. We evaluated the associ-
ation between BMI and lung function outcomes across 14 diverse low- and middle-income coun-
tries. We included data from 12,396 participants aged 35-95 years and used multivariable
regressions to assess the relationship between BMI with either COPD and lung function while
adjusting for known risk factors. An inflection point was observed at a BMI of 19.8kg/m?.
Participants with BMI < 19.8kg/m? had a 2.28 greater odds (95% Cl 1.83-2.86) of having COPD
and had a 0.21 (0.13-0.30) lower FEV; and 0.34 (0.27-0.41) lower FEV,/FVC z-score compared to
those with BMI > 19.8 kg/m?. The association with lung function remained even after excluding
participants with COPD. Individuals with lower BMI were more likely to have COPD and had lower
lung function compared to those in higher BMI. The association with lung function remained posi-
tive even after excluding participants with COPD, suggesting that being underweight may also
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play a role in having worse lung function.

Introduction

COPD is a chronic respiratory disease marked by fixed,
nonreversible airflow obstruction and is the third leading
cause of death globally (1-3). The vast majority of morbidity
and mortality related to COPD occurs in low- and middle-
income countries (LMICs) where the burden of disease is
expected to rise over the next decade (3). COPD is a largely
heterogeneous disease with different phenotypic expression
and outcomes. While the phenotypes and risk factors for
COPD have been well described in high-income settings,
less is known about risk factors for COPD and phenotypes
in LMICs where other more prevalent exposures, such as
biomass fuel smoke, that can predispose individuals to
COPD (4).

Body mass index (BMI) is associated with COPD, FEV,
decline and mortality in high-income countries (HIC)
(1,5,6). BMI is an important component in prognostic tools
for COPD-related mortality such as the Body mass index,

airflow Obstruction, Dyspnea and Exercise capacity (BODE)
or Age, Dyspnea and airflow Obstruction (ADO) indexes in
high income settings (1,7). Previous studies in HICs have
demonstrated the risk of COPD is associated with BMI, and
COPD severity is higher in lower BMI categories (8). In
contrast, the relationship between BMI and COPD in LMIC
settings, where being underweight is more common, is not
as well defined (4). Individuals in LMICs have unique nutri-
tion-related risk factors, which predispose to poor lung
health over the course of the lifespan. Maternal malnutrition
and micronutrient deficiencies in childhood have been asso-
ciated with lower levels of lung function in and higher rates
of COPD in adulthood (9).

In this study, we sought to describe the relationship
between BMI and lung function outcomes among fourteen
low- and middle-income settings in Argentina, Bangladesh,
Chile, Peru, Uganda, and Uruguay. Our sample encom-
passed sites with a diversity of geographies, ethnicities, var-
iations in altitude, and degrees of urbanization.
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Methods
Study setting

This study utilized pooled data from multiple population-
based studies spanning six countries and thirteen cities in
Latin America, Africa and Asia (10-13). The Pulmonary
Risk in South America (PRISA) study was conducted by
the Institute for Clinical Effectiveness and Health Policy,
the CRONICAS (Spanish for chronic) study was conducted
by the CRONICAS Center of Excellence for Chronic
Diseases at Universidad Peruana Cayetano Heredia, the
Bangladesh study was conducted by the Center for Control
of Chronic Diseases (CCD) at icddrb, the Lung Function
in Nakaseke and Kampala (LiNK) study was conducted by
the Johns Hopkins University and Makerere University,
and the FRESH AIR study was conducted by the
University of Groningen and Makerere University (10-13).
Further details about the study populations can be found
in previous publications and in Table 1 (10-15). All coun-
tries included were low- to middle-income countries at the
date of data collection (PRISA: Argentina, Chile, Uruguay;
CRONICAS: Peru; CCD study: Bangladesh; LiNK: Uganda;
FRESH AIR: Uganda). Specifically, data from Argentina,
Chile, and Uruguay were collected in 2011 when these
countries were considered middle-income by World Bank
classification.

Study design

Both the PRISA and CRONICAS studies used age- and
sex-stratified random sampling while the Bangladesh study
used simple random sampling of available census data at
each site. The LiNK study used a sampling technique out-
lined by the WHO Expandable Program on Immunization,
while the FRESH AIR study used a multi-level sampling
approach (10-14,16,17). Adults between the ages of 35 to
95 years were included for analysis due to restrictions of
reference equations for adults beyond 95 years (18). All
studies obtained informed consent and required confidenti-
ality training for field workers (10-14).

Spirometry

Spirometry was conducted using American Thoracic
Society and European Respiratory Society guidelines (19).
PRISA, CRONICAS, LiNK, and the Bangladesh utilized
Easy-On PC (ndd), while the FRESH AIR study used
Pneumotrac (Vitalograph) spirometers (10-13). Post-bron-
chodilator readings were taken on all individuals in PRISA
and CRONICAS studies, while FRESH AIR and LiNK con-
ducted post-bronchodilator spirometry on those who
screened positive for obstruction on pre-bronchodilator
spirometry (FEV,/FVC < 0.7 in FRESH AIR and the
Bangladesh studies, and FEV;/FVC <lower limit of normal
in LiNK).

Table 1: Sociodemographic characteristics stratified by site.
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Definitions

We wused the Global Lung Function Initiative 2012
(GLI2012) mixed ethnic reference population to calculate z-
scores for lung function (18). We refer to forced expiratory
volume at 1second (FEV;) or forced vital capacity (FVC) as
forced expiratory volumes (FEVs). For this analysis, COPD
was defined as having a post-bronchodilator FEV;/FVC that
was 1.64 SDs below the mean (i.e., z-score < —1.64). BMI
was defined as weight/height® (kg/m?). Underweight, nor-
mal, overweight, and obese individuals were classified as
having a BMI between 0-18.5, 18.5-24.9, 25-29.9, and
>30kg/m?, respectively (20). COPD severity was stratified
into mild, moderate, severe, and very severe using percent
predicted FEV, values based on GOLD criteria (2).
Participants were also considered to have symptomatic
COPD if they had wheeze, cough, or phlegm currently or in
the last 12 months. Daily smoking was defined as having
one or more cigarette/day, biomass use was defined as using
biomass fuel as the primary source for cooking, and educa-
tion was defined as having completed secondary education
or higher.

Biostatistical methods

The main objectives of this study were to analyze associa-
tions between BMI and lung function outcomes, including
COPD as defined by post-bronchodilator spirometry and
pre-bronchodilator FEVs. We limited our analysis to pre-
bronchodilator FEVs because two of the study sites
(Bangladesh and Uganda) only administered a bronchodila-
tor to individuals who demonstrated obstruction on screen-
ing (12,13). We also conducted secondary analyses to assess
the association between BMI and other COPD outcomes,
namely severity and the presence of concomitant respiratory
symptoms, and pre-bronchodilator FEVs.

We used alternating logistic regression (ALR) models to
model the odds of COPD and linear mixed-effects (LME)
models to model lung function as function of BMI. All
models adjusted for age, sex, daily smoking, self-reported
biomass fuel use, education level, and history of tuberculosis
(21,22). We chose ALR and LME models because they
allowed us to address the potential of having non-independ-
ence due to intra-site correlation (21,22). In our study, we
used ALR to model the intra-site correlation with pairwise
odds ratios and to model heterogeneity among sites with a
random intercept and random slopes. We used natural cubic
splines of BMI to investigate the potential non-linear rela-
tionships with either COPD or lung function (23). We also
investigated potential effect modification by sex, age (>55 or
<55 years), self-reported biomass fuel smoke exposure, self-
reported daily cigarette smoking, and having second-
ary education.

We used area under the receiver operating curve (AUC)
estimates from multivariable logistic regressions for varying
BMI cutoffs to help choose a BMI cutoff that most accur-
ately represents the underlying associations (24). Similarly,
we plotted normalized mean squared error (nMSE) estimates
for varying FEV,/FVC cutoffs to assess consistency with

logistic regression models (25). For secondary analyses, we
used multivariable random effects ordinal logistic regressions
to examine the association between BMI and COPD severity
(none, mild, moderate, or severe/very severe COPD) or
symptomatic COPD (none, asymptomatic COPD, and symp-
tomatic COPD) adjusted for confounders.

Sensitivity analyse were performed by: using the GLI2012
Caucasian reference values; performing leave-one-out ana-
lysis by site, analyzing BMI broken down by WHO catego-
ries with normal weight as reference; excluding COPD
positive individuals from pre-bronchodilator FEVs regres-
sion models to avoid the possibility of reverse causality; lim-
iting analyses to people without severe or very-severe
COPD; and, using logistic mixed effects models to check for
robustness of our model selection when analyzing odds of
COPD. Analyses were performed in R version 3.4.4 (Wwww.r-
project.org) using the lmed, alr, ggplot2, and gmo-
dels packages (26).

Results
Population characteristics

A total of 13,023 participants had data available, however,
12,396 met eligibility criteria and were included for analysis.
Data were collected across five countries spanning Latin
America, Southeast Asia, and Sub-Saharan Africa. People in
this study had an average age of 54.9 years (range of mean
age across settings 44.2-59.6 years), were 48.5% women
(range of proportions across settings 38.3%-54.5%), and
38.3% completed secondary education or higher (range of
proportions across settings 7.1%-71.0%). Among our study
sample, 7.2% of participants were underweight, 36.0% were
normal weight, 32.6% were overweight, and 24.2% were
obese; however, there was also heterogeneity across sites and
sex (Figure 1). Average BMI was 26.4kg/m’, ranging from
20.6kg/m” in Matlab to 30.1kg/m” in Marcos Paz. There
was no difference in prevalence of COPD (p=0.97) between
those who are included or excluded from our analyses; how-
ever, participants included in this analysis were younger on
average (46.0 years vs. 54.9 years, p < 0.001), had fewer men
(48.5% vs. 54.9%; p=0.002), and had lower BMI on average
(25.3kg/m* vs. 26.4kg/m> p<0.001) than those who were
excluded from the analysis.

Body mass index and COPD outcomes

The overall prevalence of COPD was 8.8%, ranging from
1.7% in Kampala, Uganda to 15.5% in Masindi, Uganda.
Among the 1,091 COPD positive participants, 394 (36.1%)
were mild, 524 (48.0%) were moderate, 143 (13.1%) were
severe, and 30 (2.7%) were very severe. Prevalence of COPD
was highest among those with BMI <18.5kg/m” and was
progressively lower as with higher BMI (Supplementary
materjal Figure E1). It was also apparent that among the
lowest BMI category in Supplementary material Figure E1,
men had a higher prevalence of COPD than women (31.3%
vs 14.8%, respectively, p < 0.001).
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Figure 1. Sex-, site- and category-stratified prevelances of Body Mass Index (BMI). The prevalence of BMI was stratified by sex (women on the left, men on the
right) and WHO classification for underweight, normal, overweight, and obese individuals (BMI between 0-18.5, 18.5-25, 25-30, and over 30 kg/m?, respectively)
across the 13 LMIC sites. Sites were ordered according to the overall prevalence of Obesity in Men from highest (top) to lowest (bottom).
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Figure 2. Body mass index vs. the probability of having COPD in our sample.
We plotted probabilities from a multivariable adjusted model (solid line), single-
variable non-adjusted model (broken line), and binned probabilities with corre-
sponding 95% confidence intervals. The multivariable model was adjusted for
age, sex, daily cigarette smoking, level of education completed, and post-treat-
ment pulmonary tuberculosis.

We observed an inflection point for BMI at 19.8 kg/mz,
such that the probability of having COPD increased at a
faster pace at lower BMIs prior to this threshold in both sin-
gle variable and multivariable logistic regression analysis
(Figure 2). We found complimentary results when using
multivariable logistic regression and the AUC as a measure
for the area under the Receiver Operating Characteristic
curve, with highest predictive accuracy occurring around the
19.5-20.0 kg/m> (Supplementary material Figure E2). In
multivariable regression analysis, participants with BMI
<19.8kg/m” were 2.28 times (95% CI 1.83-2.86) more likely
to have COPD compared to those with BMI > 19.8kg/m”.

We plotted interaction effects between BMI and potential
effect modifiers on the odds of having COPD (Figure 3).
We found that the association between having a BMI < 19.
8kg/m, and COPD was greater among those with primary
education or less (OR = 2.47, 1.97-3.11) vs. secondary edu-
cation or higher (OR = 1.69, 1.25-2.27) when compared to
those with BMI > 19.8kg/m> Additionally, participants
with BMI <19.8kg/m> had higher odds of having more
severe COPD (adjusted OR = 2.30, 95% CI 1.92-2.77) or
having more symptoms (adjusted OR = 2.27, 1.89-2.72)
when compared to those with BMI > 19.8 kg/m’.

In sensitivity analyses, we found that using the GLI2012
Caucasian reference population did not affect the direction
of reported exposure-outcome associations (Supplementary
material Tables E1 and E2). Using the WHO BMI categories
with normal weight as reference revealed consistent results,
with underweight participants having increased odds of
COPD and overweight or obese participants having
decreased odds of COPD (Supplementary material Table
E3). Leave-one-site-out analysis revealed that no single site
influenced the association between having a BMI < 19.8kg/
m” and COPD compared with other sites (Supplementary
material Table E4). Moreover, for each site we found that
having BMI < 19.8kg/m’® was consistently associated with
increased odds of COPD when compared to those with BMI
> 19.8kg/m> (Figure 3 and Supplementary material
Table E5).

Body mass index and lung function

We plotted BMI (kg/m?®) vs. pre-bronchodilator FEV,/FVC
z-scores with individual boxplots per each unit of BMI
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Figure 3. Associations between low body mass index (BMI < 19.8kg/m?) and COPD outcomes obtained from multivariable regression models, and interaction
effects with sex, smoking status, biomass use, age, and educational attainment. Panel A shows estimates using data from all sites, while panel B shows site-specific
estimates. In panel A, odds ratios and the corresponding 95% confidence intervals are represented by diamonds and lines, respectively. We also tabulated numerical
values for the odds ratios and the corresponding 95% confidence intervals. In panel B, site-specific odds ratios are presented by triangles. In the overall model, we
evaluated the association between having a BMI < 19.8kg/m? and COPD prevalence adjusted for age, sex, biomass use, daily cigarette smoking, previous pulmon-
ary tuberculosis, and secondary education. We then assessed for interaction effects between having a BMI < 19.8 kg/m2 and either sex, smoking status, biomass
use, age, or educational attainment on COPD outcomes. Models stratified by sex were adjusted for age, daily cigarette smoking, biomass, previous pulmonary tuber-
culosis, and secondary education. Models stratified by smoking status were adjusted for age, sex, biomass, previous pulmonary tuberculosis, and secondary educa-
tion. Models stratified by biomass use were adjusted for sex, daily cigarette smoking, previous pulmonary tuberculosis, and secondary education. Models stratified
by age were adjusted for sex, daily cigarette smoking, biomass, previous pulmonary tuberculosis, and secondary education. Models stratified by educational attain-
ment were adjusted for age, sex, daily cigarette smoking, biomass, and previous pulmonary tuberculosis. Models with severity and symptom status of COPD as out-
comes were adjusted for age, sex, daily cigarette smoking, biomass, previous pulmonary tuberculosis, and secondary education.
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Figure 4. Body mass index vs. pre-bronchodilator FEV;/FVC z-scores. Crude
lung function values were plotted behind boxplots. Each boxplot encompasses
values within one-unit of BMI (i.e., 1kg/m?). We included a broken red line at a
pre-bronchodilator FEV,/FVC z-score of —1.64 to help visualize which values are
below the lower limit of normal (bottom 5th percentile).

(Figure 4), and found that participants with lower BMI also
had lower FEV,/FVC z-scores. This finding was consistent
in multivariable analysis (Figure 5 and Supplementary
material Figure E3). On average, participants with more
extreme values of BMI, i.e., underweight or obese, had lower
pre-bronchodilator FEV, and FVC (Figure 5). When using
multivariable linear regression and the plotting the nMSE
estimates at varying BMI cutoffs (Supplementary material
Figure E4), we observed the highest predictive accuracy
around 19.5-20.0kg/m”. This range shifted to around 22.
0-22.5kg/m> when COPD positive participant were removed

from analysis (Supplementary material Figure E4). In multi-
variable adjusted analysis, we found that participants with
BMI < 19.8 kg/m2 had 0.21 (95% CI 0.13-0.30) lower FEV,
z-scores and 0.34 (95% CI 0.27-0.41) lower FEV,/FVC z-
scores compared to those with BMI >19.8 kg/mz. We
observed no difference in pre-bronchodilator z-scores for
FVC (—0.04, 95% CI —0.13 to 0.04). These effects remained
significant but were slightly lower in magnitude when par-
ticipants with COPD positive excluded from analyses.
Specifically, we found that participants with BMI < 19.8kg/
m? had 0.09 (95% CI 0.01-0.18) lower FEV, z-scores and 0.
08 (95% CI 0.02-0.14) lower FEV,/FVC z-scores compared
to those with BMI > 19.8 kg/mz, with no observable differ-
ence in FVC z-scores (—0.07; 95% CI —0.16 to 0.02).

Discussion

In this multi-country population-based study, we found that
individuals who were both underweight and overweight had
worse lung function outcomes. Although low BMI may be
the result of cachexia secondary to COPD as demonstrated
in high-income settings, we conducted sensitivity analysis by
excluding individuals with COPD and found a similar rela-
tionship between lung function and low BMI across the sites
(27). We examined the relationship between BMI and lung
function continuously, demonstrating an inflection point at
which this change occurs. A similar inflection point but
with a parabolic curve occurred for lung function as meas-
ured by FEV, and FVC suggesting that both under- and
over-nutrition have deleterious effects of lung function.
These models were adjusted for environmental, lifestyle, and
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Figure 5. Body mass index vs. fitted values for FEV,, FVC, and FEV,/FVC, stratified by site. All models were adjusted for age, sex, daily cigarette smoking, level of
education completed, and previous pulmonary tuberculosis. We used linear mixed-effects models with random intercepts by site.

socioeconomic variables, suggesting that this non-linear
association between BMI and lung function was present
above and beyond a priori risk factors. While tobacco smok-
ing is a major risk factor for COPD and lung function
decline in high income settings, having low BMI (i.e., under-
weight or <19.8kg/m”) may be a potential risk factor for
both poor lung function and COPD in LMIC settings.

The prevalence of obesity in our LMIC settings is com-
parable to that of high-income settings. We found that
56.8% of our sample was overweight or obese with a BMI
> 25kg/m” (ranging from 11.2% in Matlab to 82.9% in
Temuco) compared to 70.7% in the US, reflecting the
nutritional transition occurring in many LMICs (28). The
Latin American Project for the Investigation of
Obstructive Lung Disease (PLATINO) investigators found
higher rates of obesity among the South American popula-
tion studied than the present analysis, possibly reflecting
the urban settings where PLATINO was conducted (29).
The percentage of underweight individuals is higher in the
sampled LMIC settings. 7.2% of individuals in our sample
were underweight with a BMI < 18.5kg/m® compared to
a rate of 1.7% in the US. We found similar rates of
underweight individuals in the overall population when
compared to other studies in LMICs (29,30). Although the
PLATINO investigators demonstrated an association
between low BMI and COPD, BMI was analyzed as a cat-
egorical variable (29). This study utilizes BMI as a con-
tinuous variable, gaining valuable information (inflection
at specific BMI) that could potentially influence medical
interventions by targeting individuals among more specific
BMI ranges.

Few studies in high-income settings and none in low-
income settings have analyzed BMI and lung function as
continuous values at a population-level. The CARDIA study
examined lung function longitudinally over a 10-year period
and found FEV; to decrease with increasing weight across
BMI categories (31). Although lung function in high-income
settings appears to worsen with increasing BMI, the opposite
is true of COPD-related mortality, probably a result of cach-
exia from advanced disease. The Copenhagen City Heart
Study showed that among COPD positive individuals,

relative risk of COPD-related mortality was greatest among
those in the lowest BMI category (<20.0 kg/mz) (8). Relative
risk seemed to plateau after individuals reached the next
BMI category (20.0-24.9 kg/m?®), with small to no change in
relative risk with increasing BMI after this point (8). The
results of the Copenhagen City Heart Study informed the
development of the BODE index which included a cutoff of
<21.0kg/m” for increased risk of death among those with
COPD (27). Our results demonstrated a similar inflection at
19.8 kg/m’.

Nutritional status and socioeconomic status have been
proposed as important risk factors alongside household and
ambient air pollution in LMICs (32). While a lower BMI
may be protective for declined lung function in high-income
populations, we found the opposite to be true among popu-
lations in low- and middle-income countries (31).
Compared to HICs, lower BMI in LMICs is more likely to
represent poorer overall nutritional status and micronutrient
deficiencies. Nutrition across the lifespan has been linked to
FEV; (9). Antenatal and childhood micronutrient supple-
mentation with Vitamin A, D, and E have all been studied
in relationship to subsequent childhood lung function, albeit
with mixed results (33,34). While Vitamin A is thought to
play a role in fetal lung development, Vitamin E and C are
thought to provide antioxidant functions which decrease
inflammatory state leading to lung function decline (35).
Cross-sectional studies have demonstrated lower levels of
lung function among individuals with reduced Vitamin C
and E intake (35).

In high-income populations, obesity has been associated
with faster lung function decline when compared with
underweight individuals (31). Higher BMI has been known
to reduce both FEV, and FVC due to decreasing lung wall
compliance, though elevated BMI has mixed effects with the
FEV,/FVC ratio (31). As people grow older, decreased lung
elasticity results in lower FEV,/FVC ratio. However, among
those with an elevated BMI, the FEV,/FVC ratio may be
higher due to greater effects of obesity on FVC than FEV;.
Additionally, obesity has been linked to a range of cytokines
including increased levels of TNF-alpha, IL-6 and decreased
levels of adiponectin which result in a proinflammatory state
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(31,36,37). Similarly, lower levels of cytokines and baseline
inflammation among those with lower BMI in high income
settings has been postulated as protective for future lung
function decline (31).

There were several limitations in our study. First, we
were limited in our adjustment of SES, a known independ-
ent risk factor for COPD and lung function which is also
associated with BMI (14). Second, the Global Lung Function
Initiative mixed ethnic lung reference population used for
diagnosis of COPD may not accurately represent all individ-
uals in our study. Because of this, we performed sensitivity
analysis using GLI Caucasian reference population which
showed results consistent with that of the GLI mixed ethnic
population. Third, understanding a causal relationship
between BMI and COPD is limited by the cross-sectional
nature of our sample. Also, severe COPD is known to result
in poor nutritional status and lower BMI. Due to this, we
performed sensitivity analysis by removing individuals with
COPD, again showing results consistent with our main ana-
lysis. Fourth, we do not have information about early life
exposures in our study participants which may affect lung
function trajectories. Early life exposures—such as in utero
and childhood exposures including micronutrient deficien-
cies, air pollution, cigarette smoking, and childhood pneu-
monia—play a critical role in lung function development
and may be as important as exposures experienced during
adulthood in the development of COPD.

Our study also had some strengths. While the association
between COPD and BMI has been previously described, we
provide new insights using statistical methods that capture a
non-linear relationship between BMI and either the odds of
COPD or lung function. Furthermore, this study utilized a
large and diverse sample with properly harmonized varia-
bles, allowing for the adjustment of a priori risk factors for
COPD (e.g., smoking and using biomass fuels). Also, we
used the most current, more accurate definition for COPD
diagnosis (FEV;/FVC <lower limit of normal) instead of the
fixed-cutoff method (38).

Conclusions

The results of this large, multi-country analysis further char-
acterizes the association between body mass index and lung
function outcomes. Underweight individuals had lower lung
function compared to those with higher BMI ranges, even
after excluding participants with COPD from the analysis.
While COPD is well known to be a systemic disease that
leads to cachexia, our data also suggests that low body mass
index is independently associated with lower lung function.
Specifically, undernutrition as measured by a low body mass
index may be associated with worse lung function outcomes
in adults living in low- and middle-income country settings.
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