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Take home message:
High indoor PM2.5 levels could explain elevated COPD prevalence in rural, 

high altitude settings: prevention is key!
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ABSTRACT

Studies comparing chronic obstructive pulmonary disease (COPD) prevalence across altitudes 

report conflicting results. However, household air pollution (HAP), a major COPD risk factor, 

was mostly not accounted for in previous analyses and never objectively measured. We aimed 

to compare the prevalence of COPD and its risk factors between low-resource highlands and 

lowlands, with a particular focus on objectively measured HAP.

We conducted a population-based, observational study in a highland (~2050 m above sea level) 

and a lowland (~750 m above sea level) setting in rural Kyrgyzstan. We performed spirometry 

in randomly selected households, measured indoor particulate matter with an aerodynamic 

diameter <2.5 μm (PM2.5) and administered a questionnaire on other COPD risk factors. 

Descriptive statistics and multivariable logistic regressions were used for analyses.

We included 392 participants: 199 highlanders and 193 lowlanders. COPD was more prevalent 

among highlanders (36.7% versus 10.4%; p<0.001). Their average PM2.5 exposure was also 

higher (290.0 versus 72.0 μg·m–3; p<0.001). In addition to high PM2.5 exposure (OR 3.174, 95% 

CI 1.061–9.493), the altitude setting (OR 3.406, 95% CI 1.483–7.825), pack-years of smoking 

(OR 1.037, 95% CI 1.005–1.070) and age (OR 1.058, 95% CI 1.037–1.079) also contributed to 

a higher COPD prevalence among highlanders.

COPD prevalence and HAP were highest in the highlands, and were independently associated. 

Preventive interventions seem warranted in these low-resource, highland settings. With this 

study being one of the first spirometry-based prevalence studies in Central Asia, generalisability 

needs to be assessed.



2

High COPD prevalence at high altitude: does household air pollution play a role? 27

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is the world’s third leading cause of death, 

accounting for 5.7% of all deaths globally [1, 2]. Over 90% of COPD-related deaths occur 

in low- and middle-income countries, leading to a substantial clinical, economic and societal 

burden [3, 4]. Gaining insight into risk factors and places where the burden of disease is highest 

is key to a tailored approach to COPD.

Globally, around 400 million people live at high altitude (>1500 m above sea level) [5], yet it 

remains equivocal whether COPD prevalence is higher in these settings. Five observational 

studies in diverse settings reported contradictory findings [6–10]. Additionally, two studies 

pooled data from various prevalence studies, and while one described a lower COPD preva-

lence at higher altitude [11], the other observed no difference when adjusting for several risk 

factors [12]. However, household air pollution (HAP) was not adjusted for in either of these 

pooled studies. Of note, especially in low-resource settings, HAP is increasingly reported as a 

major risk factor for COPD [2, 3, 13–18].

HAP is caused by the indoor use of coal and biomass (e.g. animal dung, wood and crop residues), 

also known as solid fuels. Cooking and heating with solid fuels, as is common in 90% of rural 

households worldwide, leads to variably high levels of lung-damaging pollutants. The most 

exposed are women and their children, as women often prepare the meals above the fire in 

poorly ventilated houses for several hours daily, keeping their children close to them [13–15]. In 

2015, HAP was estimated to be responsible for 4.2 million deaths and 103.1 million lost years 

of healthy life [19].

Some of the previous studies did report HAP exposure across altitudes, but used self-reported 

proxies (such as “solid fuel use”) [7, 8, 10]. None objectively measured personal particulate 

matter exposure in vivo, which is needed for accurate pollution assessment [20]. Earlier studies 

also focused almost exclusively on urban settings, yet rural settings have more limited access to 

clean fuels and are consequently more severely affected by HAP [14].

Therefore, in this study we aimed to compare the prevalence of COPD and its risk factors 

between rural, low-resource highlands and lowlands, with a special focus on HAP. We expected 

that the more extreme climate conditions at high altitude increase the need for (solid fuel-

based) heating and for limiting ventilation, thereby increasing the risk of COPD. We therefore 

hypothesised HAP exposure to be higher at high altitude and, consequently, COPD prevalence 

to be higher as well.
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METHODS

Study design and setting

We conducted an observational, cross-sectional, population-based study in a lowland and a 

highland setting in rural Kyrgyzstan. This lower-middle-income country in Central Asia has a 

population of 5.96 million, with an average life expectancy of 71 years [21]. It has the highest 

respiratory mortality of all countries in the European Respiratory Society (ERS) “White Book” 

[22]. Kyrgyzstan offers a large contrast in altitude. Its lowest region (Chui, ~750 m above sea 

level) and one of its highest regions (Naryn, ~2050 m above sea level) were selected as lowland 

and highland settings. Chui has 756000 rural inhabitants (out of a total of 922 000) and hosts 

the country’s capital Bishkek. Its neighbouring region, Naryn, has 245 000 rural inhabitants (out 

of a total of 284000) [23]. We collected data in the lowlands between February 3 and May 7, 

2015, and in the highlands between July 16 and September 13, 2014. The colder measurement 

period in the year in the lowlands compared with the highlands was considered to involve 

relatively more (solid fuel-based) heating and less ventilation in the lowlands. Hence, seasonal 

influences would lead to an underestimation of differences in exposure to HAP and in respira-

tory symptoms.

This study preceded the Free Respiratory Evaluation and Smoke-exposure reduction by pri-

mary Health cAre Integrated gRoups (FRESH AIR) project (Netherlands Trial Register identifier 

NTR5759), an implementation science project targeting chronic lung diseases in low-resource 

settings [24].

Participants

Given that no previous studies of COPD prevalence in Kyrgyzstan or neighbouring countries 

existed at the time of protocol development, we aimed for 600 participants based on a previ-

ous FRESH AIR study in Uganda [25] and on the BOLD (Burden of Lung Disease Initiative) 

study [26]. To this end, 50 households per setting were selected randomly through a multistage 

sampling approach. All permanent residents aged ≥18 years who provided informed consent 

were included, because people highly exposed to HAP may develop COPD even before the age 

of 30 years [25]. Persons with a current respiratory infection or a contraindication for spirom-

etry [27] were excluded. We obtained written, informed consent from all participants. All field 

researchers were trained on ethics and the informed consent procedure. The Research Ethics 

Committee of the National Centre for Cardiology and Internal Medicine (Bishkek, Kyrgyzstan) 

approved the study (protocol 9;2014/3/1).

Demographics, COPD risk factors and respiratory symptoms

A standardised questionnaire, composed of validated questionnaires and used in the FRESH 

AIR study in Uganda [25], was tailored to Kyrgyzstan (supplementary appendix S1). It was 
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researcher-administered in the local language (Kyrgyz or Russian). It included questions on de-

mographics, cooking and heating circumstances, COPD risk factors, and respiratory symptoms 

(tables 1 and 2). Household air pollution HAP was measured by the time-weighted average 

concentration of particulate matter with an aerodynamic diameter <2.5 μm (PM2.5) using 

a SidePak Personal Aerosol Monitor AM510 (TSI, Minneapolis, MN, USA). The cooks in the 

households were instructed to wear the device continuously on their body throughout the 

measurements. Measurements mostly started in the morning (median time 11:41 versus 11:48 

h, respectively) and hence involved preparation of at least one warm meal. The median time of 

continuous measurement was 269 min in the lowlands and 284 min in the highlands (supple-

mentary appendix S2). Of note, we initially aimed to measure 24-h indoor concentrations but 

this was not feasible due to the limited possibility to charge the battery of the device in the 

rural areas.
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COPD diagnosis

A local team of medical doctors, trained by teachers from Imperial College London (London, UK), 

assessed lung function using spirometry (EasyOne; Medizintechnik, Zurich, Switzerland) following 

joint American Thoracic Society (ATS)/ERS guidelines [28]. We determined forced expiratory 

volume in 1 s (FEV1) and forced vital capacity (FVC) before and after bronchodilation with 400 μg 

salbutamol using a spacer. COPD was defined as having a post-bronchodilator FEV1/FVC ratio <70% 

[29] and severity was classified according to Global Initiative for Chronic Obstructive Lung Disease 

(GOLD) stages [30]. Subjects with complete reversibility were included as non-COPD in the analy-

ses (an asthma diagnosis was suspected). Arterial oxygen saturation (SpO2) was measured by pulse 

oximetry (YX302 Fingertip Pulse Oximeter; Timago International Group, Bielsko-Biała, Poland).

Data analysis

SPSS version 23 (IBM, Armonk, NY, USA) was used for the analysis. Baseline characteristics, 

COPD prevalence and HAP exposure across altitudes were compared with independent t-tests 

for normally distributed continuous variables, Mann–Whitney U-tests for nonnormally distrib-

uted variables and Chi-squared or Fisher’s exact tests for categorical variables. Univariable 

and forced-entry multivariable logistic regression models, adjusting for clustering within house-

holds by generalised estimating equation analyses [31], were used to assess the independent 

association between risk factors and COPD. HAP and other known COPD predictors (age, 

sex, education level and pack-years of smoking) [12] and altitude were included as predictors. 

Tuberculosis (ever-diagnosed) was not included in the model due to the limited number of 

cases. Working in the primary or secondary sector was included as a predictor due to the as-

sumed higher occupational exposure compared with the tertiary/quaternary sector [32]. HAP 

was categorised into tertiles (supplementary appendix S4), given the nonnormal distribution 
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with high values (in this high range we did not assume linearity of HAP with the logit of the 

outcome). Multicollinearity was not evident in the model. p-values <0.05 and odds ratios with a 

95% confidence interval excluding 1 were considered statistically significant.

Handling of missing data

Inadequate registration of several households and residents resulted in various duplications and 

uncertainty about these residents’ PM2.5 measurements. To guarantee data quality and enable 

adjustment for a clustering effect within households, we discarded both these original and 

duplicate measurements from the analysis. Participants with missing PM2.5 and/or spirometry 

values were also excluded.

RESULTS

Study population

All 599 invited individuals consented to participate in the study. After exclusion, 193 lowlanders 

and 199 highlanders from 41 households per setting remained for analysis (figure 1).

Demographics and distribution of risk factors for COPD

Highlanders were significantly older, and had lower height and weight (table 1). They had a 

lower level of education, and worked more often in the primary sector and less frequently in 

the secondary sector. The highland population consisted of significantly fewer smokers, although 

their pack-years were significantly higher. Highlanders were (nonsignificantly) more frequently 

ever-diagnosed with tuberculosis.

Household air pollution across altitudes

The time-weighted average PM2.5 concentration per household in the highlands was sig-

nificantly higher than in the lowlands (median (interquartile range (IQR)) 290.0 (123.5–703.5) 

versus 72.0 (31.0– 167.0) μg·m–3; p<0.001) (figure 2). Furthermore, higher maximum PM2.5 

concentrations were measured in the highlands (median (IQR) 5822.0 (2308.0–9152.5) versus 

272.0 (140.0–901.5) μg·m–3; p<0.001). In both areas these maxima were mostly reached at the 

beginning of the afternoon (median time 13:42:04 versus 13:05:40 h). Measurement duration 

is specified in supplementary appendix S2. The highlanders’ cooking and heating circumstances 

were also more at risk of generating HAP. For example, highlanders significantly more often 

had higher-risk types of fuel use (e.g. dung versus gas), stoves (e.g. open fire versus improved 

cookstove), ventilation (e.g. eaves spaces versus open door), and cooking locations and dura-

tions. Details on these factors across the settings are provided in supplementary appendix S3.
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COPD prevalence across altitudes

COPD was more prevalent in the highlands (36.7% versus 10.4%; p<0.001), although severity 

was lower (GOLD stage ≥2: 24.7% versus 70.0%; p<0.001) (table 2 and figure 3). COPD was 

equally distributed among males and females in the highlands, while in the lowlands the vast 

majority of patients were male (49.3% versus 80.0%; p<0.001). COPD patients in the highlands 

 

 

 
 

FIGURE 1. Flowchart of participants
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were significantly less frequently smokers and were exposed to significantly higher PM2.5 levels 

compared with lowlanders (figure 4 and supplementary appendix S4). Additionally, oxygen 

saturation was significantly lower among highlanders (SpO2: 93.0% versus 95.0%; p<0.001).

Predictors for COPD

Across the two altitudes, a total of 93 participants met COPD criteria. In the univariable logistic 

regression model, age, sex, pack-years, altitude and HAP were positively associated with COPD 

(figure 5 and supplementary appendix S4). In the multivariable logistic regression model, age, 

pack-years, altitude and the highest HAP exposure remained significantly positively associated 

with COPD. The decline in lung function along with an increase in PM2.5 exposure is depicted 

in supplementary appendix S4.
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DISCUSSION

In this study, we compared the prevalence of COPD and its risk factors between the highlands 

and lowlands in rural, low-resource settings in Kyrgyzstan, with a special focus on objectively 

measured HAP. Both COPD prevalence and HAP exposure (peak and average PM2.5 concentra-

tions) were significantly higher among highlanders. In addition to living at high altitude and being 

exposed to high HAP concentrations, more pack-years and higher age were also independently 

associated with COPD (and more common in the highlands). Our results highlight the particular 

vulnerability of rural highlanders to COPD and confirm the increasingly acknowledged impact 

of HAP on respiratory health.

Overall COPD prevalence in both Kyrgyz settings was high considering our relatively low age 

inclusion criterion (≥18 years). Our lowlands prevalence was similar to the global prevalence 

of ~10%, yet the prevalence observed in the highlands was more than 3-fold higher [26]. Our 

definition of COPD might have contributed to this high prevalence, especially among high-

landers who were slightly older (a fixed FEV1/FVC ratio is known to overdiagnose COPD in 

the elderly [34]). Also, we used Caucasian reference values (rural, high-altitude, Central Asian 

values do not exist), while a Kyrgyz study at middle altitude (~1000–2000 m) reported larger 

FVC values among their population [35]. Larger physiological FVC values may result in smaller 

FEV1/FVC ratios and hence in overdiagnosis. A recent Kazakh population-based study found a 

prevalence of 6.7% [36]. The authors only studied a lowland, adult (≥18 years) population, used 

the same definition of COPD, but studied an urban rather than a rural setting. Given the lower 

use of solid fuels in urban settings, the latter factor may explain the lower COPD prevalence 

they observed.
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In accordance with our hypothesis, along with a higher COPD prevalence in the highlands 

we observed significantly higher HAP exposures. It seems plausible to observe more HAP at 

higher altitude in rural areas, because more extreme climate conditions increase the need for 

(solid fuel-based) heating and for limiting ventilation. Furthermore, highlanders more commonly 

worked in the primary sector where dung is both cheaper and more easily available than clean 

fuels. Hence, particularly in the highlands, our HAP measurements dramatically exceeded the 

average 25 μg·m–3 as stated in the WHO 24-h PM2.5 air quality guideline [33]. These mea-

surements are consistent with PM2.5 concentrations in other households using predominantly 

biomass fuels [13]. Our findings support the assumption that HAP plays a substantial role in 

explaining a high COPD prevalence at high altitude. This assumption is furthermore consistent 

with the relatively more (nonsmoking) female patients in our highland population, like in other 

settings where women are highly exposed to biomass fuel smoke [13–15, 17, 25, 37]. Although 

the pathogenic mechanisms of the harm of HAP are not yet fully uncovered, HAP is considered 

to alter the innate immune response, enhance pulmonary and systemic inflammation, and 

promote an oxidative stress state. This may cause macromolecular cell damage, including DNA 

changes [38]. Nevertheless, BOLD results remind us to remain alert for causes other than HAP 

for airflow obstruction [39].

In addition to the strong and significant relation between COPD and PM2.5 concentrations, al-

titude itself was another independent predictor in the multivariable analysis, also after adjusting 

for age and pack-years. Altitude might directly impact COPD prevalence as it is associated with 

an increase in both airways and total lung capacities. However, evidence remains inconclusive if 

this increase is proportional (hence, if and how FEV1/FVC ratios are affected [40–42]). Alter-

natively, altitude could relate to COPD prevalence indirectly via (unmeasured) factors. These 

could be a more frequent history of pneumonia/ tuberculosis, lower level of physical activity [43, 

44], higher occupational exposure [32] or more (childhood) poverty/lower sociodemographic 

development (as again a mediator for other factors) [2, 45].

Remarkably, prevalence of moderate/severe COPD (GOLD stage ≥2) appeared to be lower in 

the highlands. This could be due to down-migration of the severely ill for higher ambient oxygen 

levels [46], for better access to advanced healthcare in the Kyrgyz capital or to a potential 

relation between severity and solid fuel smoke versus tobacco smoke [37]. The lower highland 

oxygen saturation levels we observed seem plausible due to lower ambient oxygen levels in the 

highlands. Furthermore, a double exposure of tobacco and biomass fuel smoke among COPD 

patients is associated with lower oxygen saturation levels [47]. However, although the number 

of COPD patients with a double exposure was significantly higher in the highlands, the total 

number of participants with a double exposure was the same.
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As mentioned earlier, the seven other studies covering COPD prevalence across altitudes re-

ported conflicting findings [6–12]. We argue that these conflicting results can be partly explained 

by differences in HAP exposure, which these studies either did not measure, or measured by 

proxy, or did not adjust for in the analyses. HAP exposure, associated COPD prevalence and 

the difference across altitudes may have differed substantially between the study settings. The 

settings were almost exclusively urban, sometimes in a high-income country, meaning more 

extreme high-altitude climates could be less influential on HAP exposure due to better access 

to clean fuels [14]. Furthermore, ethnicity often differed between the highand low-altitude 

settings within a study, hampering proper comparison of lung functions.

We corrected for objectively measured HAP in our analyses, compared consistently between 

rural, low-resource settings and between people of the same ethnicity. Altitude remained an in-

dependent predictor for COPD. The conflicting results between all present studies, performed 

in different settings, may indicate COPD prevalence might not be attributable to altitude itself. 

Instead, it could be mainly mediated through (unmeasured) factors expressed by altitude, with 

HAP being one of them.

A major strength of this study is the objective, personally monitored PM2.5 exposure combined 

with spirometry according to ATS/ERS guidelines [28], other than self-reported presence of risk 

factors or symptoms. This method precisely answers a recent call for objective measurements 

on the association between HAP and COPD [20]. This study also benefited from a high partici-

pation rate. Participants indicated they were eager to receive extra medical attention as access 

to healthcare is generally limited in these rural areas. This high rate impedes selection bias and 

enhances generalisability to other settings. Lastly, we present one of the first spirometry-based 

COPD prevalence studies in Central Asia [2].

Some limitations must also be noted. Due to organisational difficulties during data collection, we 

had to exclude various participant and household measurements in both settings. Differences 

between the two settings were, however, still statistically significant, and we were not able to 

identify any differences between excluded and included participants. Also, due to the limited 

battery and charging capacity in the rural areas, we could not perform 24-h PM2.5 measure-

ments. We therefore measured each household for ~4 h and at the same hour during the day, 

including the preparation of at least one warm meal. Hence, 24-h PM2.5 concentrations are 

likely to be lower as those contain a longer period without meal preparations. Lastly, given 

that the data in the lowlands were collected in a relatively colder period of the year, with a 

relatively higher need for (solid fuel-based) heating and limiting ventilation, differences in HAP 

and respiratory symptoms might be underestimated.
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In conclusion, we observed a substantially higher COPD prevalence in high-altitude areas com-

pared with low-altitude areas in rural Kyrgyzstan. HAP exposure was high in both settings, but 

particularly in the highlands. There was a strong, significant relation between COPD and HAP 

that remained significant when adjusted for other risk factors. Although generalisability to other 

rural, low-resource highlands remains to be assessed, our results call for an increased focus 

on COPD awareness, diagnosis and treatment. Moreover, policy makers, healthcare workers 

and highlanders in these settings should focus on prevention by increasing awareness on HAP 

and by reducing it (e.g. by the implementation of clean cooking stoves). This could not only 

benefit chronic lung health, but also target other PM2.5-related diseases such as ischaemic 

heart disease, cerebrovascular disease, lung cancer, low birthweight and pre-term birth, type 2 

diabetes, and lower respiratory infections [16].
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