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Asthma prevalence and risk factors
in Poonch and Rajouri districts,
India: an epidemiological and
geospatial analysis
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Asthma is a significant global health issue, especially in high-altitude areas where unique
environmental conditions and socioeconomic disparities may elevate disease risk and severity. This
study examines the prevalence and determinants of asthma among the Gujjar and Bakarwal tribes
living in the high-altitude regions of the western Himalayas, providing insights into the influence of
altitude, socioeconomic factors, and lifestyle on asthma risk. We conducted a cross-sectional survey
across 816 households in 50 villages in Poonch and Rajouri districts, utilizing a stratified random
sampling approach to ensure a representative sample. Villages were categorized by altitude and
population density. Geographic Information System (GIS) tools were used to map asthma prevalence
using inverse distance weighting (IDW) and Natural Breaks classification to identify high-risk zones.
To determine asthma risk factors, we applied a binary logistic regression model (BLRM), with model
fit assessed via pseudo-R2 and Hosmer-Lemeshow tests, and predictive accuracy evaluated through
receiver operating characteristic (ROC) curve analysis. Asthma prevalence was 22.5% among the study
population. Higher altitudes were linked to a significantly lower likelihood of asthma (adjusted odds
ratio [AOR]: 0.10, p=0.002). In contrast, extended family living arrangements (AOR: 8.80, p=0.008)
and individuals in their prime working years (AOR: 93.36, p=0.001) showed elevated asthma risk.
Protective factors included higher education, government employment, farming, increased household
income, and residence in modern housing. The model exhibited strong fit (Nagelkerke R? = 0.82) and
high predictive accuracy (ROC-AUC=0.98). Asthma prevalence among Gujjar and Bakarwal tribes in
the high-altitude Himalayas is shaped by a complex interplay of altitude, socioeconomic status, and
demographic factors. Altitude appears protective, while social structure, economic activities, and
housing conditions modulate asthma risk. GIS-based spatial analysis effectively identifies high-risk
areas, underscoring the need for targeted public health interventions tailored to the specific needs of
these geographically isolated communities.

Keywords Asthma, High-altitude, Socioeconomic determinants, Epidemiological study, Geographic
information systems, Public health interventions
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IVs Independent variables

INR Indian rupees

ORs Odds ratios

ROC Receiver operating characteristics
SES Socioeconomic status

Asthma is a common chronic inflammatory disease of the airways, characterized by recurrent episodes of
wheezing, breathlessness, chest tightness, and coughing. It affects approximately 300 million individuals
worldwide, with projections estimating an increase to 400 million by 2025"2. Globally, asthma imposes a
significant public health burden, contributing to approximately 250,000 deaths annually®. Over the past decades,
both genetic and environmental factors, intertwined with lifestyle changes in modern society, have contributed
to the rising incidence of asthma*”.

Asthma prevalence has been increasing in low- and middle-income countries (LMICs), largely due to
economic globalization, rapid urbanization, and industrialization®-8. These factors have led to greater exposure to
outdoor and indoor pollutants, which can exacerbate or trigger asthma symptoms®. Additionally, limited access
to healthcare resources in LMICs poses a significant challenge to asthma diagnosis, treatment, and prevention®.
Pathophysiologically, asthma is a complex condition involving airway inflammation, hyperresponsiveness, and
reversible obstruction, leading to episodic wheezing, coughing, chest discomfort, and shortness of breath. These
symptoms are often triggered by allergens, irritants, and respiratory viral infections'®. The severity of asthma
varies widely, ranging from mild symptoms to severe, persistent asthma that significantly impacts patients’ lives
and increases the risk of mortality!!.

Asthma incidence is highest in childhood, with global rates estimated at 23 per 1000 children under five
years of age, declining to 4.4 per 1000 among adolescents'2. However, recent data indicate that childhood asthma
remains a growing concern in some regions due to rising environmental pollutants and lifestyle factors'!. Gender
differences are also evident, with women having a 1.8-fold higher risk of asthma compared to men during
adulthood, likely influenced by hormonal fluctuations associated with adolescence, menstruation, pregnancy,
and menopause'®. These hormonal shifts can exacerbate airway inflammation, increasing asthma susceptibility.

Environmental factors also play a crucial role in asthma development and progression. Smoking (both active
and passive) is a well-documented risk factor, alongside exposure to airborne allergens, industrial pollutants,
and occupational hazards'*!>. Additionally, lifestyle factors such as obesity, sedentary behavior, and unhealthy
diets have been linked to an increased risk of asthma®!2.

The burden of asthma is disproportionately high in lower-income populations, particularly in LMICs, where
96% of all asthma-related deaths occur’. Individuals from lower socioeconomic backgrounds are more likely
to face poor housing conditions, indoor air pollution, and reliance on solid fuels for cooking, all of which
are preventable risk factors for respiratory disease'. Limited access to healthcare further exacerbates asthma
severity in these populations.

Economic constraints hinder access to medications, preventive care, and specialized treatment, leading to
poor disease management!”!8. Occupational exposure to pollutants, dust, and hazardous chemicals—common
in low-income jobs—further amplifies asthma risk!>?’. Lower educational attainment also limits health literacy,
reducing the ability to effectively manage asthma!’. Moreover, economic stress correlates with higher obesity
rates and lower medication adherence, both of which worsen asthma control'$2!,

Asthma management is particularly challenging in high-altitude regions like the Himalayas, where
environmental factors such as cold, arid air, high pollen levels, and reduced oxygen pressure can exacerbate
symptoms?*~%. Additionally, fungal spores and airborne pollutants at high altitudes further contribute to
respiratory complications.

The Gujjar Bakarwal, a semi-nomadic ethnic group residing in the Himalayan region, face unique respiratory
health challenges due to their seasonal migration patterns. Their frequent movement between summer pastures
(2,500-3,500 m) and winter valleys (300-2,000 m) disrupts physiological adaptation to environmental changes,
increasing their vulnerability to asthma. Limited healthcare access and reliance on traditional heating and
cooking methods further compound these challenges.

Despite growing research on asthma in urban and industrialized areas, data on asthma prevalence among
high-altitude, semi-nomadic populations remain scarce. While studies in India have highlighted the role of
socioeconomic, environmental, and behavioral factors in asthma prevalence?®?’specific risk factors among
marginalized, high-altitude tribal populations like the Gujjar Bakarwal are poorly understood. This study aims
to examine the interplay of environmental, cultural, social, and economic factors influencing asthma prevalence
among the Gujjar Bakarwal population. The analysis will focus on variables such as (i) altitude, (ii) age, gender,
marital status, and family structure, (iil) socioeconomic status (income, education, occupation), (iv) housing
conditions, heating systems, kitchen location, and cooking fuel and (v) water sources and behavioral factors
(smoking, tobacco use, etc.)

To assess the probability of asthma occurrence, we will employ a Binary Logistic Regression Model (BLRM),
which is well-suited for analyzing binary outcomes (asthma diagnosis: yes/no). Forward selection will be used
to refine the model by iteratively adding the most significant predictors based on their contribution to model fit,
assessed using Akaike Information Criterion (AIC) and p-values. Additionally, spatial analysis will be conducted
to map asthma prevalence and identify regional trends, offering insights into the potential effects of altitude and
environmental factors. The combination of these methodologies will provide a comprehensive understanding
of asthma risk in high-altitude populations, guiding the development of targeted prevention and treatment
strategies.

By focusing on the Gujjar Bakarwal, this study seeks to address the unique health challenges faced by
semi-nomadic populations in resource-limited, high-altitude environments. Findings from this research will
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contribute to public health policies aimed at improving asthma management in marginalized communities and
will have broader implications for asthma prevention in high-altitude settings worldwide.

Data and methods

Profile of the study area

The study area encompassed the Rajouri and Poonch districts, located in the south-eastern foothills of the Pir
Panjal Range within the Indian Himalayan Region featuring hilly and mountainous areas interspersed with
low-lying valleys (Fig. 1). The elevation ranges from 314 to 4713 m above the sea level*®’! leading to varied
weather conditions, including snow cover during winter months. The climate transitions from sub-tropical at
lower elevations to temperate, sub-alpine and alpine at higher altitudes. At lower elevations (< 1000 m), summers
can reach temperatures between 25 and 35 °C, while winters are mild to cool, ranging from 5 to 15 °C. Mid-
elevations (1000-2000 m), experience moderately warm summers (20 °C to 30 °C) and cooler winters (0-10 °C).
At higher elevations (>2000 m), summers are cool (10 -20 °C) and winters harsh, with temperatures ranging
from (- 10 to 5 °C) and heavy snowfall.

According to the 2011 Census, the combined population of Rajouri and Poonch districts is projected to reach
1,494,900 by 2024, with Rajouri accounting for 874,000 and Poonch for 621,000. Both districts have experienced
significant population growth since 2011, with Rajouri increasing by 32.9% and Poonch by 28.0%. Rajouri covers
an area of 2630 km?, with a population density of 244 individuals per km?, while Poonch spans 1674 km?, with
a density of 285 individuals per km?.

The sex ratios in Rajouri and Poonch stand at 860 and 893 females per 1000 males, respectively. Encouragingly,
the child sex ratio is slightly higher—865 in Rajouri and 893 in Poonch—indicating progress toward gender
equity. The average literacy rate in the region is 68.2%, with children comprising 16.9% of Rajouri’s population
and 17.8% of Poonch’s.

The region is home to diverse linguistic groups, with the nomadic Gujjar and Bakarwal communities
forming the majority, constituting approximately 60% of the population. Historically, these tribes have thrived
as nomadic pastoralists, maintaining a deep connection with the land’s natural rhythms. While both groups rely
on the region’s ecosystems for sustenance, their livelihood practices differ: Bakarwals primarily herd sheep and
goats, whereas Gujjars specialize in buffalo and cattle rearing®. This symbiotic relationship between the tribes
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Fig. 1. Location of the study area in Rajouri and Poonch districts (a) Jammu and Kashmir position within
India; (b) Rajouri and Poonch districts within the region; (c) detailed map of the study area.
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and their environment underscores the intricate balance between traditional knowledge and sustainable living
in both districts.

Data
Primary data
Primary data were collected between June 13th to August 13th, 2023, via face-to-face interviews using a pre-
tested and validated household schedule (HHS). This HHS was developed after a thorough a review of existing
literature on asthma risk factors in high-altitude populations*!>16-26-2% covered various sections.

Asthma status (the outcome variable) was binary, with ‘1’ indicating presence and ‘0’ indicating absence.
Explanatory variables were classified into geographical, demographic, socioeconomic, environmental, and
behavioural domains, with comprehensive descriptions and coding given in Table 1.

Confidentiality and anonymity To ensure the privacy of participants, the HHS was designed to omit personally
identifiable information. The collected data were securely stored, maintaining strict confidentiality in line with
ethical research standards.

Data cleaning and validation To ensure the accuracy and reliability of the collected data, a rigorous cleaning
and validation process was implemented. The household schedule (HHS) was pre-tested on 60 individuals across
three elevation zones to identify and address any ambiguities or inconsistencies. The finalized schedule was used

Variable/
indicator Type of variable | Category Measurement explanation
Dependent variable
Self-reported history of physician-
Asthma Dich. Yes=1/No=0 diagnosed asthma in any household
member within the past year.
Independent variable
Geography
. 1=Zone A, 2=Zone B, 3=Zone C, 4=Zone D, 5=Zone E, Geocpding of each sample patients .
Elevation Category 6=Zone F locations was carried out using a Garmin
B GPSMAP 64s device.
Demography
Ethnicity Dich. 1= Gujjar, 2 =Bakarwals Self-reported through survey responses.
Gender Dich. Male=1, Female=2 Self-reported through survey responses.
Marital status Category Single =1, Married =2, Divorced =3, Widowed =4, Self-reported through survey responses.
Type of family Category Nuclear =1, Joint =2, Extended =3 Self-reported through survey responses.
N 0-10=1,11-20=2, 21-30=3, 31-40=4, 41-50=5, 51-60=6, Self:reporting and documented date of birth
ge group Category ~61=7 during field surveys to ensure accuracy and
reliability of demographic data collection.
Socioeconomy
. No formal education =1, Primary =2, Secondary =3, Higher Self-reporting by participants during
Educational level Category - _ = field surveys and confirmation based on
Secondary =4, Graduate =5, Post Graduate=6 . .
educational certificates.
Not applicable (children) =1 Unemployed =2, Govt.
. employed =3, Herdsman = 4, Labour/Daily Wager =5, 3 .
Occupation Category Farmer = 6, Housewife =7, Self-employed (Trader/ Self-reported through survey responses.
businessman) =8, Student =9, Retired Ex-Serviceman =10
Monthly Income Categor <5000 =1, ¥5000 - 310,000=2, 310,000 - 15,000 3=315,000 Self-reported through survey responses
(Indian rupees) gory -320,000=4, >320,000=5 p gh survey resp :
Environment
T Traditional house =1, Modern House =2, Both =3, Nomadic Self-reported by respondents and
ype of home Category _ .
house=4 observation.
Heating system during winter | Category Bhukhari (Wooden) = 1, Electric heater =2 Self-reported through survey responses.
Kitchen location Dichotomous Inside the house =1, Separate from the house=2 Self—repgrted by respondents and
observation.
Choices of cooking appliance | Dichotomous Chulha? = 1, Stove =2, Both (Chulha + stove) =3 Self-reported through survey responses.
1 Water spring = 1, Water supply =2, Surface water (pond/tank/
Source of drinking water Category lake) =3, Hand Pump=4 Self-reported through survey responses.
Purity of drinking water Dich. Yes=1,No=2 Self-reported through survey responses.
Behaviour
Smoking® Dich. Yes=1,No=2 Self-reported through survey responses.
Tobacco Dich. Yes=1,No=2 Self-reported through survey responses.

Table 1. Description of variables and coding scheme. Dich, dichtomous; Atraditional earthen stove used for
cooking; Bcigarettes/bedi/hukka (Bedi=traditional indian tobacco cigarette wrapped in tendu or temburni leaf,
hukka =Indian tobacco water pipe, where the smoke is cooled and filtered by passing through water.
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to collect data from 408 households in each district (Poonch and Rajouri), yielding a total of 816 households.
The collected data were reviewed for completeness at the time of collection, with no missing responses recorded
due to on-site verification.

After data collection, responses were entered into Microsoft Excel, where a double-entry process and random
cross-checking of 10% of the entries ensured consistency and eliminated errors*. Logical and range checks were
conducted to identify and correct anomalies by consulting the original schedules*’. The validated dataset was
transferred to SPSS (Version 26.0) for statistical analyses, where additional validation checks confirmed data
integrity. These steps ensured a robust dataset suitable for both statistical and geospatial analyses.

Geospatial data collection The geographical location of each surveyed household was recorded using Garmin
GPSMAP 64s device with a horizontal accuracy of +3 m under open-sky conditions. Potential errors due to
signal obstruction in mountainous terrain (e.g., steep slopes, dense vegetation) were minimized by validating
coordinates against DEM-derived elevations during post-processing™.

To ensure the accuracy of the collected coordinates and interpolation, a sensitivity analysis was conducted
to assess the effect of varying Inverse Distance Weighting (IDW) parameters®*®such as power and search radius,
on the final spatial probability estimates. This analysis was essential for evaluating the robustness of the spatial
model and confirming that the resulting maps accurately represent the geographical distribution of asthma.

Secondary data

Secondary data included village positions and elevations were acquired from the Census of India 2011[https://
www.census2011.co.in/census/district/623-punch.html], [https://www.census2011.co.in/census/district/624-raj
ouri.html]. The altitude zones within the study area were delineated using the Digital Elevation Model (DEM)
with a 30-meter resolution [https://earthexplorer.usgs.gov/], and village shapefiles.

Study design and sampling strategy

The study area was divided into six distinct elevation zones by categorizing three elevation ranges (high, medium
and low) from each of the two districts (Table 2; Fig. 2). This classification was achieved using the Natural
Breaks method®” based on DEM contour data. The classification of elevation zones differs between Rajouri and
Poonch due to unique geographic and topographic characteristics, such as differences in slope gradient, terrain
ruggedness, and microclimatic conditions. These factors necessitated tailoring elevation ranges to capture
meaningful ecological and demographic variability within each district. In Rajouri, lower elevations extend down
to 314 m, reflecting broader lowland valleys and gentler slopes. In contrast, Poonch features steeper terrain, with
its low zone starting at 560 m. Middle and high elevation zones also vary due to the distinct geographical and
hydrological features influencing these ranges.

This stratification provides a comprehensive representation of geographical and demographic variations
within the study area. It captures the influence of elevation-related factors on health outcomes, ensuring
diverse environmental and climatic conditions are considered. The Natural Breaks method effectively identifies
significant variations in elevation.

Village selection and sampling framework

A four-stage stratified sampling design was implemented: Stage 1 (Districts): Poonch and Rajouri. Stage 2
(Elevation Zones): High, middle, and low zones per district. Stage 3 (Villages): Proportional allocation based on
population density and elevation. Stage 4 (Households): Systematic random sampling within selected villages.

Villages were stratified into three categories based on elevation and population density. This stratification was
essential to capture health disparities influenced by altitude-related factors, such as temperature, oxygen levels
and population density, which affect access to healthcare services.

A proportional allocation method was applied to ensure villages were distributed across strata, accounting
for district population densities (Rajouri: 244/km2 vs. Poonch: 285/km2) and geographical distribution to
represent elevation gradients®. This resulted in selecting 34 villages in Rajouri and 16 in Poonch, reflecting
their population densities and terrain variability. In total, 50 villages (10% of the study area) were sampled
(Supplementary_File_S1 (Table 1D).

Household sampling and respondent selection
The sample size was calculated using the Krejcie and Morgan formula, preferred over Cochran’s formula due to
its optimization for finite population (Rajouri: N=229,361: Poonch: N=168,908)*. The formula is as follows:

X?.N . P -(1-P)

"T @ (N-D)+x2-P-(1-P) W

Elevation zone | Poonch (m) | Rajouri (m)
High 2189-4713 1143-4627
Middle 1359-2188 737-1142
Low 560-1358 314-736

Table 2. Elevation zones in Poonch and Rajouri districts.
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Fig. 2. Villages selected for household sampling in the study area.

where n is the required sample size; N the population size; X* the chi-square value for 1 degree of freedom at
the desired confidence level (3.841 for 95% confidence intervals (CIs); P the estimated population proportion
(assumed to be 0.5 for maximum variability); and d the margin of error (5%).

Using (1), the minimum required sample size was 384 households for Rajouri and 383 households for
Poonch. The final sample size was increased to 408 households per district (6% oversampling) to account for
non-responses and logistical challenges in mountainous terrain, such as seasonal migration and accessibility
barriers, ensuring robust representation of subpopulations in heterogeneous terrains*’. Households were then
selected using systematic random sampling.

This sample represented approximately 5% of households in selected villages. In each selected household,
the survey targeted member aged 18 years or older available at the time of the survey, using a convenience
sampling method. This ensured a wide cross-section of the population while addressing potential biases through
oversampling and post-survey adjustments. For detailed breakdown of sample selection procedures and
household distribution, see Fig. 3 and Supplementary_File_S1 (Tables 1A, B, C and D).

Statistical analysis
Village locations and disease prevalence were analysed using inverse distance weighting (IDW) interpolation
to estimate the likelihood of asthma occurrence across the study area. The probability of asthma occurrence
was divided into five categories using Natural Breaks with IDW interpolation®” and Zonal Statistics*! utilized to
summarize the interpolated asthma probability data for each altitude zone. Subsequently, choropleth maps were
generated based on the statistical results of the Binary Logistic Regression Model (BLRM).

BLRM is a statistical method used to estimate the probability of an event occurring, such as asthma, using
independent variables as predictors, which can include both continuous and categorical data. In a BLRM, the
model’s structure is represented by Eq. (2):

In< Pt ) =po+ fix1i+ -+ Bnni 2)
1—p

where p; represents the probability of having asthma (the expected value of the dependent variable y; where y,
= 1, if a sample has disease; otherwise y, = 0); x the independent variables (potential factors of exposure); § the

Scientific Reports |

(2025) 15:23014

| https://doi.org/10.1038/s41598-025-07482-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

~ b3 ~— 3

A}

Sample Villages and Household Distribution Poonch
Sample households sizes ~ Sample households sizes Blocks name
(in Poonch District): (in Rajouri District): = .

= Poonc
16 HH 8 HH 7= NSSB
~ I8HH 12 HH 3= Sathra
S 22 HH 14 HH 4= Mandi
I 24 HH B 2> uH 5= Lassana
B 68 HH [ R 6= Bufliaz
7= Surankote
HH = Household Sizes (Number of households) 8= Mendhar
9= Mankote
Altitude Poonch Rajouri 10= Balakote
Stratum (in meters) (in meters) 11= Loran
I High  2,189-4,713 1,143-4,627
[ IMiddle 1,359-2,188 737-1,142 Blocks name
[ JLow  560-1,358 314-736 Rajouri
Population  Poonch Rajouri 1= Rajouri
Stratum (Population) (Population) 2= Doongi
® Low 72,143 12,077 3= Panjgrian
) 4= Dhangri
. Middle 78,071 98,179 5= Moghla
) 6= Khawas
‘ High 18,688 119,105 7= Budhal
8= Koteranka
C3 Poonch District Boundary 9= Seri
10= Nowshera
Cs Rajouri District Boundary 11= Lamberi
12= Qila Darhal
[ 1 Block Boundary 13= Slanjakote

|:| Village Boundary 14= Thanamandi
15= Darhal

051 20 30 40 N 16=Sunderbani

i (e
; 18= Siot
Kilometers 15— Planiper

Fig. 3. Stratified random sampling design of villages and households in Rajouri and Poonch districts.

estimated coeflicient; and i index records, e.g., geographic units. Variables are typically included in the model
based on levels of significance, often set at 0.05 or 0.1.

BLRM is widely used for analyzing spatially correlated data, such as the presence or absence of a disease. It
incorporates a spatial autocorrelation term through weighting coefficients, addressing spatial autocorrelation
effects during statistical analysis. The conditional probability of the occurrence can be expressed using Eq. (3):

exp (Bo + Bix1,i + - - - + rAutocovz;)
exp (Bo + Bix1i + - - - + rAutocovz;)

pi(yi = 1/Bo,B,7) = (3)

In this equation, p, denotes the probability of the event occurring for each geographic unit, z represent the
independent variables; Autocov i the autocovariate variable; i the index of the geographical unit; and  and r the
coefficients of the variables in the model.

A forward selection approach was applied to refine the BLRM, identifying the most important predictors by
iteratively adding variables based on their contribution to model performance. At each step, the variable that
enhances model performance the most is selected and evaluated using the Akaike Information Criterion (AIC)
or p-values. This procedure continues until no further significant improvements are observed.

The fitness of BLRM in predicting asthma occurrence was evaluated using sample data. Goodness-of-fit tests
including the Hosmer-Lemeshow test*>Cox and Snell R***Nagelkerke R***and the —2 log likelihood method**.
Variables with a statistically significant association (p <0.05) with asthma were included, adjusting for potential
confounding factors. Pseudo R? chi-square, odds ratios (ORs), adjusted odds ratios (AORs) with 95% Cls were
used to elucidate the strength and direction of these associations.

Validation of the BLRM model was conducted the ROC curve (Fig. 4). This graphical representation plots
the true positive rate against the false positive rate, providing insights into the model’s diagnostic ability across
various threshold settings.

The Area Under the Curve (AUC) was used to assess the model’s overall accuracy. The AUC value of 0.98 was
obtained, indicating a high level of accuracy. Generally, an AUC value above 0.9 is considered excellent, with 1.0
representing perfect discrimination (Fig. 4).
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Fig. 4. ROC Curve and AUC analysis for validation of the BLRM model.

While the near-perfect AUC value suggests excellent discriminatory performance, it also raises concerns
about potential over fitting. To address this, several steps were taken to ensure the reliability and generalizability
of the model:

(a) Model Fit Assessment: The Hosmer-Lemeshow goodness-of-fit test (p=0.539) confirmed an excellent fit,
with no significant difference between observed and predicted values. The Nagelkerke pseudo-R? value
(82.2%) further supports the model’s robustness.

(b) Predictive Accuracy: The AUC value was statistically validated, confirming its robustness in distinguishing
outcomes without over fitting.

(c) Representative Sampling: A stratified random sampling method was employed to ensure a representative
dataset, minimizing biases that could result in over fitting.

(d) Geospatial Validation: Geographic Information Systems (GIS) analysis was utilized to validate spatial pat-
terns of thyroid disorder prevalence, enhancing the model’s generalizability across the study region.

Furthermore, the ROC curves asymptotic significance, assessed through statistical testing, confirmed that the
observed performance of the model is statistically significant and not due to chance. To further ensure model
robustness, additional validation methods such as k-fold cross-validation or bootstrapping could be considered
in future analyses. These techniques would provide further evidence of the model’s stability beyond the current
validation measures employed.

The model was applied to the entire dataset in the study region for each factor and assessed using overall map
accuracy and Kappa Index. Figure 5 depicts of the overall design and process.

Software used

Statistical analyses of asthma prevalence and independent variables were conducted using IBM SPSS Statistics
Base Version 26.0, https://www.ibm.com/products/spss-statistics. Spatial analysis and mapping of asthma
prevalence and predictors were performed using ArcGIS. Geocoding of each sample patient’s locations was
carried out using a Garmin GPSMAP 64s device.

Results

Descriptive statistics

Table 3 presents the sociodemographic and economic characteristics of the study population across six altitude
strata. Gender distribution varied across zones, with Zone F (1,143-4,624 m) showing a slightly higher
percentage of men than women, while other zones exhibited a more balanced distribution. Zone D (314-736 m)
had a younger population structure, characterized by a higher proportion of individuals under 10 years old and
fewer individuals over 60 compared to other zones.

Marital status was relatively consistent across all zones. A significant portion of the population lacked formal
education, particularly in Zones A (32.1%) and F (28.9%), with Zones A and B exhibiting the highest rates of
individuals without formal schooling. In contrast, Zone D had a higher proportion of individuals with secondary
education.

Students were well-represented across all zones, while Zone A had a higher proportion of housewives. Zones
C-F displayed a more diverse occupational landscape, with higher representation of herders, general laborers,
and farmers.
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Fig. 5. Research methodology flowchart.

Income distribution revealed that lower income brackets (<310,000 INR) were prevalent across all zones,
with Zone A having a slightly higher proportion of individuals in the lowest income category (<¥5000 INR).

Outcomes of the spatial analysis

Our analysis of asthma prevalence across both districts highlights distinct patterns influenced by elevation.
Males consistently exhibit a higher burden (56.0%) compared to females (44.0%), with altitude playing a key role
in prevalence trends. Among males, asthma prevalence is highest at lower altitudes (60.0%), decreases slightly at
middle altitudes (57.9%), and further declines at high altitudes (51.4%). In contrast, females show a potentially
increasing trend with altitude, with prevalence rising from 40.0% at low altitudes to 42.1% at middle altitudes
and 48.6% at high altitudes (Fig. 6A).

Marital status also interacts significantly with elevation. Married individuals consistently demonstrate
higher asthma prevalence across all elevations, increasing from 75.5% at low altitudes to 85.1% at high altitudes.
Conversely, single individuals exhibit a declining trend with increasing altitude, with prevalence dropping from
24.5% at low altitudes to 14.9% at high altitudes (Fig. 6B).

Settlement patterns further shape asthma prevalence. Among settled individuals, prevalence is highest at
low altitudes (81.8%) and decreases as altitude increases (middle: 66.7%, high: 54.17%). In contrast, nomadic
individuals experience an increasing trend, with prevalence rising from 18.2% at low altitudes to 45.8% at high
altitudes (Fig. 6C).

Age also plays a critical role in asthma burden. Individuals over 61 years exhibit the highest overall prevalence
(25.0%), with variation across elevations—27.3% at low altitudes, 17.5% at middle altitudes, and 29.2% at high
altitudes. The 41-50 age group also bears a significant burden (21.7%), particularly in middle elevations, where
prevalence peaks at 31.6% (Fig. 6D).

Education level interacts with altitude in shaping asthma prevalence. Individuals with no formal education
exhibit the highest overall prevalence (46.2%), particularly in high-altitude regions (45.9%). Those with primary
education show the highest prevalence at middle elevations (44.4%), whereas individuals with graduate and
postgraduate qualifications maintain notable prevalence at both middle (50.0%) and high elevations (50.0%)
(Fig. 6E).

Occupation patterns also vary across elevation zones. At low altitudes, students (24.1%), government
employees (17.2%), and farmers (10.3%) represent the most affected groups. In middle elevations, farmers
(29.2%) report the highest prevalence, followed by retired or ex-servicemen (16.7%) and laborers (12.5%). At
high elevations, farmers (14.3%) and laborers (17.1%) remain prominent, alongside a growing presence of self-
employed individuals (14.3%) (Fig. 6F).

At low elevations, individuals predominantly fall within the ¥10,001-315,000 income range (29.1%). In
contrast, middle elevations show a higher prevalence of individuals in the lowest income bracket (less than
X5,000: 33.3%). Interestingly, at high elevations, the highest proportion of individuals is again in the 310,001
15,000 range (40.3%) (Fig. 7G). Similarly, in low elevations, joint families experience the highest asthma burden
(63.6%), a trend that continues at middle (45.6%) and high elevations (56.9%). Overall, joint families bear the
greatest share of asthma cases (55.4%) (Fig. 7H).

Traditional houses show the highest asthma prevalence at all elevations (low: 52.7%, middle: 59.6%, high:
69.4%). Conversely, modern houses exhibit a decreasing trend in asthma prevalence with increasing altitude
(low: 29.1%, middle: 35.1%, high: 13.9%). Nomadic and mixed house types generally have lower prevalence
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Poonch Rajouri
Altitude stratum
Zone A Zone B Zone C ZoneD Zone E Zone F
560-1358 m | 1359-2188 m | 2189-4713 m | 314-736 m | 737-1142 m | 1143-4627 m Total
Socio-economic variables | No. (%) No. (%) No. (%) No. (%) No. (%) No. (%) No
Gender
Male 433 (56.2) 427 (55.3) 402 (56.7) 431 (57.8) | 401 (55.5) 418 (54.8) 2512
Female 338 (43.8) | 345 (44.7) 307 (43.3) 315(42.2) | 321(44.5) | 345(45.2) 1971
Total 771 772 709 746 722 763 4483
Age groups (years)
Age<10 91 (11.8) 87 (11.3) 73 (10.3) 94 (12.6) |63(8.7) 91 (11.9) 499
Age 11-20 153 (19.8) 165 (21.4) 124 (17.5) 138 (18.5) 149 (20.6) 149 (19.5) 878
Age 21-30 167 (21.7) 190 (24.6) 182 (25.7) 150 (20.11) | 162 (22.4) 187 (24.5) 1038
Age 31-40 98 (12.7) 114 (14.8) 98 (13.8) 114 (15.28) | 110(152) | 109 (14.3) 643
Age 41-50 107 (13.9) 93 (12.1) 98 (13.8) 98 (13.14) 117 (16.2) 108 (14.2) 621
Age 51-60 89 (11.5) 67 (8.7) 79 (11.1) 79 (10.59) |80 (11.1) 71(9.3) 465
Age>60 66 (8.6) 56 (7.3) 55 (7.8) 73(9.79) | 41 (5.7) 48 (6.3) 339
Total 771 772 709 746 722 763 4483
Marital status
Single 368 (47.7) | 362 (46.9) 344 (48.5) 354 (47.5) | 338(46.8) | 385 (50.5) 2151
Married 380 (49.3) 398 (51.5) 345 (48.7) 360 (48.3) | 369 (51.1) 366 (48.0) 2218
Divorced 4(0.5) 1(0.1) 2(0.3) 5(0.7) 3(0.4) 3(0.4) 18
Widowed 19 (2.5) 11 (1.4) 18 (2.5) 27 (3.6) 12 (1.7) 9(1.2) 9%
Total 771 772 709 746 722 763 4483
Level of education
No formal education 215 (27.9) 224 (29.0) 227 (32.0) 215(28.8) | 204 (28.3) 185 (24.2) 1270
Primary 127 (16.5) 122 (15.8) 131 (18.5) 144 (19.3) |139(19.3) | 164 (21.5) 827
Secondary 181 (23.5) 151 (19.6) 168 (23.7) 179 (24.0) 151 (20.9) 168 (22.0) 998
Higher secondary 170 (22.0) 160 (20.7) 139 (19.6) 127 (17.0) 149 (20.6) 168 (22.0) 913
Graduate 64 (8.3) 93 (12.0) 30 (4.2) 68 (9.1) 65 (9.0) 64 (8.4) 384
Post graduate 13 (1.7) 22(2.9) 4(0.6) 11 (1.5) 13 (1.8) 12 (1.6) 75
Others 1(0.1) 0(0.0) 10 (1.4) 2(0.3) 1(0.1) 2(0.3) 16
Total 771 772 709 746 722 763 4483
Occupation
Not eligible 33 (4.3) 27 (3.5) 14 (2.0) 34 (4.6) 15(2.1) 15(2.0) 138
Unemployed 25 (3.2) 18 (2.3) 11 (1.6) 18 (2.4) 28 (3.9) 30 (3.9) 130
Govt. employed 41 (5.3) 44 (5.7) 26 (3.7) 42 (5.6) 48 (6.7) 49 (6.4) 250
Herdsman 44 (5.7) 23 (3.0) 44 (6.2) 46 (6.2) 36 (5.0) 27 (3.5) 220
Labour/daily wager 65 (8.4) 70 (9.1) 64 (9.0) 56 (7.5) 55(7.6) 61 (8.0) 371
Farmer 34 (4.4) 26 (3.4) 50(7.1) 59(7.9) 23(3.2) 26 (3.4) 218
Private job 5(0.7) 4(0.5) 7 (1.0) 7(0.9) 10 (1.4) 8(1.1) 41
House wife 177 (23.0) 180 (23.3) 152 (21.4) 157 (21.0) 156 (21.6) 154 (20.2) 976
Self-employed® 28 (3.6) 24 (3.1) 21 (3.0) 15 (2.0) 27 (3.7) 26 (3.4) 141
Student 277 (35.9) 314 (40.7) 296 (41.8) 277 (37.1) | 295 (40.9) 342 (44.8) 1801
Retired ex-serviceman 13(1.7) 14 (1.8) 6(0.8) 7(0.9) 6 (0.8) 10 (1.3) 56
Other 29 (3.8) 28 (3.6) 18 (2.5) 28 (3.8) 23(3.2) 15 (2.0) 141
Total 771 772 709 746 722 763 4483
Monthly income®
<35,000 41 (17.8) 53 (26.0) 73 (34.0) 49(217) | 58(29.9) 62 (36.7) 336
>%5,000& < 310,000 38 (16.5) 20(9.8) 38 (17.7) 47 (20.8) 41 (21.1) 28 (16.5) 212
>%10,000& <X15,000 51(22.2) 24 (11.8) 43 (20.0) 60 (26.6) 35 (18.0) 24 (14.2) 237
>%15,000& < 320,000 33 (14.4) 32 (15.7) 23 (10.7) 22(9.7) 7 (3.6) 9(5.3) 126
>%20,000 67 (29.1) 75 (36.8) 38 (17.7) 48(21.2) 53 (27.3) 46 (27.2) 327
Total 230 204 215 226 194 169 1238

Table 3. Sociodemographic and economic characteristics of the study population across altitudinal stratum.
m =meters above the mean sea level; Atrader or businessman; in Indian rupees.
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Fig. 6. Spatial association variation with regard to asthma prevalence. (A) Gender, (B) marital status, (C)
ethnicity, (D) age group, (E) education level, (F) occupation.

rates. Overall, traditional houses contribute the most to asthma prevalence (61.4%) (Fig. 7). The use of Bhukhari
(a traditional heating method) is strongly associated with asthma, with an overwhelming 95.1% prevalence,
highlighting its impact on respiratory health (Fig. 77).

Households with indoor kitchens report higher asthma rates: low (80.0%), middle (73.7%), and high
elevations (79.2%). In contrast, homes with outdoor kitchens show significantly lower asthma prevalence
(low: 20.0%, middle: 26.3%, high: 20.8%). These findings suggest a potential link between indoor kitchens and
increased asthma risk (Fig. 7K). Regarding low and middle elevations, the use of Chullah (a traditional cooking
stove) is linked to higher asthma rates (47.3% and 45.6%, respectively). At high elevations, where Chullah usage
is most prevalent (69.4%), asthma rates are particularly high. In contrast, stove usage, which is associated with
lower asthma prevalence, becomes more prominent at high elevations (25%), suggesting that modern cooking
methods may offer health benefits (Fig. 7L).

Asthma prevalence varies with the main source of drinking water across elevations. Higher rates are observed
among households relying on water springs: low (34.5%), middle (54.4%), and high elevations (58.3%). Our
study suggests a potential association between water source and asthma prevalence (Fig. 8M). Perceptions
of water cleanliness also impact asthma prevalence across different elevations. Higher asthma rates are seen
where more people perceive water as unclean. At low (47.3%), middle (28.1%), and high elevations (29.2%),
areas with higher perceptions of unclean water correlate with increased asthma prevalence (Fig. 8N). Asthma
prevalence shows minimal variation with household smoking across elevations. At low (58.2%), middle (56.1%),
and high elevations (55.6%) households with smoking members exhibit slightly higher asthma rates compared
to non-smoking households (Fig. 80). Asthma prevalence varies with households tobacco use across different
elevations. Higher asthma rates are observed in household where tobacco is used: low elevation (72.7%), middle
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Fig. 7. Spatial variation in asthma prevalence associated with the family and home environment. (G) Monthly
income, (H) type of family, (I) type of house, (J) heating system during winter, (K) kitchen location, and (L)
choices of cooking appliance.

elevation (56.1%), and high elevation (62.5%), compared to households without tobacco use. Overall, tobacco
use correlates with increased asthma prevalence (63.6%), underscoring its potential role in respiratory health
outcomes (Fig. 8P).

Asthma prevalence by district and ethnicity

Supplementary_File_S1 (Table 2B) presents asthma prevalence data among Gujjar and Bakarwal individuals,
categorized by district and ethnicity. Geographically, individuals living at high elevations exhibit the highest
asthma prevalence, with Rajouri showing slightly higher rates than Poonch. Ethnic differences reveal that
Gujjars consistently experience higher asthma prevalence than Bakarwals across all elevations, with the greatest
disparity observed in the middle-altitude zone.

Demographically, asthma prevalence is higher among males in both districts, with a particularly pronounced
gender gap in Rajouri. Married individuals exhibit significantly higher prevalence rates compared to singles,
divorced, and widowed individuals, with widowed individuals in Poonch showing the highest rates. Age also
plays a critical role, with individuals over 60 experiencing the highest asthma prevalence, particularly in Poonch.
The 51-60 age group also shows elevated rates, reinforcing the trend of increasing prevalence with age.

Socioeconomic factors further highlight disparities in asthma prevalence. Individuals with no formal
education are most affected, particularly in Poonch. Interestingly, in Rajouri, those with higher secondary
education show a sharp increase in prevalence, though this trend declines among individuals with postgraduate
education. Occupational patterns indicate that herdsmen experience the highest asthma prevalence, with
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smokers and tobacco users also displaying an elevated risk. Government employees and laborers report relatively
high prevalence, especially in Poonch.

Income levels similarly reflect these patterns, with individuals earning less than 35,000 per month exhibiting
the highest asthma prevalence, while those earning more than ¥10,000 show a slight reduction. Environmental
factors also play a significant role, as traditional housing is associated with higher asthma prevalence compared
to modern housing in both districts. The choice of heating system is another key factor, with traditional
Bhukhari stoves significantly contributing to asthma risk, whereas individuals using electric heaters report lower
prevalence. Additionally, kitchen location impacts asthma rates, with individuals cooking inside their homes
experiencing higher prevalence compared to those using separate kitchens.

Binary logistic regression findings

Bivariate analyses were conducted to examine the associations between altitude and each explanatory variable
in the overall sample (Supplementary_File_S1, Table 2A). Additionally, these analyses assessed the relationships
between districts, ethnicity, and each variable within the Gujjar Bakarwal population (Supplementary_File_S1,
Table 2B).

To evaluate the fit of the binary logistic regression model, we utilized two key metrics: the Hosmer-Lemeshow
test and Pseudo R* values®®. The Hosmer-Lemeshow test assesses the agreement between observed and predicted
outcomes, where a p-value greater than 0.05 generally indicates a good model fit. Our test yielded a chi-square
statistic of 1.680 with 8 degrees of freedom (p=0.989), suggesting no significant difference between observed
and predicted values, thereby confirming a strong model fit.

We further assessed model performance using Pseudo R” values (Table 4). Unlike traditional R* values
in linear regression, Pseudo R* values measure how well the logistic regression model explains variability in
the outcome. A value of 1 indicates a perfect fit, while values above 0.2 are generally considered acceptable®.
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Hosmer-Lemeshow test Model summary
Chi-square | *Df | Sig. (p-value) | — 2 log likelihood | Cox & Snell R? | Nagelkerke *R?
1.680 8 0.989 238.713* 0.539 0.822

Table 4. Model performance. Df = degree of freedom; R? values used under Pseudo R2. ?Estimation
terminated at iteration number 8 because parameter estimates changed by less than 0.001.

We employed both Cox and Snell R* and Nagelkerke R* to evaluate model performance. The Nagelkerke R?
value of 0.822 indicates that the model explains approximately 82.2% of the variability in the outcome variable,
suggesting a strong fit. While in some social sciences a Nagelkerke R* above 0.2 is typically deemed acceptable,
interpretation may vary depending on the study context (Table 4).

Asthma risk factors identified via BLRM

Table 5 presents the results of a multivariable binary logistic regression model (BLRM) examining the odds of
asthma in relation to various factors among the Gujjar Bakarwal population. Two models were used to assess
the relationship between independent variables and self-reported, physician-diagnosed asthma in the past year.
Model I provides unadjusted odds ratios (ORs), reflecting the raw associations between independent variables
and asthma. Model II adjusts for potential confounding effects, ensuring a more accurate estimation of each
variable’s independent contribution. Confounding arises when an additional variable is linked to both the
independent variable and the outcome, potentially biasing the observed associations. Model IT accounts for this
by adjusting for all variables, preventing inflation or distortion of effects. For instance, income and education
often covary, and failing to adjust for one may exaggerate the influence of the other. Similarly, altitude-related
effects may be mediated by behavioral factors such as heating methods. Adjusting for confounders thus provides
more reliable estimates, which are essential for identifying effective interventions. Among the 816 surveyed
households, 22.5% reported asthma episodes in the year preceding data collection.

Residents of Zone C had notably higher odds of asthma compared to those in Zone A (Crude Odds Ratio
[COR]: 3.54, 95% Confidence Interval [CI]: 1.79-6.98, p<0.001). However, after adjusting for other variables
in Model II, this association lost statistical significance (Adjusted Odds Ratio [AOR]: 1.43, 95% CI 0.30-6.76,
p=0.648). Confidence intervals indicate the range within which the true odds ratio likely falls, with a 95%
confidence level. Prior research suggests that regional variations in asthma prevalence may be attributed to
environmental and socioeconomic factors [43]. Conversely, residents of Zone D exhibited significantly lower
odds of asthma compared to Zone A, both before and after adjustment (COR: 0.34, 95% CI 0.19-0.63, p=0.001;
AOR: 0.10, 95% CI 0.02-0.42, p=0.002).

Married individuals had significantly lower odds of asthma compared to single individuals (AOR: 0.03,
95% CI 0.01-0.17, p<0.001), while widowed individuals similarly exhibited reduced odds. Although divorced
individuals showed lower odds, this was not statistically significant.

Individuals from extended families had significantly higher odds of asthma compared to those from nuclear
families (AOR: 8.80, 95% CI 1.77-43.61, p=0.008). This may be due to increased exposure to environmental and
behavioral risk factors in larger households. Previous studies suggest that greater household size is associated
with elevated asthma risk due to higher exposure to indoor pollutants®.

Individuals aged 31-40 years had a markedly higher likelihood of developing asthma compared to the
reference group (0-10 years) (AOR: 93.36, 95% CI 7.31-1192.77, p <0.001). Similarly, participants aged 21-30
years also had significantly higher odds (AOR: 12.32, 95% CI 1.08-140.64, p=0.043). Although the 41-50 and
61 +age groups also exhibited increased odds, these associations were not statistically significant. The 11-20 and
51-60 age groups showed no significant association with asthma after adjustment. These variations may reflect
differing levels of exposure to risk factors and age-specific vulnerabilities, aligning with studies that highlight
distinct asthma risk factors across different life stages*®.

Also, individuals with no formal education were more likely to develop asthma compared to those with
secondary education or higher. Employment status also influenced asthma risk; individuals in government jobs
and farming had significantly lower odds compared to unemployed individuals. A clear trend of decreasing
asthma risk was observed with increasing income levels, with those earning more than 20,000 per month
experiencing significantly lower risk compared to those earning less than ¥5,000. These findings suggest that
higher education and economic stability contribute to better healthcare access and healthier living conditions,
aligning with research on the impact of socioeconomic status on asthma risk*.

Living in a modern house was associated with lower asthma prevalence compared to traditional houses.
Similarly, the use of an electric heater instead of the traditional Bhukhari (a wood-burning stove) was linked
to a decreased asthma risk. Households with kitchens separate from the main living space had lower asthma
prevalence compared to those where kitchens were located indoors.

Despite being a traditional water source, natural spring water was associated with lower asthma risk compared
to piped water, hand pumps, or surface water. This may be due to lower contamination levels in natural springs,
whereas piped systems and surface water sources are more susceptible to microbial and seasonal pollution. These
findings suggest that both modern infrastructure and access to clean water—whether traditional or modern - are
essential for reducing asthma risk, aligning with evidence linking environmental hygiene to respiratory health™.

Both cigarette smoking and broader tobacco consumption (including bidi and hookah) were strongly linked
to increased asthma risk compared to non-smokers and non-tobacco users, reinforcing existing research that
identifies tobacco as a major risk factor for asthma®'.
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CORA (95% CI) AORE (95% CI)
Variable Asthma no. (%) | Model I p-value | Model IT p-value
Geography
Elevation
Zone A (560-1358 m) 31(16.8) 1 1
Zone B (1359-2188 m) 24 (13.0) 0.30 (0.16-0.55) | <0.0001 | 0.32 (0.08-1.27) 0.105
Zone C (2189-4713m) | 36 (19.6) 3.54 (1.79-6.98) | <0.0001 | 1.43 (0.30-6.76) 0.648
Zone D (314-736 m) 23 (12.5) 0.34 (0.19-0.63) | 0.001 0.10 (0.02-0.42) 0.002*
Zone E (737-1142 m) 32(17.4) 0.34 (0.19-0.60) | <0.0001 | 0.33 (0.09-1.18) 0.088
Zone F (1143-4627 m) | 38 (20.7) 3.57 (1.83-6.98) | <0.0001 | 4.31 (0.90-20.55) 0.067
Demographic
Ethnicity
Gujjar 122 (66.3) 1 - -
Bakarwal 62 (33.7) 0.54 (0.38-0.76) | <0.0001 | — -
Gender
Male 103 (56.0) 1 - -
Female 81 (44.0) 3.50 (2.46-4.98) | <0.0001 | — -
Marital status
Single 34 (18.5) 1 1
Married 132 (71.7) 0.09 (0.05-0.17) | <0.0001 | 0.03 (0.01-0.17) <0.0001*
Divorced 4(22) 0.10 (0.03-0.36) | <0.0001 | 0.00 (0.00-1.23) 0.058
Widowed 14 (7.6) 0.14 (0.06-0.35) | <0.0001 | 0.03 (0.00-0.33) 0.003*
Type of family
Nuclear 65 (35.3) 1 1
Joint 102 (55.4) 1.86 (1.31-2.64) | <0.0001 | 2.05 (0.92-4.53) 0.078
Extended 17 (9.2) 3.60 (1.83-7.07) | <0.0001 | 8.80 (1.77-43.61) 0.008*
Age group (years)
Age 0 &<10 10 (5.4) 1 1
Age>11&<20 4(2.2) 0.11 (0.03-0.37) | <0.0001 | 0.11 (0.01-1.61) 0.106
Age>21 &<30 32(17.4) 3.64 (1.46-9.06) | 0.006 12.32 (1.08-140.64) | 0.043*
Age>31&<40 30 (16.3) 3.13 (1.26-7.75) |0.014 93.36 (7.31-1192.77) | <0.0001*
Age>41&<50 40 (21.7) 0.48 (0.21-1.07) | 0.072 2.23(0.23-22.09) 0.493
Age>51& <60 22 (12.0) 0.25(0.11-0.58) | 0.001 0.58 (0.06-5.80) 0.640
Age>61 46 (25.0) 3.11 (1.33-7.28) | 0.009 8.39 (0.75-93.56) 0.084
Socio-economy
Educational level
No formal education 5 (46.2) 1 1
Primary 7 (14.7) 0.39 (0.23-0.66) | <0.0001 | 0.25 (0.08-0.73) 0.012*
Secondary 27 (14.7) 0.20 (0.12-0.32) | <0.0001 | 0.07 (0.02-0.23) <0.0001*
Higher secondary 5(13.6) 0.26 (0.15-0.43) | <0.0001 | 0.04 (0.01-0.15) <0.0001*
Graduate 18 (9.8) 0.20 (0.11-0.36) | <0.0001 | 0.04 (0.01-0.15) <0.0001*
Post graduate 2(1.1) 0.06 (0.01-0.25) | <0.0001 | 0.10 (0.01-1.36) 0.084
Occupation
Not eligible 17 (9.2) 1 1
Unemployed 2(1.1) 0.01 (0.00-0.03) | <0.0001 | 0.00 (0.00-0.13) 0.002*
Govt. employed 12 (6.5) 0.02 (0.00-0.06) | <0.0001 | 0.00 (0.00-0.07) 0.000*
Herdsman 40 (21.7) 1.76 (0.36-8.75) | 0.487 2.10 (0.10-44.61) 0.634
Labour/daily wager 5(8.2) 0.02 (0.00-0.07) | <0.000 | 0.00 (0.00-0.07) <0.0001*
Farmer 6(8.7) 0.02 (0.01-0.09) | <0.0001 | 0.01 (0.00-0.21) 0.003*
House Wife 22 (12.0) 0.10 (0.03-0.40) | 0.001 0.03 (0.00-0.64) 0.024*
Self-employed 8(4.3) 0.02 (0.01-0.09) | <0.0001 | 0.01 (0.00-0.12) 0.001*
Student 40 (21.7) 0.42 (0.11-1.61) | 0.203 0.37 (0.02-7.23) 0.516
Retired ex-serviceman 12 (6.5) 0.05 (0.01-0.20) | <0.0001 | 0.05 (0.00-0.87) 0.040*
Monthly Income
<%5,000 57 (31.0) 1 1
>%5,000 & <10,000 29 (15.8) 2.98 (1.77-5.04) | <0.0001 | 2.44 (0.74-8.10) 0.144
>%10,000 &<315,000 41 (22.3) 2.26 (1.44-3.56) | <0.0001 | 1.57 (0.49-4.96) 0.446
Continued
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CORA (95% CI) AORE (95% CI)

Variable Asthma no. (%) | Model I p-value | Model IT p-value
>%15,000 &<20,000 14 (7.6) 3.60 (1.76-7.37) | <0.0001 | 9.99 (2.15-46.42) 0.003*
>%20,000 43 (23.4) 3.16 (1.99-5.02) | <0.0001 | 3.58 (1.18-10.93) 0.025*

Environmental

Type of house
Traditional house 113 (61.4) 1 1
Modern house 46 (25.0) 0.49 (0.33-0.73) | <0.0001 | 0.21 (0.09-0.51) 0.001*
Both (mixed) 18 (9.8) 0.37 (0.22-0.65) | <0.0001 | 0.11 (0.03-0.46) 0.002*
Nomadic house 7(3.8) 0.23 (0.10-0.52) | <0.0001 | 0.19 (0.04-1.02) 0.053*

Heating system during winter
Bhukhari (wooden) 175 (95.1) 1 1
Electric heater 9(4.9) 0.28 (0.14-0.57) | <0.0001 | 0.12 (0.02-0.76) 0.025*

Kitchen location
Inside the house 143 (77.7) 1 1
Separate from the house | 41 (22.3) 0.50 (0.34-0.73) | <0.0001 | 0.32 (0.13-0.78) 0.012*

Cooking appliance choices
Chulha 102 (55.4) 1 1
Stove 7(3.8) 0.23 (0.10-0.52) | <0.0001 | 0.02 (0.00-0.10) 0.000*
Both (chulha & stove) 75 (40.8) 0.54 (0.38-0.75) | <0.0001 | 1.41 (0.64-3.06) 0.392

Source of drinking water
Water spring 92 (50.0) 1 1
Water supply 41 (22.3) 2.24 (1.45-3.45) | <0.0001 | 6.58 (2.35-18.46 <0.0001*
Surface water (tank/river) | 16 (8.7) 3.70 (1.86-7.37) | <0.0001 | 9.02 (2.11-38.66) 0.003*
Hand pump 35 (19.0) 2.27 (1.43-3.59) | <0.0001 | 3.96 (1.32-11.91) 0.014*

Purity of drinking water
Yes 121 (65.8) 1 - -

No 63 (34.2) 2.05(1.43-2.94) | <0.0001 | - -

Behavioral

Smoking®
No 80 (43.5) 1 1
Yes 104 (56.5) 1.45 (1.39-2.76) | <0.0001 | 1.67 (1.15-2.72) 0.005*

Tobacco chewing
No 67 (36.4) 1 1

117 (63.6) 1.46 (1.38-2.75) | <0.0001 | 1.59 (1.20-2.87) 0.021*

Table 5. Multivariate binary logistic regression analysis of risk factors for asthma. “crude odds ratio; Badjusted
odds ratio; Ccigarettes/bedi/hukka; m = meters above the mean sea level. *Significance levels p <0.05; The value
“1” in the COR and AOR columns represents the reference category. Source: Primary field survey, 2023.

In Model II, after adjusting for all independent variables, the associations between ethnicity, gender, and
drinking water cleanliness were no longer statistically significant. The overall analysis highlights that asthma
prevalence among the Gujjar Bakarwal population is shaped by a combination of demographic, socioeconomic,
environmental, and behavioral factors. Notably, socioeconomic conditions (education and income), housing
characteristics, and water sources emerged as the most critical determinants of asthma risk. These findings
underscore the broader role of social determinants in respiratory health and suggest that interventions
targeting socioeconomic disparities and environmental conditions could be instrumental in reducing asthma
prevalence?’~2,

Spatial probability of asthma occurrence
We utilized the odds ratio (OR) values of potential determinants to identify spatial risk factors for asthma.
Equation (2) was applied to estimate the probability (pi) at each village, as illustrated in Fig. 9. This figure
depicts the local epidemic risk levels across different zones in the Poonch and Rajouri districts. A reference
threshold of p=0.5 was established based on the segmentation criteria in the Binary Logistic Regression Model
(BLRM) to determine the likelihood of asthma occurrence in each area. Here, a p-value exceeding 0.5 signifies
an elevated asthma risk due to the combined effects of various risk factors, with higher values indicating greater
vulnerability within the study area. Conversely, a p-value below 0.5 suggests a lower risk, indicating a relatively
safer environment regarding asthma prevalence.

The results indicate that the highest asthma risk areas within Poonch and Rajouri districts are primarily
concentrated in high-altitude regions (1,143-4,627 m) on the eastern side. In contrast, lower-altitude areas
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Fig. 9. Spatial distribution of the probability of asthma occurrence in Rajouri and Poonch districts.

0.00-0.10 Extremely low | 69.5
0.11-0.17 Very low 49
0.18-0.30 Low 5.5
0.31-0.49 Medium 6.1
0.50-0.95 High 13.8

Table 6. Classification of asthma occurrence.

(560-1,358 m) on the western side of the districts exhibit comparatively lower asthma risk. Mid-altitude areas
(1,359-2,188 m) display moderate asthma prevalence, highlighting a clear correlation between elevation and
asthma risk distribution. This altitude-related pattern may be influenced by environmental factors such as air
quality, temperature variations, and healthcare accessibility, which differ with elevation.

To assess asthma risk, the probability map was reclassified into five risk zones—extremely low, very low,
low, medium, and high—using the Natural Breaks method combined with Inverse Distance Weighting (IDW)
interpolation (Table 6). Approximately 69.5% of the study area falls into the extremely low-risk category, while
the very low, low, and medium probability zones account for 4.9%, 5.5%, and 6.1% of the area, respectively. The
high-risk zone covers 13.8% of the study area, validating the effectiveness of the classification approach used in
the probability map. In total, these zones span an area of 4,304 km?.

The performance of the BLRM was assessed using a confusion matrix. In this evaluation, the model accurately
classified 632 individuals without asthma and 184 individuals as having asthma. Specifically, the model correctly
identified 77.6% of non-asthmatic individuals and 22.6% of asthmatic individuals.

Overall, the BLRM achieved a 94.2% accuracy rate indicating that the model correctly classified almost all
cases. Additionally, the Kappa index, an important measure of model reliability, indicated 83.2% agreement
beyond what would be expected by chance alone®. Thus, two performance metrics suggest that the model
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Asthma
Predicted
Observed 0 1 Total | Correct outcome (%)
0 614 | 18 | 632 77.45

Actual®

—_

29 | 155 | 184 22.55
Total | 643 | 173 | 816

Table 7. Prediction of disease presence by confusion matrix of the binary logistic regression results. ARefers to
the true presence of TD.

performs well in predicting asthma status (see Table 7). The high accuracy rate supports its overall effectiveness,
while the robust Kappa index highlights that the model’s predictions are not merely coincidental.

Discussion

Our investigation into asthma prevalence among the Gujjar Bakarwal tribe in the high-altitude Himalayas reveals
a significant public health concern, with a self-reported asthma prevalence of 22.5% over the past year. This study
highlights the complex interplay of environmental, socioeconomic, and behavioral factors contributing to the
elevated asthma risk in this population. Notably, asthma prevalence is higher among males (56.0%) than females
(44.0%), suggesting that both biological and social determinants are at play. Additionally, significant variations
in asthma prevalence across altitudinal zones emphasize the role of environmental factors such as air quality,
allergens, and altitude-related respiratory stress.

Socioeconomic disparities, particularly income levels, further influence the asthma burden in this community.
Lower-income households face an increased risk due to limited access to healthcare, medications, and preventive
measures, compounded by poor housing conditions, including inadequate ventilation, mold, and indoor smoke
from traditional heating methods like the Bhukhari. Economic constraints also correlate with higher exposure
to occupational hazards, such as livestock herding and firewood collection, as well as lower health literacy, all
of which impair effective asthma management'”!. These findings align with global evidence linking poverty to
increased respiratory morbidity.

However, our study also indicates a higher asthma prevalence in higher-income households, which may
be attributed to shifting lifestyles within the Gujjar Bakarwal community. Increased government employment
and settlement in urban or semi-urban areas may contribute to changing dietary patterns, greater exposure
to pollution, and indoor allergens from processed foods, vehicular emissions, and modern housing materials.
Additionally, better healthcare access in higher-income groups may result in higher diagnosis rates, reflecting
surveillance bias rather than a true increase in disease burden. These evolving socioeconomic and occupational
transitions warrant further investigation to better understand the association between income and asthma risk.

Our findings align with global studies reporting a higher asthma prevalence among males, often linked to
behavioral differences such as higher smoking rates and greater exposure to outdoor work environments®!,
The cold, dry air at higher altitudes, combined with increased exposure to allergens, supports previous research
linking altitude to worsened respiratory health!®>*. Cultural practices among the Gujjar Bakarwal, including
tobacco use and outdoor occupations, may further exacerbate this gender disparity, emphasizing the need for
gender-specific public health interventions.

Living in joint family settings was also associated with higher asthma prevalence (AOR: 8.80, 95% CI
1.77-43.61, p=0.008), suggesting that overcrowding and exposure to indoor air pollutants, such as smoke from
traditional heating methods like the Bhukhari and Chullah, are significant contributors. Many homes in these
communities lack proper ventilation, intensifying exposure to respiratory irritants such as particulate matter and
smoke. Studies have shown that overcrowded households with poor ventilation are linked to higher asthma rates,
particularly in rural and semi-nomadic populations?’. For the Gujjar Bakarwal, temporary housing structures
with inadequate ventilation likely increase respiratory risks due to prolonged exposure to indoor pollutants.
Addressing these factors through public health strategies, such as promoting improved ventilation and better
housing designs, could help reduce asthma prevalence.

The use of surface water as a primary drinking source was also associated with higher asthma rates, potentially
due to contaminants or pollutants in untreated water sources, as noted in other studies on respiratory health
in rural and semi-nomadic communities®. Specific pollutants, such as heavy metals (e.g., lead and arsenic),
biological contaminants (e.g., bacteria and viruses), and industrial runoff, have been detected in the region’s
water sources and are known to exacerbate respiratory conditions. Exposure to these pollutants through
drinking water may worsen asthma symptoms, particularly in vulnerable populations like the Gujjar Bakarwal.
This finding is consistent with emerging evidence on water quality’s systemic health impacts. For example,
arsenic contamination in groundwater has been linked to systemic inflammation and respiratory dysfunction in
Bangladesh**while microbial pathogens in untreated water can exacerbate airway hyperreactivity’’. Kumar and
Ram (2017) similarly reported a 1.7-fold higher asthma risk among Indian households relying on hand pumps,
likely due to agricultural runoff contaminating groundwater>. Additionally, damp conditions from storing
untreated water in poorly ventilated homes may promote mold growth, a known asthma trigger®®. Given the
presence of industrial and agricultural pollution in surface water sources in our study area, strengthening water
quality management and ensuring access to clean drinking water could help mitigate respiratory health risks.

The semi-nomadic lifestyle of the Gujjar Bakarwal also plays a crucial role in asthma risk, as seasonal
migrations between low and high altitudes expose individuals to varying environmental conditions that
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influence respiratory health. During winter migrations to lower altitudes, households experience prolonged
indoor exposure to Bhukhari smoke in poorly ventilated dwellings, supporting our findings on heating-related
risks. Conversely, summer migrations to high-altitude pastures may reduce exposure to particulate matter but
introduce cold-air triggers, aligning with our observed altitude-related risk patterns and established associations
between cold, dry air and bronchoconstriction®. The transition between different altitudes, along with
fluctuating exposure to allergens and pollution, likely exacerbates respiratory issues. Similar studies on high-
altitude populations have demonstrated that migration patterns influence respiratory health due to changes in
air quality and temperature?’.

Limitations and future directions

This study has certain limitations. A primary limitation is the lack of clinical verification for asthma diagnoses,
which may affect the accuracy of reported prevalence. The reliance on self-reported, physician-diagnosed
asthma may also lead to underreporting, as undiagnosed cases were excluded - a concern particularly relevant
in resource-limited settings with restricted healthcare access. Additionally, the cross-sectional design limits
the ability to establish causal relationships between asthma and its associated factors. Future research using
longitudinal designs would provide deeper insights into the temporal links between environmental exposures
and asthma onset or progression.

Another limitation is the study’s limited examination of seasonal migration patterns and their impact on
asthma symptoms. Understanding whether lower-altitude environments during specific seasons offer any
protective effects requires further investigation. Additionally, genetic predispositions to asthma within this
population remain underexplored. Future studies should assess hereditary factors to gain a more comprehensive
understanding of respiratory health risks among the Gujjar Bakarwal.

Among the factors influencing asthma risk, the most significant modifiable predictors were the use of
traditional wood-burning Bhukhari stoves and reliance on contaminated water sources. While extended family
structures and age-related vulnerabilities were also strongly associated with asthma, these are less amenable to
immediate intervention due to cultural and biological constraints. Given resource limitations, policymakers
should prioritize replacing Bhukhari stoves with electric heaters and improving access to clean water—such
as natural springs or treated piped systems—to achieve the most substantial reductions in asthma prevalence.
Notably, Bhukhari stoves are used in 95.1% of households, exposing residents to persistent respiratory irritants.
Likewise, households relying on surface water or hand pumps face a 3.7-9.0-fold higher asthma risk compared to
those using spring water. These findings emphasize the importance of modern infrastructure, such as improved
housing and heating systems, in mitigating asthma risk.

Additionally, while indoor air pollution proxies, -such as Bhukhari use - were assessed, direct measurements
of air pollutants (e.g., PM2.5, CO) were not conducted. This limitation restricts our ability to quantify exposure
levels and establish dose-response relationships, a common gap in asthma research in similar settings.

Finally, the study’s findings should be interpreted with caution due to the wide confidence intervals observed
in the adjusted odds ratios (AORs) for asthma in the 21-30 and 31-40 age groups, likely due to small subgroup
sample sizes. Further research with larger sample sizes is necessary to confirm these associations and improve
the robustness of the findings.

Public health recommendations

To address the health challenges faced by this community, public health interventions must be both culturally
sensitive and feasible. The promotion of cleaner cooking and heating technologies, such as portable, low-
emission stoves, could significantly reduce indoor air pollution. Given the nomadic lifestyle of the Gujjar
Bakarwal, mobile health units that provide seasonal care, particularly respiratory health services, could bridge
gaps in healthcare access. Furthermore, public health campaigns focused on reducing tobacco use, improving
sanitation of water sources, and educating the community about the risks associated with traditional heating
methods should be prioritized.

Conclusion

This study reveals a significant burden of asthma among the Gujjar Bakarwal tribe in the high-altitude
regions of Rajouri and Poonch districts. We identified a complex interplay of demographic, socio-economic,
environmental, and behavioral factors influencing asthma prevalence. Our findings align with previous research
in different populations regarding factors such as age and smoking, but also highlight unique aspects related
to altitude. Significant correlations were found with altitude, demographic traits, socio-economic status,
environmental conditions, and health behaviors. Gender disparities, age, indoor air quality, housing conditions,
and socio-economic factors emerged as key predictors of asthma. These results underscore the need for targeted
public health interventions addressing these factors. To optimize public health impact, decision-makers should
prioritize two key interventions: (1) transitioning households from Bhukhari stoves to electric heating systems
to reduce indoor air pollution, and (2) expanding access to clean water sources (e.g., spring water protection or
water treatment programs). These measures address the most dominant and modifiable risk factors identified in
this study, offering a pragmatic pathway to reduce asthma burden in this vulnerable population. Future research
should further investigate the specific effects of altitude versus other environmental factors on asthma risk to
develop effective, evidence-based strategies for asthma management in similar settings.
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Data availability

All data generated or analysed during this study are included in this published article and its supplementary in-
formation files: Supplementary_File_S1. Additional supplementary files (Supplementary_File_S2, Supplemen-
tary_File_S3, and Supplementary_File_S4) have been providing to the editor and reviewers for the purpose of
review.
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