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Abstract: Prior studies suggest brick workers in Nepal may be chronically exposed to hazardous
levels of fine particulate matter (PM2.5) from ambient, occupational, and household sources. However,
findings from these studies were based on stationary monitoring data, and thus may not reflect a
worker’s individual exposures. In this study, we used RTI International’s MicroPEMs to collect
24 h PM2.5 personal breathing zone (PBZ) samples among brick workers (n = 48) to estimate daily
exposures from ambient, occupational, and household air pollution sources. Participants were
sampled from five job categories at one kiln. The geometric mean (GM) PM2.5 exposure across
all participants was 116 µg/m3 (95% confidence interval [CI]: 94.03, 143.42). Job category was
significantly (p < 0.001) associated with PBZ PM2.5 concentrations. There were significant pairwise
differences in geometric mean (GM) PBZ PM2.5 concentrations among workers in administration (GM:
47.92, 95% CI: 29.81, 77.03 µg/m3) vs. firemen (GM: 163.46, 95 CI: 108.36, 246.58 µg/m3, p = 0.003),
administration vs. green brick hand molder (GM: 163.35, 95% CI: 122.15, 218.46 µg/m3, p < 0.001),
administration vs. top loader (GM: 158.94, 95% CI: 102.42, 246.66 µg/m3, p = 0.005), firemen vs.
green brick machine molder (GM: 73.18, 95% CI: 51.54, 103.90 µg/m3, p = 0.03), and green brick hand
molder vs. green brick machine molder (p = 0.008). Temporal exposure trends suggested workers had
chronic exposure to hazardous levels of PM2.5 with little to no recovery period during non-working
hours. Multi-faceted interventions should focus on the control of ambient and household air pollution
and tailored job-specific exposure controls.

Keywords: brick worker; fine particulate matter; PM2.5; household air pollution; ambient air pollution;
Kathmandu Valley; Nepal; occupational exposure; exposure assessment

1. Introduction

Brick manufacturing is a major industry in the Kathmandu Valley, Nepal, which
consists of the districts of Bhaktapur, Lalitpur, and Kathmandu. More than 120 of Nepal’s
approximately 1700 brick kilns operate in the valley and employ more than 30,000 workers
annually [1–3]. Most of the brick manufacturing process in the Kathmandu Valley occurs
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outdoors where workers are exposed to high levels of ambient fine particulate matter
(PM2.5) that originates from fugitive dust, vehicle exhaust, burning of biomass, trash and
coal, and regional pollutant transport (Figure 1) [4–7]. Studies also provide evidence that
there may be a potentially significant occupational component to brick workers’ daily
PM2.5 exposures [8,9]. However, these studies are based on stationary sampling methods
that may not accurately reflect workers’ true exposures. In addition to contributions from
ambient and occupational PM2.5, brick workers likely experience exposure to high levels of
household air pollution during non-working hours. It is customary for brick workers to
live in poorly constructed housing at or near the brick factory, and to cook indoors with
open wood fires or with liquefied petroleum gas (LPG) cookstoves [10–12]. One prior study
showed indoor PM2.5 levels in brick workers’ homes were significantly higher than outdoor
levels, and in some cases exceeded 500 µg/m3 depending on the type of cooking fuel used
in the home [10,11]. Brick workers in the Kathmandu Valley may be chronically exposed to
high levels of PM2.5 during work with no recovery period during non-working hours.
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Currently, inhalation of PM2.5 is thought to be the most significant environmental
health issue globally [13]. Ambient PM2.5 exposure is responsible for more than four million
deaths and more than 100 million disability-adjusted life years (DALYs) annually, with
ischemic heart disease, chronic obstructive pulmonary disease (COPD), lung cancer, stroke,
and lower respiratory infections being the primary contributors [14–17]. Studies show
brick workers around the globe suffer from high rates of respiratory symptoms that, in
addition to inhalation of brick dust, may be explained by PM2.5 exposure. These symptoms
include cough, shortness of breath, wheezing, chronic phlegm, and symptoms consistent
with a diagnosis of chronic obstructive pulmonary disease (COPD) [18–20]. In Nepal, one
prior study documented the significantly higher self-reported prevalence of respiratory
symptoms among brick workers compared to a control group of grocery workers in the
same community [21]. These health effects warrant investigation of brick workers’ over-
all daily inhaled PM2.5 burden from all sources, including ambient, occupational, and
household exposures.
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Limitations in our current knowledge of Nepalese brick workers’ PM2.5 exposures
include (1) prior studies of both ambient and household air pollution relying on data
from stationary monitors, and (2) job-specific exposure data are generally not available.
Ambient pollution levels are influenced by several factors, including location, type, and
density of pollution sources, geography, and weather patterns [22,23]. Similarly, household
air pollution levels measured with stationary monitors do not necessarily show a home
occupant’s overall exposure because individuals are not likely to stay indoors and close to
the monitor and/or pollution source(s) during the entire data collection period. Thus, a
major disadvantage of stationary monitoring is that it does not account for the movement
of people in and out of high-pollution areas during the sampling period. Several studies
show low correlations between stationary monitors and personal breathing zone (PBZ)
exposures [24–26]. Understanding brick workers’ total PM2.5 exposure is complicated
because workers are mobile, and there are multiple local contributing sources, including
smoke from the brick kiln and its chimney, ambient air pollution, brick dust, and household
air pollution. The lack of data on job-specific exposures during brick manufacturing further
obfuscates a clear understanding of workers’ daily inhaled PM2.5 burden.

Some limitations of stationary monitoring can be overcome by collecting PBZ sam-
ples, although this strategy is labor intensive. The recent development of miniaturized,
wearable devices, such as the MicroPEM (RTI International, Research Triangle Park, NC,
USA) allows for PBZ sampling of environmental PM2.5 aerosols using both filter-based
(gravimetric) and nephelometer-based (real-time, data logged) readings. PBZ sampling
provides an innovative method for understanding how aerosol concentrations fluctuate
based on location and time as workers move through microenvironments. In the case of
brick workers, wearable monitors may be used to capture the triadic (ambient, household,
and occupational) nature of their daily PM2.5 exposures more accurately than stationary
monitors. The purpose of this study, therefore, was to monitor workers’ 24 h PM2.5 expo-
sures across job categories and during work and non-work activities using PBZ sampling.
A clearer understanding of brick workers’ daily PM2.5 exposures may be useful for the
development of future intervention strategies to limit workers’ exposures and ultimately
improve their lung health.

2. Materials and Methods
2.1. Study Design

In this cross-sectional, observational study, we evaluated breathing zone PM2.5, tem-
perature (◦C), and relative humidity (%) exposures among adult brick workers (n = 48)
from five job categories at one brick factory. The brick factory, located in Bhaktapur, Nepal,
was categorized as an induced-draught zigzag kiln (IDZK). All samples were collected
during a seven-day period from 13 to 20 March 2023. Participants were selected based
on convenience sampling. Written informed consent was given by all participants prior
to data collection by using native-language translations and having bilingual interpreters
on site to answer participant questions. In most cases, wearable sampling instruments
were placed on workers in the morning (before noon) and collected approximately 24 h
later. Participants also completed a questionnaire about demographics, lifestyle, health,
and work history that was modified for use in this study [27]. The questionnaire was
modified specifically by adding nine questions related to pregnancy complications (data
not reported here). Participants completed a second questionnaire about the characteristics
of their homes that were modified to improve clarity [10]. The five job categories that
were included in this study were administration (management and office personnel), green
brick hand molders (workers who formed green bricks using hand molds), green brick
machine molders (workers who ran brick molding machinery and workers who moved
bricks formed by machinery), firemen (workers who added coal to bricks during the firing
process), and top loaders (workers who removed soil from the top of the brick kiln after the
firing process). This study was reviewed and approved by the Brigham Young University
(BYU) Institutional Review Board (IRB) and by the Nepal Health Research Council (NHRC).
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2.2. Personal Breathing Zone Monitoring

The RTI MicroPEMs V3.2A were used to collect PBZ PM2.5, temperature, and relative
humidity samples. The MicroPEM offers the capability of both gravimetric sampling, which
utilizes filters, and real-time data collection, which uses light-scattering technology from
an onboard 780 nm infrared laser. PBZ samples were collected by placing the MicroPEM
in a mesh pocket sewn to a reflective running vest worn by the worker. The vest and
pocket were both 100% polyester. The vest pocket was zip-tied in place to prevent blockage
of the MicroPEM inlet during sampling (Figure 2). Participants were instructed to wear
the sampling vest for the entire 24 h period except while sleeping, when they were asked
to place the vest and the attached MicroPem next to them. Study personnel checked
on participants periodically during daytime hours to verify that they were wearing the
sampling vest/MicroPEM as instructed.
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2.3. MicroPEM Preparation

MicroPEMs were prepared according to RTI standard operating procedures [28].
Before sampling, all previously stored data was deleted from the MicroPEMs. MicroPEMs
were fitted with a two-stage mini-impactor assembly with a first-stage cut point at 4.0 µm
and a final-stage cut point at 2.5 µm. The mini-impactor assemblies were oiled prior
to sample collection by RTI International personnel. A new, pre-weighed 3.0 µm PTFE
25 mm filter (Zefon International, Ocala, FL, USA) was placed in the filter cassette before
sampling, and the filter cassette was placed in the MicroPEM. Instrument date/time,
nephelometer offset, and pump flow rate were set in the field on each instrument using
Docking Station software version 2.0 (RTI International, Research Triangle Park, NC, USA).
The nephelometer offset was adjusted to zero while HEPA-filtered air was being drawn
through the instrument. A TSI model 4140 flow meter (TSI, Shoreview, MN, USA) was
used to calibrate the MicroPEM flow rate to 0.5 L per minute.
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2.4. Filter Preparation and Handling

Both pre- and post-collection filter weighing occurred in a temperature and humidity-
controlled laboratory room on the campus of Brigham Young University in Provo, Utah,
USA. Before weighing, filters were conditioned for 24 h by placing a filter in an SKC filter
keeper (SKC, Inc., Eighty Four, PA, USA). Filter keepers were loosely closed to prevent dust
from falling onto the filters while allowing laboratory air to circulate inside the filter keeper.
This was accomplished by fastening the clamshell filter keeper together with a binder clip,
but not snapping the circular ring together, which would have prevented the enclosed
filters from equilibrating to laboratory temperature and relative humidity. Temperature
was maintained by the building’s heating, ventilation, and air conditioning system. Hu-
midity in the weighing room was maintained using a humidifier filled with deionized
water. Temperature and humidity were measured during pre- and post-filter conditioning
periods using an Extech SD500 datalogger (Extech Instruments, Nashua, NH, USA). Mean
temperature and relative humidity during pre-conditioning were 21.75 ◦C (SD = 1.77 ◦C)
and 29.73% (SD = 7.61%), respectively. Mean temperature and relative humidity during
post-conditioning were 21.20 ◦C (SD = 1.21 ◦C) and 27.74% (SD = 9.96%), respectively.
All weighing was completed using a Mettler Toledo (Mettler Toledo, Columbus, OH,
USA) model XP2U microbalance. When handling the filters, we used Teflon-coated tweez-
ers (Mettler Toledo Columbus, OH, USA). Additionally, a Haug (Haug North America,
Williamsville, NY, USA) U-bar deionizer was employed to eliminate static electricity from
each filter prior to weighing. Each filter was weighed three times and the mean of these
measurements was recorded as the filter pre-weight. This same procedure was used
to post weigh the filters after our return from Nepal. Filters were stored in SKC filter
keepers when not in use. Filter keepers were snapped closed after filter conditioning to
prevent contamination.

2.5. Statistical Analyses

We performed all data management and statistical analysis with SAS version 9.4
(SAS Institute, Inc., Cary, NC, USA). When we reviewed the MicroPEM nephelometer
data, we discovered some negative readings for some participants, which may indicate the
nephelometer laser had drifted (perhaps because of temperature changes or the MicroPEM
was dropped) or the optics needed to be cleaned. Therefore, we corrected the drift/negative
values to match the overall patterns in the nephelometer data for these participants. We
then corrected the nephelometer data for all participants using the gravimetric results as
explained previously [11,28].

We calculated summary statistics including frequencies, percentages, arithmetic means
(AM), standard deviations (SD), minimums, first quartiles, medians, third quartiles, maxi-
mums, geometric means (GM), and 95% confidence intervals (CI) for demographic, job, and
housing characteristics and PBZ PM2.5 concentrations, temperature, and relative humidity.
The distributions of PBZ PM2.5 concentrations and temperature were right skewed, so we
used intercept-only linear regression models of the natural logarithm transformed values
to calculate the overall GM and 95% CI. We used intercept-only linear regression models of
the original values to calculate the overall AM and 95% CI for PBZ relative humidity.

We calculated the Akaike Information Criterion (AIC) for several versions (e.g., linear;
linear and quadratic; linear, quadratic, and cubic; categorical; restricted quadratic regression
splines) of the continuous job and housing characteristics and used the versions with the
lowest AIC for subsequent analyses [29,30]. We used separate simple (i.e., unadjusted)
linear regression models of the natural logarithm transformed values to calculate GM or
geometric mean ratios (GMR), 95% CI, and p-values for associations between individual
job and housing characteristics and PBZ PM2.5 concentrations and temperature. We used
separate simple (i.e., unadjusted) linear regression models of the original values to calculate
AM or change in AM, 95% CI, and p-values for associations between individual job and
housing characteristics and PBZ relative humidity. We scaled calculated GMR or change
in AM and 95% CI to interquartile range (IQR) increases in continuous job or housing
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characteristics to make them easier to interpret. For job and housing characteristics that
had three or more categories and p-values for associations with PBZ PM2.5 concentrations,
temperature, or relative humidity less than a significance level of α = 0.05, we conducted
pairwise comparisons of GM or AM for each category and used the Tukey–Kramer method
to adjust for multiple comparisons.

We thought job category might be a potential confounder of associations between
other job and housing characteristics and PBZ PM2.5 concentrations, temperature, and
relative humidity, so we used separate multivariable linear regression models of the natural
logarithm transformed values to calculate p-values for associations between individual
job and housing characteristics and PBZ PM2.5 concentrations and temperature adjusted
for job category. We also used separate multivariable linear regression models of the
original values to calculate p-values for associations between individual job and housing
characteristics and PBZ relative humidity adjusted for job category.

We conducted two sensitivity analyses. First, we repeated analyses for PBZ PM2.5
concentrations after excluding data for one participant because we had dropped the Mi-
croPEM filter on a concrete floor at the end of data collection and were worried the sample
might have been contaminated (i.e., we were worried the PBZ PM2.5 concentration was
too high). Second, we repeated analyses for PBZ temperature after excluding data for one
participant because there was an approximately 3.5 h increase in temperature that did not
seem realistic (i.e., the temperature reached almost 260 ◦C during the 3.5 h increase).

We used line graphs to investigate temporal trends in five-minute moving averages of
AM PBZ PM2.5 concentrations, temperature, and relative humidity by job category (i.e., we
averaged PBZ PM2.5 concentrations, temperature, and relative humidity across workers in
each category and then calculated five-minute moving averages of the AMs).

3. Results

For the 48 workers for which we obtained PBZ air samples, the median age was 28.42
(IQR: 11.37) years, 48% were male, and 74% had completed elementary school (grades
1–8) or less (Table 1). The workers worked in the following job categories: administration
(13%), firemen (17%), green brick hand molder (33%), green brick machine molder (23%),
and top loader (15%; Table 2). The AM internal house area was 10.75 (SD: 4.66) m2, the
median internal house volume was 17.75 (IQR: 12.43) m3, and the median time lived in
the house was five (IQR: 19.50) months. Nineteen percent of workers lived in firemen’s
homes and 23%, 23%, and 54% lived in the same house, a different house in the Kathmandu
Valley, and a different house outside the Kathmandu Valley, respectively, during summer
monsoon months when brick kilns are shut down. The median people, adults, children
under 18 years of age, and children under 6 years of age who lived in the house were 4.00
(IQR: 2.50), 2.50 (IQR: 2.00), 1.00 (IQR: 2.00), and 0.50 (IQR: 1.00), respectively. The median
occupant density was 34.40 (IQR: 26.34) residents/100 m2 and 94% of workers cooked
inside the home. The primary fuel used for cooking was liquid petroleum gas (LPG) only
for 98% of workers and 2% had a stove or other cooking source vented to the outdoors with
a chimney. Twenty-one percent of workers had a heating source in their homes. Thirteen
percent of workers used a cooking fire and 8% used an electric heater as the heating source
in the home. Ten percent of workers used the heating source in the home less than once per
day, whereas 10% used the heating source in the home once per day or more. Ninety-eight
percent of workers used electricity for light when it was dark outside and 52% had smokers
living in the home. The median number of smokers living in the home was one (IQR: one)
and the median number of smokers living in the home who regularly smoke inside the
home was zero (IQR: one).

The median PBZ air sampling time was 21.86 (IQR: 3.39) hours and the GM PBZ PM2.5
concentration was 116.13 (95% CI: 94.03, 143.42) µg/m3 (Table 3). The GM PBZ temperature
was 24.76 (95% CI: 23.48, 26.10) ◦C and the AM PBZ relative humidity was 48.11% (95% CI:
45.99, 50.23).
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Job category was significantly (p < 0.001) associated with PBZ PM2.5 concentrations
(Table 4). There were significant pairwise differences in PBZ PM2.5 concentrations among
workers in administration (GM: 47.92, 95% CI: 29.81, 77.03 µg/m3) vs. firemen (GM: 163.46,
95 CI: 108.36, 246.58 µg/m3, p = 0.003), administration vs. green brick hand molder (GM:
163.35, 95% CI: 122.15, 218.46 µg/m3, p < 0.001), administration vs. top loader (GM: 158.94,
95% CI: 102.42, 246.66 µg/m3, p = 0.005), firemen vs. green brick machine molder (GM:
73.18, 95% CI: 51.54, 103.90 µg/m3, p = 0.03), and green brick hand molder vs. green brick
machine molder (p = 0.008). There was a significant (p = 0.02) inverse association between a
20-month increase in how long workers lived in their house and PBZ PM2.5 concentrations
(GMR: 0.91, 95% CI: 0.84, 0.98). Where workers live during summer monsoon months
when brick kilns are shut down was significantly (p = 0.02) associated with PBZ PM2.5
concentrations. There were significant pairwise differences in PBZ PM2.5 concentrations
among workers in the same house (GM: 67.75, 95% CI: 44.91, 102.22 µg/m3) vs. different
house in the Kathmandu Valley (GM: 144.47, 95% CI: 95.76, 217.95 µg/m3, p = 0.03) and
same house vs. different house outside the Kathmandu Valley (GM: 132.99, 95% CI: 101.78,
173.77 µg/m3, p = 0.02). Having a heating source in the home was significantly associated
(p = 0.01) with PBZ PM2.5 concentrations (no: GM: 132.44, 95% CI: 105.85, 165.72 µg/m3;
yes: GM: 70.47, 95% CI: 45.52, 109.08 µg/m3). How often is the heating source in the home
used was significantly (p = 0.03) associated with PBZ PM2.5 concentrations. There was a
significant (p = 0.04) pairwise difference in PBZ PM2.5 concentrations among workers who
never used a heating source in the home (GM: 132.44, 95% CI: 105.79, 165.82 µg/m3) vs.
those who used the heating source in the home once per day or more (GM: 57.92, 95% CI:
31.17, 107.62 µg/m3).

Table 1. Demographic information for workers a at a brick kiln in Bhaktapur, Nepal, March 2023.

Characteristic n %

Total 48 100
Age at interview (years)

19–22 6 13
>22–28 15 33
>28–34 9 20
>34–40 9 20
>40–61 6 13
Missing 3
Median (IQR) 28.42 (11.37)

Sex or gender
Male 23 48
Female 25 52

Level of schooling
None 14 30
1–7 years 13 28
Elementary school graduate 7 15
9–11 years, high school graduate, college graduate, or

postgraduate 12 26

Missing 2
Abbreviations: IQR, interquartile range. a Two samples were missing because one of the 50 workers enrolled in
the study declined to participate in the personal breathing zone air sampling and a MicroPEM malfunctioned for
another worker, so we could not obtain personal breathing zone information for that worker.
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Table 2. Job and housing characteristics for workers a at a brick kiln in Bhaktapur, Nepal, March 2023.

Characteristic n % AM SD Min Q1 Median Q3 Max

Total 48 100
Job category

Administration 6 13
Firemen 8 17
Green brick hand molder 16 33
Green brick machine molder 11 23
Top loader 7 15

Internal house area, m2 44 100 10.75 4.66 2.70 7.58 10.47 13.28 27.09
Missing 4

Internal house volume, m3 43 100 18.36 12.10 4.19 10.92 17.75 23.35 78.92
Missing 5

How long lived in house, months 48 100 27.56 51.12 1.00 4.00 5.00 23.50 227.00
Firemen home

No 39 81
Yes 9 19

Where live during summer monsoon months when brick kilns are shut
down

Same house 11 23
Different house in the Kathmandu Valley 11 23
Different house outside the Kathmandu Valley 26 54

How many people live in house 48 100 4.13 1.95 1.00 2.50 4.00 5.00 11.00
How many adults live in house 48 100 2.94 1.41 1.00 2.00 2.50 4.00 6.00
How many children under 18 years of age live in house 48 100 1.19 1.07 0.00 0.00 1.00 2.00 5.00
How many children under six years of age live in house 48 100 0.60 0.68 0.00 0.00 0.50 1.00 2.00
Occupant density, residents/100 m2 44 100 42.89 24.74 13.02 26.39 34.40 52.74 111.20

Missing 4
Cook inside the home

No 3 6
Yes 45 94

Primary fuel used for cooking
LPG only 47 98
Other b 1 2

Stove or other cooking source vented to the outdoors with a chimney
No 46 98
Yes 1 2
Missing 1
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Table 2. Cont.

Characteristic n % AM SD Min Q1 Median Q3 Max

Heating source in the home
No 38 79
Yes 10 21

Type of heating source in the home
None 38 79
Cooking fire c 6 13
Electric heater 4 8

How often is the heating source in the home used
Never 38 79
Less than once per day 5 10
Once per day or more 5 10

Use for light when it is dark outside
Electricity 47 98
Battery operated lamp 1 2

Any smokers living in the home
No 23 48
Yes 25 52

How many smokers living in the home 48 100 0.75 0.91 0.00 0.00 1.00 1.00 3.00
How many smokers living in the home regularly smoke inside the home 48 100 0.60 0.84 0.00 0.00 0.00 1.00 3.00

Abbreviations: AM, arithmetic mean; LPG, liquid petroleum gas; Max, maximum; Min, minimum; Q1, first quartile; Q3, third quartile; SD, standard deviation. a Two samples were
missing because one of the 50 workers enrolled in the study declined to participate in the personal breathing zone air sampling and a MicroPEM malfunctioned for another worker, so
we could not obtain personal breathing zone information for that worker. b Includes LPG and wood. c Three (75%) workers used wood for the cooking fire, one (25%) used LPG, and two
were missing.
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Table 3. Summary statistics for mean personal breathing zone PM2.5 concentrations, temperature,
and relative humidity among workers a at a brick kiln in Bhaktapur, Nepal, March 2023.

Exposure n GM b 95% CI b Min Max

PM2.5, µg/m3 48 116.13 94.03, 143.42 25.61 1215.07
Temperature, ◦C 48 24.76 23.48, 26.10 19.55 63.53
Relative humidity, % 48 48.11 c,d 45.99, 50.23 c,d 31.84 65.09

Abbreviations: CI, confidence interval; GM, geometric mean; Max, maximum; Min, minimum; PM2.5, particu-
late matter with an aerodynamic diameter less than 2.5 µm. a Two samples were missing because one of the
50 workers enrolled in the study declined to participate in the personal breathing zone air sampling and a
MicroPEM malfunctioned for another worker, so we could not obtain personal breathing zone information for that
worker. b Estimated using intercept-only linear regression models of the natural logarithm transformed values.
c Arithmetic mean and 95% CI. d Estimated using intercept-only linear regression models of the original values.

Table 4. Associations between job and housing characteristics and mean personal breathing zone
PM2.5 concentrations among workers a at a brick kiln in Bhaktapur, Nepal, March 2023.

PM2.5, µg/m3

Characteristic IQR GM b 95% CI b p-Value b

Job category
Administration 47.92 29.81, 77.03
Firemen 163.46 108.36, 246.58
Green brick hand molder 163.35 122.15, 218.46
Green brick machine molder 73.18 51.54, 103.90
Top loader 158.94 102.42, 246.66 <0.001 c

Internal house area, m2 5.70 0.93 d 0.72, 1.20 d 0.56
Internal house volume, m3 12.43 0.87 d 0.70, 1.07 d 0.18
How long lived in house, months 20.00 0.91 d 0.84, 0.98 d 0.02
Firemen home

No 109.17 86.48, 137.81
Yes 151.81 93.47, 246.56 0.22

Where live during summer monsoon months when brick
kilns are shut down

Same house 67.75 44.91, 102.22
Different house in the Kathmandu Valley 144.47 95.76, 217.95
Different house outside the Kathmandu Valley 132.99 101.78, 173.77 0.02 e

How many people live in house
1–2 113.65 74.50, 173.37
3–4 140.49 98.52, 200.32
5–11 99.28 70.98, 138.87 0.36

How many adults live in house 2.00 0.77 d 0.57, 1.04 d 0.09
How many children under 18 years of age live in house

0 98.05 67.25, 142.95
1–5 125.41 97.27, 161.71 0.28

How many children under six years of age live in house
0–1 115.66 92.31, 144.92
2 120.23 62.06, 232.92 0.91

Occupant density, residents/100 m2 26.34 1.00 d 0.80, 1.25 d 0.98
Heating source in the home

No 132.44 105.85, 165.72
Yes 70.47 45.52, 109.08 0.01

How often is the heating source in the home used
Never 132.44 105.79, 165.82
Less than once per day 85.74 46.14, 159.31
Once per day or more 57.92 31.17, 107.62 0.03 f
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Table 4. Cont.

PM2.5, µg/m3

Characteristic IQR GM b 95% CI b p-Value b

Any smokers living in the home
No 122.46 90.04, 166.56
Yes 110.59 82.34, 148.54 0.63

How many smokers live in the home 1.00 0.87 d 0.69, 1.09 d 0.22
How many smokers living in the home regularly smoke
inside the home

0–1 120.77 96.66, 150.88
2–3 82.92 43.17, 159.30 0.28

Abbreviations: CI, confidence interval; GM, geometric mean; GMR, geometric mean ratio; IQR, interquartile
range; PM2.5, particulate matter with an aerodynamic diameter less than 2.5 µm. a Two samples were missing
because one of the 50 workers enrolled in the study declined to participate in the personal breathing zone air
sampling and a MicroPEM malfunctioned for another worker, so we could not obtain personal breathing zone
information for that worker. b Estimated using simple (i.e., unadjusted) linear regression models of the natural
logarithm transformed values. c After using the Tukey–Kramer method to adjust for multiple comparisons, tests
of pairwise differences among job categories had the following p-values: Administration vs. Firemen, 0.003;
Administration vs. Green brick hand molder, 0.0006; Administration vs. Green brick machine molder, 0.60;
Administration vs. Top loader, 0.005; Firemen vs. Green brick hand molder, >0.99; Firemen vs. Green brick
machine molder, 0.03; Firemen vs. Top loader, >0.99; Green brick hand molder vs. Green brick machine molder,
0.008; Green brick hand molder vs. Top loader, >0.99; Green brick machine molder vs. Top loader, 0.06. d GMR
(i.e., exponentiated regression slope coefficient) and 95% CI for an IQR increase in the job or housing characteristic;
please note GMR—1 = percent change in GM for an IQR increase in the job or housing characteristic; estimated
using simple (i.e., unadjusted) linear regression models of the natural logarithm transformed values. e After using
the Tukey–Kramer method to adjust for multiple comparisons, tests of pairwise differences among categories of
where live during summer monsoon months when brick kilns are shut down had the following p-values: Same
house vs. Different house in the Kathmandu Valley, 0.03; Same house vs. Different house outside the Kathmandu
Valley, 0.02; Different house in the Kathmandu Valley vs. Different house outside the Kathmandu Valley, 0.94.
f After using the Tukey–Kramer method to adjust for multiple comparisons, tests of pairwise differences among
categories of how often the heating source in the home is used had the following p-values: Never vs. Less than
once per day, 0.39; Never vs. Once per day or more, 0.04; Less than once per day vs. Once per day or more, 0.64.

PBZ temperature was significantly (p < 0.001) associated with job category (Table S1).
There were significant pairwise differences in PBZ temperature among workers in admin-
istration (GM: 23.56, 95% CI: 20.88, 26.59 ◦C) vs. top loader (GM: 31.90, 95% CI: 28.52,
35.68 ◦C, p = 0.005), green brick hand molder (GM: 23.80, 95% CI: 22.10, 25.63 ◦C) vs. top
loader (p < 0.001), and green brick machine molder (GM: 22.23, 95% CI: 20.33, 24.30 ◦C) vs.
top loader (p < 0.001).

Job category was significantly (p < 0.001) associated with PBZ relative humidity
(Table S2). There were significant pairwise differences in PBZ relative humidity among
workers in administration (AM: 45.19, 95% CI: 49.42, 53.65%) vs. firemen (AM: 37.05, 95%
CI: 40.71, 44.37%, p = 0.02), administration vs. top loader (AM: 37.31, 95% CI: 41.23, 45.15%,
p = 0.05), firemen vs. green brick hand molder (AM: 46.85, 95% CI: 49.45, 52.04%, p = 0.003),
firemen vs. green brick machine molder (AM: 52.08, 95% CI: 55.21, 58.33%, p < 0.001),
green brick hand molder vs. green brick machine molder (p = 0.05), green brick hand
molder vs. top loader (p = 0.008), and green brick machine molder vs. top loader (p < 0.001).
There were significant positive associations between PBZ relative humidity and a 5.70 m2

increase in internal house area (change in AM: 3.69, 95% CI: 1.06, 6.33%, p = 0.007) and
a 12.43 m3 increase in internal house volume (change in AM: 2.83, 95% CI: 0.53, 5.13%,
p = 0.02). Whether a firemen’s home was significantly associated (p = 0.003) with PBZ
relative humidity (no: AM: 47.38, 95% CI: 49.54, 51.70%; yes: AM: 37.39, 95% CI: 41.90,
46.40%). How many people live in the house was significantly (p = 0.04) associated with
PBZ relative humidity. There was a significant (p = 0.03) pairwise difference in PBZ relative
humidity among workers who had 3–4 people who lived in the house (AM: 48.14, 95% CI:
51.52, 54.91%) vs. 5–11 (AM: 42.21, 95% CI: 45.41, 48.61%). There was a significant (p = 0.02)
inverse association between an increase in occupant density of 26.34 residents/100 m2 and
PBZ relative humidity (change in AM: −2.84, 95% CI: −5.19, −0.50%).
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After adjusting all estimated associations between job and housing characteristics
and PBZ PM2.5 concentrations, temperature, and relative humidity for job category, we
found that job category remained significantly associated with PBZ PM2.5 concentrations
(Table 5), temperature (Table S3), and relative humidity (Table S4). However, the only
other significant associations after adjusting for job category were between PBZ PM2.5
concentrations and heating source in the home (p = 0.02) and how often is the heating
source in the home used (p = 0.05). Results were similar after we conducted the two
aforementioned sensitivity analyses (not shown).

Table 5. Associations between housing characteristics and mean personal breathing zone PM2.5

concentrations adjusted for job category among workers a at a brick kiln in Bhaktapur, Nepal,
March 2023.

PM2.5 PM2.5

Housing Characteristic p-Value b Job Characteristic p-Value b

Internal house area, m2 0.41 Job category 0.004
Internal house volume, m3 0.82 Job category 0.01
How long lived in house, months 0.21 Job category <0.001
Firemen home 0.81 Job category <0.001
Where live during summer monsoon months when brick kilns are shut down 0.76 Job category 0.003
How many people live in house 0.34 Job category <0.001
How many adults live in house 0.15 Job category <0.001
How many children under 18 years of age live in house 0.71 Job category <0.001
How many children under six years of age live in house 0.82 Job category <0.001
Occupant density, residents/100 m2 0.15 Job category 0.002
Heating source in the home 0.02 Job category <0.001
How often is the heating source in the home used 0.05 Job category <0.001
Any smokers living in the home 0.44 Job category <0.001
How many smokers live in the home 0.36 Job category <0.001
How many smokers living in the home regularly smoke inside the home 0.91 Job category <0.001

Abbreviations: PM2.5, particulate matter with an aerodynamic diameter less than 2.5 µm. a Two samples were
missing because one of the 50 workers enrolled in the study declined to participate in the personal breathing zone
air sampling, and a MicroPEM malfunctioned for another worker, so we could not obtain personal breathing zone
information for that worker. b Estimated using multivariable linear regression models of the natural logarithm
transformed values adjusted for job category and housing characteristic.

Line graphs of temporal trends in five-minute moving averages indicated PBZ PM2.5
concentrations for administration workers were fairly stable over the sampling period with
a few isolated increases, whereas firemen had several increases in PBZ PM2.5 concentra-
tions throughout the day, but a decrease at night (Figure 3). For green brick hand molders
and green brick machine molders, PBZ PM2.5 concentrations increased around mealtimes,
although these increases were of greater magnitude for green brick hand molders than
for green brick machine molders. Top loaders had multiple increases in PBZ PM2.5 con-
centrations throughout the working period of the day including a very large increase in
the morning. For workers in all five job categories, PBZ temperature generally increased
in the morning, was stable during the afternoon, and decreased at night, although these
temperature changes were much greater among top loaders than among workers in the
other four job categories (Figure S1). PBZ relative humidity generally decreased in the
morning, was stable during the afternoon, and increased at night for workers in all five job
categories (Figure S1).
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aerodynamic diameter less than 2.5 µm. a Two samples were missing because one of the 50 workers 
enrolled in the study declined to participate in the personal breathing zone air sampling, and a Mi-
croPEM malfunctioned for another worker, so we could not obtain personal breathing zone infor-
mation for that worker. 
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Figure 3. Line graphs of temporal trends in five-minute moving averages of arithmetic mean personal
breathing zone PM2.5 concentrations among workers a at a brick kiln in Bhaktapur, Nepal, March 2023:
(a) PM2.5, (b) PM2.5 (0 to 1000 µg/m3). Abbreviations: PM2.5, particulate matter with an aerodynamic
diameter less than 2.5 µm. a Two samples were missing because one of the 50 workers enrolled
in the study declined to participate in the personal breathing zone air sampling, and a MicroPEM
malfunctioned for another worker, so we could not obtain personal breathing zone information for
that worker.

4. Discussion

Our findings add to a growing body of literature about particulate matter pollution
exposures associated with clay brick manufacturing. Raza et al. (2014) reported mean PM2.5
and PM10 concentrations of 412 µg/m3 and 1193 µg/m3, respectively, for various sections
of brick kilns in the Gujrat district, Pakistan [8]. Berumen-Rodríquez et al. (2023) found
PM2.5 concentrations ranged from 42–3542 µg/m3 (mean = 276 µg/m3) at brick kilns in the
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San Lois Potosí municipality in Mexico [9]. Recent studies also show the potential for high
exposures to PM2.5 in brick worker housing well above the World Health Organization’s
(WHO) air quality guideline (AQG) of 15.0 µg/m3 for a 24 hr period [10,12,31]. Thygerson
et al. (2019) found an average daytime concentration of 182.80 µg/m3 for indoor PM2.5
in brick workers’ homes [10]. Johnston et al. (2020) reported 24 h PM2.5 concentrations
ranging from a GM of 79.32 µg/m3 for homes that used LPG cookstoves to a GM of
541.14 µg/m3 for homes that used open wood cooking fires [11]. Furthermore, 24 h indoor
samples collected by Johnston et al. (2021) had PM2.5 chemical constituents, including
aluminum, calcium, copper, iron, silicon, and titanium, above concentrations known to
cause deleterious health effects [12]. One major drawback to these prior studies is that
results were based on stationary monitoring data, which may not accurately reflect brick
workers’ true exposures. In this study, we aimed to characterize brick workers’ PM2.5
exposures over a 24 h period using personal breathing zone sampling. This sampling
strategy allowed us to capture participants’ PM2.5 exposures from multiple sources over
the sampling period. In general, our participants’ 24 h PM2.5 exposures (GM = 116 µg/m3)
were lower than the average stationary indoor and outdoor measures cited above. However,
our findings suggest brick workers in the Kathmandu Valley experience almost constant
exposure to harmful concentrations of PM2.5 with little to no recovery period during
non-working hours.

A substantial fraction of PM2.5 exposure among our participants likely came from
ambient air pollution in the Kathmandu Valley. Globally, high ambient PM2.5 levels are
predominantly found in low- and middle-income countries in South, East, and Southeast
Asia, Central and West Africa, and Central and South America [13]. In 2021, the average
ambient PM2.5 level in Nepal was 51.7 µg/m3, placing Nepal among the four countries
in the world with the worst air pollution [13]. Ambient PM2.5 in the Kathmandu Valley
is generally higher than in other parts of Nepal due to higher population density and
the bowl-shaped topography of the valley. In winter and springtime seasons, when brick
manufacturing occurs, PM2.5 levels in the valley average more than 70 µg/m3 [32]. During
the brick-making season in Nepal, workers are almost exclusively outdoors during work
hours. This pattern held true for participants in our study except for administration
workers. Administration workers, the group with the lowest GM PM2.5 exposures among
the five job categories sampled, appeared to split their time between indoor and outdoor
tasks. There appeared to be a relatively small occupational component to administration
workers’ aerosol exposures; however, some in this group spent intermittent time on top
of the kiln. It is possible that administration offices served as a protective envelope from
outdoor air pollution, which resulted in lower exposures among this group. Conversely, it
is also plausible that office spaces provided little protection, and PM2.5 exposures among
administration workers largely reflected combined exposures from infiltration of ambient
PM2.5 into office spaces, ambient exposure when administration workers were outdoors,
and household air pollution exposure during non-working hours.

After adjusting for housing characteristics, job category remained significantly asso-
ciated with PM2.5 exposure. While all participants were exposed, presumably, to similar
concentrations of ambient air pollution during sampling, we observed some specific tasks
that may help explain differences in PM2.5 exposure by job category. For example, firemen
had the highest GM PM2.5 exposure among the job categories sampled. One of their pri-
mary tasks was to add fuel to the kiln. This was carried out by removing fuel feed hole
covers and pouring coal or a sawdust/coal mixture into fuel feed holes on top of the kiln.
Smoke that escaped from the fuel feed holes likely contributed to the firemen’s exposures.
Top loaders, as a group, had a similarly high GM PM2.5 exposure. Their primary job task
was to remove the layer of soil and the top layer of bricks from the kiln after the bricks
were fired. The soil/brick removal process is quite dusty. In addition, removing the layer of
soil and bricks allowed residual smoke from the firing process to escape, which potentially
exposed top loaders to PM2.5 aerosols. Green brick hand molders did not work on top of
the kiln and were thus less likely to be exposed like the firemen and top loaders. We were
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surprised to find high PM2.5 exposures in this group because green bricks were molded
with wet clay. In addition to contributions from ambient and household sources, green
brick hand molders may have had a significant occupational component to their PM2.5
exposure from the release agent used during brick molding. During hand molding, workers
regularly applied a fine coat of dry dust to the inside of the brick mold. This dust coat
prevented the freshly molded green brick from sticking to the inside of the wooden mold.
There was a visible cloud of dust near the workers’ breathing zone when they coated the
mold, which may explain their relatively high exposure. Much of this dust is presumably
larger than 2.5 µm, and a substantial fraction of the dust is likely too large to be inhaled or is
captured by inertial impaction on the back of the worker’s throat upon inhalation, therefore
not reaching the lungs. Nevertheless, our findings suggest the release agent contains dust
particles in the respirable range, which contributed to green brick hand molders’ overall
PM2.5 exposure. An assessment of particle sizes in the release agent may help determine
the fraction of dust that, when aerosolized, will be in the respirable range. A comparison
of chemical components in PM2.5 samples by job category may help elucidate sources of
exposures between firemen, top loaders, and green brick hand molders.

Among the five job categories sampled, green brick machine molders had the second
lowest GM PM2.5 exposure. Green brick machine molders’ primary job tasks were to
remove bricks from the brick molding machine, wheel the bricks on a cart to the drying
area, and lay the bricks on the ground to dry. Most of their work occurred outdoors or
under outdoor canopies where the bricks were air dried, but they did regularly enter the
opening to the building where bricks were being machine molded. Machinery exhaust or
dust generated in the building may have contributed an occupational component to their
overall PM2.5 exposure.

Contrary to what we would have predicted, participants who had a heating source in
the home had lower GM PM2.5 levels than participants who did not have a heating source
in the home. Similarly, participants who used the heating source in the home at least once
per day had lower GM PM2.5 levels than participants who did not have a heating source in
the home or who used it less often. Of the 10 participants who used a heating source in
the home, 2 were green brick hand molders, 3 were green brick machine molders, and 2
were administration workers. Of the five people who used the heating source in the home
at least once per day, one was a green brick hand molder, two were green brick machine
molders, and two were administration workers. Among the job categories sampled, green
brick machine molders and administration workers had the lowest overall GM PM2.5 levels.
However, we adjusted for job category and still found a significant association between the
heating source in the home, how often the heating source in the home was used, and GM
PM2.5 levels. One possible explanation is that the association between having a heating
source in the home and GM PM2.5 levels is due to sample size. In this study, a relatively
small number of participants had and used a heating source in the home. Studies with
larger sample sizes are needed to understand this relationship more fully. It may also help
to distinguish between outdoor, occupational, and indoor exposures using activity diaries
or other methods of tracking workers’ time/activity patterns.

Temporal trends in PM2.5 exposure over the sampling period had intermittent ex-
posure peaks among all job categories, which often exceeded 1000 µg/m3. This finding
was particularly pronounced for top loaders during morning and afternoon hours and is
consistent with our observations of participants in this work group having visibly high dust
exposures. We also identified exposure peaks among various job categories during approx-
imately 18:00–21:00 h and approximately 07:00–09:00 h, which coincide with evening and
morning meals. Participants in our study almost exclusively used LPG fuel for cooking. In
the study by Johnston et al. (2020), exposure peaks were observed at mealtimes in homes of
brick workers that used wood cooking fires, but not in those that used LPG cookstoves [11].
Cooking differences between kiln workers may help explain this result. For example, stir
fry cooking creates a tremendous amount of aerosol compared to stewing and boiling
methods [33]. It is possible that workers at this particular kiln tended to use frying methods
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more than participants at the kiln referenced by Johnston et al. Unfortunately, we did not
ask workers about cooking practices, which we recommend doing for future studies that
consider brick workers’ indoor exposures.

One strength of this study was the use of PBZ sampling across job categories. This
strategy provided a clearer, more integrated understanding of workers’ daily PM2.5 expo-
sures and accounted for contributions from ambient, occupational, and household sources.
Additionally, the MicroPEM is equipped with both filter-based and optical sampling meth-
ods. This allowed us to use the corrected, and hence more accurate, nephelometer measures,
something that has been lacking in previous studies [8]. This study was limited to assessing
exposures to a single type of pollutant at a single brick kiln. Results from this study may
not be generalizable to workers at other brick kilns in the Kathmandu Valley, or other brick
kilns globally. While the PBZ sampling strategy provided a more accurate assessment
of workers’ daily PM2.5 exposures, we did not collect activity diaries or other measures
of workers’ spatial movements between work and home. Thus, we were not able to esti-
mate contributions from ambient, occupational, and household pollution sources to their
daily exposures.

5. Conclusions

In addition to the well-recognized ambient air quality problems in the Kathmandu
Valley, our findings suggest brick workers’ daily PM2.5 exposure burden has significant
occupational and household components. Our findings related to job-specific differences
in exposure suggest additional assessments are needed to confirm and complement our
results and these assessments should be conducted at multiple kilns, and across multiple
job categories. The high PM2.5 exposures found in this study also warrant additional
research on brick workers’ health. Based on the known health consequences associated
with PM2.5 exposure, we recommend focusing future studies on lung and cardiovascular
health. Workplace-led interventions focused on smoking cessation and cleaner fuels for
cooking and heating may also provide workers and their families with substantive relief
from chronically high air pollution exposures during non-working hours [34,35].
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