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Abstract

Background.—Cooks exposed to biomass fuel experience increased risk of respiratory disease 

and mortality. We sought to characterize lung function and environmental exposures of primary 

cooking women using two fuel-types in southeastern India, as well as to investigate the effect of 

particulate matter (PM) from kitchens on human airway epithelial (HAE) cells in vitro.

Methods.—We assessed pre-and post-bronchodilator lung function on 25 primary female cooks 

using wood biomass or liquified petroleum gas (LPG), and quantified exposures from 34 kitchens 

(PM2.5, PM <40 μm, black carbon, endotoxin, and PM metal and bacterial content). We then 

challenged HAE cells with PM, assessing its cytotoxicity to small-airway cells (A549) and its 

effect on: transepithelial conductance and macromolecule permeability (NuLi cells), and 

antimicrobial activity (using airway surface liquid, ASL, from primary HAE cells).

Results.—Lung function was impaired in cooks using both fuel-types. 60% of participants in 

both fuel-types had respiratory restriction (post bronchodilator FEV1/FVC>90). The remaining 

40% in the LPG group had normal spirometry (post FEV1/FVC=80–90), while only 10% of 

participants in the biomass group had normal spirometry, and the remaining biomass cooks (30%) 

had respiratory obstruction (post FEV1/FVC<80). Significant differences were found in 

environmental parameters, with biomass kitchens containing greater PM2.5, black carbon, 

zirconium, arsenic, iron, vanadium, and endotoxin concentrations. LPG kitchens tended to have 

more bacteria (p=0.14), and LPG kitchen PM had greater sulphur concentrations (p=0.02). In 
vitro, PM induced cytotoxicity in HAE A549 cells in a dose-dependent manner, however the effect 

was minimal and there were no differences between fuel-types. PM from homes of participants 

with a restrictive physiology increased electrical conductance of NuLi HAE cells (p=0.06) and 

decreased macromolar permeability (p≤0.05), while PM from homes of those with respiratory 

obstruction tended to increase electrical conductance (p=0.20) and permeability (p=0.07). PM 

from homes of participants with normal spirometry did not affect conductance or permeability. PM 

from all homes tended to inhibit antimicrobial activity of primary HAE cell airway surface liquid 

(p=0.06).

Conclusions.—Biomass cooks had airway obstruction, and significantly greater concentrations 

of kitchen environmental contaminants than LPG kitchens. PM from homes of participants with 

respiratory restriction and obstruction altered airway cell barrier function, elucidating mechanisms 

potentially responsible for respiratory phenotypes observed in biomass cooks.
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1. INTRODUCTION

A primary cause of respiratory morbidity worldwide is Chronic Obstructive Pulmonary 

Disease (COPD), a syndrome characterized by progressive lung function decline, (Rabe et 

al., 2007) and typically defined by spirometry measures. Although historically, COPD has 

been thought to primarily affect smokers, it has recently been proposed that exposure to 

particulate matter (PM) from biomass fuels worldwide may be the largest risk factor for 

developing COPD (Salvi & Barnes, 2010; Vogelmeier et al., 2017). For example, among 

non-smokers in seven studies, the odds ratio (OR) for developing COPD is 2.55 (95% 

confidence interval 2.06–3.15) in biomass exposed individuals, and the risk increases among 

smokers (Hu et al., 2010). Additionally, for non-smoking Indian women, the rate of COPD 

is comparable to that of Indian men, who commonly smoke cigarettes, (Jindal, Aggarwal, & 

Gupta, 2001) and globally, women and men now experience similar rates of COPD, once 

disproportionately affecting men (World Health Organization, Chronic respiratory diseases: 
Burden of COPD). Therefore, COPD risk is likely driven by factors other than cigarette 

smoking, including exposure to cook-stove smoke.

The term biomass refers to fuel from any recently living organic matter, such as agricultural 

residue, wood, and dung. Dung is used throughout the north-and southeastern border of 

India, crop residue is used intermittently country-wide, while wood is used throughout the 

country (Reddy & Venkataraman, 2002). Of biomass fuels, wood-smoke is particularly toxic 

– not only does it increase the risk of COPD, but exclusive wood-fuel use also increases the 

risk of developing other major respiratory diseases (acute and chronic lower respiratory 

infections, death due to respiratory causes) compared to clean fuel, coal, or mixed fuels 

(Chan et al., 2019), and wood biomass is the primary fuel source in Thanjavur, Tamil Nadu, 

India (personal observation).

Emissions generated during biomass burning that are potentially responsible for health 

effects have been studied (Assad, Kapoor, & Sood, 2016; Dills, Zhu, & Kalman, 2001; 

Jenkins, Jones, Turn, & Williams, 1996) and epidemiological research has long identified 

combustion particles <2.5 μm in aerodynamic diameter (PM2.5) as deleterious to respiratory 

health, (Horne et al., 2018; Ni, Chuang, & Zuo, 2015; Pope III et al., 2002; Xing, Xu, Shi, & 

Lian, 2016). However, wood biomass emissions from this region has not been carefully 

characterized for related health effects. While PM2.5 is a major source of exposure from 

biomass cooking, the burning of solid fuel also generates other important noxious 

byproducts and respiratory irritants (Gordon et al., 2014; Jenkins et al., 1996; Semple et al., 

2010). Black carbon (BC), a byproduct of incomplete combustion and short-lived climate 

pollutant, plays an important role in climate change and is strongly associated with adverse 

respiratory health effects, with potentially greater health effects per unit mass than PM2.5 

(Janssen et al., 2011; Janssen & Joint, 2012; Tobias et al., 2014). Additionally, combustion 

particles contain heavy metals that can act as lung irritants. For example, exposure to PM2.5 

with higher nickel (Ni), arsenic (As), chromium (Cr), and bromine (Br) levels increases the 

risk of hospital admission, and smokers and patients with COPD tend to have higher iron 

(Fe) content in their bronchoalveolar lavage (Ghio et al., 2008; Zanobetti, Franklin, 

Koutrakis, & Schwartz, 2009). Lastly, bioaerosols and organic content (e.g. endotoxin, 

organic carbon (Zanobetti et al., 2009)), released during biomass burning (Semple et al., 
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2010), leads to inflammation and decreased lung function (Castellan, Olenchock, Kinsley, & 

Hankinson, 1987; Schwartz et al., 1994; Semple et al., 2010; Tockman & Baser, 1984; 

Vogelzang et al., 1998; Zanobetti et al., 2009).

Because women are typically the primary cook in India, and COPD risk increases (180%) 

alongside solid-fuel use, (Kurmi, Semple, Simkhada, Smith, & Ayres, 2010) we sought to 

assess the lung function of cooks using different fuels (liquified petroleum gas (LPG), or 

wood), with the hypothesis that women using wood fuel will have impaired lung function. 

Accompanying this hypothesis, we sought to characterize aerosols generated during cooking 

in kitchens using wood biomass, compared to that generated using LPG, expecting that 

alterations in lung function would be related to the cooks’ kitchen environment. To 

accomplish this, we established an interdisciplinary team of investigators to study lung 

disease in Thanjavur (Tamil Nadu), India, to evaluate the pulmonary function of primary 

cooking women, and assessed kitchen air quality. After field work was completed, we tested 

PM collected from kitchens on human airway epithelial (HAE) cells in our lab to ascertain 

whether PM from different kitchens had differential effects in vitro.

2. MATERIAL AND METHODS

2.1 Study population

We established a collaboration with Periyar Maniammai Institute of Science & Technology 

(PMIST) in Thanjavur, India. PMIST faculty reached out to local communities with known 

biomass use and communicated with those who expressed willingness and completed 

written consent to participate in our study. The study was carried out within 20 km of 

Thanjavur, India. We recruited self-reported healthy participants with no history of lung 

disease from homes that used wood biomass or LPG. All participants were consented for 

spirometry and computed tomography (CT). The work described in this article has been 

carried out in accordance with The Code of Ethics of the World Medical Association 

(Declaration of Helsinki) for experiments involving humans, the EC Directive 86/609/EEC 

for animal experiments, and the Uniform Requirements for manuscripts submitted to 

Biomedical journals. This study was approved by the Institutional Review Board (IRB) at 

the University of Iowa, the IRB at PMIST, and by the government of India’s Indian Council 

of Medical Research. Participants were given a survey regarding their cooking and personal 

history, Table S1.

Ours was a blinded study with post-hoc spirometry grouping. The respiratory therapist was 

blinded to the fuel-type of participants in order to avoid introducing a bias that could affect 

spirometry coaching (despite it being a standardized procedure). Spirometry grouping was 

post-hoc because spirometry values were unknown during data acquisition. In the 

communities we visited, there were far fewer cooks using LPG fuel than biomass and 

recruitment was therefore more difficult (personal observation). Because of this, we feel the 

ratio of participants using LPG and biomass in our study was representative of those within 

the communities studied. While our sample size is small, our study was a pilot, carried out to 

help us understand the effect size, range of individual responses, and feasibility of collecting 

extensive data from each home. Additionally, we wanted to address referral, recruitment, and 

retention rates, and our small sample allowed us to do this. Lastly, the size of the samples for 
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LPG and biomass was determined by the willingness to participate in our study and 

availability of different fuel-types (few LPG users within the communities). Study 

participation was voluntary during a limited enrollment period.

2.2 Spirometry

Spirometry was performed on participants from homes using primary biomass (n=20) and 

LPG (n=5) fueled stoves. Participants were coached through the pre- and post-

bronchodilation lung function tests (National Pharma Hospital and Research Institute, 

Thanjavur, India). For post-bronchodilator spirometry, subjects received 200 μg of 

salbutamol. Lung function values are reported based on European Respiratory Society 

(ERS93) adult predicted values (Quanjer et al., 1993); however, because lung function is 

lower in Asian Indians (~20–25%) when using ERS predictive values, (Fulambarker, Copur, 

Javeri, Jere, & Cohen, 2004) we present the FEV1/FVC ratio post-bronchodilator, to correct 

for race and ethnicity effects. Additionally, we assessed participants’ lung function using CT 

imaging, post-bronchodilation. The analysis of these parameters is ongoing.

2.3 PM2.5

We measured daily PM2.5 concentrations in primary kitchens for one week in March 2019 

using a personal sampler with a size-selective inlet (Ultrasonic Personal Aerosol Sampler, 

UPAS, Access Sensor Technologies, Ft. Collins, CO, USA), collecting filters for gravimetric 

analysis. We also used a direct reading instrument (DRI), the Particle and Temperature 

Sensor (PATS+, Berkeley Air, Berkeley, CA, USA) to capture short-term excursions (Figure 

1A and 1D).

We adjusted UPAS flow before and after each field measurement using a field-portable mass 

flow meter (m/n 41401, TSI, Shoreview, MN), which was calibrated to a triCal (BGI by 

Mesa Labs, Butler, NJ, USA) airflow calibrator. We collected three field blanks, placed in a 

filter cassette and exposed to the field environment; however, no airflow passed over the 

filters. We cleaned PATS+ optical sensors each sampling day. Both UPAS and PATS+ 

devices were collocated on a tripod within the cooking zone (0.7–2.7 m to stove), and at the 

approximate breathing area of cooks (0.9 m). The PATS+ sampling inlet was 90° from the 

UPAS air outlet, Figure 1A. Individual UPAS (n=10) and PATS+ (n=10) devices were 

always paired.

We collected PM2.5 mass on polytetrafluoroethylene (PFTE) 37 mm filters (Measurement 

Technology Laboratories, Minneapolis, MN, USA), then stored filter cassettes in an airtight 

plastic bag placed in an amber glass jar to prevent light infiltration. We post-weighed filters 

within 3 weeks of sampling, after a 24 hr equilibration period (in a temperature and relative 

humidity control chamber), and static removal (NRD 1U400, Grand Island, NY, USA). We 

weighted filters on a calibrated 1 μg resolution microbalance (Mettler Toledo XP26, Mettler 

Toledo, Columbus, OH, USA) and calculated mass concentrations by dividing filter mass by 

air volume sampled (corrected to the triCal airflow calibrator). Filter light absorption 

coefficients (Fabs), a proxy of BC, were determined by an image-based reflectance method, 

previously published (Jeronimo et al., 2020). Filter analysis was completed at the University 

of British Columbia, Canada. Balance accuracy was confirmed using lab-blank filters (SD 
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<0.01), and field filter accuracy was confirmed using field filter blanks (9% of samples, 

variability <5%).

2.4 Vacuumed PM

Because the female cooks, especially those using biomass, cooked very close to their 

ground-level stove, we collected particles near the cooking area from identical clean, rubber-

backed rugs (40 × 60 cm2) placed on the kitchen floors. This allowed us to collect particles 

beyond those in the combustion range, but also enabled us to collect heterogenous particles 

from each kitchen, which we later used to study biological effects on airway epithelia.

We vacuumed new, clean rugs prior to placing them in kitchens, and collected two “rug 

blanks,” by vacuuming any remaining material using a nylon mesh filter (DUSTREAM® 

collector, Indoor Biotechnologies, Charlottesville, VA, USA) after the initial vacuuming, and 

prior to rug deployment. Rugs were placed in the kitchen area near the stove and under the 

music stand holding the electrostatic dust collector (EDC), Figure 1B. After one week, the 

rug was removed and stored in a clean plastic bag (no longer than 24 hours) until it was 

removed and vacuumed for one minute using the DUSTREAM® collector, Figure 1C. PM 

samples were stored in pre-weighed glass amber jars (Thermo Scientific™, Waltham, MA, 

USA) and weighed (Mettler Toledo XPE206 Delta Range, Columbus, OH) in a relative-

humidity and temperature-controlled room within two weeks of collection, after which they 

were stored in a nitrogen tank to prevent oxidization.

For microbiological analysis, recently collected PM was suspended in UltraPure™ distilled 

water, (Life Technologies™) at a 1 mg/mL concentration. Standard microbiologic 

techniques were utilized to identify and quantify bacteria present in PM. For additional 

details regarding microbiologic methodology, see Supplemental Methods.

2.5 Chemical composition and particle charge

We measured metal content of vacuumed PM using a Niton™ XL3t XRF Analyzer (Thermo 

Scientific™, Waltham, MA, USA). After each reading, samples were removed, mixed, and 

re-read. Data were transferred using the Niton Data Transfer (NDT™) PC software. The 

average of triplicate values was then corrected for the average rug-blank metal content. 37 

mm filter samples were treated identically, however, the settings were modified (thin film 

mode employed).

To assess the charge state of the particles, we tested the zeta potential from biomass (17) and 

LPG (5) kitchens from which we had PFTs and PM. We transferred PM using antistatic 

spatulas (VWR, Radnor, PA, USA) into glass vials (Opticlear®, Kimble Chase Life Science, 

Rockwood, TN, USA). PM was suspended at 100 μg/mL in UltraPure™ distilled water. 

Particle zeta potential was read in triplicate (Zetasizer nano ZS, Malvern Panalytical Ltd, 

Malvern WR14 1XZ, United Kingdom).

2.6 Endotoxin

We measured endotoxin by placing an electrostatic dust collector (EDC) (Kilburg-Basnyat, 

Metwali, & Thorne, 2014; Noss et al., 2008) on a music stand (Kilburg-Basnyat, Peters, 
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Perry, & Thorne, 2016) in the kitchen for 24 hrs, then repeated with a clean EDC for the 

following 7 days, Figure 1B. Subsequent analysis was performed at the University of Iowa 

Human Toxicology and Exposomics Laboratory with extraction into Tris-EDTA and using 

the kinetic chromogenic Limulus amebocyte lysate assay as previously described (Hoppe 

Parr et al., 2017). For additional details regarding endotoxin methodology, see Supplemental 

Methods.

2.7 In vitro assays

2.7.1 Cytotoxicity of PM on human airway epithelial A549 cells—In order to test 

whether the vacuumed PM is toxic to human lung cells, we exposed PM to an A549 human 

airway epithelial (HAE) cell-line (ATCC® CCL-185™, Manassas, VA, USA), and measured 

release of lactate dehydrogenase (LDH). First, we passaged the 80% confluent HAE cell-

line at 4,000 cells/well onto 96-well cell culture plates in 100 μL of cell culture media (1:1 

GIBCO Dulbecco’s Modified Eagle Medium (DMEM)/F-12, 10% fetal bovine serum, 1% 

penicillin streptomycin, Thermo Fisher Scientific Waltham, MA, USA) and incubated the 

cells (37°C, 5% CO2 enriched incubator). 24 hours post-seeding, we changed the media to a 

“starvation” media, to replicate biological conditions (DMEM, +1% Penicillin-

Streptomycin, 0.1% Gentamicin and 1% Bovine Serum Albumin, Thermo Fisher Scientific 

Waltham, MA, USA), and incubated the cells overnight. Next, we applied the vacuumed PM 

(sonicated using Bransonic® Ultrasonic Baths model 1510, Thomas Scientific, Swedesboro, 

NJ, and suspended in starvation media) from all homes with spirometry and PM (n=22) to 

the starved A549 cells in a dose-dependent manner (dosefinal = 4.7, 9.4, 18.8, 37.5, 75, 150, 

300 μg/cm2). The final dose was calculated from the mass by the surface area of the well. A 

particle control (volcanic ash) was applied in tandem, and treated cells were left overnight 

(17 hours) in the incubator.

The following morning, we followed the CyQUANT™ LDH Cytotoxicity Assay (Thermo 

Fisher Scientific, Waltham, MA, USA) protocol and optical density was read at 490 and 680 

nm. Percent cytotoxicity was determined using the following:

%cytotoxicity = compound treated LDH activity−spontaneous LDH activity
maximumLDH activity−spontaneous LDH activity × 100

Where spontaneous LDH release was the LDH content released from untreated controls, and 

the maximum LDH was from lysis buffer-treated cells (45 minutes). For additional details 

regarding A549 methodology, see Supplemental Methods.

2.7.2 Transepithelial conductance of passaged HAE cells at an air-liquid 
interface—We tested whether PM altered transepithelial conductance of a HAE cell-line 

(NuLi), (Zabner et al., 2003) passaged at 80% confluency and cultured at the air liquid 

interface (ALI). Briefly, HAEs from normal lungs were seeded onto 0.3 cm2 collagen-coated 

plastic inserts (type VI) (Zabner et al., 2003) within 24-well culture plates at a density of 

264,000 cells/mL (120,000/cm2), (Molina et al., 2015) where they remained for 30 minutes 

in a CO2 enriched 37°C incubator without basolateral media, after which 400 μL cell-culture 

media (Karp et al., 2002) was added to the basolateral side. After 24-hours, apical media 

was aspirated, and basolateral media maintained (changed every 2 days). Once cells were 
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differentiated on the substrate (~3 weeks), confirmed by transepithelial resistance, we added 

100 μL apical vehicle and read baseline transepithelial electrical resistance (TEER) using an 

ohm meter (EVOM2, Sarasota County, FL, USA). After applying PM (dosefinal=30 μg/cm2) 

and FITC (dosefinal = 4 mg/mL), cells were incubated overnight. After 24 hours, we 

acquired post-treatment TEER and calculated electrical conductance (1/TEER) normalized 

to 1 cm2.

2.7.3 Permeability of low-molecular-weight FITC-conjugated dextran in HAE 
cells at ALI—To determine whether exposure to vacuumed PM altered barrier integrity of 

HAE cells at ALI, we added 25 μL FITC dextran (FITC-D, dosefinal = 4 mg/mL) average 

mol wt 4,000 kD (Sigma Aldrich, Saint Louis, MO, USA) suspended in cell media enriched 

with antibiotics (+0.1% fluconazole, 0.05% amphotericin B) to the apical side of the NuLi 

ALI cell cultures (conditions described above) to reduce the risk of contamination from 

colonized, non-sterilized PM. The 100 μL apical vehicle described above was removed prior 

to applying the FITC-D. 25 μL PM in vehicle (dosefinal=30 μg/cm2) was also applied to the 

apical side. Controls (n=3) were treated identically, however, without PM. After 24 hours, 

we removed basolateral media and FITC-D concentration was confirmed using a calibration 

curve. FITC-D fluorescence was measured at 485 nm (excitation) and 530 nm (emission), 

and permeability was calculated using a previously determined method (Forbes & Ehrhardt, 

2005). 50 μmol egtazic acid was used as a positive control.

2.7.4 Antimicrobial activity of primary HAE cells—Next, we collected airway 

surface liquid (ASL) using warm DI H20 from primary HAE cells (20 μL/well), of three 

lung donors (obtained from the University of Iowa Cell Culture Core, approved by the 

University of Iowa IRB). Cells were seeded onto 0.3 cm2 collagen-coated plastic inserts 

(type VI) (Zabner et al., 2003) in 24-well culture plates, once complete differentiation 

reached (>21 days), at a seeding density of 200,000 per filter (Karp et al., 2002). Using 

methods previously described, (Stapleton et al., 2019) we exposed ASL to PM from 19 

homes (dosefinal=100 μg/mL) and applied a bacterial challenge using bioluminescent 

Staphylococcus aureus (Caliper Lifesciences Bioware®). To assess the effect of PM on 

immediate bactericidal activity of the ASL, we compared the percent of live bacteria 

remaining after 10 minutes to the percent of live bacteria of untreated ASL.

2.8 Statistical analysis

For statistical analysis, we used GraphPad Prism v8 (San Diego, CA, USA) and significance 

was determined at α ≤ 0.05, unless otherwise stated. To test whether UPAS and PATS+ 

devices were correlated, UPAS PM2.5 and Fabs were correlated and/or 24-hr and 7-day 

endotoxin were correlated, we used a simple linear regression.

Lung function data are presented as mean and standard deviation, however, if data are not 

normally distributed based on the Shapiro-Wilk normality test, we used a Mann-Whitney U 
test, and if they were normally distributed, we used an unpaired t-test to determine 

significance. PM2.5 (μg/m3), Fabs, 37 mm filter Potassium and Iron (μg/filter), 24 hour and 7-

day Endotoxin (EU/m2), bacteria (CUFs/mL) and rug mass (mg) data were tested for 

normality using the Shapiro-Wilk test. We determined 56% of LPG measurements were 
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normally distributed and 13% of biomass measurements were normally distributed; 

however; once data were log-transformed, they were normally distributed in ≥75% of 

instances for both fuel-types. Therefore, we present geometric mean (GM) and geometric 

standard deviations (GSD). All p-values testing for differences between fuel-types for these 

concentrations were generated using the Mann-Whitney U test.

For vacuumed PM metal content data, >84% of values were normally distributed upon log-

transformation, therefore we present GM and GSDs for all metal data. However, some 

elements were normally distributed before log-transformation. If values were normally 

distributed in both fuel-types (pre-transformation) using the Shapiro-Wilk normality test, we 

then used unpaired t-tests to determine significance between groups, while if metal content 

from either biomass or LPG kitchens were not normally distributed, we used Mann-Whitney 

U tests. In vitro data were tested for normality, and unpaired t-tests or Mann-Whitney U tests 

were applied, depending on Shapiro-Wilk normality results.

3. RESULTS

3.1 Sample Recovery

32 viable UPAS samples were collected from 34 homes (two were removed due to flow 

malfunctions) and daily PM2.5 collection time ranged from 19–24 hours. PM from rugs was 

recovered from 30 homes. We carried out pre- and post-bronchodilation spirometry on 25 

participants (5 primary LPG cooks and 20 primary biomass cooks). Of these homes, 17 

biomass and 5 LPG homes had both spirometry and vacuumed PM. To compare Fabs to 

PM2.5, filters with a mass >400 μg were excluded from the correlation analysis (n=3), 

because Fabs is sensitive to filter loading.

3.2 Study population

Of the 25 participants with spirometry, 23 completed a survey regarding cooking history and 

demographics. Participants using LPG and biomass were of similar age, had similar years 

spent cooking, and similar within-home animal entry. However, participants in the biomass 

group were more likely to work outside the home (e.g. agriculture and sweeping work, 

p<0.01), Table S2.

3.3 Spirometry

Pre and post-bronchodilator spirometry results are seen in Table 1.

As seen in Table 1, there were no statistically significant differences in lung function (pre-or 

post- bronchodilator) between participants cooking with LPG or biomass.

Because the ratio of FEV1/FVC after bronchodilator is helpful in determining whether a 

person is experiencing airway obstruction, we examined the post bronchodilator FEV1/FVC 

between participants cooking with LPG and biomass, Figure 2.

While there were no statistically significant differences in FEV1/FVC post bronchodilator 

between groups, six participants in the biomass group had airflow obstruction.Therefore, we 

assessed the percent of participants from each group with restrictive (FEV1/FVC >90), 
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normal (80–90) or obstructive (<80) lung physiology using post bronchodilator FEV1/FVC 

ratios.

In the LPG group, 60% (3 of 5) had a post FEV1/FVC in the restrictive category, while the 

remaining 40% (2 of 5) had normal lung function, and no participants had obstructive lung 

function. In the biomass group, 60% (12 of 20) had restrictive post FEV1/FVC, 10% (2 of 

20) had normal lung function, and 30% (6 of 20) had an obstructive post FEV1/FVC ratio.

3.4 PM2.5

Daily PM2.5 (UPAS) concentrations in primary kitchens ranged from 18–732 μg/m3. We 

tested whether the DRI (PATS+) recapitulated gravimetric (UPAS) PM2.5 measurements by 

linear regression of daily paired PM2.5 measurements from kitchens using the PATS+ and 

UPAS.

As seen in Table 2, fuel-type predicted PM2.5 concentrations, with biomass kitchens having 

significantly greater concentrations (p≤0.02). Additionally, black carbon (Fabs), 37 mm filter 

potassium (K) and endotoxin concentrations were significantly greater in biomass kitchens 

than LPG kitchens. Conversely, filter Iron (Fe) was present in 57% of LPG kitchens’ PM2.5 

compared to its presence in one biomass sample.

Zeta-potential was negative in all samples and therefore not log-transformable. Mean (rug-

blank corrected) zeta potential from LPG kitchens was −9.2 (SD=4.1, n=5), and −7.5 

(SD=3.4, n=17) from biomass kitchens, and not significantly different between fuel-types 

(unpaired t-test p=0.35). Raw data, arithmetic means, normality results, and statistical tests 

used can be found in Table S3.

The PATS+ had a strong correlation with UPAS PM2.5 (R2=0.74), based on 32 daily 

measurements, Figure S1A and peak concentrations occurred during anticipated cooking 

events, Figure 1D. Additionally, filter PM2.5 <400 μg had a strong correlation (R2=0.71) 

with Fabs, Figure S1B. Lastly, log-transformed 24 hr endotoxin unit (EU) measurements 

correlated with log-transformed 7-day EUs, Figure S1C, R2=0.59.

Scanning electron microscopy images of 37 mm PM2.5 filters can be seen in Figure S2A–B.

3.5 Vacuumed PM

To collect particles, we vacuumed rug PM for 60 seconds into a mesh 40 μm sleeve as 

described in Methods. We collected an average of 1.8 grams (range=0.2–6.2 g, SD=1.7) 

from 27 homes. There was no significant difference in mass collected between kitchen fuel-

types (Mann-Whitney U test, p=0.18), Table 2.

Next, we tested the vacuumed PM samples for known culturable bacteria. Total CFUs/mL 

from each home can be seen in Figure 3. We also determined speciation of bacteria, Table 

S4.

Because specific metals may be important in determining respiratory health effects, 

(Bomberger, Coutermarsh, Barnaby, & Stanton, 2012; Mazumdar et al., 2015; Zelikoff, 
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Schermerhorn, Fang, Cohen, & Schlesinger, 2002) we measured the content of PM from 

LPG and biomass kitchens using XRF, Table 3.

As seen in Table 3, biomass burning kitchen PM had significantly higher Zr, As, Cu (n=1), 

Fe and V content, while LPG kitchens had higher S (Mann-Whitney U test p=0.02). Raw 

data including arithmetic means, normality results, and statistical tests used can be found in 

Table S5.

In our analysis, we did not find a single environmental parameter to correlate with lung 

function.

3.6 In vitro assays

3.6.1 Cytotoxicity of PM on human airway epithelial A549 cells—PM has been 

reported to disrupt the airway epithelial barrier (Caraballo, Borcherding, Thorne, & 

Comellas, 2013). In addition, PM impairs mechanisms of airway innate immunity 

(Buonfiglio et al., 2017). Therefore, we explored whether PM collected from individual 

kitchens would recapitulate these findings.

To test whether PM from LPG or biomass was toxic to small airway epithelia, we applied 

seven doses of PM from both fuel groups and measured LDH release, Figure 4.

Cytotoxicity by PM dose and fuel-type can be seen in Figure 4; no difference was found in 

LDH release between fuel-types (dose 300 μg/cm2, Mann-Whitney U test, p=0.65), and 

percent cytotoxicity was consistently <4%. Percent cytotoxicity was greater in cells exposed 

to biomass and LPG PM than in cells exposed to volcanic ash (LPG and biomass arithmetic 

mean range= −0.14–3.8, volcanic ash range= −0.14–0.11).

3.6.2 Transepithelial conductance of passaged HAE cells at an air-liquid 
interface—We assessed the change in transepithelial conductance of PM treated cells over 

24 hours. There was no difference in conductance between fuel-types (Mann-Whitney U test 

p=0.16).

Because there were both restrictive and obstructive phenotypes in our cohort, we next 

assessed whether PM from homes of participants with restrictive and obstructive phenotypes 

altered epithelial conductance compared to cells treated with PM from homes of people with 

normal spirometry, Figure 5.

As seen in Figure 5, there was a trend of increased conductance in cells treated with PM 

from homes of participants with a restrictive phenotype (p=0.06). PM from participants’ 

homes with an obstructive physiology did not significantly alter conductance compared to 

PM from homes of participants with normal spirometry (p=0.20). When PM from homes of 

participants with either restrictive or obstructive phenotype are compared to those with 

normal spirometry, increased conductance was observed (p≤0.05), pooled data not shown.

3.6.3 Permeability of low-molecular-weight FITC-conjugated dextran in HAE 
cells at ALI—Next, we tested FITC-D from basolateral media of HAE cells at the ALI 

exposed to PM from both fuel-types (n=22) as a function of barrier integrity (Hulbert et al., 
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1989). We found no difference in FITC-D between fuel-types (Mann-Whitney U test, 

p=0.95).

However, we found a negative correlation between participants’ post-FEV1/FVC and 

basolateral FITC-D concentrations (R2= −0.57). Therefore, we assessed FITC-D 

permeability based on participants’ spirometry phenotype, Figure 6.

PM from participants with “normal” (FEV1/FVC 80–90, n=4) spirometry resulted in 

equivalent FITC-D permeability as control cells (no PM, dotted line). PM from participants 

with a restrictive phenotype (FEV1/FVC >90, n=14) resulted in significantly lower FITC-D 

permeability (Mann-Whitney U test, p≤0.05), Figure 6. There was a trend of increased 

FITC-D permeability when HAE cells at ALI were exposed to PM from homes of 

participants with obstruction (FEV1/FVC <80, n=4, unpaired t-test, p=0.07). PM from three 

out of the four homes of participants with respiratory obstruction increased FITC-D 

permeability. FITC-D permeability and transepithelial conductance were not correlated 

(R2<0.01).

3.6.4 Antimicrobial activity of primary HAE cells—We tested the effect of PM on 

antimicrobial activity of primary HAE cells (from organ donors at the cell-culture core, 

University of Iowa). We treated ASL with PM from 19 homes, then exposed the mixture to a 

bacterial challenge of S. aureus and assessed the percent of live bacteria remaining after 10 

minutes, Figure 7.

PM from all homes tended to inhibit antimicrobial activity of primary HAE ASL within 10 

minutes (p=0.06). There was no difference in effect based on fuel-type (Kruskal-Wallis test 

with multiple comparisons test ASL vs. LPG p=0.15, ASL vs. Biomass p=0.21, between 

fuels p>0.99). Results from individual homes are presented in Table S6.

4. DISCUSSION

We measured lung function in primary cooks and identified a sub-group within cooks using 

biomass who had respiratory obstruction (30%), which agrees with a similar value 

previously observed in an Indian biomass-cooking population (Mukherjee et al., 2014). We 

expected to find some respiratory alterations in all study participants, due to typically high 

ambient PM2.5 concentrations in Thanjavur (30–52 μg/m3 during study period), especially 

given participants’ residential proximity (KBerkeley Earth, 2020). However, biomass homes 

had increased PM2.5 and respiratory obstruction, a finding not observed in our small LPG 

cohort. We were unable to control for ambient exposures but would expect ~2 LPG 

participants to have obstructive spirometry if ambient exposures were the attributable cause 

of obstruction (applying the same rate of obstruction observed in the biomass population). 

Moreover, in a thorough metanalysis regarding respiratory effects of biomass cooking, Hu et 
al. found an increased risk (OR=2.44) of developing COPD after exposure to biomass 

smoke, and a separate analysis found that wood burning resulted in the highest risk of COPD 

(OR=4.29) compared to other fuel-types (Kurmi et al., 2010). Consistent with our findings, 

biomass-exposed populations have previously been described as having either obstructive 

and/or restrictive lung disease (Kargin et al., 2011; Özbay, Uzun, Arslan, & Zehir, 2001). In 
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our study, only 10% of the biomass group had normal lung function, while 60% had a 

restrictive physiology (FEV1/FVC >90), the same percentage of those with restriction in the 

LPG group (60%). Interestingly, while none of the LPG cooks had respiratory obstruction, 

all had previously been exposed to biomass and switched to LPG 10–15 years ago (while 

biomass users continued using the same fuel-type), indicating the potential respiratory 

benefits of switching from wood to cleaner fuel. Ongoing computed tomography (CT) 

imaging analysis from this study population likely will provide a better understanding of the 

heterogeneity of chronic lung disease in this population.

PM2.5 was greater in biomass kitchens than LPG kitchens (p=0.02). Gravimetric arithmetic 

mean 24-hour PM2.5 was 120 μg/m3 (SD=162), which is slightly higher but similar to 

previously reported LPG and biomass fuel 24-hour PM2.5 in rural Tamil Nadu (mean=105 ± 

114 μg/m3) (Balakrishnan et al., 2018) and greater than the World Health Organization 

guideline of 25 μg/m3 (WHO, 2006). In biomass homes, PM2.5 concentrations were greater. 

We confirmed that DRIs robustly estimated gravimetrically measured PM2.5 (R2=0.74) in 

biomass and LPG kitchens, allowing for quantification of peak exposures in highly polluted 

environments, and providing an alternative to gravimetric monitors. We demonstrated that an 

inexpensive method to estimate black carbon (by quantifying filter light absorption) 

correlated with PM2.5 field measurements (R2=0.71), facilitating the addition of black 

carbon into health effects estimates. While filter loading can interfere with accuracy of Fabs 

measurement, we addressed this by only including PM2.5 filter mass <400 μg. Lastly, we 

obtained particles using a collection method (DUSTREAM®) typically used in other 

settings (e.g. allergen testing), which allowed us to measure biologically and chemically 

relevant content. Significant environmental differences were found in biomass and LPG 

kitchens: biomass kitchens had greater PM2.5, Fabs, iron, arsenic, copper, zirconium and 

endotoxin concentrations, and LPG kitchens had higher sulphur concentrations. Not only are 

there strong associations with specific content in the particles and health effects, (Bomberger 

et al., 2012; Schwartz et al., 1994; Zanobetti et al., 2009) but access to the physical particles 

enabled us to assess biological effects in vitro.

Respiratory health effects of metals have been previously investigated. Three metals 

associated with chronic and acute lung disease were identified as being elevated in biomass 

homes compared to LPG. Arsenic (As) has robust respiratory health effects, (Bomberger et 

al., 2012; Enterline, Henderson, & Marsh, 1987; Mazumdar et al., 2015; Mazumder et al., 

2000) as does Iron, (Buonfiglio et al., 2018; Ghio et al., 2008; Strak et al., 2012) and 

Vanadium (Dreher et al., 1997; Silbajoris et al., 2000). Zirconium (Zr) was also greater in 

biomass homes compared to LPG, although we did not find literature regarding health 

effects of Zr on airway epithelia. LPG homes had higher Sulphur concentrations than 

biomass burning homes. Sulphur dioxide can reduce airway cell ciliary beat frequency, 

required for mucociliary clearance (Norris & Jackson, 1989; Tamaoki, Chiyotani, Sakai, 

Takeyama, & Konno, 1993).

We demonstrated that the use of an EDC, a passive and inexpensive method of sampling 

bioaerosols, for 24 hours can estimate within-kitchen endotoxin concentrations over a 7-day 

period (R2=0.59). The median endotoxin concentration measured in kitchens was >1000 

times greater than the median concentration found in other studies including in Copenhagen 

Stapleton et al. Page 13

Environ Res. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Madsen et al., 2012), Iowa (Kilburg-Basnyat et al., 2016), and elsewhere (Kilburg-Basnyat, 

Metwali, & Thorne, 2016; Noss et al., 2010). Typically, EDCs are deployed for two-weeks 

(Kilburg-Basnyat et al., 2016). However, in our study a 24-hour period was enough to 

predict 7-day concentrations. We did not find an association with EUs and reported animal 

entry to house, but based on personal observations, our survey potentially underestimated 

this variable. Endotoxin has been associated with asthma and wheeze (Thorne et al., 2005; 

Thorne et al., 2015), COPD (Mendy et al., 2018), and byssinosis, a chronic respiratory 

syndrome leading to long-term disability if exposure continues (Bouhuys, Beck, & 

Schoenberg, 1979; Castellan et al., 1987; Imbus & Suh, 1973; Tockman & Baser, 1984).

Several factors can influence the development of chronic lung disease. One of them is 

recurrent respiratory infections. An initial and key mechanism to protect the lungs from 

respiratory infections is ASL bactericidal activity. We have previously reported that indoor 

PM from the U.S. can impair ASL bactericidal activity (Stapleton et al., 2019). We set out to 

examine the effects of indoor PM collected in India on ASL bactericidal activity. Although 

PM from all homes had a trend (p=0.06) of impairing ASL bactericidal activity (likely due 

to the small sample size), we saw no difference in the effect based on fuel-source. 

Negatively charged particles have been shown to adsorb to cationic antimicrobial peptides 

and proteins (AMPs), allowing for fewer available AMPs upon bacterial challenge 

(Buonfiglio et al., 2017). We saw no difference in zeta-potential of PM between fuel-types, 

therefore particles from all homes likely acted similarly on ASL bactericidal activity.

Another mechanism that can influence the development of chronic lung diseases is 

disruption of the lung epithelial barrier integrity (Jones et al., 1980). Disruption of this 

barrier has been shown to result in different lung diseases including acute lung injury, 

obstructive and restrictive lung diseases (LeSimple, Liao, Robert, Gruenert, & Hanrahan, 

2010). In our study we show that exposing HAE cells to PM disrupted barrier integrity and 

the results were associated with lung phenotypes. 75% of the PM from homes of participants 

with respiratory obstruction increased FITC-D permeability, and there was a trend of 

increased permeability in cells treated with PM from obstructive homes compared to cells 

treated with PM collected from participants with normal lung function (p=0.07). 

Interestingly, PM from homes of participants with respiratory restriction significantly 

decreased FITC-D permeability (p≤0.05), but also tended to increase electrical conductance 

(p=0.06). This divergence between macromolecular and electrical permeability has been 

observed in other preparations (Van Itallie & Anderson, 2004) and suggests that PM 

composition can affect these distinct junctional properties. Within our analysis, we did not 

find elemental differences in PM from homes of participants with distinct phenotypes. 

Therefore, the mechanism responsible for these permeability changes in our experiments is 

unknown and requires further examination (Caraballo et al., 2013; Serikov, Choi, Chmiel, 

Wu, & Widdicombe, 2004).

For in vitro assays, we used primary HAE cells to analyze bactericidal activity, as it has been 

demonstrated that primary cells contain similar AMPs to those found in vivo (Ali, Lillehoj, 

Park, Kyo, & Kim, 2011; Candiano et al., 2007; Kesimer et al., 2009), and ASL from 

primary HAE cells can be continuously collected over time. However, primary cells are a 

valuable resource not suitable for large throughput assays, and present donor variability 
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issues due to genetic heterogeneity, making them not ideal for comparing PM from multiple 

homes; therefore, we used immortalized airway cells (NuLi cell-line) that are polarized and 

have similar electrical properties to native airway (Zabner et al., 2003) for both the electrical 

and macro-molar permeability assays. We hypothesized spirometry results may be due to 

alveolar cell death, indicative of emphysema, and to test this hypothesis, we used an alveolar 

cell-line (A549) to assess cytotoxicity, while eliminating donor variability. We feel that the 

airway cells selected for our assays represent accurate models to test the respective 

hypotheses.

Study strengths include the granularity of our particle characterization in homes using wood 

biomass and LPG in Tamil Nadu, India. In the PM, we found biologically active agents 

known to influence airway immunity and respiratory tract infection, the effect of which will 

be further analyzed in our analysis including CT parameters. We demonstrated that cooks 

using biomass fuel had more respiratory obstruction than those using LPG. Methods used to 

characterize the kitchen microenvironment are readily accessible, cost-effective, and well 

correlated to more standard methods. We were able to demonstrate specific mechanisms 

(e.g. compromised epithelial barrier integrity and increased electrical conductance) 

potentially responsible for airway disease resulting from PM exposures. Lastly, our sampling 

from LPG and biomass homes occurred in the same neighborhoods, indicating well-

controlled ambient exposures. This signifies that our high incidence of respiratory restriction 

(60%) in both groups is perhaps driven by ambient exposures, while obstruction appears to 

be unique to biomass exposures.

There are limitations in drawing conclusions related to participants’ lung function and their 

indoor PM and endotoxin exposures. Study limitations include the small sample size and 

limited geographical range and confounding exposures (71% of biomass participants work 

outside of the home). We did not sample occupational environments, a likely confounder, 

since LPG cooks were: less likely to work outside of the home, of a higher socioeconomic 

status, and had fewer exposures. Our environmental assessment was for a short time period, 

which is difficult to extrapolate to the lifetime of study participants. We did not sample 

ambient concentrations over the entire study period, although when we did, they were 

consistent with the Indian government’s reported measurements. PM used for the in vitro 
assays was collected from rugs, which may not approximate all respirable particles, 

however, particle re-suspension and settling occurs throughout the day and we felt a 7-day 

period would allow for collection of particles representing distinct exposures. Due to the 

nature of our study (a pilot), the DUSTREAM® collector was the best tool available to 

collect whole particles, facilitating later use in our laboratory. Additionally, our PM2.5 and 

endotoxin collections occurred at breathing height. Finally, our PM collection method likely 

included dried dirt, however, ambient dirt existed inside all homes, indicating respiratory 

(while cooking at low height) and dermal exposures. Despite these limitations, PM collected 

from homes of participants with abnormal spirometry significantly altered barrier integrity 

and ion transport of HAE cells in vitro, indicating its utility as a surrogate of primary cooks’ 

exposures. Additionally, the intra-fuel type heterogeneity and similarity in findings to other 

studies (Balakrishnan et al., 2018) speaks to the universality of our findings for this fuel-type 

and geographical region.
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5. CONCLUSIONS

Our results confirmed that 30% of biomass cooks have an obstructive physiology and 

validated distinct efficacious, inexpensive, and novel means of collecting and monitoring 

indoor pollutants in rural India. We demonstrated potential mechanisms to explain cooks’ 

abnormal physiology. Lastly, our study provides granular data of indoor PM and endotoxin 

levels, with a detailed examination of the particles’ chemical characteristics, including 

metals and zeta potential, and provides further insights into possible mechanisms associated 

with lung injury and respiratory infections.
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Highlights

• PM from two cookstove fuel types had distinct combustion and bioaerosol 

properties

• 30% of women cooking with wood had respiratory obstruction, none using 

LPG did

• Respiratory restriction was common in both groups (60%)

• PM from homes of subjects with obstruction or restriction altered cell 

permeability

• PM from all homes tended to inhibit innate immunity
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Figure 1. Measurement design.
A. PM2.5 measurements were conducted at approximate cooking height near the cookstove, 

arrow indicates device colocation B. EDCs collected endotoxin on a music stand (top 

arrow), while PM settled on pre-cleaned rugs below the EDC (bottom arrow) for 7 days C. 
Rugs were vacuumed into a sieve (arrow), collecting particles <40 μm D. One representative 

PM2.5 daily time series from biomass home in log scale – peaks occurred during evening 

and morning hours, corresponding with typical times of evening meals, breakfast, and tea. 

Peak exposure exceeded 50 mg/m3, indicating extremely high peak concentrations.
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Figure 2. Post bronchodilator FEV1/FVC by fuel-type.
Post FEV1/FVC ratios from each participant, based on fuel-type (LPG n=5, Biomass n=20). 

FEV1/FVC of 80 and 90 are represented by solid lines, between which lung function is 

considered normal, and circled values represent the participants with restrictive (>90), and 

obstructive (<80) lung function. The Mann-Whitney U test was used to determine 

differences in post bronchodilator FEV1/FVC values between fuel-type.
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Figure 3. Total colony forming units by home.
Blank-corrected culturable bacterial CFUs, each dot represents total CFUs/mL per home 

found in PM (dose=1 mg/mL), by fuel-type.
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Figure 4. Cytotoxicity of a human airway epithelial cell-line exposed to LPG or Biomass kitchen 
PM.
Seven doses (4.7, 9.4, 18.8, 37.5, 75, 150, 300 μg/cm2) of PM from homes where spirometry 

and PM (n=22) was obtained were applied to A549 cells overnight, and percent cytotoxicity 

measured the following day.
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Figure 5. Conductance of human airway epithelial cells at air-liquid interface after exposure to 
PM from participants’ homes based on spirometry phenotype.
Change in 24-hr conductance (mS*cm2) after the NuLi HAE cell-line at ALI were exposed 

to PM from 22 homes. “Normal” indicates cells treated with PM from homes of participants 

with normal spirometry (post bronchodilator FEV1/FVC = 80–90), “Rest.” indicates cells 

treated with PM from homes of participants with restrictive spirometry (post FEV1/FVC 

>90) and “Obs.” indicates cells treated with homes of those with obstructive spirometry 

(post FEV1/FVC <80). Results from cells treated with PM from homes of participants with 

normal spirometry were compared to results from cells treated with PM from obstructive 

and restrictive homes using Mann-Whitney U tests, and the dotted line indicates 

conductance of control (vehicle treated) cells.
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Figure 6. FITC dextran permeability of human airway epithelial cells at air-liquid interface after 
exposure to PM from participants’ homes based on spirometry phenotype.
Permeability of FITC-D after 24 hours, collected from basolateral media of NuLi HAE cell-

line at ALI after exposure to 30 μg/cm2 PM, grouped by participants’ spirometry results. 

“Normal” indicates cells treated with PM from homes of participants with normal 

spirometry (post bronchodilator FEV1/FVC = 80–90), “Rest.” indicates cells treated with 

PM from homes of participants with restrictive spirometry (post FEV1/FVC >90) and “Obs.” 

indicates cells treated with homes of those with obstructive spirometry (post FEV1/FVC 

<80). The dotted line indicates control permeability. Cells treated with PM from “normal” 

spirometry results were compared to PM from restrictive homes using a Mann-Whitney U 
test and compared to PM from obstructive homes using an unpaired t-test.
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Figure 7. Antimicrobial activity of airway surface liquid with and without exposure to PM from 
cooks’ homes.
Percent of live S. aureus exposed to three human donor’s ASL + vehicle after 10 minutes 

compared to the percent of live bacteria after ASL is exposed to PM from cooks’ homes 

(each dot represents summary data from 3 donor ASL for each of 19 homes), Mann-Whitney 

U test comparing ASL alone (n=3) to all PM-treated ASL (n=19), p=0.06.
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Table 1.

Mean, median, and interquartile range of spirometry values pre- and post- bronchodilator of 25 primary cooks 

in Thanjavur, India.

Pre-bronchodilator

LPG (n=5) Biomass (n=20)

Mean Median IQR Mean Median IQR p-value Test

FEVj (%) 75 78 20 90 82 36 0.40 unpaired t

FVC (%) 69 66 17 94 81 54 0.27 unpaired t

FEVi/FVC 91 90 9 87 94 16 0.99 MW

FEF25.75 (%) 77 91 33 75 73 47 0.90 unpaired t

Post-
bronchodilator

FEVi (%) 71 73 38 85 81 27 0.38 MW

FVC (%) 68 70 20 86 79 33 0.25 unpaired t

FEVi/FVC 92 93 3 86 91 19 0.92 MW

FEF25.75 (%) 72 84 43 70 72 42 0.85 unpaired t
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Table 2.

Geometric mean concentrations, geometric standard deviations and number of samples collected of the 

follwing endpoints: PM2.5, filter black carbon and potassium, endotoxin (two timepoints), PM bacteria, and 

mass collected based on fuel-type. P-values determined using the Mann-Whitney U test.

LPG Biomass

p-valueGM GSD n GM GSD n

UPAS, PM2.5 (ng/m3) 38 2 7 92 2 25 0.02

PATS+, PM2.5 (pig/m3) 33 2 7 80 2 27 0.01

Fabs 1 2 7 4 3 25 <0.01

37 mm filter K (pig/filter) 5 1 7 13 2 25 <0.01

37 mm filter Fe (pig/filter) 2 1 4 1 1 1 NA

24h Endotoxin (EU/m2) 229,000 4 7 1,130,000 4 27 0.02

7-day Endotoxin (EU/m2) 508,000 2 7 1,850,000 2 23 <0.01

Bacteria (CFUs/mL) 44,400 2 7 31,200 3 23 0.14

Total rug mass (mg) 532 3 6 1,312 3 21 0.18
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Table 3.
Total rug metal content.

Total metal content (GM, ppm), GSD, and number of samples with metal present from biomass and LPG 

burning kitchens, measured using X ray fluorescence. Metals that are significantly different between fuel-type 

are in bold text. P-values generated using unpaired t, or Mann-Whitney (MW) U tests, depending on normality 

of data.

Element(symbol)

LPG Biomoss
p-value Test

GM (ppm) GM (ppm) GSD GM (ppm) GM (ppm) GSD

As 6 1 7 10 2 22 0.03 MW

Cu 37 1 4 140 1 1 <0.01 unpaired t

Fe 6,000 2 7 14,200 2 23 <0.01 MW

S 939 2 5 489 2 23 0.02 MW

V 21 3 7 62 2 23 <0.01 unpaired t

Zr 125 2 7 307 2 23 0.02 unpaired t

BAI 175,500 1 7 191,900 1 23 0.34 unpaired t

Bi 9 1 5 12 2 20 0.34 MW

Co 51 1 4 77 2 22 0.07 MW

Cr 20 3 6 8 4 7 0.13 MW

K 11,100 2 7 12,800 2 23 0.40 unpaired t

Mn 134 1 2 89 4 14 >0.99 MW

Nb 2 1 1 2 2 9 NA NA

Pb 26 2 7 17 3 23 0.35 MW

Rb 24 1 7 25 2 23 0.53 unpaired t

Sc 101 2 5 62 4 8 0.91 unpaired t

Sr 146 1 7 164 2 23 0.31 unpaired t

Th 6 1 7 10 2 23 0.10 MW

Ti 1,400 2 7 2,050 1 23 0.11 MW

U 6 1 7 6 1 13 0.57 MW
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