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A B S T R A C T   

The burden of disease associated with environmental exposures disproportionately impacts residents of low- and 
middle-income countries. Children living in rural regions of these countries may experience higher exposure to 
insecticides from indoor residual spraying used for malaria control and household air pollution. This study 
evaluated environmental exposures of children living in a rural region of South Africa. Quantifying exposure 
levels and identifying characteristics that are associated with exposure in this geographic region has been 
challenging due to limitations with available monitoring techniques. Wearable passive samplers have recently 
been shown to be a convenient and reliable tool for assessing personal exposures. In this study, a passive sampler 
wristband, known as Fresh Air wristband, was worn by 49 children (five-years of age) residing in the Limpopo 
province of South Africa. The study leveraged ongoing research within the Venda Health Examination of 
Mothers, Babies, and their Environment (VHEMBE) birth cohort. A wide range of chemicals (35 in total) were 
detected using the wristbands, including polycyclic aromatic hydrocarbons (PAHs), organochlorine pesticides, 
phthalates, and organophosphate esters (OPEs) flame retardants. Higher concentrations of PAHs were observed 
among children from households that fell below the food poverty threshold, did not have access to electric 
cookstoves/burners, or reported longer times of cooking or burning materials during the sampling period. 
Concentrations of p,p′-DDD and p,p′-DDT were also found to be elevated for children from households falling 
below the food poverty threshold as well as for children whose households were sprayed for malaria control 
within the previous 1.5 years. This study demonstrates the feasibility of using passive sampler wristbands as a 
non-invasive method for personal exposure assessment of children in rural regions of South Africa to complex 
mixtures environmental contaminants derived from a combination of sources. Future studies are needed to 
further identify and understand the effects of airborne environmental contaminants on childhood development 
and strategies to mitigate exposures.   

1. Introduction 

Air pollution is ubiquitous, but the burden of disease resulting from 
toxic exposures disproportionately affects residents of low- and middle- 
income countries (LMICs) (WHO 2018). Over 600,000 estimated deaths 
each year result from exposure to air pollution in Africa alone (ACGIH 
2018). Children are particularly susceptible to exposure because of their 
developing airways, immature immune system, as well as higher 

respiratory rates, food intake per body weight, and skin-to-volume ratios 
relative to adults (Kim et al., 2018; Masekela and Vanker 2020; Sly and 
Bush 2015; Voynow and Auten 2015). In rural South Africa, exposures 
from household air pollution and indoor residual spraying (IRS) are of 
major concern. The main source of exposure to household air pollution 
originates from burning solid fuels for cooking (Shezi and Wright 2018). 
While the transition to cleaner cooking technologies has progressed 
globally, many regions in Africa, and in other LMICs, still use polluting 
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fuels and technologies (Gordon et al., 2014; World Health, 2018). Over 
80% of the African region primarily rely on these polluting energy 
sources for everyday household activities like cooking, heating, and 
lighting (WHO 2018). Childhood exposure to household air pollution 
can lead to both acute and chronic respiratory conditions ranging from 
increased frequency in cough, wheezing, and acute respiratory tract 
infections to long-term ailments like chronic obstructive pulmonary 
disease (Fullerton et al., 2008; Masekela and Vanker 2020). Those living 
in rural regions of Africa can be exposed to insecticides, such as p,p’- 
dichlorodiphenyltrichloroethane (p,p′-DDT), from IRS conducted for 
malaria control. These chemicals are generally applied to the interior 
walls and rafters of traditional mud dwellings, and underneath the eaves 
on the outside of the homes (Bouwman et al., 2006; Gitari et al., 2018). 
p,p′-DDT exposure is of particular concern for early childhood devel-
opment because of its potential for neurotoxicity and endocrine 
disruption (Slima et al., 2017; Eskenazi et al., 2018; Liu and Schelar 
2012; Oulhote and Bouchard 2013; Patisaul and Adewale 2009; Viel 
et al., 2017). 

Assessing children’s exposure to environmental chemicals can be 
challenging as few non-invasive methods that can be easily deployed on 
a large scale exist. The use of wearable passive samplers has grown in 
popularity in the past decade and has shown to be an efficient approach 
for evaluating personal exposures (Gibson et al., 2019; Hammel et al., 
2016; Koelmel et al., 2021; Koelmel et al., 2022; Lin et al., 2020; 
O’Connell et al., 2014; Wang et al., 2019). These emerging tools are an 
extension of stationary passive samplers that have been used for the last 
two decades to collect airborne contaminants with polyurethane foam 
(PUF) (Gibson et al., 2019; Hammel et al., 2016; D Kim et al., 2018; 
O’Connell et al., 2014; Wang et al., 2019), styrene divinylbenzene co- 
polymer (XAD) (Wania et al., 2003; Wania and Shunthirasingham 
2020), and polyethylene (Messier et al., 2019). Sampling devices that 
can be worn allow for the evaluation of exposure from both outdoor and 
indoor spaces as well as of the variability specific to individuals. 

Over 40 environmental health studies have evaluated personal ex-
posures using wearable passive samplers with most worn as a wristband 
(Okeme et al., 2022). Two wristband designs have been reported, 
including a commercial band and the Fresh Air wristband. The former is 
a loop of silicone rubber that is retailed by vendors as a ‘Livestrong’ or 
awareness bracelet. The silicone is a sorbent for environmental con-
taminants that are taken up from the air and the skin of the participant 
capturing a combination of inhalation and dermal exposure pathways. 
The Fresh Air wristband similarly uses a silicone rubber (poly-
dimethylsiloxane, PDMS) as a sorbent to collect environmental con-
taminants. The sorbent in the Fresh Air wristband, however, is encased 
in a perforated chamber mounted in a band to restrict assessment to 
inhalation exposures. The lightweight, non-invasive features of wrist-
band passive samplers enhance the feasibility of investigating the ex-
posures of vulnerable populations, like pregnant women (Gibson et al., 
2019), the older adults (Koelmel et al., 2021), and children (Koelmel 
et al., 2022; Levasseur et al., 2021; Quintana et al., 2019) compared to 
active sampling counterparts (Doherty et al., 2021). 

Numerous studies in the US have used these wearable tools to 
characterise personal exposures of organophosphate ester flame re-
tardants (OPFRs) (Hammel et al., 2016; Reddam et al., 2020), polycyclic 
aromatic hydrocarbons (PAHs) (Dixon et al., 2018; Hendryx et al., 2020; 
Paulik et al., 2018; Rohlman et al., 2019a; Rohlman et al., 2019b), 
polybrominated diphenyl ethers (PBDEs) (Hammel et al., 2018), pesti-
cides (Aerts et al., 2018), and a variety of pollutants (Anderson et al., 
2017; Bergmann et al., 2018; Craig et al., 2019; Donald et al., 2019; 
Nicole, 2018; Romanak et al., 2019; Wang et al., 2019; Shaorui Wang 
et al., 2020; Zuy et al., 2020). Other studies in the US have examined 
children’s exposures to PBDEs (Kile et al., 2016; Lipscomb et al., 2017), 
OPFRs (Gibson et al., 2019; Hammel et al., 2020; Kile et al., 2016; 
Lipscomb et al., 2017), phthalates (Hammel et al., 2020), PAHs (Lin 
et al., 2020), pesticides (Harley et al., 2019; Vidi et al., 2017), and 
nicotine (Quintana et al., 2019). Most recently, wearable passive air 

samplers have been used to evaluate personal exposure to airborne 
particles, including respiratory virus (Angel et al., 2022). There have 
also been studies using wristbands conducted on adults outside of the US 
including West Africa (Donald et al., 2016), Peru (Bergmann et al., 
2017), Chile (Manzano et al., 2019), Bangladesh (Wang et al., 2020), 
Japan (Reche et al., 2020), China (Guo et al., 2021; Koelmel et al., 
2021), a combination of participants from France and Italy (S. Wang 
et al., 2020), and a combination of participants from South Africa, Peru, 
and the US (Dixon et al., 2019). There has been limited study of personal 
pollutant exposures for children outside of the US, particularly in LMICs. 
A recent publication assessed the exposure of 38 children (median age of 
12 years) and a guardian from the same household that lived in agri-
cultural communities in the southwest region of South Africa (Fuhri-
mann et al., 2022). Of the 21 pesticides evaluated using silicone 
wristbands, 16 were detected, including deltamethrin, chlorpyrifos, 
boscalid, and cypermethrin. Children were found to have elevated 
exposure levels to deltamethrin, cypermethrin, p,p′-DDE, and p,p′-DDT 
compared to their guardians. Beyond pesticides, further investigation is 
needed evaluating the mixture of environmental chemicals to which 
children are exposed in LMICs from other emission sources. 

The objective of this study was to evaluate the feasibility of using the 
novel Fresh Air wristband to assess exposures to diverse range of pol-
lutants derived from various sources, including IRS and combustion 
activities among five-year-old children residing in the Limpopo province 
of South Africa. The relationship between detected exposures were 
further investigated to better understand the context in which exposure 
arises to inform future exposure mitigation interventions. 

2. Materials and methods 

2.1. Study population and study design 

Participants in the current study were recruited from a larger 
ongoing birth cohort study, the Venda Health Examination of Mothers, 
Babies and their Environment (VHEMBE). Participants in the VHEMBE 
study included 752 mother-child pairs who were recruited between 
2012 and 2013 when women presented to give birth at Tshilidzini 
hospital in Limpopo’s Vhembe district. Eligibility criteria included: 
being at least 18 years of age, living in a home that was <20 km from the 
hospital, in which Tshivenda was the primary language, planning to 
remain in the study area for at least two years, having contractions more 
than five minutes apart at the time of recruitment and not having been 
infected with malaria during pregnancy (Coker et al., 2018). VHEMBE 
participants have taken part in follow-up assessments at multiple time 
points, including home-walkthrough visits and comprehensive surveys 
at one-week post-partum (Rauch et al., 2018) as well as at 1, 2, 3.5, and 
5 years of age (Di Lenardo et al., 2020). Given the size of the cohort, 
recruitment and visits were scheduled over the course of 18 months. At 
delivery as well as at each follow-up visit, bilingual (English and Tshi-
venda) staff members conducted a questionnaire-based interview in 
Tshivenda to collect data on sociodemographic characteristics, health, 
and exposure determinants. 

Among the 639 children who completed an assessment at 5 years of 
age, 57 children with a scheduled follow-up visit between September 
2018 and January 2019 were recruited and enrolled in the current study 
(Table S1). Children were given a Fresh Air wristband to wear for three 
days and were requested to keep the wristband on for all of their daily 
activities, except while swimming or bathing. At the end of the exposure 
assessment period, the wristbands were collected for chemical analysis. 
Four (7%) of the 57 deployed wristbands were lost by participants. Of 
the 53 retrieved wristbands, some evidence of tampering or damage was 
found for 35 units (61%). Two of these wristbands (3.5%) were excluded 
from analysis because of significant damage and two additional units 
(3.5%) were not analyzed due to technical challenges at the data 
collection phase. In total, 49 (86%) of the wristbands deployed were 
used in the present study. 
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At the end of the exposure assessment period, trained staff admin-
istered a questionnaire (Five-year Air Sampling questionnaire) to care-
takers to collect detailed information specific to the period during which 
Fresh Air wristbands were worn by the children. Information was 
collected about the start and end times of each burning episode (whether 
for cooking or other purposes), which fuels were used, whether fires 
occurred indoors or outdoors, and whether the child was present. 
Cooking and burning time durations reported for the entire sampling 
period were categorised into long (>8 h), medium (4–8 h), short (0–4 h), 
and none (0 h). Other information was also recorded by the question-
naire such as the road and traffic conditions near their home, proximity 
to large factories/warehouses or other major sources of pollution and 
whether a secondary cooking area was used. 

Information from two additional questionnaires was extracted and 
used in the analysis for this study: the Five-Year Follow-up Visit and the 
One-Week Postpartum Housing Survey. Information collected from the 
Five Year Follow-up Visit questionnaire used in this study includes ques-
tions about households characteristics, such as which fuels were used for 
cooking, heating, and lighting, poverty status, how smoke or steam may 
escape from the home, when the home was lasted sprayed for malaria 
control, and if children lived in the same home as was evaluated in the 
One-Week Postpartum Housing Survey. The Five-Year Follow-up Visit 
complemented the information collected in the Five-Year Air Sampling 
questionnaire by providing additional information about each partici-
pant’s household within the 18 months prior to when the Fresh Air 
wristbands were deployed. The One-Week Postpartum Housing Survey was 
conducted throughout 2012–2013 following initial enrollment in the 
VHEMBE study and birth of the child. Information collected during this 
examination allowed for the assessment of possible longitudinal expo-
sures resulting from household sources. The most pertinent information 
collected and used from this survey asked about the main sources of 
energy used for cooking indoors and whether the home was equipped 
with an electric stove or burner. Information from this survey was used 
only for participants who lived in the same home at the time of the Five- 
Year Follow-up Visit as they did at the One-Week Postpartum Housing 
Survey. Lists of the questions extracted from each of the three ques-
tionnaires are included in the SI (Table S2). 

Informed consent was obtained from all caregivers prior to partici-
pation in the study. This study was approved by the ethics committees of 
McGill University, the University of Pretoria, the Limpopo Department 
of Health and Social Development, Tshilidzini Hospital and Yale 
University. 

2.2. Reagents 

Methanol and hexane (Optima LC/MS grade), water and toluene 
(HPLC grade), dichloromethane (HPLC grade), and poly-
dimethylsiloxane were purchased from Fisher Scientific (Hampton, NH, 
US). Analytical standards were greater than 98% purity, they were 
purchased from Accustandard (New Haven, CT, US) and SPEX (Metu-
chen, NJ, US). 

2.3. Air sampling 

2.3.1. Passive air samplers 
Personal chemical exposures were evaluated using the Fresh Air 

wristband (Lin et al., 2020). PDMS sorbent bars were used to passively 
collect airborne contaminants. Four replicate bars were housed in a 
polytetrafluoroethylene (PTFE) chamber that was mounted in a wrist-
band. Participants in this study wore one wristband for three days. 
Following the exposure assessment period, all PDMS sorbent bars con-
tained in participants’ wristbands were cold chain shipped to the Yale 
School of Public Health for chemical analysis. 

The sampling behaviour of the Fresh Air wristband has been previ-
ously described (Lin et al., 2020). Briefly, field calibrations were used to 
determine the uptake rate and capacity of this wearable passive sampler. 

Semi-volatile organic compounds reported in the current study were 
found to reach equilibrium after five to 14 days of sampling. Children 
enrolled in the VHEMBE cohort wore the Fresh Air wristbands for three 
days to limit sampling of airborne contaminants to the linear uptake 
regime. 

2.3.2. Sample preparation and storage 
All laboratory glassware and tools were rinsed with methanol and 

baked at 75 ◦C for at least 24 h before use. PDMS sorbent bars (length =
10 mm, thickness = 0.8 mm, inner diameter = 2 mm) were custom 
fabricated using high-purity polydimethylsiloxane polymer (Dow 
Corning) and then cleaned in a vacuum oven (2 h at 260 ◦C) under of 
0.1–0.3 L/min flow of high purity nitrogen (99.99%) prior to use. 
Cleaned PDMS sorbent bars were individually placed in microvial inserts 
and stored in air-tight 2 mL amber glass vials with PTFE septa caps. 
Immediately prior to deployment, a field staff of the study team posi-
tioned four cleaned PDMS sorbent bars into the PTFE chambers and 
mounted these chambers into a wristband. PDMS sorbent bars addi-
tionally were secured in place using pre-cleaned neodymium magnets. 
Due to sometimes long travel distances, field staff stored the Fresh Air 
wristbands in pre-baked glass jars and carried them to the participants’ 
houses for deployment. 

The wristband was worn by participants for 2.9 days (SD = 1.0, 
range: 2 to 5 days) on average. At the end of the exposure assessment 
period, a field staff collected and stored the Fresh Air wristband in an air- 
tight container, then transferred it to the local research lab. Immediately 
after arrival, the field staff removed the PDMS sorbent bars from each 
sampler and placed them back to the amber glass vials using stainless 
steel forceps. Samples were stored at 5 ◦C prior to analysis. Field blanks 
were collected throughout the study were used to correct for potential 
contaminations. These PDMS sorbent bars (field blanks) went through 
all processing steps that samplers went through, including placement in 
and out of the form factors (sample preparation), storage, and sample 
introduction, without being placed on participants. 

2.3.3. Sample analysis and data processing 
All laboratory glassware and tools were rinsed with methanol and 

baked at 75 ◦C for at least 24 h before use. All cleaned glassware and 
tools were stored at 75 ◦C in the oven until use. Immediately prior to 
analysis, PDMS sorbent bars were individually rinsed to removed excess 
particle/dust collected on samples. As part of this rinse procedure, PDMS 
sorbent bars were transferred to pre-cleaned 2 mL amber vials using 
stainless-steel tweezers. Optima LC/MS grade water added to each 
amber vial and shaken for 10 min at 300 RPM. PDMS sorbent bars were 
dried using in-house nitrogen for 3 s and were then loaded with an in-
ternal standard mixture which contained 5′-fluoro-2,3′,4,4′,5-pentab-
romodiphenyl ether, naphthalene-d8, acenaphthene-d10, 
phenanthrene-d10, fluoranthene-d10, pyrene-d10, perylene-d12, and 
3,3′,4,4′-tetrabromodiphenyl ether. PDMS sorbent bars were placed into 
pre-cleaned glass autosampler tubes (Gerstel, Linthicum, MD, USA) on a 
temperature-controlled autosampler tray maintained at 10 ◦C (MéCour, 
Groveland, MA, USA). For sample analysis, an autosampler tube was 
transferred into a thermal desorption unit (TDU; Gerstel, Linthicum, 
MD, USA). The TDU was initially held at 30 ◦C for 1.1 min and then 
ramped at 720 ◦C per minute to 280 ◦C (5 min hold) under a flow rate of 
350 mL/min of helium gas (99.999%). Extracted analytes were cyro- 
focused to − 90 ◦C on a 2 mm, glass wool deactivated liner in a cooled 
injection system (Gerstel, Linthicum, MD, USA) cooled to − 90 ◦C. The 
transfer line between the TDU and cooled liner was maintained at 
250 ◦C. Analyses were directly transferred to the gas chromatography 
(GC) column (TG-5SILMS, 30 m × 0.25 mm × 0.25 μm). The carrier gas 
flow (helium) was set to 1.4 mL/min and the GC oven was held at 70 ◦C 
for one minute and then ramped at 7 ◦C/min to 300 ◦C. The final tem-
perature was held for 4.0 min for a total run-time of 37.86 min. During 
the analysis, full-scan electron ionization (EI) mass spectra (m/z 53.4 – 
800) was recorded at an acquisition rate of 4 Hz, and at 60,000 
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resolution on a Q-Exactive Orbitrap mass spectrometer (ThermoFisher, 
Waltham, MA, USA). Quality control samples and blanks (laboratory 
and transport) which were run every five samples. 

Raw mass spectral data were analysed using TraceFinder 4.1 
(Thermo). Blank feature filtering was conducted using field blanks to 
remove compounds with high of background contamination following 
previously described methods (Guo et al., 2021). Briefly, the 95th 
percentile of individual compound in samples that was less than 10 
times of the average of field blanks were removed. Batch-wise median 
normalization was used to account for potential batch effects (Koelmel 
et al., 2021). Exposures were quantified for 70 compounds using a 
seven-point calibration curve (Patterson and Sears 2017). Concentra-
tions below the limit of detection (LOD) were replaced by half the LOD 
(Xia and Wishart 2011). Wristband mass loadings were log2 transformed 
(in pg detected for each PDMS bar) and further normalised by the 
number of days each participant wore the wristband. Exposure levels 

were converted to a volume basis (pg/m3) using a generic uptake co-
efficient (0.43 m3/day) determined for the Fresh Air wristband. 

Quality assurance and quality control details of the described 
methods have been previously described (Lin et al., 2020; Guo et al., 
2021). Briefly, the thermal desorption extraction procedure used in the 
current study achieved 80 to 90% recovery of volatile and semi-volatile 
organic compounds, respectively, from the PDMS sorbent bars. 
Repeatability of measurements was evaluated for individual compounds 
at low, mid, and high levels. The standard deviation across three repli-
cates was less than 15% at all test levels for most compounds. Quality 
control samples analysed in each batch varied by 14% on average for all 
compounds. 

2.4. Statistical analysis 

Correlations across chemical exposures were explored using 

Table 1 
Characteristics of study participants and their households.  

Participant 
Characteristic   

n (%) Mean ±
SD 

Sex Female  27 (55.1%)   
Male  22 (44.9%)   

Poverty Status Below the food poverty threshold (R547 per capita per month) Yes 24 (49.0%)    
No 21 (42.9%)    
No Response 4 (8.2%)   

Below the lower bound poverty threshold (R785 per capita per month) Yes 32 (65.3%)    
No 13 (26.5%)    
No Response 4 (8.2%)   

Below the upper bound poverty threshold (R1183 per capita per month) Yes 37 (75.5%)    
No 8 (16.3%)    
No Response 4 (8.2%)   

Malaria Control Home has been sprayed for malaria control since child’s last visit (within 
the previous 1.5 years) 

Yes 12 (24.5%)    

No 37 (75.5%)   

Waste 
Management 

Rubbish burned on property Yes 44 (89.8%)    

No 1 (2.0%)    
No Response 4 (8.2%)   

Primary cooking area Indoors 38 (77.6%)    
Outdoors 11 (22.4%)   

Cooking Main source of energy used for cooking indoors* Electric Stove or Burner 26 (53.1%)    
Wood 17 (34.7%)    
Paraffin 2 (4.1%)    
No indoor cooking 3 (6.1%)    
No Response 1 (2.0%)   

While the child was at home or around home, papers, cow dung, wood, 
corn cobs, straw, leaves or other vegetation were burned 

Yes 37 (75.5%)    

No 11 (22.5%)    
Unknown 1 (2.0%)   

Average number of separate cooking occurrences    2.29 ±
1.87  

Fuels reported used or burned during sampling period (some were burned 
in combination) 

Wood 91 (70.5%)    

Papers 18 (14.0%)    
Straw 5 (3.9%)    
Leaves 4 (3.1%)    
Other Vegetation 2 (1.6%)    
Cow Dung 1 (0.8%)    
Corn Cobs 0 (0%)    
Unknown 8 (6.2%)   

Daily average of the amount of time spent cooking or burning fuels (min) Total time spent daily   119 ±
114   

Of total, the time spent burning materials only 
indoors   

89 ±
118   

Of total, the time spent burning materials while 
child was directly near the fire   

56 ± 86 

Note: Percentage may not total to 100% due to rounding. 
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Spearman’s rank correlations since most of the exposures did not follow 
a normal distribution after transformation. To compare exposure levels 
by cooking methods and time, malaria controls, poverty level a Kruskal- 
Wallis test was performed. 

3. Results 

3.1. Characteristics of study population 

3.1.1. Participant Characteristics 
Participant and household characteristics throughout the three-day 

sampling period are summarised in Table 1. Additional information 
about the study population is shown in Table S3. A total of 49 partici-
pants aged five-years were included in this study, with 55.1% (n = 27) 
being female. Over 75% (n = 37) of the participants’ households were 
below the upper bound poverty threshold based on household income 
(1183 Rand per capita per month; equivalent to about $65 US), 32 of 
these 37 participants were below the lower bound poverty threshold 

(785 Rand per capita per month; equivalent to about $44 US), and 24 of 
these, nearly half (49%) of the study population, fell below the food 
poverty threshold (547 Rand per capita per month; equivalent to about 
$30 US). 

3.1.2. Household characteristics 
The primary area for cooking in participants’ homes was an indoor 

kitchen space (77.6%) with 40.2% (n = 16) of these households 
reporting having a secondary cooking location either indoors (n = 7) or 
outdoors (n = 9). Out of all the fires that occurred throughout the 
sampling period, wood was the fuel most burned, making 70.5% of the 
total types of fuels reported being used, followed by paper, at 14.0%. 

Over three-quarters of the participants’ caregivers reported fuels 
being burned during the sampling period. Time spent cooking/burning 
during the exposure assessment period ranged from 0 (n = 11) to 19 h 
per day with the daily average of time spent cooking/burning materials 
being 119 (SD = 114) minutes. While information was not collected 
about the cooking appliance used in participants’ homes at the Five-Year 

Fig. 1. Summary of the 35 contaminants detected using the Fresh Air wristbands collected from the 5-year-old study population (n = 49). Abbreviations: volatile 
organic compounds (VOCs), polycyclic aromatic hydrocarbons (PAHs), organophosphate esters (OPEs), tetrahydrocannabinol (THC), bis(2-chloro-1-methylethyl) 
ether (BCEE), tris(1-chloro-2-propyl) phosphate (TCPP), triphenyl phosphate (TPHP), p,p′-dichlorodiphenyldichloroethane (p,p′-DDD), p,p′-dichlorodiphenyltri-
chloroethane (p,p′-DDT). 
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Follow-up Visit, 55.1% of children had not moved since birth when a 
One-Week Postpartum Housing survey was conducted. From this orig-
inal survey, 53.1% of participants’ households used an electric stove or 
burner for cooking; others used either wood cookstoves or paraffin 
cookstoves (38.8%). Nearly 90% of the homes burned waste on their 
property and about one-quarter (n = 12) of the participants’ homes had 
been sprayed for malaria control within the previous 1.5 years of the 
survey. Of these 12 households sprayed, seven reported DDT was the 
pesticide used. All homes were naturally ventilated by opening windows 
and doors. 

3.2. Exposure assessment 

Fresh Air wristbands were analysed for 70 compounds, spanning 16 
chemical classes. Of these, 35 compounds were not detected in the 
samples collected in this study, including brominated flame retardants, 
fungicides, and herbicides (Table S4). The other 35 compounds were 
detected in at least one of the samplers above the limit of detection and 
field blanks (Table S5). This included 14 PAHs, four phthalates, three 
nitroaromatics, two organochlorine pesticides, two organophosphate 
ester (OPE) flame retardants, two volatile organic compounds (VOCs), 
two chlorinated hydrocarbon, two smoking-related compounds, a 
pyrethroid-related compound, a haloether, a nitroamine, and 
isophorone. 

The distribution of detected chemicals is shown in Fig. 1. All four 
phthalates, di-n-butyl phthalate, di-n-octyl phthalate, diethyl phthalate, 
dimethyl phthalate, were detected in 100% of the wristbands at higher 
mass loadings compared to the other chemical families, with medians of 

4.42x104, 1.74x105, 9.35x103, and 3.36x103 pg/m3. Two organochlo-
rine pesticides were analysed: p,p′-DDT and p,p’- dichlorodiphenyldi-
chloroethane (p,p′-DDD). p,p′-DDT was detected in 77.6% of the 
wristbands at a median concentration of 27.3 pg/m3 and p,p′-DDD was 
detected in 44.9% of the wristbands at a median concentration of 42.6 
pg/m3. Multiple PAHs were detected in all participants’ wristbands with 
2-methylnapthalene having the highest detected mass loading median at 
631 pg/m3 and dibenz[a,h]anthracene with the lowest median at 69.0 
pg/m3. Both OPE flame retardants analysed, TCPP and triphenyl phos-
phate (TPHP), were detected in 100% of the wristbands with median 
concentrations of 1.48x103 and 553 pg/m3, respectively. Nitroaromatics 
and isophorone generally had elevated detection mass loading, partic-
ularly 4-chloroaniline (median = 2.08x105 pg/m3; 100% detection fre-
quency). Hexachlorobutadiene (HCBD) was detected in 77.6% 
wristbands with a median concentration of 62.0 pg/m3 and hexachlo-
roethane was detected in 26.5% wristbands with a median concentra-
tion of 119 pg/m3. The haloether, bis(chloroethyl)ether (BCEE), was 
detected in 39 of the 49 wristbands with a median concentration of 489 
pg/m3. N-nitrosodiphenylamine exposure was detected for all partici-
pants with a median concentration of 529 pg/m3. Two VOCs, 1,3-dichlo-
robenzene and 1,4-dichlorobenzene were detected in 100% and 79.6% 
of the wristbands, respectively. Piperonyl butoxide, a synergist added to 
pyrethroid insecticide commercial mixtures, was detected in 42.9% of 
wristbands with a median concentration of 202 pg/m3. Two smoking- 
related compounds were detected in the wristbands, nicotine (6.1%) 
and delta-9-tetrahydrocannabinol (THC-9) (16.3%). 

Fig. 2. Correlation matrix of the personal chemical exposures assessed using Fresh Air wristbands, grouped by chemical family.  
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3.3. Comparison across exposures 

Spearman’s rank correlations were evaluated across the 35 analytes 
detected (Fig. 2). Positive relationships were found between PAHs, 
including phenanthrene and anthracene (ρ = 0.96, p = 1.67 × 10-27), 
benzo(a)pyrene and indeno[1,2,3-cd] pyrene (ρ = 0.96, p = 1.28 × 10- 

26), benzo[ghi]perylene and indeno[1,2,3-cd] pyrene (ρ = 0.94, p =
1.96 × 10-24). VOCs were also found to be correlated, including 1–3- 
dichlorobenzene and 1,4-dichlorobenzene (ρ = 0.73, p = 1.99 × 10-9). 

The two organochlorine compounds were further observed to be 
correlated, p,p′-DDT and p,p′-DDD (ρ = 0.85, p = 8.45 × 10-15). Other 
correlations include hexachlorobutadiene and isophorone (ρ = 0.78, p 
= 5.28 × 10-11), dimethyl phthalate and isophorone (ρ = 0.81, p = 1.18 
× 10-12), hexachlorobutadiene and dimethyl phthalate (ρ = 0.70, p =
2.98 × 10-8). Two phthalates, di-n-octyl phthalate and di-n-butyl 
phthalate, were found to be positively related (ρ = 0.78, p = 4.16 ×
10-12). 

Fig. 3. Personal exposure to PAHs shown by duration of fuel burning (A) and electric stove or burner use (B). Exposures were compared using a Kruskal-Wallis test 
(p-values ≤ 0.05 and ≤ 0.01 are denoted with asterisks). 
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3.4. Questionnaire and survey measures 

3.4.1. Cooking duration 
The amount of time spent cooking or burning materials during the 

three-day sampling period was recorded in the Five-Year Air Sampling 
questionnaire. Differences in airborne pollutant concentrations of PAHs 
were observed based on the durations of time spent cooking or burning 
materials (Fig. 3A). Increased durations were observed to have generally 
higher exposure concentrations across PAHs. Differences in concentra-
tions were found for 8 of the 14 compounds in the family (p ≤ 0.05).), 
with a p ≤ 0.001 difference observed for acenaphthylene. 

3.4.2. Stove type 
Differences in PAH exposure levels were found to correspond to the 

use of an electric stove or burner for indoor cooking (Fig. 3B). The type 
of cookstove used by the child’s family was recorded in the One-Week 
Postpartum Housing Survey and analysis was conducted only for those 
that lived in the same home at the Five-Year Follow-up Visit (n = 27). 
Participants that reported not having an electric stove or burner for 
cooking were observed to have higher PAH concentrations with signif-
icant differences (p ≤ 0.05) observed for benzo[ghi]perylene. 

3.4.3. Poverty status 
Evidence of household poverty status being associated with pollutant 

exposures was observed from wristband concentrations of PAHs and 
organochlorine pesticides. Higher exposures were found for participants 
whose household fell below the lower poverty threshold of 785 Rand per 
capita per month. This trend was apparent across all PAHs, where 9 of 
the 14 chemicals analysed were found to have a statistically significant 
difference (Fig. 4A). A similar trend was observed for organochlorine 
pesticide concentrations. Participants from households below the lower 
poverty level were observed to have higher concentrations of p,p′-DDT 
(Fig. 4A). 

3.4.4. Malaria control 
A trend towards higher exposure levels of organochlorine pesticides 

were observed for participants whose households were sprayed for 
malaria control within 1.5 years prior to sampling (n = 12) (Fig. 4B). In a 
previous study conducted in the VHEMBE cohort, Gaspar et al., similarly 
found increased p,p′-DDT exposure for mothers that reported having 

lived in a home sprayed for malaria control (Gaspar et al., 2017). Blood 
serum concentrations were measured in the mothers at the time of de-
livery. Concentrations for those from homes that had been sprayed were 
found to have five to seven times higher levels than those from homes 
that had never been sprayed. 

3.4.5. Ventilation within homes 
No association was found between pollutant concentrations and the 

outlet in which smoke escaped from participant households as reported 
in the Five-Year Follow-up Visit questionnaire. Households were all 
naturally ventilated, with smoke escaping from holes in the walls/raised 
roof, open windows/doors, chimney, or a combination of these outlets. 
None of the participants reported the use of a kitchen fan with exhaust as 
a method for ventilation. 

3.4.6. Differences by sex 
No difference in pollutant concentrations were found between fe-

male and male children across all chemical families, except for one 
phthalate. Females were found to have elevated exposure to di-n-octyl 
phthalate, compared to male participants (p ≤ 0.05). This was also the 
only compound observed to have higher levels in households that re-
ported cooking indoors during the 3-sampling period rather than 
outdoors. 

4. Discussion 

Wearable passive samplers have been shown to be an assessable 
method of capturing personal exposure profiles, with their use being 
particularly suited for vulnerable populations (Koelmel et al., 2021; Lin 
et al., 2020). This study is the first to present quantitative exposure 
levels of children residing in a rural region of South Africa to diverse 
mixture of environmental contaminants derived from multiple emission 
sources, including household air pollution and IRS. This study confirmed 
expected trends with the use of Fresh Air wristbands, such as positive 
relationship between cooking time and exposure level, and further 
highlight individual and household characteristics that influence per-
sonal exposure levels to select contaminants. We detected enhanced 
trends in PAH exposures associated with longer reported durations of 
burning materials during sampling period, lower household poverty 
status, and those who had previously reported not having access to an 

Fig. 4. Personal chemical exposures are shown by poverty status (A) and indoor residual spraying (B). Poverty status was evaluated as households below the lower 
poverty threshold (R785 per capita per month). Exposures were compared using a Kruskal-Wallis test (p-values ≤ 0.05 and ≤ 0.01 are denoted with asterisks). 
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electric stove or burner for indoor cooking. We found distinct trends in 
pesticide concentrations for participant who reported that their homes 
had been recently (previous 1.5 years) sprayed for malaria control, as 
well as observed higher concentrations for households that fell below 
the lower poverty threshold. Our findings provide insights for future 
policy implications on air pollution issues in rural areas of South Africa. 

4.1. PAHs 

PAHs comprised nearly half of the contaminants detected in the 
study participants’ wristbands. Of the 14 PAHs evaluated, 13 are 
designated as high priority PAHs by the United States Environmental 
Protection Agency (US EPA) given their known toxicity to human health 
and prevalence in the environment. Five of these are classified by the 
International Agency for Research on Cancer as either carcinogenic 
(Group 1), probably carcinogenic (Group 2A), or possibly carcinogenic 
(Group 2B) to humans: benzo[a]pyrene (1), dibenz[a,h]anthracene 
(2A), indeno[1,2,3-cd] pyrene (2B), chrysene (2B), and benzo[k]fluo-
ranthene (2B) (IARC 2020). 

The magnitude of PAH concentrations detected were comparable 
across the chemical family, with the highest levels found for phenan-
threne and 2-methylnapthalene. The positive correlation identified 
among PAHs suggests a similar source. These airborne contaminants 
have been previously attributed to vegetation fires from agricultural 
practices and residential biomass burning in similar geographic region 
(Lacaux et al., 1991; Lacaux et al., 1996; Lammel et al., 2013). Burning 
activities within households are an important source of exposure, as 
trends with burning fuel durations were identified by increased PAH 
pollutant concentrations in the study population. Exposure to PAHs re-
sults from pyrolysis or incomplete combustion, primarily driven by 
cooking related emissions (CDC 2022; Pratiti 2021). Over 80% of the 
African region primarily relies on polluting fuels and technologies for 
cooking, and utilise these fuels, including coal, wood, charcoal, dung, 
crop residues, or kerosene, for other daily activities like heating and 
lighting (WHO 2018). Household air pollution is exacerbated by inad-
equate ventilation systems in homes, and the use of open fires and 
traditional stoves, without flues or hoods, is common. Families that lived 
in the same households for at least five years and reported not having an 
electric burner or stove available for cooking when they were first sur-
veyed were observed to have higher concentrations of PAHs, specifically 
of benzo[a]pyrene, benzo[ghi]perylene, benzo[k]fluoranthene, and 
indeno[1,2,3-cd] pyrene (p ≤ 0.05). Increased concentrations were 
particularly evident for children from households falling below the 
lower poverty threshold of 785 Rand per capita per month, likely due to 
an increased use of solid fuels, which further raises concerns about long 
term exposure to elevated environmental pollutant concentrations in 
some homes within the VHEMBE cohort as compared with others. This 
finding was supported by increased use of electric stoves by children 
from families above the poverty threshold (31%) compared to other 
stove types (0%). 

The longer that study participant’s household reported cooking or 
burning materials during the sampling period, the higher PAH concen-
trations were measured. Various cooking factors influence PAH emis-
sions beyond the duration alone, such as the type of food and cooking 
style, as well as household features which can influence the movement 
of air and ventilation of pollutants in the home (Ahmed et al., 2019; 
Munyeza et al., 2020). 

4.2. Organochlorine insecticides 

p,p′-DDD and, p,p′-DDT, were found at lower concentrations 
compared to the other 33 airborne contaminants detected using the 
wristbands; however, any detection of these chemicals is notable given 
their well-recognised toxicity. DDT is used for malaria control, which is 
particularly important as the estimated number of worldwide cases of 
malaria in 2018 was 228 million with approximately 405,000 deaths, 

where young children account for most of all malaria deaths globally 
(WHO 2019). In South Africa, 9,540 malaria cases have been reported, 
resulting in 69 deaths in 2018 (WHO 2019). These cases were primary 
reported for the provinces of Limpopo, Mpumalanga and KwaZulu-Natal 
(Munzhedzi et al., 2021). IRS has been found to be effective in miti-
gating malaria transmission, but potential negative health effects have 
been associated with exposure to p,p′-DDT and its breakdown products 
(Barlow et al., 2001; Bouwman et al., 2006). Studies have shown that p, 
p′-DDT has a long half-life, estimated between 6 and 10 years, making 
this insecticide persistent in the environment and able to bioaccumulate 
in humans (Longnecker 2005; Wolff et al., 2000). DDT is a neurotoxin 
and endocrine disruptor and of particular concern for early childhood 
development (Eskenazi et al., 2018; Liu and Schelar 2012; Oulhote and 
Bouchard 2013; Patisaul and Adewale 2009; Slima et al., 2017; Viel 
et al., 2017). 

In South Africa, IRS with DDT has been used since the 1940s and 
continues to be a applied to control malaria vectors in Southern Africa 
despite it being banned by most countries (Eskenazi et al., 2018; Sharp 
and le Sueur 1996). DDT is typically applied to interior walls and roofs of 
traditional unpainted mud dwellings (Bouwman et al., 2006; Gaspar 
et al., 2017; Gitari et al., 2018; Verner et al., 2018). Participants in this 
study who were from homes reportedly sprayed within the previous 1.5- 
years and who were from households that fell below the lower poverty 
threshold had higher wristband DDT concentrations. These results sug-
gest that IRS applications used for malaria control are associated with 
higher exposures, similar to findings from other studies using more 
invasive serum concentration measurements (Gaspar et al., 2017; 
Whitworth et al., 2014). Furthermore, previous studies focused on adult 
exposure. This is one of the first studies showing airborne exposure 
concentrations for children. Verner et al., measured serum concentra-
tions of p,p′-DDT and p,p′-DDE in children within the VHEMBE cohort at 
12 and 24 months of age and found higher serum levels among children 
relative to their mothers’ at the time of at delivery (Verner et al., 2018). 

4.3. Phthalates 

The four detected phthalates, di-n-butyl phthalate, di-n-octyl 
phthalate, diethyl phthalate, dimethyl phthalate, are commonly used 
as plasticisers and used to help retain color and fragrance in personal 
care products (Lyche 2011). Phthalates are suspected endocrine dis-
ruptors and childhood exposures have been linked to increased risk of 
allergic diseases, such as asthma and eczema, autism, hyperactivity, and 
neurodegenerative diseases (Jurewicz and Hanke 2011; Kim et al., 
2018). Childhood exposure is of particular concern due to the incidence 
of higher exposures compared to adults, in combination with develop-
mental effect (Braun et al., 2013; Gani et al., 2021; Hammel et al., 2020). 

The high molecular weight phthalate, di-n-octyl phthalate, was more 
abundant than the other three lower molecular weight compounds. 
Higher molecular weight phthalates are prevalent in indoor environ-
ments, with uses in food packaging and in building materials, and often 
exist in the particle phase and partially in the gas phase due to higher 
boiling points and lower volatility (Hammel et al., 2020; Wei et al., 
2018; Zhou et al., 2021). Di-n-octyl phthalate was the only pollutant 
observed to be higher in concentration for participants of households 
that reported cooking primarily indoors during the sampling period 
rather than outdoors. Females were found to have higher concentrations 
of di-n-octyl phthalate than males. Previous studies in Africa have shown 
that women and girls tend to have elevated exposures of criteria 
airborne pollutants (PM2.5, PM10, CO) than men, typically reflecting an 
overall increased time spent indoors and distinctions in household ac-
tivities including cooking (Bruce et al., 2000; Ezzati et al., 2000; Okello 
et al., 2018). More frequent use of personal care products among women 
compared to men may also lead to increased exposures (Zota and Sha-
masunder 2017). This trend was not notably observed for pollutants 
measured in our study population, aside from the single analyte, di-n- 
octyl phthalate, nor were phthalates measured in these previous studies. 
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4.4. Other airborne contaminants 

The detected haloether, BCEE, was found in most wristband samples 
at elevated concentrations. The compound is primarily produced for use 
in pesticides and the production of other chemicals. There is limited 
research regarding the toxicity of BCEE, but some evidence suggests this 
compound may lead to respiratory irritation, impact the nervous system, 
and body weight (ATSDR 2017). Children in this study may have inhaled 
BCEE released from industrial activity in the region. BCEE has not been 
previously detected in similar cohorts. 

HCBD was also frequently detected in participants’ wristbands. This 
chemical is typically produced as a byproduct in the manufacturing of 
other chlorinated hydrocarbons and can be used or produced in the 
production of solvents, lubricants, heat transfer liquid and hydraulic 
liquid, and pesticides (UN 2012; USEPA 2003). Few studies have 
assessed inhalation exposure of HCBD (Balmer et al., 2019; Rauert et al., 
2018; Wong et al., 2021). While the health effects of HCBD in humans 
are unclear, studies have shown HCBD to be toxic for the kidney in rats 
(Green et al., 2003; Lock and Ishmael 1979). Other evidence from ani-
mal studies suggests HCBD may be linked to irritation, nervous system 
depression, and damage to fatty liver degeneration (UN 2016). The US 
EPA has classified HCBD as a potential carcinogen and it was added as a 
persistent organic pollutant under the Stockholm Convention in 2015 
(UN 2015; USEPA 2003). 

Other detected contaminants of concern include N-nitrosodiphenyl-
amine, 1,4-dichlorobenzene, 4-chloroaniline, 2,4-dinitrotoluene, nitro-
benzene, and isophorone. Aside from a study comparing personal VOC 
concentrations for women living in rural small holder dairy farms which 
found that 1,4-dichlorobenzene concentrations were lower for women 
who used biogas for fuel for cooking, rather than solid biomass, these 
airborne contaminants have not been measured in rural populations in 
Africa (Dohoo et al., 2015). 

4.5. Limitations and future directions 

Fresh Air wristbands facilitate comprehensive exposure assessment 
to environmental contaminants at different developmental stages given 
their non-invasive wearable design. Questions, however, remain 
regarding the comparability of this emerging technology with tradi-
tional exposure assessment tools in various sampling conditions and is 
the subject of ongoing studies. This study conducted targeted analysis of 
70 contaminants collected by the wristbands. While this assessment 
provides broad coverage of airborne exposures, this panel of contami-
nants represents only a fraction of environmental factors to which par-
ticipants may be exposed through inhalation, ingestion, and dermal 
pathways. Exposure to these chemicals was evaluated over three days, 
which we acknowledge provides only a snapshot of children’s envi-
ronments. Compared to other assessment approaches, such as mea-
surement of exposure markers in blood which offer insights into longer- 
term exposure trends for persistent chemicals, the three-day monitoring 
period is indicative of more recent exposures. Exposures have also been 
commonly evaluated using urine samples. It is important to recognize 
that urinary markers are representative of exposures over an even 
shorter window (~24 h). As part of this study, information collected 
from questionnaires was used to interpret results. The children that 
participated in this study resided in rural regions of South Africa with a 
high prevalence of malaria. The practice of IRS for infectious disease 
control in this area limits generalizability of results to children living in 
other parts of the country. 

Exposure assessment of participants in the VHEMBE cohort using the 
Fresh Air wristbands is ongoing with the aim of understanding the role 
of environmental contaminants on child growth and development, and 
to develop strategies to mitigate these exposures. Based on results from 
the current study, additional questions were added to the VHEMBE 
questionnaires regarding “trash” and “plastic” burning. We plan to 
evaluate environmental exposures longitudinally as additional 

wristband samples are collected from children. Expanded targeted 
analysis to include other compounds of interest, such as p,p-DDE and 
other pyrethroids, are planned as part of future studies, as well as non- 
targeted chemical analyses of wristband samplers. 

5. Conclusions 

Wearable passive samplers enable widescale evaluation of airborne 
pollutant exposures and are particularly suited for vulnerable pop-
ulations, such as children. This study is the first of its kind, evaluating 
exposures using passive sampling techniques for children in rural Africa 
to assess exposures from known sources such as IRS and biomass 
burning. The findings indicate exposure to a variety of airborne pollut-
ants with suspected adverse health effects including organochlorine 
pesticides used for malaria control (DDT), PAHs resulting from com-
bustion, and phthalates. Trends associated with higher levels of expo-
sure to select analytes were identified in the study population: longer 
durations of cooking or burning materials, lower poverty households, 
homes without previous access to an electric stove or burner, and 
households that were sprayed for malaria control. Findings demonstrate 
the utility of the Fresh Air wristband at highlighting differences in 
households that may contribute to increased exposures. Understanding 
trends that lead to increased exposure will advance in the development 
of strategies to mitigate such exposures. Exposure to toxic environ-
mental contaminants suggest a need for further evaluation of children’s 
pollutant exposures in South Africa and other rural areas in low- and 
middle-income countries. 
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