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Abstract

In 2021, 53 countries conducted indoor residual spraying (IRS), the application of insecticides 

such as dichlorodiphenyl trichloroethane (DDT) or pyrethroids to the walls of homes to control 

malaria. Animal studies show that these insecticides can increase susceptibility to infections 

but only one human study was conducted in a population from an area where IRS is applied. 

The aim of the present study was thus to investigate whether maternal exposure to DDT, 

its breakdown product dichlorodiphenyl dichloroethylene (DDE) or pyrethroid insecticides is 

associated with symptoms of infection among children living in a region of South Africa 

were IRS is conducted annually. As part of the Venda Health Examination of Mothers, Babies 

and their Environment (VHEMBE) we measured maternal serum concentrations of DDT and 

DDE, and urinary concentrations of four pyrethroid metabolites in peripartum samples. Poisson 

regression models with robust variance estimates were used to investigate associations with the 

rates of infection symptoms between ages 3.5–5 years among 629 children as assessed based on 
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caregiver interviews. Multiple pyrethroid metabolites were associated with infection symptoms. 

For instance, cis-DBCA was associated with increased rates of ear infection (Incidence Rate 

Ratio for a 10-fold increase (IRR10)=1.4; 95% Confidence Interval (CI)=1.0, 2.1) and persistent 

diarrhea (IRR10=2.1; 95% CI=1.2, 3.9), trans-DCCA was associated with increased rates of colds 

in children (IRR10=1.3; 95% CI=1.0, 1.6) and persistent fever (IRS10=1.4; 95% CI=1.0, 2.0), 

and 3-PBA was associated with increased rates of persistent fever (IRR10=1.8; 95% CI=1.0, 3.0). 

We found limited evidence of association between maternal DDE and DDT serum concentrations 

and infection symptoms. Results suggest that prenatal exposure to pyrethroid insecticides may be 

associated with childhood infections among children from an area where IRS is conducted.
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DDT/DDE; Pyrethroids; Diarrhea; Fever; Infections; Respiratory symptoms

1. Introduction

According to the World Health Organization (WHO), in 2021, 53 countries used indoor 

residual spraying (IRS), the application of insecticides to the interior walls of homes to 

control malaria vectors (1). There are an estimated 247 million new cases of malaria 

annually, with 95% occurring in Africa (1). Malaria is of particular importance on 

the continent of Africa where 5.3% of the population at risk is protected by IRS (1). 

Globally, IRS is the second most widely implemented vector control intervention by malaria 

programmes (1). However, IRS results in high exposure to insecticides for 80 million 

people in low- and middle-income countries (LMICs), most of whom are Africans (1). The 

insecticide dichlorodiphenyltrichloroethane (DDT) has been banned for decades in Western 

countries but is still part of IRS policy in 8 countries, including South Africa (1). Pyrethroids 

are one the main classes of insecticides utilized for IRS globally, with deltamethrin and 

cypermethrin being primarily used in South Africa (1-3). Although IRS is effective in 

controlling malaria, there is limited research regarding its potential side effects.

In laboratory animals, exposure to DDT and pyrethroids alters immune function and 

increases viral load and mortality following infection (4-7). For instance, a study conducted 

by Banerjee et al. found that mice who were fed DDT were more susceptible to human 

leprosy bacilli infections relative to controls (4). Rehman et al. (7) infected mice with 

Candida albicans, a common pathogenic yeast, alone and in combination with deltamethrin 

and found significantly more colony-forming units (a measure of the extent of infection) 

in the liver and spleen of deltamethrin-treated mice relative to controls. In another study, 

mice orally exposed to deltamethrin had an inhibited immune response to malaria infection 

leading to a more rapid increase in parasitemia that peaked earlier relative to controls 

(5). These finding are of potential concern because most countries that apply DDT and 

pyrethroids as part of their IRS programs also experience high rates of infectious diseases. 

Indeed, the WHO reports that infectious diseases account for more than a third of deaths 

among children under the age of 5 in LMICs (8) with children from Sub-Saharan Africa 

being disproportionately affected (9).
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Although DDT and pyrethroids cross the placental barrier, few studies have investigated the 

association between prenatal exposure to these insecticides and infections among children. 

A study conducted in Mexico found no association between maternal serum concentrations 

of p,p′-DDT during pregnancy and rates of lower respiratory tract infections (LRTIs) in 

1–2 year old boys (11). Similarly, in the only study that investigated associations between 

prenatal exposure to DDT and childhood infections in a population located in an area where 

IRS is practiced, we found no association between maternal p,p′-DDT serum concentrations 

and respiratory infection symptoms, fever or ear infections in 1–2 year old South African 

children participating in the Venda Health Examination of Mothers, Babies and their 

Environment (VHEMBE) (10).

The literature is more mixed for dichlorodiphenyl dichloroethylene (DDE), DDT’s 

breakdown product. In the Mexican cohort mentioned above, researchers observed no 

association between maternal p,p′-DDE concentrations and LRTI incidence rates in 2-

year olds (11). In contrast, prenatal exposure to p,p′-DDE was associated with a higher 

relative risk of recurrent LRTI among Spanish children ages 12–14 months (12). Evidence 

also suggested that maternal p,p’-DDE serum concentrations were associated with higher 

incidence rates of LRTIs and upper respiratory tract infections (URTIs) as well as ear 

and gastrointestinal infections among Inuit children at age 12 months (13-15). However, 

indications of exposure-response relations were limited. Finally, in the VHEMBE study, 

maternal p,p’-DDE serum concentrations during pregnancy were associated with higher 

incidence rates of persistent fever among 1–2 year old children (10).

To our knowledge, the VHEMBE study conducted the only investigation of associations 

between prenatal pyrethroid exposure and childhood infections; limited evidence was found 

for higher rates of fever and sore throat among children aged 1–2 years when stratifying 

for maternal urine collection timing (10). As we are not aware of any study investigating 

associations between prenatal exposure to IRS insecticides and child infections beyond age 

2, it is not clear whether associations with DDE persist at older ages or if relations with 

pyrethroids and DDT may emerge later on in childhood.

The aim of the current study was thus to determine whether prenatal exposure to DDT, DDE 

and pyrethroids was associated with elevated rates of symptoms of infection among South 

African children aged between 3.5 and 5 years living in a region where IRS is conducted.

2. Material and methods

2.1 Study participants and recruitment

This study is based on data from VHEMBE, a birth cohort study located in the Vhembe 

district of Limpopo Province in South Africa. In this area, IRS is conducted by the 

Limpopo Malaria Control Programme whose staff spray the interior walls and eaves of 

residences with DDT or pyrethroids annually. The study area presents a natural experiment 

where variations in altitude influence temperature, mosquito vector survival and malaria 

transmission, and thus includes both sprayed and unsprayed regions.
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Women were recruited into the study between August 2012 and December 2013, when 

they presented for delivery at Tshilidzini Hospital in the town of Thohoyandou. Eligibility 

criteria for the study included: being at least 18 years of age, speaking Tshivenda at 

home as the main language, living within 20 km of Tshilidzini Hospital and planning to 

remain in the area for the next 2 years, not contracting malaria during the index pregnancy, 

having contractions at least 5 minutes apart (to ensure that participants were capable of 

giving consent) and giving birth to a viable singleton child. Of the 1,648 mothers screened 

by the study staff, 920 met the eligibility criteria. Of those, 752 (82%) completed a 

baseline questionnaire and provided blood samples at delivery for DDT and DDE exposure 

quantification. Follow-up assessments occurred at 1 week, as well as 1, 2, 3.5 and 5 years 

postpartum. A total of 640 children were followed to age 5 years (88% retention, excluding 

25 child deaths), 629 of whom were accompanied by a primary caregiver who completed 

a questionnaire on infection symptoms. This included mothers (n=537), fathers (n=7) and 

others (n=85), most of whom were grandmothers. Of the 629 children followed up to age 

5 years, 620 of their mothers provided a sufficient urine sample at the time of delivery for 

pyrethroid metabolite quantification. Additionally, a single urine sample did not meet quality 

control standards for the measurement of the pyrethroid metabolite 3-phenoxybenzoic acid 

(3-PBA) and was excluded from analyses.

Informed consent was obtained from all participants prior to data collection and the study 

was approved by the Institutional Review Boards of McGill University, the University of 

California, Berkeley, the University of Pretoria, the Limpopo Department of Health and 

Social Development, and Tshilidzini Hospital.

2.2 Data collection and measurement

Delivery Visit.—Questionnaire-based interviews were administered by bilingual study 

staff in Tshivenda, the most commonly spoken language in the Vhembe district. Mothers 

were first interviewed prior to discharge from the hospital to collect information on 

demographics, socioeconomic status, pregnancy history, health, nutrition and personal 

habits. We defined poverty as having a household income below the South African 

mid-2013-year food poverty level of 386 Rand/month/person (16). Maternal energy intake 

was estimated by a South African nutritionist based on a validated quantitative questionnaire 

(FoodFinder3 software, South Africa Medical Research Council/WAMTechnology, 

Stellenbosch, South Africa) (17). Low energy intake was defined based on U.S. Institute 

of Medicine guidelines for pregnant women (18) as described by Huang et al. (10).

Infant birthweight, gestational age at birth and method of delivery were obtained from 

maternal and child medical records by two Registered Nurses who were blind to 

participants’ exposure status. Child birthweight was measured by hospital staff at delivery 

using a Tanita BD-815U neonatal scale (Tanita Corporation of America, Inc., Arlington 

Heights, Illinois). Gestational age at birth was determined based on the date of last 

menstrual period, as described in Chevrier et al. (3). Maternal HIV status was ascertained 

from self-report or from use of anti-viral drugs ascertained from medical records abstracted 

by Registered Nurses. Duration of non-exclusive breastfeeding was determined based on 

data from the 1-, 2- and 3.5-year visit questionnaires.
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5-year Visit.—At the 5-year visit, a questionnaire was administered to the child’s primary 

caregiver to collect data on the number of occurrences of infection symptoms since the prior 

study visit. Prior visits occurred at age 3.5 years for 626 children and at age 2 years for 

3 children who did not complete a 3.5-year visit. Infection symptoms included episodes 

of persistent fever lasting 4 or more days, diarrhea, persistent diarrhea lasting 4 or more 

days, ear infections, colds and severe sore throats. Potential determinants of infections were 

extracted from the 5-year questionnaire, including crowding (household size and the number 

of individuals sleeping in the same room as the child) and exposure to indoor smoking. 

Additionally, information was collected on whether the primary caregiver had lived with the 

child all the time since the last study visit and on interviewers’ perception of the quality of 

the answers provided by the caregivers. These reliability ratings were categorized as “high 

quality,” “generally reliable” and “questionable”.

Serum DDT/E Measurements.—Maternal blood samples collected at delivery 

were immediately processed and stored at −80°C until shipment on dry ice to 

analytical laboratories. Emory University’s Environmental Health Laboratory (Atlanta, 

Georgia) measured p,p′-DDT, p,p′-DDE, o,p′-DDT, and o,p′-DDE in serum via 

gas chromatography–tandem mass spectrometry (GC-MS/MS) with isotope dilution 

quantification (19). Limits of detection (LODs) were 0.01 ng/mL (o,p′-DDE, o,p′-DDT, and 

p,p′-DDT) and 0.03 ng/mL (p,p′-DDE). The corresponding limits of quantification (LOQs) 

were 0.05 ng/mL and 0.15 ng/mL. As o,p′-DDE was only quantified in 16% (n=102) of 

samples, it was excluded from further analyses. DDT and DDE were lipid-corrected and 

expressed in ng/g lipid. Total lipid concentrations were estimated based on triglycerides and 

total cholesterol serum levels (Roche Chemicals, Indianapolis, Indiana) (20).

Urinary Pyrethroid Metabolite Measurements.—The maternal urine samples 

collected at the time of delivery were immediately processed and stored at 

−80°C. Samples were shipped on dry ice to the Centre de Toxicologie du 

Québec of the Institut National de Santé Publique du Québec (Québec City, 

Québec, Canada), where the following five pyrethroid metabolites were measured 

via gas chromatography-mass spectrometry (19): 4-fluoro-3-phenoxybenzoic acid 

(4-F-3-PBA), cis-3-(2,2-dibromovinyl)-2,2-dimethyl-cyclopropane carboxylic acid (cis-

DBCA), cis-3-(2,2,-dicholorvinyl)-2,2-dimethyl-cyclopropane carboxylic acid (cis-DCCA), 

trans-3-(2,2,-dicholorvinyl)-2,2-dimethyl-cyclopropane carboxylic acid (trans-DCCA) and 

3-PBA. cis-DBCA is a metabolite of the pyrethroid insecticide deltamethrin, while 

cis-DCCA, trans-DCCA, and 3-PBA are nonspecific metabolites of several pyrethroid 

pesticides, including permethrin, cypermethrin, and cyfluthrin (21). LODs were 0.005μg/L 

(4-F-3-PBA), 0.0025μg/L (cis-DBCA), 0.0045μg/L (cis-DCCA), 0.0038 μg/L (trans-

DCCA), and 0.0047μg/L (3-PBA). Corresponding LOQs were 0.011μg/L, 0.0082 μg/L, 

0.015 μg/L, 0.013 μg/L and 0.016 μg/L, respectively. Concentrations of 4-F-3-PBA were 

only quantified in 8% (n=50) of samples and were thus excluded from analyses. Pyrethroid 

metabolite concentrations (expressed in μg/L) were corrected for urine dilution based on 

specific gravity, which was measured using an Atago PAL-10S (Atago, Tokyo, Japan) 

refractometer.
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2.3 Statistical analysis

For all analytes, we used machine-read values for concentrations between the LOD and the 

LOQ. We imputed values below the LOD at random based on a log-normal probability 

distribution whose parameters were estimated via maximum likelihood methods (22). 

To reduce the influence of outliers, analyte concentrations were log-10 transformed. We 

used one-way analysis of variance (ANOVA) to examine bivariate associations between 

categorical variables and analyte concentrations and Fisher’s Exact Test to examine 

bivariate associations between categorical variables and infection symptoms. We determined 

associations between analyte concentrations and rates of infection symptoms using Poisson 

regression models with robust (Huber-White) variance estimates. We categorized outcomes 

based on the number of episodes of persistent fever (0, 1, ≥2 events), diarrhea (0, 1, 2, 

≥3 events), persistent diarrhea (no, yes), ear infection (0, 1, 2, ≥3 events), cold (≤2, 3–5, 

≥6 events) and severe sore throat (0, 1, ≥2 events). Although we aimed to administer 

questionnaires at specific ages, the exact ages varied between children. An offset was 

included in the Poisson models to account for the different follow up times.

We identified potential confounders using directed acyclic graphs. These included maternal 

age (<25 years, 25–35 years, >35 years), education level (<grade 12, grade 12, >grade 12), 

married or living as married (no, yes), parity (0, 1, ≥2 children), HIV status (negative, 

positive), maternal smoking (no, yes), alcohol consumption (no, yes), energy intake during 

pregnancy (insufficient, sufficient); household food poverty level (below, above); child sex 

(male, female), breastfeeding duration (≤18 months, >18 months) and exposure to tobacco 

smoke (no, yes); and crowding as represented by the number of people living with the 

child (household size) (1–4, 5–8, 9–12, ≥13 people) and the number of people who shared 

sleeping quarters with the child (≤2, 3–5, 6–8, ≥9 people). Given the large number of 

potential confounders, we included in final models variables that were moderately associated 

(P < 0.20) with at least one of the exposures and one of the outcomes. Final models included 

maternal age, education, married or living as married, HIV status, energy intake during 

pregnancy, child sex, and breastfeeding duration. Because breastfeeding duration may either 

be on an open non-causal path if residual confounding by socio-economic status (SES) 

remained or an intermediate between exposures and outcomes, we conducted sensitivity 

analysis by re-running models without adjusting for breastfeeding.

Variables with missing data (no more than 2%) were imputed at random based on observed 

probability distributions. We assessed effect measure modification by child sex, household 

food poverty and maternal energy intake during pregnancy by including cross-product terms. 

These variables were selected based on prior studies in the VHEMBE cohort and other 

populations that suggested that poverty and malnutrition may augment the adverse effect 

of environmental exposures (10-12) and evidence that DDT/E and pyrethroids may have 

sexually dimorphic effects (3, 23, 24). In sensitivity analyses, we used zero-inflated Poisson 

models to account for the possibility that caregivers who did not live continuously with the 

child may have missed episodes of infection. Zero-inflated models included as independent 

variables whether respondents continuously lived with the child, child household size and 

the reliability score described above. Data analysis was conducted using RStudio version 
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1.6.1 (RStudio, PBC, Boston, Massachusetts) and Stata version 16.1 (StataCorp, College 

Station, Texas).

3. Results

3.1 Participant characteristics

Table 1 shows the characteristics of participants included in this analysis. All participants 

were black/of African origin. At childbirth, most women were under the age of 25 years 

(51%), did not have a high school-level education (57%), were unmarried (54%) and were 

parous (58%). The majority of mothers did not drink alcohol (94%), were not around 

others who smoked (62%) and all but one did not smoke during pregnancy. Poverty and 

malnutrition were common, with 61% of participants being classified below the South 

African food poverty level and 69% of mothers having insufficient energy intake during 

pregnancy. Overall, 12% of mothers were HIV positive at delivery, though few children 

(1%) sero-converted. Half of the children were male (51%), about 4 in 10 breastfed for 

greater than 18 months (41%) and 24% were born via caesarean section. Additionally, 98% 

of the children attended either daycare or school. The mean follow-up time between the 3.5- 

and 5-year questionnaires was 580 days.

3.2 Peripartum serum DDT/E and urinary pyrethroid metabolite concentrations

Table 2 summarizes the distribution of the maternal peripartum analyte concentrations, as 

well as detection and quantification frequencies. The geometric means of p,p’-DDE, o,p’-

DDT and p,p’-DDT serum concentrations were 296.4, 9.3 and 72.0 ng/g lipid respectively. 

These values were 0.3, 0.5, 0.5 and 1.1 ug/L for cis-DBCA, cis-DCCA, trans-DCCA and 

3-PBA respectively. With the exception of o,p′-DDT (91% detection) and p,p′-DDT (98% 

detection), the concentrations of all analytes for all participants included in the present 

analysis were above the LOD. DDT/E (r=0.69–0.85, P < 0.05) and pyrethroids (r=0.33–0.87, 

P < 0.05) were highly inter-correlated within but not between (r=0.03–0.07, P > 0.05) 

insecticide classes. Higher p,p’-DDE as well as all pyrethroid metabolite concentrations, 

except cis-DBCA, were associated with higher parity (Supplemental Tables 1.1 and 1.2). 

o,p’-DDT and cis-DCCA were also associated with the mother being married or living 

as married, cis-DCCA and 3-PBA were associated with older maternal age at delivery, 

and 3-PBA was associated with HIV positive status. Female children, compared to males, 

were exposed prenatally to higher levels of o,p’-DDT and p,p’-DDT but not p,p’-DDE and 

maternal concentrations of trans-DCCA were higher among children breastfed for more than 

18 months.

3.3 Childhood Infection Symptoms

Infection symptoms determined over an average of 1.6 years (standard deviation=0.2), 

for a total of 999 child-years. Incidence rates (IR) were highest for colds, with 1.4 

(95% Confidence Interval (CI)=1.3, 1.5) episodes per child-year, followed by diarrhea, ear 

infection, severe sore throat, and persistent fever with 0.3 (95% CI=0.3, 0.3), 0.2 (95% 

CI=0.1, 0.2), 0.1 (95% CI=0.1, 0.1) and 0.1 (95% CI=0.1, 0.1) events per child-year, 

respectively (Table 3). Persistent diarrhea was the least common. Greater maternal education 

was positively associated with number of colds and diarrhea, being married or living as 
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married was associated with persistent fever, persistent diarrhea and diarrhea, as well as 

greater parity being associated with persistent diarrhea (Supplemental Table 2.1 and 2.2). 

Children who breastfed for ≤18 months were more likely to have experienced persistent 

diarrhea and had a greater number of cold episodes. Being born prematurely was also 

associated with more frequent diarrhea. The number of people who smoked inside the 

child’s home was associated with greater president fever and severe sore throat. Finally, 

children who slept in the same room as others experienced more episodes of persistent fever.

3.4 Associations between maternal peripartum DDT/E and pyrethroid concentrations and 
infection symptoms

As shown in Table 4, we found limited evidence of associations between DDT or DDE 

and symptoms of infection. For the pyrethroid metabolites, a 10-fold increase in maternal 

urinary concentration of cis-DBCA was associated with a doubling in the rates of persistent 

diarrhea (IRR10=2.1; CI=1.2, 3.9) and a 40% increase (IRR10=1.4; 95% CI=1.0, 2.1) in the 

rates of ear infections. Persistent fevers were also positively associated with concentrations 

of 3-PBA (IRR10=1.8; 95% CI=1.0, 3.0). In addition, a 10-fold increase in concentrations 

of trans-DCCA was associated with a 40% increase in rates of persistent fevers (IRR10=1.4; 

95% CI=1.0, 2.0) and a 30% increase in rates of colds (IRR10=1.3; 95% CI=1.0, 1.6). 

Results from the adjusted Poisson models without breastfeeding duration as a confounder 

were similar to those that included the variable (Supplemental Table 3.1 and 3.2). Results 

from the zero-inflated Poisson models were also similar to those from standard Poisson 

models (Supplemental Table 4.1 and 4.2).

When investigating effect modification, we found positive associations between p,p’-DDT 

and rates of persistent diarrhea in female children (IRR10=1.6; 95% CI=1.0, 2.6); interaction 

p-value (Pint)=0.01) compared with male children (IRR10=0.6; 95% CI=0.3, 1.1) and 

between p,p’-DDE and severe sore throats in male children (IRR10=1.7; 95% CI=1.1, 2.7; 

Pint=0.04) compared to female children (IRR10=0.9; 95% CI=0.6, 1.4) (Supplemental Table 

5). Similarly, we found some evidence of effect modification by food poverty in that p,p’-
DDT and rates of severe sore throats were positively associated only among children from 

households that were below the food poverty level (IRR10=1.4; 95% CI=1.0, 2.1; Pint=0.05) 

compared with those above (IRR10=0.9; 95% CI=0.6, 1.2). In addition, we found association 

between maternal urine 3-PBA concentrations and rates of severe sore throats only among 

children whose mothers had sufficient energy intake during pregnancy (IRR10=1.6; 95% 

CI=1.0, 2.9; Pint=0.06) compared to those who did not (IRR10=0.5; 95% CI=0.2, 1.2). 

Though we observed the individual associations described above, we found no consistent 

patterns across strata for any of the three potential effect modifiers.

4. Discussion

We found that maternal peripartum urine concentrations of multiple pyrethroid metabolites 

were associated with several symptoms of childhood infections; prenatal exposure to the 

pyrethroid metabolite cis-DBCA was associated with increased rates of ear infections and 

persistent diarrhea, trans-DCCA was associated with increased rates of persistent fevers and 

colds, and 3-PBA was associated with elevated rates of persistent fevers. These findings 
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differ from those of Huang et al., the only other study to investigate prenatal exposure 

to pyrethroids and childhood infections, which found no evidence of associations between 

maternal urinary concentrations of pyrethroid metabolites and rates of childhood infection 

symptoms in VHEMBE children at 2 years of age (10). However, our results are in line with 

animal studies which found that exposure to deltamethrin increased susceptibility to certain 

infections (5, 7). cis-DBCA and 3PBA both devolve from deltamethrin with cis-DBCA 

being a metabolite specific to deltamethrin.

We also found some evidence of an association between maternal p,p’-DDE serum 

concentrations and rates of persistent fever in children. These results are consistent with 

prior research on DDE that has reported associations between p,p’-DDE and LRTIs, URTIs, 

persistent fevers, and ear infections in children 2 years of age and younger (10, 12-15). In 

particular, Huang et al. found that a 10-fold increase in maternal p,p’-DDE was associated 

with an IRR10 of 1.2 (95% CI=1.0, 1.5) for persistent fever in 1–2 year old VHEMBE 

children (10), a point estimate that is identical to the one we report here among children 

aged 3.5-5 years (IRR10=1.2; 95% CI=0.9, 1.6). The slightly wider confidence interval in 

the present study is likely due to the smaller rate of persistent fever between 3.5 and 5 years 

relative to age 1 to 2 years. Indeed, in the present study, children experienced 0.1 (95% 

CI=0.1, 0.1) episodes of persistent fevers per child-year (n=91 episodes) whereas Huang 

et al. reported 0.3 (95% CI=0.2, 0.3) episodes per child-year (n=269 episodes). This trend, 

which was also observed for other infection symptoms such as diarrhea, persistent diarrhea 

and colds, was expected given that younger children are generally more susceptible to 

infections. However, we found no associations between maternal DDT serum concentrations 

and infection symptoms in children, which is consistent with prior research conducted by 

Huang et al. (15) as well as by Cupul-Uicab et al. in a study of 1–2 year old boys from 

Chiapas, Mexico (11).

This study has several strengths. To our knowledge, it is the first investigation of 

associations between prenatal exposure to DDT/E and pyrethroids and infection symptoms 

in children aged above age 2, and the second study conducted in a population residing in 

an area where IRS is used. In the study by Cupul-Uicab et al. conducted in Mexico, DDT 

had not been used for IRS after 2000 (25). In contrast, other studies were conducted in 

populations that banned DDT use in the 1970s (26, 27). While prior research has almost 

exclusively focused on respiratory infections, the current study is also one of the few to 

have investigated associations between DDT/E or pyrethroid exposure and gastrointestinal 

infections (i.e. diarrhea and persistent diarrhea). Investigating these outcomes is of particular 

importance in LMICs since gastrointestinal infections are a leading causes of infectious 

disease-related death among young children, with diarrheal diseases alone accounting for 

9% of deaths among children below age 5 years (8). In addition, analytes were measured 

by experienced laboratories using state-of-the-art methods and equipment, resulting in low 

limits of detection; we also had a high retention rate, with more than 85% of children 

still alive being followed from birth through age 5 years; and we had detailed and nearly 

complete information on multiple potential confounders including maternal demographics, 

lifestyle and nutrition, household income and crowding as well as child characteristics and 

environmental tobacco smoke exposure.
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This study also has some limitations. For instance, the fact that data on child infection 

symptoms were based on caregiver reports may have introduced measurement error. 

However, any misclassification would be expected to be non-differential due to study 

participants being blinded to their analyte concentrations and to the specific research 

questions investigated here. This generally results in a bias towards the null and would thus 

not be expected to explain the associations reported in this study. Nonetheless, we attempted 

several strategies in order to mitigate the potential impact of misclassification. First, we only 

included in our study children whose respondents were primary caregivers. Respondents 

who did not identify as such were excluded even if they regularly lived with children. 

In addition, in order to account for possible underreporting, we ran zero-inflated Poisson 

models in sensitivity analyses and included potential markers of caregiver’s recollection as 

independent variables. We also note that several of the symptoms that we considered, such 

as persistent fevers, persistent diarrhea, ear infections and severe sore throat, represent more 

severe symptoms that may be more likely to be accurately remembered and may thus be 

less prone to misclassification. The fact that we primarily found associations with these 

more memorable outcomes may supports this hypothesis. In addition, the short elimination 

half-life of pyrethroids (approximately 5-13 hours) may present challenges for exposure 

assessment (28, 29). However, the intraclass correlation coefficients for repeated spot urine 

measurements of pyrethroid metabolites have been shown to vary greatly (from 0.21 to 0.85) 

between populations (30, 31), suggesting that the reliability of a single measurement may 

differ according to the exposure setting. In the VHEMBE population, storage of pesticide 

containers and self-reported use of pesticides, which are indicators of regular pesticide use, 

were both associated with greater maternal pyrethroid metabolite concentrations, suggesting 

that a single measurement may represent longer-term exposure in this population (32). The 

unique setting, in which IRS insecticides are purposefully used so that residues remain 

inside homes for an extended period of time may contribute to this observation. Finally, 

due to financial constraints, we could not account for postnatal exposure, which may also 

be associated with childhood infections. However, previous results from the VHEMBE 

cohort indicated that maternal serum concentrations of p,p’-DDT and p,p’-DDE were highly 

correlated with those of children at 1 and 2 years (r=0.87–0.98) (33), suggesting that 

teasing out the effects of prenatal and postnatal exposure may be difficult in this population. 

In addition, weak to moderate correlations (r = 0.06–0.25) have been reported between 

pyrethroid metabolite concentrations during pregnancy relative to those measured among 5 

year old children (34) suggesting that confounding by postnatal exposure may be unlikely 

for this insecticide class. This said, we cannot exclude the possibility that our findings may 

be due to uncontrolled confounding or chance. Additional studies should be conducted to 

confirm our findings.

5. Conclusion

In conclusion, we found that prenatal exposure to DDE and pyrethroids may be associated 

with higher rates of childhood infection symptoms among South African children 3.5 to 

5 years old from an area where IRS is conducted. Our study helps to fill an important 

research gap given the limited information available on the relation between exposure to IRS 

insecticides and immune function in children. These results have important public health 
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implications, given the high burden of morbidity and mortality caused by communicable 

diseases in South Africa and other IRS areas. Results may thus help inform global 

and national policy makers in defining and implementing sustainable malaria control 

interventions. Given the widespread use of pyrethroids in agriculture and retail products 

available to the public both in low- and high-income countries, findings may also have 

implications beyond the use of IRS. Similar research in other populations is thus warranted.
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3-PBA 3-phenoxybenzoic acid

4-F-3-PBA 4-fluoro-3-phenoxybenzoic acid

ANOVA Analysis of variance

CI Confidence interval

cis-DBCA cis-3-(2,2-dibromovinyl)-2,2-dimethyl-cyclopropane 

carboxylic acid

cis-DCCA cis-3-(2,2,-dicholorvinyl)-2,2-dimethyl-cyclopropane 

carboxylic acid

DAG Direct acyclic graph

DDD Dichlorodiphenyldichloroethane

DDE Dichlorodiphenyldichloroethylene

DDT Dichlorodiphenyltrichloroethane

DDT/E Dichlorodiphenyltrichloroethane and 

dichlorodiphenyldichloroethylene
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GM Geometric mean

GC-MS/MS gas chromatography–tandem mass spectrometry

GSD Geometric standard deviation

HIV human immunodeficiency virus

IARC International Agency for Research on Cancer

IR Incidence rate

IRR Incidence rate ratio

IRR10 Incidence rate ratio for a 10-fold increase

IRS Indoor residual spraying

ITN Insecticide-treated bed net

IVM Integrated vector management

LLIN Long-lasting insecticidal net

LMIC Low- and middle-income country

LOD Limit of detection

LOQ Limit of quantification

LRTI Lower respiratory tract infection

Pint P-value for interaction

POP Persistent organic pollutant

RR Relative risk

SES Socio-economic status

trans-DCCA trans-3-(2,2,-dicholorvinyl)-2,2-dimethyl-cyclopropane 

carboxylic acid

URTI Upper respiratory tract infection

VHEMBE Venda Health Examination of Mothers, Babies and their 

Environment

WHO World Health Organization
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Table 1 –

Maternal peripartum concentrations of DDT/E and pyrethroids by participant characteristics, Venda Health 

Examination of Mothers, Babies and their Environment (VHEMBE), Limpopo, South Africa

Characteristics na %b

Maternal characteristics during pregnancy 

Age (years)

 < 25 319 51

 25–35 237 38

 > 35 73 12

Education

 < Grade 12 361 57

 Grade 12 183 29

 > Grade 12 85 14

Married or living as married

 No 338 54

 Yes 291 46

Parity (prior to birth of index child)

 0 268 43

 1 173 28

 ≥ 2 188 30

HIV status

 Negative 552 88

 Positive 77 12

Energy intake during pregnancyc

 Insufficient 431 69

 Sufficient 198 31

Household povertyd

 No 246 39

 Yes 383 61

Smoking during pregnancy

 No 628 100

 Yes 1 0

Around smokers during pregnancy

 No 391 62

 Yes 238 38

Alcohol during pregnancy

 No 592 94

 Yes 37 6

Child household characteristics 

Household size

 1–4 159 25

 5–8 323 51
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Characteristics na %b

 9–12 115 18

 ≥ 13 32 5

Number of people sleeping in same room as child

 ≤ 2 151 24

 3–5 344 55

 6–8 112 18

 ≥ 9 22 3

Number of people who smoke inside child’s home

 0 572 91

 ≥ 1 57 9

Child characteristics 

Sex

 Male 322 51

 Female 307 49

Birthweight (g)

 < 2500 47 7

 ≥ 2500 582 93

Premature birth (< 37-week gestation)

 No 552 88

 Yes 77 12

Method of delivery

 Vaginal 481 76

 C-section 148 24

Breastfeeding (months)

 ≤ 18 363 58

 > 18 260 41

Notes:

a
Totals may not add to 629 due to missing data.

b
Percentages may not add to 100% due to rounding.

c
Energy intake was defined based on U.S. Institute of Medicine guidelines for pregnant women (18) as described by Huang et al. (10)

d
Household income below the South African mid-2013-year food poverty level of 386 Rand/month/person

Sci Total Environ. Author manuscript; available in PMC 2025 March 25.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Davis et al. Page 17

Ta
b

le
 2

 –

D
es

cr
ip

tiv
e 

st
at

is
tic

s 
of

 m
at

er
na

l p
er

ip
ar

tu
m

 s
er

um
 D

D
T

/E
 a

nd
 u

ri
na

ry
 p

yr
et

hr
oi

d 
m

et
ab

ol
ite

 c
on

ce
nt

ra
tio

ns
 a

m
on

g 
pa

rt
ic

ip
an

ts
 in

 th
e 

V
en

da
 H

ea
lth

 

E
xa

m
in

at
io

n 
of

 M
ot

he
rs

, B
ab

ie
s 

an
d 

th
ei

r 
E

nv
ir

on
m

en
t (

V
H

E
M

B
E

),
 L

im
po

po
, S

ou
th

 A
fr

ic
a

A
na

ly
te

n
D

et
ec

ti
on

fr
eq

ue
nc

y
(%

)a

Q
ua

nt
if

ic
at

io
n

fr
eq

ue
nc

y
(%

)b

G
M

G
SD

M
in

25
th

%
ile

M
ed

ia
n

75
th

%
ile

M
ax

Se
ru

m
 D

D
T

/E
 (

ng
/g

 li
pi

ds
)

p,
p’

-D
D

E
62

9
10

0
97

.5
29

6.
4

4.
7

4.
0

94
.8

25
9.

4
87

4.
4

22
61

3.
4

o,
p’

-D
D

T
62

9
90

.6
45

.1
9.

3
4.

6
<

 L
O

D
3.

6
7.

7
23

.3
20

29
.3

p,
p’

-D
D

T
62

9
98

.1
90

.8
72

.0
6.

6
<

 L
O

D
20

.2
61

.2
40

2.
8

15
02

7.
6

U
ri

na
ry

 p
yr

et
hr

oi
d 

m
et

ab
ol

ite
s 

sp
ec

if
ic

 g
ra

vi
ty

 c
or

re
ct

ed
 (

ug
/L

)

ci
s-

D
B

C
A

62
0

10
0

99
.5

0.
3

3.
1

0.
02

0.
2

0.
3

0.
7

13
.4

ci
s-

D
C

C
A

62
0

10
0

99
.8

0.
5

2.
5

0.
05

0.
3

0.
5

0.
8

20
9.

5

tr
an

s-
D

C
C

A
62

0
10

0
99

.7
0.

5
3.

0
0.

03
0.

3
0.

5
1.

0
26

8.
9

3-
PB

A
61

9
10

0
10

0
1.

1
2.

4
0.

1
0.

7
1.

0
1.

8
88

.2

N
ot

es
:

D
D

T
 =

 d
ic

hl
or

od
ip

he
ny

ltr
ic

hl
or

oe
th

an
e;

 D
D

E
 =

 d
ic

hl
or

od
ip

he
ny

ld
ic

hl
or

oe
th

yl
en

e;
 c

is
-D

B
C

A
 =

 c
is

-3
-(

2,
2-

di
br

om
ov

in
yl

)-
2,

2-
di

m
et

hy
l-

cy
cl

op
ro

pa
ne

ca
rb

ox
yl

ic
ac

id
; c

is
-D

C
C

A
 =

 c
is

-3
-(

2,
2-

di
ch

lo
ro

vi
ny

l)
-2

,2
-d

im
et

hy
l-

cy
cl

op
ro

pa
ne

 c
ar

bo
xy

lic
ac

id
; t

ra
ns

-D
C

C
A

 =
 tr

an
s-

3-
(2

,2
-d

ic
hl

or
ov

in
yl

)-
2,

2-
di

m
et

hy
l-

cy
cl

op
ro

pa
ne

 c
ar

bo
xy

lic
ac

id
 P

B
A

 =
 p

he
no

xy
be

nz
oi

c 
ac

id
; G

M
 =

 g
eo

m
et

ri
c 

m
ea

n;
 G

SD
 =

 
ge

om
et

ri
c 

st
an

da
rd

 d
ev

ia
tio

n;
 M

ax
 =

 m
ax

im
um

; M
in

 =
 m

in
im

um
; L

O
D

 =
 li

m
it 

of
 d

et
ec

tio
n.

G
eo

m
et

ri
c 

m
ea

ns
 a

nd
 g

eo
m

et
ri

c 
st

an
da

rd
 d

ev
ia

tio
ns

 f
or

 D
D

T
/E

 o
nl

y 
in

cl
ud

e 
va

lu
es

 a
bo

ve
 th

e 
L

O
D

.

a L
im

its
 o

f 
de

te
ct

io
n:

 0
.0

3 
ng

/m
L

 (
p,

p’
-D

D
E

);
 0

.0
1 

ng
/m

L
 (

o,
p’

-D
D

T
 a

nd
 p

,p
’-

D
D

T
);

 0
.0

02
5 

μg
/L

 (
ci

s-
D

B
C

A
);

 0
.0

04
5 

μg
/L

 (
ci

s-
D

C
C

A
);

 0
.0

03
8 

μg
/L

 (
tr

an
s-

D
C

C
A

);
 0

.0
04

7 
μg

/L
 (

3-
PB

A
).

b L
im

its
 o

f 
qu

an
tif

ic
at

io
n:

 0
.0

5 
ng

/m
L

 (
o,

p’
-D

D
T,

 a
nd

 p
,p

’-
D

D
T

);
 0

.1
5 

ng
/m

L
 (

p,
p’

-D
D

E
);

 0
.0

08
2 

μg
/L

 (
ci

s-
D

B
C

A
);

 0
.0

15
 μ

g/
L

 (
ci

s-
D

C
C

A
);

 0
.0

13
 μ

g/
L

 (
tr

an
s-

D
C

C
A

);
 0

.0
16

 μ
g/

L
 (

3-
PB

A
).

Sci Total Environ. Author manuscript; available in PMC 2025 March 25.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Davis et al. Page 18

Table 3 –

Rates of infection symptoms by age among children participating in the Venda Health Examination of 

Mothers, Babies and their Environment (VHEMBE), Limpopo, South Africa (n=629)

Infection outcomes
IRa [95% CIb] (per child-year)

1–2 years 2–3.5 years 3.5–5 years

Ear infection 0.2 [0.2, 0.3] 0.2 [0.2, 0.3] 0.2 [0.1, 0.2]

Diarrhea 1.0 [0.9, 1.1] 1.6 [1.5, 1.7] 0.3 [0.3, 0.3]

Persistent diarrhea 0.1 [0.1, 0.2] 0.1 [0.1, 0.2] 0.0 [0.0, 0.0]

Persistent fever 0.3 [0.2, 0.3] 0.7 [0.7, 0.8] 0.1 [0.1, 0.1]

Cold 2.6 [2.5, 2.7] 3.2 [3.1, 3.3] 1.4 [1.3, 1.5]

Severe sore throat 0.2 [0.1, 0.2] 0.7 [0.6, 0.7] 0.1 [0.1, 0.1]

Notes:

Infection occurrences were included only for children in this study (n = 629)

a
Incidence rate

b
Confidence interval
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