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The insecticide DDT is still used in specific areas of South Africa for indoor residual spray (IRS) to control
malaria vectors. Local residents could be exposed to residues of DDT through various pathways including
indoor air, dust, soil, food and water. The aims of this study were to determine the levels of DDT
contamination, as a result of IRS, in representative homesteads, and to evaluate the possible routes of human
exposure. Two villages, exposed (DV) and reference (TV) were selected. Sampling was done two months
after the IRS process was completed. Twelve homesteads were selected in DV and nine in TV. Human serum,
indoor air, floor dust, outside soil, potable water, leafy vegetables, and chicken samples (muscle, fat and
liver) were collected and analyzed for both the o,p′- and p,p′-isomers of DDT, DDD and DDE. DDT was
detected in all the media analyzed indicating a combination of potential dietary and non-dietary pathways of
uptake. DV had the most samples with detectable levels of DDT and its metabolites, and with the exception
of chicken muscle samples, DV also had higher mean levels for all the components analyzed compared to TV.
Seventy-nine percent of participants from DV had serum levels of DDT (mean ∑DDT 7.3 μg g−1 lipid). These
residues constituted mainly of p,p′-DDD and p,p′-DDE. ∑DDT levels were detected in all indoor air (mean
∑DDT 3900.0 ng m−3) and floor dust (mean ∑DDT 1200.0 μg m−2) samples. Levels were also detected in
outside soil (mean ∑DDT 25.0 μg kg−1) and potable water (mean ∑DDT 2.0 μg L−1). Vegetable sample
composition (mean ∑DDT 43.0 μg kg−1) constituted mainly p,p′-DDT and p,p′-DDD. Chicken samples were
highly contaminated with DDT (muscle mean ∑DDT 700.0 μg kg−1, fat mean ∑DDT 240,000.0 μg kg−1,
liver mean ∑DDT 1600.0 μg kg−1). The results of the current study raise concerns regarding the potential
health effects in residents living in the immediate environment following DDT IRS.
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1. Introduction

Rural villages in the northern and eastern parts of the Vhembe
District of the Limpopo Province in South Africa are located in an
intermediate- to high-risk malaria area (DoH, 2005). The insecticide
dichloro-diphenyl-trichloroethane (DDT) is still used for the purpose
of malaria vector control (LSDI, 2003). The Stockholm Convention on
Persistent Organic Pollutants (POPs) of 2001, a treaty to reduce and/or
eliminate the release of POPs into the environment, allows for
countries like South Africa, to manage malaria transmission by using
DDT specifically for Indoor Residual Spray (IRS) purposes. DDT has
been used in South Africa for IRS malaria control since the 1940s. In
1996, DDT was replaced with pyrethroids. However, after the
emergence of the pyrethroid-resistant strain of Anopheles funestus,
and following return of malaria cases, DDT IRS was reintroduced in
2000 in Kwazulu Natal Province (IPEP, 2006). In Limpopo Province the
DDT use was never stopped and subsequently most homesteads
within sprayed villages of the Vhembe District have been sprayed
once per year since 1945 (Bornman et al., in press).

Because of the long half-lives of DDT and its metabolites, DDD and
DDE (ATSDR, 2002), residues can persist for years within the DDT-
sprayed domestic environment. Through their daily activities in and
around the house, residents could be exposed to DDT through a
number of possible pathways including indoor air, floor dust, outdoor
soil, food and water.

Where DDT has been applied in agriculture, ingestion via food has
been recognised as the major pathway for human exposure (EHC 9,
1979; Tao et al., 2009). The uptake of pollutants by the roots of plants,
as shown with DDT in rice by Chen et al. (2007), is often the first step
in food chain accumulation (Kipopoulou et al., 1999). Vegetables of
subsistence farmers in the Vhembe district might be contaminated
with DDT by both root uptake from contaminated soil and spray-drift
from DDT application during IRS. While vegetables make up a large
portion of the diet of the VhaVenda people, poultry meat is a major
source of protein. These animals have free range on the property
including access to the DDT exposed floors inside the sprayed
homesteads. DDT has been shown to accumulate in a number of
chicken tissues including fat (Vazquez-Moreno et al., 1999), muscle
(Aulakh et al., 2005) and liver (Tao et al., 2009).
aying for malaria control, Sci Total Environ (2010),
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Despite its partial role as a direct route of exposure through
inhalation, indoor air levels of DDT could also contribute significantly
to the oral intake of DDT, through the precipitation of DDT particles on
open food, water, and even eating utensils. In a study to determine the
DDT residues in indoor air samples after DDT application for malaria
vector control in India, Singh et al. (1991) found DDT residues in
particulate phase in air up to 64 days after application. Similar results
could therefore be expected in homesteads of the Vhembe district.

In addition to contaminated indoor air, soil and floor dust DDT
levels within the domestic environment are of particular concern as
children have longer exposure periods to outdoor soil and floor dust
during play activities. A study by Vieira et al. (2001) found that after
DDT application for sand-fly vector control in Rio de Janeiro, Brazil,
soil samples still showed detectable levels of DDT nine years later. In
another study, Herrera-Portugal et al. (2005) investigated environ-
mental pathways of exposure to DDT for children living in a malaria-
infected area of Chiapas, Mexico. The study found that children living
in a highly DDT-exposed area compared to a community less exposed
to DDT, had higher serum levels of DDT and its metabolites, which
corresponded with the DDT levels of both the indoor and outdoor soil
levels, as well as indoor dust levels within their home environments.

Although the use of DDT has been credited with the successful
elimination of malaria in a number of countries (Beard, 2006), due
consideration should be given to the potential human health effects of
exposure to DDT (Eskenazi et al., 2009). DDT IRS should therefore be
carried out responsibly, to not only be effective in its objective, but
also to ensure the safety of local communities regarding exposure to
the pesticide. Although some studies have found little evidence for a
link between DDT exposure and health effects, (Cocco et al., 2005,
2006), other studies have shown that DDT and its metabolites may
have adverse health effects in humans (e.g. Beard, 2006; IPEP, 2006;
Aneck-Hahn et al., 2006; Eskenazi et al., 2009). However, limited data
is available on the levels of DDT exposure experienced by those living
in sprayed homes. Also, it is not clearwhethermuchof theDDTused for
IRS is released into the surrounding environment (Longnecker, 2005).
Investigating the DDT contamination levels of potential environmental
pathways for human exposure within the domestic environment is
therefore important. As advocated by Lioy (2006) and Sereda et al.
(2009), the investigation of human exposure to indoor pollution should
be done in the context of the Total Homestead Environment (THE) due
to the implications of the dynamic and chemical processes associated
with indoor environments concerningmixtures of chemicals. Therefore,
all potential routes of exposure should be considered.

No comprehensive study has been done to determine the levels of
DDT contamination in IRS homesteads in Africa. With the cooperation
of the Malaria Control Programme of the Limpopo Province in South
Africa, the current study aimed to assess the levels of DDT and its
metabolites using a THE approach. This included the sampling of human
serum, indoor air and floor dust, soil, water, vegetables, and chickens
in rural villages of the Vhembe District in the Limpopo Province.
2. Material and methods

2.1. Study area

The study area is located within the Vhembe District (21,000 km2)
in the Limpopo Province of South Africa. The area consists of large
commercial farms including agriculture and forestry, but most of the
region comprises of subsistence farming within different rural villages
of the VhaVenda people. The central, northern and eastern parts of the
district have been classified as an intermediate- to high-risk malaria
region (DoH, 2005).

Two villages were selected for this study. The first, DV, was
selected as the exposed village, located within the intermediate-risk
malaria areawhere indoor DDT-spraying is done annually. The second,
Please cite this article as: Van Dyk JC, et al, DDT contamination from ind
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TV, located approximately 23 km east from DV, outside the high-risk
malaria area and never sprayed, was selected as the reference village.

2.2. Sampling methodology

Sampling was done in February 2008 during the summer season
two months after the spray-team completed the IRS process in DV.
Prior to the sampling period, the necessary ethical approvals were
obtained from the Ethics Committee of the Faculty of Health Sciences
of the University of Pretoria and the Department of Public Health of
the Limpopo Province. In addition, the necessary permission was
obtained from the local government and tribal authorities to conduct
the study within the region. Four field workers from the local
community were recruited to facilitate communication between the
research team and the owners of the selected homesteads.

2.2.1. Homestead selection
Twelve homesteads were selected within the exposed village

(D1–D12) and nine within the reference village (T1–T9). Care was
taken to choose similar homesteads in terms of the traditional Venda
architecture (these structures are usually not painted) as well as
socio-economic status. A traditional Venda homestead is character-
ized by a number of round thatch-roof huts, 3–5 m in diameter, built
in a compact circular arrangement. The walls consist of a mixture of
mud and cement, and the floors consist of mud and/or cowmanure or
cement. The outdoor area between the huts ismainly open soil where
children play, food is prepared on open fires, and chickens, goats and
domestic pets roam free during the day. Inmost homesteads, the rest
of the property is used for growing subsistence crops. These include,
for the most part, leafy vegetables and maize. The crops are usually
planted in close proximity (±1 m) to the huts. Water for drinking,
cooking, and bathing, is collected on a regular basis from either a
centrally located community tap (borehole water), or from nearby
natural springs. Water is usually stored on the property in large
plastic containers before use. In DV, the nearby Luvuvhu River is also
used by local residents for the washing of clothes as well as for
swimming and bathing. With some variation, these conditions are
typical of many rural areas in southern and eastern Africa.

2.2.2. Sample collection and chemical analyses
The following components of the domestic environment were

sampled for DDT residue analyses: human serum; indoor air and floor
dust; outdoor soil; leafy vegetables; potable water; as well as chicken
fat, liver and muscle tissue. All samples were analyzed for DDT and its
metabolites DDD and DDE for both o,p′- and p,p′-isomers. Three
laboratories were used as they were GLP (Good Laboratory Practice)
accredited for different sample matrixes.

2.2.2.1. Human serum. Blood samples were collected at each
homestead from all willing participants, 18 years and older, living
on the property (DV n=19; TV n=3). Only three residents from two
homesteads in TV, (two males aged 30 and 32, and a female age 65)
were willing to donate blood as residents from the remaining home-
steads declined due to traditional beliefs associated with blood. An
informed consent form and a questionnaire on related dietary infor-
mation were completed and signed by each participant. Interviews
were conducted in the local language (TsiVenda) with the assistance
of the recruitedfieldworkers. Blood samples (±14 mLper participant)
were collected by a certified medical practitioner from the University
of Pretoria, centrifuged at 30,000 rpm, and serum sampleswere stored
at −20 °C until chemical analyses. Total cholesterol and triglyceride
levels were determined by AMPATH National Laboratory Support
Services (Pretoria, South Africa). Total serum lipids (TL) were
calculated according to the methodology by Philips et al. (1989).
Limit of detection was 5.0 μg L−1.
oor residual spraying for malaria control, Sci Total Environ (2010),
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Lipid adjusted DDT levels were calculated as the total DDT residue
level divided by the TL. The participants from DV ranged in age
between 20 and 88 years, included three male and 16 female
participants of whom nine were unemployed, eight were pensioners;
15 of these participants have lived at their current address for more
than 10 years. Two of the participants have been infectedwithmalaria
before.

2.2.2.2. Indoor air and floor dust. Indoor air and floor dust were
sampled in one hut from each homestead. Floor dust samples were
collected over a surface area of 1247 cm2 near the DDT-treated walls
using vacuum suction. The dust samples were trapped on 5 cm
diameter glass micro-fibre filters (GMF) (Whatman) (Kent, UK).
Sampling blanks were collected at random time intervals. The GMF
were fitted onto a specially manufactured, spring loaded, aluminium
vacuum suction manifold which was connected to a suction pump.
After sampling, the GMF were placed in aluminium foil, labelled, and
stored in sealed plastic bags.

Airborne DDT residues were measured using a high volume
monitoring procedure. DDT residues were collected on two serially
fitted 5 cm×6 cm high density polyurethane foam discs (PUF). The
PUFs were pre-fitted into 5 cm×14 cm aluminium cartridges, sup-
ported by an expanded aluminium mesh. The PUF sampling filters
were washed three times with hexane before use. Each sampling
cartridge was connected to a common sampling manifold using 5 cm
inner diameter vacuum tubing. A single sampling cartridge was used
to sample the ambient air in each hut. The PUF samples were sealed in
aluminium foil, labelled and stored in plastic bags before analyses. PUF
samples were collected at 350–400 L min−1 for a period of 30 min.
The air flow-rate and duration of air sampling was used to calculate
the final air volume sampled.

2.2.2.3. Outdoor soil. Five soil samples were collected per homestead at
five different areas on the property close to the sprayed huts. Each
sample, 50 cm×50 cm×5 cm (d) was collected in a brown paper bag,
sealed, and kept at room temperature until chemical analyses. The
methodology used is based on the method by Naudé et al. (1998). A
100 mL of Hexane-petroleum ether (50:50, v/v) was added to 5 g of
each sample, followed by Soxhlet extraction for 12 h. SPE cleanup of
cooled samples was performed on C18 cartridges. Limit of detection
was 0.5 μg kg−1.

2.2.2.4. Potable water. One 2500 mL sample of drinking water was
collected per homestead in pre-cleaned glass bottles. Each bottle was
sealed and stored at ±15 °C until chemical analyses. In addition, a
water sample was also collected directly from the community tap in
DV, and from the nearby Luvuvhu River. DDT residue analyses were
done based on the method by Cacho et al. (1995). A 1000 mL volume
of each water sample was filtered into an acid washed reagent bottle.
Solid phase C18 cartridges (Waters-Microsep) were conditioned with
methanol and water. The cartridges were dried and eluted with 12 mL
of hexane-diethylether (85:15, v/v). The extracts were evaporated
under nitrogen to dryness and reconstituted in 200 μLmethanol. Limit
of detection was 0.5 μg L−1.

2.2.2.5. Leafy vegetables. A composite sample of three types of leafy
vegetables was collected per homestead. Leaves were sampled from
crops surrounding the huts on the property. Samples were collected in
brown paper bags and stored at −20 °C until chemical analyses.
Extraction was done with acetonitrile extraction/partitioning and dis-
persive solid-phase extraction clean-up, based on the QuECHERS
method (Anastassiades et al.,2003). Limit of detectionwas 10.0 μg kg−1.

2.2.2.6. Chickens. One chicken was collected per homestead, or, if not
available, from a neighbour or nearby homestead. The owner of the
chicken was financially compensated. The chickens were killed and
Please cite this article as: Van Dyk JC, et al, DDT contamination from ind
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muscle, fat, and liver samples were collected. Each sample was
individually stored in aluminium foil at −20 °C until chemical
analyses. The methodology used is based on the method by Bordet
et al. (2002). Solid phase C18 cartridges (Waters-Microsep) were
conditioned with 5 mL of petroleum ether, acetone and methanol
sequentially. The samples were reconstituted into 250 μL hexane for
analysis. Limit of detection was 50.0 μg kg−1.

For each of the matrices (excluding human serum as indicated
above), samples were collected at 12 homesteads in DV, and nine
homesteads in TV. Indoor air and floor dust samples were collected
and analysed by the Agricultural Research Council's Plant Protection
Research Institute of South Africa (ARC-PPRI) using capillary gas
chromatography with electron capture detection (GC-ECD). Human
serum, soil, water, and chicken samples were analyzed by FDA
laboratories (Pretoria, South Africa), and vegetable DDT residue
analyses were done by the South African Bureau of Standards
(SABS) using gas chromatography–mass spectrometry (GC–MS).

2.3. Statistical analyses

The results of the chemical analyses are presented for all six
isomers of DDT as well as the total DDT – the sum of all isomers
(∑DDT) – detected per sample. Associations between the data from
the reference and the exposed villages were calculated using a two-
tailed t-test using STATA10. The level of significance was set at 5%. To
explore associations between the six different DDT isomers and the
different matrixes sampled in the domestic environment, multivariate
analysis was done by Non-metric Multidimensional Scaling (NMS)
using PC-ORD 4. NMS avoids the assumption of linear relationships
among variables by using ranked distances to linearize the rela-
tionships between measured distances between individual sample
points in a multidimensional ordination space, and accommodates
minima (absence, or 0 for bLOQ) better than other ordination
methods (McCune and Grace, 2002). The distance measure used
was relative Euclidian (see McCune and Grace, 2002 for discussion on
distance measures). Data were relativized across columns to inves-
tigate DDT isomer profiles using relative proportions of the pollutants
rather than absolute values. Three dimensions were derived but only
the two strongest axes will be presented. The closer individual sample
points are located to each other the greater their profile similarity;
samples with a high proportion of p,p′-DDT for instance would cluster
closer together. The angle and length of the vectors indicate the
direction and strength of that variable. Random starting configu-
rations were used with 50 runs of real data. We used 50 runs of
randomised data for Monte Carlo tests. Final stress can be interpreted
as follows: b5 excellent, 5–10 good, 10–20 general picture good, but
not in detail, N20 not good (McCune and Grace, 2002).

3. Results

Results of analysis are summarised in Table 1. DV had the most
samples with detectable levels of DDT and its metabolites, and with
the exception of chicken muscle samples, DV also had higher mean
levels for all the components analyzed compared to TV. 79% of par-
ticipants fromDV had detectable levels of ΣDDT of which the p,p′-DDE
levels was the highest. Of the three serum samples from TV, only one
participant had a detectable level of p,p′-DDE.

Both Indoor air and dust samples had significantly higher levels of
ΣDDT (Pb0.05) in DV compared to TV. In both these media, p,p′-DDT
was the mainmetabolite present. Regarding the outdoor components,
soil and vegetable samples had higher levels of ΣDDT compared to
water samples. Although the relative number of samples with
detectable levels in outdoor soil was higher in DV compared to TV,
the individual sample with the highest value was from a homestead
in TV. In both villages, the ΣDDT in outdoor soil constituted mainly of
p,p′-DDE whereas vegetable samples were mainly contaminated with
oor residual spraying for malaria control, Sci Total Environ (2010),
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Table 1
Summary of DDT concentrations detected in human serum, indoor air, floor dust, outside soil, potable water, vegetable, and chicken samples from the exposed (DV) and control village (TV).

∑DDT p,p′-DDT o,p′-DDT p,p′-DDD o,p′-DDD p,p′-DDE o,p′-DDE ∑DDT p,p′-DDT o,p′-DDT p,p′-DDD o,p′-DDD p,p′-DDE o,p′-DDE

Human serum: DV (n=19) (μg gˉ¹ lipid) Potable water (*): DV (n=12) (μg Lˉ¹)
Mean 7.3 n/d n/d 1.5 1.5 5.9 n/d Mean 2.0 0.8 0.7 n/d n/d 1.2 n/d
SD 6.7 n/d n/d 1.1 1.7 5.5 n/d SD 2.1 0.1 0.1 n/d n/d 0.7 n/d
Median 5.1 n/d n/d 1.1 1.5 4.7 n/d Median 0.9 0.8 0.7 n/d n/d 1.0 n/d
Min–Max 1.3–23 1.4 2.4 0.8–3.8 0.3–2.7 1.2–23 22 Min–Max 0.6–7.6 0.8–1.0 0.6–0.8 1.8 1.1 0.7–2.0 1.1
NumPos 15 1 1 6 2 15 1 NumPos 10 8 5 1 1 3 1

Human serum: TV (n=3) (μg gˉ¹ lipid) Vegetables (*): DV (n=12) (μg kgˉ¹)
Mean n/d n/d n/d n/d n/d n/d n/d Mean 43 70 n/d 32 n/d 10 n/d
SD n/d n/d n/d n/d n/d n/d n/d SD 45 14 n/d 22 n/d 0.0 n/d
Median n/d n/d n/d n/d n/d n/d n/d Median 25 70 n/d 30 n/d 10 n/d
Min–Max 2.1 n/d n/d n/d n/d 2.1 n/d Min–Max 10–150 60–80 n/d 10–80 n/d 10–10 n/d
NumPos 1 0 0 0 0 1 0 NumPos 11 2 0 11 0 2 0

Indoor air: DV (n=12) (ng mˉ³) Chicken muscle: DV (n=12) (μg kgˉ¹)
Mean 3900 2200 1400 91 50 110 27 Mean 500 130 55 91 n/d 290 53
SD 2700 1500 1500 45 41 110 27 SD 400 100 1.5 15 n/d 230 2.1
Median 2700 1800 670 84 33 71 20 Median 290 79 55 99 n/d 210 53
Min–Max 1100–8800 750–6000 270–5300 43–190 16–150 23–390 4.6–89 Min–Max 69–1400 53–330 53–56 73–100 n/d 92–840 51–54
NumPos 12 12 12 12 12 12 11 NumPos 11 10 3 3 0 11 2

Indoor air: TV (n=9) (ng mˉ³) Chicken muscle: TV (n=9) (μg kgˉ¹)
Mean 10 7.2 4.8 n/d 2.2 n/d n/d Mean 700 130 n/d n/d n/d 540 n/d
SD 13 8.9 5.1 n/d 0.8 n/d n/d SD 940 110 n/d n/d n/d 780 n/d
Median 13 8.9 5.0 n/d 1.0 n/d n/d Median 290 80 n/d n/d n/d 180 n/d
Min–Max 1.5–41 1.5–28 0.7–13 n/d 1.6–2.7 n/d n/d Min–Max 190–2100 52–80 55 79 60 89–1700 54
NumPos 9 8 5 0 2 0 0 NumPos 4 3 1 1 1 4 1

Floor dust: DV (n=12) (μg mˉ²) Chicken fat: DV (n=12) (μg kgˉ¹)
Mean 1200 1100 100 25 7.9 51 n/d Mean 240,000 41,000 410 3000 100 190,000 97
SD 1500 1300 120 20 1.7 85 n/d SD 380,000 28,000 170 1200 67 360,000 53
Median 910 850 57 18 7.5 22 n/d Median 150,000 45,000 380 3500 72 87,000 72
Min–Max 8.3–4800 8.3–4200 6.5–230 7.5–71 6.4–9.8 8.5–260 34 Min–Max 320–1,300,000 68–77,000 140–610 330–4200 58–200 250–1,200,000 58–210
NumPos 12 12 10 10 3 8 1 NumPos 10 10 9 9 4 10 8

Floor dust: TV (n=9) (μg mˉ²) Chicken fat: TV (n=9) (μg kgˉ¹)
Mean 1.8 1.5 0.3 0.1 0.1 0.1 n/d Mean 540 440 54 n/d n/d 190 58
SD 2.9 2.5 0.4 0.0 0.0 0.0 n/d SD 740 760 4.2 n/d n/d 170 9.2
Median 1.3 1.0 0.2 0.0 0.0 0.0 n/d Median 170 78 54 n/d n/d 120 58
Min–Max 0.1–8.9 0.1–7.6 0.1–0.5 0.1–0.1 0.1–0.1 0.1–0.1 n/d Min–Max 99–2100 52–1800 51–57 65 n/d 74–550 51–64
NumPos 9 9 6 3 2 2 0 NumPos 7 5 2 1 0 7 2

Outside soil: DV (n=12) (μg kgˉ¹) Chicken liver: DV (n=12) (μg kgˉ¹)
Mean 25 1.0 0.7 4.1 1.0 16 3.5 Mean 1600 220 59 270 n/d 1200 n/d
SD 18 0.2 0.1 8.2 0.4 16 1.6 SD 1500 190 10 150 n/d 1300 n/d
Median 20 0.9 0.7 1.7 1.0 9.1 3.2 Median 1100 190 54 230 n/d 780 n/d
Min–Max 5.7–59 0.8–1.2 0.6–0.9 0.6–30 0.6–1.7 3.0–47 1.7–6.2 Min–Max 52–5600 50–600 52–78 130–540 n/d 52–4700 n/d
NumPos 12 12 12 12 9 12 10 NumPos 12 9 6 10 0 12 0

Outside soil: TV (n=9) (μg kgˉ¹) Chicken liver: TV (n=9) (μg kgˉ¹)
Mean 21 1.4 1.0 2.9 2.2 14 6.8 Mean 160 n/d n/d n/d 61 n/d n/d
SD 36 1.2 0.7 1.7 2.0 28 4.0 SD 190 n/d n/d n/d 8 n/d n/d
Median 5.5 0.8 0.6 3.4 1.3 3.1 6.8 Median 65 n/d n/d n/d 60 n/d n/d
Min–Max 2.1–93 0.8–3.5 0.6–2.3 1.0–4.2 0.8–4.5 0.7–72 4.0–9.6 Min–Max 54–440 63 53 n/d 54–70 320 n/d
NumPos 6 5 5 3 3 6 2 NumPos 4 1 1 0 3 1 0

SD=Standard deviation; NumPos=Number of positive samples (Ndetection limit); n/d=not detected.
(*) Potable water and vegetable sample results for TV are not included in the table as no samples had levels above the detection limit.
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p,p′-DDT and p,p′-DDD. In DV, 83% of water samples had levels of o,p′-
and p,p′-DDT as well as p,p′-DDE. The water samples from TV had no
detectable levels of DDT or its metabolites. Comparing the different
chicken tissue samples, fat had the highest levels of DDT, DDD and
DDE compared to liver and muscle samples in both DV and TV. In all
three tissue types, p,p′-DDE were predominant.

Fig. 1 shows the NMS joint plot for DV. The distance between the
points (samples) is approximately proportional to the dissimilarities
between them. Three dimensions were derived. The final stress was
7.85 reached after 200 iterations. Final stress can be interpreted as
follows: b5 excellent, 5–10 good, 10–20 general picture good, but not
in detail, N20 not good (McCune and Grace, 2002). Final instability
was 0.016. The Monte Carlo tests were significant for Axis 1 and 2
(Pb0.05). Axis 2 explained 6.6% of the variation, and Axis 3, 59%, for a
cumulative explanation of 56.6%, and adjusted cumulative of 99.8%.
Fig. 2 shows the NMS joint plot for TV. Three dimensions were derived
with a final stress of 19.9 reached after 200 iterations, and a final
instability of 0.0039. The Monte Carlo tests were significant for Axis 1
and 2 (Pb0.05). Axis 1 explained 40% of the variation, and Axis 2, 34%,
for a cumulative explanation of 74%, and adjusted cumulative of 92%.

The multivariate analysis showed a clear association between
indoor air and floor dust samples and p,p′-DDT levels in both DV and
TV (Figs. 1 and 2). In DV, chicken samples and human serum samples
were mainly associated with p,p′-DDE levels while the metabolites
p,p′-DDD, o,p′-DDE and p,p′-DDE were associated with the outdoor
soil samples. No associations were found between either the water
or vegetable samples and DDT specifically, or one of its metabolites
respectively.

4. Discussion

The results show that the domestic environment of homesteads
in the Vhembe district is contaminated with DDT, and that residents
are exposed to DDT and its metabolites through a number of ways
Fig. 1. NMS plot of the DDT profiles in outdoor soil, water, vegetables, chicken fat, muscle an
village (DV).
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including contaminated indoor air, floor dust, outdoor soil, food, and
water. Considering that the DDT 75% water wettable powder for-
mulation applied during IRS consist mainly of the p,p′- and o,p′-DDT,
isomers (73% p,p′-DDT and 22% o,p′-DDT of the active ingredient)
(Bouwman et al., 2006), it was expected that a similar profile would
be detected in the various components within the total homestead
environment. However, various factors should be considered regard-
ing the different ΣDDT profile in the different components sampled:
(1) rate of metabolization of DDT to DDD and DDE in different
substrates, (2) exposure to DDD and DDE already present in the
environment, (3) the capacity of the different metabolites to be
accumulated and be stored in different environmental components.

4.1. Human serum

∑DDT serum levels varied among participants from DV (84%
female/16% male). The sample group ranged between ages 20 and
88 years. This could explain the variation in ∑DDT serum levels, as
the statistical analyses showed a positive correlation between the
∑DDT levels and the age of the participants. The ∑DDT in all
participants constituted mainly p,p′-DDE and p,p′-DDD. The multi-
variate analysis also showed a strong association between DDE and
human serum (Fig. 1). As the breakdown products of DDT, these
metabolites could be indicative of prior exposure to the pesticide. The
questionnaires indicated that 79% of the participants have lived
within the sprayed area for more than 10 years, confirming long-term
exposure to DDT of most of the participants in the sample group. The
higher serum DDE levels detected in participants from DV is therefore
either the result of their own metabolism of DDT over the exposure
period, or from ingestion of DDE present in their food or from ex-
posure to DDE present in the surrounding environment (Longnecker,
2005; Sereda et al., 2009).

Compared to a previous study, themean p,p′-DDE level of 27 μg L−1

(not lipid adjusted) measured in the serum of participants from DV
d liver, indoor air, floor dust and human serum in homesteads (n=12) of the exposed
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Fig. 2. NMS plot of the DDT profiles in outdoor soil, chicken fat, muscle and liver, indoor air, floor dust and human serum in homesteads (n=9) of the reference village (TV).
Note: Water and vegetables are not included in the plot as levels of DDT or its metabolites were not detected in these samples. Only three serum samples were collected at TV.
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falls within the range detected in adults living in two DDT-sprayed
malarious communities in Mexico: Chiapas (24.9–138.8 μg L−1) and
Oaxaca (5.7–97.7 μg L−1)(Yáňez et al., 2002). Compared to the
reference village in the current study, no statistical comparison could
be made as only three participants from the nine homesteads in TV
were willing to donate blood. The serum of two of these three
participants had no levels of DDT and/or its metabolites and one
participant had a detectable level of DDE. Yet the serum DDE level of
this participant was below the mean DDE value calculated for the
exposed village. Even so, levels of DDT in residents from the reference
village are not unexpected as a number of factors could contribute to
the DDT exposure of residents of nearby, unsprayed areas. Some
of the factors may include travelling between the sprayed and
unsprayed villages, airborne movement of DDT, illegal use of the
pesticide for purposes other than vector control outside the malaria
risk area, and the distribution of contaminated food throughout the
Vhembe district. It is reasonable, however, to expect that residents in
exposed villages would have higher levels of DDT compared to
unexposed villages. Bouwman et al. (1991) also found that serum
levels of residents of DDT-sprayed dwellings in Kwazulu Natal, South
Africa, had significantly higher (Pb0.05) levels of ∑DDT (mean:
140.9 μg L−1) compared to an unexposed area (mean: 6.04 μg L−1).
In this case however, the reference villagewas located approximately
500 km away from the nearest malaria control area.

The serum analyses results of participants fromDV are noteworthy
as a number of studies have shown associations between DDT and/or
its metabolites, and human health effects. p,p′-DDT, an estrogenic
endocrine disrupting chemical, and its anti-androgenic metabolite,
p,p′-DDE, have been linked to male reproductive health effects
(De Jager et al., 2006; Aneck-Hahn et al., 2006). DDT and/or DDE have
also been linked with post generational female reproductive ability
(Cohn et al., 2003), urogenital birth defects in neonates (Bornman et al.,
2005) and pre-term births (Longnecker et al., 2001). In addition to
neurological effects as indicated by the ATSDR (2002), McGlynn et al.
(2006) also found that high DDT serum levels may be a risk factor for
liver cancer. However, no statistically significant association between
liver cancer and serum DDE concentrations were found.
Please cite this article as: Van Dyk JC, et al, DDT contamination from ind
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4.2. Indoor air

The DDT residue analyses of the air samples indicated that
measurable levels of DDT, DDD, and DDE are still present in the
indoor air of the sprayed huts 84 days after the spraying was
completed. However, the multivariate analyses showed the strongest
association between the indoor air samples and p,p′-DDT (Fig. 1). This
is not unexpected as the formulation of applied DDT constituted ∼73%
p,p′-DDT (Bouwman et al., 2006). Although low levels of DDT were
also detected in the air samples of the reference village, the levels in
DV were significantly higher (Pb0.05). The indoor air ΣDDT levels
detected in DV (median: 2700 ng m−3) are also considerably higher
than the EPA inhalation unit risk of 0.097 ng m−3 (ATSDR, 2002). The
levels measured in the current study also corresponds with a study
by Singh et al. (1991), who reported that during an eight month
sampling period, the indoor air samples from homes sprayed with
DDT in India had DDT levels ranging between 1000–14600 ng m−3.
Exposure through inhalation could be restricted due to the large
particle size (≥250 μm) of DDT. However, as the DDT particles are
deposited in the upper respiratory tract, it is eventually swallowed
(Hayes, 1975), and together with the precipitation of the DDT spray
on open food andwater within the homes, could ultimately contribute
to the total amount of DDT ingested. The residues in the indoor
air samples measured in DV are also likely to contribute to the
contamination of the surrounding environmental media as it dis-
perses into the ecosystem (Singh et al., 1991).

4.3. Floor dust and outdoor soil

The presence of DDT and its metabolites in the floor dust samples
were significantly higher (Pb0.05) in DV compared to TV. Both
outdoor soil and floor dust samples from DV were highly contami-
nated with DDT, DDD and DDE. However, similarly to the indoor air
samples, the multivariate analyses showed the strongest association
between the floor dust samples and p,p′-DDT – probably as a results of
the deposition of DDT in indoor air particles – while the strongest
association with outdoor soil was with DDD and DDE (Fig. 1). The
oor residual spraying for malaria control, Sci Total Environ (2010),
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results raise concerns regarding human exposure to the contaminated
soil and dust, and in particular children, because of their long
exposure period to these media during play activities and other
behavioral characteristics e.g. ingestion of non-food items and regular
hand-to-mouth contact (Paustenbach et al., 1997; Lioy et al., 2002;
Butte, 2004; Roberts and Ott, 2007; Hwang et al., 2008).

4.4. Water and food

Of all the possible routes for human exposure to DDT, the main
pathway in non-malaria areas has been shown to be through
ingestion (EHC 9, 1979; Tao et al., 2009). Following a study conducted
in Tianjin, China, Guo (2004) showed that ingestion through diet was
responsible for 94.9% of the total intake of DDT while inhalation and
dermal contact contributed to only 5.1%. There is no doubt that crops,
open water, and food products in the houses of the Vhembe district
are contaminated with DDT as a result of the IRS process.

The∑DDT levels detected in the drinking water samples from DV
constituted mainly p,p′- and o,p′-DDT, and the ΣDDT ranged between
0.6 μg L−1 and 7.6 μg L−1. There were no strong association between
the water samples and any specific DDT isomers as indicated by the
multivariate analysis (Figs. 2 and 3). The DDT levels in the majority of
the water samples (83.3%) were below the World Health Organiza-
tion's (WHO) drinking water guideline value of 2 μg L−1 (ATSDR,
2002). Drinking water is obtained from a centrally located community
tap in 53% of homesteads, or, from both a community tap and a natural
spring in 47% of homesteads. The water samples from the community
tap and the nearby Luvuvhu River, did, however, not have residues of
∑DDT above the detection limit of 0.5 μg L−1. This suggests that the
drinking water is probably contaminated on the property where DDT
is sprayed.

Chickens and vegetables are a major part of the diet of the
VhaVenda people. The dietary information obtained from the ques-
tionnaires indicated that leafy vegetables from their own gardens are
a main part of their diet, and following insects, chicken is the main
source of protein inmost homesteads in DV (84%), and all homesteads
in TV. The analyses of the chicken samples indicated that these
animals have bio-accumulated high levels of DDT and its metabolites,
especially p,p′-DDE. The chickens are kept indoors throughout the
night, and have free range in the village during the day to feed on food
particles exposed to the indoor dust and outdoor soil. There is
therefore a likely risk for human intake of DDT, and especially DDE,
through chickens. The multivariate analyses did show a strong asso-
ciation with p,p′-DDE and both human serum and chickens, including
the muscle, liver and fat samples.

The vegetable samples from DV also had levels of DDT and its
metabolites (ΣDDT median: 25 μg kg−1). No DDT was detected in
samples from TV. The vegetable samples were mainly contaminated
with p,p′-DDT and p,p′-DDD. The contamination of these plants is
likely the result of root uptake of the breakdown products of DDT
present in the soil, as opposed to aerial precipitation of DDT during
IRS. Although the chickenmuscle samples showed high levels of ΣDDT
(median: 290 μg kg−1), it has been shown that cooking of chicken
could reduce the amount of DDT ingested (Ritchey et al., 1969). This
aspect was not investigated in the current study.

4.5. Association patterns comparing villages

The multivariate analysis showed remarkably consistent associa-
tion patterns between the two villages, although TV had many
samples below detection limits. In both, o,p′- and p,p′-DDT were
strongly associated with indoor air and floor dust, even though the
levels were significantly lower (Pb0.05) in TV compared to DV.
Outdoor soil on the other hand, was much closer associated with the
biological matrixes, and once again the levels in TV were much lower
than in DV. The profiles of the DDT components inwater in DV seemed
Please cite this article as: Van Dyk JC, et al, DDT contamination from ind
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to have no specific pattern, indicating no direct contamination from
IRS. Therefore, since the DDT profile in the serum from DVmirrors the
DDT profile of chicken and outdoor soil and much less that of indoor
floor dust and air, likely major routes of human uptake in DV is
indirect via the outdoor environment and less from the indoor envi-
ronment. In Fig. 1, axis 3 probably represents the outdoor movement
of IRS applied DDT to the outdoor environment with a concomitant
transformation of the isomer profile, as indicated by the almost
opposite directions of the p.p′-DDT and p.p′-DDE vectors. A similar
pattern can be seen in Fig. 2, but since there has been no IRS here,
other unknown factors may be in force. The DDT is mainly applied
indoors and therefore residues must find their way outdoors. Regular
sweeping of the floor and removal of the floor dust to the immediate
outdoor is common practice. How the DDT profile is transformed from
indoor floor dust to outdoor soil remains to be determined, but is
likely due to UV from sunlight.

5. Conclusion

The results of the current study raise concerns regarding the
potential health effects in residents living in an environment shown to
be highly polluted with DDT. ∑DDT levels were detected in all of the
media analyzed in the homesteads of the DDT-sprayed village. More
importantly, the levels measured in the, air, vegetables and chickens
were above theWHOguideline values stipulated for safe human intake.
DDT levels were below detection limits in water and vegetable samples
in the reference village and significantly lower in the air and dust
samples compared to the exposed village. In addition, anybreast feeding
infants would be exposed to air, indoor dust, outdoor soil, and some
food, aswell as high levels of DDT in breast milk (Bouwman et al., 2006;
Sereda et al., 2009), even further increasing health risks to infants.

The findings should encourage a re-evaluation of the necessary
safety regulations that forms part of the IRS protocol, to prevent
unnecessary contamination of the domestic environment. The results
also confirm that harmful levels of DDT are still present in the indoor
air approximately 3 months after the DDT has been sprayed. The
results show a clear association between the serum levels and the
outdoor soil and chicken samples indicating that these components
are most likely major routes of human exposure to DDT. However,
exclusive routes of human exposure to DDT in local residents cannot
be pinpointed. It is possibly the result of a combination of contributing
factors, as all the media of the domestic environment analysed in this
study was contaminated with relatively high levels of DDT and its
metabolites. Education regarding the correct food preparation e.g.
washing of vegetables and fruit, cooking of meat and fish as well as
promoting personal hygiene i.e. washing of hands after exposure to
soil and dust, should form an important part of the malaria control
program's future initiatives. This should also include education
regarding other control methods like the use of bed nets and
management of stagnant water. Similar THE-based studies are
recommended in future for continual monitoring of the DDT levels
within these exposed communities, to assist in the management of
safe and effective IRS, and also to investigate possible related human
health effects. THE-based studies may also indicate possible other
ways of reducing exposure to DDT and other IRS chemicals, since
uptake pathways will be much better documented.
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