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Cohn, PhD2

1Department of Environmental Toxicology, University of California, Davis, California, 95616, USA
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Abstract

Background: Obesity is a malnourishment epidemic worldwide. A meta-analysis of prospective 

human studies across the world demonstrated a consistent positive association between maternal 

exposure to the pesticide dichlorodiphenyltrichloroethane (DDT) and its metabolite 

dichlorodiphenyldichloroethylene (DDE) and children with obesity. The present study evaluates 

the association of maternal exposure to DDT and DDE with the risk of obesity in daughters during 

their mid-life in a prospective birth cohort with up to 53 years of follow-up.

Methods: Gravidas’ blood was collected during their 1959–1967 enrollment into the prospective 

Child Health and Development Studies birth cohort in California. Their daughters aged 44–53 

years had their height, weight, and waist circumference measured during a home visit to evaluate 

associations of daughters’ adiposity and relative risk of overweight and obesity with their mothers’ 

prenatal serum levels of DDT and DDE quantified by gas chromatograph-tandem mass 

spectrometer (n=511).

Results: Maternal o,p’-DDT was positively associated with body mass index (beta=0.59 kg/m2 

per ln ng/ml (95th percentile confidence interval, 95CI: 0.17, 1.00)) and waist circumference 

(beta=1.19 cm per ln ng/ml (95CI: 0.26, 2.13)) in multivariable models. Maternal o,p’-DDT was 

positively associated with a 26% (95CI: 6–49%) to 31% (95CI: 6–62%) higher risk of overweight 

and the same magnitude of additional risk for obesity, based on waist circumference and BMI 

definitions respectively, in multivariable models.

Conclusions: These data indicate maternal DDT exposure is significantly associated with 

increased obesity risk among middle-aged women independent of the obesity definition, 

confounding, and obesity risk factors. Our findings suggest that policies supporting the use of 

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

Corresponding Author: Michele A. La Merrill, PhD MPH, Associate Professor, Department of Environmental Toxicology, 
Environmental Health-, Comprehensive Cancer- and Genome- Centers, University of California at Davis, mlamerrill@ucdavis.edu, 
530-754-7254, http://lamerrill.ucdavis.edu. 

Declaration of competing financial interests
The authors declare they have no actual or potential competing financial interests.

HHS Public Access
Author manuscript
Int J Obes (Lond). Author manuscript; available in PMC 2020 November 15.

Published in final edited form as:
Int J Obes (Lond). 2020 August ; 44(8): 1723–1732. doi:10.1038/s41366-020-0586-7.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://lamerrill.ucdavis.edu/


DDT for malaria vector abatement need to consider the obesity risk as a health cost when 

weighing the benefits of using DDT in malaria vector control.

Introduction

Obesity is a malnourishment disease that is a major risk factor for other noncommunicable 

diseases, such as cardiovascular diseases, diabetes, and certain cancers.1 Because so much of 

the world lives in developing countries, 62% of individuals with obesity reside in developing 

countries.2 To combat this worldwide pandemic, the World Health Organization (WHO) set 

a global noncommunicable disease target set for 2025 to halt the obesity prevalence levels to 

those observed in 2010.3 If post-2000 trends of increasing obesity continue, this WHO target 

for restraining obesity will not be met.4 Hence overcoming the risk of obesity is a largely 

unmet need.

Given that the majority of calories burned are utilized through heat-generating metabolic 

processes and not physical activity,5 attention to possible obesity risk factors that disrupt 

metabolism is warranted.6,7 As an illustration, undernutrition of pregnant women leads to 

lower birth weight of offspring, and both in utero undernutrition and low birth weight have 

been associated with increased risk of becoming an adult with obesity.8–11 These 

observations support the developmental origins of health and disease (DOHAD) hypothesis 

which has been supported by observations that metabolic adaptations to developmental 

malnutrition causes susceptibility to cardiometabolic noncommunicable diseases, including 

obesity, in middle-age.9,12 Further, extensive experimental studies demonstrate that 

disruption of fetal metabolism through changes in the maternal environment is on the causal 

pathway to adult obesity.13–15

The role of contaminants of the maternal environment contributing to adult obesity has not 

yet been tested in humans.16,17 The pesticide DDT is a strong candidate obesogen for such 

testing for numerous reasons. First, DDT exposure continues among people residing in 

developing nations where DDT remains in manufacture and use on the order of 3,500 metric 

tons annually due to the WHO’s continued recommendation of its use in vector control.18,19 

Next, two (Spain, South Africa) out of three studies of prenatal DDT exposure which 

prospectively followed children reported a positive association between prenatal DDT 

exposure and children with increased adiposity.20–22 Additionally, maternal DDT exposure 

increased adiposity of subsequent generations of two rodent species, e.g. rats and mice.14,23 

Furthermore, early-life exposure to the primary metabolite of DDT, namely DDE, had a 

positive association with obesity in a meta-analysis of seven prospective human studies 

reporting original data among individuals up to 20 years old (ß = 0.13 body mass index 

(BMI)-z score per log increase in p,p’-DDE [95% confidence interval (CI) 0.01, 0.25 BMI-z 

score].24 In order to assess whether maternal DDT or DDE are associated with mid-life 

adiposity and risk of obesity, we took advantage of a prospective birth cohort that began 

more than 50 years ago when use of DDT in the United States was at its peak.
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Methods

Data collection and participants

The Childhood Health and Development Studies (CHDS) is a birth cohort that began at 

Oakland Kaiser Permanente hospital with the enrollment of pregnant women who were 

members of the Kaiser Foundation Health Plan seeking obstetric care from 1959 until 

1967.25 Over 98% of eligible women enrolled in CHDS. These women were voluntarily 

interviewed in-person, and gave researchers permission to access medical records of the 

CHDS mothers and children. Blood specimens were collected from CHDS mothers of 

subjects at several times through pregnancy and one post-partum sample usually within three 

days of delivery.

This study involved daughters who were part of the Three Generations (3Gs) study, an adult 

follow-up of the CHDS conducted from 2010 to 2013. Female offspring born into the CHDS 

who were surviving at the time of 3Gs study recruitment, not known to be institutionalized, 

not known to have a severe mental illness, not known to have requested “not to be 

contacted”, who were not already eligible for another adult follow-up study in progress and 

who were phone locatable were eligible to participate in the telephone interview phase of the 

3Gs Study (n = 5003). Sixty percent of eligible subjects (adult daughters) completed the 

phone interview (n = 3003). Due to budget constraints, a subset were targeted for 

participation in a home visit from the following three groups: daughters of mothers with 

breast cancer, daughters who had participated in an earlier breast density study, and a 

random sample of daughters.26 Of the 1879 daughters who were eligible, 1194 completed a 

home visit (64%). In order to address the primary study question, subjects were required to 

have available organochlorines (n = 801). Women who were pregnant (n = 1) or diabetic (n = 

96) at the home visit were also excluded from this analysis. The analysis of waist 

circumference included 511 subjects with complete data for all study variables: daughter’s 

height, weight, waist circumference, education, exercise level, menopause status, thyroid 

medication, maternal pre-pregnancy BMI, ethnicity, education, coffee consumption, and 

place of birth. Three of these women did not have their height measured. The institutional 

review board at Public Health Institute approved the 3Gs protocol.

Outcomes

Waist circumference, weight, and height were measured during the 3Gs home visit using a 

detailed, standardized protocol. Examiners were trained to strictly implement the protocol. 

Standing height was measured using a Seca 213 Stadiometer with a fixed vertical backboard 

and an adjustable head piece. The subject was instructed to remove any hair ornaments and 

to stand erect against the backboard with both feet flat and weight evenly distributed. The 

head piece was lowered to rest firmly on top of the subject’s head, aligned in the “Frankfort 

horizontal plane”, to capture the vertical distance from foot to head. Weight was measured 

using a Seca 813 High-Capacity floor scale. The subject was asked to stand in the center of 

the scale platform with hands at their sides and head straight ahead, allowing the digital 

readout to stabilize before the examiner recorded the weight. Abdominal circumference was 

measured using a Seca 201 (soft) measuring tape. The subject was asked to gather her shirt 

above the waist, cross her arms, and place her hands on opposite shoulders. The examiner 
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snugly placed the measuring tape above the ilia of the pelvis without compressing the skin. 

The circumference was taken at the end of the subject’s normal expiration and recorded to 

the nearest 0.1 cm. BMI was calculated from height and weight measured during the home 

visit, or their highest weight and height since age 18 as self-reported during the 3Gs 

interview. Obesity was defined as BMI ≥ 30 kg/m2 or waist circumference of ≥ 88 cm and 

overweight was defined as 30 > BMI ≥ 25 kg/m2 and 88 cm > waist circumference of ≥ 80 

cm.27 Abdominal obesity was regarded as the primary outcome due to its use in the 

metabolic syndrome definition as an unhealthy obesity that increases risk of cardiovascular 

disease.28 However, BMI- based assessment was also made due to the recognition of the 

World Health Organization that using BMI ≥ 30 kg/m2 to classify obesity is particularly 

valuable for use in global comparisons, and the primary use of BMI in clinically defined 

obesity in the United States.27

Exposures

We measured o,p’-DDT, p,p’-DDT, p,p’-DDE, and lipids in nonfasting maternal perinatal 

serum samples of the index participants as previously described.29–31 Previous research has 

demonstrated high correlation between sample periods for these chemicals and concluded 

that specimen collection timing during the perinatal period is inconsequential with respect to 

exposure assessment.32 Samples were measured using gas chromatography with electron 

capture detection (GC/ECD) fit with a capillary column (18%), GC/ECD fit with dual 

columns (45%), or GC triple quadrupole mass spectrometry (37%).

Covariables

During the in-person interview of gravidas at the CHDS inception, mothers of subjects 

provided information about their age, parity, ethnicity, education, coffee consumption, 

tobacco use, height, pre-pregnancy weight, and country of origin during their pregnancy 

carrying subjects. These pregnant women indicated the height and weight of subjects’ 

fathers. The same maternal sera from which chemical exposures were measured was used to 

quantify total cholesterol and triglycerides enzymatically by labs certified by the Centers for 

Disease Control and Prevention/National Heart, Lung, and Blood Institute Lipid 

Standardization Program.29,33 During the 3Gs in-person interview, subjects provided 

information on their current exercise levels, as well as their history of education, tobacco 

use, medicated thyroid condition, lactation, and surgical or natural menopause status. Their 

age was determined from medical records.

Statistical analysis

We considered possible confounders and obesity risk factors among maternal factors, e.g. 

pre-pregnancy BMI, age at delivery, foreign born, African American, parity, education, 

coffee intake, tobacco use, weight gain, blood lipids and organochlorines during pregnancy. 

All organochlorines had skewed distributions and were either presented as quartiles or 

natural log transformed whether expressed per serum volume or lipid weight. We also 

considered possible confounders and obesity risk factors among study subjects’ birthweight, 

education attainment, exercise, lactation history, tobacco use, age, menopause status, and 

self-report of a medicated thyroid condition. A potential confounder of an organochlorine – 

waist circumference relationship was those possible confounders that were significantly 
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correlated with the organochlorine and the outcome (p < 0.2, using Spearman or Pearson 

options for categorical or continuous possible confounders respectively, PROC CORR, SAS 

7.11). Mixed effects of mothers were modeled due to infrequent sib-ships among daughters. 

The standard error of these least squares means can be considered a standard deviation 

which is conditional on the random effect of mother and marginal over differences in sample 

size.

Associations of individual organochlorines with continuous waist circumference were 

evaluated in our first linear regression models while adjusting for the mixed effect of mother 

(PROC MIXED, presented as model 1 below). Second, all potential confounding variables 

were added to waist circumference models while adjusting for mixed effects of mother and 

we retained covariates causing a 10% or greater change in the estimated beta coefficient of 

the exposure (PROC MIXED, presented as model 2 below). We note that subjects’ age was 

only significant in models without subjects’ menopause and only retained menopause. Third, 

known obesity risk factors that were not confounders were added (PROC MIXED, presented 

as model 3 below). The independent variables of these three models were then applied to 

models of continuous BMI and of risk ratios for categorical outcomes defined by elevated 

waist circumference (obese ≥ 88 cm, overweight = 80–87 cm) or elevated BMI (obese ≥ 30 

kg/m2, overweight= 25–29 kg/m2) using generalized log-linear multinomial models with 

mother as the repeated subject (PROC GENMOD).34 Similar models were used to 

demonstrate significance of Table 1 characteristics with waist categories (PROC 

GENMOD). These generalized log-linear multinomial models treat the outcome categories 

as counts, such that the risk of overweight relative to lean is equivalent to the risk of obesity 

relative to overweight. Collinearity was ruled out for linear multivariable models of 

outcomes using the variance inflation and condition index (VIF and COLLINOINT in PROC 

REG). Data are presented to hundredth digit unless rounding obscured readers’ assessment 

of significance.

We conducted several secondary analyses. First we evaluated highest self-reported BMI in 

multivariable mixed models accounting for repeated mothers (PROC GENMOD). Second, 

we examined whether exposure was significantly associated with adiposity through birth 

weight mediation using the delta method to estimate confidence intervals (PROC REG).35 

Third, we examined whether exposure was significantly associated with adiposity when the 

sample was restricted to those participants selected randomly (PROC MIXED). We next 

performed several alternative analyses to evaluate sensitivity to sibling covariance and 

exposure classification. We re-ran all three multivariable models of abdominal overweight 

and obesity using only the oldest sister, only the youngest sister, or a randomly selected 

sister (PROC GENMOD). We additionally re-ran the third multivariable model for BMI-

based overweight and obesity using only the oldest sister, only the youngest sister, or a 

randomly selected sister (PROC GENMOD). Finally, we evaluated the effect of various 

models of DDT lipophilicity on associations with outcomes by comparing multivariable 

models when 1) o,p’-DDT was “adjusted” by maternal serum lipids with the commonly used 

Phillips equation (which essentially divides the mass of DDT per serum volume by the mass 

of triglycerides and cholesterol in the serum),36 and ln transformed before modeling, 2) ln 

transformed volumetric o,p’-DDT (mass of DDT per serum volume) was evaluated with 
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maternal lipids included in the model,37 or 3) maternal lipids were excluded as a covariable 

in the model.

Role of the Funding Source

The funding source had no involvement in the study design; in the collection, analysis, and 

interpretation of data; in the writing of the report; or in the decision to submit the paper for 

publication.

Results

Of the 1000 subjects who participated in the home visit, 508 subjects had available 

organochlorine assays and complete data for all study variables; an additional three (n=511) 

had measured waist circumference. Median age of subjects at the home visit was 49 years 

(range 44–53 years). We examined associations between both maternal characteristics at the 

time of subjects’ birth and subjects’ characteristics during their lifetime, with categories of 

waist circumference, Table 1. There was a significant association between having a smaller 

waist circumference and having a mother who was born outside of the US. Having a mother 

with a higher pre-pregnancy BMI was associated with higher waist circumference during 

middle-age. Waist circumference categories during middle-age were not associated with 

maternal blood lipids, parity, or smoking. Indeed, there was no correlation between maternal 

smoking during pregnancy and either waist circumference categories in middle-age (Pearson 

r = −0.023, p=0.6) or DDT categories (Pearson r = −0.04, p=0.3).

We next evaluated the association between log transformed organochlorine chemicals found 

in maternal serum from 1959–1967 and subjects’ mid-life waist circumference. There was a 

positive linear association between subjects’ measured mid-life waist circumference and 

their maternal o,p’-DDT levels (ß = 1.17 cm per log ng/ml, 95CI = 0.18, 2.15; Table 2; 

Figure S1). There was a similarly increased association between their measured mid-life 

waist circumference with their maternal p,p’-DDT levels (ß = 2.07 cm per log ng/ml, 95CI= 

−0.02, 4.16), but not with p,p’-DDE levels (ß = 0.22 cm per log ng/ml, 95CI = −2.57, 3.01). 

Maternal exposure to o,p’-DDT remained significantly associated with mid-life waist 

circumference when simultaneously adjusted by p,p’-DDT and p,p’-DDE, which remained 

non-significant. The positive association between maternal o,p’-DDT exposure and 

measured waist circumference was upheld when the model was adjusted for confounders 

(Model 2, Table 2). Indeed this association between maternal o,p’-DDT and waist 

circumference of middle-aged women was independent of several obesity risk factors, e.g. 

levels of physical activity and medicated thyroid conditions (Model 3, Table 2; Figure 1A). 

Maternal exposure to o,p’-DDT alone also had a positive association with measured BMI 

(Model 1, Table 2) and this remained significant when confounding and risk factors were 

included in linear models (Figure 1B; Models 2–3, Table 2). To additionally demonstrate the 

magnitude of these associations, we also examined maternal o,p’-DDT levels as quartiles 

and noted that each quartile of maternal o,p’-DDT exposure was significantly associated 

with an additional 4–5 cm increase in waist circumference during middle-age in 

multivariable models (Models 2–3, Table 3).
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We further examined whether associations between quartiles of maternal o,p’-DDT levels 

and adult adiposity extended to increased risk of being a middle-aged women with 

overweight and obesity. When obesity and overweight were defined by measured abdominal 

adiposity (≥ 88 cm and 80–87 cm waist circumference respectively), the relative risk of 

being with overweight compared to being with healthy weight was 27% (95CI: 7–52%) 

higher among women from the highest quartile of maternal o,p’-DDT exposure relative to 

the lowest exposure quartile (Model 2 adjusted for confounding, Table 3). Similarly, when 

obesity and overweight were instead defined by elevated measured BMI (≥ 30 and 25–29 

kg/m2 respectively), the relative risk of being with overweight compared to being with 

healthy weight was 35% (95CI: 9–60%) higher among women whose maternal o,p’-DDT 

levels were in the highest exposure quartile relative to the lowest quartile (Model 2 adjusted 

for confounding, Table 3). When we calculated BMI based on self-reported heaviest body 

weights, the relative risk of being with overweight compared to being with healthy weight 

was increased by 30% (95CI: 9–54%) if their mothers had the highest o,p’-DDT quartiles 

relative to the lowest quartile (Model 2 adjusted for confounding, Table 3). We remind the 

reader that the same magnitude of increased relative risk (e.g. 27% based on measured waist 

circumference, 35% based on measured BMI, and 30% based on reported highest BMI) 

extends to being with obesity compared to being with overweight. Risk of being with 

overweight or obesity in association with maternal o,p’-DDT exposure was only slightly 

attenuated with further adjustment for obesity risk factors (Model 3, Table 3). Although 

birthweight has previously been associated with maternal DDT exposure in this cohort38 and 

with adult obesity in other studies,8,10 there was no evidence that birthweight mediated the 

consistent associations between maternal o,p’-DDT exposure and adiposity (Table 4), 

overweight, or obesity (data not shown).

We next performed sensitivity analyses to demonstrate that the risk of obesity associated 

with maternal o,p’-DDT in subjects was not an artifact of sampling strategy. Among the 313 

daughters selected randomly, maternal levels of o,p’-DDT above the bottom quartile were 

significantly associated with increased waist circumference in all three models (Table S1). 

Because there were 17 sibling pairs among the 511 daughters in the study, we also revisited 

the categorical exposure models of overweight and obesity based on waist circumference 

(Table 3), while sampling only one sister randomly (Table S2), the oldest sister (Table S3), 

or the youngest sister (Table S4). Regardless of which sister was sampled, daughters had 

26% increased risk of waist circumference-based overweight if their mothers had o,p’-DDT 

in the highest quartile compared to the lowest quartile (n = 494; Tables S2–4). This 

association was similar across these three sister samples when overweight and obesity were 

instead based on measured BMI (RR = 1.29–1.32, n = 491; Table S5).

We performed additional sensitivity analyses related to the lipophilicity of DDT, given that 

researchers routinely consider how coincident lipids are modeled when evaluating health 

effects of DDT. The association of maternal o,p’-DDT with both waist circumference and 

BMI remained significant when o,p’-DDT was “adjusted” by maternal serum lipids with the 

commonly used Phillips equation,36 and ln transformed before modeling (Model B). The 

association of o,p’-DDT and both waist circumference and BMI also remained significant 

when ln transformed volumetric o,p’-DDT was evaluated with maternal lipids either 

included37 (Model C) or excluded (Model A) as a covariable in the models (Table S5). We 
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noted that maternal serum lipids were not a significant variable in either model of adiposity 

(Model C). We conservatively elected to not adjust for lipids (Model A) throughout the 

presented analyses given this decision produced the smallest ß estimates for o,p’-DDT 

among these three models, and produced 95CI that encompassed the ß estimates from the 

alternative two models (Models B-C).

Discussion

To our knowledge, this is the first study to evaluate and confirm positive associations 

between maternal DDT exposure and middle-aged adult adiposity, as well as risk of middle-

age risk of overweight and obesity. We found that maternal DDT exposure was associated 

with increased the risk of being with overweight and obesity among middle-aged women 

consistently across various approaches to modeling exposure and defining overweight and 

obesity, even when we accounted for confounders and other risk factors for obesity, such as 

thyroid disease and physical activity. These data support extending the DOHAD hypothesis 

to early-life environmental exposures.

There are three studies of children with obesity that support our reported observations of 

associations between maternal DDT and obesity in middle-aged women. The first but 

smallest study found no association between maternal DDT and the adiposity of adolescent 

boys.22 In contrast, the second study revealed a positive association between maternal DDT 

exposure from 1997 to 2005 and 6.5 year old children with increased overweight in Spain.21 

The most recent and largest study found a positive association between maternal exposure to 

DDT from 2012–2013 and South African toddlers with increased weight-for-age and BMI-

for-age.20 Although we know of no other studies of maternal DDT and adiposity in adult 

humans, a systematic review identified two rodent studies where maternal exposure to DDT 

during pregnancy increased adiposity in adults of subsequent generations.24

There is mechanistic evidence supporting a causal role of DDT in impaired metabolism that 

leads to decreased energy expenditure and increased obesity. For example, several 

experimental studies have shown that DDT applied to isolated mitochondrion (the power 

plants of the cell) can inhibit ATPase activity and resulting ATP synthesis (the production of 

charged batteries).39 As one would expect from such impaired mitochondrial metabolism,40 

adult mice whose mothers were treated with DDT had decreased energy expenditure and 

increased adipose mass despite no change in physical activity.14 Although unmeasured 

increased calorie consumption among CHDS daughters with elevated maternal DDT levels 

could also explain their elevated risk of obesity, we know of no experimental evidence that 

maternal DDT exposure has perturbed this canonical obesity risk factor.24 Further, although 

persistent organic pollutants are believed to be more slowly eliminated from bodies with 

excess adipose mass, there was no correlation between o,p’-DDT and weight gain in 

pregnancy here. Whether the reported experimental relationships between DDT, impaired 

metabolism, and obesity could be explained by differences in metabolism or elimination of 

DDT remains to be investigated.

This study has several strengths. First, the study uses quantitative analytical chemistry to 

assess exposures. Second, the study relies on clinically evaluated measures of adiposity, a 
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measurement which when instead is subjected to self-report, is greatly vulnerable to 

reporting bias.41,42 Third, our study design allows for the examination of a relatively high 

exposure during a narrow window of developmental susceptibility; it evaluates maternal 

exposure during the peak window of population exposure to a substance banned soon after 

exposure assessment. Fourth, we examined adiposity during middle-age when it is at its 

maximum.43 Fifth, we used prospectively collected data after long individual follow-up.

Our study also had limitations. We could only examine effects in women due to a parent 

grant to research females in a breast cancer study. Although sex effects were not identified in 

the recent meta-analysis of prospective studies of DDE and obesity, some sex- specificity in 

the adiposity of offspring was identified in the integrated in vivo studies reviewed.24 The 

potential sensitivity of the obesity risk in men exposed to DDT in the womb remains an 

uncharacterized possibility. Although our study design with such extended follow-up is very 

rare, any birth cohorts with an opportunity to repeat our findings and extend them to men 

should consider doing so.

The present research extends the association of maternal DDT exposure with obesity into 

middle age and supports the integrated systematic review and meta-analysis that recently 

categorized DDT and DDE as “presumed to be obesogenic in humans”.24 Since DDT 

remains in use and is manufactured in a number of low- and middle-income countries, our 

results suggest high current and past DDT exposure may increase the prevalence of 

overweight and obesity in these countries.2,44 Further, high exposure to DDT in early life in 

a country still using DDT or one that recently banned it may increase the risk of obesity 

among migrant populations living in high-income countries such as the United Kingdom and 

the United States.44 This may result in a great loss of disability-adjusted life years and high 

societal cost.6,45 The current evidence adds obesity risk to the recent categorization of DDT 

as “probably carcinogenic to humans” (Group 2A) by the International Agency for Research 

on Cancer of the World Health Organization.46 The present findings therefore support the 

inclusion of obesity, as well as cancer, in the World Health Organization’s evaluation of the 

health costs of continuing their current recommendations for using DDT in vector control.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Estimates of mean and standard error of A) waist circumference and B) body mass index per 

quartile of maternal o,p’-DDT exposure with adiposity in middle-aged daughters of the 

CHDS cohort. Mixed linear model includes o,p’-DDT coded as 3 dummy variables 

representing quartiles 2 (square), 3 (upward triangle), and 4 (downward triangle) vs. quartile 

1 as the reference (circle) and is adjusted for mothers of subjects’ characteristics: pre-

pregnancy BMI (<25, 25–29, ≥30 kg/m2), education (<high school, ≥high school), foreign 

birthplace (yes, no); and, study subjects’ characteristics: menopause (none, any), exercise 

(continuous hours/week) and physician-diagnosed and medicated thyroid condition (yes, 
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no). p-values compared to the lower quartile (Q1) are presented above the comparator 

quartiles (2–4).
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Table 1.

Descriptive variables for 511 middle-aged daughters of the CHDS cohort across categories of waist 

circumference.

Characteristic Value Waist circumference categories

< 80 cm 80 – 88 cm ≥ 88 cm

CHDS mothers

 Age
1 Years

<20 4 (14.8) 3 (11.1) 20 (74.1)

20–29* 90 (30.3) 60 (20.2) 147 (49.5)

30–39 37 (22.2) 37 (22.2) 93 (55.7)

>40 4 (20.0) 3 (15.0) 13 (65.0)

 Parity
1 # Viable Births

0 47 (27.2) 32 (18.5) 94 (54.3)

1 48 (30.6) 36 (22.9) 73 (46.5)

2 19 (21.6) 21 (23.9) 48 (54.6)

>2 21 (22.6) 14 (15.0) 58 (62.4)

 Ethnicity
1

African American 17 (17.7) 12 (12.5) 67 (69.8)

Other* 118 (28.4) 91 (21.9) 206 (49.6)

 Education
1

<HS 120 (27.4) 94 (21.5) 224 (51.1)

≥HS* 15 (20.6) 9 (12.3) 49 (67.1)

 Foreign Born
1

No 116 (25.1) 87 (18.8) 259 (56.1)

Yes* 19 (38.8) 16 (32.6) 14 (28.6)

 Gravida smoking
1,3

Never 66 (26.1) 48 (19.0) 139 (54.9)

Ever 69 (26.8) 55 (21.4) 133 (51.8)

 Coffee Intake
1 Cups/day

<1 26 (18.7) 27 (19.4) 86 (61.9)

1–3* 68 (30.0) 52 (22.9) 107 (47.1)

≥4 41 (28.3) 24 (16.6) 80 (55.2)

 Pre-pregnancy BMI
1 kg/m2

<25 120 (28.6) 86 (20.5) 213 (50.8)

25–29* 12 (17.9) 12 (17.9) 43 (64.2)

≥30* 3 (12.0) 5 (20.0) 17 (68.0)

 Total Cholesterol
2 mg/dl 261.1 (6.8) 264.0 (7.7) 250.0 (4.8)
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Characteristic Value Waist circumference categories

< 80 cm 80 – 88 cm ≥ 88 cm

 Triglycerides
2 mg/dl 207.2 (7.0) 190.3 (8.0) 195.9 (5.0)

CHDS Daughters

 Birthweight
2 G 3284 (39) 3237 (44) 3349 (28)

 Education
1

<HS 8 (12.7) 14 (22.2) 41 (65.1)

≥HS* 127 (28.4) 89 (19.9) 232 (51.8)

 Exercise
1 Hours/week

<2.5 52 (22.8) 50 (21.9) 126 (55.3)

2.5–5 55 (27.0) 35 (17.2) 114 (55.9)

>5* 28 (35.4) 18 (22.8) 33 (41.8)

 Lactation History
1

Never 44 (26.0) 32 (18.9) 93 (55.0)

Ever 91 (26.6) 71 (20.8) 180 (52.6)

 Age
2 Years 48.6 (0.2) 48.8 (0.2) 48.8 (0.1)

 Menopause
1

None 96 (30.2) 63 (19.8) 159 (50.0)

Any (natural/ surgical)* 39 (20.2) 40 (20.7) 114 (59.1)

 Medicated Thyroid Condition
1

No 126 (27.9) 90 (19.9) 236 (52.2)

Yes* 9 (15.2) 13 (22.0) 37 (62.7)

1
Data are n (%) or

2
mean (SE).

3
n=510.

*
p-value<0.05.
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Table 2.

Associations of maternal o,p’-DDT (ln ng/ml) with continuous measures of adiposity in middle-aged 

daughters of the CHDS cohort. Associations with waist circumference (cm) and body mass index (BMI, 

kg/m2) were estimated using a linear mixed model.

Parameters Waist circumference BMI

N subjects 511 508

Exposure distribution Continuous Continuous

Outcome distribution Continuous Continuous

Beta (95% CI) estimate units cm per ln ng/ml kg/m2 per ln ng/ml

Model 1
1 1.17 (0.18, 2.15) 0.57 (0.14, 1.01)

Model 2
2 1.25 (0.30, 2.20) 0.61 (0.18, 1.04)

Model 3
3 1.19 (0.26, 2.13) 0.59 (0.17, 1.00)

1
Model 1 includes o,p’-DDT coded as 3 dummy variables representing quartiles 2, 3 and 4 vs. quartile 1 as the reference.

2
Model 2 includes o,p’-DDT coded as 3 dummy variables representing quartiles 2, 3 and 4 vs. quartile 1 as the reference and is adjusted for 

mothers of subjects’ characteristics: pre-pregnancy BMI (<25, 25–29, ≥30 kg/m2), education (<high school, ≥high school), foreign birthplace (yes, 
no); and, study subjects’ characteristic: menopause (none, any).

3
Model 3 includes o,p’-DDT coded as 3 dummy variables representing quartiles 2, 3 and 4 vs. quartile 1 as the reference and is adjusted for 

mothers of subjects’ characteristics: pre-pregnancy BMI (<25, 25–29, ≥30 kg/m2), education (<high school, ≥high school), foreign birthplace (yes, 
no); and, study subjects’ characteristics: menopause (none, any), exercise (continuous hours/week) and physician-diagnosed and medicated thyroid 
condition (yes, no).
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Table 3.

Summary of associations of maternal o,p’-DDT quartiles with multiple adiposity measures in middle-aged 

daughters of the CHDS cohort.

Parameters Waist Circumference (WC)
1 Body Mass Index 

(BMI)
2

Overweight/Obesity from 

measured WC
3

Overweight/Obesity 

from measured BMI
4

N Subjects 313 311 313 311

Exposure 
distribution

Quartile categories Quartile categories Quartile categories Quartile categories

Outcome 
distribution

Continuous Continuous Categorical Categorical

Estimate Beta (95% CI) Beta (95% CI) RR (95% CI) RR (95% CI)

 Model 1
5

Ref Ref Ref Ref

5.36 (0.65, 10.1) 1.83 (−0.27, 3.92) 1.00 (0.997, 1.006) 1.41 (1.002, 1.98)

4.95 (0.14, 9.76) 1.82 (−0.32, 3.96) 1.11 (0.95, 1.30) 1.30 (0.94, 1.80)

5.58 (0.97, 10.2) 3.02 (0.98, 5.06) 1.11 (0.95, 1.30) 1.54 (1.13, 2.09)

 Model 2
6

Ref Ref Ref Convergence issue

5.84 (1.29, 10.4) 2.03 (−0.001, 4.06) 1.00 (0.997, 1.007)

5.56 (0.91, 10.21) 2.09 (0.02, 4.16) 1.11 (0.96, 1.30)

4.67 (0.16, 9.17) 2.69 (0.69, 4.69) 1.11 (0.96, 1.29)

 Model 3
7

Ref Ref Ref Ref

5.32 (0.92, 9.73) 1.74 (−0.20, 3.68) 0.99 (0.89, 1.09) 1.25 (0.95, 1.66)

5.12 (0.59, 9.65) 1.93 (−0.06, 3.93) 1.14 (0.98, 1.33) 1.22 (0.90, 1.65)

4.73 (0.35, 9.11) 2.77 (0.86, 4.69) 1.12 (0.93, 1.36) 1.42 (1.08, 1.87)

Beta=model coefficient, RR=Relative Risk, 95% CI=95% Confidence Interval

1
Association of waist circumference (cm, continuous) with o,p’-DDT (quartiles 2, 3 and 4 vs. quartile 1) was estimated from a mixed linear 

regression model.

2
Association of BMI (kg/m2, continuous) with o,p’-DDT (quartiles 2,3 and 4 vs. quartile 1) was estimated from a mixed linear regression model.

3
Waist circumference was coded as a 3-category outcome variable representing waist circumference ≤79 cm, 80–87 cm and ≥88 cm. Associations 

with waist circumference were estimated using a generalized log-linear multinomial model.

4
Body mass index reported in column 6 was based on measured height and weight and in column 7 was based on self-reported heaviest weight. 

Both BMI measures were coded as a 3-category outcome variables representing BMI <25, 25–29, and ≥30 kg/m2. Associations with BMI were 
estimated using a generalized log-linear multinomial model.

5
Model 1 includes o,p’-DDT coded as 3 dummy variables representing quartiles 2, 3 and 4 vs. quartile 1 as the reference.

6
Model 2 includes o,p’-DDT coded as 3 dummy variables representing quartiles 2, 3 and 4 vs. quartile 1 as the reference and is adjusted for 

mothers of subjects’ characteristics: pre-pregnancy BMI (<25, 25–29, ≥30 kg/m2), education (<high school, ≥high school), foreign birthplace (yes, 
no); and, study subjects’ characteristic: menopause (none, any).

7
Model 3 includes o,p’-DDT coded as 3 dummy variables representing quartiles 2, 3 and 4 vs. quartile 1 as the reference and is adjusted for 

mothers of subjects’ characteristics: pre-pregnancy BMI (<25, 25–29, ≥30 kg/m2), education (<high school, ≥high school), foreign birthplace (yes, 
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no); and, study subjects’ characteristics: menopause (none, any), exercise (continuous hours/week) and physician-diagnosed and medicated thyroid 
condition (yes, no). This model not provided for historically highest BMI since that outcome precedes several of these characteristics.
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Table 4.

Examination of whether birth weight (g) mediates the association of maternal o,p’-DDT and the adiposity 

levels of middle-aged daughters of the CHDS cohort using linear regression models. Mediation was 

determined using the method of Valeri and Vanderweele.35

Waist Circumference, cm
(n=511 daughters)

Body Mass Index, kg/m2

(n=508 daughters)

Direct effect beta
1 

(95% CI)
Indirect effect beta

2 

(95% CI)
Direct effect beta

1
 (95% 

CI)
Indirect effect beta

2
 (95% 

CI)

Unadjusted Model
3 2.28

(0.43, 4.12)
−0.12

(−0.33, 0.08)
1.14

(0.31, 1.96)
−0.04

(−0.12, 0.03)

Adjusted 
Multivariable 

Model
4

2.02
(0.07, 3.99)

−0.10
(−2.06, 1.85)

0.97
(−0.98, 2.93)

−0.02
(−1.99, 1.94)

1
Direct effect beta is the estimate of the ln o,p’-DDT (ng/ml) effect

2
Indirect effect beta is the estimate of the mediation effect of birth weight (g)

3
Unadjusted model includes ln o,p’-DDT (ng/ml) with birth weight (g) as a mediator. Interaction was not significant thus not presented.

4
Adjusted model (equivalent to Model 3 in Table 2) log o,p’-DDT with birth weight (g) as a mediator, adjusting for Maternal BMI, Maternal 

education (less than high school or other), Maternal country of birth (USA or other), daughters’ menopause presence, daughters’ weekly exercise, 
and daughters’ presence of thyroid conditions. Interaction was not significant thus not presented.
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