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What this study adds:
This study adds to sparse literature about in utero and early 
life exposure to polybrominated biphenyl-153 and child devel-
opmental disorders like attention-deficit/hyperactivity disorder 
and autism spectrum disorder. We also add evidence to the liter-
ature on possible effect modification by sex in this association, 
which should be studied further.
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Exploring autism spectrum disorder (ASD) and 
attention deficit disorder (ADD/ADHD) in children 
exposed to polybrominated biphenyl
Grace M. Christensen a, Metrecia L. Terrella, Brad D. Pearcea, Robert B. Hooda, Hillary Bartona, 
Melanie Pearsona, Michele Marcusa,b,*

Background: Although the causes of attention-deficit/hyperactivity disorder (ADHD) and autism have not been identified, exposure 
to endocrine-disrupting chemicals, such as polybrominated biphenyl (PBB), during fetal development and early life has been sus-
pected to impact neurological development. This study aims to investigate the association between prenatal and early life exposure 
to PBB and the development of ADHD and autism later in life.
Methods: Data from the Michigan PBB Registry, a cohort of Michigan residents who had been exposed to PBB in a mass contam-
ination event in 1973, was leveraged for this nested case-control analysis among two distinct samples: (1) Those who self-reported 
ADHD or autism diagnosis, and (2) mothers who reported their child’s ADHD or autism diagnosis. PBB exposure was measured 
in participants of the PBB Registry, and the mother’s PBB level was used in mother-reported analyses. Cases were matched with 
controls by sex and year of birth. Conditional logistic regression models were used to estimate the association between PBB level 
and case status.
Results: PBB levels were higher among those who were exposed in early life compared with those exposed in utero (geomet-
ric mean: 0.300 ng/ml vs. 0.016 ng/ml). Among women in this cohort, a higher than expected proportion of self-reported ADHD 
diagnosis (11.11%), compared with population estimates. PBB was not associated with ADHD or autism in either self-reported or 
mother-reported analyses.
Conclusions: This study adds to the sparse literature about prenatal and early life exposure to PBB-153 and ADHD and autism. 
Future studies should examine potential effect modification by sex.
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Introduction
Diagnoses of mental health and behavioral disorders such as 
attention-deficit/hyperactivity disorder (ADHD) and autism 
spectrum disorder (ASD) have been increasing in the past cou-
ple of decades. As of 2016, 6.1 million children in the United 

States had been diagnosed with ADHD, and ASD surveillance 
indicates that 1 in 54 children have ASD.1,2 These disorders can 
occur together. In fact, the Centers for Disease Control and 
Prevention estimates that nearly two-thirds of children with 
ADHD have another mental or developmental disorder such 
as depression, anxiety, or ASD.1 Both disorders can drastically 
impact the quality of life for the affected child and symptoms 
continue throughout adulthood.

Although nongenetic causes of these disorders have not been 
identified, exposure to endocrine-disrupting chemicals (EDCs) 
during fetal development and early life has been suspected to 
impact neurological development and increase the risk of devel-
oping neurological disorders.3 EDCs can disrupt or dysregulate 
normal hormone signaling pathways, which can induce neu-
rological and behavioral effects, including ASD and ADHD.4–8 
However, epidemiological evidence for the effect of individual 
EDCs on neurological development is limited.

Michigan residents exposed to the EDC polybrominated 
biphenyl (PBB) in a mass contamination event have expressed 
concern regarding ADHD and ASD. Briefly, in 1973 a 
flame-retardant mixture of PBB (FireMaster) was accidentally 
added to livestock feed in place of a nutritional supplement 
(NurtiMaster) and was sent to farms throughout Michigan. The 
PBB-contaminated farm products (e.g., meat, milk, cheese, and 

2

8

13March2024

www.environepidem.com
mailto:mmarcus@emory.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0003-0265-1416


Christensen et al. • Environmental Epidemiology (2024) 8:e304 Environmental Epidemiology

2

eggs) were distributed throughout the state, exposing millions 
of people to PBB.9 Residents born after 1973 were exposed to 
PBB in utero and through breastmilk, PBB has been shown to 
cross the placenta.10

Though there are no epidemiologic studies on developmental 
exposure to PBB and ADHD, another group of brominated flame 
retardants, polybrominated diphenyl ethers (PBDEs), have been 
studied. One meta-analysis of developmental PBDE exposure 
found sufficient evidence of toxicity associated with decreased 
IQ score, but only found limited evidence of toxicity associated 
with ADHD and attention-related behaviors.11 Another study 
examined pre- and postnatal exposure to PBDEs and found 
postnatal exposure was significantly associated with increased 
attention-related symptoms, but not hyperactivity-related symp-
toms at 4 years old. This study did not find significant asso-
ciations between PBDE level at birth and any ADHD-related 
outcome.12 Prenatal and early life exposure to polychlorinated 
biphenyls (PCBs), a heavily studied EDC, has not been associ-
ated with diagnosis of ADHD.13,14 However in a study among 
frequent fish consumers in Michigan, prenatal PCB exposure 
was associated with increased impulsivity, decreased concentra-
tion, and working memory, but not with hyperactivity.15

Similar to ADHD, there is limited evidence of an associa-
tion between ASD and PBB; however, there is one epidemio-
logic study investigating the association between PBB and ASD, 
directly. A population-based case-control study found increased 
PBB-153 level in the second trimester of pregnancy was not 
associated with ASD diagnosis.16 Though, they did find PBDE 
exposure (PBDE-47, PBDE-99, PBDE-100, and PBDE-153) 
during pregnancy was protective of ASD diagnosis in boys, but 
found no association in girls.16 Another study investigated autis-
tic behaviors, measured using the social responsive scale (SRS), 
and PBB-153 and PBDE exposure during pregnancy. They found 
no association between PBB-153 and SRS score, but found a 
significantly protective effect of PBDE-85 on SRS score which 
indicates fewer autistic behaviors. Other PBDEs were not sig-
nificantly associated with SRS score.17 Both of these studies had 
PBB-153 levels that were lower than are found among Michigan 
residents.16–18

This article aims to estimate the effect of in utero and early 
life PBB exposure on diagnosis of ADHD and ASD in a highly 
exposed cohort from Michigan.18 This study uses data from the 
Michigan PBB Registry, a cohort of individuals exposed to PBB 
during this contamination event and their children and grand-
children who were exposed in utero.

Methods

Data source

The Michigan PBB Registry is a cohort of Michigan residents 
created to study the health effects of PBB exposure after the 
mass contamination event in 1973.9 In 1976 the Michigan 
Department of Health and Human Services, formally known 
as the Michigan Department of Public Health, created a 
cohort of exposed farmers, chemical plant workers, family 
members, and residents to study the effects of PBB exposure. 
Studies using data from this cohort are ongoing and are cur-
rently led by the PBB leadership team, consisting of academic 
scientists at Emory University, the PBB Citizens Advisory 
Board, the Pine River Superfund Citizens Task Force, and the 
Mid-Michigan District Health Department. Multiple ques-
tionnaires have been administered throughout the years to 
collect data from the PBB Registry members. This study uses 
questionnaire data collected during two phases: 2012–2015 
and 2017–2019. During both time periods, individuals were 
recruited through community meetings conducted throughout 
the state advertised in the local press and online.19 Many indi-
viduals belonged to the original PBB Registry created in 1976 
by the Michigan Department of Health and Human Services 

and received postcard invitations to community meetings. 
Additional participants who attended community meetings 
were eligible for the study if they lived in Michigan during the 
contamination period (1973–1974) or were offspring of those 
who lived in the state at that time.

Informed consent was obtained from study partici-
pants and the study protocol was approved and overseen by 
Emory University’s Institutional Review Board (protocol # 
CR003-IRB00045959).

Study populations

We conducted a nested case-control study that examines two 
distinct samples: (1) Adults who self-reported ADHD or ASD 
diagnosis and (2) mother-reported ADHD or ASD diagnosis 
of their child(ren). To be included in the self-reported ADHD 
analysis, participants were born after 1963 and had PBB mea-
surements. The year 1963 was chosen as the cutoff to include 
participants who were exposed to PBB in their early childhood 
(<10 years old) while their brains were still developing. Self-
reported participants born after 1973 are assumed to have been 
exposed in utero. Reports from mothers regarding their chil-
dren’s diagnoses were only available in the 2017–2019 data 
collection phase. To be included in the mother-reported ADHD 
and ASD analyses, participants were mothers with PBB mea-
surements who had children born after 1973 and were therefore 
exposed in utero. Due to the long half-life of PBB, estimated to 
be between 10 and 15 years, women who were exposed during 
the 1973–1974 contamination event can expose their children 
to PBB in utero even when the children were conceived much 
later.20–23

Exposure assessment

Serum was collected from nonfasting Michigan PBB Registry 
participants around the time they completed the health ques-
tionnaires. Blood samples were collected via venipuncture and 
serum was isolated and stored at −80°C until analysis. Serum 
samples were analyzed for PBB-153, and PCB congeners 
(138, 153, and 180) using gas chromatography-tandem mass 
spectrometry (Agilent Technologies; Agilent 7890A gas chro-
matograph coupled to an Agilent 7000B tandem mass spectrom-
eter) at the Laboratory for Exposure Assessment and Method 
Development in Environmental Research at Emory University’s 
Rollins School of Public Health. Laboratory methods have been 
described in detail previously.24

Participants were exposed to a mixture of PBBs with PBB-
153 as the predominant congener,24 thus, PBB-153 was used as 
a marker of exposure to the PBB mixture. PBB and PCB serum 
analyses methods were the same for both study phases, though 
detection limits differ. Limits of detection (LOD) for 2012–2015 
range from 0.001 to 0.006 ng/ml for PBB-153, LOD for 2017–
2019 ranges from 0.005 to 0.05 ng/ml for PBB-153 and PCBs. 
PBB-153 level below the LOD was imputed as LOD/√2. The 
imputed PBB-153 level was right-skewed and natural-log trans-
formed (lnPBB) to be used in regression analyses. PCB 153, 138, 
and 180 were summed to create a ΣPCB measurement. Before 
summation, PCB level below LOD was imputed as LOD/√2. 
Spearman correlation was used to quantify the correlation 
between PBB and ΣPCB.

Lipid analyses

In addition to PBB and PCB, serum triglyceride content was mea-
sured using an Abnova Triglyceride Quantification Assay Kit 
(Abnova Corporation), and total cholesterol content was mea-
sured using a Cayman Cholesterol Assay Kit (Cayman Chemical 
Company) according to the manufacturers’ instructions. Total 
lipid levels were calculated using traditional methods.25
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Outcome assessment

Self-reported

In analyses using self-reported ADHD; PBB Registry data from 
2012 to 2015 and 2017 to 2020 were queried for case sta-
tus. Participants were asked “Has a doctor ever told you that 
you have [ADD/ADHD]?,” cases were defined as those who 
answered yes (n = 46), while controls answered no (n = 362). 
One participant indicated they did not have ADHD, but was 
taking a medication used for the treatment of ADHD, this par-
ticipant was treated as a case in analyses. Those who indicated 
that they “may have this condition but have not been diagnosed 
by a doctor” (n = 30) or did not respond (n = 8) were removed 
from analysis. There were too few self-reported ASD cases (n = 
4) for regression analysis, therefore this analysis was not pur-
sued further.

Mother-reported

In analyses using mother-reported ADHD, data were extracted 
from questionnaires administered from 2017 to 2019. Only sin-
gleton births were included in the query, because there were too 
few multiple gestation births to use in an analysis. Participants 
were asked “Has a doctor ever told you that your child has 
[ADD/ADHD]?,” cases were defined as those who answered 
yes (n = 38), while controls answered no (n = 181). Those who 
did not respond were removed from analysis. In analyses using 
mother-reported ASD, participants were asked “Has a doctor 
ever told you that your child has [ASD]?,” cases were defined 
as those who answered yes (n = 13), while controls answered 
no (n = 206). Those who did not respond were removed from 
analysis.

Selection of cases and controls

Self-reported ADHD

Using the matched case-control sampling procedure outlined 
elsewhere,26 cases were matched to controls by questionnaire 
(phase 1, 2), sex, if they were born before or after 1973, and a 
5-year range of birth year. Cases and controls were able to be 
matched without replacement in a 1:3 ratio.

Mother-reported ADHD among their children

A 1:3 ratio of cases and controls was unable to be reached using 
the without-replacement approach.26 Therefore a sampling with 
replacement approach was taken, which is described elsewhere.27 
All cases and controls were from phase 2 (2017–2019) and were 
born after 1973, so cases and controls were matched on sex and 
a 5-year range of birth year. Each case was matched with three 
controls, leading to n = 38 cases and n = 56 controls. Children 
age 4+ at the time of the mother’s survey were included. This 
was based on the American Academy of Pediatrics clinical prac-
tice guidelines, which state that children 4–17 may be evaluated 
for ADHD.28

Mother-reported ASD among their children

For analyses of mother-reported ASD (as with mother-reported 
ADHD), a 1:3 ratio was unable to be reached using sampling 
without replacement, so again the sampling with replacement 
method was used.27 Cases and controls were matched by sex 
and a 5-year range of birth year. Each case was matched to 
three controls, leading to n = 13 cases and n = 30 controls. For 
mother-reported ASD, we did not restrict by a child’s age at the 
time of the survey since the youngest case of ASD was born in 
2011.

Statistical analysis

Conditional logistic regression models were used to estimate the 
association between PBB level and case status. In self-reported 
ADHD analyses, logistic regression models were addition-
ally stratified by early life exposure (born 1963–1972) and in 
utero exposure (born after 1973) to PBB. Models were adjusted 
for preterm birth (born before 37 weeks gestation) and lipids. 
Adjusted models were only able to include participants from 
Phase 1 (n = 42) as questions about gestational age of the partic-
ipant were not asked in Phase 2. Mother-reported ADHD analy-
ses were adjusted for preterm birth, birthweight, ΣPCB quartile, 
lipids, and time since birth. Time since birth was calculated 
using child’s birthdate and sample collection date. Time since 
birth was used to adjust for the elimination of PBB between 
the birth of the child and sample collection. Mother-reported 
ASD analyses were adjusted for birthweight, time since birth, 
and lipids. Preterm birth and ΣPCB quartile were not added to 
the adjusted models because of the small sample size and low 
power. All analyses were conducted in SAS version 9.4 (SAS 
Institute Inc., Cary, NC).

Results

Self-reported ADHD

Forty-six ADHD cases were self-reported, of which, 76% (n = 
35) were exposed to PBB in utero, and the other 24% (n = 11) 
were exposed in early life. A majority of cases were female (n = 
30, 65.22%) and from phase 1 questionnaires (n = 29, 63.05%) 
(Table 1). A majority of phase 1 and 2 participants were female 
(66.18%), among all women eligible for inclusion in the self- 
reported ADHD analysis sample 11.11% reported having ADHD. 
This is very similar to the percentage among men (11.59%) 
(Supplemental Table 1; http://links.lww.com/EE/A268). Among 
those exposed in utero, the mean birth year was 1982, which 
was the same for cases and controls. For those exposed in early 
life, the mean birth year was 1968, which was again the same for 
cases and controls. Few participants were born preterm (6.45%, 
n = 1 case, n = 6 controls). PBB levels were higher among those 
exposed in early life than those exposed in utero. Among those 
that were exposed to PBB in early life, the geometric mean PBB-
153 level of cases was 0.302 ng/ml (SD 0.108), and the mean 
of controls was 0.299 ng/ml (SD 0.083). The geometric mean 
for those exposed in utero was lower than for those exposed in 
early life. Cases had a slightly higher geometric mean PBB level 
(0.02 ng/ml, SD 0.005) than controls (0.015 ng/ml, SD 0.003).

In conditional logistic regression modeling, adjusted models 
showed null results (odds ratio [OR] = 1.02; 95% confidence 
interval [CI] = 0.72, 1.43) for the association between PBB 
and ADHD (Figure 1, Table 2). In models stratified by expo-
sure period (in utero vs. early life), unadjusted in utero effect 
estimates were similar to overall (OR = 1.06; 95% CI = 0.79, 
1.41), while unadjusted early life models had a higher effect esti-
mate, but more uncertainty (OR = 1.26; 95% CI = 0.47, 3.38). 
Adjusted in utero models were also similar to overall models 
(OR = 1.05; 95% CI = 0.74, 1.48). In supplemental analyses par-
ticipant age was added as an additional confounder, effect esti-
mates did not differ after the addition of participant age to the 
model (Supplemental Table 1; http://links.lww.com/EE/A268).

Mother-reported ADHD among their children

Thirty-eight ADHD cases were mother-reported with a major-
ity male (n = 25, 65.76%) (Table 3, Supplemental Table 2; 
http://links.lww.com/EE/A268). The mean year born for cases 
was 1990, while the mean for controls was 1989. Birthweight 
and number of preterm births were similar between cases and 
controls. The geometric mean PBB level was higher in controls 
(0.246 ng/ml, SD = 0.061) than cases (0.210, SD = 0.059). More 
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controls were in the highest quartile of ΣPCB exposure (n = 16, 
28.57%) compared with cases (n = 6, 15.79%). PBB-153 and 
ΣPCB levels were not correlated (ρ = 0.07, P = 0.49).

In conditional logistic regression analyses, unadjusted models 
showed for every ln(1)-ng/ml increase in PBB-153, the odds of 
ADHD decrease by 13% (OR = 0.87; 95% CI = 0.65, 1.17) 
(Figure 2, Table 4). Though once adjusted for preterm birth, 
birthweight, time since birth, ΣPCB, and lipids, the OR was 
attenuated to 0.92 (95% CI = 0.55, 1.54). In supplemental 
analyses maternal age was added as an additional confounder, 
the OR was further attenuated to 0.97 (95% CI = 0.55, 1.70)
(Supplemental Table 2; http://links.lww.com/EE/A268).

Mother-reported ASD among their children

Thirteen ASD cases were mother-reported with a majority male 
(69.23%). The average year born for cases was 1995, while con-
trols was 1994 (Table 3, Supplemental Table 2; http://links.lww.
com/EE/A268). Cases also had a larger percentage born preterm 
(n = 3, 23.08%) than controls (n = 4, 13.00%). Cases also had a 
lower birthweight (113. Oz, SD = 27.51) than controls (124.51 
oz, SD = 20.38). The geometric mean PBB-153 level was 
higher in controls (0.309 ng/ml, SD = 0.072) than cases (0.289,  
SD = 0.164). More controls were in the highest ΣPCB quartile, 
33.33% of controls compared with 7.69% of cases. PBB-153 
and ΣPCB levels were not correlated (ρ = 0.14, P = 0.38).

Unadjusted models showed for every ln(1)-ng/ml increase in 
PBB-153, the odds of ASD decreased by 35% (OR = 0.65; 95% 
CI = 0.3, 1.41) (Figure 2, Table 4). After adjustment for birth-
weight, time since birth, and lipids, the odds of ASD decrease 
further by 54% for every 1-ng/ml increase in PBB-153 (OR = 
0.46; 95% CI = 0.09, 2.32).

Discussion
In self-reported ADHD analyses, this study compared in utero 
and early life exposure to PBB-153 among cases and controls. 
This is the first study investigating the association between PBB-
153 and ADHD. Nonsignificant findings for both time periods 
may be due to small sample size, but is consistent with other 
studies that have found nonsignificant associations between other 
flame retardants and ADHD.11 The effect estimate for early life 
PBB exposure and ADHD was larger than for in utero PBB expo-
sure. This aligns with the one other study that measured both 
prenatal and postnatal (age 4) PBDE measurements and found 
age 4 PBDE-47 levels were significantly associated with ADHD 
symptoms and poor social competence, but prenatal PBDE-47 
levels were not associated with these outcomes.12 These studies 
indicate that early life may be a particularly sensitive period of 
exposure to brominated flame retardants in the development of 
ADHD. Future studies should examine both periods because 
important brain development occurs postnatally.29,30 In our sam-
ple, two-thirds of self-identified ADHD cases were female, simi-
lar to their proportion of the respondents indicating a 1:1 ratio 
of cases among males and females. This is contrary to prevalence 
estimates that show a male-to-female ratio of 4:1 in community 
samples.31 PBB is an EDC and has been shown to act similarly 
to estrogen in previous research.32 Although this study did not 
find an association between PBB and ADHD, there may be sex 
differences that we are underpowered to detect. Future studies 
with larger sample sizes are needed to explore differences in the 
relationship between PBB and ADHD by sex.

Similar to the self-reported ADHD analyses, in utero PBB-153 
was not significantly associated with mother-reported ADHD 
diagnosis, but had a slightly protective association. The null find-
ings could be due to exposure misclassification by using mother’s 
PBB-153 measurement instead of the individual’s PBB-153 mea-
surement. As discussed previously, no other studies have exam-
ined PBB-153 in relation to ADHD. Previous studies measuring T
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other brominated flame retardants (PBDEs) have found mixed 
results in association with ADHD.11 Roze et al,33 found in utero 
exposure to PBDE-47 was significantly associated with lower 
attention sustained childhood behavior checklist score at 5–6 
years old. Another study found in utero exposure to PBDE-47 
was significantly associated with increased odds of ADHD at 

5–7 years old.34 Though yet another study found a nonsignificant 
protective association between PBDE-47 and ADHD childhood 
behavior checklist at 3–7 years.35 Future studies should examine 
exposure to brominated flame retardants in utero and in early 
life to examine sensitive periods of exposure and elucidate the 
relationship between these chemicals and ADHD.

Figure 1. Conditional logistic regression modeling the association between serum PBB levels and self-reported ADHD from the Michigan PBB Registry  
(n = 184) stratified by exposure timing.

Table 2.

Conditional logistic regression modeling the association between serum PBB levels and self-reported ADHD from the Michigan PBB 
Registry (n = 184) stratified by exposure timing

Overall In utero exposure Early life exposure

n Cases Controls OR 95% CI n Cases Controls OR 95% CI n Cases Controls OR 95% CI

Unadjusted 184 46 138 1.07 0.81, 1.42 140 35 105 1.06 0.79, 1.41 44 11 33 1.26 0.47, 3.38
Unadjusted + Lipids 183 46 137 1.07 0.81, 1.41 139 35 104 1.05 0.78, 1.40 44 11 33 1.33 0.51, 3.47
Adjusteda 107 29 78 1.06 0.77, 1.45 94 25 69 1.08 0.78, 1.50 13 4 9 – –
Adjusted + Lipidsa 107 29 78 1.02 0.72, 1.43 94 25 69 1.05 0.74, 1.48 13 4 9 – –

aAdjusted with preterm birth, only available in phase 1.
95% CI indicates Confidence interval; OR, odds ratio.

Table 3.

Descriptive statistics for mother-reported sample for ADHD (n = 94) and ASD (n = 43) from the Michigan PBB Registry (2017–2019)

Mother-reported ADHD Mother-reported ASD

Casesb Controlsb Totalc Casesb Controlsb Totalc

N 38 56 94 13 30 43
Sex Male (n [%]) 25 (65.76) 31 (55.36) 56 (59.57) 9 (69.23) 18 (60.00) 27 (62.79)

Female (n [%]) 13 (34.21) 25 (44.64) 38 (40.43) 4 (30.77) 12 (40.00) 16 (37.21)
Year born (mean [SD]) 1990 (9.75) 1989 (9.71) 1990 (9.67) 1995 (5.44) 1994 (6.85) 1994 (6.4)
Preterm (n [%]) 7 (18.42) 9 (16.07) 16 (17.02) 3 (23.08) 4 (13.00) 7 (16.28)
Birthweight (oz) (mean [SD]) 120.21 (19.94) 120.98 (19.19) 120.66 (19.4) 113.69 (27.51) 124.51 (20.38) 121.17 (23.04)
PBB 153a (ng/ml) (mean [SD]) 0.210 (0.059) 0.246 (0.061) 0.231 (0.043) 0.289 (0.164) 0.309 (0.072) 0.302 (0.070)
ΣPCB Quartiles 1 (Lowest) 8 (21.05) 14 (25.0) 22 (23.4) 3 (23.08) 7 (23.33) 10 (23.26)

2 10 (26.32) 15 (26.79) 25 (26.6) 4 (30.77) 7 (23.33) 11 (25.58)
3 14 (36.84) 11 (19.64) 25 (26.6) 5 (38.48) 6 (20.00) 11 (25.58)

4 (Highest) 6 (15.79) 16 (28.57) 22 (23.4) 1 (7.69) 10 (33.33) 11 (25.58)

aImputed LOD/sqrt(2), geometric mean.
bColumn %.
cRow %.
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Similar to the mother-reported ADHD analysis, the 
mother-reported ASD analyses suffer from possible exposure 
misclassification from using mother’s PBB-153 level as opposed 
to the individual’s PBB-153 level. There may also be residual 
confounding because the small sample size did not have ade-
quate power to include certain covariates (e.g., preterm birth 
and ΣPCB quartile). This study found a nonsignificant protec-
tive association between in utero PBB-153 exposure and ASD. 
Although the literature is sparse, another study found nonsignif-
icant protective association with SRS score-measuring behaviors 
associated with autism.17 Braun et al,17 also found a statistically 
significant protective association between PBDE-85 and SRS 
score, while other brominated flame retardants had mixed pro-
tective and harmful nonsignificant associations. Another study 
found PBDE-47, PBDE-99, PBDE-100, PBDE-135, and a sum 
measurement of all brominated flame retardants (including 
PBB-153) to be significantly associated with the odds of ASD 
diagnosis (Lyall et al16). Though, PBB-153, by itself, was not 
significantly associated with ASD diagnosis. More research is 
needed in this area to examine the effects of prenatal exposure 
to brominated flame retardants on ASD. Additionally, the use of 
different measures, for example, ASD diagnosis versus behav-
iors associated with ASD, may be adding to the mixed results 
seen in the literature.

The Michigan PBB Registry is a unique cohort that has been 
extremely useful for studying the health effects of human expo-
sure to brominated flame retardants since 1975. One of the 

goals of the registry is to listen to the concerns of the community 
affected by this mass contamination effect and study the health 
effects that are of concern to them. This population continues 
to have higher PBB and other persistent organic pollutants lev-
els than the general population.18 Many in the exposed commu-
nity perceived an increase in developmental disorders associated 
with PBB exposure and this study was undertaken to address 
that question. This study adds to sparse literature about in utero 
and early life exposure to PBB-153 and child developmental 
disorders like ADHD and ASD. This study is limited by small 
sample sizes, residual confounding, and possible exposure mis-
classification. The small number of cases limits the inference of 
these analyzes, as we could not adjust for certain confounding 
variables. However, our use of conditional logistic regression 
models better controls for confounding though matching with 
these small samples. The results of this study may not be gener-
alizable to the general population as this population was highly 
exposed to PBB. Another limitation of this study is the variation 
of limit of detection values for PBB samples analyzed in differ-
ent time periods. This may limit describe the effect of PBB at 
low levels. However, this is a highly exposed population and all 
PBB samples were analyzed using the same method.18 This study 
is also limited by a self-reported (or mother-reported) diagnosis 
of ADHD or autism, as opposed to a diagnosis as reported by 
a health care provider. To reduce bias from outcome misclas-
sification we did not include participants who were unsure of 
their diagnosis. Validity measures for self-reported ADHD and 

Figure 2. Conditional logistic regression modeling the association between maternal PBB levels and mother-reported ADHD (n = 94) and ASD (n = 43) from 
the Michigan PBB Registry.

Table 4.

Conditional logistic regression modeling the association between maternal PBB levels and mother-reported ADHD (n = 94) and ASD 
(n = 43) from the Michigan PBB Registry

Mother-reported ADHD Mother-reported ASD

N Case Control OR 95% CI N Case Control OR 95% CI

Unadjusted 94 38 56 0.87 0.65, 1.17 43 13 30 0.65 0.30, 1.41
Adjusted 92 38 54 0.84 0.61, 1.16 42 13 29 0.59 0.19, 1.82
Adjusted + Lipids 90 36 54 0.87 0.61, 1.25 42 13 29 0.46 0.09, 2.32
Adjusted + PCB Quartile + Lipids 90 36 54 0.92 0.55, 1.54 – – –

Mother-reported ADHD adjusted for preterm, birthweight, and time since birth. Mother-reported ASD adjusted for birthweight, and time since birth.
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autism are still needed and would greatly improve observational 
research into these conditions.36 Although PBB level was assessed 
after ADHD or ASD diagnosis, PBB has a long half-life20,22,23 and 
exposure only occurred during the contamination event in 1973–
1974, which allows for interpretation of these results.

Conclusions
In this cohort, serum PBB levels were higher among those 
exposed in early life compared with those exposed in utero. The 
sex ratio of self-reported ADHD was 1:1 in this population, and 
the proportion of women self-reporting ADHD was higher than 
in the general population. However, PBB levels were not asso-
ciated with self-reported ADHD or autism diagnosis. Mothers’ 
PBB levels were also not associated with ADHD or autism diag-
nosis among their children.

Conflicts of interest statement
The authors declare that they have no conflicts of interest with 
regard to the content of this report.

Acknowledgment
This work would not have been possible without the strong 
support of the affected community in Michigan—thank you 
for your continued engagement with this research. We would 
also like to acknowledge the Michigan Department of Health 
and Human Services for having the foresight to establish the 
Michigan Long-Term PBB Registry, which makes it possible to 
continue to address the concerns of the community.

References
 1. Danielson ML, Bitsko RH, Ghandour RM, Holbrook JR, Kogan MD, 

Blumberg SJ. Prevalence of parent-reported ADHD diagnosis and asso-
ciated treatment among U.S. children and adolescents, 2016. J Clin 
Child Adolesc Psychol. 2018;47:199–212.

 2. Maenner MJ, Shaw KA, Baio J, et al; EdS1. Prevalence of autism spec-
trum disorder among children aged 8 years — autism and develop-
mental disabilities monitoring network, 11 Sites, United States, 2016. 
MMWR Surveill Summ. 2020;69:1–12.

 3. Meeker JD. Exposure to environmental endocrine disruptors and child 
development. Arch Pediatr Adolesc Med. 2012;166:952–958.

 4. Braun JM. Endocrine disrupting compounds, gonadal hormones, and 
autism. Dev Med Child Neurol. 2012;54:1068.

 5. Messer A. Mini-review: Polybrominated diphenyl ether (PBDE) 
flame retardants as potential autism risk factors. Physiol Behav. 
2010;100:245–249.

 6. Moosa A, Shu H, Sarachana T, Hu VW. Are endocrine disrupting com-
pounds environmental risk factors for autism spectrum disorder?. Horm 
Behav. 2018;101:13–21.

 7. Rebuli ME, Patisaul HB. Assessment of sex specific endocrine disrupting 
effects in the prenatal and pre-pubertal rodent brain. J Steroid Biochem 
Mol Biol. 2016;160:148–159.

 8. Schug TT, Blawas AM, Gray K, Heindel JJ, Lawler CP. Elucidating 
the links between endocrine disruptors and neurodevelopment. 
Endocrinology. 2015;156:1941–1951.

 9. Fries GF. The PBB episode in Michigan: an overall appraisal. Crit Rev 
Toxicol. 1985;16:105–156.

 10. Eyster JT, Humphrey HE, Kimbrough RD. Partitioning of polybromi-
nated biphenyls (PBBs) in serum, adipose tissue, breast milk, placenta, 
cord blood, biliary fluid, and feces. Arch Environ Health. 1983;38:47–53.

 11. Lam J, Lanphear BP, Bellinger D, et al. Developmental PBDE exposure 
and IQ/ADHD in childhood: a systematic review and meta-analysis. 
Environ Health Perspect. 2017;125:086001.

 12. Gascon M, Vrijheid M, Martínez D, et al. Effects of pre and postna-
tal exposure to low levels of polybromodiphenyl ethers on neurode-
velopment and thyroid hormone levels at 4years of age. Environ Int. 
2011;37:605–611.

 13. Cheslack-Postava K, Rantakokko P, Kiviranta H, et al. Maternal serum 
persistent organic pollutant exposure and offspring diagnosed ADHD in 
a national birth cohort. Environ Res. 2022;212:113145.

 14. Forns J, Stigum H, Høyer BB, et al. Prenatal and postnatal exposure 
to persistent organic pollutants and attention-deficit and hyperactivity 
disorder: a pooled analysis of seven European birth cohort studies. Int J 
Epidemiol. 2018;47:1082–1097.

 15. Jacobson JL, Jacobson SW. Prenatal exposure to polychlorinated biphe-
nyls and attention at school age. J Pediatr. 2003;143:780–788.

 16. Lyall K, Croen LA, Weiss LA, et al. Prenatal serum concentrations of bro-
minated flame retardants and autism spectrum disorder and intellectual 
disability in the early markers of autism study: a population-based case–
control study in California. Environ Health Perspect. 2017;125:087023.

 17. Braun JM, Kalkbrenner AE, Just AC, et al. Gestational exposure to 
endocrine-disrupting chemicals and reciprocal social, repetitive, and 
stereotypic behaviors in 4- and 5-year-old children: the HOME study. 
Environ Health Perspect. 2014;122:513–520.

 18. Chang CJ, Terrell ML, Marcus M, et al. Serum concentrations of 
polybrominated biphenyls (PBBs), polychlorinated biphenyls (PCBs) 
and polybrominated diphenyl ethers (PBDEs) in the Michigan PBB 
registry 40 years after the PBB contamination incident. Environ Int. 
2020;137:105526.

 19. Jacobson MH, Darrow LA, Barr DB, et al. Serum Polybrominated 
Biphenyls (PBBs) and Polychlorinated Biphenyls (PCBs) and thyroid func-
tion among Michigan adults several decades after the 1973–1974 PBB con-
tamination of livestock feed. Environ Health Perspect. 2017;125:097020.

 20. Blanck HM, Marcus M, Hertzberg V, et al. Determinants of polybromi-
nated biphenyl serum decay among women in the Michigan PBB cohort. 
Environ Health Perspect. 2000;108:147–152.

 21. Hood RB, Terrell ML, Smith AK, et al. Elimination of PBB-153; findings 
from a cohort of Michigan adults. Environ Res. 2023;220:115146.

 22. Rosen DH, Flanders WD, Friede A, Humphrey HEB, Sinks TH. Half-Life 
of polybrominated biphenyl in human sera. Environ Health Perspect. 
1995;103:272–274.

 23. Terrell ML, Manatunga AK, Small CM, et al. A decay model for assess-
ing polybrominated biphenyl exposure among women in the Michigan 
long-term PBB study. J Expo Sci Environ Epidemiol. 2008;18:410–420.

 24. Marder ME, Panuwet P, Hunter RE, Ryan PB, Marcus M, Barr DB. 
Quantification of polybrominated and polychlorinated biphenyls in 
human matrices by isotope-dilution gas chromatography–tandem mass 
spectrometry. J Anal Toxicol. 2016;40:511–518.

 25. Phillips DL, Pirkle JL, Burse VW, Bernert JT, Henderson LO, Needham 
LL. Chlorinated hydrocarbon levels in human serum: effects of fasting 
and feeding. Arch Environ Contam Toxicol. 1989;18:495–500.

 26. Mortensen LQ, Andresen K, Burcharth J, Pommergaard HC, Rosenberg 
J. Matching cases and controls using SAS® software. Front Big Data. 
2019;2:4. Available at: https://www.frontiersin.org/article/10.3389/
fdata.2019.00004. Accessed 21 February 2022.

 27. Richardson DB. An incidence density sampling program for nested 
case-control analyses. Occup Environ Med. 2004;61:e59–e59.

 28. Wolraich ML, Hagan JF Jr, Allan C, et al; SUBCOMMITTEE ON 
CHILDREN AND ADOLESCENTS WITH ATTENTION-DEFICIT/
HYPERACTIVE DISORDER. Clinical practice guideline for the diagno-
sis, evaluation, and treatment of attention-deficit/hyperactivity disorder 
in children and adolescents. Pediatrics. 2019;144:e20192528.

 29. Paolicelli RC, Ferretti MT. Function and dysfunction of microglia during 
brain development: consequences for synapses and neural circuits. Front 
Synaptic Neurosci. 2017;9:9. Available at: https://www.frontiersin.org/
article/10.3389/fnsyn.2017.00009. Accessed 12 May 2022.

 30. Tau GZ, Peterson BS. Normal development of brain circuits. 
Neuropsychopharmacology. 2010;35:147–168.

 31. Ramtekkar UP, Reiersen AM, Todorov AA, Todd RD. Sex and age dif-
ferences in attention-deficit/hyperactivity disorder symptoms and diag-
noses: implications for DSM-V and ICD-11. J Am Acad Child Adolesc 
Psychiatry. 2010;49:217–28.e1-3.

 32. Curtis SW, Cobb DO, Kilaru V, et al. Exposure to polybrominated biphe-
nyl (PBB) associates with genome-wide DNA methylation differences in 
peripheral blood. Epigenetics. 2019;14:52–66.

 33. Roze E, Meijer L, Bakker A, Van Braeckel KNJA, Sauer PJJ, Bos AF. 
Prenatal exposure to organohalogens, including brominated flame retar-
dants, influences motor, cognitive, and behavioral performance at school 
age. Environ Health Perspect. 2009;117:1953–1958.

 34. Eskenazi B, Chevrier J, Rauch SA, et al. In utero and childhood polybro-
minated diphenyl ether (PBDE) exposures and neurodevelopment in the 
CHAMACOS study. Environ Health Perspect. 2013;121:257–262.

 35. Cowell WJ, Lederman SA, Sjödin A, et al. Prenatal exposure to poly-
brominated diphenyl ethers and child attention problems at 3–7 years. 
Neurotoxicol Teratol. 2015;52:143–150.

 36. Harrison AG, Edwards MJ. The ability of self-report methods to accu-
rately diagnose attention deficit hyperactivity disorder: a systematic 
review. J Atten Disord. 2023;27:1343–1359.

https://www.frontiersin.org/article/10.3389/fdata.2019.00004
https://www.frontiersin.org/article/10.3389/fdata.2019.00004
https://www.frontiersin.org/article/10.3389/fnsyn.2017.00009
https://www.frontiersin.org/article/10.3389/fnsyn.2017.00009

