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Abstract
Background Synthetic oxytocin (sOT) is frequently administered during parturition. Studies have raised concerns 
that fetal exposure to sOT may be associated with altered brain development and risk of neurodevelopmental 
disorders. In a large and diverse sample of children with data about intrapartum sOT exposure and subsequent 
diagnoses of two prevalent neurodevelopmental disorders, i.e., attention deficit hyperactivity disorder (ADHD) and 
autism spectrum disorder (ASD), we tested the following hypotheses: (1) Intrapartum sOT exposure is associated with 
increased odds of child ADHD or ASD; (2) associations differ across sex; (3) associations between intrapartum sOT 
exposure and ADHD or ASD are accentuated in offspring of mothers with pre-pregnancy obesity.

Methods The study sample comprised 12,503 participants from 44 cohort sites included in the Environmental 
Influences on Child Health Outcomes (ECHO) consortium. Mixed-effects logistic regression analyses were used 
to estimate the association between intrapartum sOT exposure and offspring ADHD or ASD (in separate models). 
Maternal obesity (pre-pregnancy BMI ≥ 30 kg/m2) and child sex were evaluated for effect modification.

Results Intrapartum sOT exposure was present in 48% of participants. sOT exposure was not associated with 
increased odds of ASD (adjusted odds ratio [aOR] 0.86; 95% confidence interval [CI], 0.71–1.03) or ADHD (aOR 0.89; 
95% CI, 0.76–1.04). Associations did not differ by child sex. Among mothers with pre-pregnancy obesity, sOT exposure 
was associated with lower odds of offspring ADHD (aOR 0.72; 95% CI, 0.55–0.96). No association was found among 
mothers without obesity (aOR 0.97; 95% CI, 0.80–1.18).

Conclusions In a large, diverse sample, we found no evidence of an association between intrapartum exposure to 
sOT and odds of ADHD or ASD in either male or female offspring. Contrary to our hypothesis, among mothers with 
pre-pregnancy obesity, sOT exposure was associated with lower odds of child ADHD diagnosis.
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Background
For over 50 years, synthetic oxytocin (sOT), an exog-
enous neuropeptide and uterine stimulant (trade names 
Pitocin® and Syntocinon®), typically administered to the 
pregnant individual by intravenous infusion, has been 
increasingly used as a first line approach to induce and/or 
augment labor by stimulating uterine contractions [1–6]. 
Administration of sOT as a single agent for labor induc-
tion and/or augmentation assists in the expulsion of the 
fetus in the setting of childbirth complications [7] and 
may minimize risk of instrumental deliveries [8]. How-
ever, despite the increasing frequency with which sOT is 
administered to pregnant women [9–11], only a few large 
studies have characterized the relationship of intrapar-
tum sOT and child neurodevelopmental outcome. One 
of the largest studies (n = 1.5 million), based on a national 
cohort of Scandinavian children, found an approximately 
20% increased risk of attention deficit hyperactivity dis-
order (ADHD) and autism spectrum disorder (ASD) 
associated with sOT exposure. However, authors were 
reassured regarding clinical use of sOT as confounder 
adjustment attenuated this association [12].

Child neurodevelopmental outcomes following intra-
partum sOT exposure have not been studied in large 
samples of children born in the United States (US) [13, 
14], where obstetric medical practices may differ from 
those of other countries [15]. Among existing studies, 
some report associations between sOT exposure and 
ADHD and/or ASD [13, 14, 16–19], some report mixed 
results [20–25], and some report no associations [12, 
26–29]. Preclinical models provide evidence of potential 
neuroprotective effects of endogenous oxytocin; how-
ever, if pulsatile uterine contractions are excessively pro-
longed by treatment with exogenous sOT, uteroplacental 
perfusion can be reduced to an extent sufficient to alter 
brain development [30]. Thus, a greater understanding 
is needed regarding the relationship of fetal intrapartum 
exposure to sOT and the risk(s) of child neurodevelop-
mental outcomes.

ADHD and ASD are among the most prevalent neu-
rodevelopmental disorders with poorly understood eti-
ology. ADHD, a disorder characterized by symptoms of 
inattention, distractibility, impulsivity, hyperactivity and 
behavioral dysregulation [31], affects almost 10% of US 
children [32, 33]. ASD, characterized by deficits in social 
interaction and social communications with restricted or 
repetitive patterns of behavior and interests [34], affects 
1 in 36 [35] eight-year-old US children [36]. ADHD and 
ASD demonstrate high diagnostic comorbidity [37], and 
represent the two most prevalent developmental dis-
abilities among children aged 3 to 17 years in the US and 
other high-income countries [38, 39]. In addition, the 
unique constellation of behavioral characteristics typi-
fied by children diagnosed with ADHD and/or ASD have 

long posed significant burdens within the familial and 
educational settings [40–43]. Importantly, the steadily 
rising prevalence of both ADHD and ASD impel an 
urgent need to identify modifiable risk factors [44–48]. 
The poorly understood etiology, comorbidity, and preva-
lence of ADHD and ASD prompted our examination of 
the association between intrapartum sOT exposure and 
these specific neurodevelopmental conditions.

Because females and males differ with respect to neu-
rodevelopmental vulnerability [17, 49] and males expe-
rience increased risk of both ADHD and ASD [50], we 
evaluated sex differences in the associations between sOT 
and neurodevelopmental outcomes. In addition, because 
mothers with obesity exhibit poor uterine contractility 
as compared to non-obese mothers, and therefore often 
require sOT induction to facilitate labor (50–53), we 
evaluated maternal pre-pregnancy obesity (e.g. BMI) as 
a potential effect measure modifier [51]. Here we tested 
three hypotheses: (1) Intrapartum exposure to sOT is 
associated with increased odds of child ADHD or ASD; 
(2) associations differ across sex; (3) associations between 
intrapartum sOT exposure and ADHD or ASD would be 
accentuated in offspring of mothers with pre-pregnancy 
obesity.

Methods
Data source
We used data from a large consortium, the Environmen-
tal influences on Child Health Outcomes (ECHO) pro-
gram, to evaluate the association between intrapartum 
sOT and offspring ADHD and ASD. The ECHO program 
is a consortium of longitudinal cohort studies established 
by the National Institutes of Health (NIH) to examine 
the impacts of various exposures – chemical, biologi-
cal, physical, and social – in relation to child health and 
development [52]. Specifically, ECHO research focuses 
on childbirth and perinatal outcomes, respiratory illness, 
obesity, neurodevelopment, and overall wellness, relying 
on a protocol of harmonized derived variables among 
cohort sites [53–55]. The study protocol was approved by 
the cohort-specific and/or the single ECHO Institutional 
Review Boards. Written informed consent was obtained 
for ECHO Cohort Data Collection Protocol participation 
and for participation in specific cohorts.

The study population included 12,503 biological 
mother/child pairs enrolled in 44 ECHO cohorts. The 44 
cohorts included two ASD-enriched studies, six cohorts 
enrolling children from neonatal intensive care units 
(NICU), and thirty-six general population cohorts (See 
Additional File 1 Table S1 and Table S2). ASD-enriched 
studies included children originally enrolled as part of 
a case-control study of ASD, developmental delays, and 
typical development as well as a cohort enrolling younger 
siblings of children with ASD. NICU cohorts enrolled 
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directly from NICUs. General population cohorts con-
sisted of pregnancy and early-childhood studies eval-
uating other child health outcomes, including birth 
outcomes, growth and development, asthma, and over-
all wellbeing. Inclusion criteria for the study were (1) 
singleton births; (2) data available on child ADHD and 
ASD diagnoses, and (3) data on maternal administration 
of sOT during labor or delivery. For families with more 
than one child enrolled in the ECHO cohort, one sibling 
was randomly selected to be included in this study. We 
restricted inclusion to those cohorts with available data 
on at least 20 mother/child dyads. The decision-logic for 
inclusion and exclusion of cohorts and participants is 
displayed in Additional File 1 Fig. S1. We identified 1073 
ADHD cases and 851 ASD cases in our study population.

Synthetic oxytocin administration
Synthetic oxytocin use during childbirth (yes vs. no) 
was ascertained from either medical record abstraction 
or self-report by the mother. Regarding forms of ter-
minology used to search the ECHO platform to iden-
tify relevant data included for harmonization of extant 
and new data (related to intrapartum sOT use), the fol-
lowing terms were included: sOT, Oxytocin, Pitocin, 
Syntocinon, uterotonic, uterine stimulant, stimulation, 
induction, induce, augmentation, augment. Terminology 
on the ECHO forms were oxytocin and Pitocin. Use of 
sOT for each mother-child pair was ascertained based on 
a prioritization of available information for use in the fol-
lowing order: (1) documentation of sOT administration 
during labor and delivery in maternal medical records, 
(2) documentation of labor induction or augmentation 
in maternal medical records, (3) documentation of labor 
induction or augmentation in childbirth medical records, 
and (4) maternal self-report of having been administered 
sOT.

ADHD and ASD
We defined ADHD and ASD based on caregiver report 
of physician-diagnosed disorders. Caregivers were asked 
whether a doctor or other health care provider had ever 
informed them that their child has or had Attention 
Deficit Disorder (ADD) or Attention Deficit /Hyperac-
tivity Disorder (ADHD) for an ADHD diagnosis, and/
or ASD Spectrum Disorder (ASD), Asperger’s Disorder 
or Pervasive Developmental Disorder (PDD) for an ASD 
diagnosis. In some cohorts, ASD diagnosis was obtained 
by utilizing several clinical sources, including estab-
lished gold-standard diagnostic instruments, such as the 
Autism Diagnostic Observation Schedule [56] or a diag-
nosis extracted from medical records.

Covariates
Self-reported maternal races were defined as American 
Indian/Alaskan Native, Asian, Black, Native Hawaiian or 
Pacific Islander, White, Other Race, and Multiple Races. 
Mother’s highest education was categorized as high 
school degree or equivalent or less; some college with no 
degree; and bachelor’s degree and above. Child charac-
teristics include caregiver-reported child race, childbirth 
year (< 2005; 2006–2010; 2011–2015; 2016–2022), and 
child sex assigned at birth (male or female).

Maternal age at the time of delivery was determined 
from demographic questionnaires and maternal medi-
cal records. Preterm birth (yes/no), defined as birth prior 
to 37 weeks gestation, was based on available reports for 
gestational age.

Gestational age at birth in completed weeks was 
obtained through abstraction of maternal or child medi-
cal records or through parent-report. For medical record 
abstraction, an accepted hierarchy [57, 58] was employed 
to ascertain the most accurate measure for estimating the 
due date: dating based on embryo placement following in 
vitro fertilization or dating based on artificial insemina-
tion, obstetrical estimate from first trimester ultrasound; 
obstetrical estimated from ultrasound taken in the sec-
ond trimester with fetal biparietal diameter dating within 
2 weeks of sure last menstrual period (LMP); ultrasound 
taken in the second trimester with unsure or no LMP 
date; report from obstetrical medical record reporting 
“consensus” estimated date of delivery with no ultra-
sound documented during first and second trimester; 
obstetrical estimate from LMP only; neonatal estimate 
of gestational age at birth obtained from child medi-
cal records; estimated from cohort research encounter; 
reported by mother; and estimated on cohort-provided 
estimated date of delivery without further description.

Large for gestational age (LGA), defined as child 
birthweight-for-gestational age and sex > 90th percen-
tile (percentiles derived from the International Fetal 
and Newborn Growth Consortium for the 21st Cen-
tury [INTERGROWTH-21]) [59] was calculated. Pre-
pregnancy obesity was defined as a body mass index 
(BMI) ≥ 30 kg/m2 according to accepted definitions [35]. 
Pre-pregnancy BMI was obtained using measured or self-
reported height and weight between 12 months prior to 
conception through the first trimester. Gestational dia-
betes mellitus (GDM) was defined as new-onset diabetes 
during pregnancy based on self-report or as indicated in 
maternal medical records.

Statistical analysis
We compared the distribution of demographic char-
acteristics and medical conditions between women 
who received sOT during labor and delivery and those 
who did not using Pearson chi-square tests. Using 
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mixed-effects logistic models (“glmer” function from 
the “lme4” R package), we calculated unadjusted and 
covariate-adjusted odds ratios (aORs) and correspond-
ing 95% confidence intervals (CI) to estimate associations 
between sOT use during childbirth and risk of ADHD or 
ASD in the offspring. Models were fitted with maximum 
likelihood estimators. Wald 95% CIs were constructed, 
and P-values were derived from the Wald z-test. In mul-
tivariable analyses, we adjusted for child race, ethnicity, 
sex, child’s birth year, gestational age and LGA status 
at birth, maternal age at delivery, and highest maternal 
education level. Maternal obesity prior to pregnancy 
and GDM were added to the adjusted model as covari-
ates independently and in tandem. Models were fitted 
with random effects for individual cohorts to account for 
clustering within cohort. Based on a priori hypotheses 
that there would be variation by child sex and maternal 
pre-pregnancy obesity, fully adjusted models for both 
ADHD and ASD were stratified to examine for differ-
ences by strata. We evaluated effect modification by sex 
and by maternal pre-pregnancy obesity using product 
terms, sOT x sex, and sOT x maternal pre-pregnancy 
obesity. For all analyses, the criterion for statistical sig-
nificance was P < 0.05, without adjustment for multiple 
comparisons.

Imputation was performed for missing data using mul-
tiple imputation by chained equations from the “mice” R 
package [60]. The results were pooled after 25 imputa-
tions with a maximum of 10 iterations. The imputation 
models included our variables of interest with cohort 
type (general population, NICU, or ASD-enriched) and 
individual cohort membership as classification variables. 
Regression estimates from the imputed datasets were 
pooled together using Rubin’s rule.

In a set of sensitivity analyses, we explored potential 
cohort effects by assessing whether observed associations 
between the sOT use and odds of ADHD or ASD differed 
after removing individual cohorts and/or cohort types 
based on specific enrollment criteria (e.g. ASD-enriched, 
NICU, and general population cohorts). All analyses 
were performed using the R statistical software package, 
version 4.1.0 (R Foundation for Statistical Computing, 
Vienna, Austria).

Results
Associations between participant characteristics and sOT 
exposure
Forty-eight percent of study participants were exposed 
to sOT. Table  1 shows socio-demographic characteris-
tics of the sample by sOT exposure status. Maternal age 
at delivery and child sex assigned at birth were similar in 
sOT exposed mothers compared with those not exposed. 
Mean child age at diagnosis for ADHD was 7.10 in the 
sOT exposed group vs. 6.81 in the non-exposed group. 

Mean child age at diagnosis for ASD was 3.0 in the sOT 
exposed group, vs. 3.86 in the non-exposed group. Chil-
dren exposed to sOT were more likely to be Hispanic 
(24.5% vs. 20.5%), and less likely to be White (56.7% vs. 
60.9%) and born preterm (9.1% vs. 20.2%). Exposed 
mothers were more likely to have pre-pregnancy obesity 
(28.8% vs. 26.7%) and GDM (9.0% vs. 7.2%) compared 
with those not exposed.

Associations between sOT exposure and attention deficit 
hyperactivity disorder
As shown in Table  2, the adjusted association between 
sOT exposure and ADHD was not significant in the 
pooled sample (aOR 0.89; 95% CI, 0.76, 1.04). In analysis 
stratified by child sex, the odds ratios were not statisti-
cally significant in either male (aOR 0.89; 95% CI, 0.73, 
1.07) or female offspring (aOR 0.91; 95% CI, 0.69, 1.19) 
(P = 0.83).

Associations between sOT exposure and autism spectrum 
disorder
The unadjusted and adjusted ORs of associations 
between sOT exposure during labor and delivery and 
ASD diagnosis are shown in Table 3. After adjusting for 
confounders, the aOR was 0.86 (95% CI, 0.71, 1.03) for 
the associations between ASD diagnosis and sOT expo-
sure. Odds ratios were similar in male (aOR 0.81; 95% CI, 
0.65, 1.01) and female offspring (aOR 0.97; 95% CI, 0.68, 
1.39) (P = 0.42).

Effect modification by maternal obesity status
Participant clusters grouped by maternal pre-pregnancy 
obesity status are shown in Table 4. In analyses adjusted 
for potential confounders, the interaction between sOT 
and maternal pre-pregnancy obesity was statistically 
significant for ADHD (P = 0.03) but was not statistically 
significant for ASD (P = 0.37). Forest plots depicting anal-
ysis of the association of sOT and ADHD, stratified by 
maternal obesity status, are presented in Fig.  1. Among 
mothers who were obese prior to pregnancy, sOT was 
associated with lower odds of ADHD (aOR 0.72 95% CI, 
0.55, 0.96); this association was not found among chil-
dren of mothers who were not obese before pregnancy 
(aOR 0.97; 95% CI, 0.80, 1.18).

Overall, we did not observe significant heterogeneity in 
cohort-specific and cohort type-specific effect estimates 
for the associations between intrapartum sOT exposure 
and child ADHD and ASD. There was no meaningful 
change in effect estimates after removing each cohort 
and after restricting to each cohort type (NICU, ASD-
enriched, general population) (Fig. 1 and Additional File 
1 Figs. S2-S4).
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sOT exposed
n (%)

sOT unexposed
n (%)

P-value

Total 6,014 (48%) 6,489 (52%)
Child characteristics
ASD diagnosis, N (%) with data 0.001

No 5,558 (92.42%) 6,094 (93.91%)
Yes 456 (7.58%) 395 (6.09%)
Missing 0 0

Child age at ASD diagnosis < 0.001
Mean (SD) 3.00 (2.49) 3.86 (3.00)
Missing 35 44

ADHD diagnosis, N (%) with data < 0.001
No 5,586 (92.88%) 5,844 (90.06%)
Yes 428 (7.12%) 645 (9.94%)
Missing 0 0

Child age at ADHD diagnosis 0.120
Mean (SD) 7.10 (2.93) 6.81 (2.66)
Missing 54 54

Child sex at birth, N (%) with data 0.221
Male 3,190 (53.04%) 3,370 (51.93%)
Female 2,824 (46.96%) 3,119 (48.07%)
Missing 0 0

Child race, N (%) with data < 0.001
American Indian or Alaska Native 56 (< 1%) 148 (2.35%)
Asian 345 (5.94%) 249 (3.96%)
Black 1,135 (19.55%) 1,197 (19.02%)
Multiple race 765 (13.18%) 676 (10.74%)
Native Hawaiian or other Pacific Islander 21 (< 1%) 11 (< 1%)
Other race 192 (3.31%) 180 (2.86%)
White 3,292 (56.7%) 3,833 (60.9%)
Missing 208 195

Child ethnicity, N (%) with data < 0.001
Hispanic 1,464 (24.53%) 1,321 (20.47%)
Non-Hispanic 4,504 (75.47%) 5,133 (79.53%)
Missing 46 35

Preterm birth, N (%) with data < 0.001
Yes 546 (9.09%) 1,311 (20.23%)
No 5,461 (90.91%) 5,168 (79.77%)
Missing 7 10

Gestational age at birth (weeks) < 0.001
Mean (SD) 38.60 (2.56) 37.16 (4.50)
Missing 23 31

Large for gestational age, N (%) with data 0.658
Yes 969 (16.29%) 1,052 (16.6%)
No 4,980 (83.71%) 5,285 (83.4%)
Missing 65 152

Child year of birth, N (%) with data < 0.001
<2005 441 (7.33%) 495 (7.63%)
2006–2010 1,075 (17.87%) 1,231 (18.97%)
2011–2015 1,775 (29.51%) 2,630 (40.53%)
2016–2022 2,723 (45.28%) 2,133 (32.87%)
Missing 0 0

Maternal characteristics
Maternal age at delivery 0.524

Table 1 Characteristics of children and mothers according to sOT exposure status, ECHO study (N = 12,503)
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Discussion
In a multi-site, diverse cohort, in which 48% of mothers 
were administered sOT during childbirth, we found no 
evidence of an association between intrapartum expo-
sure to sOT and odds of ADHD or ASD in either male 
or female offspring. Contrary to our hypothesis, among 
mothers with pre-pregnancy obesity, sOT was associated 
with lower odds of child ADHD diagnosis.

Our finding that intrapartum sOT exposure was not 
associated with adverse neurodevelopmental outcomes 
in the offspring is consistent with findings from several 
prior studies [12, 20–28]. In contrast to some of these 
prior studies and current results, preclinical studies sug-
gest that sOT exposure might disrupt fetal neurodevelop-
ment [61, 62] via cellular mechanisms such as epigenetic 
triggering [2, 63–65], oxytocin receptor alterations [6], 
DNA damage and cellular death [66, 67], complex sig-
naling pathways [19], and transgenerational hormonal 
imprinting [68, 69]. Biologically plausible mechanisms 

that could link fetal exposure to intrapartum sOT with 
ADHD or ASD include excessive uterine contractility 
leading to decreased uteroplacental perfusion and fetal 
hypoxemia [18, 70–76], and especially at high cumula-
tive doses [17] and transplacental transfer of sOT [77, 
78] resulting in sOT-induced oxytocinergic signaling in 
the developing brain, the importance of which is sug-
gested by the role that oxytocinergic signaling plays in 
the development of social behaviors that are character-
istically impaired in ASD [79]. Exogenous sOT differs 
from the human endogenous oxytocin hormone [6, 80], 
and rodents exposed to sOT demonstrate altered behav-
ioral presentations consistent with psychiatric pheno-
types [81], pervasive developmental conditions [69], and 
enduring male specific neuroendocrine impairments, 
including dysfunctional cortical connectivity [71].

To our knowledge, the interaction of maternal obesity 
and intrapartum sOT exposure in relation to offspring 
neurodevelopmental outcomes has not previously been 

sOT exposed
n (%)

sOT unexposed
n (%)

P-value

Mean (SD) 29.84 (5.61) 29.91 (5.62)
Missing 18 31

Maternal race, N (%) with data < 0.001
American Indian or Alaska Native 55 (< 1%) 170 (2.75%)
Asian 473 (8.35%) 328 (5.31%)
Black 1,125 (19.85%) 1,182 (19.14%)
Multiple race 306 (5.4%) 297 (4.81%)
Native Hawaiian or other Pacific Islander 27 (< 1%) 17 (< 1%)
Other race 182 (3.21%) 170 (2.75%)
White 3,499 (61.74%) 4,013 (64.97%)
Missing 347 312

Maternal ethnicity, N (%) with data < 0.001
Hispanic 1,199 (20.12%) 1,090 (16.96%)
Non-Hispanic 4,759 (79.88%) 5,337 (83.04%)
Missing 56 62

Highest maternal education ever assessed,
N (%) with data

0.014

High school degree, GED or
equivalent and below

959 (16.13%) 1,149 (18.1%)

Some college, no degree; Associate’s degree 1,771 (29.79%) 1,822 (28.7%)
Bachelor’s degree and above 3,214 (54.07%) 3,378 (53.21%)
Missing 70 140

Pre-pregnancy obesity, N (%) with data 0.014
Yes 1,553 (28.75%) 1,548 (26.67%)
No 3,848 (71.25%) 4,257 (73.33%)
Missing 613 684

Gestational diabetes mellitus, N (%) with data < 0.001
Yes 531 (9.02%) 381 (7.24%)
No 5,359 (90.98%) 4,884 (92.76%)
Missing 124 1,224

ADHD, attention deficit hyperactivity disorder; ASD, autism spectrum disorder; ECHO, Environmental influences on Child Health Outcomes; GED, general education 
development; NICU, neonatal intensive care units; SD, standard deviation; sOT, synthetic Oxytocin

Table 1 (continued) 
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investigated. Recent reports suggest maternal weight gain 
and pre-pregnancy BMI may contribute to child ASD 
outcomes [82, 83]. Maternal obesity can lead to poor uter-
ine contractility [84, 85], and thus impede the progres-
sion of labor and increase the likelihood of sOT exposure 
and exposure to higher cumulative doses of sOT [86–89]. 
Given these reports, we explored a potential joint effect 
between sOT exposure and maternal pre-pregnancy BMI 
on offspring neurodevelopmental outcomes in our study. 
Our finding that sOT was associated with lower odds of 
ADHD among offspring of mothers with pre-pregnancy 
obesity might be explained, at least in part, by confound-
ing by indication, whereby mothers with obesity, and 
diminished uterine contractility, were more likely to be 
delivered promptly by C-section after an initial, possibly 
non-productive induction using sOT, thereby mitigating 
fetal exposure to the intense stress of labor that is typi-
cally involved during sOT exposure [90, 91]. This may 
also explain our observed trend of more frequent sOT 
childbirth intervention among mothers with pre-preg-
nancy obesity.

It also is plausible that in obese mothers, sOT augmen-
tation and/or induction of labor may reduce the risk of 
a prolonged second stage of labor and potentially miti-
gate the impact of stress to the vulnerable fetal brain. 
Additionally, it seems possible that this exposure could 

mechanistically mimic the neuroprotective effect of 
endogenous oxytocin, as has been reported in preclinical 
models [92, 93].

Although our study’s findings did not confirm an asso-
ciation between intrapartum exposure to sOT and subse-
quent onset of child ADHD or ASD, the well documented 
routinization of sOT utilization during childbirth leaves 
us curious about the potential influence of this exposure 
on child neurodevelopmental outcomes. Synthetic oxyto-
cin is in widespread use in the United States and globally 
[4, 6]. Labor induction and augmentation with sOT is one 
of the most prevalent clinical interventions in modern 
obstetric practice [86, 94]. In specific circumstances in 
which spontaneous labor has not begun, e.g., as pregnan-
cies at term gestations with vertex, non-anomalous, sin-
gleton fetuses, induction of labor with sOT as compared 
to expectant management provides significant maternal 
(reduced maternal mortality, lower Cesarean delivery 
rate) and neonatal (reduced rate of neonatal death and 
meconium aspiration syndrome) benefits compared to 
expectant management [95–97]. Among pharmacologic 
agents used for labor induction and augmentation, sOT 
is by far the most frequently used. Furthermore, mater-
nal obesity, and GDM are associated with higher doses of 
sOT during childbirth intervention [98].

Table 2 Unadjusted and adjusted odds ratios for associations between sOT use and reported attention deficit/hyperactivity disorder 
(ADHD) diagnosis

ADHD/
no ADHD

OR (95% CI)

Total sample 1,073/11,430
Unadjusted a 0.81 (0.70, 0.94)
Adjusted b 0.90 (0.77, 1.05)
Adjusted b + Obese 0.89 (0.76, 1.04)
Adjusted b + GDM 0.90 (0.77, 1.05)
Adjusted b + Obese + GDM 0.89 (0.76, 1.04)

Males 742/5,818
Unadjusted a 0.83 (0.70, 0.99)
Adjusted c 0.90 (0.74, 1.09)
Adjusted c + Obese 0.88 (0.73, 1.07)
Adjusted c + GDM 0.90 (0.75, 1.09)
Adjusted c + Obese + GDM 0.89 (0.73, 1.07)

Females 331/5,612
Unadjusted a 0.76 (0.59, 0.98)
Adjusted c 0.92 (0.71, 1.21)
Adjusted c + Obese 0.91 (0.70, 1.19)
Adjusted c + GDM 0.92 (0.70, 1.20)
Adjusted c + Obese + GDM 0.91 (0.69, 1.19)

ADHD, attention deficit hyperactivity disorder; ASD, autism spectrum disorder; CI, confidence interval; GDM, gestational diabetes mellitus; OR, odds ratio; sOT, 
synthetic Oxytocin
a Regression included random intercept for ECHO cohort membership
b Regression adjusted for maternal age at delivery, maternal highest education level, child race, ethnicity, and sex, child birth year, gestational age at birth and large 
for gestational age with random intercept for ECHO cohort membership
cRegression adjusted for maternal age at delivery, maternal highest education level, child race, ethnicity, child birth year, gestational age at birth and large for 
gestational age with random intercept for ECHO cohort membership
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For labor induction and/or augmentation, and for the 
management of the third stage of labor, US professional 
associations and the WHO recommend sOT as the 
uterotonic agent of choice [99–101]. This medical agent 
is administered intravenously, via infusion pump to pro-
vide a precise infusion rate which is adjusted based on the 
uterine activity (frequency and strength of contraction), 
fetal heart rate, and progress of labor [102]. In patients 
who achieve a desirable labor pattern and progress, there 
is no consensus about whether the sOT dose should be 
discontinued or continued, and consequently, sOT dos-
age tends to vary across birthing facilities [102]. Based on 
medical indication and local practices, initial sOT dos-
age varies from 0.5 to 6 milliunits/minute and the maxi-
mum dose varies between 16 and 64 milliunits/minute. 
Per this protocol, sOT is administered continuously until 
which point uterine contractions are deemed inefficient 

to reliably expel the fetus, and labor is declared a “failure 
to progress,” warranting a Cesarean Sects. [62, 103].

Strengths and limitations
A chief limitation of our study was our lack of informa-
tion on indications for childbirth intervention with sOT 
(specifically, the clinical indication for labor induction 
or augmentation), length of labor, mode of delivery (e.g. 
vaginal or C-section), and sOT dosage administered to 
laboring mothers during offspring delivery. We defined 
sOT exposure as a binary category, so we were unable to 
assess a potential dose-response association, or threshold 
effects. Findings from a study by Soltys et al. (17) are con-
sistent with the concept that the strength and direction 
of the relationship of sOT and ASD varies across a range 
of sOT doses; specifically, low dose/short duration sOT 
exposure was associated with a statistically non-signifi-
cant decrease in the odds of ASD, moderate dose/dura-
tion was associated with a non-significant increase in 
odds of ASD, and high dose/long duration exposure was 
associated with an increase in odds of ASD among male 
offspring. Our use of binary exposure limited the oppor-
tunity to assess such dose-dependent associations, leav-
ing us questioning a potential dose-response influence on 
our results.

Table 3 Unadjusted and adjusted odds ratios for associations between sOT use and reported autism spectrum disorder (ASD) 
diagnosis

ASD/
no ASD

OR (95% CI)

Total Sample 851/11,652
Unadjusted a 0.86 (0.72, 1.03)
Adjusted b 0.87 (0.72, 1.05)
Adjusted b + Obese 0.86 (0.71, 1.04)
Adjusted b + GDM 0.87 (0.72, 1.04)
Adjusted b + Obese + GDM 0.86 (0.71, 1.03)

Males 654/5,906
Unadjusted a 0.85 (0.69, 1.04)
Adjusted c 0.83 (0.67, 1.03)
Adjusted c + Obese 0.82 (0.66, 1.01)
Adjusted c + GDM 0.82 (0.66, 1.02)
Adjusted c + Obese + GDM 0.81 (0.65, 1.01)

Females 197/5,746
Unadjusted a 0.92 (0.65, 1.29)
Adjusted c 0.99 (0.69, 1.42)
Adjusted c + Obese 0.98 (0.68, 1.40)
Adjusted c + GDM 0.99 (0.69, 1.41)
Adjusted c + Obese + GDM 0.97 (0.68, 1.39)

ADHD, attention deficit hyperactivity disorder; ASD, autism spectrum disorder; CI, confidence interval; GDM, gestational diabetes mellitus; OR, odds ratio; sOT, 
synthetic Oxytocin
a Regression included random intercept for ECHO cohort membership
b Regression adjusted for maternal age at delivery, maternal highest education level, child race, ethnicity, and sex, child birth year, gestational age at birth and large 
for gestational age with random intercept for ECHO cohort membership
cRegression adjusted for maternal age at delivery, maternal highest education level, child race, ethnicity, child birth year, gestational age at birth and large for 
gestational age with random intercept for ECHO cohort membership

Table 4 Participant clusters by pre-pregnancy obesity status
Total Obese Non-obese

Overall, n 12,503 3,101 8,105
ASD cluster, n (%) 828 (6.6%) 178 (5.7%) 614 (7.6%)
NICU cluster, n (%) 878 (7.0%) 250 (8.1%) 543 (6.7%)
General population cluster 
(%)

10,797 
(86.4%)

2,673 (86.2%) 6,948 
(85.7%)

There are 1,297 (10.4%) participants missing pre-pregnancy obesity status
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Given the limitations of the current study, and the fact 
that the main non-null finding was unexpected, replica-
tion of our analyses in other cohorts with clinical data 
related to indication for and dosage of intrapartum sOT 
is needed before drawing conclusions about associations 
between intrapartum sOT exposure and neurodevelop-
mental outcomes in the offspring.

Another potential limitation of our study is that child 
diagnoses of ADHD or ASD were based on parent report 
of physician diagnosis, rather than a rigorous assessment 
by clinicians with expertise in diagnosing these specific 
neurodevelopmental conditions, which could have led to 
misclassification regarding our outcomes.

Despite these limitations, our study had some nota-
ble strengths including a large, diverse, multi-site study 
cohort, which allowed us to derive precise estimates of 
associations, adjust for confounders, and explore effect 
measure modification by maternal pre-pregnancy obe-
sity. Secondly, this was the first known endeavor which 
assessed the interaction between intrapartum sOT 

exposure and maternal BMI on child neurodevelopmen-
tal outcomes.

Conclusions
In a sample from the ECHO cohort, we found no evi-
dence of an association between intrapartum sOT expo-
sure and ADHD and ASD in the offspring. Instead, we 
observed an unexpected association between intrapar-
tum sOT exposure and decreased odds of child ADHD 
among women with pre-pregnancy obesity. We observed 
use of intrapartum sOT in nearly half our sample, and 
more frequently among mothers with pre-pregnancy 
obesity. The unknown complexities, and under-investi-
gated mechanisms and pathways of intrapartum sOT as 
weighed against the sensitivity of the still developing fetal 
brain provides a robust opportunity for future explora-
tion regarding this early exposure.

Abbreviations
ADHD  Attention deficit hyperactivity disorder
aOR  Adjusted odds ratio
ASD  Autism spectrum disorder

Fig. 1 Analysis of the association of sOT and ADHD, stratified by maternal pre-pregnancy obesity. Adjusted associations between sOT exposure and at-
tention deficit hyperactivity disorder (ADHD) stratified by obesity before pregnancy. Adjusted for maternal age at delivery, highest maternal education 
level, child race, ethnicity, and sex, gestational age and large for gestational age at birth, child birth year, and gestational diabetes mellitus; ASD, autism 
spectrum disorder; CI, confidence interval; NICU, neonatal intensive care units; OR, odds ratio; sOT, synthetic Oxytocin. ASD-enriched cohorts: n = 828. 
NICU cohorts: n = 878. Other cohorts: n = 10,797
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INTERGROWTH-21  International Fetal and Newborn Growth Consortium 
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NICU  Neonatal intensive care units
sOT  Synthetic oxytocin

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s11689-024-09540-1.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
We wish to posthumously thank our colleague Li-Ching Lee, PhD whose input 
and insightful contributions to this endeavor were invaluable. We also thank C. 
Sue Carter, Ph.D. for her contributions.
The authors want to thank our ECHO colleagues; the medical, nursing, 
and program staff; and the children and families participating in the ECHO 
cohorts. We also acknowledge the contribution of the following ECHO 
program collaborators: ECHO Components—Coordinating Center: Duke 
Clinical Research Institute, Durham, North Carolina: Smith PB, Newby KL; 
Data Analysis Center: Johns Hopkins University Bloomberg School of Public 
Health, Baltimore, Maryland: Jacobson LP; Research Triangle Institute, Durham, 
North Carolina: Parker CB; Research Triangle Institute, Durham, North Carolina: 
Catellier DJ; Person-Reported Outcomes Core: Northwestern University, 
Evanston, Illinois: Gershon R, Cella D; ECHO Awardees and Cohorts— Albert 
Einstein College of Medicine, Bronx, New York: Aschner J; Cincinnati Children’s 
Hospital Medical Center, Cincinnati, OH: Merhar S; Children’s Hospital and 
Clinic Minneapolis, MN: Lampland A; Icahn School of Medicine at Mount 
Sinai, New York, NY: Teitelbaum S; Cohen Children’s Medical Center, Northwell 
Health, New Hyde Park, NY: Stroustrup A; University of Buffalo, Jacobson 
School of Medicine and Biomedical Sciences, Buffalo, NY: Reynolds A; 
University of Florida, College of Medicine, Jacksonville, FL: Hudak M; University 
of Rochester Medical Center, Rochester, NY: Pryhuber G; Vanderbilt Children’s 
Hospital, Nashville, TN: Moore P; Wake Forest University School of Medicine, 
Winston Salem, NC: Washburn L; Massachusetts General Hospital, Boston, MA: 
Camargo C; Boston Children’s Hospital, Boston, MA: Mansbach J; Children’s 
Hospital of Philadelphia, Philadelphia, PA: Spergel J; Norton Children’s Hospital, 
Louisville, KY: Stevenson M; Phoenix Children’s Hospital, Phoenix AZ: Bauer 
C; Memorial Hospital of Rhode Island, Providence RI: Deoni S; Avera Health 
Rapid City, Rapid City, SD: Elliott A; Kaiser Permanente Northern California 
Division of Research, Oakland, CA: Ferrara A; University of Wisconsin, Madison 
WI: Gern J; Marshfield Clinic Research Institute, Marshfield, WI: Seroogy C: 
Bendixsen C; University of California Davis Mind Institute, Sacramento, CA: 
Hertz-Picciotto I, Restrepo B; University of Pittsburgh, Pittsburgh, PA: Hipwell A; 
Geisel School of Medicine at Dartmouth, Lebanon, NH: Karagas M; University 
of Washington, Department of Environmental and Occupational Health 
Sciences, Seattle, WA: Karr C; University of Tennessee Health Science Center, 
Memphis, TN: Mason A; Seattle Children’s Research Institute, Seattle, WA: 
Sathyanarayana S; Women & Infants Hospital of Rhode Island, Providence RI, 
Lester B; Children’s Mercy, Kansas City, MO: Carter B; Emory University, Atlanta, 
GA: Marsit C; Helen DeVos Children’s Hospital, Grand Rapids, MI: Pastyrnak 
S; Kapiolani Medical Center for Women and Children, Providence, RI: Neal C; 
Los Angeles Biomedical Research Institute at Harbour-UCLA Medical Center, 
Los Angeles CA: Smith L; Wake Forest University School of Medicine, Winston 
Salem, NC: Helderman J; Prevention Science Institute, University of Oregon, 
Eugene, OR: Leve L; George Washington University, Washington, DC: Ganiban 
J; Pennsylvania State University, University Park, PA; Neiderhiser J; Brigham 
and Women’s Hospital, Boston, MA: Weiss S; Boston University Medical Center, 
Boston, MA: O’Connor G; Kaiser Permanente, Southern California, San Diego, 
CA: Zeiger R; Washington University of St. Louis, St Louis, MO: Bacharier L; 
Pennsylvania State University, University Park, PA: Lyall K; Johns Hopkins 
Bloomberg School of Public Health Kennedy Krieger Institute, Baltimore, MD: 

Landa R; University of California, UC Davis Medical Center Mind Institute, 
Sacramento, CA: Ozonoff, S; University of Rochester Medical Center Rochester, 
NY: O’Connor T; University of Pittsburgh Medical Center, Magee Women’s 
Hospital, Pittsburgh, PA: Simhan H; Baystate Children’s Hospital, Springfield, MA 
: Vaidya R; Beaumont Health Medical Center, Royal Oak, MI: Obeid R; Boston 
Children’s Hospital, Boston, MA: Rollins C; East Carolina University Brody School 
of Medicine, Greenville, NC: Bear K; Michigan State University College of 
Human Medicine, East Lansing, MI: Lenski, M; University of Chicago, Chicago 
IL: Msall M; University of Massachusetts Medical School, Worcester, MA: Frazier 
J; Wake Forest Baptist Health (Atrium Health), Winston Salem, NC: Washburn, 
L; Yale School of Medicine, New Haven, CT: Montgomery A; Michigan State 
University, East Lansing, MI: Kerver J; Henry Ford Health System, Detroit, MI: 
Barone, C; Michigan Department of Health and Human Services, Lansing, MI: 
McKane, P; Michigan State University, East Lansing, MI: Paneth N; University 
of Michigan, Ann Arbor, MI: Elliott, M; Columbia University Medical Center, 
New York, NY: Herbstman J; University of Illinois, Beckman Institute, Urbana, IL: 
Schantz S; University of California, San Francisco:, San Francisco, CA: Woodruff 
T; University of Utah, Salt Lake City, UT: Stanford J; Icahn School of Medicine 
at Mount Sinai, New York, NY: Wright R; George Mason University, Fairfax, VA: 
Huddleston K; New York University School of Medicine, Karr C; Trasande L; 
University of California, San Francisco, San Francisco CA: Bush N; University 
of Minnesota, Minneapolis, MN: Nguyen R; University of Rochester Medical 
Center: Rochester, NY: Barrett E; Emory University, Atlanta, GA: Carlson-Smith, 
N.

Author contributions
LK conceptualized and designed the study, drafted original manuscript. TMO 
critically reviewed and revised original manuscript draft. IB critically reviewed 
and revised manuscript. ALD critically reviewed and revised manuscript. 
LC critically reviewed and revised manuscript. GW critically reviewed and 
revised manuscript. TH and MLC collected and analyzed data, reviewed and 
revised the article critically for important intellectual content. SE developed 
study design, coordinated data analysis, and reviewed and revised the article 
critically for important intellectual content. AP critically reviewed and revised 
manuscript. MM supervised data collection and data analysis process and 
reviewed and revised the article critically for important intellectual content. 
DW critically reviewed and revised manuscript. MG critically reviewed and 
revised manuscript. DD critically reviewed and revised original manuscript 
draft. All authors read and approved the final manuscript.

Funding
Research reported in this publication was supported by the Environmental 
influences on Child Health Outcomes (ECHO) program, Office of the 
Director, National Institutes of Health, under Award Numbers U2COD023375 
(Coordinating Center), U24OD023382 (Data Analysis Center, Jacobson), 
U24OD023319 (PRO Core), UH3OD023248 (Dabelea), UH3OD023318 (Dunlop), 
UH3OD023348 (O’Shea), The following grants supported colleagues who 
contributed to this research but are not authors. These contributors are listed 
in the acknowledgments. UH3OD023320, UH3OD023253, UH3OD023313, 
UH3OD023279, UH3OD023289, UH3OD023282, UH3OD023365, 
UH3OD023244, UH3OD023275, UH3OD023271, UH3OD023347, 
UH3OD023389, UH3OD023268, UH3OD023342, UH3OD023349, 
UH3OD023285, UH3OD023290, UH3OD023272, UH3OD023249, 
UH3OD023337, UH3OD023305. The content is solely the responsibility of the 
authors and does not necessarily represent the official views of the National 
Institutes of Health.

Data availability
Select de-identified data from the ECHO Program are available through 
NICHD’s Data and Specimen Hub (DASH). Information on study data not 
available on DASH, such as some Indigenous datasets, can be found on the 
ECHO study DASH webpage.

Declarations

Ethics approval and consent to participate
Properly constituted Institutional Review Boards – either the ECHO single 
IRB or the ECHO cohort’s local IRB – are accountable for compliance with 
regulatory requirements for the ECHO-wide Cohort Data Collection Protocol 
at participating cohort sites. Governing IRBs review ECHO protocols and 
all informed consent/assent forms, HIPAA authorization forms, recruitment 

https://doi.org/10.1186/s11689-024-09540-1
https://doi.org/10.1186/s11689-024-09540-1


Page 11 of 13Kurth et al. Journal of Neurodevelopmental Disorders           (2024) 16:26 

materials, and other relevant information prior to the initiation of any ECHO-
wide Cohort Data Collection Protocol-related procedures or activities. ECHO 
Cohort Investigators (or their designated study personnel) obtain written 
informed consent or parent’s / guardian’s permission along with child assent 
as appropriate, for ECHO-wide Cohort Data Collection Protocol participation 
and for participation in their specific cohorts. The work of the ECHO Data 
Analysis Center is approved through the Johns Hopkins Bloomberg School of 
Public Health Institutional Review Board.

Consent for publication
Not applicable.

Competing interests
The authors have no conflicts of interest relevant to this article to disclose.

Author details
1Department of Pediatrics, Developmental Section, University of Colorado 
School of Medicine, 13123 E. 16th Ave. B065, Aurora, CO 80045, USA
2Department of Pediatrics, University of North Carolina School of 
Medicine, Chapel Hill, NC, USA
3Departments of Obstetrics, Gynecology and Reproductive Sciences, 
University of Maryland School of Medicine, Baltimore, MD, USA
4Department of Gynecology and Obstetrics, Emory University School of 
Medicine, Atlanta,  GA, USA
5Kaiser Permanente Division of Research, Northern California, Oakland, 
CA, USA
6Department of Pediatrics, University of Colorado School of Medicine, 
Aurora, CO, USA
7Department of Epidemiology, Johns Hopkins Bloomberg School of 
Public Health, Baltimore, MD, USA
8Department of Anesthesiology, Washington University School of 
Medicine in St. Louis, St. Louis, MO, USA
9Departments of Psychiatry, Neurology, Neuroscience, Johns Hopkins 
School of Medicine, Baltimore, MD, USA
10The Lieber institute for Brain Development, Baltimore, MD, USA
11Departments of Psychiatry and Behavioral Sciences, Johns Hopkins 
School of Medicine, Baltimore, MD, USA
12Kennedy Krieger Institute, Baltimore, MD, USA
13Lifecourse Epidemiology of Adiposity and Diabetes (LEAD) Center, 
University of Colorado Anschutz Medical Campus, Aurora, CO, USA

Received: 7 February 2023 / Accepted: 27 April 2024

References
1. Perry RL, Satin AJ, Barth WH, Valtier S, Cody JT, Hankins GD. The pharmaco-

kinetics of oxytocin as they apply to labor induction. Am J Obstet Gynecol. 
1996;174(5):1590–93.

2. Kenkel W, Perkeybile A-M, Yee J, Pournajafi-Nazarloo H, Lillard T, Ferguson E, 
et al. Behavioral and epigenetic consequences of oxytocin treatment at birth. 
Sci Adv. 2019;5(5):eaav2244.

3. Laughon SK, Branch DW, Beaver J, Zhang J. Changes in labor patterns over 50 
years. Am J Obstet Gynecol. 2012;206(5):e4191–9.

4. Talati C, Carvalho JCA, Luca A, Balki M. The effect of intermittent oxytocin 
pretreatment on oxytocin-induced contractility of human myometrium in 
vitro. Anesth Analg. 2019;128(4):671–78.

5. Oscarsson ME, Amer-Wåhlin I, Rydhstroem H, Källén K. Outcome in obstetric 
care related to oxytocin use. A population-based study. Acta Obstet Gynecol 
Scand. 2006;85(9):1094–8.

6. Carter CS, Kenkel WM, MacLean EL, Wilson SR, Perkeybile AM, Yee JR, et al. Is 
oxytocin nature’s medicine? Pharmacol Rev. 2020;72(4):829–61.

7. Clapp MA, James KE, Bates SV, Kaimal AJ. Patient and hospital factors associ-
ated with unexpected newborn complications among term neonates in US 
hospitals. JAMA Netw Open. 2020;3(2):e1919498.

8. Hinshaw K, Simpson S, Cummings S, Hildreth A, Thornton J. A randomised 
controlled trial of early versus delayed oxytocin augmentation to treat 
primary dysfunctional labour in nulliparous women. Brit J Obstet Gynecol. 
2008;115(10):1289–95. discussion 95 – 6.

9. Mirzabagi E, Deepak NN, Koski A, Tripathi V. Uterotonic use during childbirth 
in uttar pradesh: accounts from community members and health providers. 
Midwifery. 2013;29(8):902–10.

10. Zhang J, Laughon SK, Branch DW. Oxytocin regimen for labor augmen-
tation, labor progression, and perinatal outcomes. Obstet Gynecol. 
2012;119(2):381–82.

11. Harris JC, Carter CS. Therapeutic interventions with oxytocin: current status 
and concerns. J Am Acad Child Adolesc Psychiatry. 2013;52(10):998–1000.

12. Stokholm L, Juhl M, Talge NM, Gissler M, Obel C, Strandberg-Larsen K. 
Obstetric oxytocin exposure and ADHD and ASD among Danish and Finnish 
children. Int J Epidemiol. 2021;50(2):446–56.

13. Kurth L, Davalos D. Prenatal exposure to synthetic oxytocin: risk to neurode-
velopment? J Prenat Perinat Psychol Health. 2012;27(1):3.

14. Kurth L, Haussmann R. Perinatal pitocin as an early ADHD biomarker: neuro-
developmental risk? J Atten Disord. 2011;15(5):423–31.

15. Tikkanen R, Gunja M, Fitzgerald M, Zephyrin L. Maternal mortality and mater-
nity care in the United States compated to 10 other developed countries. 
Commonw Fund; 2020:1–17.

16. Smallwood M, Sareen A, Baker E, Hannusch R, Kwessi E, Williams T. Increased 
risk of autism development in children whose mothers experienced 
birth complications or received labor and delivery drugs. ASN Neuro. 
2016;8(4):1759091416659742.

17. Soltys SM, Scherbel JR, Kurian JR, Diebold T, Wilson T, Hedden L, et al. An asso-
ciation of intrapartum synthetic oxytocin dosing and the odds of developing 
autism. Autism. 2020;24(6):1400–10.

18. García-Alcón A, González-Peñas J, Weckx E, Penzol MJ, Gurriarán X, Costas 
J, et al. Oxytocin exposure in labor and its relationship with cognitive 
impairment and the genetic architecture of autism. J Autism Dev Disord. 
2022;53(1):66–79.

19. Torres G, Mourad M, Leheste JR. Perspectives of pitocin administration on 
behavioral outcomes in the pediatric population: recent insights and future 
implications. Heliyon. 2020;6(5):e04047.

20. Lønfeldt NN, Verhulst FC, Strandberg-Larsen K, Plessen KJ, Lebowitz ER. 
Assessing risk of neurodevelopmental disorders after birth with oxytocin: a 
systematic review and meta-analysis. Psychol Med. 2019;49(6):881–90.

21. Hertz-Picciotto I, Schmidt RJ, Krakowiak P. Understanding environmental 
contributions to autism: causal concepts and the state of science. Autism Res. 
2018;11(4):554–86.

22. Monks DT, Palanisamy A, Oxytocin. At birth and beyond. A systematic 
review of the long-term effects of peripartum oxytocin. Anaesthesia. 
2021;76(11):1526–37.

23. Saade GR, Sibai BM, Silver R. Induction or augmentation of labor and autism. 
JAMA Pediatr. 2014;168(2):190–1.

24. Wang C, Geng H, Liu W, Zhang G. Prenatal, perinatal, and postnatal factors 
associated with autism: a meta-analysis. Med (Baltim). 2017;96(18):e6696.

25. Gardener H, Spiegelman D, Buka SL. Perinatal and neonatal risk factors for 
autism: a comprehensive meta-analysis. Pediatrics. 2011;128(2):344–55.

26. Guastella AJ, Cooper MN, White CR, White MK, Pennell CE, Whitehouse AJ. 
Does perinatal exposure to exogenous oxytocin influence child behavioural 
problems and autistic-like behaviours to 20 years of age? J Child Psychol 
Psychiatry. 2018;59(12):1323–32.

27. Henriksen L, Wu CS, Secher NJ, Obel C, Juhl M. Medical augmentation of 
labor and the risk of ADHD in offspring: a population-based study. Pediatrics. 
2015;135(3):e672–7.

28. Oberg AS, D’Onofrio BM, Rickert ME, Hernandez-Diaz S, Ecker JL, Almqvist C, 
et al. Association of labor induction with offspring risk of autism spectrum 
disorders. JAMA Pediatr. 2016;170(9):e160965–65.

29. Wiggs KK, Rickert ME, Hernandez-Diaz S, Bateman BT, Almqvist C, Larsson H, 
et al. A family-based study of the association between labor induction and 
offspring attention-deficit hyperactivity disorder and low academic achieve-
ment. Behav Genet. 2017;47(4):383–93.

30. Miranda A, Sousa N. Maternal hormonal milieu influence on fetal brain devel-
opment. Brain Behav. 2018;8(2):e00920.

31. Singh A, Yeh CJ, Verma N, Das AK. Overview of attention deficit hyperactivity 
disorder in young children. Health Psychol Res. 2015;3(2):2115.

32. Xu G, Strathearn L, Liu B, Yang B, Bao W. Twenty-year trends in diagnosed 
attention-deficit/hyperactivity disorder among US children and adolescents, 
1997–2016. JAMA Netw Open. 2018;1(4):e181471.

33. Xu G, Strathearn L, Liu B, O’Brien M, Kopelman TG, Zhu J, et al. Prevalence and 
treatment patterns of autism spectrum disorder in the United States, 2016. 
JAMA Pediatr. 2019;173(2):153–59.



Page 12 of 13Kurth et al. Journal of Neurodevelopmental Disorders           (2024) 16:26 

34. Crespi BJ. Autism as a disorder of high intelligence. Front Neurosci. 
2016;10:300.

35. Flegal KM, Kit BK, Orpana H, Graubard BI. Association of all-cause mortality 
with overweight and obesity using standard body mass index categories: a 
systematic review and meta-analysis. JAMA. 2013;309(1):71–82.

36. Maenner MJ, Shaw KA, Bakian AV, Bilder DA, Durkin MS, Esler A, et al. Preva-
lence and characteristics of autism spectrum disorder among children aged 
8 years - autism and developmental disabilities monitoring network, 11 sites, 
United States, 2018. Morbidity Mortal Wkly Rep Surveillance Summaries 
(Washington D C : 2002). 2021;70(11):1–16.

37. Hours C, Recasens C, Baleyte JM. ASD and ADHD comorbidity: what are we 
talking about? Front Psychiatry. 2022;13:837424.

38. Dalsgaard S, Thorsteinsson E, Trabjerg BB, Schullehner J, Plana-Ripoll O, Brikell 
I, et al. Incidence rates and cumulative incidences of the full spectrum of 
diagnosed mental disorders in childhood and adolescence. JAMA Psychiatry. 
2020;77(2):155–64.

39. Zablotsky B, Black LI, Maenner MJ, Schieve LA, Danielson ML, Bitsko RH et al. 
Prevalence and trends of developmental disabilities among children in the 
United States: 2009–2017. Pediatrics. 2019;144(4).

40. Flenik TMN, Bara TS, Cordeiro ML. Family functioning and emotional aspects 
of children with autism spectrum disorder in southern Brazil. J Autism Dev 
Disord. 2022;53(6):2306–13.

41. Picardi A, Gigantesco A, Tarolla E, Stoppioni V, Cerbo R, Cremonte M, et al. 
Parental burden and its correlates in families of children with autism spec-
trum disorder: a multicentre study with two comparison groups. Clin Pract 
Epidemiol Ment Health. 2018;14:143–76.

42. Rosello B, Berenguer C, Baixauli I, Colomer C, Miranda A. ADHD symptoms 
and learning behaviors in children with ASD without intellectual disability. A 
mediation analysis of executive functions. PLoS ONE. 2018;13(11):e0207286.

43. Usami M. Functional consequences of attention-deficit hyperactivity disorder 
on children and their families. Psychiatry Clin Neurosci. 2016;70(8):303–17.

44. Leitner Y. The co-occurrence of autism and attention deficit hyperactivity 
disorder in children–what do we know? Front. Hum Neurosci. 2014;8:268.

45. Goldstein RF, Abell SK, Ranasinha S, Misso M, Boyle JA, Black MH, et al. 
Association of gestational weight gain with maternal and infant outcomes: a 
systematic review and meta-analysis. JAMA. 2017;317(21):2207–25.

46. Rao PA, Landa RJ. Association between severity of behavioral phenotype and 
comorbid attention deficit hyperactivity disorder symptoms in children with 
autism spectrum disorders. Autism. 2014;18(3):272–80.

47. Akinbami LJ, Liu X, Pastor PN, Reuben CA. Attention deficit hyperactivity 
disorder among children aged 5–17 years in the United States, 1998–2009. 
NCHS Data Brief. 2011(70):1–8.

48. Baio J, Wiggins L, Christensen DL, Maenner MJ, Daniels J, Warren Z, et al. 
Prevalence of autism spectrum disorder among children aged 8 years - 
autism and developmental disabilities monitoring network, 11 sites, United 
States, 2014. MMWR Surveill Summ. 2018;67(6):1–23.

49. Weisman O, Agerbo E, Carter CS, Harris JC, Uldbjerg N, Henriksen TB, et al. 
Oxytocin-augmented labor and risk for autism in males. Behav Brain Res. 
2015;284:207–12.

50. Wang S, Wang B, Drury V, Drake S, Sun N, Alkhairo H, et al. Rare x-linked vari-
ants carry predominantly male risk in autism, tourette syndrome, and ADHD. 
Nat Commun. 2023;14(1):8077.

51. Ellis JA, Brown CM, Barger B, Carlson NS. Influence of maternal obesity on 
labor induction: a systematic review and meta-analysis. J Midwifery Womens 
Health. 2019;64(1):55–67.

52. Jacobson LP, Lau B, Catellier D, Parker CB. An environmental influences on 
Child Health outcomes viewpoint of data analysis centers for collaborative 
study designs. Curr Opin Pediatr. 2018;30(2):269–75.

53. Hertz-Picciotto I, Korrick SA, Ladd-Acosta C, Karagas MR, Lyall K, Schmidt RJ, 
et al. Maternal tobacco smoking and offspring autism spectrum disorder or 
traits in ECHO cohorts. Autism Res. 2022;15(3):551–69.

54. Schantz SL, Eskenazi B, Buckley JP, Braun JM, Sprowles JN, Bennett DH, et al. A 
framework for assessing the impact of chemical exposures on neurodevelop-
ment in ECHO: opportunities and challenges. Environ Res. 2020;188:109709.

55. Volk HE, Perera F, Braun JM, Kingsley SL, Gray K, Buckley J, et al. Prenatal air 
pollution exposure and neurodevelopment: a review and blueprint for a 
harmonized approach within ECHO. Environ Res. 2021;196:110320.

56. Lord C, Risi S, Lambrecht L, Cook EH Jr., Leventhal BL, DiLavore PC, et al. The 
autism diagnostic observation schedule-generic: a standard measure of 
social and communication deficits associated with the spectrum of autism. J 
Autism Dev Disord. 2000;30(3):205–23.

57. National Center for Health Statistics, US Department of Health and Human 
Services, Centers for Disease Control and Prevention. Updated 2003. 
Accessed at: https://www.cdc.gov/nchs/data/dvs/GuidetoCompleteFacility-
Wks.pdf. Accessed on 2024 January 1.

58. Committee opinion 700. Methods for estimating the due date. Obstet Gyne-
col. 2017;129(5):e150–54.

59. Dighe MK, Frederick IO, Andersen HF, Gravett MG, Abbott SE, Carter AA, et al. 
Implementation of the intergrowth-21st project in the United States. BJOG. 
2013;120(Suppl 2):123–8.

60. van Buuren S, Groothuis-Oudshoorn K, Mice. Multivariate imputation by 
chained equations in R. J Stat Softw. 2011;45(3):1–67.

61. Uvnas-Moberg K, Ekstrom-Bergstrom A, Berg M, Buckley S, Pajalic Z, Hadji-
georgiou E, et al. Maternal plasma levels of oxytocin during physiological 
childbirth - a systematic review with implications for uterine contractions 
and central actions of oxytocin. BMC Pregnancy Childbirth. 2019;19(1):285.

62. Daly D, Minnie KCS, Blignaut A, Blix E, Vika Nilsen AB, Dencker A, et al. How 
much synthetic oxytocin is infused during labour? A review and analysis of 
regimens used in 12 countries. PLoS ONE. 2020;15(7):e0227941.

63. Nigg JT. Toward an emerging paradigm for understanding attention-deficit/
hyperactivity disorder and other neurodevelopmental, mental, and behav-
ioral disorders: environmental risks and epigenetic associations. JAMA Pediatr. 
2018;172(7):619–21.

64. Andari E, Nishitani S, Kaundinya G, Caceres GA, Morrier MJ, Ousley O, et al. 
Epigenetic modification of the oxytocin receptor gene: implications for 
autism symptom severity and brain functional connectivity. Neuropsycho-
pharmacology. 2020;45(7):1150–58.

65. Perera F, Herbstman J. Prenatal environmental exposures, epigenetics, and 
disease. Reprod Toxicol. 2011;31(3):363–73.

66. Leffa DD, Daumann F, Damiani AP, Afonso AC, Santos MA, Pedro TH, et al. DNA 
damage after chronic oxytocin administration in rats: a safety yellow light? 
Metab. Brain Dis. 2017;32(1):51–5.

67. Hirayama T, Hiraoka Y, Kitamura E, Miyazaki S, Horie K, Fukuda T, et al. Oxyto-
cin induced labor causes region and sex-specific transient oligodendrocyte 
cell death in neonatal mouse brain. J Obstet Gynaecol Res. 2020;46(1):66–78.

68. Csaba G. Transgenerational effects of perinatal hormonal imprinting. Trans-
generational epigenetics: Elsevier; 2014. pp. 255–67.

69. Hashemi F, Tekes K, Laufer R, Szegi P, TÃ³thfalusi L, Csaba G. Effect of a single 
neonatal oxytocin treatment (hormonal imprinting) on the biogenic amine 
level of the adult rat brain: could oxytocin-induced labor cause pervasive 
developmental diseases? Reprod. Sci. 2013;20(10):1255–63.

70. Sato M, Noguchi J, Mashima M, Tanaka H, Hata T. 3d power doppler ultra-
sound assessment of placental perfusion during uterine contraction in labor. 
Placenta. 2016;45:32–6.

71. Palanisamy A, Giri T, Jiang J, Bice A, Quirk JD, Conyers SB et al. In utero 
exposure to transient ischemia-hypoxemia promotes long-term neurodevel-
opmental abnormalities in male rat offspring. JCI Insight. 2020;5(10).

72. Palanisamy A, Lopez J, Frolova A, Macones G, Cahill AG. Association between 
uterine tachysystole during the last hour of labor and cord blood lactate in 
parturients at term gestation. Am J Perinatol. 2019;36(11):1171–78.

73. Crane JM, Young DC, Butt KD, Bennett KA, Hutchens D. Excessive uterine 
activity accompanying induced labor. Obstet Gynecol. 2001;97(6):926–31.

74. Heuser CC, Knight S, Esplin MS, Eller AG, Holmgren CM, Manuck TA, et al. 
Tachysystole in term labor: incidence, risk factors, outcomes, and effect on 
fetal heart tracings. Am J Obstet Gynecol. 2013;209(1):e321–6.

75. Kunz MK, Loftus RJ, Nichols AA. Incidence of uterine tachysystole in women 
induced with oxytocin. J Obstet Gynecol Neonatal Nurs. 2013;42(1):12–8.

76. Walter MH, Abele H, Plappert CF. The role of oxytocin and the effect of stress 
during childbirth: neurobiological basics and implications for mother and 
child. Front Endocrinol (Lausanne). 2021;12:742236.

77. Malek A, Blann E, Mattison DR. Human placental transport of oxytocin. J 
Matern Fetal Med. 1996;5(5):245–55.

78. Nathan NO, Hedegaard M, Karlsson G, Knudsen LE, Mathiesen L. Intrapartum 
transfer of oxytocin across the human placenta: an ex vivo perfusion experi-
ment. Placenta. 2021;112:105–10.

79. Froemke RC, Young LJ. Oxytocin, neural plasticity, and social behavior. Annu 
Rev Neurosci. 2021;44:359–81.

80. Bell AF, Erickson EN, Carter CS. Beyond labor: the role of natural and synthetic 
oxytocin in the transition to motherhood. J Midwifery Womens Health. 
2014;59(1):35–42. quiz 108.

81. Palanisamy A, Kannappan R, Xu Z, Martino A, Friese MB, Boyd JD, et al. Oxy-
tocin alters cell fate selection of rat neural progenitor cells in vitro. PLoS ONE. 
2018;13(1):e0191160.

https://www.cdc.gov/nchs/data/dvs/GuidetoCompleteFacilityWks.pdf
https://www.cdc.gov/nchs/data/dvs/GuidetoCompleteFacilityWks.pdf


Page 13 of 13Kurth et al. Journal of Neurodevelopmental Disorders           (2024) 16:26 

82. Matias SL, Pearl M, Lyall K, Croen LA, Kral TVE, Fallin D, et al. Maternal 
prepregnancy weight and gestational weight gain in association with 
autism and developmental disorders in offspring. Obes (Silver Spring). 
2021;29(9):1554–64.

83. Windham GC, Anderson M, Lyall K, Daniels JL, Kral TVE, Croen LA, et al. Mater-
nal pre-pregnancy body mass index and gestational weight gain in relation 
to autism spectrum disorder and other developmental disorders in offspring. 
Autism Res. 2019;12(2):316–27.

84. Maeder AB, Vonderheid SC, Park CG, Bell AF, McFarlin BL, Vincent C, et al. 
Titration of intravenous oxytocin infusion for postdates induction of labor 
across body mass index groups. J Obstetric Gynecologic Neonatal Nurs. 
2017;46(4):494–507.

85. Zhang J, Bricker L, Wray S, Quenby S. Poor uterine contractility in obese 
women. BJOG. 2007;114(3):343–48.

86. Kernberg A, Caughey AB. Augmentation of labor: a review of oxytocin aug-
mentation and active management of labor. Obstet Gynecol Clin North Am. 
2017;44(4):593–600.

87. Carlson NS, Corwin EJ, Lowe NK. Oxytocin augmentation in spontaneously 
laboring, nulliparous women: multilevel assessment of maternal BMI and 
oxytocin dose. Biol Res Nurs. 2017;19(4):382–92.

88. Lassiter JR, Holliday N, Lewis DF, Mulekar M, Abshire J, Brocato B. Induction of 
labor with an unfavorable cervix: how does BMI affect success? J Maternal-
Fetal Neonatal Med. 2016;29(18):3000–02.

89. Mackeen AD, Durie D, Lin M, Huls C, Packard R, Sciscione A. Effect of obesity 
on labor inductions with foley plus oxytocin versus oxytocin alone [37m]. 
Obstet Gynecol. 2017;129(5):S142.

90. Alan S, Akca E, Senoglu A, Gozuyesil E, Surucu SG. The use of oxytocin by 
healthcare professionals during labor. Yonago Acta Med. 2020;63(3):214–22.

91. Litorp H, Sunny AK, Kc A. Augmentation of labor with oxytocin and its 
association with delivery outcomes: a large-scale cohort study in 12 public 
hospitals in Nepal. Acta Obstet Gynecol Scand. 2021;100(4):684–93.

92. Leuner B, Caponiti JM, Gould E. Oxytocin stimulates adult neurogenesis even 
under conditions of stress and elevated glucocorticoids. Hippocampus. 
2012;22(4):861–8.

93. Panaitescu AM, Isac S, Pavel B, Ilie AS, Ceanga M, Totan A, et al. Oxytocin 
reduces seizure burden and hippocampal injury in a rat model of perinatal 
asphyxia. Acta Endocrinol (Buchar). 2018;14(3):315–19.

94. Zhang J, Branch DW, Ramirez MM, Laughon SK, Reddy U, Hoffman M, et al. 
Oxytocin regimen for labor augmentation, labor progression, and perinatal 
outcomes. Obstet Gynecol. 2011;118(2 Pt 1):249–56.

95. Darney BG, Snowden JM, Cheng YW, Jacob L, Nicholson JM, Kaimal A, et al. 
Elective induction of labor at term compared with expectant management: 
maternal and neonatal outcomes. Obstet Gynecol. 2013;122(4):761–9.

96. Keulen JK, Bruinsma A, Kortekaas JC, van Dillen J, Bossuyt PM, Oudijk MA, 
et al. Induction of labour at 41 weeks versus expectant management 
until 42 weeks (index): Multicentre, randomised non-inferiority trial. BMJ. 
2019;364:l344.

97. Knight HE, Cromwell DA, Gurol-Urganci I, Harron K, van der Meulen JH, Smith 
GCS. Perinatal mortality associated with induction of labour versus expect-
ant management in nulliparous women aged 35 years or over: an English 
national cohort study. PLoS Med. 2017;14(11):e1002425.

98. Reinl EL, Goodwin ZA, Raghuraman N, Lee GY, Jo EY, Gezahegn BM, et al. 
Novel oxytocin receptor variants in laboring women requiring high doses of 
oxytocin. Am J Obstet Gynecol. 2017;217(2):214. e1-14 e8.

99. Practice bulletin no. 183: Postpartum hemorrhage. Obstet Gynecol. 
2017;130(4):e168–86.

100. September ACNMU. 2017. Accessed at: http://www.midwife.org/acnm/
files/ACNMLibraryData/UPLOADFILENAME/000000000310/AMTSL-PS-
FINAL-10-10-17.pdf. Accessed on 2024 January 1.

101. World Health Organization. WHO recommendations for the prevention and 
treatment of postpartum haemorrhage. Geneva; 2012.

102. Jiang D, Yang Y, Zhang X, Nie X. Continued versus discontinued oxytocin after 
the active phase of labor: an updated systematic review and meta-analysis. 
PLoS ONE. 2022;17(5):e0267461.

103. American College of Obstetricians Gynecologists, Society for Maternal-Fetal 
Medicine, Caughey AB, Cahill AG, Guise JM, Rouse DJ. Safe prevention of the 
primary cesarean delivery. Am J Obstet Gynecol. 2014;210(3):179–93.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 

http://www.midwife.org/acnm/files/ACNMLibraryData/UPLOADFILENAME/000000000310/AMTSL-PS-FINAL-10-10-17.pdf
http://www.midwife.org/acnm/files/ACNMLibraryData/UPLOADFILENAME/000000000310/AMTSL-PS-FINAL-10-10-17.pdf
http://www.midwife.org/acnm/files/ACNMLibraryData/UPLOADFILENAME/000000000310/AMTSL-PS-FINAL-10-10-17.pdf

	Intrapartum exposure to synthetic oxytocin, maternal BMI, and neurodevelopmental outcomes in children within the ECHO consortium
	Abstract
	Background
	Methods
	Data source
	Synthetic oxytocin administration
	ADHD and ASD
	Covariates
	Statistical analysis

	Results
	Associations between participant characteristics and sOT exposure
	Associations between sOT exposure and attention deficit hyperactivity disorder
	Associations between sOT exposure and autism spectrum disorder
	Effect modification by maternal obesity status

	Discussion
	Strengths and limitations

	Conclusions
	References


