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Abstract

Background The long-term effects of a Cesarean section (CS) birth on child neurodevelopment are of increasing
interest. In this study, we examined the associations between mode of delivery and presence of neurodevelopmental
disorders in toddlers. Moreover, given that the prevalence of several neurodevelopmental disorders such as autism
spectrum disorder (ASD) is known to differ by sex, we also investigated these associations separately in male and
female toddlers.

Methods We investigated 65,701 mother—toddler pairs from the Japan Environment and Children’s Study, a nation-
ally representative children’s cohort study. To investigate the associations between mode of delivery (CS or vaginal
delivery) and neurodevelopmental disorders (motor delay, intellectual disability, and ASD) in 3-year-old toddlers as
a whole and stratified by sex, we used logistic regression models to calculate adjusted odds ratios (aORs) with 95%
confidence intervals (Cls).

Results The morbidity of ASD at age 3 years was higher for children delivered by CS than those delivered vaginally
(aOR 1.38,95% Cl 1.04-1.83). However, no such difference was evident in the case of motor delay or intellectual dis-
ability (aOR 1.33,95% C1 0.94-1.89; aOR 1.18, 95% Cl 0.94-1.49, respectively). In the analysis by sex, CS was not associ-
ated with increased risk of any of the neurodevelopmental disorders in males, but it was associated with increased
risks of motor delay (@OR 1.88, 95% Cl 1.02-3.47) and ASD (aOR 1.82, 95% Cl 1.04-3.16) in females.

Conclusions This study provides evidence of significant associations between mode of delivery and neurodevelop-
mental disorders in early childhood. Females may be more sensitive to the effects of CS than males.
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Background

Cesarean section (CS) is a lifesaving and important
mode of delivery for neonates and mothers. Its use has
increased around the world in recent years [1]. In Japan,
CS deliveries as a percentage of total births have doubled
since the 1980s and recently exceeded 20% of all deliv-
eries [2]. There are many reports regarding the negative
effects of CS on several health outcomes such as obe-
sity, allergy, and asthma [3-5]. The mechanisms under-
lying the link between CS and future health and mental
disorders are believed to be early-term birth [6], altered
microbiota [3], decreased serum oxytocin level [7], and
use of general anesthesia during CS [8].

The long-term effects of a CS birth on child neu-
rodevelopment are of increasing interest [9-13]. The
estimated worldwide prevalence of autism spectrum dis-
order (ASD) is 0.62% [14], and its incidence has increased
20-fold since the 1980s [15]. A recent study in Japan also
reported an increasing trend in ASD diagnoses, from
2.23% (2009) to 3.26% (2014) [16]. There are conflicting
results regarding the association between ASD and CS. In
the UK, no association was found between CS and ASD
[9]. However, in a meta-analysis including 13 studies, CS
birth was linked to a greater risk of future ASD (odds
ratio (OR) 1.23) than vaginal birth [11]. Although ASD is
a highly inheritable disorder with male preponderance,
relevant environmental factors may be sex-specific [9];
for example, the indications for CS and the anesthesia
method used during CS were found to have some effects
on ASD morbidity depending on the infants’ sex [8, 17,
18]. Some environmental factors in the perinatal period
may also be involved in ASD morbidity. It is interesting
to note that several birth cohort studies have reported
increased risks of motor delay and intellectual disability
associated with CS, but not the risk of ASD [9, 12, 13, 19].
Zhang et al. investigated the association between CS and
neurodevelopmental prognosis in a population exceeding
1 million [10], and their findings suggested that CS was
associated with a moderately increased risk of neurode-
velopmental disorders in children; however, this risk was
mostly explained by familial factors. However, the rate
of CS was relatively low (12.4% of all births) among the
many children studied and the risks associated with CS
stratified by sex were not reported.

The inconsistent results reported about the effects of
mode of delivery on subsequent neurodevelopmental
problems, including motor delay, intellectual disability,
and ASD [9, 10, 12, 19] have mainly been reported for
Western populations and the effects in Asian popula-
tions are not known. Moreover, there have been very few
studies of sex effects on neurodevelopmental disorders
according to mode of delivery. Accordingly, in this study,
we investigated possible associations between mode of
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delivery and neurodevelopmental disorders at 3 years of
age, using data from the Japan Environment and Chil-
dren’s Study (JECS), a large nationwide birth cohort
study. The associations were also analyzed separately by
sex to evaluate the sex-specific relationship between CS
and neurodevelopmental disorders.

Methods

Study population

This study analyzed data obtained from the JECS, an
ongoing birth cohort study that commenced in January
2011. JECS aims to measure the effects of environmen-
tal factors on children’s health. The detailed methodology
has been previously reported [20-22]. The JECS protocol
was reviewed and approved by the Ministry of the Envi-
ronment’s Institutional Review Board on Epidemiological
Studies and by the ethics committees of all participat-
ing institutions. The JECS was conducted after obtaining
written informed consent from all participants.

Briefly, pregnant women from 15 regional centers in
Japan were recruited over a 3-year period, from 2011 to
2014, and data for 103,057 pregnancies were collected for
analysis from the jecs-qa-20210401 (jecs-ta-20190930)
datasets, released in April 2021. In the present study,
after excluding multiple participations, multiple births,
and miscarriages or stillbirths, this left data for 92,941
women with singleton live births. Data for a further
27,240 women were excluded because of missing infor-
mation about a history of CS or missing answers about
neurodevelopmental disorders. Consequently, data for
65,701 mother—toddler pairs were analyzed in this study

(Fig. 1).

Measurements

Data on confounding factors were collected from self-
administered JECS questionnaires completed by moth-
ers during follow-up at 1 month postpartum. Medical
data were collected from transcribed medical records
and included the mode of delivery (transvaginal or CS
delivery), gestational age, and birth weight. Data was also
collected for mothers’ answers to questions on subse-
quent JECS questionnaires about whether their child had
neurodevelopmental disorders. The neurodevelopmen-
tal disorders of motor delay, intellectual disability, and
ASD were investigated in the present study, because all
healthy children in Japan have a medical examination to
detect motor delay, language delay, and intellectual dis-
ability at 3 years old. The JECS questions asked whether
a physician or health professional had ever told them that
their child had motor delay, intellectual disability (includ-
ing language delay), or ASD (including autism, pervasive
developmental disorder, and Asperger’s syndrome).
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103,057 pregnancies in the data
set jecs-ta-20190930

5,605 excluded

Reason: multiple participations

990 excluded

Reason: multiple births

3,521 excluded

Reason: miscarriages or still births

92,941 unique mothers with
singleton live births

532 excluded

Reason: no data on delivery mode

15,941 excluded

Reason: no response to a questionnaire regarding
neurodevelopmental disorders

10,767 excluded

Reason: missing data on covariates

65,701 mother-child pairs for
final analysis

Fig. 1 Participant flow diagram

Statistical analyses
All statistical analyses were performed using SAS version
9.4 (SAS Institute Inc., Cary, NC, USA) and R (version
4.0.5; R Foundation for Statistical Computing, Vienna,
Austria). To investigate the associations between mode
of delivery and neurodevelopmental disorders, we used
logistic regression models to calculate crude odds ratios
(cORs) and adjusted odds ratios (aORs) with 95% con-
fidence intervals (Cls), with vaginal delivery as the ref-
erence category. We also examined these associations
separately in males and females, because sex differences
have been reported in the prevalence of ASD. Two-tailed
p-values <0.05 were considered statistically significant.
We selected potential confounders as variables likely
to affect or be associated with delivery mode or neu-
rodevelopmental disease. For example, it is known that
ASD is highly genetic and has many complications
such as anxiety, depression, and hyperactivity [23].
Also, the antenatal and perinatal status of the mother is
known to have effects on their infant’s motor develop-
ment [19]. Therefore, we included a large number of a
priori-selected potential confounding variables such as
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the following: maternal age; pre-pregnancy body mass
index; parity; history of depression, anxiety disorder,
dysautonomia, or schizophrenia; history of physical
disease (i.e., cardiac, cerebrovascular, endocrine, auto-
immune, renal, digestive, or gynecological disease or
cancer); pregnancy complication (i.e., hypertension,
diabetes, or kidney disease); marital status; employ-
ment status; highest educational level; annual house-
hold income; alcohol intake; negative attitude toward
pregnancy (i.e., any answers other than “happy” to
the question about the mother’s feeling when learning
about her pregnancy); child sex; any major congenital
anomaly; gestational age; and birth weight. The covari-
ates were categorized according to usual medical prac-
tice or common practice in Japan and/or by referring to
our previous studies [24], except for the four continu-
ous variables of maternal age, pre-pregnancy body mass
index, gestational age, and birth weight for which the
best-fitting spline was used as a smoothing function.
To assess model fit and multicollinearity, we calculated
R-square values and generalized variance inflation fac-
tors, respectively.
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Results

Descriptive results

From 65,701 singleton births, 12,174 children were born
by CS and 53,527 children were born by vaginal deliv-
ery. Table 1 shows the maternal and child characteris-
tics grouped by mode of delivery. Mothers who had a CS
were older and had higher rates of psychiatric and physi-
cal diseases than mothers who had a vaginal delivery.
Neonates born by CS were younger and smaller at birth
than neonates born by vaginal delivery. Regarding mor-
bidity at 3 years of age, motor delay was reported in 184
toddlers (0.28%), intellectual disability in 466 (0.709%),
and ASD in 299 (0.455%). Compared with mothers who
were included in the analysis (#=65,701), those who
were excluded (n=27,240) tended to have a lower edu-
cation level, to be a current smoker, to be unmarried, to
have a lower household income, and to be younger (Sup-
plementary Table 1).

Logistic regression results

In unadjusted analyses, neonates born by CS had a higher
risk of having a neurodevelopmental disorder at 3 years
of age than neonates born by vaginal delivery (motor
delay: cOR 2.53, 95% CI 1.87-3.41; intellectual disabil-
ity: cOR 1.75, 95% CI 1.43-2.14; ASD: cOR 1.53, 95% CI
1.18-1.98; Table 2). After adjustment for parental demo-
graphics, maternal risks and complications, and neona-
tal characteristics, CS was significantly associated with
ASD (aOR 1.38, 95% CI 1.04-1.83), but the association
was no longer significant for motor delay (aOR 1.33, 95%
CI 0.94-1.89) or intellectual disability (aOR 1.18, 95% CI
0.94-1.49). When we examined the effects of the mode of
delivery on neurodevelopmental disorders according to
sex, males born by CS showed no increased risk of motor
delay (aOR 1.16, 95% CI 0.75-1.80), intellectual disability
(aOR 1.16, 95% CI 0.89—1.52), or ASD (aOR 1.24, 95% CI
0.90-1.73) compared with males born by vaginal delivery.
However, females born by CS showed significantly higher
risks of motor delay (aOR 1.88, 95% CI 1.02-3.47) and
ASD (aOR 1.82, 95% CI 1.04-3.16), but not intellectual
disability (aOR 1.35, 95% CI 0.88-2.08), compared with
females born by vaginal delivery (Table 2). The R-square
values for motor delay, intellectual disability, and ASD in
adjusted analyses were 0.121, 0.070, and 0.055, respec-
tively. All generalized variance inflation factors were
below 1.68, indicating no multicollinearity among any of
the covariates.

Discussion

In this large cohort study of 65,701 mother—infant pairs,
we found that children who were born by CS had a higher
ASD risk at 3 years of age than those born by vaginal
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Table 1 Characteristics of mothers and children in relation to
mode of delivery

Cesarean section  Vaginal delivery

(n=12,174) (n=53,527)

Variable n (%) n (%)
Age during pregnancy, y

Mean £SD 327 +49 311 +438
Pre-pregnancy body mass index, kg/m2

Mean +SD 219 +38 210 +30
Parity

0 5,342 (43.9) 23,264 (43.5)

1 4,631 (38.0) 19,966 (37.3)

>2 2,201 (18.1) 10297  (19.2)
History of depression, anxiety disorder, dysautonomia, or schizophrenia

No 10,346 (85.0) 46,198  (86.3)

Yes 1,828 (15.0) 7,329 (13.7)
History of any physical disease®

No 1,682 (13.8) 9119 (17.0)

Yes 10,492 (86.2) 44,408 (83.0)
Pregnancy complication

No 9,722 (79.9) 46,022 (86.0)

Yes 2,452 (20.1) 7,505 (14.0)
Marital status

Married 1,771 96.7) 51,639 (96.5)

Single 303 2.5) 1,554 (2.9

Divorced or widowed 100 0.8) 334 0.6)
Employed during early pregnancy

No 5,502 (45.2) 24,099 45.0)

Yes 6,672 (54.8) 29,428 55.0)
Highest education level, y

<12 4,156 (34.1) 17,464 (32.6)

12to< 16 5336 (43.8) 23,178 (43.3)

>16 2,682 (22.0) 12,885 (24.1)
Annual household income, million JPY

<4 4,629 (38.0) 20674 (38.6)

4t0<6 4,030 (33.1) 18,032 (337)

>6 3,515 (28.9) 14,821 (27.7)
Alcohol intake

Never 4,072 (33.5) 18,047 (337)

Former 7,791 (64.0) 33,994 (63.5)

Current(during pregnancy) 311 (2.6) 1,486 (2.8)
Smoking history

Never 7,072 (58.1) 32,518 (60.8)

Former 4,624 (38.0) 19,158  (35.8)

Current(during pregnancy) 478 (3.9) 1,851 (3.5)
Negative attitude toward pregnancy

No 11,376 (93.5) 49,743 (92.9)

Yes 798 6.6) 3,784 (7.1)
Child sex

Male 6,214 (51.0) 27438 (51.3)

Female 5,960 (49.0) 26,089 (48.7)
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Table 1 (continued)

Cesarean section  Vaginal delivery

(n=12,174) (n=53,527)

Variable n (%) n (%)
Any major congenital anomaly

No 11,751 (96.5) 52,467 (98.0)

Yes 423 (3.5) 1,060 (2.0)
Gestational age, week

Mean +SD 382 +20 39.5 +13

Birth weight, g

Mean +SD 2,875.8 +5004  3,0629 +376.3

2 physical disease are heart, cerebrovascular, endocrine system, autoimmune,
kidney, digestive system, gynecological, cancer disease etc.

delivery. Moreover, females born by CS had higher risks
of motor delay and ASD than females born by vaginal
delivery. However, males born by CS showed no signifi-
cantly higher risk of neurodevelopmental disorders.
After adjustment for potential confounding factors,
the risk of ASD was 38% higher in children born by CS
than in those born by vaginal delivery in this study. In
the literature, there are conflicting reports regarding the
association between CS and ASD [7, 10, 11, 17]. Previous
studies and a meta-analysis indicated that CS increased
the risk of ASD [7, 11, 17], which is line with the findings
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of the present study. However, the large cohort study by
Zhang et al. (2021) in Sweden showed no association
between CS and ASD [10]. That study investigated the
diagnosis of ASD at an average age of 17 years, whereas
we investigated this at 3 years of age. This large differ-
ence in the time of diagnosis may be a reason for this
conflicting finding. Another reason could be the rate of
CS and/or the ratio of emergent CS to elective CS. The
rate of CS was 12.4% of all births in Zhang et al’s study
[10], while Japan’s CS rate is higher, at more than 20% [2].
The indication of CS might be different between Swe-
den and Japan. Although we did not investigate whether
CS was emergent or elective in present study, emergent
CS occurred in more than half of all CS cases in Zhang
et al’s study [10]. Common indications for emergent CS
are related to fetal hypoxia, such as fetal distress, placen-
tal abruption, and dystocia, whereas those for elective CS
are previous CS, cephalopelvic disproportion, and breech
presentation, which have few hypoxic effects on the fetus.
General anesthesia during CS was found to increase the
risk of ASD compared with local anesthesia [8]. Many
cases of emergent CS involve general anesthesia, whereas
elective CS tends to involve local anesthesia. Moreo-
ver, elective CS tends to be conducted earlier, such as at
37-38 gestational weeks of age, when the neonate’s tem-
perature and blood sugar levels are unstable and brain
development has been interrupted [25]. Therefore, the

Table 2 The association between mode of delivery and neurodevelopmental and psychiatric disorders

Cesarean section (n=12,174) Vaginal
delivery
(n=53,527)
Motor delay
Cases, n 67 117
Prevalence, % 0.55 0.219
Crude odds ratio 2.53(1.87,3.41) —
Adjusted? odds ratio 1.33(0.94, 1.89) _—
Intellectual disability (including language delay)
Cases, n 132 334
Prevalence, % 1.084 0.624
Crude odds ratio 1.75(1.43,2.14) —_—
Adjusted? odds ratio 1.18(0.94, 1.49) —_—
Autistic spectrum disorder (e.g., Autism, Pervasive developmental disorder, Asperger syndrome)
Cases, n 77 222
Prevalence, % 0.632 0415

Crude odds ratio
Adjusted?® odds ratio

1.53(1.18, 1.98) N
1.38(1.04, 1.83) N

Boldface type indicates significance

"-—-"represents reference

2 Adjusted for maternal age, pre-pregnancy body mass index, parity, history of depression, anxiety disorder, dysautonomia, or schizophrenia, history of physical
disease, pregnancy complication, marital status, employed, highest education level, annual household income, alcohol intake, smoking status, negative attitude
toward pregnancy, child sex, any major congenital anomaly, gestational age, and birth weight
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ratio of emergent to elective CS would have some impact
on the prognosis of infants.

In terms of neurodevelopmental outcomes, there was
no difference between males delivered by CS and males
delivered vaginally. However, females delivered by CS had
higher morbidities of motor delay and ASD than females
delivered vaginally (Table 3). Several studies have exam-
ined the sex-specific effects of CS on early childhood
neurodevelopmental outcomes. For example, emergent
CS was found to be associated with an increased rate of
ASD in males, whereas elective CS was associated with an
increased rate in females [17]. The risk of ASD in females
born by CS was twice as high as that for females born by
vaginal delivery [18]. Grace et al. reported that younger
maternal age, smoking during early pregnancy, and stress
during late pregnancy were associated with motor delay
in girls [19]. They suggested that boys and girls were dif-
ferently affected by antenatal and perinatal risk factors,
due to sex-specific developmental pathways. The exist-
ence of sex differences in CS birth and subsequent health
problems has been reported, with increased incidence of
acute lymphoblastic leukemia and hepatoblastoma evi-
dent in females [26] and increased incidence of respira-
tory tract infections evident in males [27]. Females are
thought to be more sensitive to the long-term effects of
CS than males [17]. Sex differences in CS birth-related
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health problems have not been generalized, however, and
the underlying mechanisms have not been elucidated.
The sex-specific propensity may be at least partly due to
sex chromosomal gene dosage and sex hormone levels.
Experimental studies may be needed to clarify the factors
associated with sex-specific incidence of ASD.

In this study, the risk of motor delay was 88% higher in
females born by CS than in females born by vaginal deliv-
ery (Table 3). Females with ASD tend to have additional
complications such as sleep disorder, developmental dis-
order, and emotional problems [28]. ASD in childhood is
often complicated by gross and fine motor delay [29-31].
Because females born by CS were more likely to develop
ASD in the present study, this result may contribute to
the higher rate of motor delay in females born by CS.
Previous studies have reported associations of antenatal
and perinatal risk factors, such as maternal pre-eclamp-
sia, CS, and low income, with motor delay in childhood,
and these perinatal risk factors may have a lasting effect
on fetal neurological systems and postnatal motor devel-
opment [12, 19]. On the other hand, children born by
elective CS also showed motor delay at 9 months of age,
although this delay had disappeared at 3 years of age [12].
Moreover, although CS birth was found to be associ-
ated with less white matter development in widespread
regions of the brain and with less functional connectivity,

Table 3 The association between mode of delivery and neurodevelopmental and psychiatric disorders according to child sex

Child sex Male Female
Cesarean section (n=6,214) Vaginal delivery Cesarean section (n=5,960) Vaginal
(n=27,438) delivery
(n=26,089)
Motor delay
Cases, n 39 83 28 34
Prevalence, % 0.628 0.303 047 0.13
Crude odds ratio 2.08 (1.42, 3.05) -— 3.62(2.19,5.97) —
Adjusted? odds ratio 1.16 (0.75, 1.80) — 1.88(1.02, 3.47) -—
Intellectual disability (including language delay)
Cases, n 93 245 39 89
Prevalence, % 1497 0.893 0.654 0.341
Crude odds ratio 1.69 (1.33,2.14) -— 1.92(1.32,2.81) -—
Adjusted? odds ratio 1.16(0.89,1.52) — 1.35(0.88,2.08) —
Autistic spectrum disorder (e.g., Autism, Pervasive developmental disorder, Asperger syndrome)
Cases, n 54 176 23 46
Prevalence, % 0.869 0.641 0.386 0.176
Crude odds ratio 1.36 (1.00, 1.84) -— 2.19(1.33,3.62) -—
Adjusted? odds ratio 1.24(0.90, 1.73) — 1.82(1.04, 3.16) -—

Boldface type indicates significance

"-—-"represents reference

2 Adjusted for maternal age, pre-pregnancy body mass index, parity, history of depression, anxiety disorder, dysautonomia, or schizophrenia, history of physical
disease, pregnancy complication, marital status, employed, highest education level, annual household income, alcohol intake, smoking status, negative attitude

toward pregnancy, any major congenital anomaly, gestational age, and birth weight
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these effects disappeared with age [32]. These reports
indicate that children need to be followed up for longer
periods to investigate the relationship between CS birth
and neurodevelopmental effects.

The strength of our study is that we used data from a
very large sample of mother—child pairs from all over
Japan, including both rural and urban locations, so our
results are likely to be representative of the Japanese gen-
eral population. Moreover, we conducted the analysis
after adjusting for many potential confounders. None-
theless, our work had several limitations. First, we used
mothers’ answers to JECS questions about whether their
child had a neurodevelopmental disorder and it was
therefore not clear how motor delay, intellectual disabil-
ity, and ASD were diagnosed. However, every child in this
study had received medical examinations several times,
so we consider these diagnoses correct. Second is the
timing of ASD diagnosis. Mild ASD cannot be detected
at 3 years of age. Although the mean age of diagnosis for
children with ASD is 4—6 years, clinical signs are usu-
ally present by 3 years of age [23, 33, 34]. In Japan, every
healthy child has a medical examination at 3 years old
to detect motor delay, language delay, and intellectual
disability, and ASD is often diagnosed based on clinical
signs such as delayed language. Therefore, we performed
this investigation at 3 years. Third, no significant rela-
tionship was found between mode of delivery and intel-
lectual disability in this study. However, two articles have
reported that children born by CS showed reduced cog-
nitive ability at school age [13, 35]. In our study, children
were evaluated at 3 years old, which may be too young
to be assessed for cognitive ability. We therefore plan to
re-evaluate the participants at school age. Finally, we did
not include familial factors, which matters because ASD
tends to run in families. Although we did not include
familial factors in our analysis, we did include many
maternal psychological disorders such as depression,
anxiety disorder, dysautonomia, and schizophrenia as
cofounders, which may support the reliability of our data.

Conclusion

This study provides evidence of a significant associa-
tion between mode of delivery and ASD in early child-
hood and contributes to the growing body of research
attempting to identify the healthcare needs of females
with autism and individuals with motor delay. Further
research is required to determine the mechanisms under-
lying this association between CS birth and childhood
neurodevelopmental delay and to identify the long-term
impact on mental health.

Abbreviation
(@) Cesarean section
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ASD Autism spectrum disorder
JECS Japan Environment and Children’s Study
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