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Abstract

Background Autism Spectrum Disorder (ASD) is a pervasive neurodevelopmental disorder that can significantly
impact an individual’s ability to socially integrate and adapt. It's crucial to identify key factors associated with ASD.
Recent studies link both birth asphyxia (BA) and febrile seizures (FS) separately to higher ASD prevalence. However,
investigations into the interplay of BA and FS and its relationship with ASD are yet to be conducted. The present study
mainly focuses on exploring the interactive effect between BA and FS in the context of ASD.

Methods Utilizing a multi-stage stratified cluster sampling, we initially recruited 84,934 Shanghai children aged 3-12
years old from June 2014 to June 2015, ultimately including 74,251 post-exclusion criteria. A logistic regression model
was conducted to estimate the interaction effect after controlling for pertinent covariates. The attributable proportion
(AP), the relative excess risk due to interaction (RERI), the synergy index (SI), and multiplicative-scale interaction were
computed to determine the interaction effect.

Results Among a total of 74,251 children, 192 (0.26%) were diagnosed with ASD. The adjusted odds ratio for ASD in
children with BA alone was 3.82 (95% confidence interval [CI] 2.42-6.02), for FS alone 3.06 (95%Cl 1.48-6.31), and for
comorbid BA and FS 21.18 (95%Cl 9.10-49.30), versus children without BA or FS. The additive interaction between BA
and FS showed statistical significance (P<0.001), whereas the multiplicative interaction was statistically insignificant
(P>0.05).

Limitations This study can only demonstrate the relationship between the interaction of BA and FS with ASD but
cannot prove causation. Animal brain experimentation is necessary to unravel its neural mechanisms. A larger sample
size, ongoing monitoring, and detailed FS classification are needed for confirming BA-FS interaction in ASD.

Conclusion In this extensive cross-sectional study, both BA and FS were significantly linked to ASD. The coexistence
of these factors was associated with an additive increase in ASD prevalence, surpassing the cumulative risk of each
individual factor.
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effect
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Background

Autism spectrum disorder (ASD) is a complex neurode-
velopmental disorder encompassing a broad spectrum
of developmental impairments, profoundly affecting
an individual’s functional abilities in various domains,
including social interaction, communication, and adap-
tive behavior [1]. A substantial body of research suggests
that ASD is characterized by a widespread disruption of
brain neural networks resulting from a combination of
genetic and environmental factors [2—4]. Therefore, seek-
ing important factors associated with ASD, especially
those with larger effect sizes, is of significant importance
for gaining a deeper understanding of the nature of ASD
and its potential etiology.

Birth asphyxia (BA) is a primary neonatal pathology,
often resulting in long-term cognitive deficits including
learning disabilities, epilepsy, developmental delays, and
intellectual disability [5]. Some cohort studies have found
that children exposed to asphyxia during perinatal period
were at an increased risk of developing ASD in later life
[6, 7]. Febrile seizures (FS), characterized as convul-
sive episodes in association with fever, are distinct from
seizures caused by intracranial pathologies, metabolic
imbalances, or acute neurological insults [8]. Previous
studies indicated that FS is related to a range of develop-
mental and behavioral problems [9-12]. According to a
nationally representative sample of twins, S is associated
with increased ASD prevalence [13]. Numerous pieces
of evidence suggest that BA, as a perinatal brain injury,
could compromise the early foundational structures and
functions of the brain, thereby increasing its susceptibil-
ity to subsequent injuries [5, 14—16]. This vulnerability
reflects a critical period wherein the developing brain
is particularly sensitive to environmental insults. In
comparison, FS, as postnatal factors potentially impact-
ing brain integrity, were generally considered to have a
minimal detrimental effect on a healthy brain [17, 18].
However, in brains with foundational vulnerabilities,
such as those subjected to BA-induced damage during
the perinatal period, the deleterious effects of FS could
be significantly amplified, suggesting a heightened risk
of exacerbated neurological damage in these susceptible
populations. In instances where basic brain structures
and functions are compromised, the subsequent occur-
rence of FS can be likened to a hurricane striking a house
with an unstable foundation, exacerbating an already
precarious situation. Therefore, even though FS typically
exert a milder impact on neural integrity, their occur-
rence on a backdrop of BA can potentially lead to more
severe neurodevelopmental injuries [19]. This interaction
may result in a synergistic effect, where the combined
impact is greater than the sum of the individual condi-
tions, illustrating a ‘1+1>2’ scenario in terms of neuro-
developmental injuries. Furthermore, both BA and FS
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have the potential to initiate or aggravate immune dys-
function and neuroinflammation [20-24]. The concur-
rent presence of BA and FS might act as a ‘two-hit” insult
to the brain, culminating in extensive neurodevelopmen-
tal injuries. It is well established that extensive neurode-
velopmental injuries significantly elevate the risk of ASD
onset [25, 26].

Consequently, we hypothesized that BA and FS may
exhibit an additive interaction, correlating with an
increased prevalence of ASD. Additionally, to compre-
hensively understand the interplay between FS and BA
and their relationship with ASD, we have also explored
the presence of a potential multiplicative interaction
between these factors.

Methods

Study design and sampling

An epidemiological survey was conducted among chil-
dren aged 3-12 years old in Shanghai (population
24,197,000) from June 2014 to June 2015. Employing a
stratified random cluster sampling approach, three urban
districts (Yangpu, Xuhui, Jingan) from Shanghai’s seven
urban districts, and four suburban districts (Pudong,
Minhang, Chongming, Fengxian) from the nine subur-
ban districts were systematically selected. This method
ensured a comprehensive and representative cross-sec-
tion of Shanghai’s diverse urban and suburban popula-
tions for the study. A total of 15% kindergartens and
primary schools from the sampled districts were incor-
porated into our study, encompassing all children attend-
ing these schools as survey subjects. Recognizing that the
majority of children with ASD were recruited in special
education schools, all children from every special educa-
tion school within the sampled districts were included to
ensure comprehensive representation in our research.

In total, 84,934 children aged 3—12 years, drawn from
96 kindergartens, 55 primary schools, and 28 special edu-
cation schools, were enrolled in this study. Following the
application of specific exclusion criteria to remove cases
that did not meet the study’s requirements, 74,251 chil-
dren were selected for the analysis (Fig. 1). The described
sampling method has been thoroughly detailed in prior
published papers [27, 28].

Exposures

Children’s family social environment and growth
questionnaire

This questionnaire, designed for investigating the growth,
development, family and social environmental condi-
tions of children, was extracted from key items of well-
validated questionnaires in existing literature [29-31].
It includes a detailed survey of the child’s general health
history during the fetal and perinatal periods, previous
medical conditions, and a thorough assessment of family
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background. Key factors such as the child’s age [32], sex
[33], district [34], Body Mass Index (BMI) [35], birth
weight [36], gestational age [37], mode of delivery [38],
feeding practices [39], parental age [40, 41], educational
levels of the parents [42], parents’ personalities [43],
maternal psychological status [44], complications during
pregnancy [45] and the annual household income [34]
are all considered. The questionnaire is comprehensive,
comprising 44 items in total, each designed to capture
essential data points crucial for understanding the multi-
faceted influences on a child’s development. For instance,
the mode of delivery refers to whether the birth was
vaginal or via cesarean section; parents’ personalities are
categorized as introverted or extroverted, based on self-
assessment and the predominant perception of others;
feeding practices are defined as exclusive breastfeeding,
formula feeding, or a combination of both; complications
during pregnancy referred to the presence of one or more
adverse factors, such as threatened abortion, medication
during pregnancy, high fever (above 39°C), heart disease,
intense mental stress, hyperemesis gravidarum, and ane-
mia [30, 31]. This approach has been applied in multiple
published studies, demonstrating its effectiveness and
relevance in research contexts [46—48].

Diagnostic criteria for BA and FS

BA occurs when a newborn fails to initiate and maintain
spontaneous breathing at birth, potentially leading to
permanent brain cell damage and posing a serious threat
to the infant’s life [49]. This condition is characterized by
evidence of anoxic events during birth and is diagnosed
based on meeting at least two of the following criteria:
an Apgar score below 5 at 5 to 10 min post-birth, the
need for mechanical ventilation or resuscitation, the fetal
umbilical artery acidemia, multi-system organ failure,
and radiological evidence of hypoxic-ischemic encepha-
lopathy [50]. For parents who indicated ‘yes’ to the ques-
tion in the questionnaire regarding ‘oxygen deficiency
or asphyxia at birth, we conducted a comprehensive
review of their child’s medical history records and imag-
ing reports. The diagnosis was made rigorously in accor-
dance with the established diagnostic criteria for BA.

The diagnostic criteria for FS, according to the Inter-
national League Against Epilepsy (ILAE) and the Inter-
national Statistical Classification of Diseases and Related
Health Problems 10th Revision (ICD-10), require a child
over a month old to experience a fever-related epileptic
seizure, with the fever not being attributable to any cen-
tral nervous system (CNS) infection. The child should
have no history of neonatal seizures or prior seizures
without a clear cause, and the event should not fit the
profile of other specified acute symptomatic seizures [51,
52]. For parents who indicated ‘yes’ to the question in the
questionnaire regarding a history of FS, we conducted a

Page 3 of 12

thorough review of their child’s medical history records.
The diagnosis was made in accordance with the estab-
lished diagnostic criteria. Due to caregivers’ apprehen-
sion of the alarming convulsions induced by FS, almost
all children with FS are promptly brought to hospitals,
resulting in a minimal rate of missed diagnoses.

Outcomes

The social communication questionnaire (SCQ)

The SCQ, derived from Autism Diagnostic Interview-
Revised (ADI-R), screens for ASD risk in children [53];
scores over 15 suggest possible ASD [54]. The Chinese
version of the SCQ demonstrates a sensitivity of 0.93 and
a specificity of 0.98 [55], with a false-negative rate of 1.2
per 10,000 [28]. Moreover, it demonstrates high internal
consistency (a Cronbach’s alpha of 0.92), affirming its
reliability in ASD screening [55].

ASD diagnostic procedure

Initially, Children’s Family Social Environment and
Growth Questionnaire and the SCQ were distributed
to parents and teachers of each child for completion.
This was to screen for the potential presence of ASD. If
either the parent or teacher questionnaire results in an
SCQ score of 15 or higher, the child is then directed to
undergo a diagnostic evaluation process for ASD.

The clinical assessment and diagnosis of ASD were
conducted at the Shanghai Children’s Medical Center’s
Developmental and Behavioral Pediatrics department.
This process was overseen by two developmental and
behavioral pediatricians with extensive clinical experi-
ence. They conducted comprehensive clinical interviews
and physical examinations (with a particular focus on
neurological assessments) for all children suspected
of having ASD. This was followed by detailed auxiliary
examinations, including electroencephalogram (EEG),
cranial magnetic resonance imaging (MRI), Wechsler
Intelligence Scale testing, and developmental-behavioral
evaluations. The final diagnosis was in strict accordance
with the Fifth Edition of the Diagnostic and Statistical
Manual of Mental Disorders (DSM-5) criteria.

Quality assurance

A comprehensive training program was implemented
for researchers to thoroughly comprehend the study’s
objectives, procedures, methodologies, and safety mea-
sures, ensuring uniform understanding and adherence to
the research protocol. During the data collection phase,
a standardized guideline was employed to instruct par-
ents and teachers on the critical aspects of completing
the questionnaires. Following collection, we scrutinized
the questionnaires to pinpoint and correct any inaccura-
cies or gaps. This process entailed engaging with parents
and teachers for essential adjustments. Moreover, all data
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were coded adhering to uniform standards and subjected
to an anonymous screening process. Another researcher
re-entered 15.0% of the questionnaire data, yielding high
agreement rates, ensuring data validation. Epidata 3.1
was employed for efficient data entry and rigorous logic
error verification.

Statistical analysis

Two-sample t-tests compared ASD and normal groups.
Logistic regression models were employed to calculate
odds ratios (ORs) and 95% confidence interval (CI) for
ASD prevalence, analyzing BA, FS, and their interaction.
To adjust for demographic features, we incorporated a
predetermined set of covariates, including age, sex, dis-
trict, and income. Additionally, we established three
models to better isolate the association between BA/ES
and ASD as well as reduce potential bias:1) unadjusted
(Model 1); 2) adjusted for demographic features (Model
2); 3) adjusted for demographics plus BA, FS, or ASD-
related covariates (Model 3). The selection of covariates
was based on factors extensively reported in the litera-
ture as having significant associations with either the
independent variables (BA, FS) or the dependent vari-
able (ASD) [32-45]. These factors may potentially alter
the relationship between the independent and dependent
variables within the model. Subgroup analyses were con-
ducted to explore not only the independent associations
of BA and FS with ASD, but also their interactive effects
within different sex and age groups.

In line with our hypothesis, our study primarily focused
on the additive interaction of BA and FS in ASD. To
enhance our understanding of the BA, FS, and ASD rela-
tionship and to probe the synergistic effect where com-
bined impact exceeds individual contributions (1+1>2),
our investigation centered on assessing additive interac-
tions. Moreover, we delved into the potential multiplica-
tive interaction between BA and FS in ASD, aiming for a
comprehensive grasp of their interconnected roles. Addi-
tive scale interaction implies that the aggregate impact
of two exposures exceeds (or falls below) their individ-
ual effects summed, while multiplicative scale interac-
tion [Eq. (4)] denotes the combined effect surpassing (or
being less than) their individual impacts multiplied [56].
The relative excess risk of interaction [RERI; Eq. (1)], the
attributable proportion to interaction [AP; Eq. (2)] and
the synergy index [SI; Eq. (3)] are represented to calcu-
late the results of additive interaction [57]. In Egs. (1-4),
ORgp s represents the Odd Ratio (OR) for both BA
and FS, ORp 1andO R g represent the OR for BA or FS
alone, respectively.

RERITlLtrJ'r'a(‘tion = ORBA&F‘S - ORBA - ORF,& +1 (1)
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ORpu4rs —ORpy —ORps +1

AP nteraction —
fnteract ORpagrs ®)
ORpagrs — 1
SI n f’,l'(l(f,i(}” =
Interaction = OB+ (ORpg —1)] )
_ ORpagrs
M'U'ltlntemctzon - ORBA % ORFS (4)

All analyses were performed using Statistical Program
for Social Science (SPSS) software (version 26.0) and R
statistics software (version 4.2.2). We considered a two-
tailed Pvalue of less than 0.05 as statistically significant.

Results

Participants characteristics and ASD prevalence

The baseline characteristics of participants were pre-
sented in Table 1. Among the initial cohort of 84,934
children, a total of 10,683 were excluded from the study
for the following reasons: (1) Questionnaires exhibiting
contradictory responses between parents and teachers
resulted in the exclusion of 8,503 participants; (2) Ques-
tionnaires deemed invalid due to more than 67% of the
questions being incomplete led to the exclusion of 2,155
participants; (3) Children diagnosed with chronic dis-
eases or those who were blind, deaf, mute, or had cere-
bral palsy were excluded, accounting for 25 participants.
Consequently, the study proceeded with a final sample of
74,251 participants, with a median age of 7.5 years. The
cohort achieved gender balance, comprising 53.3% boys.
Prevalence of BA was noted in 3.7% of cases, whereas FS
affected 1.7%. Our findings of 192 participants with ASD
(0.26%) were consistent with similar database research
[58]. Variance Inflation Factor (VIF) was used to evaluate
multicollinearity. All square roots of the VIF values were
below 2, thereby excluding the possibility of high cor-
relation among the independent variables. Figure 1 cat-
egorizes participants into four groups based on BA and
ES status. The prevalence of ASD in the reference group
(no BA or FS) was 0.2% (N=148/69,097), 1.0% in the
BA-only group (N=27/2,590), 0.8% in the FS-only group
(N=9/1,150), and markedly higher at 7.1% in the group
with both BA and FS (N=7/99).

The association between BA/FS and ASD occurrence

A significant association of BA and FS with increased
ASD prevalence was found in Table 2. The analysis indi-
cated a significant link between BA/FS and an increased
prevalence of ASD, as detailed in Table 2. In the fully
adjusted model (Model 3), participants with BA were
associated with a 290% increased prevalence of ASD (OR
3.90, 95%CI 2.60-5.86) compared to participants with-
out BA. Similarly, participants with FS showed a 252%
increased prevalence (OR 3.52, 95%CI 2.03—-6.10) relative



Mao et al. Molecular Autism (2024) 15:17 Page 5 of 12
Table 1 The baseline characteristics of the participants
Variables Total ASD Crude OR® Adjusted ORf
(N=74,251) Present Absent 95%(Cl, P value 95%(Cl, P value
(N=192) (N=74059)

Birth asphyxia, No. (%) 2689(3.7) 34(17.8) 2655(3.6) 5.72(3.94-8.30), P<0.001 3.64(2.30-5.75), P<0.001
Febrile seizures, No. (%) 1273(1.7) 16(8.3) 1257(1.7) 5.27(3.15-8.81), P<0.001 3.68(2.04-6.64), P <0.001
Age, Median (IQR), years old 7.50 (3.8) 850 (4.2) 7.50 (3.8) 1.01(1.00-1.02), P<0.001 1.01(1.01-1.02), P<0.001
Sex, boys, No. (%) 39,033 (53.3) 145 (75.5) 38,888 (52.5) 2.84(2.03-3.96), P<0.001 2.77(1.87-4.10), P<0.001
BMI?, kg/m2, mean (SE) 16.98(3.7) 17.96(4.0) 16.97(3.7) 1.05(1.03-1.09), P <0.001 1.04(1.00-1.08), P=0.075
District, No. (%)

Suburb 58,312(78.6) 139(72.4) 58,173(78.6) 1[Reference] 1[Reference]

Urban 15,908(21.4) 53(27.6) 15,855(21.4) 1.40(1.02-1.92), P=0.038 0.84(0.57-1.24),P=0.374
Birth weight (grams), No. (%)

2,500-4,000 60,560(84.4) 163(86.7) 60,397(84.4) 1[Reference]

<2,500 3492(4.9) 10(5.3) 3482(4.9) 1.06(0.56-2.02), P=0.849

>4,000 7712(10.7) 15(8.0) 7697(10.8) 0.72(0.43-1.23),P=0.722
Gestational age, No. (%)

37-42w 65,818(90.2) 165(87.3) 65,653(90.2) 1[Reference] 1[Reference]

<37w 4340(5.9) 18(9.5) 4322(5.9) 1.66(1.01-2.70), P=0.042 1.07(0.60-1.91), P=0.816

>42w 2786(3.8) 6(3.2) 2780(3.8) 0.86(0.38-1.94), P=0.714 1.20(0.53-2.76), P=0.661
Mode of delivery, No. (%)

Vaginal 34,932(47.6) 76(40.4) 34,856(47.6) 1[Reference] 1[Reference]

Cesarean 38,417(52.4)) 112(59.6) 38,305(52.4) 1.34(1.00-1.80), p=0.049 1.08(0.76-1.52), P=0.677
Feeding practices, No. (%)

Breast 36,361(49.5) 69(36.1) 36,292(49.5) 1[Reference] 1[Reference]

Formula 11,817 (15.9) 46(24.1) 11,771(16.1) 2.06(1.42-2.99), P<0.001 1.71(1.10-2.65), P=0.016

Mixed 25,309(34.4) 76(39.8) 25,233(34.4) 1.58(1.14-2.20), P=0.006 1.07(0.72-1.58), P=0.750
Paternal ageb' No. (%)

<35 years 59,602(87.2) 144(82.8) 59,458(87.2) 1[Reference] 1[Reference]

>35 years 8774(12.8) 30(17.2) 8744(12.8) 1.42(0.96-2.10), P=0.083 1.13(0.71-1.79), P=0.601
Maternal age®. No. (%)

<35 years 68,037(95.0) 178(94.2) 67,859(95.0) 1[Reference] 1[Reference]

>35 years 3562(5.0) 11(5.8) 3551(5.0) 1.18(0.64-2.17), P=0.593
Introverted father, No. (%) 10,676(14.6) 53(28.5) 10,623(14.6) 2.33(1.69-3.20), P<0.001 1.98(1.37-2.86), P <0.001
Introverted mother, No. (%) 6253(8.6) 27(14.5) 6226(8.6) 1.81(1.20-2.72), P=0.004 1.49(0.93-2.37), P=0.094
Paternal educational level€, No. (%)

Low 21,142(28.7) 49(26.2) 21,093(28.7) 1[Reference] 1[Reference]

Middle 29,879(40.5) 70(37.4) 29,809(40.5) 2.37(1.49-3.78), P<0.001 1.57(0.80-3.08), P=0.194

High 22,771(30.9) 68(36.4) 22,703(30.8) 3.64(2.30-5.76), P<0.001 297(141-6.27), P=0.004
Maternal educational level, No. (%)

Low 24,079(32.6) 58(31.2) 24,021(32.6) 1[Reference] 1[Reference]

Middle 29,763(40.3) 73(39.2) 29,690(40.3) 2.66(1.74-4.07), P<0.001 2.36(1.22-4.57),P=0.011

High 19,967(27.1) 55(29.6) 19,912(27.0) 3.07(1.98-4.75), P <0.001 2.14(1.01-4.55), P=0.048
Maternal psychological status

Normal 66,530(91.9) 160(89.9) 66,370(91.9) 1[Reference] 1[Reference]

Depressed 2411(33) 13(7.3) 2398(3.3) 3.44(2.11-5.63), P<0.001 2.62(1.51-4.56), P=0.001

Nervous 3449(4.8) 5(2.8) 3444(4.8) 3.07(1.98-4.78), P<0.001 2.23(1.33-3.76), P=0.003
Complications during pregnancy 16,239(21.9) 75(39.1) 16,164(21.8) 2.30(1.72-3.07), P<0.001 1.82(1.28-2.59), P=0.001
Annual Household Income®, No. (%)

Low 2369(3.3) 9(4.8) 2360(3.3) 1.47(0.74-2.93),P=0.268

Medium-low 7188(9.9) 23(12.2) 7165(9.9) 1.24(0.78-1.96), P=0.357

Medium 10,583(14.6) 23(12.2) 10,560(14.6) 0.84(0.53-1.33), P=0.460
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Table 1 (continued)

Variables Total ASD Crude OR® Adjusted ORf
(N=74,251) Present Absent 95%Cl, P value 95%Cl, P value
(N=192) (N=74059)
Medium-high 17,057(23.5) 42(22.3) 17,015(23.5) 0.95(0.66-1.38), P=0.799
High 35,246(48.7) 91(48.4) 35,155(48.7) 1[Reference]

2 BMI: Body Mass Index, calculated as weight (kg) divided by height squared (m?); b Parental age denotes the chronological age of both the mother and father at
the time of the mother’s confirmed pregnancy diagnosis; © Parental Educational Level was categorized as follows: Low (less than a high school diploma), Middle
(high school graduate or equivalent), High (bachelor’s degree or above); ¢ Annual Household Income was classified into the following categories: Low (< ¥10,000),
Medium-Low (¥10,000-29,999), Medium (¥30,000-49,999), Medium-High (¥50,000-99,999), and High (>¥100,000); ¢ In the univariate regression analysis, variables
with a P-value<0.1, including BA, FS, age, sex, BMI, district, gestational age, mode of delivery, feeding practices, paternal age, introverted father, introverted mother,
paternal educational level, maternal educational level, maternal psychological status, and complications during pregnancy were included in the multivariate model;
fIn the multivariate regression analysis, the presence of BA, FS, age, sex, feeding practices, introverted father, paternal educational level, maternal educational level,
maternal psychological status, and complications during pregnancy were significantly associated with ASD (P<0.05)

Children aged 3-12 years in

10,683 Excluded
schools (n=84,934)

(1) Questionnaires with contradictory results
between parents and teachers;

(2) Questionnaires with more than 67% questions
uncompleted were considered as invalid;

(3) Children with chronic diseases or blind, deaf,
mute and cerebral palsy.

Eligible samples (n=74,251)

l

l

l l

Individuals without BA nor
FS (N=69,097, 93.1%)

Individuals with BA alone
(N=2590, 3.5%)

Individuals with FS alone
(N=1150, 1.5%)

Individuals with comorbid
BAand FS (N=99, 0.1%)

——

——

—

—

Incidence Incidence Incidence Incidence
of ASD No ASD of ASD No ASD of ASD No ASD of ASD No ASD
(g—210/4;)8 (N=68,949) (N=27, 1%) (N=2563) (N=9. 0.8%) (N=1141) (N=7. 7.1%) (N=92)
Fig. 1 Flowchart of study population. BA: birth asphyxia; FS: febrile seizures; ASD: autism spectrum disorder
Table 2 Logistic regression: associations between BA/FS and ASD
BA-ASD Relationship Analysis FS-ASD Relationship Analysis
No BA BA No FS FS
Total population 70,247(96.3%) 2689(3.7%) 72,978(98.3%) 1273(1.7%)
ASD events 157(82.2%) 34(17.8%) 176(91.7%) 16(8.3%)
Model 12 (OR, 95%Cl, P) 1[Reference] 5.72(3.94-8.30), P<0.001 1[Reference] 5.27(3.15-8.81), P<0.001
Model 2° (OR, 95%Cl, P) 1[Reference] 5.35(3.66-7.82), P<0.001 1[Reference] 4.81(2.83-8.20), P<0.001
Model 3¢ (OR, 95%Cl, P) 1[Reference] 3.90(2.60-5.86), P<0.001 1[Reference] 3.52(2.03-6.10), P<0.001
Age (years)¢
3-7 (OR, 95%Cl, P) 1[Reference] 3.71(1.78-7.72), P<0.001 1[Reference] 0.55(0.07-4.00), P=0.662
7-10 (OR, 95%Cl, P) 1[Reference] 4.71(2.57-865), P<0.001 1[Reference] 6.02(2.78-13.05), P<0.001
10-12 (OR, 95%Cl, P) 1[Reference] 3.11(1.34-7.20), P=0.002 1[Reference] 5.69(2.24-4.45), P<0.001
Sex*®
Boys (OR, 95%Cl, P) 1[Reference] 3.03(1.85-4.96), P<0.001 1[Reference] 3.54(1.91-6.56), P<0.001
Girls (OR, 95%Cl, P) 1[Reference] 7.51(3.63-15.50), P<0.001 1[Reference] 3.62(1.08-12.12), P=0.033

2 Unadjusted; ® Adjusted for demographic features such as age, sex, district, and income; ¢ Adjusted for demographic factors and covariates related to BA, FS, or
ASD, which include age, sex, district, income, feeding practices, introverted father, paternal educational level, maternal educational level, maternal psychological
status, and complications during pregnancy; d Age-specific subgroup analysis: examines the link between BA/FS and ASD across different age groups, with all
results adjusted using Model 3; € Sex-specific subgroup analysis: explores the association between BA/FS and ASD across sex, with all results adjusted using Model 3

to participants without FS. Deeper subgroup analysis
factoring in age and sex revealed that the association
between BA and ASD was particularly pronounced in
participants aged 7-10 years (OR 4.71, 95%CI 2.57-8.65),

and even more so in girls (OR 7.51, 95%CI 3.63-15.50),
when in contrast to the correlations observed in age
groups 3—7 and 10-12 years, as well as in boys. It was
noteworthy that FS, a significant association with ASD
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was also observed in the 7-10 year age group (OR 6.02,
95%CI 2.78-13.05) and in girls (OR 3.62, 95%CI 1.08—
12.12). Pertaining to the stratification by sex and age,
detailed sample sizes and the corresponding effect sizes
for BA, FS, and ASD across the three models are compre-
hensively presented in Additional file 1: Table S1.

Interaction effect of BA and FS in relation to ASD

In Table 3, our analysis revealed that, relative to the refer-
ence group without BA or FS, the BA-only group dem-
onstrated a significantly increased prevalence of ASD
with OR of 3.82 (95%CI 2.42-6.02). Similarly, the FS-only
group exhibited an OR of 3.06 (95%CI 1.48-6.31), indi-
cating a heightened ASD prevalance. Most notably, the
group with comorbid BA and FS showed a markedly ele-
vated ASD prevalence with an OR of 21.18 (95%CI 9.10—
49.30). The additive interaction indices for BA and FS
in Model 3 were statistically significant (AP 0.72, 95%CI
0.24-0.86; RERI 15.30, 95%CI 2.95-43.27; SI 4.14, 95%CI
1.49-11.46). The AP suggests that a portion of 72% ASD
risk in children with both BA and FS can be attributed
to the additive interaction of these two factors. A posi-
tive RERI indicates a significant excess risk of ASD due
to the combined effect of BA and FS over their individual
effects and the value of SI greater than 1 demonstrates a
synergistic effect between BA and FS, where their com-
bined effect on ASD risk is greater than the sum of their
individual effect. The additive interaction effect showed
positively statistical significance in age 7-10 years (AP
0.85, 95%CI 0.36—0.93; RERI 46.83, 95%CI 8.04-173.02; SI
7.37, 95%CI 1.79-30.36) and girls (AP 0.90, 95%CI 0.36—
0.95; RERI 74.72, 95%CI 8.76-394.17; SI 11.87, 95%CI
1.95-72.24). Given that all multiplicative interaction
intervals included 1, aligning with the null hypothesis,
there was insufficient evidence to demonstrate a signifi-
cant multiplicative interaction between BA-FS and ASD
in this study.

Discussion

This study marked the initial foray into a population-
based epidemiological analysis focusing on the interplay
between BA and FS in the context of ASD. Post-adjust-
ment for covariates, we discerned a significant additive
interaction between BA and FS related to ASD preva-
lence (AP 0.72, 95%CI 0.24-0.86; RERI 15.30, 95%CI
2.95-43.27; SI 4.14, 95%CI 1.49-11.46). In Model 3,
which controlled for as many covariates as possible, the
OR for the interaction between BA and FS in association
with ASD was 21.18 (95%CI 9.10-49.30). This indicated
that in the population of children with both BA and FS,
the prevalence of ASD was 21.18 times higher compared
to the population without BA and FS. This was consis-
tently validated through analysis using three diverse and
robust statistical models (Table 3).
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Nevertheless, it is crucial to emphasize that our study
primarily identified the correlation between the inter-
play of BA and FS in relation to ASD, without asserting
a causal relationship. Given the intricacy of these mecha-
nisms, there were three possible explanations that merit
consideration:

1) The additive interaction between BA and FS might
result in a more pronounced impairment of the develop-
ing neural networks in children, ultimately leading to the
onset of ASD.

BA typically inflicts extensive and severe damage on
the brain, with the cerebral cortex and hippocampus
being particularly vulnerable [59-61]. This damage was
evidenced by reduced arborization in the cerebellum and
cortex, a marked decrease in Purkinje cells, and a thin-
ning of both the orienting and pyramidal layers in the
dorsal hippocampus [59-61]. Such neuroanatomical
changes were consistent with those identified in ASD,
as supported by findings from both animal models and
human neuroimaging studies [62]. Additionally, early
life trauma induced by BA could lead to the recruitment
of astrocytes and microglia at the injury site [63]. This
response triggered alterations in neural circuit excitabil-
ity, effectively lowering the brain’s threshold for excita-
tion. Consequently, this heightened sensitivity could
precipitate seizures, particularly when the brain is sub-
jected to further stressors, such as ‘fever’ [64]. Moreover,
research indicated that FS also exerted varying degrees
of influence on the development of the CNS [65, 66].
In a recent study, it was observed that FS could lead to
notable changes in the neural connectivity, specifically
between the bilateral temporal lobes and the thalamus in
children [22]. This included an increased dissociation and
diminished integration of select subcortical structures, as
well as alterations in the right frontal lobes. Concurrently,
prolonged exposure to certain FS might induce endur-
ing changes in dendritic complexity, alongside abnormal
neuronal gene expression and the growth of excitatory
synapses [67].

Due to the vulnerability induced by early brain dam-
age from BA, the brain became more susceptible to even
relatively mild risk factors, such as FS. This susceptibil-
ity could lead to further significant damage to the brain’s
neural networks and adversely impact the development
of CNS. However, in cases where the fundamental neu-
roanatomical structures and functions remain intact,
certain milder risk factors, such as FS, might struggle to
inflict significant damage to the brain [68]. It is predomi-
nantly in brains where the foundational structures and
functionalities were compromised and exhibited vulner-
ability, that the deleterious effects of FS might manifest
[69]. This could lead to a synergistic interaction, resulting
in more severe consequences for the development of the
nervous system. Moreover, a substantial body of research
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has established that abnormalities in the development
of the CNS were a significant contributing factor in the
etiology of ASD [70-72]. Therefore, it is highly plausible
that BA and FS interact synergistically, substantially ele-
vating the risk of ASD development.

2) The progression of ASD might contribute to an
increased prevalence of both BA and FS, thereby intensi-
fying the interactive dynamic between these two factors.

Research conducted by Gayle C and colleagues has
identified that children with ASD detected in prenatal
screenings exhibited distinctive biochemical markers,
notably lower levels of unconjugated estriol (uE3) and
higher concentrations of maternal serum alpha-fetopro-
tein (MSAFP) [73]. The uE3 levels during gestation were
indicative of both fetal and placental health. Diminished
uE3 has been correlated with various adverse preg-
nancy outcomes, including preeclampsia, preterm birth,
infants small for gestational age, and compromised pla-
cental function [74]. In a similar vein, elevated MSAFP
levels served as a significant prognosticator for adverse
maternal/fetal health outcomes, potentially leading to the
emergence of BA [75]. Furthermore, ASD encompassed
variations in neurodevelopment and brain connectiv-
ity, which might render the brain more vulnerable to
perturbations induced by fever, potentially precipitating
ES [76-80]. Additionally, in individuals with ASD, there
was often a dysregulated immune response to infections,
commonly associated with fever, which might elevate
the risk of FS. This altered immune reactivity in ASD
could exacerbate the neurological impact of common
infections, thereby increasing the likelihood of FS [81].
Therefore, ASD itself might contribute to an increased
prevalence of BA and FS. This heightened occurrence
served as a foundation for the amplified synergistic inter-
action between BA and FS.

3) Specific genetic anomalies might concurrently
heighten the risk of BA, FS, and ASD; consequently,
these genetic factors collectively might contribute to an
elevated prevalence of BA, FS, and ASD, thus reinforcing
their interplay.

Previous studies have documented that deletions and
mutations in genes such as DYRK1A, SCN9A, SCN1A,
and CACNAI1A could lead to both ASD and FS [82-85].
Additionally, as genetic research progresses, it’s likely
that more genetic defects contributing to the increased
risk of developing ASD, FS, and BA would be identified.
Under the influence of these genetic factors, an increased
prevalence of these conditions might intensify their
interplay. This represents a significant causal mechanism
pathway that should not be overlooked.

This study found that the interaction between BA
and FS in association with ASD demonstrated an addi-
tive interaction, with no evidence of a multiplicative
interaction. Within the ‘interaction continuum’ theory,
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interactions were categorized into 11 levels of varying
strengths [86]. In this continuum, the strongest positive
interaction is positive-multiplicative positive-additive.
The interaction between BA and FS in relation to ASD is
classified as no-multiplicative positive-additive, ranking
it as the second strongest. Therefore, from a biological
and clinical medical perspective, this significant interac-
tion warrants further in-depth investigation and should
not be overlooked. Given the strong interaction between
BA and FS associated with ASD, this study carries sig-
nificant clinical implications. It suggests that for children
clinically suspected of ASD, a detailed history regard-
ing the presence of BA and FS should be meticulously
assessed. Particularly, children exhibiting both BA and FS
warrant intensified screening and monitoring for ASD.

In our study, the prevalence of ASD in the assessed
population was approximately 0.26%, which was below
the global estimate of 0.76% as reported by the World
Health Organization (WHO) [87]. A systematic review
reported an ASD prevalence of 0.34% (95%CI 0.08%-
1.4%) [88] in Southeast Asian populations. A meta-anal-
ysis reported ASD prevalence in China, including Hong
Kong and Taiwan regions, at 0.27% (95%CI 0.19%-0.35%)
[89]. Furthermore, the most extensive cross-sectional
epidemiological study on ASD to date, encompassing
children aged 6-12 across eight representative cities in
China, reported a prevalence of 0.29% (95%CI 0.26%-
0.32%) [90]. Consequently, the ASD prevalence observed
in our study aligned with the majority of research con-
ducted in China but was lower than the rates reported
in some other countries [91]. Potential reasons for this
discrepancy could include significant variations in ASD
prevalence across different ethnic populations. Addition-
ally, our study adhered strictly to the DSM-5 diagnostic
criteria for ASD, which tended to identify fewer cases
compared to the DSM-4 criteria [92].

Furthermore, in a multivariable logistic regression
model, we identified associations with ASD that align
with findings reported in prior studies. These associa-
tions included age [93], sex [94], feeding practices [39],
introverted father [95], paternal educational level [96],
maternal educational level [96], maternal psychologi-
cal status [97], and complications during pregnancy [7].
In three statistical models, both crude and adjusted ORs
showed statistical significance, affirming these variables’
association with ASD, independent of other factors.

The study’s robust methodology, utilizing a large and
representative sample from one of the world’s largest cit-
ies, Shanghai, is a significant strength. Including children
from all special education schools within the sampled
districts substantially minimized the risk of undetected
ASD cases, enhancing the study’s validity and reliability.
Second, the age range of the sample, from 3 to 12 years,
was comprehensive, covering the typical age range for
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ASD diagnosis and the onset of pronounced symptoms.
Third, diagnostic protocols conformed to DSM-5 and
best practices, integrating parent-teacher feedback with
evidence-based tools. Children with suspected ASD were
referred to two seasoned developmental and behavioral
pediatricians for in-depth clinical evaluations, includ-
ing history, physical exams, MRI, EEG, and behavioral
assessments, ensuring accurate diagnoses. Fourth, our
study adjusted for numerous covariates, enabling a
detailed analysis of the additive interaction between BA
and FS and its association with ASD. This interaction
showed a significant effect size and was consistently evi-
dent across three stringent statistical models. Fifth, given
our substantial sample size, we also explored this BA-FS
interaction in relation to ASD across different age and
sex strata, enhancing the robustness of our findings.

Limitations

Several key limitations warrant attention. First, based on
the evidence presented in this paper, we can only assert
a notable association between the interaction of BA and
ES, and their correlation with ASD. However, this did
not establish causality between these factors, nor did it
elucidate the underlying mechanisms. Second, given the
cross-sectional nature of the research, we were unable
to trace longitudinal changes in participants, thereby
lacking precise information on the timing of events.
This limitation hampers understanding of the long-term
cumulative effects of BA and FS on the risk trajectory for
ASD. Third, SCQ screening phase might have overlooked
some ASD cases, but considering the SCQ’s role as a
standardized screening instrument, the rate of missed
diagnoses is remarkably low, at only 1.2 per 100,000
[28]. Fourth, while we noted a more pronounced effect
of the BA and FS interaction linked to ASD in children
aged 7-10 and girls, the broad and overlapping 95%CI
suggested uncertainty in these age and sex-specific dif-
ferences. In addition, our study’s low ASD prevalence
meant that, despite a large sample, only 7 children with
BA and FS were diagnosed with ASD, hence the OR val-
ues were susceptible to fluctuations in case numbers.
Thus, our findings necessitate replication through mul-
ticenter, multicity, and nationwide studies with larger
samples for more reliable conclusions. Fifth, our epide-
miological study did not encompass genetic testing for
each participant, their parents, or information on the BA,
ES, and ASD conditions among first- and second-degree
relatives. This omission presents a significant challenge in
fully accounting for genetic influences. Future research
is needed to unravel the potential genetic contributions
to these correlations. Sixth, while our study identified
the significant additive interaction between BA and FS
in ASD, it did not explore their interplay with broader
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neurodevelopmental or physical health domains. This
area awaits exploration in future research.

Conclusion

This study highlighted a robust synergistic inter-
play between BA and FS as they pertain to ASD. These
insights are pivotal for the progression of ASD research
and clinical practice, guiding us to: 1) offer clues for
deeper investigation into the causes of ASD; 2) assess the
detailed history of BA and FS in children clinically sus-
pected of ASD; and 3) emphasize the critical need for
vigilant ASD or developmental disorders screening and
surveillance in children with BA and FS histories.
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