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Abstract

Introduction—Multiple studies associate prenatal and perinatal complications with increased

risks for autism spectrum disorders (ASDs). The objectives of this study were to utilize a twin

study design to 1) Investigate whether shared gestational and perinatal factors increase

concordance for ASDs in twins, 2) Determine whether individual neonatal factors are associated

with the presence of ASDs in twins, and 3) Explore whether associated factors may influence

males and females differently.

Methods—Data from medical records and parent response questionnaires from 194 twin pairs, in

which at least one twin had an ASD, were analyzed.

Results—Shared factors including parental age, prenatal use of medications, uterine bleeding,

and prematurity did not increase concordance risks for ASDs in twins. Among the individual

factors, respiratory distress demonstrated the strongest association with increased risk for ASDs in

the group as a whole (OR 2.11, 95% CI 1.27–3.51). Furthermore, respiratory distress (OR 2.29,

95% CI 1.12–4.67) and other markers of hypoxia (OR 1.99, 95% CI 1.04–3.80) were associated

with increased risks for ASDs in males, while jaundice was associated with an increased risk for

ASDs in females (OR 2.94, 95% CI 1.28–6.74).

Conclusions—Perinatal factors associated with respiratory distress and other markers of

hypoxia appear to increase risk for autism in a subgroup of twins. Future studies examining

potential gender differences and additional prenatal, perinatal and postnatal environmental factors

are required for elucidating the etiology of ASDs and suggesting new methods for treatment and

prevention.
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Introduction

Gestational and perinatal complications are implicated in the risk for autism spectrum

disorders (ASDs) in multiple studies (Gardener, Spiegelman, & Buka, 2009; 2011; Haglund

& Kallen, 2011; Lampi et al., 2012; Larsson et al., 2005; Maramara, He, & Ming, 2014).

ASDs are heterogenous disorders believed to arise from combinations of genetic and

environmental influences. A recent study suggests that genetic factors account for only

approximately 35–40% of the contributing elements (Hallmayer et al., 2011). The remaining

60–65% is likely due to other factors, such as pre- and perinatal factors, and postnatal

environmental factors. Since ASDs are neurodevelopmental disorders, neonatally-observed

complications that are markers of events or processes that initiate during the prenatal,

perinatal, or neonatal periods may be particularly important to consider. A 2009 meta-

analysis investigating prenatal risk factors found advanced parental age at birth, maternal

prenatal medication use, bleeding during pregnancy, gestational diabetes, parity, and having

a mother born abroad all to be associated with increased risks for ASDs (Gardener et al.,

2009). A subsequent meta-analysis investigating perinatal and neonatal risk factors in ASDs

implicated the following factors: abnormal/breech presentation, umbilical cord

complications, fetal distress, birth injury/trauma, multiple birth, maternal hemorrhage,

summer birth, low and very low birth weight, small for gestational age (SGA), congenital

malformations, low APGAR scores, meconium aspiration, neonatal anemia, ABO or RH

incompatibility, and hyperbilirubinemia. Additionally, C-section came close to reaching

significance with a 26% increased rate of autism (p=0.06) (Gardener et al., 2011). More

recently, Guinchat et al. (2012) suggested maternal pre-eclampsia, prematurity, post-term

birth, induced/precipitous/prolonged labor, head circumference, transfer to special care, and

markers of hypoxia (e.g. respiratory distress syndrome, assisted ventilation or a diagnosis of

asphyxia) are also associated with autism.

Prenatal and perinatal complications may also help explain the gender differential in ASDs.

Autism demonstrates a male: female imbalance at a 4:1 ratio. Several studies indicate male

infants typically suffer more neurologic dysfunction in comparison to females following

gestations complicated by prematurity or birth trauma associated with asphyxia (Aibar,

Puertas, Valverde, Carrillo, & Montoya, 2012; Di Renzo, Rosati, Sarti, Cruciani, & Cutuli,

2007; Stevenson et al., 2000; Vatten & Skjærven, 2004). Male infants are more likely to

experience intraventricular hemorrhage (IVH), or mortality from prematurity. Surviving

males with IVH have been found to have significantly lower full-scale, verbal, and

performance IQs, when compared to matched females with similar degrees of prematurity

and IVH (Raz et al., 1995). Among infants at risk for hypoxic-ischemic (HI) injury, males

are approximately twice as likely to experience prenatal anoxia, hemorrhage, infection, and

cerebral birth trauma as compared to females (Donders & Hoffman, 2002; Gualtieri &

Hicks, 1985; Lauterbach, Raz, & Sander, 2001; Raz, Debastos, Newman, & Batton, 2010).

Furthermore, animal studies investigating various models of HI injury demonstrate that male

animals endure greater losses in brain volume, increased disruption of myelination, and

increased behavioral disturbances compared to female animals (Hill, Alexander,

McCullough, & Fitch, 2011a; Hill & Fitch, 2012; Hill, Threlkeld, & Fitch, 2011b; Lan et al.,

2011; Mayoral, Omar, & Penn, 2009). Although studies directly investigating fetal hypoxia
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and autism risk with relation to gender are scarce, Burstyn et al. (2011) described increased

risk of ASD in males, but not females, with fetal hypoxia based on an estimation-

maximization algorithm.

Twin studies are of particular value in studying perinatal factors because the in utero

environment is largely shared in twin gestations, allowing us to distinguish the influence of

shared prenatal factors and individual neonatal factors on ASD risk. Shared factors are

always shared by BOTH twins (e.g. parental age, maternal prenatal use of medications,

uterine bleeding, and prematurity), while individual factors may affect only one OR both

twins (e.g. low birth weight, nuchal cord complications, and medical complications after

birth). Approximately 50% of the genome is shared in dizygotic (DZ) twins, while the

genome is shared entirely in monozygotic (MZ) twins. Twin pairs may either be ASD

concordant (i.e. both twins have an ASD) or ASD discordant (i.e. only one twin has an

ASD).Thus, factors that increase ASD concordance in MZ, as compared to DZ, twin pairs

may represent a gene-environment interaction, whereas factors associated with similar rates

of concordance in MZ and DZ pairs are likely factors that are relatively independent of

genetic influences.

This study investigated whether certain shared pre- or perinatal factors increase the

likelihood of concordance for ASDs among twin pairs in which at least one twin has an

ASD. Shared factors that increase risks for ASDs should increase ASD concordance in

twins. Based on the extant literature, we hypothesized that amongst the shared factors

available for analysis from our study, parental age, uterine bleeding, and prematurity would

be associated with increased concordance for ASDs in this cohort of twins. We also

explored whether individual perinatal factors were associated with the presence of ASDs in

both concordant and discordant twin pairs. Amongst these, we believed low birth weight and

markers of hypoxia would be associated with higher risks for ASDs. Finally, we investigated

whether certain factors were more likely to be risk factors in males as compared to females,

and whether risk factors were significantly greater in MZ relative to DZ pairs.

Methods

This study was prospectively approved by the California Health and Welfare Agency

Committee for the Protection of Human Subjects and by the institutional review board at

Stanford University. The investigation was carried out in accordance with the latest version

of the Declaration of Helsinki. Informed consent from parents or legal guardians of

participants was obtained after the nature of the procedures had been fully explained.

Participants

Subjects were identified and included in the California Autism Twin Study (CATS), as

described in detail in Hallmayer et al. (Hallmayer et al., 2011). In brief, twin pairs were

selected for inclusion if at least one child in the pair had a documented ASD diagnosis.

Exclusion criteria included known neurogenetic conditions associated with autism (e.g.

fragile X syndrome, Down syndrome, tuberous sclerosis and neurofibromatosis) and mental

age less than 18 months. ASD diagnoses (or lack thereof) were verified using the Autism

Diagnostic Interview – Revised (ADI-R) (Lord, Rutter, & Le Couteur, 1994; Rutter, Le
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Couteur, & Lord, 2003) and the Autism Diagnostic Observation Schedule (ADOS) (Lord et

al., 2000; Lord, Rutter, DiLavore, & Risi, 1999). The presence of an ASD was determined if

the individual met criteria for a broad phenotype ASD as described in Hallmayer et al.

(Hallmayer et al., 2011) using published criteria for combined ADI-R and ADOS subscores

(Risi et al., 2006). Parents completed a medical history questionnaire asking a combination

of closed and open-ended questions regarding pregnancy, labor, and complications during

and after birth. The analytic sample for which parents completed and returned a medical

history questionnaire for both twins ultimately included 388 subjects (194 twin pairs)

ranging from ages 4–18 years at time of assessment. Maternal and paternal age, gestational

age, and birth weight were obtained from birth records through the California Department of

Public Health. Additionally, the following variables were specifically ascertained in the

medical history questionnaire completed by parents: maternal prenatal medication use,

uterine bleeding, presence of jaundice, breathing problems and oxygen requirement after

birth. To address the key question of hypoxic events as a risk factor for ASDs, we also

created a variable for “markers of hypoxia”. Gardener et al. (2011) found that several

potential risk factors for ASD (ie, growth retardation, fetal distress, nuchal cord, low

APGAR score, respiratory distress, resuscitation, meconium aspiration, and cesarean

delivery) may be associated with an increased risk of hypoxia (Gardener et al., 2011). Thus,

“markers of hypoxia” was coded as present if any of the following were noted by parents

throughout the questionnaire in closed or open-ended questions: growth retardation,

presence of meconium, fetal distress, unscheduled C-section due to low fetal heart rate

and/or distress, umbilical cord complications, respiratory distress or breathing problems,

oxygen requirement after birth, resuscitation, or low APGAR scores. Because twin births

have high rates of scheduled cesarean, cesarean birth was otherwise not included as a marker

of hypoxia. In total, the following variables were included in our analysis: Shared factors:

maternal and paternal age at birth in years, maternal prenatal medication use (Y/N), uterine

bleeding (Y/N), gestational age in weeks; and individual factors: very low birth weight <

1500 grams, low birth weight < 2500 grams, small for gestational age (SGA), and medical

complications after birth including jaundice (Y/N), respiratory distress (Y/N), oxygen

requirement after birth (Y/N), and the summary variable “markers of hypoxia”.

Statistics

To investigate the contribution of shared perinatal factors to ASD risk, ASD concordance

within the twin pair was defined as the outcome variable. We employed logistic regression

to compare ASD concordance in twin pairs exposed and not exposed to each factor. A

separate model was run for each shared factor.

To investigate the contribution of individual factors to the risk of ASD, we defined ASD in

individual twins as the outcome variable and used chi square analysis first in all twin pairs,

and secondly, only in twin pairs discordant for ASD. Although our primary focus was on

whether or not an individual risk factor was associated with presence of ASD, and not

concordant or discordant status (as was the case for shared factors), we also conducted our

analysis separately for discordant twins to examine if the individual risk factors associated

with ASD was different in discordant twin pairs only than when all twins were included.

Therefore, we employed chi-square analysis first in all twin pairs, and secondly in
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discordant pairs only to investigate individual factors. We defined rows by the presence or

absence of a risk factor and columns as the presence or absence of an ASD. Two-sided

significance from Pearson’s chi square tests was reported for all factors with the exception

of tests in which at least one cell had a value less than five. In this case, two-sided

significance from Fisher’s exact test was employed. We corrected for multiple tests using

Bonferroni correction. It is not possible to examine the individual risk factors associated

with ASD in concordant pairs only, as both twins have ASD. However, we conducted a

separate chi-square analysis of ASD subjects only to examine whether the prevalence of our

risk factors differed according to concordant or discordant status.

Individual factors positively associated with ASDs were then further investigated with a

second set of chi square analyses stratified by zygosity of twin pair and a third set of chi

square analyses with the sample stratified by gender. Pearson’s chi square tests were

reported for all factors with the exception of those tests in which at least one cell had less

than five individuals. In this case, two-sided significance from Fisher’s exact test was

employed. Odds ratios for MZ and DZ twins and for males and females were compared

using the Breslow-Day test of homogeneity.

Finally, to determine the ranking and linkage among the variables, we completed a

backward stepwise multiple regression analysis using the Wald method. We again

performed the analysis first using all twin pairs, and then discordant pairs only. We also

performed the analysis in all male-only twin pairs. Subject numbers, however, were too

small to complete in female only pairs. Variables included in the stepwise regression

included both shared and individual factors. Continuous variables consisted of maternal age,

paternal age, gestational age, and birth weight, while maternal prenatal medication use,

uterine bleeding, jaundice, respiratory distress, oxygen requirement after birth, and the

summary variable “markers of hypoxia” were entered into the model as categorical

variables. A standard cut-off of 0.5 and 20 max iterations were specified, as well as an entry

point of 0.05 and removal at 0.1.

Results

A total of 388 individuals (194 twin pairs) were included in analysis. This sample consisted

of 50 monozygotic male (MZM) pairs (16 ASD discordant, 34 ASD concordant), 8

monozygotic female (MZF) pairs (5 ASD discordant, 3 ASD concordant), 52 dizygotic male

(DZM) pairs (42 ASD discordant, 10 ASD concordant), 13 dizygotic female (DZF) pairs (9

ASD discordant, 4 ASD concordant), and 71 dizygotic sex discordant (DZSD) pairs (65

ASD discordant, 6 ASD concordant).

None of the shared factors (maternal age, paternal age, medication, uterine bleeding, or

gestational age) were significantly associated with an increased risk for ASD concordance

within twin pairs (Table 1). In contrast, respiratory distress, jaundice, having an oxygen

requirement after birth, and the presence of a marker for hypoxia were all significantly more

common in twin individuals with ASDs than twin individuals without ASDs (Table 2a).

Only respiratory distress remained significantly associated with ASD risk after Bonferroni

correction. Similarly, when limited to only discordant twin pairs, respiratory distress and
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having an oxygen requirement after birth were significantly more common in twin

individuals with ASDs, and again, only respiratory distress remained significant after

Bonferroni correction (Table 2b). Chi square analysis comparing the prevalence of risk

factors in ASD concordant twin pairs relative to discordant twin pairs did not reveal any

significant differences for any of the individual factors.

We further examined factors found to be significant in twins with ASDs (respiratory

distress, jaundice, having an oxygen requirement after birth, and the presence of a marker

for hypoxia) in subgroups defined by zygosity and gender in all twin pairs. Increases in odds

ratios were similar in MZ and DZ twin pairs, but reached statistical significance only for DZ

pairs (Table 3). Furthermore, respiratory distress and markers of hypoxia were significant

risk factors for ASD only among males. Although these odds ratios were nearly double in

males relative to females, they were not significantly different (Table 3). In contrast,

jaundice was a significant risk factor in females, but not males. Again, although the odds

ratio was nearly twice as great in females, the increase in odds was not significant (Table 3).

Table 4 illustrates the final models resulting from the stepwise regressions. With all twin

pairs included, both respiratory distress and gestational age remained in the model.

However, only respiratory distress reached significance. When limited to ASD discordant

pairs, only respiratory distress remained in the final model. The order in which variables

were removed varied widely depending on the subset analyzed (Table 4).

Finally, among the subset of MZ ASD discordant pairs, if only one twin experienced a risk

factor associated with a marker of hypoxia, it was always the twin with an ASD (Table 5).

However, many of the ASD discordant pairs included twin pairs where either both twins or

neither twin possessed the hypoxia associated risk factor (Table 5).

Discussion

Our findings are consistent with previous studies suggesting that specific prenatal and

perinatal events associated with markers of hypoxia may increase the risk for ASDs in some

children. Parent-reported respiratory distress, having an oxygen requirement at birth, and the

general category “markers of hypoxia” were associated with increased risks of ASDs.

However, concordance risks associated with these factors were not significantly increased in

MZ, relative to DZ, twin pairs, suggesting these events are largely independent of autosomal

genetic risk factors. In the MZ ASD discordant pairs in which only one twin possessed a

given risk factor (respiratory distress, markers of hypoxia, and oxygen requirement after

birth), it was always present in the twin with ASD. However, 6 of the 20 MZ pairs in which

both twin individuals experienced the risk factor were discordant for ASD, suggesting that

these particular markers of hypoxia are not associated with increased risk for ASD in all

individuals.

None of the shared factors (maternal age, paternal age, maternal prenatal use of medications,

bleeding, or prematurity) were found to be significant risk factors for increased concordance

of ASDs in twins. Previous studies have linked increased maternal and paternal age to

increased risk for ASDs (Hultman, Sandin, Levine, Lichtenstein, & Reichenberg, 2011;
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Parner et al., 2012; Sandin et al., 2012) and to increased ASD concordance in same sex twin

pairs (Liu, Zerubavel, & Bearman, 2010). Theories regarding the association between

parental age and increased risk for ASDs include the potential for more genetic mutations in

the gametes of older fathers and mothers, as well as a less favorable in utero environment in

older mothers with more obstetrical complications (Kolevzon, Gross, & Reichenberg, 2007;

Salem Yaniv et al., 2011; Sandin et al., 2012). Additionally, men and women with a genetic

predisposition for ASDs may be more likely to delay childbearing until later years (Grether,

Anderson, Croen, Smith, & Windham, 2009). However, the effect sizes in several of these

studies have not been large. Thus, although shared factors including maternal and paternal

age did not increase concordance in our cohort of twins, it may be that we were not

sufficiently powered to detect such effect sizes.

The observation that odds ratios were approximately twice as great in males for respiratory

distress, markers of hypoxia, and oxygen requirement as compared to females, but twice as

great in females for jaundice suggests that future studies, with larger samples of females,

should examine whether perinatal factors differentially impact males and females. Because

statistical techniques for comparing ORs such as the Breslow-Day Test of Homogeneity are

designed for large samples, this statistical comparison is likely underpowered given our

sample size. Thus, neither a true difference NOR lack of a difference in risk based on gender

can be concluded from our data. Given that unconjugated bilirubin (UCB) is a substance that

can cross the blood-brain barrier and cause neurotoxicity, it is possible that females may

physiologically respond differently to elevated levels of UCB compared to males. However,

as noted by Newman and Croen, one must be careful making such inferences, as

hyperbilirubinemia is a relatively common finding in newborns and may be merely a marker

for an underlying, causative factor such as acidosis, sepsis, and hypoalbuminemia (Amin,

Smith, & Wang, 2011; Newman & Croen, 2011). Although we hypothesized that fetal

hypoxia may specifically be a risk factor for males relative to females, results of this study

are difficult to interpret due to a relatively small number of females, congruent with the

large gender discrepancy in ASDs. The conjecture that males are at greater risk from

hypoxic events is supported by studies showing increased risks of neurotoxicity following

HI injury. Theories regarding why males are more at risk include the idea that testosterone

has been shown to be neurotoxic in HI injury (Hill et al., 2011b; Nishino et al., 1998), while

progesterone and its metabolite allopregnanolone have been shown to be neuroprotective

(Knight, Davidson, Young, & Gibson, 2012; Reddy & Rogawski, 2002; Sayeed, Guo,

Hoffman, & Stein, 2006; Schumacher et al., 2007; Stein, 2008; Xiao, Wei, Yan, Wang, &

Lu, 2008). Furthermore, the mechanisms through which these neurosteroids are either

neurotoxic or neuroprotective may be through modulation of excitatory and inhibitory

signaling, consistent with the theory that autism is caused by an imbalance in excitation and

inhibition in the brain during development (Rubenstein & Merzenich, 2003).

In the stepwise regression models, respiratory distress was the factor most strongly

associated with ASD. Perhaps the most straightforward explanation for the mechanism

underlying the association of respiratory distress with ASD, is that respiratory distress may

lead directly to cerebral hypoxia and neuronal damage. However, indirect mechanisms may

also exist. For example, birth insults with perinatal hypoxia have been shown in animal

models to lead to long-term changes in dopaminergic function (Boksa & El-Khodor, 2003),
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and dopamine has long been hypothesized to be a key neurochemical involved in the

development of autism spectrum disorders (Previc, 2007). Finally, it is also possible that

there may be a cerebral mechanism that independently underlies both the development of

respiratory distress, as well as the development of an autism spectrum disorder. Longitudinal

investigations are required to address this issue.

Limitations of this study include the fact that the twin study design may account, in part, for

prematurity and birth weight not meeting significance as a risk factor. Compared to

singleton births, twin births are much more likely to be premature with lower birth weights.

Fifty-four percent of twin pairs in this study were born at less than 37 weeks, and 8% were

born less than 32 weeks. Birth weight correlated strongly with gestational age (r=0.748,

partial correlation controlling for gender). While the findings regarding both prematurity and

low birth weights in ASDs are variable, several studies have identified links between these

factors and increased risks for ASDs (Gardener et al., 2011; Kolevzon et al., 2007; Lampi et

al., 2012; Pinto-Martin et al., 2011). Other study limitations include the limited sample size

for specific subgroup comparison, as in the case of the gender comparison. Additionally,

information on shared and individual perinatal factors was derived from parent report in

response to a standardized questionnaire as opposed to documentation in medical records.

Thus, data is limited by parents’ knowledge and recollection of events. Due to the large age

range, some twins were already teenagers at the time parents completed the questionnaire,

and recollection bias of the parents may be especially pronounced for those with older

children. Furthermore, the questionnaire only assessed for qualitative events such as

jaundice or oxygen requirement after birth, as opposed to quantitative measures such as

bilirubin levels, oxygen concentrations and durations, and medication doses and length of

use. The use of perinatal medications in this study, which included infertility medications,

estrogen/progesterone, beta-2 agonists, tocolytics, and antidepressants, amongst others, may

have been too broad to attain significant medication effects. Exploratory analysis for each of

the afore-mentioned categories of medications did not reveal any of them to be significant

risk factors. However, the number of women reporting use of each of these was relatively

small ranging from 4 for antidepressants to 44 for infertility treatments. Twin pairs included

in this study consisted of twins pairs in which at least one of the twins met criteria for an

ASD. Although funding for the present study did not allow for collection of typically

developing twin pairs, future studies will ideally also include a control twin cohort in which

neither twin within a pair meets criteria for an ASD.

Finally, this study does not establish causality, and confounding factors must be considered.

In fact, one of the difficulties in studying perinatal risk factors is that many of the factors are

not independent of each other. For example, respiratory distress, oxygen requirement after

birth, and the summary variable “markers of hypoxia” are all highly correlated with each

other, as are gestational age and birth weight, as well as and maternal and paternal age.

Thus, the Bonferroni correction may be an overly conservative correction for multiple tests.

Although less conservative techniques such as the Benjamini-Hochberg method were

considered, we ultimately chose to utilize the Bonferroni correction in order to minimize

Type I error. Nonetheless, even with the more stringent Bonferroni correction, respiratory

distress still came out as a positive risk factor. Importantly, one must also consider whether

there may be an underlying neurologic or other preceding insult leading to fetuses
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experiencing distress and thus hypoxia during labor and delivery. Poor response to labor

may represent an underlying etiology. Thus, future longitudinal studies should also attempt

to identify possible underlying etiologies that may occur earlier during gestation.

In conclusion, we found perinatal events associated with possible hypoxia such as breathing

difficulty/respiratory distress, oxygen requirement, and other markers of hypoxia to be

associated with increased risk for autism. However, given respiratory distress and markers

of hypoxia similarly increased risks of ASDs in both MZ and DZ twin pairs, our findings

suggest these risk factors may not be dependent on strong autosomal gene-environment

interactions. Given that many of the ASD discordant pairs, including MZ pairs, included

twin pairs where either both twins or neither twin possessed a risk factor, our findings also

suggest that these factors may be predictors of the development of ASDs in some, but not all

individuals with autism. Thus, future studies should consider additional potential risk factors

to further our understanding of the etiology of ASDs and to suggest new methods for

treatment and prevention.
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