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Abstract
To determine the rate and predictors of autism spectrum disorder (ASD) in congenital diaphragmatic hernia (CDH). Between 
06/2004 and 09/2015 a total of 110 CDH survivors underwent neurodevelopmental (ND) testing and screening for ASD, 
followed by a full autism diagnostic evaluation if indicated at our institution. We found a 9 time higher rate of ASD in CDH 
children compared to the general population (P = 0.0002). Multiple patient-related and clinical variables risk factors of ASD 
were identified by univariate analysis. However, only short-term and long-term neurodevelopmental delays were strongly 
associated with ASD in CDH by multivariate comparisons. There is a striking prevalence of ASD in CDH survivors and our 
findings suggest that all CDH children should be regularly screened for ASD.

Keywords Congenital diaphragmatic hernia · Autism spectrum disorder · Autism diagnostic observation schedule · 
Neurodevelopmental delay · Pulmonary hypoplasia · Pulmonary hypertension

Introduction

The Center of Disease Control and Prevention estimates 1 
in 68 children in the US are affected by autism spectrum 
disorder (ASD) (Autism and Developmental Disabilities 
Monitoring Network, 2016). An increased risk for ASD has 
recently been noted in premature infants (Dodds et al. 2011; 
Guy et al. 2015; Kuzniewicz et al. 2014; Lampi et al. 2012), 
as well as in children born with congenital malformations 
(Danzer et al. 2015; Razzaghi et al. 2015; Wier et al. 2006), 
and genetic syndromes (Fine et al. 2005) compared to the 
general population.

Congenital diaphragmatic hernia (CDH) is a birth defect 
with estimated prevalence of one per 2500 live births. Over 
the past several decades, innovations in surgical techniques 

and advances in perinatal care and management have sig-
nificantly lowered mortality rates for children with CDH 
(Danzer and Hedrick 2014) With improvements in survival, 
increased focus has been directed toward neurodevelop-
mental and neurobehavioral outcomes (Danzer and Hedrick 
2011). Among CDH survivors, there is a pattern of develop-
mental, functional, and behavioral impairment characterized 
by mild to moderate cognitive and language impairment, 
impaired visual-motor integration, persistent hypotonia, 
delayed motor coordination, difficulties with emotion and 
behavior regulation, and delays in the appropriate develop-
ment of socialization skills (Chen et al. 2007; Danzer et al. 
2010, 2013a, b; Friedman et al. 2008; Peetsold et al. 2009; 
Wynn et al. 2013). Rates of ASD in CDH survivors have not 
been studied. However, based on anecdotal reports (Danzer 
et al. 2010, 2013b) and the potential overlap in impairments 
between ASD and CDH survivors, we hypothesized that 
children with CDH have an increased risk of ASD.

The objectives of this study were to: (1) determine the 
rate of ASD in a relatively large cohort of CDH survivors 
enrolled in a multidisciplinary follow-up program, and (2) 
identify patient-related and clinical variables risk factors that 
might explain the association between CDH and increased 
risk of ASD.
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Methods

We reviewed prospectively collected data on demographics, 
perinatal, perioperative, and postnatal factors, and develop-
mental and diagnostic outcomes in CDH survivors enrolled 
in our multidisciplinary follow-up program, the Pulmonary 
Hypoplasia Program, between June 2004 and September 
2015. All CDH survivors born during the study period who 
enrolled in the follow-up program were eligible. Among this 
cohort, subjects who were at least 2 years of age and who 
underwent neurodevelopmental evaluations were identified 
and form the study sample. Both maternal prenatal and neo-
natal/follow-up medical records were reviewed. The Institu-
tional Review Board, Committee for Protection of Human 
Subjects of our institution approved this study and all par-
ents or legal guardians gave written informed consent for 
their children (IRB 2004–003779).

Perinatal and Postnatal Management

As described in previous work from our group, CDH 
patients at our institution are treated according to specific 
perinatal and postnatal management guidelines (Danzer 
et al. 2013a, b; Danzer and Hedrick 2011, 2014). Briefly, 
all CDH patients referred to our center undergo a compre-
hensive prenatal imaging evaluation (ultrasonography, echo-
cardiography, MR imaging). After evaluation, all patients 
undergo nondirective counseling for pregnancy management 
options. After birth, the postnatal ventilatory management in 
the neonatal intensive care unit utilizes a lung-preservation 
strategy similar to that of infants with other causes of pul-
monary hypoplasia (e.g., fetal lung lesions, giant ompha-
locele) (Danzer et al. 2015, 2012a). If medical management 
fails to prevent ventilator-related lung injury or persistent 
hypotension/acidosis, extracorporeal membrane oxygenation 
(ECMO) therapy is initiated. The operating surgeon deter-
mines the timing of repair based upon co-morbidities and 
clinical stability during the neonatal period as well as the 
need for patch repair based upon the size of the diaphrag-
matic defect (Tsai et al. 2012).

Follow‑up, Neurodevelopmental and ASD 
Assessment

Standard of care for all neo-natal follow-up patients, includ-
ing CDH, is regular follow up care at ages 6, 12, and 24 
months, and before entering Kindergarten. If a developmen-
tal concern arises at the 12 or 24 month visit, then supple-
mental visits are scheduled for 18 or 36 months, respec-
tively, with annual visits until Kindergarten if indicated. 
Regular follow-up care includes medical, neuromotor, and 

psychological assessment with standardized instruments 
(described below), and ASD screening (with further assess-
ment if indicated; described below).

At each visit, growth parameters including weight, length, 
and head circumference are measured and compared to 
standard reference curves. The neuromuscular exam includes 
assessment of cranial nerves, passive and active muscle tone, 
strength, protective, postural, deep tendon reflexes and motor 
skills. Children’s neuromotor functioning is classified as 
“normal” or “abnormal/suspect”, based on the degree that 
the tonal abnormalities impact the quality and acquisition 
of skills.

Developmental assessment is conducted with the Bayley 
Scales of Infant Development II (prior 2006) or III (after 
2006) at the 6, 12, and 24 month visits. Children seen after 
age 24 months are assessed with either the BSID-II or the 
Wechsler Preschool and Primary Scale of Intelligence, 
Third Edition and Fourth Edition (WPPSI-III, WPPSI-IV) 
depending on their age. These instruments are all widely 
used and yield individual domain scores, as well as overall 
composite scores that are norm referenced (see Table 2). For 
each of the BSID and the WPPSI composite scores the mean 
standardized score is 100 with a standard deviation (SD) 
of 15. We categorized scores as average, mildly delayed, 
and severely delayed based on SD intervals (85–115, 70–84, 
≤ 69, respectively) (Danzer et al. 2010, 2013b). Also as pre-
viously reported (Danzer et al. 2013a, b), in order to capture 
the majority of CDH survivors who would be expected to 
experience at least some degree of impairment, we defined 
neurodevelopmental delay as a score of ≤ 85 in any of the 
evaluated composite scores. Severe impairment was defined 
as a score of ≤ 69 in at least one domain tested.

ASD screening is provided to all children at the 24 month 
visit with the Modified Checklist for Autism in Toddlers 
(M-CHAT). An ASD diagnostic evaluation occurs when 
a child either screens positive on the M-CHAT or when a 
provider or parent is concerned (regardless of age). ASD 
evaluations are conducted by two clinical psychologists who 
have extensive experience in both neonatal follow-up and 
ASD. The evaluations include the Autism Diagnostic Obser-
vation Schedule-2 (ADOS-2; or the original ADOS before 
the ADOS-2 was available) for children at any age, and the 
Social Communication Questionnaire (SCQ) for children 
age 48 months and older. The ADOS-2 (like the ADOS) is 
a standardized, semi-structured assessment of social inter-
action, communication, play, and repetitive and restricted 
behaviors. It is used widely in both clinical and research 
centers, and is the “gold standard” of observational tools for 
measuring ASD related characteristics. The SCQ is the most 
widely used parent report measure of ASD characteristics in 
ASD research and clinical work.

ASD diagnoses are based on DSM-IV-TR or DSM-5 
criteria informed by all available information including 
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the ADOS-2, M-CHAT, SCQ, and developmental testing. 
Because we obtain developmental testing on all children, we 
do a careful differentiation between ASD and developmental 
delay in this complex group of patients. We do not apply an 
ASD diagnosis unless the child’s social communication and 
behaviors are impaired relative to his or her current devel-
opmental level.

Statistical Analyses

For the purpose of this study, the data from the latest avail-
able follow-up visit were used to define outcome.

Continuous data are presented as means ± SD (median, 
range). Categorical data are presented as proportions. The 
differences between developmental outcomes were deter-
mined using Student’s t, one-way ANOVA, or linear regres-
sion, depending on the type of outcome variable. Prediction 
of outcome variables used logistic regression, or ordinal 
logistic regression, depending on the type of outcome vari-
able. After univariate analysis, variables with a P value of 
≤ 0.05 were included into the final multivariate analysis 
model. One-sample t-test was used to compare the mean 
outcome scores to the population mean. P values < 0.05 
were considered statistically significant. All analyses were 
conducted in Stata version 12.0 (College Station, TX, USA).

Results

Between June 2004 and September 2015 a total of 183 CDH 
survivors completed standardized neurodevelopmental 
assessment as part of their multidisciplinary follow-up in 
our Pulmonary Hypoplasia Program. Of those, 110 patients 
(60%) were at least 2 years at their most recent evaluation 
and represent the study population. A total of 15 (13.6%) 
CDH patients of the study population (n = 110) were diag-
nosed with an ASD. All 15 ASD diagnoses were made at our 
institution. Mean age of ASD diagnosis was 3.8 ± 2.2 years; 
range 2–6.3 years. Compared to the reported risk of 1 in 
68 children born without congenital malformation (Autism 
and Developmental Disabilities Monitoring Network, 2016), 
the relative risk of ASD in CDH was 9.3 times the risk of 
the general population (P = 0.0002). Further, the relative 
risk for male CDH (18.8%, RR 7.9, P = 0.01) as well as for 
female CDH (4.9%, RR 9.3, P = 0.02) children was signifi-
cantly higher than expected risk in normal males (2.4%) 
and females (0.5%) (Autism and Developmental Disabili-
ties Monitoring Network, 2016). Notably, the relative risk 
of ASD in CDH patients remained significantly higher than 
predicted by the incidence of ASD in the general population 
even when patients with severe neurodevelopmental deficits 
or associated anomalies were excluded (RR 3.8 and RR 6.8, 
P = 0.02, P < 0.01, respectively).

Important baseline, clinical, and surgical characteristics 
of the study participants are shown in Table 1. Three (20%) 
children with CDH + ASD and 26 (27%) children with CDH 
alone were diagnosed postnatally and transferred to our 
institution for postnatal NICU management, surgery, and 
follow-up. Two CDH + ASD patients (13%) and 3 (3%) CDH 
only patients were referred to our institution for follow-up 
evaluations after they received NICU care elsewhere. Chil-
dren with CDH + ASD were more likely to be males, more 
likely to be born prematurely, and more likely to have a com-
plicated NICU course compared with children with CDH 
alone (P < 0.05).

Karyotyping was completed in 11 (73%) of children with 
CDH + ASD and in 58 (61%) of children with CDH alone. 
Significantly more children with CDH + ASD had associated 
major malformations and/or associated genetic syndromes 
(5 [33%]) compared to the CDH alone (5 [5%], P = 0.004), 
but the genetic syndromes identified were not among those 
commonly associated with ASD. Major associated mal-
formations and/or genetic syndromes in the CDH + ASD 
group included Ehler-Danlos syndrome (n = 1), Goldenhar 
syndrome (n = 1), IUGR and tethered cord syndrome (n = 1), 
ventricular septal defect requiring surgical repair (n = 1), and 
Pentalogy of Cantrell (n = 1). Associated major malforma-
tions and/or genetic syndromes in children with CDH alone 
were ventricular septal defect and coarctation of the aorta 
requiring surgical repair (n = 1), chromosomal 17p12 dele-
tion (n = 1), Saethre–Chotzen syndrome (n = 1), cleft-lip, 
cleft palate and micrognathia (n = 1), and Turner syndrome 
(n = 1).

Contrary to literature on head circumference in ASD 
(Sacco et al. 2015), microcephaly, defined as head circum-
ference percentile ≤ 5%, was significantly more common in 
children with CDH + ASD than CDH alone (3 [20%] vs. 
2 [2%], P < 0.02). No differences between the groups were 
found for weight or height. Cranial imaging studies (brain 
US and/or MRI) were available in 11 (73%) children with 
CDH + ASD and 90 (95%) of patients without ASD. Small 
foci of periventricular leukomalacia did not differentiate the 
two groups (9% in CDH + ASD, 11% in CDH alone, P = 1.0). 
However, intraventricular hemorrhage was more commonly 
found in the CDH + ASD group (6 [45%]) compared to CDH 
alone (14 [16%], P = 0.007).

Neuromuscular hypotonicity was found in 9 (60%) 
CDH + ASD, and in 31 (33%) without ASD (P = 0.05). 
Various degrees of delayed motor coordination were docu-
mented in seven (47%) of the children with CDH + ASD, 
while coordination difficulties were noted in 14 (15%) of 
children without ASD (P = 0.02).

Unadjusted outcomes on the developmental measures for 
CDH + ASD compared to CDH alone are summarized in 
Table 2. Mean age at follow-up was similar between the 
CDH + ASD (3.6 ± 1.4 years [range 2–6.3]) and CDH alone 
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group (3.1 ± 1.4 [range 2–6.2]) (P = 0.27). Children with 
CDH + ASD had significantly lower mean cognitive, lan-
guage, and motor BSID-III composite scores compared to 
CDH alone (P = 0.0001). Mean Full-IQ (P = 0.01) and per-
formance IQ (P = 0.0009) WPPSI scores were also found to 
be significantly lower in the CDH + ASD group compared 
to CDH alone. Mean verbal IQ WPPSI scores were similar 

between groups (P = 0.11). Three children (3%) underwent 
their latest neurodevelopmental assessment before 2006 and 
were evaluated using the BSID-II; thus they were excluded 
from group comparisons.

The prevalence and severity of neurodevelopmental 
impairment based on proportions of patients that scored 1 
SD (mildly delayed) or 2 SD (severely delayed) below the 

Table 1  Clinical characteristics 
and demographics of study 
patients

Data presented either as mean ± SD (range), n (%), or median (range) as appropriate
ASD autism spectrum disorder, wks weeks, g gram, IUGR  intra-uterine growth restriction (defined as 
weight below the 10th percentile for gestational age), CDH congenital diaphragmatic hernia, LHR lung-to-
head ratio, d day, hrs hours, SIMV synchronized intermittent mandatory ventilation, HFOV high frequency 
oscillatory ventilation, DOL day of life, GERD gastroesophageal reflux disease, LOS length of stay, BAERS 
brainstem auditory evoked responses
* Bold values indicate statistically significance
** LHR measurements were available of 67 patients (61%) with prenatally diagnosed CDH

CDH with ASD (n = 15) CDH without 
ASD (n = 95)

P value*

Sex 0.05
 Male 13 (87) 56 (59)
 Female 2 (13) 39 (41)

Ethnicity 0.89
 Non-Hispanic white 14 (93) 75 (79)
 Non-Hispanic black 0 (0) 4 (4)
 Asian-Pacific, Hispanic, native, others 1 (7) 16 (17)

Pregnancy 0.21
 Single 12 (80) 86 (91)
 Twins 3 (20) 9 (9)

Gestational age (wks) 35.2 ± 4.3 37.7 ± 2.0 < 0.001
Born before 37 wks of gestation 7 (47) 20 (21) 0.05
Birth weight (g) 2507 ± 893 3074 ± 540 0.0009
IUGR 1 (7) 3 (3) 0.45
CDH 0.01
 Left 9 (60) 84 (88)
 Right 6 (40) 11 (12)

LHR** 1.41 ± 0.36 1.38 ± 0.50 0.91
Liver position 0.81
 Intrathoracic 7 (47) 39 (41)
 Intraabdominal 8 (53) 56 (59)

Day of repair (d) 29.1 ± 30.3 8.2 ± 8.2 0.0001
Need for ECMO 4 (27) 24 (25) 1.00
Ventilatory settings 0.06
 SIMV 7 (47) 66 (69)
 HFOV 8 (53) 29 (31)

Duration of ventilation 56.8 ± 48.8 22.6 ± 22.1 0.0001
Supplemental O2 beyond DOL 30 13 (87) 36 (38) 0.001
Need for tracheostomy 2 (13) 4 (4) 0.19
GERD 15 (100) 60 (64) 0.005
First oral feed 24.3 ± 15.9 15.4 ± 12.9 0.04
Full oral feed 37 ± 13.3 28.8 ± 27.7 0.34
Abnormal BAERS 3 (23) 3 (3) 0.003
Hospital LOS 131.9 ± 108.2 62.1 ± 81.8 0.009
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mean were also compared between CDH + ASD and CDH 
alone (Table 3). Significantly more in the CDH + ASD group 
scored within the severely delayed range (n = 10, 67%) for 
neurodevelopmental scores at follow-up in at least one 
domain compared to CDH children without ASD (n = 6, 6%, 
P < 0.001) (Fig. 1). Eleven (73%) patients of the CDH + ASD 
group and 83 (87%) of the CDH alone group underwent 
serial assessment of neurocognitive outcome. Early develop-
mental findings, defined as those obtained at the first follow-
up visit at a median of 11 months (range 5–36 months), 
indicated that mild and severe neurocognitive delays were 
already significantly more often found in CDH + ASD group 
(82% vs. 33% P = 0.006).

Patient-related and clinical variables associated with 
ASD in CDH, as well as their univariate statistical signifi-
cance, are shown in Table 4. Surrogate markers of CDH 
severity such as prolonged ventilatory support, need for O2 
supplementation beyond 30 days of life, inadequate oral 

Table 2  Performance on 
developmental outcome 
measures

Statistically significant values are given in bold
Data presented as mean ± SD (range)
ASD autism spectrum disorder, BSID bayley scales of infant development
* Only two patients with autism were evaluated using the BSID-II edition
** Only one patient without autism was evaluated using the BSID-II edition

Outcome measures CDH with ASD (n = 15) CDH without ASD (n = 95) P-value

BSID-II-MDI (n = 3) 65 ± 21.2 (50–80)* 78** NA
BSID-II-PDI (n = 3) 50.0 ± 0.0 (50–50)* 60** NA
BSID-III-Cognitive (n = 69) 73.3 ± 10.3 (60–85) 93.8 ± 11.2 (65–115) < 0.0001
BSID-III-Language (n = 69) 57.3 ± 9.4 (47–71) 97.5 ± 14.9 (56–132) < 0.0001
BSID-III-Motor (n = 69) 73.3 ± 10.3 (60–85) 92.8 ± 11.8 (55–133) < 0.0001
WPPSI-Full IQ (n = 38) 77.4 ± 25.2 (50–107) 97.6 ± 16.6 (50–123) 0.01
WPPSI-Verbal IQ (n = 38) 83.6 ± 26.0 (40–111) 95.9 ± 16.4 (50–123) 0.11
WPPSI-Visual-spatial IQ (n = 38) 67.6 ± 25.8 (50–127) 99.3 ± 16.8 (50–127) 0.0009

Table 3  Performance on developmental outcome measures

Statistically significant values are given in bold
Scores were grouped as average (≥ 85), mildly delayed (70–84), and severely delayed (≤ 69) based on SD intervals. Data present as n (%)
ASD autism spectrum disorder, BSID bayley scales of infant development
* Given small number in the BSID-II group statistical comparison were not performed

Outcome measures CDH with ASD (n = 15) CDH without ASD (n = 95) P-value

Average Mildly delayed Severely delayed Average Mildly delayed Severely delayed

BSID-II-MDI (n = 3) 0 (0) 1 (50) 1 (50) 0 (0) 1 (100) 0 (0) NA*
BSID-II-PDI (n = 3) 0 (0) 0 (0) 2 (100) 0 (0) 0 (0) 1 (100) NA*
BSID-III-cognitive (n = 69) 2 (33.3) 2 (33.3) 2 (33.3) 53 (84) 9 (14) 1 (2) 0.01
BSID-III-language (n = 69) 1 (17) 0 (0) 5 (83) 51 (81) 11 (17) 1 (2) 0.003
BSID-III-motor (n = 69) 0 (0) 3 (50) 3 (50) 53 (84) 8 (13) 2 (3) 0.001
WPPSI-full IQ (n = 38) 3 (43) 0 (0) 4 (57) 26 (84) 3 (10) 2 (6) 0.04
WPPSI-verbal IQ (n = 38) 3 (43) 2 (28.5) 2 (28.5) 25 (80) 3 (10) 3 (10) 0.06
WPPSI-visual-spatial IQ (n = 38) 3 (43) 0 (0) 4 (57) 25 (80) 4 (14) 2 (6) 0.06

0

20

40

60

80

100

ASD CDH patients Non ASD CDH patients

Average Mildly delayed Severely delayed

Fig. 1  Bar graph showing the distribution in percent of CDH sur-
vivors with ASD scoring within the average, mildly delayed, and 
severely delayed range in at least one composite domain tested com-
pared to CDH children without autism
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intake supplemented by enteral feedings at follow-up, and 
prolonged NICU stay were associated with an increased 
risk of ASD. Patient-related factors including male gender, 
right-sided diaphragmatic defect, preterm delivery, presence 
of associated malformations and/or genetic syndromes, and 
history of intraventricular hemorrhage were also associated 
with an ASD diagnosis. In addition, developmental-related 
factors including neuromuscular hypotonicity, abnormal 
brainstem auditory evoked responses, ongoing neurologi-
cal impairment, and adverse neurodevelopmental outcome 
identified during infancy were also associated with ASD. 
Multivariate analysis of these identified risk factors showed 
that ongoing neurocognitive delay had the strongest associa-
tion with ASD (OR 25.14; 95% CI 0.95–664.81; P = 0.05). 
Of note, ND delay identified during earlier evaluation tended 
to be associated (OR 3.7; 95% CI 0.93–10.19; P = 0.06) with 
subsequent diagnosis of ASD.

Other risk factors analyzed such as ethnicity, lung-to-
head ratio, liver position, type of ventilator support, failure 
to thrive, parental social-economic status, and others were 
not significantly associated with increased risk of ASD in 
this sample (data available upon request).

Discussion

This is the first study to evaluate the association of CDH and 
ASD. Consistent with our hypothesis, we found that CDH 
survivors are at increased risk of developing ASD. We have 

identified ASD in nearly 14% of CDH survivors which is 
higher than the reported prevalence of 1.5% in the general 
population, and also approaches the reported prevalence 
of ASD of 8–22% in known high risk populations, such as 
children born with severe prematurity, other congenital mal-
formations, and/or genetic syndromes (Danzer et al. 2015; 
Fine et al. 2005; Johnson et al. 2010; Lindquist et al. 2006; 
Razzaghi et al. 2015; Wier et al. 2006).

The striking ninefold increased risk of ASD in the current 
study population is of concern and has implications through-
out life for these patients. The risk of ASD remained higher 
than expected even after we excluded CDH patients with 
severe neurodevelopmental impairments or with associated 
congenital malformations and/or genetic abnormalities. The 
identified additional malformations (i.e. Ehler-Danlos syn-
drome, Goldenhar syndrome, and cardiac anomalies) have 
been linked to an increased risk of autism independent of 
the presence of CDH (Cederlöf et al. 2016; Johansson et al. 
2007; Bean Jaworski et al. 2017). Our data suggests, how-
ever, that ASD is also more common in CDH patients with 
no other developmental disabilities than in the general popu-
lation. Knowledge of ASD risk in CDH survivors is pivotal 
for perinatal counseling of families and etiologic investiga-
tion, as well as tailoring developmental follow up protocols 
and implementing early intervention to optimize long-term 
outcomes (Dawson et al. 2010).

It remains unclear whether ASD is emerging at high rates 
because it is associated with CDH and more infants with 
CDH are surviving, or whether ASD is emerging because 

Table 4  OLS regression 
modeling of the statistical 
significant risk factors 
associated with increased risk 
of ASD in CDH

95% CI confidence intervals, SE standard error, LOS length of stay, CDH congenital diaphragmatic hernia, 
DOL day of life, BAERS brainstem auditory evoked responses, IVH intraventricular hemorrhage
* Current/ongoing neurodevelopmental delays defined by a score of ≤ 85 in any of the evaluated composite 
scores
** Neurodevelopmental delays during infancy defined by a score of ≤ 85 in any of the evaluated composite 
scores during an earlier neurodevelopmental assessment

Coefficient (95% CI) SE P value

Lower birth weight 0.99 (0.997–0.999) 0.0004 0.003
Earlier gestational age at birth 0.74 (0.617–0.901) 0.07 0.002
LOS 1.00 (1.001–1.011) 0.003 0.026
Need for prolonged resuscitation before CDH repair 1.10 (1.032–1.147) 0.029 < 0.01
Prolonged ventilatory support 1.03 (1.011–1.047) 0.009 0.0001
Need for g-tube or j-tube or nutritional support 4.14 (0.701–24.466) 3.75 0.01
Presence of neuromuscular hypotonicity 3.10 (1.011–9.948) 1.77 < 0.05
Male gender 4.53 (0.967–21.196) 3.57 0.05
Right-sided CDH 5.03 (1.50–16.858) 3.1 < 0.01
Supplemental O2 requirement beyond 30 DOL 9.67 (2.044–45.710) 2.86 0.004
Abnormal BAERS 9.10 (1.615–51.247) 8.02 0.012
History of IVH 4.54 (1.104–18.703) 3.28 < 0.04
Presence of associated malformations and/or genetic syndromes 9.00 (2.216–36.541) 6.43 0.002
Current/ongoing neurodevelopmental delays* 6.61 (2.751–15.876) 4.22 0.0001
Neurodevelopmental delays during infancy** 4.35 (1.992–9.535) 1.74 0.001
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we are specifically screening for it in every single patient. 
Our analysis of patient-related and clinical variables risk 
factors suggests that ASD in CDH is heterogeneous in cause. 
Univariate analysis suggest a possible association between 
preterm delivery and low birth weight, male gender, pro-
longed ventilation and intensive care hospitalization dur-
ing the neonatal period, need for enteral feeding access, and 
presence of multiple malformations or genetic syndromes 
and ASD diagnosis in the current study. These patient-
related variables have been shown to be important risk fac-
tors for ASD in general and may not be specific to patients 
with CDH. ASD risk is also increased in children born with 
other congenital malformations that require prolonged NICU 
care (Danzer et al. 2015; Neufeld et al. 2008; Razzaghi et al. 
2015; Timonen-Soivio et al. 2015; Wier et al. 2006) or co-
occurring medical conditions (Alexeeff et al. 2017). Of note, 
several investigators suggest a common etiological pathway 
(e.g. shared gene and/or environmental insult during devel-
opment) between congenital malformations and ASD (Hult-
man et al. 2002; Wier et al. 2006). The association between 
CDH and ASD may involve a shared rather than causal etiol-
ogy and warrants further investigation.

Perhaps not surprisingly, ASD in CDH survivors appears 
to co-occur with intellectual disabilities at a higher rate than 
seen in the larger ASD population. In the current study, 67% 
of CDH children with ASD scored in the severely delayed 
range for the neurodevelopmental domains tested, compared 
to 32% of children with ASD in population-based studies 
(Christensen et al. 2016). Furthermore, CDH + ASD had 
a higher rate of intellectual disability than CDH alone in 
our sample (67% compared to 6%). Further, 82% of CDH 
children with ASD were found to have already significant 
deficits during early life. We previously observed that severe 
neurological delay during infancy is associated with persis-
tent significant neurodevelopmental and functional impair-
ments during preschool age (Danzer et al. 2013a). Although 
these findings require corroboration in larger prospective 
studies, we suggest that careful surveillance and screen-
ing for ASD in CDH survivors should start during early 
toddlerhood, particularly for those patients who are identi-
fied with significant developmental delay during early life. 
Formal screening before 2 years of age for all children has 
been recommended by the American Academy of Pediat-
rics (AAP) (Johnson et al. 2007). Earlier identification will 
lead to greater understanding and insights into the nature 
of neurodevelopmental and functional deficits that result in 
subsequent ASD. Based on the results of the current study, 
our center has changed practice patterns and is screening 
for early clinical signs of ASD (e.g. poor eye contact, poor 
attention to the speaker, lack of emerging gestures, or poor 
joint attention) in CDH patients as early as 16 months of age 
and is recommending aggressive use of early intervention 
services. Interestingly, McDonald and associates (McDonald 

et al. 2017) recently showed that patients with tuberous 
sclerosis complex that were diagnosed with ASD by age 3 
already show significant deficits in social communication 
behavior as early as 9 months of age compared to patients 
without ASD diagnosis, further supporting the importance 
of early ASD screening in high-risk populations.

Growing evidence suggests that aberrant central nerv-
ous system development in high-risk infants, which is often 
associated with neurodevelopmental delays, is also found 
in children with ASD (Guy et al. 2015; Movsas et al. 2013; 
Padilla et al. 2015). Congenital and acquired central nervous 
system malformations are seen in CDH. We previously dem-
onstrated that brain development in CDH patients is struc-
turally delayed and in turn this maturation delay is associ-
ated with neurocognitive and language delays (Danzer et al. 
2012b). In the current study only history of intraventricular 
hemorrhage and presence of microcephaly appeared to be 
associated with an increased risk of ASD. Our patients, how-
ever, underwent cranial imaging studies based on clinical 
indications rather than specific protocols which precludes 
a more definite conclusion about the impact of even subtle 
structural brain abnormalities on risk of ASD and/or neu-
rodevelopmental delays. How alteration of brain develop-
ment relates to changes in cognitive functioning and risk 
of ASD in CDH children merits exploration in future well 
designed image-based studies.

The strengths of this study include the large sample size 
of a particular high-risk population, as well as the use of 
an extensive, prospectively collected dataset of prenatal, 
perinatal, socioeconomic, and developmental variables suf-
ficient enough to identify multiple risk factors of ASD by 
univariate and multivariate analysis. Further, assessment of 
neurodevelopmental outcome and ASD was performed by 
only two psychologists (CH, MG) which minimizes observer 
bias. Their inter-rater administration and scoring is assessed 
on a yearly basis and has been 100% in agreement. A final 
strength is our multidisciplinary team of experienced and 
consistent health care providers who are involved in the care 
of these children and families from the time of prenatal diag-
nosis to perinatal management to follow-up.

Despite these strengths, the current study must be viewed 
in light of its limitations. Although this is the largest study 
to date reporting on ASD risk in CDH survivors, our results 
should be interpreted with care. The data of the current 
report were not population-based and a selection bias may 
have been introduced due to the specific nature of our ter-
tiary referral center. Data replication and analysis of larger 
CDH populations is necessary to further define the natural 
history, as it is currently unknown whether ASD in CDH 
survivors is a sequelae of congenital abnormalities in gen-
eral, or CDH in particular. Also, a longer follow-up into ado-
lescence and early adulthood is needed to evaluate the long-
term ASD, neurodevelopmental, medical, and psychiatric 
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characteristics in CDH survivors and impact on quality of 
life. Our study relied on testing data from CDH survivors 
who were evaluated as part of their clinical follow-up and 
families’ willingness to return to these appointments. Con-
sequently, we were not able to assess ASD and neurodevel-
opmental outcomes during precise developmental windows 
for better between-subject comparisons. To ameliorate this 
potential bias, comparisons between ASD and neurodevel-
opmental outcomes were therefore made based on overall 
developmental categories derived from standard deviation 
intervals, rather than on individual scores analyzed as con-
tinuous variables (Aylward and Aylward 2011). While it may 
be a disadvantage that our study included children with a 
range of ages, the advantage is that as in the general popu-
lation, children in this sample met criteria for diagnosis at 
a variety of ages, some in early toddler hood, and others 
not until closer to kindergarten age. By including children’s 
data from the oldest assessment available, we were able to 
include some of the later diagnoses. This also means that our 
estimates of ASD in CDH survivors could be low, as they 
will likely increase as all of the children in this cohort reach 
school age. A final limitation of the current study is the ina-
bility to directly compare the increased risk of ASD in CDH 
survivors to the outcomes of patients with a complicated and 
prolonged NICU course due to other congenital malforma-
tions or premature delivery. Without these comparisons we 
are unable to draw firm conclusions about the significance of 
the overall clinical course on the outcome in CDH patients. 
Further research in the CDH population as well as in other 
patient groups born with congenital abnormalities is neces-
sary to fully delineate whether the underlying malformation, 
it’s perinatal management, or a combination of both impact 
on the risk of autism spectrum disorder and adverse neuro-
logical outcome in affected children.

In conclusion, ASD was highly prevalent in our sample of 
extensively followed CDH survivors. Short-term and long-
term neurodevelopmental delays were strongly associated 
with ASD in CDH children. Disease severity, feeding dif-
ficulties, prematurity, neurological abnormalities, and the 
presence of major associated malformations/syndromes 
were important risk factors. However, children with CDH 
but without associated syndromes and severe neurode-
velopmental delays were also more at risk for ASD than 
children in the general population. Our data suggest that a 
heightened surveillance, screening, and monitoring for neu-
rodevelopmental disorders and ASD in all CDH survivors is 
warranted. Although the presence of CDH might indicate an 
increased risk for ASD, given the identified risk factors, the 
relationship between CDH and ASD may not be causal. In 
other words, a child born with any congenital malformation 
associated with increased risk of prematurity, neurologi-
cal injury, prolonged and complicated neonatal course, and 
presence of additional anatomical or genetic abnormalities 

will have accumulated multiple risk factors for developmen-
tal disorders that might be more important than the underly-
ing congenital defect itself.

Thus, health care providers should be aware that all CDH 
survivors might need specialized care beyond the neona-
tal period and deserve close monitoring and follow-up well 
beyond infancy. They should also be aware that children 
with multiple risk factors, including a complicated neo-
natal course, might be at greater risk for ASD. Resources 
and funding need to be made available for comprehensive 
evaluations by professionals trained to recognize ASD 
symptoms and differentiate these from more general devel-
opmental delays, as well as for family counseling, support, 
and intervention programs. Further research using larger 
CDH cohorts are needed to assess possible behavioral phe-
notyping for this population, influence standard of care for 
screening and surveillance as well as looking at additional 
environmental and genetic factors leading to CDH and ASD.
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