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Abstract

Lay Abstract—A stronger preference for high rates of stimulation when tested after feeding at
four months of age has been reported in Neonatal Intensive Care Unit (NICU) graduates who later
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were diagnosed with autism relative to those who were not. This visual preference is typical of
newborns, is likely mediated by arousal systems in the brainstem, and should no longer be present
by four months. The fact that it was so persistent in babies who later developed autism suggested
they may have had atypical brainstem development or functioning. There exists a group of
newborns who initially fail Auditory Brainstem Response screens (ABRs; a measure of the
integrity of their brainstem auditory pathways) but eventually recover by hospital discharge
suggesting they have atypical brainstem development. We therefore examined the extent to which
this problem with ABR functioning along with four-month-olds’ preference for high rates of
stimulation predicts the later occurrence of autism in toddlers and preschoolers. We found that
preference for higher rates of stimulation at four months was highly associated with later measures
of autism severity and with language development problems but only in those who had initially
abnormal ABRs. It was concluded that the joint occurrence of initially abnormal neonatal ABRs
and preference for more stimulation at four months, both indices of early brainstem dysfunction,
may be a marker for the development of autism.

Scientific Abstract—The authors evaluated the contribution of initially abnormal neonatal
Auditory Brainstem Responses (ABRs) and four month Arousal Modulated Attention visual
preference to later Autism Spectrum Disorder (ASD) behaviors in Neonatal Intensive Care Unit
(NICU) graduates. A longitudinal study design was used to compare NICU graduates with normal
ABRs (n=28) to those with initially abnormal ABRs (n=46) that later resolved. At four months
post-term-age, visual preference (measured after feeding) for random check patterns flashing at 1,
3, or 8 Hz, and gestational age (GA) served as additional predictors. Outcome measures were PDD
Behavior Inventory (PDDBI) scores at 3.4 (SD=1.2) years, and DQs obtained around the same age
with the Griffiths Mental Development Scales (GMDS). Preferences for higher rates of
stimulation at four months were highly correlated with PDDBI scores (all p values <.01), and the
GMDS Hearing and Speech DQ but only in those with initially abnormal ABRs. Effects were
strongest for a PDDBI social competence measure most associated with a diagnosis of autism. For
those with abnormal ABRs, increases in preference for higher rates of stimulation as infants were
linked to non-linear increases in severity of ASD at three years and to an ASD diagnosis.
Abnormal ABRs were associated with later reports of repetitive and ritualistic behaviors
irrespective of four month preference for stimulation. The joint occurrence of initially abnormal
neonatal ABRs and preference for more stimulation at four months, both indices of early
brainstem dysfunction, may be a marker for the development of autism in this cohort.
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Auditory Brainstem Response; Infancy; Attention; Arousal; Repetitive and Ritualistic Behaviors;
Autism Spectrum Disorder

Introduction

Identification of early signs of Autism Spectrum Disorder (ASD) is of utmost importance.
There is increasing evidence that early behavioral intervention can be effective for a
significant number of children (Howard, Sparkman, Cohen, Green, & Stanislaw, 2005;
Virues-Ortega, 2010), a factor that becomes even more important with recent reports of a
higher prevalence of children being diagnosed with ASD (Wingate et al., 2012). Biomarkers
that are of etiological relevance to ASD, and of import in prediction such as the FMR1
mutation (Tassone, Pan, Amiri, Taylor, & Hagerman, 2008), account for only a small
proportion of cases. Early recognition typically relies on behavioral signs, such as failure to
respond to name. These behavioral signs usually are recognized retrospectively between 18
to 24 months of age; however, recognition depends on the observation skills and experience
of the caregiver (Ozonoff et al., 2009). Studying younger siblings of children with ASD,
who are at much higher risk for ASD, has provided researchers the opportunity to
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investigate behavioral signs earlier in infancy (Zwaigenbaum et al., 2007). As such, a recent
prospective study reported behavioral signs of ASD by one year of age but not earlier
(Ozonoff et al., 2010). Researchers have proposed that failure to detect behavioral signs
before one year may be due to their emergence secondary to earlier deficits in processes
underlying their development. Zwaigenbaum et al. (2005), for example, reported that
younger siblings showing decrements in their ability to disengage from a visual stimulus
between 6- and 12-months of age are more likely to develop ASD. Similar findings were
reported by Elsabbagh et al. (2009). Further support for this early processing deficit model
comes from longitudinal studies of resting state EEG (Bosl, Tierney, Tager-Flusberg, &
Nelson, 2011) and event-related potentials in response to dynamic eye gaze shifts
(Elsabbagh et al., 2012) in at-risk infant siblings. Both studies revealed significant
differences in brain function in infants as young as 6 months of age that were strongly
associated with later development of ASD.

A higher prevalence of ASD also has been associated with obstetric and neonatal factors
requiring Neonatal Intensive Care (NICU) admission. There are a myriad of such medical
risk factors (Kolevzon, Gross, & Reichenberg, 2007) from preterm birth and obstetric
complications (e.g., bleeding, infection) to birth complications (e.g., hypoxia) to postnatal
complications (e.g., IVH). Schendel and Bhasin (2008) found a 2-fold increased risk for
ASD due to lower birth weight (BW) and gestational age (GA), even after controlling for
other poor developmental outcomes. However, these high-medical-risk children have tended
to be excluded from infant sibling studies (e.g., Ben-Yizhak et al., 2011), despite their
higher risk for autism, likely due, in part, to the additional confounds from complications of
pregnancy, delivery, and/or hospitalization after birth.

Karmel et al (2010) identified early behavioral abnormalities more prevalent in NICU
graduates later diagnosed with ASD compared to NICU matched controls. Two involved the
visual system: 1) asymmetric visual tracking at one month PTA and 2) greater preference for
higher rates of visual stimulation (i.e., looking longer to 8 Hz vs. 3 or 1 Hz) when less
aroused at four months PTA in their Arousal Modulated Attention (AMA) procedure
(Gardner, Karmel, & Magnano, 1992; Gardner & Karmel, 1995; Karmel & Gardner, 1996).

Typically, healthy term and preterm newborn and one-month-old infants show greater
attention to more stimulating events when less aroused (after feeding) and to less stimulating
events when more aroused (before feeding or with additional stimulation) in the AMA
procedure, a homeostatic effect presumably mediated at the brainstem level. This ability to
modulate internal and external sources of stimulation is disrupted by CNS pathology and,
importantly, predicts later outcome (Gardner, Karmel, & Flory, 2003). By four months,
higher sub-cortical and mid-brain levels of control develop that inhibit this homeostatic
effect (Gardner & Karmel, 1995).

The persistent preference for higher rates at four months in those who developed ASD is
interesting, in part because of its face validity; it mimics behaviors seen in ASD such as
fascination with flashing lights (Rincover, Newsom, Lovaas, & Koegel, 1977).
Etiologically, the ASD group’s visual preference is unique in that it differed from that seen
in neonates having severe CNS pathology or in neonates prenatally exposed to cocaine, both
of whom show deficits in modulation but in opposite directions. Studies indicate the greater
the CNS pathology, the greater the preference for lower rates of stimulation across all
arousal conditions, even when less aroused (Gardner et al., 1992). Prenatal cocaine exposure
leads to strong preference for higher rather than lower rates of stimulation in all conditions,
even when more aroused (Karmel & Gardner, 1996). By four months, both the CNS and
cocaine effects abate.
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Since neonatal AMA responding likely is mediated by brainstem function (Gardner &
Karmel, 1995), continued persistent preference for higher rates at four months in the group
that developed ASD suggests either atypical development in the brainstem or atypical
connectivity between the brainstem and upstream circuits that developmentally modulate its
function. Anatomical abnormalities in the brainstem in ASD have been reported although it
is unclear to what extent these observations play a role in etiology (Coleman & Gilberg,
2012). Even more interesting are the findings of atypical gray and white matter connectivity
in autism (Cauda et al., 2011; Wolff et al., 2012) as well as atypical development in
networks (DiMartino et al., 2011; Wegiel et al., 2010; Fatemi et al., 2012) that connect to
both brainstem and higher order structures. A number of studies implicate multiple sub-
cortical systems in ASD including brainstem structures involved with arousal, visual, and
auditory systems (Hashimoto et al., 1991; Jou, Minshew, Melhem, Keshavan, & Hardan,
2009; Kulesza, et al., 2011), cerebellum (Fatemi et al., 2012; Wegiel et al., 2010), striatum
(DiMartino et al., 2011) and amygdala (Amaral, Bauman, & Schumann, 2003; Baron-Cohen
et al., 2000), among others. Since multiple brainstem-level structures and pathways are
implicated in ASD, examining a number of early measures of functional as well as structural
integrity of the brainstem and brainstem pathways likely is important for early prediction.
Such findings suggest the need for identification of early signs of ASD and potentially for
having greater understanding of its pathogenesis.

One such measure is the Auditory Brainstem Response (ABR), evaluated routinely in the
larger NICU cohort, not just to assess hearing but also to track delays and recovery in neural
transmission speeds as an indicator of early brainstem dysfunction. For example, Karmel,
Gardner, Zappulla, Magnano, & Brown (1988) found that delayed ABR component
latencies occurred in 82% of cases with abnormal cranial ultrasounds and were not a
function of chronic peripheral auditory problems. With respect to autism, delayed ABR
latencies have been reported in young children suspected of having ASD, also despite
normal hearing (Roth, Muchnik, Shabtai, Hildesheimer, & Henkin, 2012). Interestingly,
decreased transmission speed in early components of the ABR waveform (i.e., increased
inter-peak latencies in wave I-111) was observed in a large sample of people with ASD as
well as in their unaffected first-degree relatives compared to controls (Maziade et al., 2000).
In general, it is likely that almost 60% of persons with ASD might have delayed ABR
latencies (Rosenhall, Nordin, Brantberg, & Gillberg, 2003). Recently, Kulesza, Lukose, &
Stevens (2011) provided morphological evidence supporting the ABR studies, in their
finding of atypical development in the superior olive in brainstems from 9/9 individuals with
ASD (not present in 4/4 controls), clearly indicating abnormalities in a structure that is an
important part of the auditory pathway. These authors suggested ABR testing in infancy
might have diagnostic significance for predicting ASD.

Interestingly, a significant number of NICU infants with no signs of abnormality on cranial
ultrasound, exhibit abnormal ABRs (typically delayed wave latencies but occasionally
unusually fast latencies) that resolve by hospital discharge, but still differed from infants
with normal ABRs. Gardner et al (1990) noted that such infants showed high incidences
rates of visual attention problems as neonates, preferring lower rates of stimulation in the
AMA task, much like more severely brain damaged infants. Recently, Geva et al. (2011)
reported that infants born pre-term who had initially abnormal ABRs that later resolved
showed atypical visual social engagement at four months PTA.

Since (1) ASD is more likely in children considered at high-medical-risk due to obstetric or
neonatal complications, many having initially abnormal ABRs that almost always resolve by
NICU discharge or shortly thereafter (Karmel et al., 1988; Stein, Ozdamar, Kraus, & Paton,
1983; Suzuki & Suzumura, 2004), (2) visual attending problems are characteristic of this
group with this visual attending differing in those with initially abnormal ABRs (Gardner et
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al., 1990; Geva et al., 2011), and (3) evidence implicates atypical brainstem function and
development in ASD, including structures important to the arousal, visual and auditory
systems, we investigated the effects of initially abnormal ABRs and AMA performance on
later expression of ASD in NICU graduates. We hypothesized that the combination of these
measures will more likely serve as a marker of ASD related behaviors than either by itself
since their combination is more likely to assess the widespread problems with brainstem-
level structure and function reported in ASD.

Children in this study are a subset of our longitudinal study of children at-risk for
developmental problems due to preterm birth and medical factors requiring assignment to
the NICU. Selection criteria were:

1. ABR evaluation in the NICU;
2. Completion of the AMA procedure at 4 months PTA;

3. Parent completion of the PDD Behavior Inventory (PDDBI), an ASD rating
instrument (Cohen & Sudhalter, 2005; Cohen et al., 2010);

4. Absence of major developmental problems such as Down Syndrome or Cerebral
Palsy;

5. Absence of significant brain damage documented by cranial ultrasound such as
IVH (Papile Grade >1), ventriculomegaly (>5 mm), periventricular leukomalacia,
or seizures requiring treatment documented by EEG.

Seventy-four children met these criteria. Mean (SD) GA was 34.7 (3.59) weeks; 65% were
born <37 weeks; 32% <33 weeks. Mean (SD) BW was 2347 (867.9) g. Mean (SD) age of
children at the time the PDDBI was completed was 3.5 (1.2) years. A subset (n=14) had a
diagnosis on the autism spectrum. Six of these children had been evaluated prior to 2008 in
our clinic. Starting in 2008, to obtain a more widespread sample, parents of all high-
medical-risk NICU graduates were asked to complete the PDDBI at 28 and 51 month
follow-up appointments. The other eight children (10% of the 2008+ cohort) were diagnosed
with ASD by our clinic (n=5), by a developmental pediatrician (n=1), or by parent interview
with the ADI-R (n=2) (Lord, Rutter, & Le, 1994). None of the remaining 60 children were
identified or considered suspect as being on the autism spectrum during behavior testing at
their 24 or 36 month follow-up assessments, were not reported by their mothers as showing
signs of ASD, and were not receiving special services because of ASD or suspected ASD.
Two had siblings with ASD.

Research protocols were approved by the IRBs of both institutions and written informed
consents were obtained.

Auditory Brainstem Response (ABR)—ABRs were administered primarily as an
indicator of the functional integrity of neural conduction in the brainstem and not as a
measure of hearing, per se. Testing typically occurred at the bedside shortly after birth, but
not sooner than 24 hrs or not before 31-32 weeks post-conception if born very preterm
(average of 10.7 (SD=15.1) days after birth). Ipsilateral left ear vertex-to-mastoid recordings
were made using 100 usec rectangular rarefaction click stimuli 80 dB above adult normal
hearing level (nHL) presented at a rate of 12.9/s. Our standard average ABR waveform
consisted of 3072 (3 sets of 1024) artifact-free trials. Two additional sets of 2048 (2 sets of
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1024) trials were recorded at 75 and 70 dB nHL to increase the reliability of determining the
peaks at 80 dB. Stimulus delivery and response averaging were done using Intelligent
Hearing System Brainstem Smart EP System (1997). A calibrated miniature SONY
Walkman earphone was mounted with cotton backing in a rubber holder (standard nursery
nipple) and taped over the ear using 3M Micropore paper tape to create an acoustic chamber
(for a detailed description of the earphone and testing procedure, see Karmel et al. (1988).
Unwanted stimulus intensity variation within a trial was avoided since the earphone
remained at a constant distance and assured appropriate delivery of the auditory stimulus to
the neonate even if the head moved. These methods produce waveforms in both preterm and
term newborn infants that provide the most reliable identification of the three major ABR
component latencies (Waves I, I11, and V, clinically accepted) to specify brainstem
pathology (Karmel et al., 1988).

Age-dependent norm-referenced percentiles for transmission speeds of component latencies
for Waves I, 111, and V, and latency intervals for Wave I-I1l, 111-V, and -V for the target 80
dB condition were derived; values <10t or >90™ percentile for age at test, or not reliably
identified were considered indicators of neurofunctional abnormality (Karmel et al., 1988).
Where possible, to track recovery, infants with abnormal ABRs were followed on the NICU
until hospital discharge. All but one normalized by discharge; that one at one month PTA.

Forty-six infants had initially abnormal ABRs (Abnormal ABR group). Forty-one had
delayed latencies or prolonged Wave I11-V intervals. Five had Wave 11 latencies
significally shorter than expected (<10t percentile). Short latency infants were more likely
to have intrauterine growth restriction suggested to accelerate neurological maturation.
Omitting the short latency cases, normal and abnormal ABR groups did not differ in Wave |
latency. Latencies for Wave 111 (1(63)=—4.14, p<.000), Wave V (t(63)=-9.89, p<.000), and
the Wave I11-V interval (t(63) = —4.62, p<.000) were longer in the Abnormal ABR group, as
might be expected. Fourteen in the Abnormal ABR group and one in the Normal ABR group
had very mild CNS injury detected on cranial ultrasound not considered of clinical
significance such as: subependymal hemorrhage, IVH (Papile Grade I); prominent choroids;
or tiny choroid cysts.

Table 1 shows birth and demographic characteristics of the two ABR Groups. Post-
conceptional age (PCA) at test did not differ. The abnormal ABR group was born earlier and
weighed less. They spent more time in the hospital secondary to complications associated
with preterm birth and/or more serious medical status. Abnormal ABR cases born after 36
weeks did not differ from term neonates with normal ABRs on these characteristics (p’s
>0.05).

Arousal Modulated Attention (AMA)—The AMA procedure measures regulation of
visual attention to variations in stimulation when infants are tested at higher and lower levels
of exogenous (extra stimulation before each trial) or endogenous (before or after feeding)
arousal. A visual stimulus preference is determined when the infant looks longer to one
stimulus than another. AMA was administered in the week prior to hospital discharge, at one
month, and at four months PTA.

The visual preference apparatus contains a back panel having two openings for stimulus
presentation (15.2 cm? each, with inner edges 30.4 cm apart), and a centrally located
peephole. Visual stimuli at four months were identical pairs of patterns (1/2 in. random
checks) square-wave modulated on and off at rates of 1, 3, or 8 Hz. To equate for total
stimulus luminance across frequencies, stimuli having a 50% duty cycle were used that
resulted in equal on/off stimulus durations.

Autism Res. Author manuscript; available in PMC 2014 February 01.
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During each trial, an observer looked through the peephole and recorded duration of fixation
to each stimulus of a pair. This is a standard procedure with interobserver reliability very
high across multiple studies. Infants were presented with all possible pairs of stimuli with
right-left positions reversed for a total of six, 15-s trials in each of the three arousal
conditions (trial repeated automatically if criterion of 5 s looking at one or both stimuli not
met). Sequences were randomized across conditions and infants. Average looking time in
seconds and the average proportion of looking to each of the 1, 3 and 8 Hz stimuli per trial
was computed across trials. The linear slope of the function across the three frequencies for
each participant (AMA slopes) served as a measure of preference across the different
frequencies (Gardner et al., 1992; Gardner & Karmel, 1995). The more positive the AMA
slope, the greater the preference for the 8 Hz stimulus and the more negative the AMA
slope, the greater the preference for the 1 Hz stimulus. The individual AMA slope values,
obtained at four months PTA (mean (SD)) under the low arousal condition (after feeding),
were used as a predictor variable for this report.

PDD Behavior Inventory (PDDBI)—The PDDBI was completed by the child’s mother.
Children’s mean (SD) age was 3.5 (1.2) years. The PDDBI is a valid and reliable assessment
tool that generates age-normed T-scores normally distributed within the reference sample
(Cohen & Sudhalter, 2005). The PDDBI assesses the repetitive, ritualistic, and pragmatic
behavior problems characteristic of autism as well as social communication competence.
Data indicate that, in young children, the PDDBI domains and composite scores that assess
social communication competence have much better discrimination value than do the
repetitive, ritualistic and pragmatic behavior domains and composites (Cohen et al., 2010)
which have good sensitivity but poor specificity at this age. For our analyses, we evaluated
the composite scores that tap each of these areas because all are deemed essential for autism
diagnosis.

1. Expressive Social Communication Abilities composite. Measures non-vocal social
abilities and expressive language competence. Higher T-scores indicate greater
competence. Sensitivity = 88%; specificity = 93% (cut-off < 67).

2. Social Discrepancy. Measures the difference between non-vocal social
communication skills scores and non-vocal social interaction problems scores. In
children with autism the Social Discrepancy score is near zero. As the score
becomes positive in sign, abilities outweigh deficits. Sensitivity = 98%; specificity
= 93% (cut-off < +25).

3. Semantic/Pragmatic Language Discrepancy. Measures the difference between
expressive language skills scores and echoic or repetitive language scores.
Interpretation is similar to the Social Discrepancy measure. Sensitivity = 98%;
specificity = 79% (cut-off < +13).

4. Repetitive, Ritualistic, and Pragmatic Problems composite. Measures sensory
seeking behaviors, ritualistic behaviors, social interaction problems and repetitive
language. Higher T-scores indicate greater severity. Sensitivity = 91%; specificity
= 49% (cut-off >= 40).

5. Autism composite. Measures overall severity of autism behaviors. Higher T-scores
indicate more severe problems. This composite is comprised of the Social
Discrepancy and Semantic/Pragmatic Language Discrepancy scores along with the
domains that assess sensory seeking and ritualistic behaviors. Sensitivity = 100%;
specificity = 79% (cut-off = 32).

Griffiths Mental Development Scales (GMDS) (Griffiths, 1984)—This test was
administered at 28, 34, and 42 months. GMDS and PDDBI test ages were matched as
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closely as possible. The GMDS assesses six aspects of cognitive functioning in young
children including Locomotor Skills, Personal-Social Skills, Hearing and Speech, Eye-Hand
Coordination, Performance and Practical Reasoning. Each skill area yields a DQ (MA/CA).
For the present study only the Hearing and Speech (Speech) and Performance DQs were
examined since children with ASD have lower language than performance scores on most
intelligence tests, and this is also true for the GMDS (Sandberg, Nyden, Gillberg, &
Hjelmquist, 1993). Information was available on 64 children. Five children did not
cooperate, four were lost to follow-up, and one was too young. Scores for three children
were estimated using multiple regression on our larger database (n=280) based on later
testing with the Differential Abilities Scale (multiple R for Speech DQ was 0.71, p<.000 and
for Performance DQ was 0.59, p<.000).

Design and Data Analyses

RESULTS

Independent variables were ABR group and 4-month AMA slopes. GA served as a control
and a proxy for preterm birth. Hierarchical multiple regression was used for the analyses
except where indicated. Order of entry was determined by development with GA first, ABR
group second and 4-month AMA slopes third. Statistica software was used for these
analyses (StatSoft, 2011).

Association between Abnormal ABR and ASD Diagnosis

Ninety-three percent of ASD cases were in the Abnormal ABR group versus 56% of non-
ASD cases (Fisher’s exact p=.012 (2-tail); odds ratio (OR) =10.2; 95% CI 1.3-83.5).
Twenty-eight percent of those in the Abnormal ABR group had ASD compared with 4% (1
case) in the Normal ABR group. Diagnosis was blind to ABR results. Thus, being in the
Abnormal ABR increased the risk of later ASD.

Associations among ABR Groups, PDDBI Scores, GMDS Quotients, and AMA Slopes

Table 2 shows the hierarchical analyses for the PDDBI scores and the GMDS Performance
and Hearing and Speech DQs. For the PDDBI, GA was significantly associated only with
the Repetitive, Ritualistic, and Pragmatic Problems composite (p<.02), the Autism
composite (p<.02) and the Social Discrepancy (p<.01) scores in step one (lower GA
associated with more severe problems). However, the influence of GA no longer appeared or
was greatly reduced by step two. As shown in Table 2, beta weights decreased for GA at
each step and remained significant (p<.05) only for the Social Discrepancy score.

The Repetitive, Ritualistic, and Pragmatic Problems composite score was influenced only by
ABR group (p<.01; accounting for about 11% of the variance) with the abnormal ABR
group reported to have more problems. The mean (SE) T-score for the Repetitive,
Ritualistic, and Pragmatic Problems composite was 39.2 (2.1) for the Normal ABR group
and 50.0 (2.3) for the Abnormal ABR group.

Both ABR group and AMA slopes significantly influenced outcome for the scores that
assessed some aspect of social communication competence. The largest effect was for the
Social Discrepancy score (adjusted R2=.36, p<.000), a measure of relative non-vocal social
competence, followed by the Autism composite (adjusted R?=.25, p<.000) and Expressive
Social Communication Abilities composite (adjusted R2=.22, p<.000). Beta weights
indicated that the Autism composite was higher and the Social Discrepancy, Semantic/
Pragmatic Language Discrepancy, and Expressive Social Communication Abilities
composite scores were lower in the Abnormal ABR group. As four-month AMA slopes
increased, the Autism composite increased and the Social Discrepancy, Semantic/Pragmatic
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Language Discrepancy, and Expressive Social Communication Abilities composite scores
decreased. The predictor variables, combined, accounted for 18% to 36% of the variance.

The GMDS provided similar results for the Hearing and Speech DQ (adjusted R2=.19, p<.
001), but not the Performance DQ (adjusted R2=.02), suggesting that these effects were
restricted to measures of communication and not to visuo-spatial ability. Beta weights
indicated that the Hearing and Speech DQ was lower in the Abnormal ABR group and as the
AMA slopes increased, Hearing and Speech DQ decreased. GA did not affect the Hearing
and Speech DQ. ABR group accounted for 7% of the variance in the Hearing and Speech
DQ while 4-month AMA Slopes accounted for 6% of the variance. None of the predictors
affected Performance DQ.

Figure 1 shows the relation between 4-month AMA Slopes, the Autism composite and the
Social Discrepancy scores for each group (results were similar for the other PDDBI scores
that assess some aspect of social communication). Open circles denote non-ASD cases and
closed circles ASD cases. Fitted curves are based on a locally weighted scatter plot
smoothing function (LOWESS) with a stiffness of 0.9. LOWESS curves for the Abnormal
ABR group show a sharp discontinuity near an AMA Slope of 0.1, a “catastrophic” effect,
while curves for the Normal ABR group are flat.

Due to this non-linearity, we examined the relation between AMA slopes and PDDBI scores
for the Abnormal ABR group with Piecewise Linear Regression (StatSoft, 2011), adopting a
cut-off AMA slope of <=0.1. Models took the form:

Y=b0+b1*AMA Slopes*(AMA Slopes<=0.1)+b2" AMA Slopes*(AMA Slopes>0.1)

where Y is the dependent variable, b0 is the intercept, b1 is the coefficient for AMA Slopes
<=0.1 and b2 is the coefficient for AMA slopes >0.1. The b1 coefficients were not
significant (all ps>0.4) indicating that the slopes of the functions for AMA slopes <=0.1 did
not significantly differ from zero. However, T-scores for the b2 coefficients were
significantly different from zero for the Autism composite, Expressive Social
Communication Abilities composite, Social Discrepancy, and Semantic/Pragmatic Language
Discrepancy scores at 3.75 (p<.001); —4.89 (p<.000); -5.32 (p<.000); and —3.87 (p<.000),
respectively, indicating that past an AMA slope of 0.1, severity of behavior problems
linearly increased as preference for higher rates of stimulation increased. R? values ranged
from 0.25 (Autism composite) to 0.40 (Social Discrepancy score).

Figure 2 shows the same effects for the GMDS Hearing and Speech and Performance DQs.
As with the PDDBI, there was a discontinuity in the Hearing and Speech DQ for the
Abnormal ABR group at an AMA slope of 0.1. Piecewise Linear Regression resulted in a
non-significant b1 coefficient but a highly significant b2 coefficient (t=—4.13, p<.000).
These results indicate that our findings were not unique to parental report but were also
evident in direct assessment of communicative functioning.

The above analyses were repeated excluding the five infants with short latency ABRs. The
conclusions were unchanged, indicating that both ABR group and AMA slopes significantly
influenced outcome.

Receiver-operating-characteristic (ROC) analysis for prediction of ASD in the Abnormal

ABR group

Since 13 of 14 cases with ASD were in the Abnormal ABR group, ROC analysis was
performed only on this sample using AMA slopes as a predictor and presence vs. absence of
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ASD diagnosis as the outcome. The area under the curve was 0.85 (95% CI: 0.71 — 0.98).
Sensitivity was 77% and specificity was 88% using a cut-off AMA slope of 0.14, which
maximized the difference between hit and false positive rates. Positive and negative
predictive validities were 71% and 91%, respectively. The 0.1 AMA slope seen for the
continuous measures yielded a sensitivity of 77% and specificity of 76%. Thus knowledge
of AMA slope improved predictability of ASD well beyond the 28% level based on a priori
knowledge of initial ABR results alone.

DISCUSSION

The current data indicate that the joint occurrence of very early problems in brainstem
function and arousal regulation of attention is strongly associated with later diagnosis and
severity of ASD; specifically to social and linguistic competence and not to visuo-spatial
ability. These data extend earlier reports of the association of ASD with very early deficits
in visual system function, namely in visual tracking by one month PTA and in arousal
regulation of visual attention by four months PTA (Karmel et al., 2010). They demonstrate
that these children likely experienced disorganization in brainstem-level function. This was
not due to typically identified severe brain injury such as hydrocephalus or major
intraventricular hemorrhage. The abnormal ABRs mainly occurred in infants in whom the
evidence for structural insult was negative or very mild. Moreover, our findings related to
later ASD are consistent with a recent report that preterm infants at four months PTA were
quicker to gaze avert in a social interaction if their initial neonatal ABRs had been delayed,
similar to that found for ASD here (Geva et al., 2011). Our data further extend our earlier
findings by providing evidence that these effects were quantitatively linked. In infants with
abnormal ABRs, the stronger the preference for more stimulation, the greater the severity of
later-diagnosed ASD, providing evidence for abnormalities in subcortical function, both
electrophysiological and behavioral. The quantitative nature of these effects lend support to
the idea that a developmental series of cascading events resulting in catastrophic outcome on
later development can be initiated early where the system becomes identified as
dysfunctional but only when it reaches a threshold for disorganization, as manifested by
arousal-related preference above a certain level for higher amounts of stimulation in the
Abnormal ABR group. These findings are consistent with our hypothesis that multiple
markers of disorganization in brainstem-level structures will be more likely to detect ASD
given the extant evidence for atypical development of these structures.

Developmental immaturity at birth, per se, was not the determining factor as the influence of
GA on outcome was greatly reduced once ABR results were taken into account; full-term
infants were part of the Abnormal ABR group, and age at ABR test did not differ between
groups. In neonates, atypical ABRs are highly associated with CNS insults typically
identified with cranial ultrasonography (OR=11.2) (Karmel et al., 1988). However, while
almost all ASD cases (13/14) were in the abnormal ABR group, they had no or only mild
evidence of structural insult, and also had atypical AMA performance, the joint occurrence
of which likely reflects evidence in ASD for abnormal brain development of attention,
arousal, and reward systems (Coleman & Gilberg, 2012; Hashimoto et al., 1991).

Although alternative indicators of the brainstem-related problems in the Abnormal ABR
group were not detectable by ultrasound, a number of studies have reported anatomical data
consistent with atypical brainstem structure development in ASD (Bailey et al., 1998; Jou,
Minshew, Melhem, Keshavan, & Hardan, 2009; Bauman & Kemper, 1985). As noted
previously, Kulesza, et al. (2011) reported atypical development of the superior olive in all
nine ASD autopsy cases. They speculated that the abnormalities they found are of prenatal
origin and recommended ABR testing in neonates as a way of identifying children at risk for
autism. It is of interest that all of the birth weights in their first table (eight cases) were low
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(mean = 1539 g; range 1375-1740 g), implying preterm birth. Our data suggest that while
atypical ABRs alone increase the predictability of ASD, other putative measures of atypical
brainstem development and their later effects on behavior, such as Arousal Modulated
Attention, are necessary.

Delayed ABR latencies have been reported for some, but not all persons with ASD. Indeed,
all but one of our cases with initially abnormal ABRs normalized before hospital discharge,
and that case normalized by one month PTA. Considering that abnormal ABRs mostly are
associated with abnormal structural findings, we speculate it is possible that initially early
abnormal ABRs, even if resolved, indicate abnormal brainstem development to varying
degrees leading to dysfunction in this brainstem pathway and its projections to other areas,
and heterogeneous trajectories in outcomes with age. In our sample, ABR abnormalities
were uniquely associated with later reports of the occurrence of repetitive and ritualistic
behaviors suggesting that atypical brainstem development may in part be responsible for this
aspect of autism spectrum disorder. It is of interest that in rats, lesions of the olivocochlear
bundle are associated with increased motor activity and motor stereotypies (Hsieh et al.,
1998).

The fact that both initially abnormal ABR findings and atypical visual preference were
important for predicting later social and language competence as well as an autism diagnosis
suggests more widespread CNS dysfunction emanating from the brainstem to mid- and
higher-level structures, consistent with imaging studies (Schumann et al., 2010). It is
possible that brainstem mechanisms may underlie later development through pathways
thought to be involved in arousal and attention (e.g., reticular formation). Poor
developmental outcome may be mediated by deviant arousal mechanisms arising from
inadequate modulation of brainstem function, which in turn would produce deficits in
developmental shifts in behavior after the neonatal period to higher levels that then underlie
a sequence of events resulting in atypical outcome (Gardner, Karmel, & Flory, 2003) such as
seen in autism (Karmel et al., 2010). Geva and Feldman (2008) also have proposed such a
behavioral sequence in their “vertically integrative model” for the development of self-
regulation and social development in infants, which is consistent with our data.

We hypothesize that this early brainstem dysfunction could disrupt both the posterior and
anterior attention systems (Posner and Rothbart, 1994) that have been speculated to play a
role in subsequent joint attention deficits in autism (Mundy, Sullivan, & Mastergeorge,
2009). The posterior attention system facilitates disengagement from a stimulus, likely by
inhibiting subcortical controls (Mundy, Sullivan, & Mastergeorge, 2009), and may not be
effectively suppressing residual subcortically-driven attention to higher rates of stimulation
when less aroused in these children, i.e., they still are functioning, in some respects, at a
lower brainstem level and not as much to differential effects of arousal and stimulation that
should have developed by this time. Persistent attention to high rate visual stimuli also could
indicate that their arousal preference “set point” is shifted such that a higher overall amount
of stimulation is needed to reach an optimal level and/or that such stimuli have relatively
increased reward value due to feedback from attaining their optimal level of stimulation.

In summary, our observations suggest that the combination of initially abnormal ABRs and
increased fixation on higher rates of stimulation at four months of age in NICU graduates
may be an endophenotype or marker of later ASD diagnosis. The sensitivity and specificity
results were encouraging, especially since the ABR and AMA procedures are relatively
inexpensive to implement, and can be performed fairly quickly (about 15 minutes each). We
do not know, however, whether this combination of effects is specific to the NICU sample,
to ASD, or to both. Further, our sample is relatively small, limiting generalization.
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The development of biomarkers is a complex scientific and ethical challenge in a disorder as
heterogeneous as autism. The interested reader is referred to Walsh, Elsabbagh, Bolton, &
Singh (2011) for a detailed discussion of this issue. One of the important factors these
authors raise is that the predictive validity of any experimentally-derived biomarker requires
confirmation in large, unselected community-based population samples. Confirming our
findings will require such replication in a larger prospective study, as well as any possible
association with other groups of children who later display attention and arousal deficits,
such as those with attention deficit hyperactivity disorder. As shown in Figures 1 and 2,
there is a subgroup of children who were not diagnosed with ASD but who had abnormal
ABRs, did not have atypical AMA slopes, and scored worse on the PDDBI and GMDS. We
speculate that these may be the children who may be more likely to develop attention deficit
disorder.
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Figure 1.
Shown are the PDDBI Autism Composite T-score (A) and Social Discrepancy difference

score (B) versus individual AMA slope values at four months of age and ABR group. Filled
circles are ASD cases and open circles are Not-ASD cases. Dotted lines along the ordinates
indicate the cut-off scores that best discriminate ASD from non-ASD cases. Fitted curves
are based on a LOWESS function with a stiffness of 0.9. Curves for the Abnormal ABR
group show a discontinuity near an AMA Slope of 0.1.
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individual AMA slope values at four months of age and ABR group. Filled circles are ASD
cases and open circles are Not-ASD cases. Fitted curves are based on a LOWESS function
with a stiffness of 0.9. For Hearing and Speech, there is a sharp discontinuity near an AMA

Slope of 0.1 for the Abnormal ABR group.
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Table 1

Demographic characteristics (mean and range) of the ABR Groups

Birth and Demographic Characteristics | Normal (N=28) | Abnormal (N=46)

Infant

Birth Weight (g)

| 2616.0 (1474 - 4508) | 2183.8 (569 - 4082)

GA (weeks) | so@o-a | sw0@i-a
Percent < 37 weeks 54 72
Percent < 33 weeks 7 33
Percent Males 46 61

Head Circumference (cm) 32.4 (28 -43) 30.7 (19.50 - 36)

Length (cm)

46.1 (41 - 54.6)

43.6 (28.2-53.5)

Apgar 1 min 79(1-9)
Apgar 5 min 8.6 (4-9) 8.2(3-9)
Days in Hospital 9.6(3-41) 21.0(2-101)

PCA at ABR Test (weeks)

36.5 (32.3 - 43.4)

35.8 (32.0 - 42.6)

Mother

Age at Delivery (years)

34.2 (22.6-45.7)

32.92 (16.6 — 45.4)

Education (years)

15.9 (12 - 20)

|
|
|
| 720-9
|
|
|
|
|
|

14.7 (6 - 22)

fltalicized: p<.05; bold font: p<.01
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