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Abstract

Background—Tuberous Sclerosis Complex (TSC) is a genetic disorder with high prevalence of
associated autism spectrum disorder (ASD). Primary objectives were to determine early predictors
of autism risk to identify children with TSC in most need of early interventions. The Autism
Observation Scale for Infants (AOSI) was evaluated as a measure of ASD-associated behaviors in
infants with TSC at age 12 months and its ability to predict ASD at 24 months.

Methods—Children ages 0 to 36 months with TSC were enrolled in the TSC Autism Center of
Excellence Research Network (TACERN), a multicenter, prospective observational study to
identify biomarkers of ASD. The AOSI was administered at age 12 months and the Autism
Diagnostic Observation Schedule-2 (ADOS-2) and Autism Diagnostic Interview-Revised (ADI-R)
at 24 months. Developmental functioning was assessed using the Mullen Scales of Early Learning.
Children were classified as ASD or non-ASD according to the ADOS-2.

Results—Analysis included 79 children who had been administered the AOSI at 12 months and
ADOS-2 and ADI-R at 24 months. The ASD group had a mean AOSI total score at 12 months
significantly higher than the non-ASD group (11.8 + 7.4 vs. 6.3 + 4.7; p<0.001). An AOSI total
score cut-off of 13 provided a specificity of 0.89 to detect ASD with the ADOS-2. AOSI total
score at 12 months was similarly associated with exceeding cut-off scores on the ADI-R.

Conclusions—The AOSI is a useful clinical tool in determining which infants with TSC are at
increased risk for developing ASD.

Keywords

Tuberous Sclerosis Complex; autism spectrum disorder; Autism Observational Scale for Infants;
Autism Diagnostic Observation Schedule; infants; toddlers

INTRODUCTION

Idiopathic autism spectrum disorder (ASD) affects 1-2% of the general population without a
clear understanding of the underlying causes, which presents a major barrier to identifying
at-risk infants and developing effective treatments to prevent or alter progression. ASD is
typically diagnosed at an average age of 4 yearsl. However, parental concern has been
shown to emerge during the child’s first two years of life with language and communication
problems most commonly reported?:3. In children who screened positive on the Modified
Checklist for Autism in Toddlers (M-CHAT, M-CHAT-R) between 18-24 months, 93.4% of
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parents first reported developmental concerns at a mean age of 13.77 months®. These same
children were subsequently diagnosed by clinical assessment with ASD or developmental
delay 94.4% of the time. Additional studies have demonstrated a high correlation between
parental concern and clinical assessments®8. Despite recognizing concerns regarding ASD-
specific behaviors, parents and clinicians often fail to recognize ASD as the diagnosis. This
highlights the importance of the clinician’s responsibility to validate parental concerns and
perform timely objective assessments to make an appropriate diagnosis of ASD. The earlier
this can be accomplished enables appropriate interventions and treatment strategies to be
initiated when they offer the greatest potential for change.

Validated, formal assessment tools to identify ASD risk in infants are limited. The Autism
Observation Scale for Infants (AOSI) was originally designed as a research tool to evaluate
autism-specific behaviors in infants at elevated risk for developing ASD. The AOSI is a
semi-structured assessment designed for infants ages 6 to 18 months with 18 individual
items meant to evaluate different areas of concern seen in children with ASD, including
sensory and motor behaviors, attention, visual tracking, and social emotional behaviors’.
Scores for each item are evaluator-judged and range from 0 to 3 with higher numbers
indicating elevated ASD risk behaviors. Reliability of the AOSI was tested in high-risk
infant siblings (had older siblings with ASD) at ages 6, 12, and 18 months. Inter-rater
reliability for individual items and total score were good to excellent, particularly at 12
months and beyond, and test-retest reliability at 12 months was acceptable’. Another study
of infant siblings found that using both the AOSI at 18 months and ADQOS at 36 months
provided complementary information when making the diagnosis of ASD at age 3 years®.
More recently, the AOSI was used clinically to evaluate early signs of ASD in high-risk
infant siblings to determine the predictive ability of the AOSI to differentiate between high-
and low-risk populations, as well as between those high-risk individuals who would
eventually be diagnosed with ASD °. Comparing the AOSI at 7 and 14 months and ADOS at
24 and 36 months, Gammer et a/found that children who were diagnosed with ASD scored
significantly higher on the AOSI at 14 months than those who were not diagnosed with ASD
even when accounting for developmental level®. Collectively, these results indicate that the
AQOSI may be useful to differentiate concerning features for ASD in high-risk infants, but
understanding how coexistent developmental delays impact AOSI scoring for ASD-risk
behaviors at younger ages and how those scores may be predictive of later diagnosis of ASD
requires additional investigation.

Currently, no single factor has been identified as a consistent predictor of ASD; but single-
gene disorders with a high prevalence of ASD, such as Tuberous Sclerosis Complex (TSC),
provide us with opportunities to investigate the underlying biology and identify potential
treatments. TSC is a genetic disorder that affects multiple organ systems and is present in
approximately 1 in 6000 individuals1?. Retrospective and small pilot prospective studies
have identified specific areas of cognitive impairment and autism spectrum behaviors in up
to 50% of individuals with TSC11-14, A longitudinal cohort study compared differences
between children with ASD with TSC to children with idiopathic ASD and found that
syndromic ASD was similar to non-syndromic ASD in terms of their cognitive, behavioral,
and social profiles®. Evaluation of the AOSI as an objective assessment tool to identify
early ASD-associated behaviors in infants with TSC has been shown in a small prospective
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longitudinal cohort of infants!3, but using the AOSI to predict later ASD risk in this
population has not been previously reported. In 2012, we established the 7SC Autism Center
of Excellence Research Network (TACERN), a large multicenter, prospective observational
study to identify clinical, structural, and electrophysiological biomarkers predictive of ASD
with the overall goal to establish an infrastructure for early detection of ASD and set the
stage for future drug trials in patients with TSC who are at high risk for ASD. Our primary
objectives are to determine the earliest age at which autism risk behaviors can be detected in
order to identify those children in most need of accessing autism-specific interventions. Here
we report on the suitability of using the AOSI as an objective measure of ASD-associated
behaviors in infants with TSC at 12 months of age and the ability of the AOSI to predict
meeting ASD criteria on the ADOS-2 at 24 months of age.

METHODS

Subject Recruitment

Children ages 0 to 36 months with TSC were enrolled into TACERN (c/inical trials.gov,
NCT 01780441) at one of five sites across the United States (Cincinnati Children’s Hospital
Medical Center, Boston Children’s Hospital, University of Alabama at Birmingham,
University of California at Los Angeles, and McGovern Medical School at the University of
Texas Health Science Center at Houston). IRB approval was obtained at each of the five
sites, and informed consent was acquired from all participating families prior to enroliment.

Study Design

Children were included in the study if they were between the ages of 3 and 12 months at
enrollment and met clinical or genetic criteria for definitive diagnosis of TSC16. Potential
subjects were excluded if gestational age was <36 weeks at the time of delivery with
significant perinatal complications (i.e. respiratory support, confirmed infection,
intraventricular hemorrhage, cardiac compromise); they had taken an investigational drug as
part of another research study within 30 days prior to study enrollment; were taking an
mTOR inhibitor (rapamycin, sirolimus, or everolimus) orally at the time of study
enrollment; had a Subependymal Giant Cell Astrocytoma (SEGA) requiring medical or
surgical treatment; had a history of epilepsy surgery; or had any contraindications to
completion of study procedures such as MRI.

Children were evaluated longitudinally at ages 3, 6, 9, 12, 18, 24 and 36 months. At each
age, standardized evaluations, including developmental and adaptive measures, were
performed. In addition, clinical information was collected throughout the study, including
basic demographics, medical and family history, baseline and interval developmental history,
participation in therapies, seizure history, concomitant medications, and medical co-
morbidities. A physical examination from which clinical findings were recorded was
performed at each visit. A yearly calibration meeting was held to ensure developmental
assessment reliability across all sites for the entire study period.
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Developmental and Autism-specific Assessments

The AOSI was administered at 12 months of age. The AOSI is an assessment that measures
autism risk behaviors in infants ages 6-18 months and consists of 18 items’. From these
individual items, a total score is obtained. Higher scores indicate more concerning ASD risk
behaviors. At 24 months, the Autism Diagnostic Observation Schedule-2 (ADOS-2) was
administered. The ADOS-2 is a semi-structured, interactive observation tool used to assess
for ASD7. At 24 months, 78 out of 79 children were administered the Toddler Module, and
one child was administered the Module 2. ADOS-2 Modules 1-4 use an algorithm to
classify children as autism, ASD, or non-spectrum conditions. The Toddler Module was
developed in 2009 as a tool to assess young children for ASD18, An algorithm was
developed that classified children according to ‘range of concern’ for ASD (i.e. little-to-no,
mild-to-moderate, and moderate-to-severe). Range of concern rather than classification was
applied secondary to small patient sample size, as well as the inherent uncertainty that exists
with evaluating children this young. The Toddler Module has been shown to have excellent
reliability and diagnostic validity for ASD versus non-ASD disorders819. The Autism
Diagnostic Interview-Revised (ADI-R) was also administered at 24 months. The ADI-R is a
parent interview that focuses on a child’s developmental history, current functioning, social
skills, communication and behaviors, and interests?0. At each visit, developmental
functioning was assessed using the Mullen Scales of Early Learning (MSEL)?L. The MSEL
consists of five domains (gross motor, fine motor, expressive language, receptive language,
and visual reception) and also provides an overall composite score (Early Learning
Composite). Developmental and autism-specific assessments at each visit were administered
by a licensed psychologist, psychological technician/research assistant, and/or speech-
language pathologist blinded to child’s clinical and seizure history at the time of testing and
who had obtained research reliability on diagnostic assessments (e.g., ADI-R and ADOS-2)
and experimental (e.g., AOSI) measures included in this project. Other assessments were
performed as part of the larger study but are not included in this paper, as they were not used
in our analysis.

Classification and Statistical Analysis

Children were grouped according to ASD and non-ASD categories at 24 months based on
ADOS-2 classification. Overall scores on the Toddler Module indicating mild-to-moderate
or moderate-to-severe level of concern or autism/autism spectrum on Module 2 were used to
place subjects into the ASD group. Those children who did not meet criteria for ASD based
on the ADOS-2 were placed into the non-ASD group. For this paper, clinical diagnosis of
ASD or non-ASD was not assigned, only whether or not they met criteria on the ADOS-2 as
described. To determine if the AOSI could be used clinically to distinguish which children
were at risk for developing ASD, the AOSI total score obtained at 12 months was used as a
predictor for ADOS-2 classification and ADI-R at 24 months using a logistic regression. In a
similar manner, individual items on the AOSI were also used as predictors for ASD
classification on the ADOS-2 at 24 months. We also wanted to determine how overall
development related to AOSI total scores and used the Early Learning Composite on the
MSEL as an independent variable.
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Remaining analyses consisted of comparing diagnostic groups with respect to discrete
responses to assessments at 24 months. For these analyses Fisher’s Exact test was used to
see whether a relationship between the variables was present. Lastly cutoffs were examined
for the AOSI total score (specifically, 8 through 14 inclusive) and in each case examining the
sensitivity and specificity with respect to the ADOS-2 at 24 months.

All analyses were conducted using SAS ® statistical software version 9.3 (SAS Institute,
Inc., Cary, NC). Hypothesis tests were conducted at the 0.05 level of statistical significance
and no adjustments were made for multiple comparisons.

One hundred and sixty children were enrolled in TACERN. At 24 months, 79 children (36F,
43M) who were administered the AOSI at 12 months were administered the ADOS-2 at 24
months of which 35 (44.3%, 16F, 19M) were classified as ASD according to the ADOS-2.
Genetic test results were available on 77 individuals of which nine had mutations in TSC-1,
59 had mutations in TSC-2, and 9 individuals had no mutation identified (NMI). TSC
mutational status (7SCZ1, 75C2, or NM) did not have significant impact on ASD diagnosis
nor presence of ASD-associated behaviors detected by AOSI, ADOS-2, or ADI-R in our
cohort.

AOSI total score in predicting ASD classification on the ADOS-2

Children in the ASD group had a mean AOSI total score at 12 months significantly higher
than the non-ASD group (p<0.001). The mean AQOSI total score in the ASD group was 11.8
+ 7.4 vs. 6.3 £ 4.7 in the non-ASD group. Box plot analysis demonstrated normal
distribution and clustering of scores (Figure 1), which prompted exploration of sensitivity
and specificity using different cut-off scores, which has not previously been reported in the
literature (Table 2). Using an AOSI total score cut-off of 13 provided excellent specificity
(i.e. scoring less than 13 is a good indication of not meeting ADOS-2 diagnosis cut-off for
ASD), but was much less sensitive for identifying at 12 months those who would later meet
ASD classification on the ADOS-2 at 24 months.

The individual AOSI total score, however, was still useful for identifying risk for ASD at 24
months as measured by the ADOS-2. The odds ratio of the AOSI predicting ASD on the
ADOS-2 at 24 months was 1.16 [Cl 1.06-1.27] (p<0.001). In other words, for every 1 point
increase in the total score on the AOSI, the odds of being classified as ASD increases by
16% (p<0.001). Clinically, we noted that in several instances coexisting developmental
delays likely influenced AOSI scores and, thus, later ADOS-2 scores and evaluated MSEL
Early Learning Composite (ELC) score as a potential significant covariate. Indeed, when
accounting for overall development as measured by ELC, the AOSI total score at 12 months
was no longer significant (OR 1.05 [CI 0.95-1.16]) (p=0.33). However, the ELC alone at 12
months was a significant predictor for ASD classification at 24 months (OR=0.94 [CI=0.91-
0.97] (p<0.001)). For every 1 point increase on the ELC, the odds of being classified as ASD
on the ADOS-2 decreased by 6.4%. Thus overall developmental status appears to be an
important independent contributor to ASD risk identified on the ADOS-2 at 24 months and
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likely secondarily impacts ASD markers identified on the AOSI at 12 months of age in
children with TSC.

AOSI total score in predicting ADI-R cut-off scores

When the ADI-R cut-off scores were exceeded children in the ASD group had significantly
larger AOSI total scores than the non-ASD group. Areas with highest significance included
abnormalities in reciprocal social interaction and communication abnormalities (p<0.001).
Restrictive, repetitive, and stereotyped behaviors were also significant (p=0.038), as well as
developmental abnormality evident at or prior to 36 months (p=0.005).

Individual AOSI items predictive of ASD on the ADOS-2

Several individual items on the AOSI at 12 months were significantly elevated in children in
the ASD group at 24 months (see Table 2). Red flags concerning for social communication
(imitation of action, reciprocal social smile, social interest, coordinated eye gaze, sharing
interest, and level of attention) and motor behaviors (motor control and behavior) were
noted.

The AOSI was able to predict an increased level of concern on both objective assessments
(e.g. ADOS-2) and parental measures (e.g. ADI-R). We also looked at childhood
developmental concerns as reported by parents at each clinic visit. Out of the 79 individuals,
developmental concern was reported in 18 (22.8%) at enrollment (between 0-12 months),
with 13 out of 18 (72%) subsequently being classified as ASD on the ADOS-2 at 24 months
of age. Conversely, out of the 62 children where no concern was reported, 23 (37%) still
were eventually classified as ASD on the ADOS-2. Mean age of concern in the ASD group
was 5 months (£ 2 months) versus 6.4 months (= 3.5 months) for those expressing concern
but not going on to develop ASD. The number of reported developmental concerns for both
groups increased at subsequent visits (cumulative total over all visits was 135 out of 421
equaling overall concern at 32%), though this is likely biased since family members may
have been notified in many cases if their child was falling behind. It is also expected that the
level of concern would increase with age.

DISCUSSION

Cognitive and behavioral difficulties affect the majority of individuals with TSC to varying
degrees. These difficulties are collectively referred to as TSC-Associated Neuropsychiatric
Disorders (TAND), a term that was coined by the Neuropsychiatry Panel at the 2012
Tuberous Sclerosis Complex International Consensus Conference to help recognize the
complex cognitive and behavioral manifestations of TSC and generate screening
guidelines?2. Approximately 50% of individuals with TSC are affected with ASD, which
further contributes to cognitive and behavioral challenges already seen in this population.
There is tremendous interest in learning more about the development of ASD in children
with TSC at the earliest time points. The TACERN study group was developed to identify
ASD biomarkers by utilizing detailed imaging, EEG, and developmental assessments so that
early interventions and treatments could be implemented that would have the potential for
altering the development of ASD symptoms during critical phases of development.
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Our results indicate that the AOSI is useful in determining which individuals will go on to
meet criteria for ASD on the ADOS-2. The mean AOSI total score for children who later
met criteria for ASD on the ADOS-2 was significantly higher than those in the non-ASD
group. Though the range of AQSI total scores was broad for both groups, the scores
clustered indicating that the groups were different and that using a specific cut-off score may
help determine risk. In our case, we found that 13 gave us a relatively high specificity of
88.6%. In our population that is already at high risk for neurodevelopmental difficulties
(and, thus, an already elevated sensitivity), specificity would give us a better indicator of
ASD risk. Our study is the first to evaluate a cut-off score in order to use the AOSI clinically.
The only other study to look at AOSI scores specifically was Zwaigenbaum et al. who found
that children who exhibited 7 or more positive risk markers on the AOSI at 12 months were
more likely to meet criteria for ASD via the ADOS at 24 months23. Meeting cut-off scores
in 7 out of 18 markers provided a sensitivity and specificity of 84 and 98%, respectively,
when the AOSI was administered at 12 months of age.

Similar to the approach of Gammer et al. attempting to utilize the AOSI to predict ASD
diagnosis using the ADOS in high-risk infants®, we found the AOSI most useful to
differentiate those who are least likely to have ASD at 24 months. A higher AOSI total score
increased individual risk for ASD as well, although this effect size was much more modest.
Just as in their study, interquartile ranges for both groups overlap, indicating there is a broad
autism phenotype in our TSC cohort despite the unifying genetic diagnosis. We suspect that
individual variability is at least in part due to coexisting developmental impairments at 12
months that cause AOSI scores to be higher, even though they may not be directly
attributable to ASD. We also found that when accounting for overall development,
differences seen in the AOSI were not as robust. Although the ADOS combined with the
ADI-R is currently the gold standard in diagnosing ASD when combined with expert clinical
assessment, this highlights the continued importance for the latter especially when
developmental delays are highly prevalent, such as in TSC, in which the delays can
indirectly contribute to higher AOSI and/or ADOS scores. Clinician expertise may also be
important for differentiating between social language impairments and cognitive language
impairments, which at 12 months using the AOSI is difficult but more easily accomplished
using the ADOS-2 at 24 months and beyond. In addition, findings from multiple high-risk
infant sibling studies indicate the need for monitoring at multiple time points to account for
highly variable developmental trajectories. The same appears to be true for TSC.

A previous ASD sibling study showed that multiple individual items on the AOSI
differentiated high-risk from low-risk groups at 6 and 18 months8. Another earlier study
demonstrated that several items on the AOSI indicated increased risk for meeting ASD
classification on the ADOS at 24 months23. Similar to these non-syndromic ASD
populations, our data indicate that multiple individual items on the AOSI are predictive of
later ASD classification on the ADOS-2 at 24 months, including orienting to name, imitation
of action, anticipatory response, social smile, coordination of eye gaze and action, social
interest, motor control and behavior, engagement of attention and shared interest. Jeste et al.
also reported abnormalities in visual tracking, disengagement of attention, and anticipatory
responses at 6 months of age and additional red flags in the areas of eye contact, orienting to
name, and motor control and behavior in young children with ASD in the setting of TSC13.
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It is important to note that the ASD rate in our cohort was 40-50% with no sex difference
versus a 4:1 ratio of M:F in the idiopathic ASD population. This equal gender distribution
has also been reported in previous studies assessing the prevalence of ASD in TSC2425,

Most of our children at 24 months received the Toddler Module of the ADOS-2, which was
administered regardless of developmental level (criteria for administration include age 12 to
30 months with a nonverbal mental age of at least 12 months and walking independently).
As TACERN continues to assess these children when they become 36 months of age, we
expect to be able to determine if the relationship between the AOSI and later ASD diagnosis
continues to be present using the ADOS-2. However, if this proves not to be the case, this
could suggest that the ASD phenotype in TSC is much more dynamic than previously
appreciated, with comorbid conditions such as degree of seizure control or exposure to
specific treatments (molecular and interventional) impacting long-term outcomes. It may be
that both the AOSI and ADOS-2 Toddler Module are tapping into a broader range of
concern for ASD that may be better clarified at 36 months. A major goal of future analysis
includes comparison of ADOS-2 classification to ASD clinical diagnosis and evaluating the
impact of coexisting conditions and interventional therapies and treatments.

Epilepsy is once such coexisting condition that has been shown to be associated with poor
neurodevelopmental outcomes in TSC, including poor cognitive and behavioral outcomes as
well as increased risk for developing ASD12.26-34 We recently published a study of the
TACERN cohort that specifically evaluated the temporal relationship between seizures and
early development3®. Seizures were seen in approximately 73% of the children with the
majority of the children developing seizures prior to 12 months of age (average age of
seizure onset 5.6 + 3.9 months). We were able to show that earlier seizure onset, particularly
prior to 12 months of age, along with higher seizure frequency negatively affected
developmental outcomes. This effect was not only immediate but persisted through 24
months of age. Children with early seizure onset prior to 12 months of age were also noted
to exhibit increased autism risk behaviors on the AOSI administered at 12 months (p<0.001)
as well as elevated scores on the ADOS-2 at 24 months (p< 0.01). In addition, children with
a history of seizures were more likely to meet cut-off scores for ASD-associated
abnormalities in communication (p=0.03) on the ADI-R compared to children without
seizures. Therefore, it suspected that ASD diagnosis and ASD-associated behaviors
demonstrated by the ADOS-2 and ADI-R at 24 months and predicted by the AOSI at 12
months seen in the current study are largely influenced by overall developmental functioning
and comorbid epilepsy.

Using the AOSI as a clinical tool, combined with expert clinician assessment, may help
clinicians have a better sense of which children to monitor more closely. It also might
provide an effective means to identify individuals at early ages with the highest potential to
benefit from early treatments and interventions aimed at preventing or ameliorating the
severity of ASD. For example, a previous study using the mTOR inhibitor everolimus to
treat epilepsy in TSC identified improvement in multiple areas of behavior 38, as did a pilot
study using early preventative treatment with vigabatrin3.
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CONCLUSIONS

Developmental trajectories in children with ASD are complex and highly variable, which
presents a major barrier to identifying at-risk infants and developing effective treatments to
prevent or alter progression. Single-gene syndromes with a high prevalence of
neurodevelopmental disorders such as TSC provide us with unique opportunities to
investigate the underlying biology and identify potential treatments for ASD by providing
highly enriched populations in which ASD symptoms can be identified and measured before
the formal diagnosis of ASD is made. However, evaluation of existing tools such as the
AQSI and continued development of new assessment approaches with improved sensitivity
and specificity are essential for this progress to take place, not only for TSC but the broad
spectrum of ASD causes, including idiopathic ASD.
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FIGURE 1.
Normal distribution of AOSI total scores in children with and without ASD based on

ADOS-2 classification.
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Sensitivity and Specificity of the AOSI Total Score Predicting ASD via the ADOS-2

TABLE 1

AOSI Total Score

Sensitivity (95% CI)

Specificity (95% CI)

8 66.7 (48.2 - 82.0) 70.5 (54.8 - 83.2)
9 66.7 (48.2 — 82.0) 72.7 (57.2 - 85.0)
10 57.6 (39.2 - 74.5) 77.3 (62.2 - 88.5)
11 51.5 (33.5 - 69.2) 81.8 (67.3- 91.8)
12 48.5 (30.8 - 66.5) 81.8 (67.3-91.8)
13 39.4 (22.9- 57.9) 88.6 (75.4 — 96.2)
14 36.4 (20.4 - 54.9) 90.9 (78.3 - 97.5)
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AOSI individual items in relation to ASD classification on the ADOS-2

TABLE 2

AOSI Individual Items

ADOS-2 classification

Visual tracking 1.0
Disengagement of attention 0.15
Orients to name 0.03%
Differential Response to Facial Emotion 0.050
Imitation of Action 0.02%
Anticipatory Responses 0.03%
Social babbling 0.10
Eye contact 0.10
Reciprocal social smile 0.01%
Coordination of eye gaze and action 0.04%
Reactivity 0.18
Social interest and shared affect 0.02%
Transitions 1.0
Motor Control and Behavior <0.001%
Atypical motor behaviors 0.76
Atypical sensory behaviors 1.0
Engagement of attention 0.02%
Insistence on having or playing with particular objects | 1.0
Sharing interest 0.01%

*
p<0.05
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