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Abstract

Background: Sleep disturbances, gastrointestinal problems, and atypical heart rate are
commonly observed in patients with autism spectrum disorder (ASD) and may relate to underlying
function of the autonomic nervous system (ANS). The overall objective of the current study was to
quantitatively characterize features of ANS function using symptom scales and available electronic
health record (EHR) data in a clinically and genetically characterized pediatric cohort.

Methods: We assessed features of ANS function via chart review of patient records adapted
from items drawn from a clinical research questionnaire of autonomic symptoms. This procedure
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coded for the presence and/or absence of targeted symptoms and was completed in 3 groups of
patients, including patients with a clinical neurodevelopmental diagnosis and identified genetic
etiology (NPD, n=244), those with an ASD diagnosis with no known genetic cause (ASD, n=159),
and age and sex matched controls (MC, n=213). Symptoms were assessed across four main
categories: (1) Mood, Behavior, and Emotion; (2) Secretomotor, Sensory Integration; (3) Urinary,
Gastrointestinal, and Digestion; and (4) Circulation, Thermoregulation, Circadian function, and
Sleep/Wake cycles.

Results: Chart review scores indicate an increased rate of autonomic symptoms across all

four sections in our NPD group as compared to scores with ASD and/or MC. Additionally, we
note several significant relationships between individual differences in autonomic symptoms and
quantitative ASD traits.

Conclusion: These results highlight EHR review as a potentially useful method for quantifying
variance in symptoms adapted from a questionnaire or survey. Further, using this method indicates
that autonomic features are more prevalent in children with genetic disorders conferring risk for
ASD and other neurodevelopmental diagnoses.
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BACKGROUND

ASD is characterized by social communication impairments and repetitive behaviors.
Although not a part of the core diagnostic criteria, sleep disturbances, gastrointestinal
problems, and atypical cardiovascular functioning are commonly observed in ASD, and have
been theoretically linked to underlying function of the autonomic nervous system (ANS)
(Aldinger et al., 2015; Dell’Osso et al., 2022; Devnani & Hegde, 2015; Kotagal & Broomall,
2012; Kushki et al., 2014; Liu et al., 2006; Mayes, 2002; Neuhaus et al., 2014; Patriquin

et al., 2013). Studies in those with ASD have reported differences in sleep-wake cycles,
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heart rate variability (HRV), skin conductance, and pupil response metrics including the
pupillary light reflex (PLR) (Anderson & Colombo, 2009; Condy et al., 2017; Daluwatte

et al., 2013; Devnani & Hegde, 2015; Fan et al., 2009; Kotagal & Broomall, 2012; Liu

et al., 2006; Wang et al., 2016). These differences have been interpreted as reflecting

altered discordant arousal states, potentially stemming from a dysregulated ANS. A growing
body of research has put forth the hypothesis that dysregulated patterns of ANS function
may underlie ASD traits including sensory disintegration, psychosocial impairments and
repetitive behaviors (Bharath et al., 2019; Kushki et al., 2014; Patriquin et al., 2013;
Quintana et al., 2012). Reported differences in measures of HRV and sinus arrythmia in
ASD have been linked with cognitive and behavioral traits that are core clinical features

of ASD (Pace et al., 2016; Patriquin et al., 2013) and differences in these measures can
predict symptom severity (Condy et al., 2017). Sleep disturbances have been repeatedly
observed in individuals with ASD (Baker et al., 2019; Dell’Osso et al., 2022; Devnani &
Hegde, 2015; Kotagal & Broomall, 2012; Liu et al., 2006; Malow et al., 2006; Schreck

et al., 2004). Finally, differences in the PLR as well as baseline pupil diameter have been
reported in autism (Anderson & Colombo, 2009; Fan et al., 2009; Laeng et al., 2018),

and significant relationships between individual differences in pupil response metrics and
quantitative ASD traits (DiCriscio & Troiani, 2017, 2020). While the findings reported
above tend to interpret results as directional, with increased or decreased autonomic activity
reflecting hypo- or hyper-parasympathetic versys sympathetic activity, it is important to note
that the directionality of the relationship between autonomuc function and ASD remains
unclear (Kushki et al., 2014; Wang et al., 2016). Taken together, the findings above suggest
that continued exploration of ANS function as a possible pathophysiological mechanism for
ASD features is warranted.

Electronic health record (EHR) phenotyping refers to the use of data from existing

digital charts that is captured as part of standard clinical care within health systems and
offices that are supported by electronic records. Retrospective research using EHRs offer
an unprecedented opportunity to explore information documented via patient encounters,
demographics, diagnostic screening, progress notes, and assessment summaries. Within the
past decade, a growing number of studies have utilized available EHR data in order to
predict diagnostic outcomes, characterize clinically significant co-occurring conditions (i.e.
sleep problems) and assess treatment response in ASD patients (Coleman et al., 2015;
Lingren et al., 2016; Malow et al., 2022; Sharp et al., 2018; Singer et al., 2022). EHR
phenotyping has also been transformative for genomic discovery across many diseases
(Robinson et al., 2022; Sealock et al., 2021; Smoller, 2018; Zheutlin et al., 2019), including
autism and other related neurodevelopmental disorders (Doshi-Velez et al., 2014; Lingren
et al., 2016; Slaby et al., 2022). Within ASD, EHRs have been used to better understand
disorder trajectories (Myers et al., 2019), health care utilization (Brooks et al., 2021),
prediagnostic prediction (Rahman et al., 2020), and data driven strategies to understand
comorbidities and phenotypic variance within ASD (Zhao et al., 2022). Our own biobank
at Geisinger has also been used to better understand the prevalence of a broad spectrum of
spectrum of neurodevelopmental/psychiatric disorders (NPD) stemming from copy number
variants in a population-based genetic screening program (Martin et al., 2020).
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We recently used a parent-report, clinical research questionnaire of autonomic symptoms
(Ming et al., 2011) to demonstrate the increased presence of features of ANS function across
multiple organ systems in a pediatric cohort characterized by clinical neurodevelopmental
diagnoses (DiCriscio et al., 2022). We also identified significant relationships between
individual differences in features of autonomic function and quantitative ASD traits. In this
published work and in the current study, we opt to include comprehensive information on
both clinical diagnoses as well as clinical genetic etiology of the patients in the study.
Although the heterogeneity of genetic causes of ASD make it challenging to examine the
role of the ANS in one specific etiology in a single hospital cohort, by including details of
genetic diagnoses in these real-world patient samples, we hope to lay the groundwork for
future phenotype-genotype discovery and meta-analyses.

The main purpose of the current study is to assess whether autonomic symptoms can

be captured using a rubric based EHR chart review procedure. To build from the results
reported in DiCriscio et al. (2022), we adapted the structure of the Pediatric Autonomic
Symptom Scales (Ming et al., 2011; PASS) to develop a manual, autonomic chart review
(ACR) procedure for use within the EHR to support the characterization of features of
ANS function across NDP, patients with ASD w/o a genetic etiology, and age and sex
matched controls. Our adapted chart review protocol coded for the presence and/or absence
of autonomic symptoms that paralleled those assessed in the PASS. Based on previously
published work, we predicted increased autonomic symptoms in NPD and significant
relationships between quantitative ASD traits and autonomic chart review scores. Finally,
in order to assess the internal validity of our manual chart review protocol, we compared
autonomic symptoms assessed via the EHR and PASS scores in a subset of participants.

METHOD & PROCEDURE

Participants

A total of N=563 participants (ages 3-22 years), making up three groups, were identified
from ongoing research protocols at Geisinger’s Autism and Developmental Medicine
Institute (ADMI) in Lewisburg, Pennsylvania, which is focused on characterizing genetic
influences on neurodevelopment and atypical neurodevelopmental conditions such as ASD.
Patients were identified based on either having received an NPD diagnosis, including
ASD, with a confirmed genetic etiology or having received an ASD diagnosis without an
associated genetic cause for the disorder. All clinical diagnoses, including ASD, within our
NPD and ASD cohorts are reported in Supplemental table 1. We utilized a data broker to
identify controls that have no history of or a current diagnosis of a neurodevelopmental
disorder, intellectual disability, or developmental delay, or a genetic diagnosis that would
confer risk for the same. Groups were matched based on age, sex, length of their electronic
health record and the frequency of access to the healthcare system (i.e. well-child visits).
All participants consented to protocols approved by the institutional review board (IRB)

at the authors’ home institution. Thus, the three groups included in the current research

are as follows: patients with a genetic variant associated with atypical neurodevelopment
and/or ASD, NPD (n=210), individuals that possess an ASD diagnosis with no known
genetic cause, ASD (n=156), and matched controls (n=197). The most common genetic
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syndromes present in the NPD group include Trisomy 21 (n=26), 22q11.2 deletion (n=24),
and 15g11.2-13.1 duplication (n=18); a complete list of all genetic syndromes in the NPD
group is reported in Supplemental table 2.

After receiving a referral to Geisinger’s Autism & Developmental Medicine Institute
(ADMI), patients undergo assessment by a multi-disciplinary team that includes
neurodevelopmental pediatricians, clinical psychologists, behavioral specialists, and speech
pathologists. All patients with qualifying clinical diagnoses are offered comprehensive
clinical genetic testing and results follow-up with a genetic counselor. All clinical diagnoses,
including ASD and any comorbidities, genetic test results and results from diagnostic
assessments and clinical research measures are entered into the patient’s digital health
record. Most patients (>85%) consent to a clinic-wide research protocol, which allows
researchers to access the consented patient’s health record.

Parent Report Measures

The Social Responsiveness Scale — 2"d Edition (SRS-2).—The SRS-2
(Constantino & Frazier, 2013; Constantino & Gruber, 2012) is a 65-item rating scale widely
used to identify social impairment and persons at risk for ASD from 2.5 years to adulthood.
The SRS offers the advantage of being sensitive to subclinical ASD behaviors in the general
population. Each item such as, “avoids eye contact, or has unusual eye contact” and “would
rather be alone than with others” is measured on a 4-point (0-3) scale: 0= not true, 1=
sometimes true, 2= often true, and 3= almost always true. SRS scores for NPD (n= 72 of
210) and ASD (n= 48 of 156) available within patients’ charts are reported in Table 1, as
well as demographic information for all three groups.

Pediatric Autonomic Symptom Scales (PASS).—The PASS is a parent/caregiver
reported questionnaire designed to assess the severity of autonomic function in children
(Ming et al., 2011). It includes 80, close-ended questions from 4 sections grouped

by the affected organ systems — Section I: Mood, Behavior, and Emotion; Section

I1: Secretomotor/Sensory Integration: Section I1I: Urinary/Gastrointestinal Systems; and
Section 1V: Circulation, Thermoregulation, Sleeping Patterns, and Breathing. The first type
of question is based on the presence or absence of a symptom, such as “Have you noticed
that your child seems to have difficulty seeing after coming out of a dark room?” If the
answer represented atypical autonomic function, it was scored as “1” whereas absence of
the symptom or appropriate function was scored “0”. The second type of question assessed
severity or frequency of the symptom, such as “Does your child urinate frequently, such as
more than 10 times daily?” or “Does your child typically skip having a bowel movement for
2 days or more?”. Item responses are totaled, resulting in a Total Autonomic score as well
as four subscale scores for each of the sections outlined above. The PASS questionnaire was
primarily used to inform the development of our autonomic manual chart review procedure.
We also had PASS survey scores from n=32 (a subset of patients previously reported in
(DiCriscio et al., 2022)) that were used to compare the internal consistency and reliability of
our autonomic chart review protocol as compared to autonomic symptoms assessed via the
PASS.
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Adaptation of PASS for EHR and manual chart review procedures

Analysis

A list of search terms and smart phrases based on PASS items was used to develop a
manual, autonomic chart review (ACR) rubric for determination of the presence/absence

of symptoms within patients’ charts. Patients’ electronic health records were searched,
resulting in 48 symptom fields assessed within each patient’s record. See Figure 1 for
examples of PASS items and corresponding search terms and/or smart phrases that were
used in our adapted ACR procedure. Following a format similar to the PASS, symptoms
were categorized in four sections, I. Mood, Behavior and Emotion, Il. Secretomotor/Sensory
Integration, I11. Urinary/Gastrointestinal System and IV. Circulation, Thermoregulation,
Sleeping Patterns and Breathing. In some cases, more than one PASS item corresponds

to a single symptom field within our chart review rubric. For example, items 1 and 2 within
section I. Mood, Behavior, and Emotion (“Is your child easily distractible?”; “Does your
child have any problems focusing on what they are doing at home or in school?”), are both
associated with symptoms of “Inattentiveness” in chart review. For a complete list of PASS
items and corresponding ACR symptoms, please see Supplemental Table 3.

Patients’ charts were binary scored based on the presence or absence of symptoms

where presence of a symptom was scored as ‘1’ and absence of a symptom received

a ‘0’. ACR scoring mirrored the process of PASS scoring, to produce a total score of
autonomic symptom load for each study group as well as four subscale scores based on
the four categories of autonomic symptoms included in the PASS, 1. Mood, Behavior, and
Emotion, 11. Secretomotor/Sensory Integration, I11. Urinary/Gastrointestinal Systems, and
IV. Circulation, Thermoregulation, Sleeping Patterns, and Breathing. To ensure validity of
our chart review scores, we used inter-rater reliability checks and randomly selected 30%
of the charts reviewed to be evaluated. Charts were found to be no less than 85% similar
between assessors.

ACR scores (total and subsection scores) were summarized for each group and used to
determine the estimated prevalence of each autonomic symptom category in the study
sample. Total and subsection scores were entered into a multivariate analysis of variance
(MANOVA) to assess differences in ACR scores between NPD, ASD, and Controls (i.e.

to assess a main effect of group). Appropriate follow-up tests were used to investigate
pairwise comparisons between groups. All p-values were corrected for multiple comparisons
via Benjamini-Hochberg procedures. The relationships between quantitative ASD traits
and the presence of autonomic features were examined by performing partial correlations,
controlling for age and sex, between autonomic chart review scores (total and subsection
scores) and SRS raw scores. As in our previous work, raw scores were used in order to
maximize phenotypic variability across the included sample. We used subsamples within
the NPD (n=72) and ASD (n=48) groups with completed SRS assessments for this analysis
available within their electronic records. As mentioned above, p-values were corrected for
multiple comparisons.

Finally, a subset of n=32 NPD with existing parent-report versions of the PASS were
selected for further analysis to compare ACR scores with the results from PASS scoring.
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Internal reliability of ACR and PASS scores were assessed using Cronbach’s alpha.
Comparisons of Cronbach’s alpha values were performed to assess differences in reliability
between PASS and corresponding ACR sections. Pearson’s correlations were also performed
to assess the significance of associations between section and total scores of PASS and ACR
symptom scores.

Group differences in autonomic symptoms captured via chart review

Prior to the reporting of results from our formal analysis, we first summarize the distribution
of ANS symptoms assessed via ACR across NPD, ASD, and Controls. See Table 2. Next,
multivariate analysis of variance (MANOVA) procedures were used to assess the differences
in autonomic symptoms between NPD, ASD and Control groups. Results from mutltivariate
tests indicate that there was a statistically significant difference in ACR scores based on
group membership (F(2,510)=117.12, p<0.0001). Groups differed in ACR Total as well as
subsection scores (p°s<0.0001). See Table 3 for results from follow-up tests and specific
between-subjects effects. Overall, significantly more autonomic symptoms were noted in
NPD as compared to ASD and Controls based on ACR Total as well as all subsection scores.

Linear relationship between ANS symptom scores and ASD traits

We also assessed the relationship between individual differences in ACR scores and
quantitative ASD traits across our NPD and ASD groups (i.e. n=120 from across the two
groups). Partial correlation procedures, controlling for age and sex, were used to assess the
relationships between ACR total and subsection chart review scores and SRS raw scores.
ACR Total scores were significantly related to SRS Total raw score (p<0.005) as well as
SRS SCl, Social Cognition, and Social Communication subscales (p°s<0.01). ACR Section
I. Mood, Behavior, and Emotion scores were found to be significantly related to SRS Total
raw scores (p<0.001) as well as subscale scores (p’s<0.001). Significant relationships were
also noted between ACR Sections Il. Secretomotor/Sensory Integration and IV. Circulation,
Thermoregulation, Sleeping Patterns and Breathing and SRS Social Cognition subscale
scores (p's<0.045). Complete results from partial correlations are reported in Table 4. Figure
2 illustrates relationships between autonomic chart review scores and SRS Social Cognition
subscale scores. These results highlight the association between individual differences in
atypical autonomic symptoms, captured via chart review, and quantitative ASD traits across
NPD with a genetic etiology associated with atypical neurodevelopment, including those
with a clinical diagnosis of ASD. Results from partial correlations between ACR and SRS
scores for NPD and ASD groups separately can be found in Supplemental tables 4 and 5.

Validation of ACR procedure versus PASS in subset of NPD

As a critical next step, we assessed the performance of our ACR procedure versus the
PASS as a method for capturing autonomic symptoms in neurodevelopmental populations.
In order to determine the reliability of chart review, we assessed the internal consistency
and the relationship between the PASS and our ACR protocol based on subsection scores.
It is important to note that the subset of participants included in this analysis did not
demonstrate different chart review scores from the larger NPD cohort, nor did this subset
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differ in demographic characteristics (i.e. age, sex). Complete results from this analysis can
be found in Supplemental table 6. Using chart review scores in a subset of n=32 NPD with
available PASS scores (DiCriscio et al., 2022), we first established Cronbach’s alpha (a) as
an index of internal reliability for our ACR and PASS measures. a’s for ACR and PASS
subsection scores were compared in order to investigate potential differences in internal
consistency between the two measures. Comparisons based on dependent (i.e. the same)
group indicated no significant differences in a, as a measure of internal consistency and
reliability, for chart review and PASS subsection scores, with the exception of ACR Section
I1. Secretomotor/Sensory Integration (p=0.001). See Table 5 for complete results from this
analysis. Using Pearson, pairwise comparisons we also assessed the relationship between
ACR and PASS scores and note significant direct relationships between ACR and PASS
Total scores (p<0.0001) as well as each of the four corresponding subsections (¢°s<0.04).
See Table 6 for complete results. Thus, in addition to significant linear relationships between
autonomic symptoms assessed via chart review and quantitative ASD traits, we are also
able to demonstrate the successful adaptation of a parent-report measure as a chart review
procedure for use within the EHR.

DISCUSSION

The current investigation aimed to characterize autonomic features across children with

and without neurodevelopmental diagnoses, specifically those with an NPD-related genetic
etiology, using a novel chart review procedure adapted from a clinical research tool. The
vast majority of research on autonomic function and physiologic indices of arousal in the
context of ASD have focused on objective measures of sensory indices of arousal/autonomic
function, such as heart rate variability (Pace et al., 2016; Patriquin et al., 2013; Wang et

al., 2016), sleep (Malow et al., 2006; Schreck et al., 2004; Singer et al., 2022), and pupil
measurements (Anderson & Colombo, 2009; Daluwatte et al., 2013; DiCriscio & Troiani,
2020). We and others have reported results in ASD using parent-report on symptom level
questionnaires (DiCriscio et al., 2022; Ming et al., 2011). This growing body of research has
been instrumental in shaping the landscape of research related to hypotheses of autonomic
function as a biological correlate and/or underlying causal mechanism of the development
of atypical neurodevelopmental traits. However, studies that capture direct measurements
collected in experimental laboratories can be challenging to scale to meaningful sample sizes
in real-world clinical samples. Thus, a novel component of the current investigation is the
adaptation of a clinical research questionnaire of autonomic symptoms (DiCriscio et al.,
2022; Ming et al., 2011) into a manual chart review protocol implemented across a large
sample of clinically characterized patients within an integrated health care system. Using
our ACR procedure, we report significantly more symptoms of autonomic function in NPD
as compared to ASD and age and sex matched controls. These results align with previous
studies reporting more symptoms related to atypical autonomic function in clinically and
genetically characterized cohorts (DiCriscio et al., 2022) and expands upon previous studies
of atypical autonomic processes (i.e. disruptions in sleep-wake cycles and disturbances to
gastrointestinal function) within NPD-related genetic disorders (Brunetti-Pierri et al., 2008;
DiCriscio et al., 2022; Kamara et al., 2021; Shayota & Elsea, 2019).
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We used a broad sampling approach that aimed to explore the relationship between

features of autonomic function and clinical ASD traits, while also using a heterogenous,
genetically characterized cohort. We find significant relationships between autonomic
features and neurodevelopmental trait dimensions, specifically symptoms associated with
Social Cognition as assessed by the SRS, across individuals from NPD and ASD groups.
While previous studies have linked autonomic processes such as HRV with core clinical
features of ASD and other neurodevelopmental diagnoses such as psychosocial impairments
and emotion regulation (Aldinger et al., 2015; Appelhans & Luecken, 2006; Bernstein et
al., 1997; Bunford et al., 2017; Patriquin et al., 2013, 2019), results reported here align

with previously published work that has found significant linear relationships between
individual differences in autonomic features, assessed using parent-report on the PASS, and
quantitative ASD traits (DiCriscio et al., 2022), as well as research that has noted differences
in physiologic indices of autonomic function or arousal states associated with the ASD
phenotype (Anderson & Colombo, 2009; Baker et al., 2019; Bast et al., 2021; Condy et

al., 2017; DiCriscio & Troiani, 2020). The results presented here as well as our previously
published research in NPD groups underscores the dimensional measurement of individual
differences in autonomic features as a potential transdiagnostic trait domain associated with
underlying neurobiological drivers of atypical neurodevelopment.

Of particular importance are reported results related to the adaptation of a clinical research
tool, the PASS, for data collection and manual chart review of clinical data within the EHR.
In a subset of individuals from our NPD group, we report no significant differences in
measures of internal consistency in our chart review protocol as compared to the PASS,
indicating this chart review method is measuring the same general construct as the parental
report of these symptoms. We assessed the relationship between PASS scores and our
autonomic chart review scores and reported significant relationships between PASS and
autonomic chart review total scores across all four subscales. Taken together, these results
demonstrate the successful adaptation of a parent-report, clinical research questionnaire for
use at scale within the EHR. In section Il. Secretomotor/Sensory Integration, we did identify
differences in measures of internal consistency, with a lower Cronbach’s a from our chart
review procedure as compared to the use of the PASS. Items within this section may differ
in the way in which they are reported on a parent-report questionnaire versus identified and
documented within a patient’s chart, which relies on parent-report in the context of a patient
encounter and/or a provider’s assessment of atypical sensory features. In other words, the
consistency at which a parent reports various sensory processing features (i.e. secretomotor
symptoms, aversions to certain textures or sounds) may differ when directly prompted via
questionnaire requiring a Yes/No response as compared to historically describing symptoms
or suspected “problems” to a provider during a healthcare visit. Additionally, the way in
which a patient provider documents a symptom or behavior related to sensory processing
may vastly differ across providers and encounters, especially if sensory symptoms are

being directly measured or assessed. Research in sensory integration/sensory processing

in ASD has broadly reported differences in the manner in which individuals with ASD
‘take-in’ the world around them; however, results have varied in regards to subtyping groups
based on variability in patterns of hypo versus hyper-responsivity (Tomchek et al., 2015)
and depending on symptom measures used. The items within the Secretomotor/Sensory
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Integration section of the PASS may be limited in scope in capturing various patterns of
sensory processing across multiple levels.

Previous studies have reported on the successful adaptation of clinical phenotyping tools
and assessments for use with electronic health data to characterize patient groups based

on diagnostic criteria of complex phenotypes including ASD, identify patients who may
benefit from targeted intervention, or to characterize treatment response in patients receiving
treatment (Coleman et al., 2015; Lingren et al., 2016; Malow et al., 2022; Singer et al.,
2022). The use of available clinical data within the context of the EHR, in conjunction
with diagnostic and individualized genomic data, represents a unique opportunity to
identify meaningful neurodevelopmental subgroups or subtypes based on co-occurring
conditions. Previous research in ASD has investigated specific autonomic processes such
as gastrointestinal problems and sleep disturbances in conjunction with core diagnostic
features of ASD as a means to stratifying subgroups (Unwin et al., 2013). Although

we have demonstrated the potential expanded use of EHR data for phenotyping of
complex neurodevelopmental disorders and clinically meaningful co-occurring conditions,
it was beyond the scope of the current study to stratify our patient cohorts based on

clinical diagnoses, genetic etiologies, and phenotypic traits including autonomic symptoms.
Additional research is necessary in order to continue to validate the adaptation of clinical
research questionnaires of complex neurobiological processes such as ANS function. As

a part of future studies, it will also be necessary to also document and acknowledge

other factors such as medication and prescription information (i.e. stimulants) and/or other
clinically relevant comorbitidies that may disrupt or affect autonomic processes. Data
related to medication and prescription documentation, clinically relevant comorbidities,
and the frequency of reported symptoms should be captured and incorporated into future
analysis as potential confounds and/or covariates. It is important to acknowledge that things
such medications (i.e. stimulants and other psychoactive medications) may impact features
that are included as autonomic symptoms in the current investigation such as sleep-wake
cycles, cardiovascular functioning, and sensory processing (Cheng et al., 2020; Koolhaas
etal., 2011; Taylor et al., 2021). Similarly, dietary needs and nutritional habits may cause
symptoms related to constipation or other acute gastrointestinal distress that would not

be characterized as a feature of autonomic function. Critical next steps for this research
include (i) the continued dimensional assessment of features of autonomic function as
neurobiological drivers of atypical neurodevelopment including ASD; (ii) multisite studies
that focus on the expanded use and validation of chart review algorithms developed based
on diagnostic criteria (e.g. DSM-V) and clinical assessment tools; and (iii) explore specific
autonomic processes that may differentiate meaningful sub-phenotypes based on clinical
expression as well as genetic etiology.

It is important to note that, in the current investigation, we adapted our reported chart
review procedure from one measure of autonomic symptoms, the PASS. Our methods and
reported results represent a novel extension of previously published work using the PASS

in a neurodevelopmental patient cohort (DiCriscio et al., 2022). Research has demonstrated
the utility of the PASS as well as the the Composite Autonomic Scoring Scale (CASS)
(Low, 1993) and the Compositite Autonomic Symptom Scales (COMPASS; and abbreviated
COMPASS-31) (Sletten et al., 2012; Suarez et al., 1999) and, from which the PASS was
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adapted, as ANS-specific scales for quantifying autonomic features that may be distinct in
neurodevelopmental conditions including ASD (Lawson et al., 2020; Ming et al., 2011).
While our adapted ACR and results are novel and distinct from other research related to
autonomic function, it is important to recognize that other studies have implemented and
reported findings from additional measures related to autonomic processes (Keith et al.,
2019; Morlino et al., 2019; Zinn & Jason, 2021). However, a majority of these studies are
based in adult samples or have focused on one symptom domain (Damian et al., 2012;
Morlino et al., 2019; Sletten et al., 2012). Within neurodevelopmental populations, research
has not used ANS-specific surveys, but relied on measures of anxiety, sensory processing,
or sleep-wake cycles that were interpreted to reflect autonomic processes (Keith et al., 2019;
Lawson et al., 2020; Wiggs & Stores, 1996, 2004). While our adaptation of a research
measure for the scalable collection of clinical data related to ANS processes is distinct as
compared to these previous studies, additional research is necessary, not only to validate
the ACR protocol as mentioned above but also investigate the reliability and validity of
ANS-specific scales such as the PASS as compared to other quantitative measures of ANS
related symptoms in pediatric cohorts.

There are additional limitations in the current investigation that should be addressed as

a part of future studies. We included a broad age range across all groups. While our
previously published work also included a similar age range, autonomic symptoms as
assessed via the PASS did not differ when we explored possible age related differences
(DiCriscio et al., 2022). We have included a summary of symptoms captured via ACR
across each age group (2-5 years; 6-10 years; 11+ years) within our current cohort (see
Supplementary Table 7). Thus, our current work expands upon previously published studies
and improves the generalization of findings across pediatric patients rather than isolated

age groups; however, it is important to acknowledge that the PASS, from which our

ACR protocol was adapted, was originally created to be used in a much younger and

much narrower age range. Continued research, in much larger samples, is necessary in

order to assess age-related changes in autonomic features and whether a critical period

of autonomic function as it relates to atypical neurodevelopment can be identified. Next,
additional data collection and more rigorous testing of our novel ACR procedures as well

as the implementation of advanced analytic methods (i.e. principal components analysis) are
necessary in order confirm the validity and reliability of manual chart review and the use of
EHR data as a clinical phenotyping tool for underlying neurobiological processes associated
with neurodevelopmental psychopathology. To our knowledge, while other studies have
assessed the link between questionnaires related to features of autonomic function and direct
measures of autonomic activity or clinical diagnoses resulting from atypical autonomic
function (Ke et al., 2017; Ruska et al., 2018; Schultz et al., 2019; Strand et al., 2016;

Zinn & Jason, 2021), there is no evidence linking PASS scores, or ANS symptom scores
summarized using health record data, with objective or direct measures of autonomic
function. However, there has been work linking other autonomic questionnaires, including
the COMPASS-31, from which the PASS was adapted, to clinical symptoms (Cortez et al.,
2015; Costa et al., 2023; Takri et al., 2023; Treister et al., 2015) as well as direct sensory
measures (Bitirgen et al., 2021; D’Amato et al., 2020; Georges et al., 2022; Greco et al.,
2017; Huang et al., 2023; Kang et al., 2016). Nevertheless, future work should assess the
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relationship between PASS symptom scores and direct measurements of arousal in children.
It’s also important to acknowledge the sex ratios of male:female across our three groups.
The distribution of males and females across each of our NPD, ASD, and control groups
parallels currently accepted estimates of ASD in males versus females (Burrows et al., 2022;
Loomes et al., 2017; Zeidan et al., 2022); however, additional data collection and larger,
sex-matched samples (e.g. 1:1) in future studies will promote a more targeted approach for
the investigation of sex-related differences in autonomic processes.

Finally, we wish to acknowledge that we did not explore differences in autonomic features
based on genetic etiology. Our NPD cohort was heterogenous and included CNVs, single-
gene disorders, as well as likely or uncertain pathogenic variants. Smaller sample sizes in
our more highly represented genetic subgroups (i.e. 1g21.1 duplication syndrome) did not
provide sufficient power to support the identification of group differences or correlations
between autonomic symptoms and meaningful differences in ASD traits. Clinical genetic
testing and research in clinical genomics has identified several pathogenic variants and
single-gene disorders associated with increased risk for the development ASD, other
neurodevelopmental and psychiatric conditions, and clinically significant comorbidities
including medical conditions linked with ANS function (i.e. sleep disturbances, hearing and
vision impairments, ataxias). Continued research on trait dimensions that may be considered
transdiagnostic across multiple genetic etiologies, including those with a current uncertain
or emerging pathogenicity, is critical to promote the identification and characterization

of complex neurodevelopmental phenotypes. Thus, we would like to emphasize that a
future direction for this area of research is the continued characterization of the genetic
contribution to autonomic function in atypical neurodevelopment; however, it was beyond
the scope of the current study to include specific subgroup analyses.

IMPLICATIONS

The work presented here presents the use of a manual chart review procedure, adapted from
a clinical research tool, as a novel and scalable method for the assessment of autonomic
features associated with atypical neurodevelopment. Our methods and broad sampling
approach underscores autonomic symptoms as a potential transdiagnostic trait dimension
found in neurodevelopmental and psychiatric disorders, including ASD. Our reported results
extend previous studies of autonomic features in ASD using parent-report symptom scales
(DiCriscio et al., 2022; Ming et al., 2011) and align with experimental studies that have
reported differences in direct measures of autonomic processes (Anderson & Colombo,
2009; Condy et al., 2017; Daluwatte et al., 2013; Goodwin et al., 2006; Kushki et al.,

2014; Pace et al., 2016; Patriquin et al., 2013, 2013, 2019). The current study provides a
foundation for future studies regarding the relationship across ANS function, core clinical
features of ASD and atypical neurodevelopment, and genetic differences.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
. Atypical autonomic processes have been described in autism spectrum
disorder (ASD).
. Health record data can be used to quantify features of autonomic function.
. More symptoms of atypical autonomic function are reported in atypical
neurodevelopment.
. Autonomic symptoms are associated with quantitative ASD traits.
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Autonomic Organ System/Section PASS Item Examples ACR Svmptom field
Section L Mood, Behavior, and Emotion 1. Is your child easily distractible? For example, are you wumable to read
{MBE) l‘!E.E%‘.’.I.‘?.%E earire story with himher pavine aention? ... :
2. Does your child have any problems with focusing on what they are Tconments
doing at hcme of in school?

12. Does your child perform any repetitive behavior, such as hand
ﬂappjng".‘

13. Does your child tend to warch 1 video of & parion of the video Repetitive Behaviors
over and over again?

Section II. Secreromotor/ Sensory Integration 1. Does your child often complain that it is too sunny and ba/she has
(55) problems seeing?
2. When your child 15 outside, have you noticed that your child often
...29."215.!9.‘.3?.1?.‘%! sumlight?
Have you noticed that your chuld seems to hm‘edafﬁnﬂn seaing
aﬁm coming out of a dark room?

Photoresponse Photosensiavity

16. Does your child seem to have decreased pain sensiavicy? For
example, has your child ever fallen or gotten hit by something vou Hypoalgesia
would expact to hurt, but your child does not seem to be bothered?

17. Does your child bite or pick at hisher skin to the point of bleeding

or obvious injury? Ay
Section IIL. Urinary/Gaserointesanal Systems 4. Does vour child hesitate to begin urinating? Anpical urinary ralated behaviors
[(ae) 5. Does your child not seem to recognize that be'she has had a bowel
movement? Atypical bowel related behaviors
6. Does your child play with hisher feces?
15. Does your child tend to be constipated?
16. Does your child typically skip having a bowel movement for 2 Constipation
's or more?
17. Does your child swrain dunng bowsl movement?
Section IV. Circulation, Thermoregulation, 3. If vour child stands up too Ly, does he'she look pale in the face, e
Sleep Parterns, and Breathing (ag’f poedurtppumaply s e CRE P
11. Does yvour child frequently hyperventilate?
13. When your child holds breath, doss he or she chanee color, lose Pulmonary Function
consclousness, of have a seinme?
14 Does your child have difficulry fallinz asleen? Difficulty falling aslaep
7 - g : :
l&gge;)ow child wake up frequently during the night (more than p:f‘uculn staying aslesp

Figure 1.
Our autonomic chart review (ACR) procedure was adapted based on the item structure

and subsections within the Pediatric Autonomic Symptoms Scale (PASS; (Ming et al.,
2011)). Items within the each of the four sections (. Mood, Behavior, and Emotion;

I1. Secretomotor;/Sensory Integration; I11. Urinary/ Gastrointestinal Systems; and IV.
Circulation, Thermoregulation, Sleep Patterns, and Breathing) were used to established
search terms and relevant smart phrases for manual chart review related to autonomic
symptoms. Symptoms captured were summed, resulting in a ACR Total score as well as
subsection scores that paralleled those PASS sections outlined above.
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Figure 2.

Results from Pearson, pairwise comparisons between SRS Total (raw scores) and ACR Total

(Panel A) and subscale scores (Panels B — E).
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Demographics and SRS in NPD with genetic syndromes and individuals with ASD with no known genetic

etiology.
NPD (N=210) ASD (N=156) HC (N=197)
Sex Ratio 132 males, 78 females 127 males, 29 females 124 males, 73 females
X (o) Min  Max X (o) Min  Max X (o) Min  Max
Age (in years) 12.07 (5.31) 1 22 9.65 (4.47) 3 22 11.89 (5.09) 3 22
SRS Total T-Scores 72.88 (11.92) 40 98 79.21 (10.07) 56 96

n=9 Sub-clinical(T-score < 59)
n= 10 Mild(T-score 60 -65)
n= 24 Moderate(T-score 66 -75)

n= 29 Severe(T-score = 76)

n= 2 Sub-clinical(T-score < 59)
n= 2 Mild(T-score 60 -65)
n= 14 Moderate(T-score 66 -75)

n= 30 Severe(T-score = 76)

SRS Raw Scores n=72 n=48

Total Raw Score 91.00 (29.55) 16 154 111.92 (25.58) 58 164
SCI 75.06 (23.09) 15 122 92.15 (19.19) 47 130
RBRI 15.93 (7.64) 0 32 19.72 (8.25) 4 34
Social Awareness 12.10 (3.68) 3 20 14.73 (3.58) 7 22
Social Cognition 18.25 (6.40) 2 30 22.40 (4.91) 11 34
Social Communication  30.49 (10.57) 5 50 37.77 (8.65) 16 53
Social Motivation 14.22 (6.05) 2 27 17.19 (6.31) 0 28
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Summary of autonomic features captured as part of ACR. Cells represent summed totals of documented

Table 2.

symptoms for each group and proportions of each group (%) in which symptoms were documented.

Page 22
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NPD ASD HC
n=210 n=156 n=197
Symptom TOTAL %ofn TOTAL %ofn TOTAL %ofn
Section |. Mood, Behavior, and Emotion Inattentiveness 160 76.19% 124 79.49% 19 9.64%
(MBE) -
'I"nﬁ’gﬁ{;f/ﬁ't‘;,”y or 170 80.95% 134  85.90% 22  1117%
Mood 92 43.81% 90 57.69% 8 4.06%
Tantrums or Aggression 149 70.95% 132 84.62% 16 8.12%
pAh”(;gfg' Unusualfearsor 157 50950 79 5064% 28 14.21%
OCD 80 38.10% 72 46.15% 1 0.51%
Repetitive behaviors 90 42.86% 132 84.62% 1 0.51%
Social impairment 103 49.05% 145 92.95% 4 2.03%
Total 951 56.61% 908 72.76% 99 6.28%
Section 11. Secretomotor/Sensory Integration  Photoresponse/ o o
(S Photosensitivity 5 2.38% 2 1.28% 1 0.51%
gg’cprgz‘r’;'o"t%r 48 2286% 14 8.97% 1 0.51%
Hypoactive Secretomotor 1 0.48% 0 0.00% 2 1.02%
Dermatologic Symptoms 94 44.76% 48 30.77% 54 27.41%
Hypoalgesia 11 5.24% 10 6.41% 1 0.51%
Self-injury 71 33.81% 61 39.1% 3 1.52%
Sensory Processing 114 54.29% 83 53.21% 4 2.03%
Vestibular Symptoms 22 10.48% 3 1.92% 1 0.51%
Total 366 21.79% 221 17.71% 67 4.25%
Section I11. Urinary/Gastrointestinal Systems  Diapering/Toilet Training 157 74.76% 129 82.69% 41 20.81%
UG
(UG) Frequent urination 8 3.81% 5 3.21% 2 1.02%
ptypical urinary related 17 810% 7 4.49% 4 2.03%
g‘e‘r{g\'ﬁg:sbo""e' related 28 1333% 24 15.38% 3 1.52%
Constipation 126 60.00% 61 39.10% 48 24.37%
Diarrhea or loose stool 45 21.43% 17 10.90% 7 3.55%
Reflux 83 39.52% 26 16.67% 38 19.29%
Bloating/Distension 31 14.76% 6 3.85% 1 0.51%
Vomit/Nausea 60 28.57% 20 12.82% 5 2.54%
Growth/Weight 49 23.33% 27 17.31% 3 1.52%
Abnormal Feeding 99 47.14% 28 17.95% 3 1.52%
Swallowing/Chewing 50 23.81% 15 9.62% 3 1.52%
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NPD ASD HC
n=210 n=156 n=197
Symptom TOTAL %ofn TOTAL %ofn TOTAL %ofn
Sucking 40 19.05% 11 7.05% 3 1.52%
Total 793 29.05% 376 18.54% 161 6.29%
Pulmonary Function 57 27.14% 27 17.31% 50 25.38%
Fatigue 42 20.00% 13 8.33% 5 2.54%
Syncope/Pre-syncope or
fainting 8 3.81% 1 0.64% 4 2.03%
Apnea 76 36.19% 45 28.85% 29 14.72%
Orthostatic function 1 0.48% 0 0.00% 1 0.51%
Sinus Arrhythmia 9 4.29% 4 2.56% 3 1.52%
Section IV. Circulation, Thermoregulatio n, . o o o
Sleep Patterns, and Breathing (CTSB) Tachycardia 55 26.19% 10 6.41% 3 1.52%
Motion sickness 3 1.43% 2 1.28% 9 4.57%
Skin/Complexion 22 10.48% 5 3.21% 4 2.03%
Edema 8 3.81% 0 0.00% 0 0.00%
Abnormal body
temperature 4 1.90% 0 0.00% 0 0.00%
Circulation 5 2.38% 0 0.00% 0 0.00%
Difficulty falling asleep 100 47.62% 86 55.13% 21 10.66%
Difficulty staying asleep 102 48.57% 71 45.51% 13 6.60%
Difficulty staying awake
or waking 39 18.57% 9 5.77% 4 2.03%
Parasomnia 36 17.14% 12 7.69% 11 5.58%
Total 567 16.88% 285 11.42% 157 4.98%
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Table 3.

Autonomic symptom scores based on EHR chart review data in NPD with genetic syndromes, individuals with
ASD, and healthy controls.

NPD ASD HC

X(o) Min  Max X(o) Min  Max X(o) Min  MaX p-value

45=0.007
ACR Total 12.75(5.53) 0 28 11.47 (452) 3 31 246 (2.83) 0 16 bp<0.0001**
©p<0.0001
a *k

. ) '<0.0001
Section 1. Mood, Behavior, & ok
Emotion (MBE) 453(2212) 0 8 5.82 (1.73) 1 8 0.50(1.16) © 6 bp<0.0001 ~

¢p<0.0001

a *

. 'v=0.003

Section I1. Secretomotor/ ok
Sensory Integration (SS) 1.74(1.31) O 6 142(1.00) O 5 0.34(0.55) O 3 bp<o_0001**

¢p<0.0001
a * A

. ) 'p<0.0001
Section I11. Urinary/ b ok
Gastrointestinal Systems (UG) 3.78(245) 0 11 241(195) O 10 0.82(1.11) © 6 p<0,0001**

¢p<0.0001
Section IV. Circulation, 3p<0.0001 ™"
Thermoregulatio n, Sleep 270(202) O 9 1.83 (1.62) 0 10 0.80(1.19) O 7 bp<0.0001 **
Patterns, and Breathing (CTSB) b/<0.0001 Ak

Results from a multivariate analysis of variance (ANOVA) indicated a significant effect of Group on Autonomic symptom Total and sub-section
scores (p's<0.0001). Results from follow-up tests on between groups comparisons are reported in the table above.

*
£<0.01;

Aok

£<0.001
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Results from partial correlation (age and sex) between Autonomic chart review (ACR) scores and SRS in n=72
NPD and n=48 ASD (i.e. Total N=120). All p-values are adjusted for multiple comparisons by the Benjamini-

Hochberg method.

ACR ACR ACR ACR ACR
Total I-MBE 1SS 1I-UG  IV-CTSB
SRS Raw Scores
Total 0.292 0471 0.107 0.028 0.089
p=0.005* p<0.001* p=0408 p=0.890 p=0511
_ o . 0.303 0.468 0.111 0.022 0.125
Social Communication and Interaction p=0004* p=0001* p=0408 p=0919 p=0.364
. - . 0.199 0.390 0.064 0035  -0.029
Restricted Interests & Repetitive Behavior p=0071 p<0.001* p=0.642 p=0888 p=0.890
. 0.193 0.401 0064  -0012  -0.007
Social Awareness p=0079 p<0001* p=0642 p=0971 p=0971
. . 0.448 0.461 0.227 0.210 0.220
Social Cognition p<0.001* p<0.001* p=0039* p=0056 p=0.045%
_ . 0.259 0.432 0084  -0.008  0.108
Social Communication p=0014* p<0.001* p=0536 p=0971 p=0.408
. . 0.113 0.288 0003  -0.105  0.063
Social Motivation p=0408 p<0.001* p=0971 p=0408 p=0.642
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Page 26

Cronbach’s alpha (a) for PASS and ACR in n=32 NPD. Comparisons based on dependent (i.e. the same)

group.

PASS () ACR (a) 22(p-value)
ACR Total 0.785 0.789 0.005, p=0.962, NS
Section I.
Mood, Behavior, & Emotion (MBE) 0.524 0.708 3.686, p=0.055, NS
Section I1. .
Secretomotor/Sensory | ntegration (SS) 0.782 0.323 10.509, p=0.001
Section I11.
Urinary/Gastrointestinal Systems (UG) 0.703 0.658 0.228, p=0.633, NS
Section V.
Circulation, Thermoregulation, Sleep Patterns, and Breathing (CTSB) 0.767 0.604 2.674, p=0.102, NS

*
p<0.01;

Hk
£<0.001
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Table 6.

Pearson’s correlations between PASS and ACR scores in n=32 NPD

Page 27

R value (p
value)
PASS Total PASS I-MBE ~ PASS1I-SS  PASS I1I-UG PASS IV- ACR Total ACR I- ACRII-SS  ACRIII-UG
CTSB MBE
PASS 1.00
Total -
P/?SS 0.85"p<0.0001 1.00
MBE
T|A§§ 0.84"p<0.0001  0.72"p<0.0001 1.00
PﬁISS 0.60"p<0.0001  025p=0.17  037%p=0.04 1.00
UG
P/IAVSS 0.64 **p<0.0001 0.36 *p=0_04 0.31 p=0.09 0.33 p=0.06 1.00
CTSB
%Ct; 0.64*p<0.0001  0.49"p<0.001  0.417p=0.02  0.60 p<0.0001  0.45 “p=0.01 1.00
ACR 062™p<0.0001  0.72""p<0.0001 047 "p=0.01 028p=0.12  0.26p=0.15  g59™p<0.0001 1.00
MBE
ﬁCSFé 0.45p=0.01 0.36"p=0.04  0.367p=0.04  0.37 p=0.04 025p=0.17  (73*"p<0.0001 0.42 p=0.02 1.00
A“CIR 0.36 "p=0.04 015p=041  018p=032 o58™p<p.0001 027P=013  0.76™p<0.0001 012P=050  0.45"p=0.01 1.00
UG
AI\C/R 0.37 p=0.04 0.15p=0.42 0.187p=0.03  0427p=0.02  046p=0.01 0.74*p<0.0001 0-15p=041  (38%h=0.03 0.49 “p<0.001
CTSB
*
p<0.01;
Ak
£<0.001
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