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Abstract

The presence of multiple dysmorphic features in some children with autism spectrum disorder
(ASD) might identify distinct ASD phenotypes and serve as potential markers for understanding
causes and prognoses. To evaluate dysmorphology in ASD, children aged 3-6 years with ASD and
non-ASD population controls (POP) from the Study to Explore Early Development were evaluated
using a novel, systematic dysmorphology review approach. Separate analyses were conducted for
non-Hispanic White, non-Hispanic Black, and Hispanic children. In each racial/ethnic group, ~
17% of ASD cases were Dysmorphic compared with ~ 5% of POP controls. The ASD-POP
differential was not explained by known genetic disorders or birth defects. In future epidemiologic
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studies, subgrouping ASD cases as Dysmorphic vs. Non-dysmorphic might help delineate risk
factors for ASD.
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Introduction

Dysmorphology is the study of atypical development of physical features. Atypical physical
features can be separated into two categories: major and minor morphologic anomalies
(Hennekam et al. 2013). Major anomalies, also known as birth defects, are those with
significant medical, surgical, or cosmetic consequences; they are individually uncommon,
but altogether are present in approximately 3% of newborns in the United States (Centers for
Disease Control and Prevention 2008; Egbe 2015). Minor anomalies, also known as
dysmorphic features, do not have significant medical, surgical, or cosmetic implications.
Some minor anomalies may be either present or absent (e.g., ear pit). Other categories of
minor anomalies are measurement abnormalities and descriptive traits. Measurement
abnormalities are structures with significantly higher or lower measurements compared to
age-specific population means and standard deviations (e.g., tall stature, microcephaly, short
philtrum). Descriptive traits are physical features with a continuum of variation in the
general population that are considered dysmorphic at the extremes of the range of
variability; these can be challenging to define (e.g., prominent tragus, hypoplastic alae nasi,
prominent Cupid’s bow). Each minor anomaly occurs in approximately < 4% of the general
population (Marden et al. 1964; Méhes 1983; Leppig et al. 1987; Aase 1990; Merks et al.
2003).

Many single gene disorders and chromosomal anomalies, as well as some syndromes of
unknown cause, have specific associated major and minor morphologic anomalies that
define their phenotypes. Similarly, exposure to various teratogenic agents during pregnancy
—for example, certain medications, infections, maternal conditions, dietary imbalances,
toxins, and chemicals—can cause recognizable phenotypes composed of major and minor
morphologic anomalies. Thus, multiple dysmorphic features, sometimes in conjunction with
major anomalies, may be markers for underlying aberrant developmental processes. In fact,
while 15-40% of otherwise healthy term infants may have one or two dysmorphic features,
it is uncommon for individuals to have multiple dysmorphic features unless there has been
an underlying genetic condition or gestational exposure that affected prenatal development
(Marden et al. 1964; Hook 1971; Leppig et al. 1987; Merlob et al. 1985).

Autism spectrum disorder (ASD) defines a behavioral phenotype characterized by
impairments in communication skills and social interactions along with restricted and
repetitive behaviors and interests (American Psychiatric Association 2013). ASD has an
appreciable genetic basis, based on high heritability in twin studies and numerous single
gene disorders and chromosomal anomalies with increased risks for ASD (Muhle et al.
2004; Miller et al. 2005; Abrahams and Geschwind 2008; Bill and Geschwind 2009; Ronald
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and Hoekstra 2011 ; Rosti et al. 2014; Sandin et al. 2014; Robert et al. 2017). In addition,
epidemiologic studies have identified environmental factors that increase the risk for ASD,
with some potentially acting through teratogenic mechanisms during pregnancy to affect
brain development, including maternal metabolic syndrome and obesity, and certain prenatal
infections and medication use (reviewed in Karimi et al. 2017). Given both the genetic and
environmental causes of ASD and the general observation that children with multiple
dysmorphic features often have underlying genetic conditions or gestational exposures that
affected prenatal development, we hypothesized that the presence of multiple dysmorphic
features in some children with ASD might identify distinct ASD phenotypes and serve as
potential markers for understanding causes and prognoses.

Prior studies have investigated dysmorphic features in relation to ASD. Most early studies
compared children with autistic disorder to control groups using a list of 16 physical
anomalies (the Minor Anomaly Scale) developed by Waldrop et al. (1968). This scale was
based on a list of 16 features originally selected by Goldfarb and Botstein (1956) and
described in an unpublished manuscript on organic connections in childhood schizophrenia.
Studies using the Minor Anomaly Scale found that children with autistic disorder had higher
mean physical anomaly scores than controls (Mnukhin and Isaev 1975; Steg and Rapoport
1975; Walker 1977; Campbell et al. 1978; Links 1980; Links et al. 1980; Gualtieri et al.
1982). While these early studies compared the presence of particular dysmorphic features in
children with autistic disorder to controls, they were limited to children with symptoms at
the severe end of the ASD spectrum, and only 16 features were evaluated.

More recently, Miles and Hillman (2000) evaluated dysmorphic features in 94 individuals
who fulfilled the diagnostic criteria for autistic disorder by the Diagnostic and Statistical
Manual of Mental Disorders, 4th edition and the Childhood Autism Rating Scale. They
defined the following five categories of individuals based on an assessment of 200
dysmorphic features: (1) Minimal (< 3 dysmorphic features); (2) Mild (> 3 and < 6
dysmorphic features); (3) Moderate (= 6 dysmorphic features); (4) Severe (= 6 dysmorphic
features along with a major morphologic anomaly); and (5) Syndrome (presence of an
autism-associated genetic syndrome, such as fragile X syndrome, tuberous sclerosis, Sotos
syndrome, or supernumerary isodicentric chromosome 15). For classification purposes, the
Minimal category was defined as “phenotypically normal,” the Mild category was defined as
“equivocal,” and the Moderate and Severe categories were defined as “phenotypically
abnormal.” Their analysis showed that among the 94 individuals with autistic disorder, 26%
were phenotypically abnormal. Miles et al. (2005) subsequently expanded their analysis to
260 individuals with autistic disorder. The classifications described in the original
publication (Miles and Hillman 2000) were redefined as follows: phenotypically normal =
non-dysmorphic, equivocal = equivocal, and phenotypically abnormal = dysmorphic. The
proportion of individuals with autistic disorder classified as dysmorphic was 16%.
Additionally, individuals classified as dysmorphic or those with microcephaly (head
circumference < 2nd percentile) irrespective of their dysmorphology classification, were
further defined as having “complex” autism (18% of individuals with autistic disorder) while
the remaining non-dysmorphic individuals were defined as “essential” autism.
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Miles et al. (2008) subsequently modified the classification approach so that clinicians
without extensive training in dysmorphology could classify individuals with autistic
disorder. Using classification and regression tree analysis, this methodology relied on 12
body regions, coded as either normal or abnormal, to differentiate individuals with autistic
disorder as either dysmorphic (complex autism) or non-dysmorphic (essential autism).
Validation assessments indicated that this simplified classification method, defined as the
autism dysmorphology measure (ADM), had 81-82% sensitivity and 95-99% specificity
compared to the classifications obtained through the more rigorous approaches of Miles and
Hillman (2000) and Miles et al. (2005).

The classification approaches described by Miles et al. (2005, 2008) have subsequently been
used in other studies to characterize clinical and genetic differences between individuals
with essential and complex autism (Stoelb et al. 2004; Angkustsiri et al. 2011; Tammimies et
al. 2015; Flor et al. 2017; Zachariah et al. 2017). While most studies utilized the Miles et al.
(2005) or the Miles ADM approaches, Wong et al. (2014) developed a different subgroup
classification scheme based on dysmorphology for patients with ASD, with the goals of
improving etiologic assessments and aiding in determining prognoses. The authors
performed a retrospective, chart review study in China—medical records of 1261 patients
with ASD from a single hospital were evaluated for any physical abnormalities recorded by
pediatricians, developmental pediatricians, or child neurologists. Patients with diagnoses of
tuberous sclerosis or certain specified syndromes—Williams, Rett, fragile X, Down, Dravet,
Crouzon, Stickler, Kabuki, Angelman, and Sotos syndromes—were excluded. After
exclusions, those patients with at least one “physical abnormality, measurement abnormality
or observed descriptive feature or malformation” were classified as dysmorphic while those
with no recorded physical abnormalities were defined as non-dysmaorphic. Through this
analytic approach, the proportion classified as dysmorphic was 10.8%.

Although the classification approaches described by Miles et al. (2005, 2008) were
developed specifically to differentiate between essential and complex autism among
individuals with autistic disorder, some studies have applied the algorithm to controls
without autistic disorder to determine the proportion of dysmorphic individuals among that
group as well. Angkustsiri et al. (2011), using the Miles et al. (2005) approach, classified the
following as dysmaorphic: 17.4% of 149 children with ASD and 5.4% of 112 controls who
were typically-developing. Zachariah et al. (2017) used the Miles ADM to classify the
following Indian children as dysmorphic: 26.9% of 26 children with autistic disorder and
10.0% of 140 controls without autistic disorder.

Previous classification approaches based on dysmorphic features (Miles et al. 2005, 2008 ;
Wong et al. 2014) were developed exclusively utilizing single site, clinic-based patient
populations of individuals with autistic disorder and did not utilize control groups of
individuals without ASD to define the basis for identifying descriptive traits as dysmorphic.
In addition, the classification approaches were developed utilizing individuals who were
primarily White (86% White, 7% biracial, 5% Black, 1.5% Asian in Miles et al. 2005 ) or
Chinese (Wong et al. 2014). Furthermore, as children grow, physical features and the extent
of dysmorphology change (examples described in Allanson 1989; Cole and Hughes 1994;
Braddock et al. 2007; Cung et al. 2015). As a result, assessments of cohorts with broad age
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ranges may not adequately describe the dysmorphic features of the ASD population at
specific ages. The mean age of individuals (primarily children) in the classification approach
of Miles et al. (2005 ) was 9 years, and in Wong et al. (2014), the ages ranged from < 1 year
to 32.8 years at time of diagnosis. Therefore, there are potential limitations for utilizing
these classification methods to define ASD subgroups of dysmorphic individuals from
broader non-clinic-based populations that may have higher proportions of other racial and
ethnic groups. In addition, the validity of using these approaches among controls without
ASD to define a dysmorphic subgroup is unknown.

Here we describe the development of the quantitative methods used to characterize and
classify children based on dysmorphology in the Study to Explore Early Development
(SEED). This methodology utilizes a large non-clinic-based sample of children with ASD in
a narrow age range and a comparison group of population controls without ASD from three
racial/ethnic groups: non-Hispanic White (NHW), non-Hispanic Black (NHB), and
Hispanic. The dysmorphology assessments, reviews, and analyses that we performed allow
us to characterize racial/ethnic-specific dysmorphology among the SEED ASD cohort,
identify the dysmorphic proportion of children with ASD in each racial/ethnic group relative
to the respective population control groups without ASD, and assess for differences in these
proportions based on race/ethnicity and sex. We also assess the effects from known single
gene disorders, chromosomal anomalies, and major morphologic anomalies of unknown
cause on the proportions of children with ASD or population controls who are dysmorphic.

SEED is a multi-site case—control study of genetic and environmental risk factors for ASD.
Details of the SEED protocol and methodology were previously published (Schendel et al.
2012).

Study Subjects

SEED enrollment and study methods were conducted at six study sites in California,
Colorado, Georgia, Maryland, North Carolina, and Pennsylvania. Children and their
caregivers (98% biologic mothers) were enrolled when the child was aged 2-5 years.
Eligible children were born in 2003-2006 and lived in the respective site’s study area, both
at birth and at study enrollment. Additional enrollment criteria included an English-speaking
(all sites) or Spanish-speaking (two sites) caregiver who was responsible for the child since
age 6 months and able to provide legal consent. Children for the ASD case group were
primarily identified from multiple special education and clinical sources that provide
services to children with developmental disabilities. Potential ASD case children had special
education or International Classification for Disease codes indicative of autism/ASD or other
developmental disabilities that are typically precursors or co-occurring diagnoses in children
eventually diagnosed with ASD. SEED ascertainment of ASD cases was intentionally broad
for the types of disabilities included for children potentially eligible for the ASD case group
in order to identify yet undiagnosed cases of ASD in young children who had come to the
attention of a healthcare provider or school as having a developmental delay. Children for
the general population control group (POP group) were identified via random samples of
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birth certificates within each site’s defined geographic study area. To ensure that ASD cases
and POP controls were from the same study base, sources for the ASD group at each site
included most major public school special education programs and large clinical sources
serving children with ASD in the study area; thus, children sampled for the POP group
would have likely been served at one of the respective site’s ASD data sources had they been
identified as having ASD.

Although children were initially identified as potentially being eligible for a given study
group, the final study group classification was determined from standardized research
developmental assessments. Upon enrollment, all children were screened for possible autism
characteristics through their caregiver’s completion of the Social Communication
Questionnaire (SCQ). Children with SCQ scores = 11 were designated as potential ASD
cases regardless of how they were initially identified. Additionally, all children with a
previous ASD diagnosis or autism special education classification were designated as
potential ASD cases regardless of their SCQ scores. Study personnel skilled in administering
developmental assessments subsequently evaluated all enrolled children in person. Children
in the potential ASD group were administered the Autism Diagnostic Observation Schedule
(ADOS) and their caregivers were administered the Autism Diagnostic Interview-Revised
(ADI-R). Final inclusion in the ASD case group was based on the ADOS and ADI-R scores.
For children ascertained from birth certificates, those who had SCQ scores < 11 and those
who had SCQ scores = 11 but based on the ADOS and ADI-R scores did not meet the
criteria for classification as an ASD case, received a final classification of POP. These
methods assured that children in the case group fulfilled inclusion based on ADOS and ADI-
R results, and children in the POP group did not have ASD. Comorbid conditions, such as
attention-deficit/hyperactivity disorder, seizure disorder, internalizing behaviors and
externalizing behaviors, were not exclusions for enrollment in SEED. SEED also included a
third study group of children with other (non-ASD) developmental disabilities, but children
in this group are not included in this analysis as dysmorphology assessment and review
focused primarily on children with a final classification of ASD or POP. As part of SEED
data collection, parents reported their races/ethnicities on a caregiver interview, and child
race/ethnicity was defined based on parental reported races/ethnicities (DiGuiseppi et al.
2016).

Dysmorphology Assessment

Each child underwent a systematic dysmorphology assessment immediately following the
initial developmental assessment or at a second in-person assessment. Research assistants at
each site were trained by clinical geneticists to perform a systematic dysmorphology
assessment. The clinical geneticist provided quality control for parts 1-5 of the assessment
by obtaining reliability with the research assistant in obtaining in-person measurements,
performing the systematic examination and recording the findings, and obtaining
photographs and digital hand scans. Each research assistant was also supervised by an on-
site clinician. The “SEED Physical and Dysmorphology Examination Training Manual”
utilized by research assistants and on-site clinicians contains 204 pages of detailed
information on general dysmorphology, and descriptions of the procedures for performing
all aspects of the dysmorphology assessment, the required training procedures for research
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assistants, and the quality assurance/quality control procedures to be followed to maintain
quality and reliability. A copy of the manual is available upon request.

The dysmorphology assessment consisted of six parts: (1) in-person measurements of the
child and available parents; (2) systematic examination of the child by visual inspection and
under Woods lamp; (3) a standard series of photographs of the child, along with additional
photographs of unusual findings; (4) digital scans of the ventral (palm) surface of both
hands; (5) filling out a Dysmorphology Examination Form (DEF) with the collected data
from the examination; and (6) after the in-person assessment, performing a set of
measurements from photographs and hand scans, recording those measurements on the DEF,
and determining and recording percentiles for all measurements obtained.

Part 1—In-person measurement of the child included height using a model 214 Seca
stadiometer (HealthCheck Systems, Inc.), weight using a MedWeigh MS-3200 digital high
capacity portable scale (HealthCheck Systems, Inc.) calibrated prior to each use with a
standard weight, and head circumference using a clinical ¥4” wide fiberglass tape measure.
Parental heights and head circumferences were similarly obtained; no other measurements or
components of the dysmorphology assessment were performed on available parents. In
addition, children stood in bare feet on blank sheets of paper, lines were drawn at the ends of
the great toe and the heel, and the distance between the lines was obtained with the tape
measure and recorded as the foot length.

Part 2—The SEED dysmorphology assessment included only external features that are
relatively easy to observe and photograph. Research assistants performed a careful visual
inspection of the child for the following body regions: head, forehead, hair, face, eyes,
eyebrows, nose, mouth and lips, teeth, ears, hands, feet, nails, and skin of the face, neck,
chest, back, abdomen, and extremities. Skin areas were also examined under a Woods lamp
#UV501 (Burton Medical). Measurements were obtained in two dimensions for all
hyperpigmented (e.g. café au lait spots) or hypopigmented macules using the tape measure.
Additionally, research assistants observed the child’s gait. All measurements and unusual or
questionable findings were recorded on the DEF. The SEED dysmorphology assessment was
not a clinical exam, nor could it be used for genetic diagnosis. Based on ethical grounds and
to comply with the wishes of many parents, the chest was not photographed, and the
buttocks and external genitalia were not included in the dysmorphology assessment. The
palate exam was also excluded given the challenges of adequate visualization in 3-6 year old
children and obtaining satisfactory photographs for dysmorphology review.

Part 3—Research assistants utilized a digital camera (at least three megapixels) to obtain a
standard set of photographs of the child: (1) head, anterior (face), non-smiling; (2) head,
anterior (face), smiling (showing teeth); (3) head, posterior (showing hairline); (4) head,
crown (showing hair whorls); (5) head, left % view; (6) head, right % view; (7) head, left
lateral; (8) left ear, lateral; (9) head, right lateral; (10) right ear, lateral; (11) left hand, dorsal;
(12) right hand, dorsal; (13) left foot, dorsal (standing); (14) left foot, dorsal (seated and
dangling); (15) right foot, dorsal (standing); and (16) right foot, dorsal (seated and
dangling). Additionally, skin features noted on exam, as well as all unusual or questionable
findings, were photographed. Prior to obtaining face and ear photographs, square or
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rectangular stickers of preset dimensions (internal measurement) were placed on the skin in
the following locations: the glabella and just anterior to the left and right tragi; a face
photograph without the sticker was also typically obtained. If a child was not able to hold
completely still for photography, a study staff assistant, often with the assistance of a family
member, helped position and hold the child for photographs.

Part 4—Research assistants performed a hand scan of the child using a digital flatbed
scanner. The child’s hands were placed palm-side down on the scanner bed next to a square
or rectangular sticker of preset dimensions or a flat plastic ruler (internal measurement). If a
child was not able to place his or her hands completely flat on the scanner, study staff, often
with the assistance of a family member, held the child’s palms and digits flat on the scanner
bed, typically by placing their adult hand over the child’s and pressing evenly over the
course of scanning the hand. Hand scans were saved as digital images.

Part 5—Research assistants recorded all observations and data obtained during the in-
person dysmorphology assessment on the DEF. Additionally during the in-person
assessment, research assistants asked the child’s caregiver the following questions and
recorded the answers: “Was the child born with any problems in the structure of his/her body
or organs (also known as birth defects)?”; “Has the child had any corrective surgeries, which
includes surgeries to repair findings in the abdominal or genital region (such as hernias)?”;
“Does the child have a clinical diagnosis of a syndrome?”; and “Has the child had a genetics
evaluation, blood tests, or been seen by a genetic counselor?” Affirmative answers to the
first three questions prompted follow-up questions about the types of birth defects,
operations, or syndrome diagnoses; an affirmative answer to the fourth question prompted
follow-up questions about the results of the genetic evaluation and tests.

Part 6—Research assistants obtained measurements from photographs and hand scans
using Fetal Alcohol Syndrome Facial Photographic Analysis Software, version 1.0.0 (FAS
Diagnostic and Prevention Network, University of Washington, Seattle, 2003). The stickers
of preset dimensions placed on the glabella and just anterior to the tragi prior to photography
of the face and ears were used to compute the measurements. The head, anterior (face), non-
smiling photograph was used to obtain interpupillary distance, inner canthal distance, left
and right palpebral fissure lengths, philtrum length, interalal distance, and mouth width.
Lateral ear photographs were used to obtain left and right ear lengths. Lengths of the left and
right index (2nd) fingers, middle (3rd) fingers, ring (4th) fingers, palms, and hands were
measured from the digital hand scans. The square or rectangular sticker of preset dimensions
or the flat plastic ruler placed on the scanner bed prior to scanning the hands was used to
compute the measurements. Research assistants determined percentiles for the following
child’s measurements using ABase (Zankl and Molinari 2003) developed for the Palm OS®
Emulator operating system, version 3.5 (Palm Inc., Santa Clara, CA): height, weight, head
circumference, inner canthal distance, ear length, middle finger length, hand length, and foot
length. Published growth charts for maternal and paternal head circumferences (Bushby et
al. 1992), interpupillary distance (Feingold and Bossert 1974), palpebral fissure length
(Thomas et al. 1987), philtrum length (Feingold and Bossert 1974 ), and palm length
(Feingold and Bossert 1974) were used to develop Microsoft® Office Excel® tools for
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calculating percentiles for the respective measurements, which were then used by research
assistants to determine the percentiles. Body mass index (BMI) and percentile were
calculated using the BMI Percentile Calculator for Children from the Centers for Disease
Control and Prevention.!

In order to maintain quality control for measurements obtained from photographs and digital
hand scans across the six SEED sites, every month a common set of images was distributed
to the research assistants at each site who were responsible for obtaining measurements. Two
research assistants at the Georgia SEED site, both skilled in obtaining measurements, would
obtain and agree on a reliable measurement for each measured parameter. Research
assistants at the other five SEED sites would independently perform the same measurements
and submit the values for comparison to the Georgia SEED standard. Measurements could
not differ from the standard by more than 5%. Research assistants who did not achieve the
concordance threshold were retrained in obtaining measurements and retested for reliability
with Georgia SEED standard measurements.

Dysmorphology Review

Seven clinical geneticists affiliated with SEED were each responsible for a specific
dysmorphology review of all children in both the ASD case and POP control groups. Each
clinical geneticist reviewed one of the following seven body regions: ears; eyes and
eyebrows; growth and skin; head, hair, face, and neck; hands and feet; mouth, lips, and teeth;
or nose and philtrum. In most cases, a single clinical geneticist reviewed all study children
for the specified body region. A total of 397 potential major and minor morphologic
anomalies were analyzed for each child (Table 1): 90 for ears; 62 for eyes and eyebrows; 16
for growth and skin; 68 for head, hair, face, and neck; 83 for hands and feet; 26 for mouth,
lips, and teeth; and 52 for nose and philtrum. 42 reviewed features were major anomalies
and the remaining 355 features were minor anomalies.

Each clinical geneticist developed a systematic Dysmorphology Review Form (DRF) that
listed the features for his or her review. Since physical features often represent a continuum
in the population, the DRF utilized a Likert scale to denote the “quality” of the feature being
examined: 0 = normal or absent; 1 = possible or questionable; 2 = mild; 3 = moderate; and 4
= severe. When a feature was defined by a measurement, then percentile ranges, ratio
ranges, or angle measurement ranges were specified for each value of the Likert scale. For
example, for the feature of long ear length, Likert scores were assigned to the following per-
centile ranges: 0 = length < 90th percentile; 2 = length = 90th percentile and < 97th
percentile; 3 = length = 97th percentile and < 3 standard deviations (SD) above the mean;
and 4 = length = 3 SD above the mean. Likert scores for features not based on a continuum,
but either present or absent (e.g., question mark ear), were 0 = feature absent and 4 = feature
present. Many descriptive traits comprise a continuum in the general population from mild
to severe (e.g., prominent forehead). For such traits, the clinical geneticists used published
consensus descriptions (such as in Allanson et al. 2009; Hall et al. 2009; Hunter et al. 2009;
Hennekam et al. 2009; Carey et al. 2009; Biesecker et al. 2009) as reference material and

1https://vaw.cdc.gov/healthyweight/bmi/calculator.html.
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then evaluated photographs of 50-100 children enrolled in SEED in order to develop criteria
for assigning Likert scores of 0, 2, 3, and 4 to represent normal, mild, moderate, and severe,
respectively.

Clinical geneticists performed their dysmorphology assessments for their respective
assigned body regions by reviewing all of the data recorded in the DEF for each child, and
examining all photographs and scans pertaining to the features in their DRF. Reviews were
blinded—clinical geneticists did not know whether the child being reviewed was in the ASD
or POP group. When a potential feature could not be ascertained (e.g., measurement could
not be obtained, photograph not available, photograph not of adequate quality for review of
the feature, or feature obscured, such as hair obscuring certain ear structures), no Likert
score was assigned, and the dysmorphology review for the feature was recorded as “missing
data.” For bilateral features—ears, hands and feet, most for the eyes and eyebrows, and a
few in the other body regions (cheeks, nasolabial folds, paranasal tissue, alae nasi, nares, and
lips)—each side was assessed separately and received its own Likert score; the higher Likert
score of the pair was specified as the overall score for that feature in the child. Results of
each clinical geneticist’s dysmorphology review were recorded in the respective DRF.
Geneticists conducted dysmorphology reviews first for all NHW children, followed by all
NHB children, then all Hispanic children.

One geneticist also evaluated all responses to the questions posed to the caregiver about birth
defects or syndromes in the child and included consistent descriptions of the responses
within four categories: non-chromosomal genetic syndromes (caused by nucleotide variants
and other genetic sequence anomalies, trinucleotide repeat expansions, and other pathogenic
changes affecting a single gene), chromosomal anomalies (caused by aneuploidies and copy
number variants affecting more than a single gene), major anomalies, and minor anomalies
(i.e., morphologic anomalies not among the features reviewed for the seven body regions,
such as sacral dimple). The SEED protocol also included abstraction of child medical
records from birth to age 3 years. These record abstractions (when available), were used to
clarify and correct caregivers’ descriptions of birth defects or syndromes.

Initial SEED enrollment targets specified that each site should enroll equivalent numbers of
children in each group, ASD and POP, yet final sample sizes varied because of the
aforementioned methodology to allow yet undiagnosed children to be classified as ASD
cases and because of variable completion rates for various study components. Due to the
labor-intensive aspects of dysmorphology review, and to ensure that SEED primary research
questions could be addressed sufficiently, dysmorphology reviews were performed only on
those children who had completed dysmorphology assessment and who had achieved study
completion as defined in Bradley et al. (2018). Therefore, all NHW, NHB, and Hispanic
ASD cases and POP controls who met the criteria for study completion underwent
dysmorphology review.

Dysmorphology Data Analysis

Dysmorphology analyses were conducted separately for NHW, NHB, and Hispanic children;
sample size limitations precluded further subdivision of Hispanic children into ancestry
subgroups. The first step in dysmorphology data analysis was to determine the range of
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Likert scores for each of the 397 features that corresponded to dysmorphic vs. normal
variation (i.e., non-dysmorphic) in the POP group. For each feature, the children in the POP
group were assigned to three categories according their Likert scores: 22, >3, and = 4. A
feature was defined as dysmorphic if it occurred in < 5% of the POP group. Each range of
possible Likert scores (i.e., = 2, = 3, and = 4) was statistically evaluated to determine if it
included < 5% of the POP group. To achieve this, the following were calculated for each
feature: the frequency of Likert scores = 2, = 3, and = 4, and the Bayesian shortest 95%
confidence interval for each frequency.2 Several examples are shown in Table 2. The largest
range of Likert scores that included 5% or had an upper confidence limit <5%, was selected
as the Likert score range that defined the feature as dysmorphic. Features that had Likert
scores of only 0 (normal or absent) or 1 (possible or questionable) for all children in both
POP and ASD groups within a race/ethnicity category were not informative to the analysis
and were, thus, excluded. Additionally, a small number of features (1 for NHW and 3 for
NHB children) were excluded as non-informative since the smallest frequency of Likert
scores (i.e., = 4) had a lower confidence limit that was > 5%. After these exclusions, the total
numbers of features available for analysis for children in the NHW, NHB, and Hispanic
categories were 307, 284, and 276, respectively; features excluded from racial/ethnic-
specific analyses are noted in Table 1.

A racial/ethnic-specific dysmorphology score was then calculated for each child. The
dysmorphology score was defined as the number of dysmorphic features that a child had
divided by the total number of features for which the child had received any Likert score,
and then that fraction was multiplied by 100. The total number of features for which the
child had received any Likert score was the difference between the total number of features
available for analysis of children in the race/ethnicity category (e.g., 307 for NHW) and the
number of features with missing data. For example, if a NHW child had five dysmorphic
features and seven features with missing data, then the dysmorphology score would be
calculated as [5/(307 — 7)] x 100 = 1.67. Children who were missing data for more than 80
features were excluded from further analysis; after this exclusion, the highest number of
features with missing data for a child was 80 for NHW, 50 for NHB, and 63 for Hispanic.

The distribution of dysmorphology scores that best described the children in the POP group
in each race/ethnicity category was then identified by plotting histograms that displayed the
distribution shapes and testing distribution adequacy with Kolmogorov—Smirnov and
Anderson—Darling tests. The distribution shapes and the tests showed that the data from
children in the POP group for each racial/ethnic category were an excellent fit for the log
normal distribution (Kolmogorov-Smirnov test p value > 0.250; Anderson-Darling test p
value > 0.250).

Finally, the expected values of the log normal distribution of dysmorphology scores were
utilized to convert the dysmorphology score of each child in the POP group to a
corresponding percentile (1st—99th percentile) of the log normal distribution. The racial/
ethnic-specific log normal distributions of dysmorphology scores were similarly used to
convert the dysmorphology scores of the corresponding racial/ethnic groups of children with

2https://vaw.causascientia.org/math_stat/ProportionCI.html.
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ASD to percentiles. Categorized dysmorphology classifications for all children were
specified for ranges of percentiles of the log normal distributions: Non-dysmorphic is < 90th
percentile; Equivocal is > 90th percentile and < 95th percentile; and Dysmorphic is > 95th
percentile. Child dysmorphology classifications are capitalized in this report (Dysmorphic,
Equivocal, Non-dysmorphic) to differentiate them from how individual features are defined
(dysmorphic, non-dysmorphic).

All analyses were conducted using SAS® 9.3 (SAS Institute Inc., Cary, NC). Categorical
dysmorphology classifications were compared between POP and ASD, between racial/ethnic
groups (NHW, NHB, and Hispanic), and between boys and girls by chi square test or
Fisher’s exact test. All statistical tests were two-sided, and p values < 0.05 were considered
statistically significant.

Among all children receiving a dysmorphology score, approximately 74% were missing data
on = 1 features, so a sensitivity analysis was conducted to assess the impact of missing data
on the observed results. First, the number of dysmorphic features corresponding to the 95th
percentile of the dysmorphology score distributions for the POP groups (i.e., the number of
dysmorphic features required to be assigned the categorical dysmorphology classification of
Dysmorphic) was calculated for each race/ethnicity. For NHW, NHB, and Hispanic, these
thresholds corresponded to 16, 16, and 18 features, respectively. When applying these
thresholds, approximately 64% of children with missing data for > 1 features could be
assigned a definitive categorical dysmorphology classification of either Non-dysmorphic or
Dysmorphic regardless of whether or not their features with missing data were dysmorphic
or non-dysmorphic. The reduction in children with potentially uncertain dysmorphology
classifications was possible because either (1) the number of dysmorphic features observed
in the child was already greater than or equal to the threshold value so that the
dysmorphology classification must be Dysmorphic, regardless of the number of features
with missing data, or (2) the sum of the dysmorphic features observed in the child and the
features with missing data was less than the threshold, so that the dysmorphology
classification must be Non-dysmorphic. Multiple imputation by fully conditional
specification (Rubin 1987; Little and Rubin 1987; Raghunathan et al. 2001; van Buuren
2007) was used to assess the effect of missing data in the remaining children (approximately
27% of the total sample) whose categorical classifications could change from Non-
dysmorphic to Dysmorphic if the sum of dysmorphic features observed in the child and the
features with missing data was greater than or equal to the threshold value. Categorical
dysmorphology classification, site (CA, CO, GA, MD, NC, PA), sex (male, female), case—
control status (ASD, POP), race/ethnicity (NHW, NHB, Hispanic) and Mullen score were
included in the imputation model, and ten imputed datasets were created. Each imputed
dataset was analyzed individually and results were then combined (Yuan 2000; Liu and De
2015).

SEED ASD cases and POP controls included in the dysmorphology data analysis are
described in Table 3. The male-to-female ratio of ASD cases was 4-to-1, similar to the
prevalence ratio reported in population-based surveillance of ASD (Baio et al. 2018); the
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male-to-female ratio of POP controls was not significantly different (p = 0.631) from the
ratio reported in the 2010 U.S. population census for children aged < 10 years (Howden and
Meyer 2011). The age at dysmorphology assessment was not significantly different between
ASD cases and POP controls (p = 0.840). The mean age (cases and controls combined) at
the time of dysmorphology assessment was approximately 5 years (mean, 61 months; range
34-84 months). Separate dysmorphology data analyses were conducted for NHW (185 POP;
310 ASD), NHB (96 POP; 117 ASD), and Hispanic (90 POP; 87 ASD) participants who had
undergone dysmorphology review by the clinical geneticists. Since the dysmorphology
scores of each racial/ethnic POP group were fit to the log normal distribution to develop the
categorical child dysmorphology classifications of Non-dysmorphic, Equivocal, and
Dysmorphic, this step defines each POP group as comprised of approximately 90% Non-
dysmorphic, 5% Equivocal, and 5% Dysmorphic children. Overall, 4.6% of children in the
POP group had scores > 95th percentile and, thus, classified as Dysmorphic. The proportion
of Dysmorphic children was nearly four times greater for children with ASD; 17.1% had
scores > 95th percentile (p < 0.001) (Table 4). Since each racial/ethnic POP group was fit to
a log normal distribution and dysmorphology classifications were defined for each POP
group as Non-dysmorphic (< 90th percentile), Equivocal (> 90th percentile and < 95th
percentile), and Dysmorphic (> 95th percentile), there was no statistically significant
difference in the distributions of child dysmorphology classifications between the three
racial/ethnic POP groups (p = 0.601) (Table 4). Interestingly, there was also no statistically
significant difference in the distributions of child dysmorphology classifications between the
three racial/ethnic ASD groups (p = 0.845) (Table 4).

Since the significant difference in the dysmorphology distributions between POP and ASD
could be due to a higher prevalence of non-chromosomal genetic disorders and
chromosomal anomalies—henceforth referred to as “genetic disorders” in this report—
among children with ASD compared to children in the POP group, all children (both POP
and ASD) with parent-reported genetic disorders were excluded, and the dysmorphology
distributions re-evaluated. The numbers of children with ASD with reported genetic
disorders were 8 (2.2%), 3 (4.5%) and 19 (21.6%) of those classified as Non-dysmorphic,
Equivocal, and Dysmorphic, respectively. Among the children in the POP group, those with
reported genetic disorders were 10 (3.0%), 1 (4.8%), and 1 (5.9%) for those classified as
Non-dysmorphic, Equivocal, and Dysmorphic, respectively. Once excluding all children
with reported genetic disorders, the difference between ASD and POP was slightly
attenuated, but there was still a statistically significant difference between 4.5% of children
in the POP group and 14.3% of children with ASD classified as Dysmorphic (p < 0.001)
(Table 5). Similarly, the presence of major morphologic anomalies could be indicative of an
unknown aberrant in utero genetic or teratogenic developmental process associated with an
increased risk for ASD. Therefore, after exclusion of all children with genetic disorders,
children (both POP and ASD) with major morphologic anomalies were additionally
excluded, and the dysmorphology distributions re-evaluated. The difference between ASD
and POP was slightly more attenuated, but there was still a statistically significant difference
between approximately 4.3% of children in the POP group and 12.6% of children with ASD
classified as Dysmorphic (p < 0.001) (Table 5). Finally, there was no statistically significant
difference in the distributions of child dysmorphology classifications between males and
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females with ASD, either before (p = 0.294) or after excluding all those with parent-reported
genetic disorders (p = 0.517) (Table 6).

The sensitivity analyses for the effects of missing data on the association between case—
control status and categorical dysmorphology classification showed that all of the combined
p values were < 0.001 when varying the threshold number of dysmorphic features for the
dysmorphology classification as Dysmorphic between - 4 below the race/ethnicity specified
thresholds (i.e., 12, 12, and 14 for NHW, NHB, and Hispanic, respectively) to + 4 above the
thresholds (i.e., 20, 20, and 22 for NHW, NHB, and Hispanic, respectively). Therefore,
taking into account multiple scenarios under the missing at random assumption, the missing
data for physical features did not affect the observed associations between case-control
status and categorical dysmorphology classification.

Discussion

Our assessment of dysmorphology in a large diverse sample of children drawn from multiple
clinical and education sources in select communities expands on previous studies that
enrolled cases with ASD from a single clinical source. In this study, we were able to
compare children with the broad ASD phenotype from three racial/ethnic groups to
population controls drawn from the same communities, and thus contribute more
generalizable information about the ASD phenotype than past studies. Our finding that
approximately 17% of children with ASD were classified as Dysmorphic was close to the
percentages in previous reports by Miles and Hillman (2000) (25.5%), Miles et al. (2005)
(15.8%), Miles et al. (2008) (14.6%) and Angkustsiri et al. (2011) (17.4%), but somewhat
higher than the prevalence reported by Wong et al. (2014) (10.8%) and Flor et al. (2017)
(5.6%). We additionally found that the prevalence of children classified as Dysmorphic was
comparable among NHW, NHB, and Hispanic children with ASD, and in all three racial/
ethnic groups, children with ASD had a markedly higher chance than children in the general
population control groups of being classified as Dysmorphic. The finding that there was
little variation by race/ethnicity suggests that the group of genetic and environmental factors
resulting in the co-occurrence of ASD and a preponderance of dysmorphic features is similar
across the three racial/ethnic groups.

Overall, known genetic disorders accounted for part of the differences between cases and
controls since these conditions were reported in 5.8% of SEED cases versus 3.2% of
controls, although the difference did not reach significance (p = 0.072). The higher
prevalence of these conditions among children with ASD was expected since ASD has a
significant genetic basis, and dysmorphic features are prevalent among the numerous
identified genetic disorders with an increased risk for ASD (e.g., Angelman syndrome,
Down syndrome, fragile X syndrome, Phelan-McDermid syndrome, Rett syndrome, etc.). In
our study, 21.6% of children with ASD classified as Dysmorphic had a known genetic
disorder compared to only 2.6% of those in the combined Non-dysmorphic and Equivocal
categories (p < 0.001). This finding is consistent with other studies. In the initial Miles and
Hillman (2000) study, phenotypically abnormal individuals were ten times more likely to
have a known genetic disorder than phenotypically normal individuals (21% vs. 2%). In the
expanded Miles et al. (2005) study, no individuals with essential autism but 24% of
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individuals with complex autism had a known genetic disorder or teratogenic exposure.
Additionally, Tammimies et al. (2015) reported that 38% of children with complex autism
had genetic conditions diagnosed by molecular testing compared to 6% of children with
essential autism. We also found that part of the case-control differences in the prevalence of
children classified as Dysmorphic was attributed to the higher proportion of major
morphologic anomalies among children with ASD; this finding is possibly due to aberrant
developmental processes resulting from unknown underlying genetic conditions or
gestational exposures. After excluding those with known genetic disorders from cases and
controls, major morphologic anomalies were increased among ASD cases compared to
controls (18.2% vs. 8.9%, p < 0.001); 27.5% of children with ASD classified as Dysmorphic
had one or more major morphologic anomalies compared to 16.6% of those in the combined
Non-dysmorphic and Equivocal categories (p = 0.029). To our knowledge, no other study
that assessed dysmorphic features among individuals with ASD examined the prevalence of
major morphologic anomalies, independent from genetic disorders, among those categorized
as Dysmorphic versus Non-dysmorphic.

Nonetheless, genetic disorders and major morphologic anomalies explained only part of the
case—control differences that we observed. The prevalence of the Dysmorphic classification
in a case subsample that excluded these conditions was still nearly three times the prevalence
of the Dysmorphic classification among the subsample of the control group. However, we
cannot rule out the possibility that some children in the Dysmorphic ASD group have an
undiagnosed genetic disorder or teratogenic exposure.

One hypothesis to explain the higher prevalence of ASD among males is that females may
require more genetic changes to manifest ASD. This is referred to as a multiple-threshold
multifactorial liability model (Reich et al. 1975). In support of this model, studies have
shown that females with ASD are often more severely affected than males, tending to have
lower 1Q scores and more frequent co-morbidities, such as epilepsy (Miles et al. 2005;
Amiet et al. 2008; Eaves and Ho 2008). This higher “genetic load” required to manifest
ASD might increase the risk for females with ASD to be Dysmorphic, compared to males.
However, in our study, the proportion within each dysmorphology classification category did
not differ significantly between males and females with ASD, although females with ASD
were more likely than males to be Dysmorphic. However, once individuals with known
genetic disorders were excluded, the female:male sex difference in those classified as
Dysmorphic was attenuated. We did observe that females with ASD had a higher prevalence
of known genetic disorders compared with males (12.5% vs. 4.3%, p = 0.002). The
relatively low prevalence of ASD diagnosis among females compared to males (Werling and
Geschwind 2013; Duvekot et al. 2017; Baio et al. 2018), combined with the fact that females
identified with ASD are often more severely affected than males, suggests that females
ultimately diagnosed with ASD may receive comprehensive genetics evaluations more often
than males with ASD, thus identifying a higher proportion of females than males with ASD
who have genetic disorders. Understanding the actual reasons behind this difference in the
prevalence of genetic disorders will require further investigation.

This study has a number of strengths. In contrast to prior dysmorphology studies that relied
only on populations of individuals with ASD to define dysmorphology (Miles and Hillman
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2000; Miles et al. 2005, 2008; Wong et al. 2014), the dysmorphology approach that we
developed and implemented for the SEED sample used population control groups without
ASD to define “dysmorphic” for each feature in a quantitative fashion. This approach forced
adherence to the definition of dysmorphic in spite of the challenges for even experienced
clinical geneticists to decide when a descriptive trait is no longer normal variation in the
population but is actually dysmorphic. Second, the use of a Likert scale to describe each
feature (absent or normal, mild, moderate, severe) allowed for post-dysmorphology review
determination of the dysmorphic status of each feature and accommaodated potential
differences between perceptions of clinical geneticists (i.e., over-calling or under-calling a
feature as dysmorphic). Prior dysmorphology studies did not account for the variation of
descriptive features, but merely selected an arbitrary impression by the examiner to define
“yes, dysmorphic” versus “no, non-dysmorphic” for various features (Miles and Hillman
2000; Miles et al. 2005, 2008). Third, in contrast to other studies of dysmorphology (Miles
and Hillman 2000; Miles et al. 2005, 2008 ; Wong et al. 2014), the clinical geneticists
participating in SEED were not present at the dysmorphology assessment, but instead
reviewed a standard set of photographs and measurement data on each child to perform
dysmorphology reviews; thus, they were blinded to final classification (case vs. control), as
well as to severity among those with ASD, which reduced potential dysmorphology bias.
Fourth, our SEED dysmorphology approach afforded the opportunity to evaluate
dysmorphic features in three racial/ethnic groups, taking potential racial/ethnic differences
into account. Although the Wong et al. (2014) study focused exclusively on Chinese
individuals, none of the other studies of dysmorphology had racial/ethnic-specific data.
Fifth, in contrast to previous studies of dysmorphology in ASD (Miles and Hillman 2000 ;
Miles et al. 2005, 2008; Wong et al. 2014), which were all clinic-or hospital-based, SEED
utilized a community-based ascertainment approach to identify a broader representation of
the ASD population. Finally, SEED included participants within a narrow age range
compared to age ranges of participants in other studies. Restricting participation to a narrow
age range can minimize the variation that might occur as physical features and the extent of
dysmorphology change with growth of the child.

This study also has several limitations. First, SEED was designed as a population-based
study, but many families identified for possible inclusion could not be located and/or
contacted. However, these families likely had a higher probability of being ineligible for
participation, given our inclusion criteria that families have residence (both at birth and at
the time of study contact) within the defined geographic area of one of the study sites, and
that caregivers be able to communicate in English (four sites) or English or Spanish (two
sites). Although out-migration from the geographical areas of the study sites is a potential
source of bias, the large populations of diverse racial, ethnic, and socioeconomic
characteristics within the study sites and each having the advantage of close proximity to
major medical centers offering a broad array of services, makes it unlikely that out-
migration introduced bias in relation to the presence of dysmorphic features or genetic
disorders in the enrolled children. Second, the SEED dysmorphology assessment did not
include a comprehensive, systematic genetic evaluation, so SEED participants had
significant variation in prior genetic testing and evaluation, from none to quite extensive.
Therefore, the prevalence of reported genetic disorders among SEED participants with ASD
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(5.8%) and POP controls (3.2%) are likely underestimates of the true prevalence of genetic
disorders in these groups. Third, although children enrolled in the ASD and POP groups
were not matched for any characteristic, either one-on-one or by frequency, the SEED
sample included (1) male-to-female ratios of primarily preschoolage children that matched
the ratios within the underlying populations of children with ASD and children in the
general population and (2) children within a relatively narrow age range of 34—-84 months at
the time of dysmorphology assessment whose age distributions were not significantly
different between ASD cases and POP controls. Moreover, the SEED sample allowed for
stratified analyses by both sex and race/ethnicity, which as previously described, is a notable
strength compared to past studies. Nonetheless, as with many epidemiologic comparisons,
the potential for unmeasured confounding cannot be entirely dismissed. Fourth, in light of
the young age of children participating in the study, and because milder forms of ASD might
not be recognized until later in childhood or even into adolescence and adulthood, those at
the milder end of the spectrum, who may in fact have a different risk for being Dysmorphic,
might not be as well represented in the study. Therefore, the results of our study should not
be generalized to older children and adults. Finally, some physical features were a challenge
for the clinical geneticists to review from photographs, particularly when there was a blurred
image, suboptimal lighting, inadequate zoom, a non-standard camera angle, lack of one or
more standard photographs (e.g., no open mouth photo to evaluate the teeth), or an obscured
image (e.g., hair covering parts of the ear). Therefore, some physical features and some
participants (if multiple photographs had issues) had more missing data than others.
Although missing data had the potential to affect the validity of the dysmorphology results,
our sensitivity analyses and multiple imputations showed no significant effect of missing
data on the observed results. In addition, although in-person dysmorphology assessments
might have resulted in less missing data, they run the high risk of dysmorphology bias based
on knowing the final classification status.

Conclusion

Within the SEED, a novel approach was developed for systematic comparison of
dysmorphic features between children with ASD and population controls without ASD.
Approximately 17% of children with ASD had a significantly higher number of dysmorphic
features and, hence, a classification as Dysmorphic, compared with approximately 5% of
population controls. Findings were similar across NHW, NHB, and Hispanic racial/ethnic
groups and between males and females. Differences in the proportions classified as
Dysmorphic between children with ASD and population controls were due in part, but not
entirely accounted for, by known conditions typically associated with dysmorphic features
(genetic disorders and major morphologic anomalies). This is the first dysmorphology study
among children with ASD in a diverse U.S. population that includes comprehensive,
systematic comparisons to racial/ethnic-specific population control groups without ASD.
Future analyses of the SEED sample that stratify ASD cases as Dysmorphic versus Non-
dysmorphic might help uncover etiologic risk factors for ASD.
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Page 29

Examples of defining dysmorphic versus normal population variation (non-dysmorphic) for physical features
among POP controls

Likert score range  Frequency among POP (%) Lower CL (%) Upper CL (%) Range that defines dysmorphic
Example 1: long ear?
=2 22.4 17.0 29.0 No
>3 10.4 6.8 15.7 No
=4 1.7 0.6 47 Yesb
. . a
Example 2: ptosis
22 4.8 2.6 8.9 Yesb
>3 2.7 1.2 6.1 No
=4 0.0 0.0 2.1 No
Example 3: cutaneous toe syndactylya
=2 10.3 6.5 15.3 No
>3 2.2 1.0 5.8 Yesb
=4 0.0 0.0 1.6 No

POP children without ASD from the general population, CL confidence limit

a . . . .
Example is from the non-Hispanic White POP controls

Largest range of Likert scores that includes 5% within the confidence interval or has an upper confidence limit < 5%

J Autism Dev Disord. Author manuscript; available in PMC 2020 May 01.
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Table 3

ASD cases and POP controls included in the dysmorphology data analysis

Characteristic ASD,N=514N (%) POP,N=371N (%)

Race/ethnicity

Non-Hispanic White 310 (60.31) 185 (49.86)

Non-Hispanic Black 117 (22.76) 96 (25.88)

Hispanic 87 (16.93) 90 (24.26)
Sex

Male 418 (81.32) 198 (53.37)

Female 96 (18.68) 173 (46.63)
Age at dysmorphology assessment

< 48 months 31 (6.03) 22 (5.93)

48 to < 60 months 184 (35.80) 126 (33.96)

> 60 months 299 (58.17) 223 (60.11)

ASD autism spectrum disorder, POP children without ASD from the general population, A/number

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny
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