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Abstract

Autism spectrum disorders (ASD) represent a quintessential example of a clinical population with diverse symptom
presentations and marked variation in cognitive abilities. However, the extensive literature lacks rigorous quantitative
procedures for characterizing heterogeneity of cognitive abilities in these individuals. Here we employ novel clustering
and cross-validation procedures to investigate the stability of heterogeneous patterns of cognitive abilities in reading
and math in a relatively large sample (N = 114) of children with ASD and matched controls (N = 96). Our analysis
revealed a unique profile of heterogeneity in ASD, consisting of a low-achieving subgroup with poor math skills
compared with reading and a high-achieving subgroup who showed superior math skills compared with reading.
Verbal and central executive working memory skills further differentiated these subgroups. Findings provide insights
into distinct profiles of academic achievement in children with ASD, with implications for educational practice and
intervention, and provide a novel framework for quantifying heterogeneity in the disorder.
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Individuals with neurodevelopmental disorders, includ-
ing autism spectrum disorders (ASD), often display a
wide range of symptom presentations, cognitive abili-
ties, and behavioral profiles (Seelaar, Rohrer, Pijnenburg,
Fox, & van Swieten, 2011; Smellie, 2006; Zetusky,
Jankovic, & Pirozzolo, 1985). Characterizing these het-
erogeneous patterns represents a crucial question:
Identification of distinct subgroups may provide impor-
tant theoretical information regarding how underlying
clinical impairments relate to prominent manifestations
of disorders and may also provide critical information
to facilitate targeted remediation of clinical symptoms
within a specific subgroup.

ASD represents a quintessential example of a clinical
population with diverse symptom presentations and
marked variation in cognitive and behavioral abilities.
For example, heterogeneity of symptom presentations
in ASD is well established and includes a high degree

of variability in multiple core symptom domains, includ-
ing social communication (Georgiades et al., 2013; Hu
& Steinberg, 2009), language function (Kjelgaard &
Tager-Flusberg, 2001), and repetitive and restricted
behaviors (Fountain, Winter, & Bearman, 2012; Gotham,
Pickles, & Lord, 2009, 2012). Significant heterogeneity
in ASD has also been shown in other behavioral
domains, including motor (Jansiewicz et al., 2000), cog-
nitive (Norbury & Nation, 2011), and clinical (Ring,
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Woodbury-Smith, Watson, Wheelwright, & Baron-Cohen,
2008). Together, mounting evidence supports the hypoth-
esis that heterogeneity is a prominent feature of ASD
measured across a wide range of domains, and therefore,
a critical goal for autism research is to characterize this
heterogeneity.

Academic achievement is an important domain in
which children with ASD have shown considerable het-
erogeneity (Assouline, Nicpon, & Dockery, 2012; Baron-
Cohen, Wheelwright, Burtenshaw, & Hobson, 2007,
Cash, 1999; Chiang & Lin, 2007; H. Kim & Cameron,
2016). Math and reading skills are two key areas of
academic achievement in children with ASD, and char-
acterizing heterogeneity in these areas is an important
question for several reasons. First, children with ASD
are increasingly included in mainstream classrooms,
and therefore, acquiring these foundational academic
skills is critical for keeping up with their peers. Second,
developing educational interventions for children with
ASD (e.g., Barnett & Cleary, 2015) requires a thorough
understanding of academic achievement profiles within
this population. Third, proficiency in these primary
academic areas has practical implications for future
independent living and professional careers (Newman
et al., 2011; Troyb et al., 2014).

In the context of academic achievement, results from
previous studies of reading have been equivocal regard-
ing consistent and robust patterns of abilities in chil-
dren with ASD. Studies of word reading have revealed
inconsistent results, with reports of both preserved and
deficient skills depending on the cutoffs and compari-
sons used (Jones et al., 2009; Mayes & Calhoun, 2003;
Nation, Clarke, Wright, & Williams, 2006; Troyb et al.,
2014; Wei, Christiano, Yu, Wagner, & Spiker, 2015). In
one study, a small sample (V = 32) of children and
adolescents with ASD aged 6 to 16 showed average
word reading skills when reading abilities were mea-
sured across the entire group and compared with stan-
dardized scores (Nation et al., 2006). While the authors
of this work noted significant variability in word read-
ing ability within this sample, they did not quantify this
aspect of the distribution. Additionally, two studies
examined word reading ability relative to full-scale 1Q
(FSIQ) in children and adolescents with ASD over an
extended age range (6-18 years old; Jones et al., 2009;
S. H. Kim, Bal, & Lord, 2017). These studies revealed
that 75% to 99% of affected individuals showed word
reading ability that was comparable or higher than pre-
dicted by FSIQ, suggesting preserved reading abilities
in the majority of children and adolescents with ASD.
However, group mean word reading ability in individu-
als with ASD is often below average both in 3- and
7-year-old children (low IQ group = 81 in Mayes &
Calhoun, 2003) and older children and adolescents ages
6 to 18 years (S.H. Kim et al., 2017, low IQ groups =

68.5 and 64.1; Jones et al., 2009, low I1Q group = 85.2),
and therefore, the use of deviance scores may mask
severe word reading impairments in a substantial pro-
portion of affected individuals. While these studies have
suggested preserved word reading ability in individuals
with ASD, a recent study revealed weaknesses in word
reading ability in over half of the children with ASD
ages 6 to 9 years (Wei et al., 2015). Specifically, results
showed that two distinct subgroups of children with
ASD, including “lower-achieving” and “hypercalculic”
children, who accounted for 52% of the sample, had
reading abilities that fell below the average range.

A second aspect of reading abilities that has shown
inconsistencies in the literature involves the relation-
ship between word reading and reading comprehension
abilities. Specifically, some studies have shown that
single word decoding skills are generally preserved or
even fall into the superior range in individuals with
ASD, whereas reading comprehension skills are fre-
quently impaired in these children (Jones et al., 2009;
Nation et al., 2000). For example, in a sample of chil-
dren and adolescents with ASD, group mean reading
comprehension standardized scores were 14 points
lower than word reading scores, and half of the indi-
viduals who showed normal word reading also revealed
impaired reading comprehension (Nation et al., 2000).
However, this pattern of abilities across different aspects
of reading has not always been replicated. For example,
a recent study revealed that substantial discrepancies
(> 10 points) between word reading and reading com-
prehension scores were present in only a small sub-
group of children with ASD (Wei et al., 2015). Similar
findings of comparable word reading and reading com-
prehension abilities have been demonstrated in an early
study with a group of 42 children and adolescents with
autism (Mayes & Calhoun, 2003). Together, previous
studies of reading abilities in individuals with ASD have
failed to converge on a consistent pattern of abilities
associated with word reading and reading comprehen-
sion and suggest that systematic and rigorous quantita-
tive approaches to characterizing heterogeneity of
reading abilities may be needed to address this impor-
tant aspect of academic learning.

In contrast to reading, the study of mathematical
achievement is an emerging area of academic research
in children with ASD; however, results from initial stud-
ies examining patterns of abilities in the math domain
have been inconsistent. Building on anecdotal (Baron-
Cohen et al., 2007) and experimental accounts of savant
skills in ASD (Howlin, Goode, Hutton, & Rutter, 2009),
several studies have identified a subgroup of children
with ASD who show relative strengths in math abilities
(Chiang & Lin, 2007; Jones et al., 2009; Wei et al., 2015)
that is distinct from a large, majority subgroup that
shows average math abilities. More recent studies of
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individuals with ASD, however, have shown a high
degree of variability in math skills and suggest that
weaknesses in math skills may be more prominent than
giftedness in this population (Keen, Webster, & Ridley,
2016; Oswald et al., 2016; Titeca, Roeyers, Loeys,
Ceulemans, & Desoete, 2015). A critical gap in this
literature is an understanding of whether children with
ASD show a unitary pattern of strengths and weak-
nesses across multiple mathematics subtests, including
calculation and problem solving/reasoning, or whether
heterogeneity in the ASD population is manifested by
distinct subgroups of children with consistent profiles
of mathematical abilities.

The lack of converging results in previous studies of
both reading and mathematical abilities in children with
ASD may be affected by the inconsistency of method-
ological approaches that have been used to address
heterogeneity of academic abilities in these individuals.
In one approach, heterogeneity in ASD has been exam-
ined by identifying the proportion of children with ASD
who have either exceptional or impaired abilities in
math or reading. The rationale for this approach is that
academic “outliers,” including both gifted children (e.g.,
hyperlexic and hypercalculic) as well as children with
impairments (e.g., dyslexic and dyscalculic), may be
disproportionately represented in the ASD population
and characterizing the prevalence of these children
highlights an important aspect of heterogeneity (Estes,
Rivera, Bryan, Cali, & Dawson, 2011). Studies using this
approach have reported a range of inconsistent results.
For example, one study reported that 72% of adoles-
cents with ASD had at least one measure of academic
achievement that was discrepant from their general
intellectual ability, including 14% with enhanced math
abilities and 7% with lower than expected math skills
(Jones et al., 2009). A second study reported that 4%
of children with ASD had enhanced math abilities,
whereas 22% of these children had a mathematical
learning impairment (Oswald et al., 2016). A longitudi-
nal study that also applied this approach revealed that
the discrepancy rate of academic achievement measures
varies from 1% to 69%, depending on the age, measure,
and general cognitive abilities (i.e., IQ) of affected
groups (S. H. Kim et al., 2017).

A second approach for characterizing heterogeneity
of academic abilities in ASD involves using data-driven
clustering methods for identifying subgroups of chil-
dren who have similar academic learning profiles. The
rationale for this approach is that by using an unbiased,
data-driven method, distinct subgroups of children can
be identified on the basis of multiple academic measures,
thereby providing a more detailed account of abilities
and disabilities across a range of academic areas. One
previous study employed this approach with a sample
of children with ASD and identified four distinct

achievement profiles, including two small groups with
isolated strengths in a particular academic area (i.e.,
hyperlexia and hypercalculia) as well as two larger
groups who showed either a high or a low achievement
profile across both reading and math domains (Wei
et al., 2015).

However, extant studies using both approaches have
critical weaknesses for properly characterizing hetero-
geneous patterns of academic skills in ASD, which may
have contributed to the lack of converging evidence in
previous studies. A limitation of the cutoff approach is
that because of its arbitrary nature, it is unable to iden-
tify distinct subgroups of children with unique profiles
across multiple academic measures. Additionally, a limi-
tation of the data-driven clustering approach is that
cross-validation procedures have not been used, so it
is unknown whether the identified subgroups are stable
and characteristic of the greater population of children
with ASD. Many studies (Jones et al., 2009; Mayes &
Calhoun, 2003; for a review, see Whitby & Mancil, 2009)
have also used participants spanning a wide age range,
which can be problematic for a neurodevelopmental
disorder such as ASD. Moreover, most previous studies
have not included an age- and 1Q-matched control
group to examine whether heterogeneous patterns of
academic achievement identified in children with ASD
are unique to this population. Finally, little is known
regarding sources of heterogeneity in academic achieve-
ment in children with ASD. One longitudinal study
identified environmental (e.g., schooling type, parent
participation in intervention) and cognitive factors
(e.g., IQ) that contribute to individual differences in
academic achievement. However, additional cognitive
factors, such as working memory, that are important
academic skill acquisitions were not examined and may
have further contributed to heterogeneous patterns of
abilities in ASD. For example, previous research has
shown that academic achievement in typically develop-
ing (TD) children is strongly associated with working
memory (Alloway & Passolunghi, 2011; Bull & Scerif,
2001; Meyer, Salimpoor, Wu, Geary, & Menon, 2010),
with visuospatial and verbal working memory predict-
ing math and reading achievement, respectively. Impor-
tantly, it is unknown whether cognitive measures such
as working memory or clinical symptoms of autism and
behavioral-affective traits might account for heteroge-
neous patterns of academic achievement in children
with ASD.

Our study had three major goals. The first goal was
to apply rigorous clustering procedures and cross-
validation to identify distinct subgroups within a well-
characterized cohort of children with ASD on the basis
of academic abilities. We employed an analytic protocol
that involved: (a) using the Gap Index to determine
whether heterogeneity exists in this population
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(Tibshirani, Walther, & Hastie, 2001), (b) identifying the
optimal number of clusters on the basis of the aggrega-
tion of 30 interval validation indices from the NbClust
R package (Charrad, Ghazzali, Boiteau, & Niknafs,
2014), and (¢) computing cross-validation measures to
determine the reliability and consistency of our optimal
clustering solution. Importantly, the rigorous and data-
driven clustering methods used in the current study
enable specific predictions regarding the nature of the
distributions of academic achievement in children with
ASD. Specifically, if the clustering methods identify a
single group, this would strongly suggest a continuum
between lower and higher achieving children across
academic domains. Alternatively, if these methods iden-
tify multiple clusters of children, this would strongly
suggest distinct subgroups of children with ASD who
are distinguished by specific features of their academic
achievement profiles. The second goal of our study was
to investigate whether distinct profiles of academic
achievement identified in children with ASD are unique
to these children. We therefore compared clustering
results identified in children with ASD with results iden-
tified in a group of well-matched TD children. The third
goal of the study was to examine unique factors that
contribute to heterogeneous patterns of academic
achievement in children with ASD, with a focus on core
ASD-related symptoms, behavioral-affective traits, and
cognitive factors, particularly distinct aspects of work-
ing memory. These analyses were designed to test four
primary hypotheses: (a) A rigorous data-driven
approach would reveal distinct patterns of academic
achievement in ASD; (b) subgroups of children with
ASD would be more strongly distinguished by math
than reading abilities (Jones et al., 2009); (¢) clinical
symptoms of ASD, behavioral-affective traits, and cogni-
tive factors would significantly differ across distinct ASD
subgroups and contribute to heterogeneity of academic
achievement in these individuals; and (d) consistent
with previous reports in TD children (Alloway &
Passolunghi, 2011; Bull & Scerif, 2001; Meyer et al.,
2010), visuospatial and verbal working memory would
be associated with individual differences in math and
reading abilities, respectively.

Method

This study was approved by Stanford University’s Insti-
tutional Review Board. Parental consent and children’s
assent were obtained, and children were paid for their
participation in the study.

Participants

Participants were identified from our database of chil-
dren who previously participated in studies examining

the development of mathematical, social, and language
abilities in children with ASD and their IQ- and age-
matched controls (see Table S1 in the Supplemental
Material available online). All these children were
recruited locally from schools and clinics in the San
Francisco Bay area. Children with ASD were recruited
from diverse socioeconomic and ethnic backgrounds:
41.5% were White, 13.6% were Asian, 2.5% were African
American, 11% were identified as Other, and 31.4%
were not specified (details in Supplemental Material).
We also gathered information about the socioeconomic
status (SES) of the family from the ASD and control
samples on the basis of annual household income. For
the 68.6% of the ASD population that reported the data,
their annual income ranged from less than $10,000 to
over $200,000 (details in Supplemental Material). Unfor-
tunately, no information about their school placement
or special programs was available.

As a means of identifying subpopulations of children
with ASD that span a wide range of academic and cog-
nitive abilities as well as maximizing the sample size
for our clustering analyses, we assembled an inclusive
sample of children with ASD. Specifically, we included
all children with ASD who (a) were male, (b) were
under the age of 13, (¢) had a previous community
diagnosis of autism, and (d) had completed all sections
of the Wechsler Abbreviated Scale of Intelligence (WASI;
Wechsler, 1999) and the second edition of the Wechsler
Individual Achievement Test (WIAT-II; Wechsler, 2001).
The rationale for only including males in this study was
to include a sample as heterogeneous as possible but
not further complicated by gender given the 4 to 1 ratio
in ASD. These criteria yielded a sample of 114 boys
with ASD between the ages of 7 and 12 years old. An
age- and FSIQ-matched control group of 96 children
without a diagnosis of ASD was selected from a larger
group of 218 participants using parametrical matching
on the basis of means of age and FSIQ (Table S1 in the
Supplemental Material). Both ASD and control groups
showed a wide range of FSIQ (ASD, 67-150; TD, 77—
143; see Table S1 in the Supplemental Material for par-
ticipant demographic information) measured with the
WASI (Wechsler, 1999), and there was no difference in
group means (¢ = 1.00, p = .316) or variance (Bartlett’s
K2 =0.92, p = .337).

Bebavioral assessments

Assessment of math abilities. Participants’ mathemat-
ical abilities were determined using subtests of the WIAT-
IT (Wechsler, 2001). Specifically, the Numerical Operations
(NO) subtest measures the ability to identify, write, and
count numbers; produce numbers; and solve written cal-
culation problems and simple equations. The Mathemati-
cal Reasoning (MR) subtest measures the ability to count,
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identify geometric shapes, and solve single-step and mul-
tistep word problems. To characterize subgroup profiles
and perform multiple regression analysis, we computed a
single measure of mathematical skills for each participant,
which we called the math composite score, by combining
the NO and MR subtests scores of the WIAT-II, as sug-
gested in the WIAT-II procedures (Wechsler, 2001).

Assessment of reading abilities. Participants’ reading
ability was determined using the Word Reading (WR) and
Reading Comprehension (RC) subtests of the WIAT-II. The
WR subtest assesses pre-reading and decoding skills as
well as the ability to read words from a list. The RC subtest
assesses reading comprehension skills by asking the chil-
dren to read passages of increasing difficulty levels and
then answer multiple-choice questions about their con-
tent. A reading composite score was computed in the
same way as the math composite score for a comparison.

Assessments of both math and reading abilities
included in this study consist of two subtests, one of
which tests more concrete aspects of domain knowl-
edge (i.e., NO and WR) and another that tests more
complex and applied aspects of domain knowledge
(i.e., MR and RC). Therefore, in the data analysis, these
assessments allow for a 2 x 2 analysis of variance
(ANOVA) with factors domain (math vs. reading) and
complexity (low vs. high).

Intelligence measure. All participants were adminis-
tered the WASI (Wechsler, 1999), which provides Verbal,
Performance, and FSIQ values. FSIQ was used for match-
ing children with ASD to control participants on overall
cognitive ability.

Autism symptom measures. The Autism Diagnostic
Interview—Revised (ADI-R; Lord, Rutter, & Couteur, 1994)
and Module 3 of the Autism Diagnostic Observation
Schedule (ADOS; Lord et al., 2000) were used to confirm
a diagnosis of ASD. The subscale scores on these measures
were also used to examine whether specific autism symp-
toms contribute to heterogeneity in academic achievement.
For the ADI-R, the Social Interaction, Communication
and Language, Restricted and Repeated Behaviors, and
Developmental Abnormalities subscales were included
in subgroup comparison analyses. For the ADOS, the
Communication, Restricted and Repetitive Behaviors
(RRB), Social, and Imagination/Creativity subscales were
included in subgroup comparison analyses. Calibrated
Severity Score (CSS) for each child with ASD was also
computed according to Gotham et al. (2009).

Social and bebavioral difficulties. The Child Behav-
ior Checklist for Ages 6 to 18 (CBCL/6-18; Achenbach &
Rescorla, 2001) was administered to the parents or guard-
ians of a total of 199 participants (111 ASD, 88 control) to

characterize social and behavioral problems in the child
participants. The CBCL is a well-validated standardized
measure that is widely used to characterize social and
behavioral problems in children. This assessment has
113 items and characterizes whether children are cur-
rently exhibiting or have exhibited within the past 6
months specific behavioral and emotional problems or
traits. The CBCL includes eight subscales for empirically
based symptom measures and six Diagnostic and Statis-
tical Manual of Mental Disorders—oriented subscales
(Achenbach & Rescorla, 2001). The full list of subscales
is listed in Table S5 in the Supplemental Material.

Working memory. Because participants were pooled
from different studies, either the Working Memory Test
Battery—for Children (WMBT-C; Pickering & Gathercole,
2001) or the Automated Working Memory Assessment
(AWMA; Alloway, Gathercole, Kirkwood, & Elliott, 2008)
was administered to 179 participants (93 ASD and 86
control) to characterize the different components of par-
ticipants’ working memory as proposed by Baddeley
(2003). The WMTB-C and AWMA share three common
subtests that assess distinct aspects of working memory,
including: (a) the Digital Recall subtest, which measures
verbal/phonological working memory; (b) the Block
Recall subtest, which measures visuospatial working
memory; and (¢) the Backwards Digital Recall subtest,
which measures the central executive component of
working memory.

Clustering and cross-validation
measures

To examine distinct profiles (i.e., subgroups) of aca-
demic achievement in ASD, we performed hierarchical
clustering analysis, an unbiased and data-driven
approach with rigorous validation procedures (Fig. 1).
The input to this analysis included four measures from
the WIAT-II: Numerical Operations, Math Reasoning,
Word Reading, and Reading Comprehension. We used
hierarchical clustering with Euclidean distance and
complete-linkage criterion because of their robustness
and wide use in the behavioral literature (Murtagh &
Contreras, 2012; Szekely & Rizzo, 2005; Ward, 1963).

Examining the presence of beterogeneity: the Gap
index. To examine whether the ASD group is best char-
acterized as a homogenous population on the basis of
academic achievement or, alternatively, consists of mul-
tiple subgroups, we employed the Gap Index (Tibshirani
et al., 2001). Specifically, the Gap Index quantifies the
probability that an N-cluster solution (V> 1) character-
izes the data compared with a one-cluster solution! based
on a uniform distribution. To perform this analysis, we
employed a subsampling procedure that randomly
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selected 80% of the data from the ASD group 10,000
times. In each subsample, hierarchical clustering was
performed using the same distance and linkage metrics,
and the optimal N-cluster solution was selected using the
Gap Index implemented in the R package cluster (Maechler,
Rousseeuw, Struyf, Hubert, & Hornik, 2012). Across 10,000
iterations of this algorithm, we computed the proportion
of times when the N-cluster solution (N > 1) was recom-
mend by the Gap Index as the optimal solution and used
it as the probability of a clustering solution favoring het-
erogeneity. Additionally, because the Gap Index consid-
ers the within-dispersion of clustering, we also carried
out the same procedure with other algorithms, including
hierarchical clustering with Ward’s method and nonhier-
archical clustering, namely, K-means.

Identifying the optimal N-cluster solution: 30 interval
validation indices. To determine the optimal number
of clusters in the ASD data, we evaluated hierarchical clus-
tering using multiple internal validity measures. Specifi-
cally, we varied the number of clusters from two to eight,
and the optimal number of clusters was determined on the
basis of the majority vote of 30 indices of internal validity
measures (NbClust package in R; Charrad et al., 2014).

Reliability of the optimal N-cluster solution. Further
analyses were performed to evaluate the reliability and
consistency of the optimal N-cluster solution. The first
analysis determined whether the optimal number of clus-
ters could be reliably selected within subsets of the data.
Similar to the Gap Index analysis, subsampling was per-
formed to evaluate reliability of the optimal N-cluster
solution: For each subsample, 80% of the data was ran-
domly selected, and hierarchical clustering with the
NbClust package was performed. This procedure was
repeated 10,000 times. A dominance score was then cal-
culated for each cluster solution (7 = 2-8) by dividing the
total number of times recommended as the optimal solu-
tion over the total number of subsamples. Therefore, a
higher dominance score indicates higher reliability and
consistency of its corresponding number of clusters.

Consistency of the optimal N-cluster solution for
grouping participants. A second analysis was per-
formed to examine how consistently pairs of individuals
were assigned into the same cluster when a subset of the
whole sample was used for the hierarchical clustering
analysis. For each N-cluster solution between two and
four (the range of n was narrowed here on the basis of
previous results showing that number of clusters > 4 was
unlikely), hierarchical clustering was performed with
10,000 repetitions by randomly selecting 80% of the data.
After 10,000 repetitions, a consistency matrix of S-by-S
dimensions (with S as the number of participants) was

computed, and each element represented the proportion
of cases in which a pair of individuals was assigned to
the same cluster over the 10,000 iterations (i.e., the con-
sistency value). Based on this consistency matrix, a
hierarchical clustering analysis with a fixed number of
clusters (N corresponds to the cluster size used to pro-
duce the consistency matrix; from two to four) was con-
ducted to cluster participants, and we examined whether
the same clustering structure from the N-cluster solution
based on the whole-sample data could be recovered. If
the individual pairs from the same cluster were assigned
into the same cluster consistently, the outcome of hierar-
chical clustering should resemble the clustering outcome
based on the whole sample data. Hit rate and false alarm
(FA) rate were then computed to quantify the similarity
between the clustering outcomes based on consistency
matrix and whole-sample data. For each cluster in every
N-cluster solution, the cluster label from the outcome on
the consistency matrix was compared with the cluster
labels from the whole sample. Hypothetically, the optimal
N-cluster solution should have a high hit rate and a low
FA rate. In addition, adjusted Rand Index based on multiple
methods (Steinley, 2004) was employed to compare the
labeling consistency between the grouping based on the
whole sample and the grouping based on subsampling
consistency matrix of different NV-cluster solutions. The con-
fidence interval and standard error were estimated for the
adjusted Rand Index (Steinley, Brusco, & Hubert, 2016).

Charactering Distinct Subgroup Profiles
of Academic Achievement in ASD

ANOVAs were used to characterize distinct profiles of
academic achievement among the subgroups of chil-
dren with ASD. This analysis focused on group differ-
ences related to overall academic achievement between
academic domains (i.e., math vs. reading). The deviance
of academic achievement scores from FSIQ scores,
defined here as the deviance score, was computed to
assess whether individual achievement scores in both
math and reading could be predicted by IQ.

Exploring Sources of Heterogeneity
in ASD: Logistic and Multiple
Regression Analysis

Logistic regression analysis was used to explore sources
of heterogeneity within the subgroups identified in the
clustering analysis. The goal of this analysis was to
examine whether behavioral features of children with
ASD, including core ASD symptoms, behavioral-affective
traits, and cognitive abilities, could predict academically
based subgroup membership when the effect of age was
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covaried out. This analysis allowed us to uncover under-
lying factors that contribute to distinct profiles of aca-
demic achievement in the ASD subgroups. Given the
subgroup differences (statistical significance level for
two-group difference testing was adjusted by Bonferroni
correction to protect against family-wise Type I errors),
the behavioral measures used in the logistic regression
analysis included three working memory measures (i.e.,
verbal, visuospatial, and central executive).

Multiple regression was employed to examine how
behavioral predictors could uniquely account for variance
in specific academic domains, including math and read-
ing, across individuals if they could predict group mem-
bership. This analysis provided details about the unique
contribution of each predictor to the individual variances
in domain-specific achievement. As we did in the logistic
regression analysis, we examined the relationship of dif-
ferent components of working memory abilities with
math and reading skills using multiple regression analy-
sis. This analysis focused on the ASD group and covaried
out the effects of age and FSIQ to assess independent
effects of working memory components.

Finally, we conducted additional analysis to evaluate
the stability and predictability of the effects of working
memory on math and reading skills. In each of 10,000
repetitions/iterations, we first split the entire ASD sam-
ple into five subsets. The aforementioned multiple
regression analysis was then performed on a pool of
four subsets (a training set), and the remaining subset
served as the testing set. The p value of each working
memory measure (verbal, visuospatial, and central
executive) was then recorded from the regression model
based on the training set. A predicted math score for
each individual in the testing set was computed by
multiplying the beta value from the regression model,
based on the training set, with the corresponding work-
ing memory (WM) score from the testing set (Math,,.gieq =
Biraining X WM,.g). This procedure resulted in three pre-
dicted math values for verbal, visuospatial, and central
executive working memory measures, respectively, for
each individual in the testing set. This process was
repeated five times with each of the five subsets serving
as the testing set, and therefore, five regression models
were established with five training sets. If the median
value of the five p values of a working memory mea-
sure were smaller than .05, that working memory mea-
sure was then counted once on the stability index. The
correlation of predicted math values, based on each
working memory measure and actual math values
across all individuals, was computed, and if this correla-
tion were significant, that working memory measure
was then counted once on the predictability index.
After 10,000 repetitions, a p value of stability for each
working memory measure could be computed as 1
minus the proportion of total stability counts over the

10,000 repetitions, and a p value of predictability for
each WM measure could be computed as 1 minus the
proportion of total predictability counts over the 10,000
repetitions. The same analysis of working memory was
also conducted in the control group.

Results

Cognitive and academic abilities
in children with ASD

On average, children with ASD (72 = 114) performed in the
normal to above normal range across multiple measures
of cognitive abilities and academic achievement (Table S1
in the Supplemental Material). This result shows that as a
group, our sample of children with ASD has normal math,
reading, and cognitive abilities, which is consistent with
the literature on children with ASD (Hiniker, Rosenberg-
Lee, & Menon, 2016; Tuculano et al., 2014). Relative to their
age- and FSIQ-matched peers in the control group, the ASD
group was comparable with matched controls on perfor-
mance IQ (PIQ), measures of WM, and word reading (Table
S1 in the Supplemental Material). The ASD group was also
comparable with the control group in terms of race/ethnicity
and socioeconomic status (details in the Supplemental
Material). However, the ASD group showed marginally
lower verbal 1Q scores and significantly lower scores on
Numerical Operations, Mathematical Reasoning, and Read-
ing Comprehension compared with the matched controls
(all ps < .05; Table S1 in the Supplemental Material).

Optimal number of subgroups in the ASD

Hierarchical clustering: Gap Index. The first goal of
the analysis was to examine whether children with ASD
were more likely to cluster into a single group or multi-
ple groups on the basis of measures of academic achieve-
ment. Results from the subsamping analysis showed that
the Gap Index recommended a cluster number larger
than one (V> 1) in 6,860 out of 10,000 permutations. In
other words, there was a high probability (68.60% domi-
nance) that the ASD sample exhibits heterogeneity on
the basis of academic achievement scores (Fig. 1). The
same pattern of results was observed when the clustering
analysis was performed using different algorithms for
minimizing within-cluster dispersion (78.6%~80.5% domi-
nance, see Supplemental Material). Moreover, the N > 1
solution in children with ASD was in stark contrast to the
results from the control group, in which the one-cluster
solution was dominant in 9,354 out of 10,000 iterations
(93.54% dominance; Fig. S1 in the Supplemental Mate-
rial). On the basis of the Gap Index, we conclude that the
ASD group was likely to have distinct academic achieve-
ment subgroups but their age- and IQ-matched control
peers were not. These results provide evidence that, on
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the basis of the Gap Index, children with ASD show
greater heterogeneity of academic achievement compared
with the control group, who showed a highly homoge-
neous pattern of academic achievement. Furthermore,
results do not support the hypothesis that children with
ASD fall on a continuum of abilities across domains;
rather, results suggest that these children form distinct
subgroups based on specific features of their academic
achievement profiles.

d

Identifying optimal cluster number: interval vali-
dation measures. Consistent with results from the Gap
Index, results from the hierarchical clustering analysis
based on internal validity measures suggested that the
two-cluster solution was the optimal solution for the ASD
sample. The dendrogram produced by this analysis
shows two distinct clusters that consist of a comparable
number of individuals (Fig. 2a). Results also showed that
50% of 30 validation indices identified the two-cluster
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Fig. 2. Hierarchical clustering and validations for the optimal number of clusters in children with autism spectrum disorders (ASD). (a)
Dendrogram from hierarchical clustering of the ASD sample (12 = 114). (b) Number of indices (out of 30) from the NbClust package in R
that recommended the N-cluster (2~8) solutions in ASD. (¢) Scaled values of 15 commonly used indices for choosing number of clusters
in ASD; these indices used either maximum or minimum values to select the optimal number of clusters, and the scaled values were
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minimum as selecting criterion. Warm colors were used for indices recommending two-cluster solution, and cold colors were used for

indices recommending other N-cluster solutions.
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solution as the optimal one (p < .001), whereas the
remaining indices were distributed across three, five, or
eight clusters (Fig. 2b). For those indices that recom-
mended two-cluster solutions, the scaled critical values of
the two-cluster solution were also markedly higher than
those of other cluster solutions (Fig. 2¢).

Since the Gap Index showed that the control group
formed a single homogeneous group with a high prob-
ability (92.68%), the subsequent analyses described in
the Results section focused on characterizing heteroge-
neity within the ASD group. Additional comparative
analyses examining differences with a two-cluster solu-
tion in the control group are reported in the Supple-
mental Material (Fig. S2).

Reliability of the optimal N-cluster solution in ASD:
subsampling analysis. Reliability analysis of the ASD
clustering results using 10,000 permutations showed that
the two-cluster solution was the dominant solution in
84.61% of the permutations. This finding further high-
lighted the stability of the hierarchical clustering results
for the ASD group.

Consistency of optimal N-cluster solution for group-
ing participants: cross-validation among pairs of
participants. We further examined the robustness of
the hierarchical clustering results by performing a consis-
tency analysis, which examined whether pairs of individ-
uals were consistently assigned into the same cluster
when sampling with replacement. Results showed that
when a two-cluster solution was chosen in the ASD sam-
ple, pairs of individuals within the same cluster for the
whole group were consistently assigned into the same
cluster (Fig. 1). Over the 10,000 permutations, consis-
tency values for pairs in the same cluster were signifi-
cantly higher than those values of pairs from different
clusters, #06,439) = 117.55, p < .001. A perfect consistency
was observed in both Cluster 1 and Cluster 2 (hit rate =
1.00, FA rate = 0.00). When the cluster solution increased
to three or more, individual pairs were less consistently
assigned into the same clusters, as shown with lower
hit rate and higher FA rate (Table S4 in the Supplemen-
tal Material). The adjusted Rand Index (Steinley, 2004;
Steinley et al., 2016) further confirmed that the two-
cluster solution provided better labeling consistency
compared with three- and four-cluster solutions (see
Supplemental Material).

Distinct profiles of academic
achievement in ASD
The hierarchical clustering analysis identified two sub-

groups in ASD, one with 42 (36.8%) participants and
the other with 72 (63.2%) participants, and the next

goal of the analysis was to examine what aspects of
academic achievement differed between these ASD sub-
groups. Results showed that the two ASD subgroups
showed large and significant discrepancies (with 1Q)
on all academic achievement measures (Fig. 3a and
Table S5 in the Supplemental Material; all ps < .0D).
Hereafter, we refer to these two subgroups as low aca-
demic achieving ASD (LA-ASD) and high academic
achieving ASD (HA-ASD). Note that /ow and bigh
achieving are relative terms in this context because all
group-averaged achievement scores are within the nor-
mal range (i.e., within 2 SD from the normative mean
of 100). The large overall discrepancy on measures of
academic achievement is consistent with the significant
FSIQ difference between LA-ASD and HA-ASD sub-
groups, 94.21 versus 115.65, #(112) = -7.54, p < .001.
More strikingly, beyond the overall achievement dis-
crepancy between the LA-ASD and HA-ASD subgroups,
performance on math and reading measures was mark-
edly different. Specifically, the LA-ASD group showed
lower math skills compared with reading skills, whereas
the HA-ASD group showed higher math skills compared
with reading skills. This pattern is confirmed by a sig-
nificant two-way interaction of subgroup and achieve-
ment domain, F(1, 112) = 40.63, p < .001.

As illustrated in Figure 3a, scores on the two math
subscales for both the LA-ASD and HA-ASD groups
were comparable, but scores on the two reading mea-
sures were not. To explore this observation, we exam-
ined a two-way interaction between academic domain
and complexity of the academic measure (low complex-
ity: Numerical Operations and Word Reading; high com-
plexity: Math Reasoning and Reading Comprehension).
The effect was significant in both subgroups, F(1, 41) =
18.20, p < .001 in LA-ASD, and A(1, 71) = 18.00, p < .001
in HA-ASD, and was largely driven by a significant dif-
ference between the reading measures (lower scores
on Reading Comprehension than Word Reading). In
both the LA-ASD and HA-ASD groups, the difference
between Word Reading and Reading Comprehension
was significant, LA-ASD #(41) = -3.67, p < .001; HA-ASD
1(61) =-5.11, p < .001. However, the difference between
Numerical Operations and Math Reasoning was signifi-
cant only in the LA-ASD group, LA-ASD #(41) = 2.22,
p <.05; HA-ASD #(71) = 0.85, p = .40. Given the statisti-
cal similarity of Numerical Operations and Math Rea-
soning, we computed a math composite score by
averaging these two measures for each individual, and
these values were used in additional analysis.

A notable feature of ASD subgroups’ academic pro-
files is the relationship between math and reading
achievement and FSIQ. Whereas Word Reading and
Reading Comprehension scores for HA-ASD and LA-ASD
subgroups were within 1 SD of the age-normed FSIQ
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Fig. 3. Distinct subgroup profiles of academic achievement in the chil-
dren with autism spectrum disorders (ASD) group. (a) Mean standard-
ized scores of math and reading measures from second edition of the
Wechsler Individual Achievement Test (WIAT-II) used for hierarchical
clustering of low-achieving and high-achieving subgroups in the ASD
sample. The gray shaded area in the panel indicates £15 around the
mean standardized full-scale 1Q (FSIQ) scores (solid line) measured in
the entire ASD sample. Significant domain (math vs. reading) differences
are marked with asterisks. Deviance scores, measured in relation to FSIQ,

(15 points; gray horizontal bar in Fig. 3a), this pattern
was not evident for the two math measures. Rather,
Numerical Operations and Math Reasoning scores in the
two ASD subgroups showed a striking pattern of dis-
crepancy with FSIQ. Specifically, math scores in the
LA-ASD group were below 1 SD of average FSIQ,
whereas scores in the HA-ASD group were approxi-
mately 0.5 SD greater than the average FSIQ. To explore
the relationship between math and reading abilities and
FSIQ in the two ASD subgroups, we computed deviance
scores that reflect the difference between scores on
academic achievement measures and FSIQ for each par-
ticipant. Results showed that math composite scores in
the LA-ASD subgroup were significantly less than zero,
1(41) = -5.47, p < .001, whereas math composite scores
in the HA-ASD group were marginally significant greater
than zero, «71) = 1.81, p = .075, and the effect was
driven by a significantly above-zero deviance score on
Math Reasoning, #71) = 2.63, p = .01 (Fig. 3b and 30).
In contrast, in the LA-ASD subgroup, deviance scores
for reading skills measured by Word Reading and Read-
ing Comprehension were not significantly different from
zero (p > .05), and in the HA-ASD group, only the Read-
ing Comprehension deviance score was significant
below zero, #(71) = —-4.10, p < .001 (Fig. 30).

ASD symptomatology and bebavioral-
affective traits did not account for
individual differences in academic
skills in children with ASD

The next goal of the analysis was to examine whether
ASD symptomatology, behavioral abilities, and cognitive
factors contributed to individual differences in academic
skills in the ASD subgroups. To examine this question,
we compared these behavioral measures between the
ASD subgroups, and results showed that neither were
there differences between the two subgroups on symp-
tom severity scores for the calibrated severity scores of
the ADOS (Table S6 in the Supplemental Material),
1(85) = 0.84, p = .40, nor on ADOS or ADI-R subscale
scores. Moreover, behavioral-affective traits measured
by the CBCL were comparable between HA-ASD and
LA-ASD subgroups (Table S6 in the Supplemental Mate-
rial). Together, results indicate that math achievement
differences between these subgroups are unrelated to
ASD symptomatology or behavioral and affective traits.

Fig. 3. (continued)

for math and reading (b) composite scores and (c¢) subscale scores in
low-achieving (LA-ASD; solid color bars) and high-achieving (HA-ASD;
dotted color bars) subgroups of ASD. NO = Numerical Operations; MR =
Math Reasoning; WR = Word Reading; RC = Reading Comprehension.
*H < .05. *p < .01. *p < .001.
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Verbal and central executive working
memory predict ASD subgroup
membership

In contrast to measures of symptom severity and
behavioral-affective function, results showed that the
LA-ASD and HA-ASD subgroups differed significantly
on all three measures of WM (Table S5 in the Supple-
mental Material; p <.01), and performance on WM tests
was significantly correlated with both the Numerical
Operations and Math Reasoning subtest scores across
the entire ASD sample (Table S2 in the Supplemental
Material). To examine the role of WM in subgroup
membership, the next goal of the analysis was to exam-
ine how different aspects of WM are related to sub-
group membership and individual differences in
academic achievement in children with ASD. We
employed logistic regression to assess the effects of the
different WM components on subgroup members, and
results showed that after controlling for the effect of
age, subgroup membership in ASD was significantly
predicted by verbal WM (z = 2.50, p < .05) and central
executive component of WM (z = 2.21, p < .05; see
Table S8 in the Supplemental Material). Specifically,
greater scores in verbal and central executive WM were
associated with an increased likelihood for being clus-
tered into the HA-ASD subgroup. In contrast, subgroup
membership in the control sample was significantly
predicted by all three WM components (ps < .05), indi-
cating that individuals with high WM scores were more
likely to be grouped into the HA-control subgroup.

Verbal and central executive working
memory predict individual differences
in math and reading skills in ASD

Given the prominent discrepancy between the two ASD
subgroups with regards to WM measures, we assessed
the independent contributions of WM measures to indi-
vidual differences in math and reading skills across the
ASD sample. Results (Table 1) from multiple regression
analysis showed that after controlling for the effects of
age and FSIQ, individual differences in the math com-
posite score were predicted by verbal (B = 0.23, ¢ =
2.62, p = .01 and central executive WM ( = 0.26, ¢ =
2.76, p < .01) and were marginally predicted by visuo-
spatial WM (B = 0.18, r = 1.90, p = .06). Furthermore,
permutation analysis identified verbal and central exec-
utive working memory measures as stable and predic-
tive of math skills in ASD but not visuospatial WM (see
Table 1). Multiple regression and permutation analyses
were then performed on reading scores in children with
ASD and showed that verbal WM reliably predicted
individual differences in Word Reading in children with

ASD (B = 0.23, t = 3.36, p < .001); however, no WM
measures were predictive of individual differences in
Reading Comprehension scores in these children (see
Table S9 in the Supplemental Material).

In the control sample, our analysis showed that only
visuospatial WM, but not verbal or central executive
WM, was a stable and predictive measure of math com-
posite score (B = 0.34, t = 4.51, p < .001; see Table 1).
In contrast, none of the WM measures uniquely con-
tributed to individual differences in Word Reading or
Reading Comprehension in the control sample (see
Tables S9 and S10 in the Supplemental Material).

Discussion

Academic achievement is an important domain in which
children with ASD have shown considerable heteroge-
neity, and previous studies of both reading and math-
ematical skills in children with ASD have failed to
converge on a consistent pattern of abilities and deficits
in these individuals. In this study, we examined and
characterized distinct subgroups of children with ASD
on the basis of key aspects of academic achievement
and the cognitive factors that contribute to this hetero-
geneity. To address inconsistencies in the ASD academic
achievement literature, we describe and apply a com-
prehensive framework and methods, employing a rigor-
ous cross-validation approach, to examine a key facet
of heterogeneity: the clustering of behavioral features
between individuals. Our analyses revealed that: (a)
Children with ASD clustered into two highly distinct
and reliable subgroups, LA-ASD and HA-ASD, on the
basis of their academic achievement; (b) LA-ASD and
HA-ASD subgroups showed pronounced differences in
achievement, with marked discrepancies in math but
not reading abilities; (¢) math composite scores in the
LA-ASD group were below the normal range and lower
than predicted by IQ, characteristics that were not identi-
fied in the HA-ASD or control subgroups; (d) reading
comprehension and word reading were within the nor-
mal range and commensurate with IQ in both ASD-
subgroups; however, reading comprehension scores in
the HA-ASD group were markedly lower than word read-
ing; and (e) verbal and central executive working mem-
ory abilities provided unique and reliable predictions of
individual differences in math achievement in children
with ASD. Together, these results are the first to compre-
hensively characterize distinct subgroups of children
with ASD on the basis of their academic achievement
and provide a new level of detail regarding academic
achievement in children with ASD. Crucially, this work
provides a novel methodological framework for examin-
ing heterogeneity in ASD and more generally, other clini-
cal populations.
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Table 1. Multiple Regression of Working Memory Measures Predicts Individual Differences in Math Scores in Children With

Autism Spectrum Disorder (ASD) and Control Children

ASD Sample (12 = 93)

Control Sample (1 = 86)

Multiple regression for math Estimates SE z p value Estimates SE z p value
Adjusted R? = 547 Adjusted R? = 566
Intercept 26.06 13.707 1.90 103 -11.36 13.013 -0.87 .385
Age -2.81 1.011 -2.78 007 3.11 1.320 2.36 .021*
Wechsler Abbreviated Scale of 0.40 0.100 3.97 < .00 0.36 0.090 4.05 < .00
Intelligence-Full Scale 1Q

Working memory (WM)

Verbal WM 0.23 0.089 2.62 .010* -0.02 0.072 -0.23 .822
Visuospatial WM 0.18 0.094 1.90 .060 0.31 0.072 4.31 < .00 %
Central executive WM 0.26 0.095 2.76 .007** 0.29 0.084 3.41 .0071**

p < .05, *#p < .01. *p < .001.

Distinct profiles of academic abilities
in LA-ASD and HA-ASD subgroups

Results from our clustering approach revealed two dis-
tinct subgroups of children with ASD, LA-ASD and HA-
ASD, based on math and reading abilities. Unlike results
from control children, these results are not consistent
with the hypothesis that children with ASD fall on a
continuum of academic abilities; rather, results suggest
distinct subgroups of children with ASD who are distin-
guished by specific features of their academic achieve-
ment profiles. Two striking characteristics of these
subgroups include a large discrepancy in overall achieve-
ment scores across academic domains and significant 1Q
differences between the subgroups. Most notably, the
LA-ASD subgroup showed significantly lower math
scores compared with reading scores, and math scores
in this subgroup were significantly lower than 1Q. These
discrepancies were specific to math skills in children
with ASD because reading scores in the LA-ASD sub-
group were more consistent with 1Q. Moreover, this pat-
tern of poor math scores in the LA-ASD subgroup was
not evident in the age- and FSIQ-matched LA-control
subgroup, who showed comparable math and reading
scores, both of which were within the normal range of
scores and were comparable with 1Q (Fig. S3 in the
Supplemental Material). These findings are not consistent

with results reported by S.H. Kim et al. (2017), which
showed that IQ underestimated reading and arithmetic
skills in a low-1Q group; however, it is important to note
that the low-1Q group in that study had considerably
lower IQs (M = 55 at age 9 and M = 41.1 at age 18) than
those reported for the LA-ASD group in the current study
(M = 98.75). In comparison, patterns of academic
achievement in high-achieving children with ASD and
controls are consistent with a previous report in adoles-
cents with ASD and matched controls (Oswald et al.,
2016) and show that math scores in high-achieving sub-
groups are both greater than reading scores and FSIQ.
Together, these results suggest that weak math abilities
are an important and distinguishing factor for academic
achievement in a large subpopulation of children with
ASD.

Matbh abilities in LA-ASD and HA-ASD subgroups.
Results point to a unique contribution of math difficulties
in the LA-ASD subgroup, which accounts for nearly 40%
of the sample of children with ASD. These results are
similar to but more pronounced than previous reports
showing that a smaller percentage of children with ASD,
ranging from 6% to 22%, have weaknesses in math abili-
ties (Jones et al., 2009; Oswald et al., 2016). A method-
ological limitation of previous studies is that they have
relied on arbitrary cutoff scores for defining subgroups,

Table 2. Cross-Validation of Working Memory Measures Predicts Individual
Differences in Math Scores in Children with Autism Spectrum Disorder and Control

Children

Cross-validation analysis for math  Stability ~ Predictability Stability Predictability
Verbal WM 0.012* 0.021* 1.000 0.945
Visuospatial WM 0.977 0.394 < 0.001%##* 0.004**
Central executive WM 0.007** 0.019* < 0.001#* 0.068

%) < .05.#p < .01. *p < .001.
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whereas the current study has used advanced statistical
methods and a data-driven and cross-validated approach.
Only one previous study employed a data-driven approach
to identify subgroups of children with ASD on the basis of
academic abilities (Wei et al., 2015); however, there are a
number of important differences between the methods,
results, and interpretation of these previous results and
those reported here. First, since this previous study did
not employ cross-validation in their analysis pipeline, it is
unknown how reliable or stable these results are. Second,
this previous study employed a longitudinal design, and
clustering was only performed at the first time point in
which children were 6 to 9 years old (M = 7.5 years old),
which is younger on average than the current sample
WM = 9.5 years old). Results from this previous study
showed high- and low-achieving groups of children with
autism, which is similar to the current results. However, in
contrast to the current results, this previous study also
identified hypercalculic and hyperlexic subgroups of
children who demonstrated isolated and superior abili-
ties in calculation and reading, respectively. Importantly,
the math advantage evident in the hypercalculic group
was not sustained at subsequent time points in this previ-
ous work. Together, findings support the hypothesis that
hypercalculic and hyperlexic subgroups of children with
ASD may be more prevalent at younger ages but may not
persist as mathematical and reading materials increase in
difficulty and complexity.

Our findings highlight a number of important points
regarding math difficulties in individuals with ASD,
which were evident in a large subgroup of children in
the current study. A critical consideration here is that
math achievement is closely associated with academic
and professional success and is an important com-
ponent of achieving independent living (Benbow,
Lubinski, Shea, & Eftekhari-Sanjani, 2000; Peters et al.,
2013; Rodriguez et al., 2013). Our analysis indicates that
approximately 40% of the sampled children with ASD
show specific learning difficulties in math that are over-
all not accompanied by reading difficulties. Importantly,
math skills are generally not a primary focus of educa-
tional programs for children with ASD, which often
target the remediation of language skills, including
reading (Barnett & Cleary, 2015). Results from the cur-
rent study emphasize the need for a new focus on
educational interventions to serve the substantial sub-
group of children with ASD who present impairments
in this cognitive domain.

We also identified a subgroup of children with ASD,
accounting for approximately 60% of the ASD sample,
who showed significantly greater strength in math skills
(especially, math reasoning) relative to reading and
FSIQ. This result is consistent with previous anecdotal
and empirical evidence showing that some children

with ASD may have preserved, or even gifted, skills in
the math domain (Assouline et al., 2012; Cash, 1999;
Oswald et al., 2016); however, this hypothesis has not
always been supported in the literature (Oswald et al.,
20106). Our findings provide strong evidence that math
skills are an area of specific strength in a subgroup of
children with ASD, and therefore, gaining a better
understanding of the learning profiles and neurocogni-
tive mechanisms underlying strengths in math in indi-
viduals with ASD represents an important area for
future investigation (Tuculano et al., 2014).

Reading abilities in LA-ASD and HA-ASD subgroups.
While word reading and reading comprehension abilities
in the LA-ASD and HA-ASD subgroups were both within
the normal range of abilities (i.e., mean standard scores
> 90), different patterns of performance were evident for
these reading measures. Specifically, reading comprehension
scores were lower than word reading scores for both
HA-ASD and LA-ASD groups (Fig. 3a). Moreover, whereas
word reading abilities were commensurate with FSIQ in
both LA-ASD and HA-ASD subgroups, reading compre-
hension scores in the HA-ASD subgroup were signifi-
cantly lower than those predicted by FSIQ, a finding that
was absent in the LA-ASD subgroups (Fig. 3c). The dis-
crepancy between reading comprehension and FSIQ was
also evident in the HA-control subgroup, suggesting that
this pattern is not unique to the high-achieving children
with ASD and may reflect a general profile of academic
abilities in high-achieving individuals.

We identified a specific weakness for reading com-
prehension in the HA-ASD subgroup. Converging results
with previously published studies (Bartak & Rutter,
1973; Jones et al., 2009; Nation et al., 2006) strongly
suggests that difficulties with reading comprehension
are a reliable feature of the ASD academic profile for
many children with ASD and are not specific to children
with lower cognitive abilities (Troyb et al., 2014). One
possible explanation for these difficulties is that com-
pared with Word Reading, which is a relatively concrete
task associated with word decoding and recognition,
Reading Comprehension is a relatively abstract task that
requires an understanding of social situations and inter-
personal information as well as information outside the
range of interests of the participant and therefore may
present a particular challenge to children with ASD.
Results suggest that reading- and language-related
interventions for children with ASD are appropriately
tailored to the 1Q level of the individual, with a particu-
lar focus on reading comprehension for high-IQ chil-
dren with ASD. Moreover, unlike previous studies that
revealed hyperlexia in a subgroup of children with ASD
(Jones et al., 2009; S. H. Kim et al., 2017; Wei et al.,
2015), results from the current study did not identify a
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subgroup with superior word reading ability that is
better than predicted by FSIQ. The current results sug-
gest that hyperlexia may not be a general characteristic
feature of children with ASD.

Sources of beterogeneity in academic
profiles of children with ASD

ASD symptomology, bebavior, and IQ. A final goal
of the study was to examine whether aspects of ASD
symptomatology or behavior differ between the aca-
demic subgroups identified in the clustering analysis.
Surprisingly, results did not reveal any significant differ-
ences between the HA-ASD and LA-ASD subgroups on
clinical symptom severity and behavioral difficulties, and
the only differences to emerge were on cognitive abili-
ties, including 1Q and working memory. From one per-
spective, this may not be a surprising result: Mean FSIQ
was more than 1 SD greater for the HA-ASD subgroup
compared with LA-ASD, and this finding alone may be
sufficient to explain academic achievement differences
between subgroups. From another perspective, however,
the fact that none of the other symptom-related or behav-
ioral measures were different between subgroups may be
considered a surprising and interesting finding. This result
suggests that the prominent social communication diffi-
culties and repetitive and restricted behaviors that are the
hallmarks of childhood autism do not appear to play a
dominant role in children’s ability to acquire math and
reading skills. This conclusion is surprising given that
acquiring reading and math skills in a classroom or home
setting is often a highly social process that relies on many
of the skills that are most challenging for children with
ASD, including joint attention and reciprocal interactions.

Working memory. WM plays an important role in chil-
dren’s academic achievement (Meyer et al., 2010; Wu
et al., 2017). To the best of our knowledge, previous
studies have not examined the role of WM in the hetero-
geneity of academic skills in children with ASD, and here
we show that verbal and central executive WM predicted
HA-ASD and LA-ASD subgroup membership. These WM
components also explained significant individual differ-
ences in math skills in children with ASD taken as a
group. Our finding that visuospatial WM is not a reliable
predictor of composite math scores in the ASD group is
surprising in the context of the extant literature showing
a strong link between this aspect of WM and math skills
in TD children (Alloway & Passolunghi, 2011; Ashkenazi,
Black, Abrams, Hoeft, & Menon, 2013; Bull & Scerif, 2001,
Meyer et al., 2010) and contrasts with results from the
control sample who, consistent with this extensive litera-
ture, showed that visuospatial working memory was the
only reliable WM factor to predict individual differences

in math achievement. An important consideration is that
multiple regression results showed that visuospatial
working memory was a significant predictor of compos-
ite math scores in the ASD group; however, this compo-
nent of WM had a reduced impact compared with verbal
and central executive WM.

Finally, our analysis also revealed that verbal WM
explained unique variance in word reading achieve-
ment in children with ASD; however, this effect was not
robust according to cross-validation analysis and was
not evident in TD children. The association of verbal
WM with word recognition skills has been documented
in the literature (Dufva, Niemi, & Voeten, 2001; Gottardo,
Stanovich, & Siegel, 1996), but the nature of this asso-
ciation is unclear. One possibility is that shared variance
in verbal WM with word recognition skills reflects over-
lapping cognitive processes involved in phonological
coding. Thus, verbal and central executive WM function
represent a primary bottleneck for the LA-ASD group.
Specifically, an inability to process and manipulate ver-
bal information and direct attentional resources may
contribute to processing deficits in math and to a lesser
extent, in reading.

A novel approach for comprebensively
characterizing beterogeneity on the
basis of clinical and bebavioral
measures

A major goal of the current work was to describe an
approach and method that can be used to comprehen-
sively characterize heterogeneity on the basis of clini-
cal, cognitive, and behavioral attributes in clinical
populations. This approach first consists of rigorous
clustering methods that identify subgroups of individu-
als on the basis of their behavioral profile, which rep-
resents a methodological improvement over previous
studies that have used arbitrary cutoff criteria to identify
subgroups (Jones et al., 2009; Oswald et al., 20106).
Next, this approach capitalizes on advanced statistical
methods to validate the optimal cluster solution by
using permutation testing and the Gap Index, which
identifies the probability of the presence of subgroups
(Tibshirani et al., 2001).

Our approach provides several advantages compared
with previous studies. First, the data-driven approach
described here is an improvement over previous meth-
ods that force the sample into predetermined numbers
of subgroups without first demonstrating the existence
of subgroups (Jones et al., 2009; Oswald et al., 2016;
Wei et al., 2015). Second, the current approach uses
cross-validation rather than qualitative criteria (Wei
et al., 2015), which often require post hoc interpreta-
tions of the clustering results as a means of justifying
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their validity. As a result, it is unknown whether these
previous methods provide replicable or reliable out-
comes. Third, the current study incorporates a matched
control group for comparison with the clinical group
to provide insights into whether results from the experi-
mental ASD group represented unique clustering results
that were specific to this population or alternatively,
whether these were more general patterns that were
also characteristic of matched control children. Results
showed unique aspects of academic profiles in the ASD
subgroups that were not identified in the control sub-
group, suggesting specificity of these findings to chil-
dren with ASD. Together, the current approach and
methods enable a new level of reliability and robust-
ness in the identification of subgroups based on behav-
ioral measures and may be particularly important for
assessing heterogeneity in clinical populations such as
ASD. Importantly, this approach and analysis may serve
as a template for future studies as a means of establishing
a more thorough methodology for addressing complex
behavioral profiles in clinical populations.

Future Directions and Implications

Our study provides new insights into distinct academic
profiles in children with ASD and has important edu-
cational and clinical implications. From an educational
perspective, results showing that children with ASD
consistently cluster into either a low or high perfor-
mance group, each of which has distinct strengths and
weaknesses in reading and math domains, suggest that
these profiles may serve as a useful guide for consider-
ing tailored educational programs that can both build
on children’s academic strengths and fortify areas of
weakness. For example, if educators are tasked with
designing and overseeing a mainstreamed educational
curriculum for a child with ASD with a high 1Q (IQ >
~110), being cognizant of the fact that this child is likely
to show significant strengths in math and word reading
and weaknesses in reading comprehension may provide
useful information for initially placing this child in the
appropriate classes and dedicating appropriate
resources for the child’s education. Similarly, when con-
sidering the educational needs for a child with average
IQ (~100), it may be useful and informative to these
educators to know that this child is more likely to show
significant deficits in math abilities but reading abilities
that are commensurate with 1Q. Given the limited
resources of many schools and the difficult task that
educators face in providing high-quality education for
the diverse population of children in their classrooms,
having an understanding of these subgroups of children
with ASD may serve as an important tool for the initial
placement of these children in mainstream classrooms.
Another implication of our findings is that even children

with average or above intelligence with ASD should
have regular academic evaluations, particularly if they
are struggling at school, because stereotypes that all
children with ASD are good with numbers and comput-
ers do not hold. Future work in the area of educational
research may focus on designing educational curricula
that address the strengths and weaknesses of the two
distinct profiles of children with ASD identified in the
current work and may consider not only reading and
math instruction but also the strengthening of cognitive
skills, such as working memory, that support academic
learning.

From a clinical perspective, results from the current
study provide new information by showing that autism
symptom severity is not related to educational abilities
in children across symptom domains. One implication
of this result is that it suggests that it may be beneficial
for clinicians to consider profiles of academic and cog-
nitive abilities in conjunction with autistic symptoms
when designing appropriate interventions for children
with ASD, for example, an important direction for ASD
intervention, such as pivotal response training (Koegel
& Koegel, 2006; Koegel, Koegel, & Brookman, 2003),
which builds on a child’s interest and strengths and
uses motivational teaching strategies to promote verbal
interactions (Dawson et al., 2010; Mundy & Stella,
2000). If a clinician were designing an intervention for
an affected child with a high 1Q, it may be instructive
for that clinician to consider engaging the child with
math given that the child is likely to show a high apti-
tude for math and may therefore enjoy math games.
Importantly, math may provide an important avenue
for verbal engagement for these high IQ children. Alter-
natively, if a clinician were designing an intervention
for an affected child with average 1Q (i.e., LA-ASD
children), it may be useful for the clinician to consider
engaging the child in ways that do not relate to math
skills, which the child likely struggles with and may not
serve to promote verbal interactions. It is hoped that
future clinical research examines whether profiles of
academic abilities contribute to designing effective
remediation programs for children with ASD by helping
to identify areas for verbal engagement and interaction
in these children.

Conclusions

In conclusion, we have examined the heterogeneity of
academic achievement profiles in children with ASD
using a rigorous quantitative approach and methods for
identifying distinct subgroups within clinical popula-
tions. Results showed that children with ASD clustered
into two distinct subgroups on the basis of math and
reading skills: an LA-ASD subgroup characterized by
markedly lower math scores that were both below the
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normal range of abilities and scores predicted by FSIQ
and an HA-ASD subgroup characterized by math skills
that were both greater than scores predicted by FSIQ
and reading skills. Importantly, these subgroup differ-
ences were unrelated to ASD symptoms or other behav-
ioral-affective traits. Regression analysis further revealed
that subgroup membership and variability in math skills
was associated with verbal and central executive work-
ing memory capacities in children with ASD, which is
in contrast to the strong relationship between visuo-
spatial working memory and math function shown by
controls. Our findings not only describe a novel and
rigorous approach for exploring heterogeneity in clini-
cal populations but provide new insights into the dis-
tinct profiles of academic skills in children with ASD,
which have important implications for educational prac-
tice and intervention programs.
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