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One of the most universally accepted facts about autism is that it is heterogenous.
Individuals diagnosed with autism spectrum disorder have a wide range of behavioral
presentations and a variety of co-occurring medical and mental health conditions. The
identification of more homogenous subgroups is likely to lead to a better understanding
of etiologies as well as more targeted interventions and treatments. In 2006, we initiated
the UC Davis MIND Institute Autism Phenome Project (APP) with the overarching
goal of identifying clinically meaningful subtypes of autism. This ongoing longitudinal
multidisciplinary study now includes over 400 children and involves comprehensive
medical, behavioral, and neuroimaging assessments from early childhood through
adolescence (2–19 years of age). We have employed several strategies to identify subpopulations within autistic individuals: subgrouping by neural, biological, behavioral or
clinical characteristics as well as by developmental trajectories. In this Mini Review, we
summarize findings to date from the APP cohort and describe progress made toward
identifying meaningful subgroups of autism.
Keywords: autism, MRI, heterogeneity, immune, development, gastrointestinal, ERP, females

INTRODUCTION
Autistic individuals present with a broad continuum of social communication difficulties as well
as non-social characteristics such as repetitive behaviors, intense focused interests and sensory
experiences. Co-occurring medical, developmental, and mental health conditions are common
(American Psychiatric Association, 2013; Soke et al., 2018). This heterogeneous presentation has
led to inconsistency in research findings and challenges with identifying etiological causes and
optimal treatments or interventions. One approach to constraining heterogeneity is to restrict
research samples (e.g., all male or IQ cut offs). However, this has led to underrepresentation of
certain portions of the autism spectrum, including autistic females (Lai et al., 2015) and individuals
with intellectual disability (Russell et al., 2019), thus limiting generalizability of findings.

Frontiers in Neuroscience | www.frontiersin.org

1

January 2022 | Volume 15 | Article 786220

Nordahl et al.

Identifying Meaningful Autistic Subgroups

histories of autoimmune conditions. Blood specimens from
the child and biological parents are used to evaluate immune
function and genomic sequencing. MRIs are conducted during
natural nocturnal sleep for the first three time points (Nordahl
et al., 2008), resulting in inclusion of children with all levels
of developmental ability. To ensure that all could be followed
longitudinally, we developed strategies to acquire MRI scans in
children with intellectual disability while awake at the older time
points (Nordahl et al., 2016).
Below, we highlight efforts from 30 published studies
utilizing this comprehensive, multidisciplinary dataset to identify
subgroups based on neural, other biological, behavioral/clinical
characteristics, and developmental trajectories. In many
instances, subgroups ascertained on the basis of one characteristic
(e.g., neural) are cross validated using characteristics from other
disciplines (e.g., behavioral) to identify multidisciplinary
commonalities and increase clinical significance.

Another approach to addressing heterogeneity is to conduct
comprehensive evaluations of all autistic individuals and then
stratify based on one or more salient characteristics. These
subgroups can then be evaluated further for shared etiology
and mechanistic underpinnings. The ultimate goal is to decrease
variability in treatment response among autistic individuals
by identifying individualized interventions specific to the
phenotypic and biological commonalities of given subgroups.
Here, we summarize findings from the Autism Phenome Project
(APP), a large, longitudinal, multidisciplinary study that has
utilized this approach to identify autism subgroups at the
behavioral, neural, and biological levels.
The APP was initiated in 2006 to integrate behavioral,
neuroimaging, and other biological and medical data in a
large cohort of autistic children with the overarching goal of
identifying clinically meaningful subgroups that share common
biological or behavioral features. Children with autism are
enrolled at 2–3.5 years. Age and sex-matched non-autistic
children with no developmental delay are enrolled as typically
developing (TD) controls. Thus far, APP participants have
been followed for 4 time points through early and middle
childhood, with the oldest participants currently returning for
a fifth time point during adolescence. Initial recruitment was
conducted from 2006 to 2011 with over 300 children enrolled
during that timeframe, which clarifies that enrollment did not
stop at 300 participants: enrollment of new participants is
ongoing.
Diagnostic confirmation for autism is conducted by licensed
psychologists using the Autism Diagnostic Observation Schedule
(ADOS) (Lord et al., 2000, 2012) and Autism Diagnostic
Interview -Revised (Lord et al., 1994). TD control participants
are screened for autism using the Social Communication
Questionnaire (Rutter et al., 2003) and developmental delay
using the Mullen Scales of Early Learning (MSEL) (Mullen,
1995). Initial recruitment reflected the male predominance
of autism diagnoses, and about 4–5 times more boys than
girls were enrolled.
To increase female representation within the APP cohort, we
initiated the Girls with Autism—Imaging of Neurodevelopment
(GAIN) study in 2014. The study protocol is identical to the APP,
and all participants in the GAIN study are automatically included
in the APP dataset. Thus far, GAIN participants have completed
three early childhood time points and are scheduled to return
for a 4th middle childhood timepoint. With almost 100 autistic
females in the cohort, evaluation of similarities and differences
across sexes are now possible and included in all analyses.
Participant demographics across all timepoints are
summarized in Figure 1. Importantly, the cohort includes
children with all levels of intellectual functioning, including
30% of participants with IQs in the range of intellectual
disability at the middle childhood time point (9–12 years of
age). Figure 2 depicts the longitudinal assessment battery,
which includes comprehensive behavioral assessments, medical
exams, and magnetic resonance imaging (MRI). Auditory
event related potentials (ERPs) were conducted at Time 1.
Medical exams are conducted by developmental pediatricians
and include assessment of pubertal status at later time points
and characterization of gastrointestinal symptoms and family
Frontiers in Neuroscience | www.frontiersin.org

SUBGROUPING BY NEURAL
CHARACTERISTICS
Brain Volume
Because of multiple reports of early brain enlargement
(Courchesne et al., 2001; Sparks et al., 2002; Hazlett et al.,
2005), we were initially surprised by the degree of overlap in
brain volume between autistic children and controls. It was
clear early on that not all autistic children have enlarged brains
and that group mean differences were driven by a small subset
of autistic children with cerebral volumes outside the range
of their age-matched TD peers. We began evaluating clinical
characteristics of this subset of children with larger brain volumes
(i.e., megalencephaly) and found that 22% of males who had a
regressive onset of autism had megalencephaly compared to only
5% of males without regression (Nordahl et al., 2011).
Subsequent efforts to define this subgroup accounted for
height in order to distinguish brain enlargement from generalized
somatic overgrowth (Klein et al., 2013; Campbell et al., 2014).
Autism with disproportionate megalencephaly (ASD-DM) was
defined as a ratio of cerebral volume to height greater than 1.5
standard deviations above age- and sex-matched TD controls.
In the APP, 12.6% of autistic boys and 6% of autistic girls were
characterized as ASD-DM at Time 1. Clinical characteristics
of this subgroup include lower language ability at age 3 and
higher rates of intellectual disability at age 6 (Amaral et al.,
2017). Further, ASD-DM is not simply a uniformly bigger
brain, but rather has distinct regional expansion of surface
area (Ohta et al., 2016) and gyrification patterns (Libero
et al., 2019) that differ from autistic children without DM.
The rate of cerebral gray and white matter growth in ASDDM does not differ from other autistic children, and cerebral
volume remains elevated in this subgroup throughout early
and middle childhood (Libero et al., 2016; Lee et al., 2021).
The ASD-DM subgroup also has differentially altered auditory
ERP responses, exhibiting a different pattern of loudnessdependent electrophysiological responses than other autistic
children (De Meo-Monteil et al., 2019).
2
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FIGURE 1 | Overview of the Autism Phenome Project cohort. Longitudinal behavioral, neuroimaging, and medical data has been acquired since 2006 in over 500
children from early childhood through adolescence. The cohort includes children across the entire autism spectrum, including understudied groups such as females
and children with co-occurring intellectual disability. Data collection at all-time points is ongoing. ADOS Calibrated Severity Scores at Time 1 and IQ scores at Time 4
are depicted.

APP, autistic participants exhibit—at the group mean level—
diminished amplitudes of the N2, a negative-going cortical
response to auditory stimuli over frontocentral channels ∼200–
350 ms post-stimulus, at Time 1 (Dwyer et al., 2021a), consistent
with prior studies (Williams et al., 2021). However, examination
of inter-individual differences in ERP morphologies suggests
this pattern is driven by a subset of participants with atypical
positive-going ERP responses over the spatiotemporal window
associated with the N2 (Dwyer et al., 2021c). Although the
behavioral implications of this ERP positivity are unclear, this
finding illustrates how group averages can distort and occlude
patterns at the individual and subgroup levels.
We have also examined how ERPs in autism are affected
by differences in auditory stimulus intensity. We clustered
autistic and TD participants based on the relative strengths of
ERP global field power responses to 50 through 80 dB tones
(Dwyer et al., 2020). Autistic participants with disproportionately
strong responses to loud (80 dB) tones were reported by
caregivers to struggle with auditory distractibility, which we
interpret as a neurophysiologic reflection of hyperacusis or noise
distress. Intriguingly, relative to TD controls, a disproportionate
number of autistic participants with higher cognitive ability
scores than other autistic participants formed part of another

Extra-Axial Cerebrospinal Fluid
The role of cerebrospinal fluid (CSF) in neurodevelopment and
disease is an area of increased focus (Lehtinen et al., 2013; Shen,
2018). Elevated extra-axial CSF, sometimes referred to as external
or communicating hydrocephalus, is characterized by excessive
CSF in the subarachnoid space between the brain and dura
mater. Although commonly considered benign in children under
2 years, recent evidence from two independent infant sibling
cohorts suggests that elevated extra-axial CSF during infancy is
associated with increased likelihood for autism diagnosis at age
3 (Shen et al., 2013, 2017). In the APP cohort at Time 1, 13% of
autistic children had elevated levels extra-axial CSF (Shen et al.,
2018). This subset also had increased sleep problems compared
to autistic children without elevated extra-axial CSF.

Auditory Event-Related Potentials
Prior studies have examined whether, on average, autistic and
TD groups differ in latencies and amplitudes of auditory
ERPs (reviewed by Williams et al., 2021). However, few have
examined whether different sub-populations within autism
show differential auditory responses cf. (Salmond et al., 2007;
De Meo-Monteil et al., 2019; Roberts et al., 2019). In the
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FIGURE 2 | Autism Phenome Project longitudinal study design and assessment battery at each time point from early childhood through adolescence. ADI-R, Autism
Diagnostic Interview; ADIS-ASA, Anxiety Disorders Interview Schedule with Autism Addendum; ADOS, Autism Diagnostic Observation Schedule; AQC, Alexithymia
Questionnaire for Children; ASWS, Adolescent Sleep Wake Scale; ASHS, Adolescent Sleep Hygiene Scale; CATQ, Camouflaging Autistic Traits Questionnaire;
CBCL, Child Behavior Checklist; CBQ, Children’s Behavior Questionnaire; CCC-2, Children’s Communication Checklist; CDI-2, Child Depression Inventory; CDI,
MacArthur-Bates Communicative Development Inventories; CELF, Clinical Evaluation of Language Fundamentals; CRP, Child Rearing Practices; CSHQ, Children
Sleep Habits; DAS-II, Differential Ability Scale—2nd Edition; EDI, Emotional Dysregulation Inventory; EDQ, Early Development Questionnaire; EOWPVT, Expressive
One Word Picture Vocabulary Test; FQS, Friendship Quality Scale; MASC-2, Multidimensional Anxiety Scale for Children; MSEL, Mullen Scales of Early Learning;
PBMC, peripheral blood mononuclear cells; PPVT, Peabody Picture Vocabulary Test; PVS, Self-Perception Profile for Children and Peer Victimization Scales; RBC,
red blood cells; RBS-R, Repetitive Behavior Scale—Revised; SB-5, Stanford Binet—Fifth Edition; SCARED, Screen for Child Anxiety Related Disorders; SCQ, Social
Communication Questionnaire; SDSC, Sleep Disturbances Scale for Children; SEQ, Sensory Experiences Questionnaire; SRS, Social Responsiveness Scale; SSP2,
Short Sensory Profile 2; SWAN, Strengths and Weaknesses of Attention-Deficit/Hyperactivity-symptoms and Normal-behaviors; TMCQ, Temperament in Middle
Childhood; VABS, Vineland Adaptive Behavior Scale.

cluster characterized by gradual increases in response amplitude
from 50 to 70 dB.

Thus far, we have identified sex differences in diffusionweighted properties and in the organization of the corpus
callosum (Nordahl et al., 2015; Andrews et al., 2019). At Time
1, autistic females had a smaller callosal region projecting to
anterior frontal regions compared to TD females. In contrast,
autistic males had a smaller callosal region projecting to
orbitofrontal cortex than TD males (Nordahl et al., 2015). More
globally, autistic females exhibited a slower rate of cerebral gray
and white matter growth across early childhood relative to sexmatched controls, but no difference in overall cerebral volume at
any time point (Lee et al., 2021). In contrast, autistic males did not
differ in rate of cerebral growth from TD male controls, but they
had larger cerebral brain volumes across early childhood than TD
males, an effect driven by the subgroup with disproportionate
megalencephaly, which is much less common in autistic females.

SUBGROUPING BY OTHER BIOLOGICAL
CHARACTERISTICS
Biological Sex
Biological sex is an important source of variability in autism. As
a first step, we have evaluated autistic females as a biologically
defined subgroup based on sex assigned at birth. We recognize,
however, that autistic females do not represent a singular,
distinct phenotype of autism. Additional studies are needed to
explore heterogeneity within autistic females and gender diverse
populations.
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Behaviorally, autistic males and females in the APP do not
differ on measures of core autistic traits or developmental
ability at Time 1. Autistic females were, however, more
highly represented in a subgroup with clinically significant
levels of co-occurring mental health symptoms (40% of
females compared to 22% of autistic males) (Nordahl
et al., 2020). Moreover, amygdala volume was associated
with internalizing and externalizing problems in autistic
girls, but not boys, suggesting sex differences in the role
of the amygdala in autism. Sex differences in amygdala
functional connectivity are also apparent during early childhood
(Lee et al., 2020).

Gastrointestinal Symptoms
Gastrointestinal (GI) concerns are frequently reported by parents
of autistic children and may be related to immune dysregulation
(Buie et al., 2010). This is particularly concerning because
it may be more challenging for autistic children to verbalize
or communicate physical pain, leading to lack of appropriate
medical care. Within the APP, we evaluated parent-reported
GI symptoms at Time 1 and identified a subgroup comprising
48% of autistic children who experience significant GI problems
(Restrepo et al., 2020). Children with significant GI problems
also had higher levels of self-injurious behaviors, restricted
stereotyped behaviors, sensory sensitivities, aggressive behavior,
attention problems, as well as sleep problems such as shorter sleep
duration, night awakenings, and parasomnia.

Immune Factors
Evidence supporting dysregulation of the immune system in
autism includes a higher prevalence of familial autoimmunity,
gestational immune influences, as well as altered innate
and adaptive immune responses in some autistic individuals
(reviewed in Hughes et al., 2018). We have investigated several
immune-related factors in the APP, including evaluation of
specific immune cell types and response to immunological
stressors. In one study, peripheral blood mononuclear cells from
Time 1 plasma samples were stimulated with the bacteria product
lipopolysaccharide (LPS). A subset of 44% of autistic children
had an increased pro-inflammatory profile that was associated
with lower developmental scores and increased sleep problems
and aggression (Careaga et al., 2017b). Altered cell signaling
in autistic children was also related to immune activation and
repetitive behaviors (Onore et al., 2017). In a related study
of the innate immune system, which includes cell types that
respond to LPS, the frequency of myeloid dendritic cells was
increased by 25% in autistic children and associated with
gastrointestinal problems, repetitive behaviors, and amygdala
volumes (Breece et al., 2013).
We also investigated levels of cell adhesion molecules
that immune cells use to tether to endothelial cells before
gaining access to tissue, including brain parenchyma. There
were decreased levels of platelet endothelial adhesion molecule1 (PECAM-1) in plasma from autistic children. In support
of the notion that altered trafficking of immune cells may
have implications in brain homeostasis, PECAM-1 levels were
positively correlated with head circumference in TD controls, but
not in autistic children (Onore et al., 2012).
Maternal immune factors have also been linked to
neurodevelopmental disabilities (Careaga et al., 2017a). In
the APP, 8% of autistic children were born to mothers with a
specific set of maternal IgG autoantibodies that bind to fetal
brain tissue, compared to none of the TD controls. This subset
also exhibited 12% larger brain volume than controls and
7% larger brain volume than other autistic children (Nordahl
et al., 2013). More recently we found that maternal immune
conditions such as autoimmunity, asthma and allergies that
occurred during pregnancy were predictors of externalizing
behaviors in autistic children (Patel et al., 2020). Maternal
asthma was the most commonly reported condition and was
twice as common in mothers of autistic males (20%) than
autistic females (11%).

Frontiers in Neuroscience | www.frontiersin.org

SUBGROUPING BY BEHAVIORAL AND
CLINICAL CHARACTERISTICS
Anxiety
In the APP, children are assessed for clinical anxiety disorders
at middle childhood (Time 4) and adolescence (Time 5) using
the Anxiety Disorders Interview Schedule-IV-Parent Interview
(ADIS) (Albano and Silverman, 1996) to identify traditional
DSM forms of anxiety including generalized anxiety disorder
(GAD), separation anxiety, specific phobia, and social phobia.
The ADIS Autism Spectrum Addendum (ADIS-ASA) (Kerns
et al., 2017) is administered to identify anxieties distinctly related
to autism, including idiosyncratic fears, fear relating to social
confusion, intense interest fears, and fears of change. At Time 4,
69% of autistic children were diagnosed with clinically significant
anxiety, with 21% having a DSM anxiety disorder, 17% an
ADIS-ASA distinct anxiety disorder, and 31% both (Kerns et al.,
2020). Differences in the rates of DSM-anxiety presentations in
autistic children with and without intellectual ability were also
noted. Autistic children with intellectual disability predominately
endorsed specific phobias while other DSM anxieties were less
common compared to autistic children without intellectual
disability.

Language
While some autistic individuals learn and use language consistent
with their chronological age, others experience delayed or
impaired language development. At Time 1, we grouped autistic
children based on language ability and examined associations
with white matter development (Naigles et al., 2017). Autistic
children were grouped into a low (48%; language beginning or
not yet begun), middle (21%; language included a stable lexicon of
nouns), or high (31%; language included a large vocabulary plus
some grammar) groups. Subgroup differences were identified
in the left and right inferior longitudinal fasciculus (ILF), left
superior longitudinal fasciculus, and the left corticospinal tract.
In particular, fractional anisotropy in the occipital region of the
ILF was correlated with language ability, but not ADOS severity
scores. Other efforts utilizing the APP have identified subgroups
based interactions between social communication and language
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received. However, the group with decreasing ADOS-CSS had
higher IQ scores and were more likely to be female (WaizbardBartov et al., 2021). Follow up MRI analyses between these groups
identified that individuals with increasing degree of autism
characteristics had slower development of the sagittal stratum
fiber bundle (Andrews et al., 2021).

development (Blume et al., 2021) and grammatical language
ability (Wittke et al., 2017).

SUBGROUPING BY DEVELOPMENTAL
TRAJECTORIES
Cognitive Development

CONCLUSION AND FUTURE
DIRECTIONS

Intellectual functioning is one of the most heterogeneous aspects
of autism (Maenner, 2020). In the APP, we identified subgroups
based on the trajectory of intellectual functioning across early
childhood (Times 1–3) (Solomon et al., 2018). Four distinct
trajectories were identified: two groups, comprising 26 and 18%
of the sample, respectively, had IQs in the intellectual disability
range at both time points; a third group (22%) had IQs in the
normal range at both time points. Of particular interest, a fourth
group, comprising 35% of the cohort, initially had IQs in the
intellectual disability range but made significant gains (34 points)
to have IQs in the normal range by age 6–7.

The studies described above reveal subpopulations within
the broad autism spectrum that are likely obscured when
group-level comparisons between autistic and TD control
groups are made. Efforts to identify subgroups with more
homogenous characteristics provides a deeper characterization
of the heterogeneity of autism and co-occurring conditions.
Importantly, the identification of subgroups is not meant to
divide or marginalize portions of the autism community. Rather,
some promising subgrouping efforts may guide clinical care
by influencing selection of interventions or access to services
and supports. For example, disproportionate megalencephaly
at age 3 may provide early clues to parents about children who
may require higher levels of support, or individuals with autism
distinct forms of co-occurring anxiety may benefit from autismspecific anxiety interventions. In other cases, subgrouping
may increase awareness for, and treatment of, debilitating
co-occurring medical conditions such as gastrointestinal
dysfunction. These subgroups need to be further examined and
validated in order to make specific recommendations for clinical
care. A recent review of subtyping efforts in autism research
provides a checklist for validating subtypes that will be useful for
future studies (Agelink van Rentergem et al., 2021).
To fully achieve the goals of the APP, future studies will require
cohorts representative of all autistic individuals, including all
cognitive abilities, speaking and non-speaking individuals, all
racial and ethnic groups, and increased representation of female
and gender diverse individuals. The current APP sample size
may be an adequate starting point for subgroup identification,
but much larger sample sizes are necessary. Developmental
considerations are also key, as the trajectory-based subgroups
suggest that evaluating individuals at a single time point may
not be sufficient. Longitudinal lifespan studies are necessary
to identify subgroups that could determine early predictors
of later outcomes. Environmental factors, such as individual
and sociodemographic variables should also be considered
(Modabbernia et al., 2017). Ultimately, the goal of identifying
sources of heterogeneity is to increase understanding of the
underlying causes of autism and to improve the quality of life for
autistic individuals and their families.

Sensory Behaviors
Atypical sensory experiences and behaviors have been reported in
82–97% of autistic people (Dellapiazza et al., 2018) and are related
to diminished quality of life (Lin and Huang, 2019; McConachie
et al., 2020). In the APP, the Short Sensory Profile (SSP; McIntosh
et al., 1999) was used to examine sensory behaviors at Times
1 and 3. Almost two-thirds of autistic participants showed a
stable intense sensory phenotype characterized by high levels of
atypical sensory behavior at both time points; these participants
also had elevated anxiety levels (Dwyer et al., 2020). Another third
of autistic participants and almost all TD participants exhibited
milder, more typical sensory behaviors at both time points.
Another study examined how different SSP subscales (from
the factor solution of Williams et al., 2018) contribute to overall
SSP trajectories in autism and typical development (Dwyer
et al., 2021b). Almost 28% of autistic participants showed
disproportionately high levels of low energy/weakness, most
likely reflecting hypotonia. Interestingly, these participants had
higher cognitive ability scores at Time 1 relative to other
autistic participants, which suggests that hypotonia might be
developmentally protective in autism. Around 13% of autistic
participants showed intensely atypical sensory behaviors across
all subscales of the SSP as well as ERP hyper-responsivity
to loud sounds. Autistic participants in these hypotonic and
generalized-intense subgroups had more anxiety and sleep
disturbances than the remaining subgroup that exhibited less
intense sensory behaviors.

Autism Characteristics
Recent evidence suggests that the intensity or degree of autistic
characteristics can vary over time (Gotham et al., 2012). Using
change in ADOS calibrated severity scores (CSS) from Time 1
to Time 3, we found that 54% of APP participants had stable
autism characteristics while 29% significantly decreased and 17%
increased in ADOS-CSS scores over this period. Change groups
did not differ by initial ADOS-CSS or hours of intervention
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