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Abstract

Autism Spectrum Disorder (ASD) is by definition a complex and heterogeneous disorder.
Variation in factors such as developmental level, language ability and 1Q further complicate the
presentation of symptoms. Clinical research and basic science must continue to inform each
other’s questions to help address the heterogeneity inherent to the disorder. This review uses a
clinical perspective to outline the common tools and best practices for diagnosing and
characterizing ASD in a research setting. We discuss considerations for classifying research
populations, including language ability and 1Q and examine the advantages and disadvantages of
different psychometric measurements. Ultimately, the contribution of multiple sources of data
representing different perspectives is crucial for interpreting and understanding the ASD
phenotype.
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1. Introduction

Autism Spectrum Disorder (ASD) is a complex disorder of neurodevelopment that is
currently characterized by impairments in social reciprocity, communication and unusual or
restricted behaviors [1]. An ASD diagnosis is based upon behavioral history and
observations. Yet, the increasing focus on the constellation of behaviors that we call ASD
brings to the forefront how complex the ASD phenotype and associated behaviors are.
Rarely do two children with ASD present with identical symptoms, and factors such as
developmental level, language ability and 1Q further complicate the presentation of
symptoms.

Heterogeneity is at the forefront of any ASD research question (either as a confound or a
starting point). Most research designs compare cases to controls and average data within
groups. Averaging data within an ASD sample may result in bypassing crucial differences
within the group. This problem is not new, and has been discussed in greater details
elsewhere [2], but to address this difficulty, researchers must rely on instruments to
characterize individual components of the ASD phenotype. The measurements then become
a crucial part of the study. These components range from measurements that further classify
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participants (language abilities, 1Q) to other techniques such as neuroimaging or
experimental behavior tasks (for example see [3-5]).

The goal of this review is to outline the common tools and best practices for diagnosing and
characterizing ASD in a research setting from a clinical perspective. For any given research
study, one must decide on which sources of diagnostic information most efficiently and
reliably define the ASD phenotype and then determine which pieces of independent
information (1Q, behavior tasks, neuroimaging) will address the experimental question. We
begin by outlining different instruments that can be used to diagnose individuals with ASD.
This is followed by a discussion of the advantages and disadvantages of other common
psychometric instruments that provide more general information (such as language abilities
and adaptive skills). We discuss these measurements within the context of human
neurobiological research, where classifying the ASD phenotype is usually not the central
goal of the experiment. Therefore, we consider advantages and disadvantages to the various
instruments and highlight issues that may be particularly relevant to neuroimaging.

Overall, the issues that we address about the instruments in this review should not be
significantly impacted by the proposed changes in the DSM 5. The details and rationale of
the changes have been outlined elsewhere [2, 6, 7], but we want to stress the continuity of
the instruments. In the text we will note any specific discrepancies with DSM 5.

2. Population Characterization

As outlined in Figure 1, there are many independent pieces of information that can be used
to characterize a research sample. A standardized diagnosis forms the core of ASD clinical
research. We begin by outlining different sources of information for diagnosing ASD. We
then discuss other considerations including 1Q testing, language ability, adaptive skills and
sensory processing abnormalities that offer an additional level of perspectives on the ASD
phenotype.

2.1.Autism Phenotyping

2.1.1. Autism Diagnostic Observation Schedule (ADOS)—The ADOS is a semi-
structured, standardized assessment that allows examiners to observe behaviors relevant to
ASD [8, 9] and can be completed in approximately 30-45 minutes. There are explicit
standards for establishment of research reliability in its administration and scoring which,
when upheld, results in relatively uniform scores even across countries and translations [10].
The test consists of carefully planned social interactions and communication opportunities to
elicit spontaneous behaviors within specific contexts [11]. By presenting individuals with
various prompts, isolated skills can be assessed. The ADOS has strong predictive validity
against best estimate diagnoses [12], and is considered by many to be the “gold standard”
for classifying ASD along with the ADI-R (described below) and consensus best estimate
clinical diagnosis [13].

The ADOS has five modules and the choice of which module is administered is based upon
the development and language level of the participant [14]. The toddler module is intended
for children up to 30-36 months of age with a nonverbal ability of 12 months [9, 15].
Module 1 is intended for those who do not consistently use phrase speech, Module 2 is
intended for those who use some phrase speech, but are not verbally fluent, Module 3 is
intended for verbally fluent children and Module 4 is intended for verbally fluent
adolescents and adults [8]. Individual behaviors are scored on a 4-point scale, with 0
representing ‘no abnormality of type specified” and 3 representing ‘moderate to severe
abnormality.” Items are summed into two algorithms: ‘Social Affect’ (social and
communication items) and ‘Restricted and Repetitive Behaviors’ [12, 16]. The total
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algorithm scores are compared to thresholds to determine whether the child meets criteria
for “Autism”, “Autism spectrum” or “nonspectrum.” A new version of the ADOS
(ADOS-2) became available in 2012, providing an update to the manuals and protocols and
it incorporates revised algorithms for Modules 1, 2 and 3 and includes the Toddler Module.

The ADOS is ultimately constrained by time and the specific context (e.g. an office visit
with an unfamiliar adult) to complete the tasks, and therefore it is unlikely that any
significant changes to the test will be made for the DSM 5. While many of the criteria
changes in the DSM 5 are still well captured by the ADOS [17], several criteria are not, and
never have been assessed by the ADOS, including peer interactions and relationships with
others.

Meeting a cutoff on the ADOS does not necessarily mean that an individual should receive a
diagnosis of ASD. Research has shown that diagnoses based on a combination of history/
caregiver information and clinical observation are significantly more stable over time [18,
19] than results from any single instrument. A more detailed discussion about considerations
when choosing and combining diagnostic instruments follows in later sections.

2.1.2. ADOS Severity (Comparison) Scores—Individuals with ASD range in the
severity of their symptoms. Though the authors have noted that using the ADOS raw scores,
as a continuous measurement of symptom severity is not appropriate, researchers by
necessity have used these scores for this purpose. One reason why these raw scores, either
the algorithm totals or scores from individual behavior items, should not be used in this
manner is that they are strongly influenced by age and 1Q. In other words, there are different
distributions for scores across items and scores across developmental levels, and these
differences vary in degree in terms of how much they correlate with 1Q and age. However, it
is possible to use the scores controlling for 1Q, language level and/or age [20].

Currently, the one continuously scaled variable that can be derived from the ADOS is the
severity score [21], referred to in the ADOS-2 as “comparison scores”. The comparison
score is a single score derived from the two dimensions of behavior assessed by the ADOS.
These scores are calibrated from raw ADOS totals using separate distributions for different
age and language-level groups. They have been independently validated [22, 23]. Thus,
unlike raw ADOS scores, severity scores can be compared across modules and time and are
relatively independent of verbal 1Q [21]. Specifically, verbal 1Q accounts for 43% of the
variance in raw ADOS totals, but only accounts for 10% of the variance in the severity
scores [21]. With the calibrated scores, the difference between a 4 and 5 is the same
difference between an 8 and a 9. Since the calibrated scores have a more uniform
distribution across both age and language abilities, this makes them optimal for use in
neurobiological as well as other types of research. Other measurements of ASD severity,
discussed in greater in the following sections, include the Autism Behavior Checklist [24],
the Child Autism Rating Scale [25], the Gilliam Autism Rating Scale [26], the Autism
Diagnostic Interview-Revised [27] and the Social Responsiveness Scale [28].

There are ADOS severity scores separating the two diagnostic domains (i.e. social
communication and repetitive and restricted behaviors) [62]. While developmental level was
shown to have a differential effect on these two domains (less of an influence on repetitive
behaviors) [20], severity scores that are statistically comparable for the two domains should
be of much use to researchers. An important issue, particularly in the field of
neurobiological research, is whether varied neural differences measured by MRI or EEG in
the ASD sample reflect quantifiable behavioral differences. Many functional neuroimaging
studies utilize tasks that target specific areas of symptoms (i.e. social interactions), severity
scores that divide social and repetitive behaviors should be helpful for these types of studies.
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Analyses that take into account symptom severity can therefore go beyond differences in
group means and provide more insight into how a neural signature relates to an autistic
behavior.

2.1.3. Diagnosis with Neuroimaging or EEG?—Though it is generally agreed that
ASD is currently most reliably diagnosed based upon behavioral observations and
descriptions, there is still a considerable amount of hope that eventually neural, genetic or
biological markers will provide more objective information for individuals and families [29-
33]. There is growing interest in using neuroimaging methods and electroencephalography
(EEG) as supplementary tools to determine biomarkers that will predict a diagnosis of ASD
[29, 34-41]. Magnetic Resonance Imaging (MRI) offers direct measurement of gross brain
structures, Diffusion Tensor Imaging (DTI) measures the integrity of white matter tracts in
the brain, and functional neuroimaging (fMRI) provides a measurement of blood flow in the
brain that can be assessed during different task demands. EEG, a less costly and more
portable method, than MRI, records electrical activity from the scalp. Also portable is Near
Infrared Spectroscopy (NIRS), a technique that measures light absorbance in the brain to
assess changes in blood flow. Less common and rarely used in young children due to the use
of radioisotopes, Positron Emission Tomography (PET) measures metabolic changes in the
brain. These measurements provide a means to study neural signatures of ASD [39, 42, 43].
However, the utility of their diagnostic potential is still being explored.

It appears that white matter tracts have different growth trajectories from 6 to 24 months of
age in infants who later develop ASD compared to those children who do not [36].
Specifically, fractional anisotropy, a measurement of white fiber integrity, was higher at 6
months of age in individuals who later developed ASD, but lower at 24 months,
demonstrating abnormal neural growth trajectories for those who developed ASD. These
findings are exciting and suggest that neural abnormalities may precede behavioral
symptoms which are not reliably characterized until approximately 24 — 36 months [9, 44—
46]. However, it is important to note that this research does not translate into a direct
diagnostic tool. As the authors point out, more research is necessary to study typically
developing individuals, as all of the individuals in the study were at high risk for developing
ASD because they had a sibling with ASD [36]. More research is also necessary to follow
the outcomes of these children whose final assessments were at 24 months. Lastly,
replication is particularly important to ensure that differences are accounted for by the
trajectory, rather than measurement problems at one or multiple time points. Another recent
study with EEG [29], found abnormal ERP responses to dynamic eye gaze shifts at 6-10
months in children who later developed ASD. It will be important, as well, to follow these
children longitudinally as well as to replicate these results in other laboratories. Together,
studies examining neural biomarkers during the first year of life have the potential to
provide great insight into underlying mechanisms, but their applicability as a diagnostic tool,
above and beyond a behavioral measurement is not yet known.

Given the interest in using brain data as a diagnostic tool as well as to determine differences
in brain structure and activity among individuals with ASD, an area of research has
concentrated on using data reduction methods with EEG and neuroimaging data [47, 48],
specifically machine learning methods, to reliably distinguish an individual with ASD [49—
52]. While some of these algorithms have proven to be highly reliable (90%) in detecting
ASD among individuals, as has previously been pointed out [34, 47] the use of diagnostic
algorithms on neuroimaging data can only reach the same level of accuracy as the
behavioral diagnostic assessment, it can never be higher. This is because the algorithm is
based upon the difference between ASD and controls in the training data, which is reliant
upon the behavioral measurements. Given the current understanding of ASD, it is likely that
the underlying biology is heterogeneous, thus increasing reliance on behavioral
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observations. In addition, treatments for ASD, even medications, first consist of
observations and then trying to change specific behaviors. Thus the clinical utility of a
biomarker can only be as valuable as the degree to which it adds to behavioral information
(which has to be obtained regardless to establish diagnosis). Furthermore, behavioral
observations have shown to predict changes over time [18] and response to treatment [53],
which biological markers have not done yet. If in fact biomarkers, including fMRI, become
helpful in the treatment of autism then there will be a shift in perspectives about the
effectiveness of these tools from research to clinical. On the other hand, even if not yet
clinically useful, biomarkers may offer an intermediate step between biological and
behavioral definitions.

2.1.4. Questionnaires—Compared to a more complex face-to-face clinical assessment,
questionnaires are more flexible and can assess additional aspects of the ASD phenotype.
Clinical observation tools such as the ADQOS, the Screening Tool for ASD in Toddlers and
Young Children (STAT) [54], the Autism Diagnostic Interview Revised (ADI-R) and the
Diagnostic Interview for Social and Communication Disorders (DISCO) [55] provide an
important snapshot of clinical features. However, the benefits of using questionnaires
compared to clinical diagnostic instruments is that they can be: 1) accomplished in relatively
short amount of time; 2) completed by both controls and other comparison populations as
well as those with ASD; 3) completed outside of a laboratory setting and 4) do not require
advanced training for administration.

There are many caregiver questionnaires. Certain questionnaires are designed as a screener
for ASD (i.e. Social Communication Questionnaire), while others provide a more general
measure (i.e. Social Responsiveness Scale) of autistic traits. Other questionnaires are used to
understand both general and specific behaviors and adaptive skills (i.e. Child Behavior
Checklist, Repetitive Behavior Scale-Revised or Vineland Adaptive Behavior Scales —
discussed in the following section). In this section, we focus on the Social Responsiveness
Scale (SRS) as it is one of the more common questionnaires used in research, we also
mention other measures and relevant issues for their use in research.

The Social Responsiveness Scale (SRS) [28, 56] is a 65-item rating scale that has questions
that pertain to autistic behaviors as well as more general behavior problems over the
previous 6 months and is on a scale from 0 (“never true’) to 3 (“almost always true’). Higher
scores on the SRS are meant to discriminate children with or without ASD. Both sensitivity
(correctly identifying individuals with ASD) and the specificity (correctly identifying
individuals who do not have ASD) is somewhat mixed among studies using the SRS with
values ranging from .41 to .95 [57-59]. The SRS has been shown to have a variable
distribution among individuals who do not have ASD [60, 61], which has been suggested to
indicate that the measure captures autistic traits in the general population.

However, recent findings suggest that scores on the SRS are influenced by a broad range of
factors that have to do with general levels of impairment rather than with ASD symptoms.
This has important implications not only for the use of this questionnaire as an assessment of
ASD but also as a continuous measurement of autistic traits and ASD severity. Specifically,
Hus et al. [62] examined raw and deviation SRS scores from individuals with ASD and their
non-autistic siblings and found that in individuals with ASD, higher SRS scores were
associated with greater problem behaviors, higher age and more impaired language and
cognitive skills. In those who did not have ASD, higher SRS scores were predicted by more
behavior problems (see Figure 2). Overall, these findings suggested that behavior problems
as well as age, expressive language and cognitive level have a significant impact on SRS
scores. Thus the SRS measures more general impairments than just ASD. If researchers
want to use the SRS as a metric for ASD severity, this can be done [62] but would require
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the use of additional covariates of behavior problems (i.e. CBCL [63] to control for their
effects on the SRS).

Another screening instrument for ASD is the Social Communication Questionnaire (SCQ:
[64]), which is a caregiver questionnaire based upon the ADI-R. The SCQ has good
specificity, particularly when used in conjunction with the ADOS [65], for diagnosing ASD.
It does not yield meaningful continuous scores but the SCQ has been used as a means to
ensure the absence or presence of autistic symptoms in neurotypical participants [66]. It is
not designed to measure general ASD traits in a typical population.

The ASD Quotient (AQ) [67], is a 50-item questionnaire that can be divided into five
different domains and can measure autistic traits in both typically developing individuals as
well as those with ASD, its psychometrics are somewhat variable [68]. Neuroimaging
studies have correlated percent signal change in the brain during behavior tasks with the
number of autistic traits as measured by the AQ in participants with ASD [69] as well as
typically developing individuals [70-72].

The Childhood Autism Rating Scale (CARS) [25] is a 15-item behavior rating scale that is
typically completed by a clinician based upon observations and/or caregiver reports.
Intellectual ability and language level are included as part of the total score, making these
constructs a potential confound. Rarely have studies correlated structural or functional
changes in the brain with symptoms on the CARS [73], but the CARS is very commonly
used in clinical settings and in studies of diagnosis and clinical change [74, 75].

Lastly, a questionnaire that targets repetitive behaviors is the Repetitive Behavior Scale-
Revised (RBS-R) [76]. The RBS-R has five subscales that target different types of repetitive
and ritualistic behaviors and where they often occur (i.e. at home, during play etc). Recent
findings suggest that the RBS-R measures the similar construct of repetitive behaviors as the
ADI-R [77]. This is promising for researchers who might not have the time to complete the
ADI-R. However, the RBS-R is not designed as a diagnostic tool, and therefore focuses on
very specific repetitive behaviors.

There are inherent limitations to administering questionnaires over using behavioral
observations. Some of these limitations are specific to ASD research and others apply to any
research domain. ASD-specific questionnaires are not diagnostic instruments. This is in part
because many of the questions cover broader issues than formal diagnostic instruments.
Second, many of the questionnaires are limited to certain age ranges and language levels or
are not validated to be independent of age or 1Q. These factors are critical to consider before
determining an ASD diagnosis. Lastly, parent accounts do not always correlate with
behavioral assessments [78]. Many of the defining concepts of ASD are not easily
communicated to a parent or other informant in a single phrase or sentence as is necessary in
a questionnaire. Another possibility is developing self-report instruments (for the person
with ASD reporting), but this is very complicated as part of having ASD is having
difficulties with social awareness.

2.1.5. Autism Diagnostic Interview - Revised (ADI-R)—The Autism Diagnostic
Interview-Revised (ADI-R) is a comprehensive interview designed to obtain historical and
current information from a parent or caregiver of the patient being assessed. It is typically
completed in 1.5-2.5 hours. Similar to the ADQOS, it is conducted by an experienced clinical
interviewer who has inter-rater reliability on the measurement. The standardization of the
measure relies on the interviewer, and thus the questions must be asked in a precise but
clinically sensitive manner. The interview focuses on three domains of functioning (as
specified in the DSM-1V); information collected from the informant is systematic and
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detailed [27]. The ADI-R has been demonstrated to be reliable with subjects whose mental
age is above 2 years; recently algorithms were developed for 12 to 47 months of age for
children whose mental age equivalents went down to 10 months [79]. Behaviors are scored
on a 4-point scale, with 0 representing that the behavior is not present and 3 representing
severity sufficient to interfere with other areas of functioning. Also similar to the ADOS,
thresholds have been developed to yield classifications of “Autism,” “Autism spectrum” or
“nonspectrum” [10]. According to the proposed changes in the DSM 5, the ADI-R may need
to be altered to address the need for more “current” social information particularly about
older children and adults, but most items as they stand will continue to measure core ASD
features. The measurement of the behavioral domains should still be valid even though cut-
offs for what is ASD might shift slightly [17].

An important aspect of the ADI-R is that it focuses on behaviors that are rare in non-affected
individuals, and thus it is truly designed as an ASD specific measurement. Recent research
suggested that scores on the ADI-R are particularly influenced by the age, 1Q and language
level of the child [20, 80]. Researchers may want to consider statistically controlling for
these variables, before making inferences from their ADI-R data. A primary advantage of
the ADI-R (also true for the ADOS) is that two separate scores, one in social communication
that includes non-verbal and verbal communication and another for repetitive behaviors, can
be generated [81, 82]. Repetitive behaviors can be further broken down into Repetitive
Motor Behaviors, Insistence on Sameness and Circumscribed Interests [83]. This could be
beneficial as these scores can be analyzed separately.

How suitable an instrument is to test a particular hypothesis is a crucial question. For
example, certain questionnaires are designed to have cutoffs where individuals who fall
above or below a certain score do or do not have ASD (i.e. SCQ). In these cases, data from
within a group will not necessarily reflect subtle differences in autistic traits as the range of
values may be too limited to make meaningful interpretations. In the case of questionnaires
that provide more continuous scores (e.g. T scores), it is important to consider that the data
is not necessarily linear. Therefore, regardless of the measure, it is important for researchers
to examine the distribution of scores across groups before drawing conclusions about
general ASD symptoms from a single instrument.

2.2.Cognitive Testing — Intelligence Quotient

Common practice among behavior and neurobiological studies is to test 1Q in different
groups and either match 1Q across groups or use 1Q as a covariate in analyses. Such methods
allow description of ASD-specific behaviors that are theoretically independent of cognitive
ability. Assessing I1Q also allows researchers to understand how an individual may compare
to others who are similar in developmental level (e.g., sometimes 10 year-olds with ASD
who score at an 8 year old level on an 1Q test, receiving 1Qs of approximately 80, are
compared to typical 8 year-olds). Yet, such matching does not take into account that brain
development can be on a different trajectory than 1Q. The neurodevelopment of an 8 year
old may be different than that of a 10 year old, despite similarities in 1Q. Furthermore, there
is evidence that the relationship between 1Q and cortical thickness varies with age [84].

The majority of neuroimaging research has focused on individuals who have 1Qs > 70 [3,
85] and typically has matched groups based upon 1Q and age. To be awake, lie still and
complete a task in the scanner environment requires a certain level of cognitive ability, and
thus functional neuroimaging tasks typically captured the most able individuals with ASD.
Imaging studies during sleep [36] and EEG studies [35] are able to test less able and
younger individuals, though those who have severe ASD are often not able to complete
these tasks. We outline in the paragraphs below the different options for testing intelligence
in research samples and discuss some of the strengths and weakness of these assessments.
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Which intelligence test to use typically depends on the developmental level of the individual
as well as age. The most common tests used with children and adolescents with ASD
include the Mullen Scales of Early Learning (MSEL) [86], the Differential Ability Scales
(DAS-I1) [87], the various age appropriate versions of the Wechsler Intelligence Scale for
Children (WISC-1V) [88], the Stanford-Binet [89, 90] and the Wechsler Abbreviated Scale
of Intelligence (WASI-II). These tests all differ in terms of difficulty and length of testing.

The MSEL can be used to characterize young developmental ages (1 — 68 months) and thus
does not require a child to talk or understand language. While the MSEL formally produces
a single standardized general score and then separate T scores for each domain, in practice
age-equivalent scores from the MSEL scales are often used to derive ratio and deviation 1Q
scores to provide separate estimates of verbal 1Q and non-verbal 1Q, and these scores have
separate trajectories [18]. The MSEL has been used in individuals with ASD who have
limited verbal and non-verbal skills.

For children who are reaching ceiling levels on the Mullen, the DAS is a more appropriate
tool. It is standardized for ages 2.6 years — 17.11 years. Typically 4 — 7 subtests are
administered, although more are available. Because of its ease of use and reliability, the
DAS has been the test of choice in most of the large ASD consortia research (see [17]). A
more challenging cognitive test, more commonly used in typical populations, is the WISC-
IV. Unlike the DAS, the instructions in the WISC-IV are more complex and the
measurement of verbal comprehension more dependent on the child’s expressive language.
The WISC-1V is standardized for ages 6 —16 years of age. For those who are over 16 years,
the Wechsler Adult Intelligence Scale (WAIS) should be used. Individuals between 3 and 7
years can be tested with the Wechsler Preschool and Primary Scale of Intelligence (WPPSI-
I11). The decision to use the DAS or the WISC will depend on the abilities of the individual.
The most recent version of the WISC-1V has fifteen subtests. Given the length of the WISC-
IV, often the WASI-II is used in research settings. The WASI-II can be administered as two
or four subtests, but studies have found the same individuals when tested with the WASI
versus the WAIS-111 [91] had higher WASI scores. The test should be used with caution.
Convergent validity has been established between the DAS and the WISC-1V [92] as well as
the MSEL and the DAS [93]. Lastly, more widely used in Europe is the Griffiths Mental
Development Scales that has six subscales. It can be used from 0 — 8 years of age [94].

2.3. Adaptive Skills

Adaptive skill measurements provide an important and reliable source of information about
the day-to-day skills of the individual. These assessments characterize everyday behaviors
and to some degree, “outcome” as defined by adaptive independence, as opposed to
intelligence tests that are intended to measure learning potential [95]. Adaptive skills are
important to consider in task behavior and imaging research. Determining how observed
task and brain changes in ASD compared to other individuals correspond to differences in
practical behaviors (for example, social functioning in the real-world) contributes important
links between how ASD symptoms present themselves and behavior/brain relationships.

One of the most common measurements of adaptive skills is the Vineland Adaptive
Behavior Scales [96, 97]. The Vineland [97] is administered to a parent or caregiver (either
in interview or survey forms). It has three domains: Communication, Daily Living Skills,
and Socialization and can be used in individuals from birth to 90 years [97-99]. A fourth
motor domain is only used for children up to age 7. The three domains can be further
divided into subdomains that target specific areas (e.g. receptive, expressive and written
language in the Communication domain or interpersonal relationships, play and leisure time
and coping skills in the Daily Living Skills domain). Maladaptive Behaviors can also be
scored for individuals 3 and older.

Behav Brain Res. Author manuscript; available in PMC 2014 August 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jones and Lord

Page 9

The Vineland can be a useful tool to measure differences between ASD and other
comparison groups, such as developmental delay (DD). IQ and age are critical when looking
at Vineland data. As children with ASD become older, their adaptive skills are more
impaired relative to age matched peers [100]. Even though raw adaptive scores increase with
1Q, the relative difference between the children with ASD and others differs as a function of
1Q [101]. When individuals with ASD were divided into low 1Q (<70) and high 1Q (>70),
those in the low IQ group had Vineland scores that were above their 1Q score, whereas those
in the high 1Q group had Vineland scores that were below their 1Q score [101]. Within
groups of people with ASD, studies have also shown weak correlations with the specific
subdomains on the Vineland and domains on the ADOS [100] and ADOS severity scores
[101]. Thus, different social measures target different aspects of behavior. This makes sense
given that the Vineland is parent report about everyday contexts and the ADOS is based on
behavioral observations of an experienced clinician during a single structured session.
Individuals with ASD may develop compensatory abilities to help navigate in familiar
environments. On the other hand, individuals may be able to function better in a one-to-one
setting such as an ADOS than in more demanding, peer environments.

Neuroimaging studies have sometimes used the Vineland along with other measurements to
characterize ASD symptoms [102, 103]. Other measures of adaptive behaviors include the
Adaptive Behavior Assessment System (ABAS-I1) [104] and the Scales of Independent
Behavior Revised (SIB-R) [105]. Researchers who are interested in studying a specific
subset of abilities, such as social interactions in a behavioral task or in a task used during
fMRI, may find assessing adaptive skills useful. For example, tasks that measure social
interactions in individuals with ASD versus controls might use the Interpersonal
Relationships subdomain of the Vineland to further understand the data and how differences
they see may be related to daily skills.

2.4. Language Ability

Language level of the individual influences many of the instruments described above. Even
though language processing and abilities may not be central to the research question, they
are crucial components for how ASD symptoms present themselves.

Some of the common measurements of language ability (although lengthy) include the
Clinical Evaluation of Language Fundamentals (CELF) [106] and its preschool version
[107]. Both examine expressive and receptive language abilities. Often used in younger
populations (3 years of age and older) is the Comprehensive Assessment of Spoken
Language (CASL) [108] that measures lexical and syntactic abilities as well as
supralinguistics (complex language) and pragmatic language. The Preschool Language Scale
(PLS-5) [109], which goes down to even younger ages than the CASL, measures auditory
comprehension and expressive language. Receptive vocabulary can directly be tested with
the Peabody Picture Vocabulary Test (PPVT) [110] and expressive vocabulary with the
Expressive Vocabulary Test (EVT) [111]. Time constraints often limit the amount of
measurements that can be acquired in a given study. Therefore, if researchers cannot use the
more detailed measurements described above, expressive language ability can also be
inferred by the following: ADOS module, the ‘overall level of language level’ item from the
ADI-R, or from the Vineland expressive communication subdomain [20]. Ultimately
researchers should consider measurements that separate expressive and receptive language.
While correlated with each other, they have somewhat different associations with diagnosis
and developmental trajectories [112, 113] and with other general social and motor abilities
[114].
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2.5 Behavior Problems

Mentioned previously, collecting information on problem behaviors is important because
such behaviors may interact with how ASD symptoms present themselves on other clinical
diagnostic measurements. One of the most common measurements to assess problem
behaviors is the Child Behavior Checklist (CBCL), a caregiver questionnaire that measures
maladaptive and emotional problems [63]. There are two versions, one for children up to 5
years of age and another for ages 6-18. They both have syndrome scales that can be
summed into internalizing or externalizing behavior difficulties. Children and adolescents
with ASD had higher scores on attention problems, social problems and thought problems
scales, but these were not independent of 1Q and age [115]. The CBCL differentiated
children with ASD from typical children based upon the thought problems scale [116] and
social problems [117] and from children referred for non -ASD psychiatric problems on the
Withdrawn, Social Problems and Thought Problems scales [118]. Another questionnaire, the
Aberrant Behavior Checklist (ABC) was originally designed to assess treatment effects in
people with intellectual disability, ages 6-54 [119]. It has five subscales [120]. The ABC
distinguishes ASD from both typically developing individuals and those with Down
Syndrome [121]. These measurements provide valuable information that may explain certain
aspects of behavioral and/or neural differences in the ASD population compared to other
groups that might ordinarily be overlooked.

2.6 Sensory Processing

Assessing the sensory processing profile of an individual with ASD is particularly useful for
neurobiological studies that target the general domain of repetitive and restricted behaviors.
Currently, sensory interests are a new inclusion in the proposed revisions of the DSM 5 and
are not part of the DSM-IV. This inclusion will most likely increase the research focus on
sensory behaviors.

The ADOS, ADI-R, SCQ and SRS all address sensory symptoms, but there are specific
questionnaires that isolate different aspects of sensory processing. The Short Sensory Profile
[122] is a 38-item caregiver questionnaire that can be administered from birth to adulthood
and uses items from the Sensory Profile [123] with the highest predictive power. It takes
approximately 10 minutes to administer [124] and thus is well suited for research settings.
There are a total of 7 sections (Tactile Sensitivity, Taste/Smell Sensitivity, Movement
Sensitivity, Under-responsive/Seeks Sensation, Auditory Filtering, Low Energy/Weak and
Visual/Auditory Sensitivity). The Sensory Profile has 9 sections. A total score of all the
sections is the most sensitive indicator of sensory dysfunction, but these sections can be
useful to separate subgroups for further research [125]. Children with ASD performed
differently on 92% of the items compared to typically developing children [124] and sensory
abnormalities were not correlated with 1Q [126]. Studies have used these questionnaires to
understand differences in the pathophysiology of the thalamus using PET, MRI [127],
brainstem volume [128] and somatosensory responses with MEG [129]. However, research
has shown the questionnaire did not reliably differentiate between children with ASD and
ADHD [130].

Another sensory processing caregiver questionnaire is the Social Experiences Questionnaire
(SEQ) [131]. It is aimed for very young children (5-72 months) and measures five sensory
domains (Tactile, Auditory, Visual, vestibular-Proprioceptive and Gustatory-Olfactory).
There are four subscale scores as well as totals that measure hyper-and hyporesponsiveness
patterns of behavior. The SEQ, like the SSP is brief and reliably measures sensory
abnormalities in children with ASD [132].
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2.7 Additional Psychiatric Disorders

Given that there is overlap with ASD and other psychiatric disorders including ADHD [133,
134] and anxiety [135], it is important to consider testing for co-morbidities as they may
alter the presentation of ASD symptoms [134] and even brain structures [136]. The most
comprehensive research assessment is the Kiddie Schedule for Affective Disorders and
Schizophrenia-Present state and Lifetime version (K-SADS-PL) [137]. It is a semi
structured diagnostic interview that covers disorders for children and adolescents in the
DSM-IV. Other measurements described above, particularly those that also measure
problem behaviors also target symptoms that are associated with other psychiatric disorders
as well, but the KSADS-PL is the most comprehensive.

3. Other Research Considerations

3.1. Comparison Populations

The most common ASD studies of behavior and brain structure/function have two groups of
study, individuals with ASD and those who are typically developing. However, the complex
nature of how ASD symptoms present themselves on a spectrum, has forced researchers to
think beyond a two-group design and to be more creative to understand what is unique to
ASD.

Recently, neuroimaging and EEG studies have used an important third comparison group:
siblings of children with ASD. In these studies, unaffected siblings of children with ASD [4,
138-140] were compared to children with ASD and children who are typically developing.
Many of these studies found a unique neural signature in the siblings of children with ASD,
despite showing no differences in behavior from the case controls. These findings suggest
that there may be neural compensatory mechanisms in siblings; this research furthers
understanding of the neurobiology behind the spectrum of ASD symptoms.

As mentioned earlier, a second sibling design is longitudinal [29, 36]. These studies
specifically recruit children who are at higher risk for developing ASD because they are
younger siblings of a child with ASD. This research provides the opportunity to
prospectively collect data from siblings who do and do not develop ASD. Thus, this data is
instrumental in charting out the neural trajectories of the autistic brain prior to the
manifestation of behavioral symptoms it may also help provide potential biomarkers for the
disorder beyond sibling risk.

In addition to siblings, there are other potentially important comparison groups (see Figure
1a). Given the complex genetic findings in ASD [32], it is clear that the etiologies of ASD
overlap with many other forms of psychopathology and other developmental disorders.
Individuals who are developmentally delayed [141], have a specific language impairment
[142] or have another disorder such as ADHD [143] may provide valuable insight into what
may be unique or similar to ASD versus other developmental disorders. Our perspective
comes from research in developing ASD diagnostic tools. Many of these measurements are
developed and ultimately characterized by their ability to distinguish individuals with ASD
from those with developmental delays and other disorders as well as neurotypical
individuals. Clinically, it is rare for there to be a diagnostic question of whether a child has
ASD or is typical; usually if ASD is not relevant, some other psychopathology and/or
developmental delay (often both) are present. However, because neuroimaging research is
expensive and time consuming, a third comparison group, beyond typical development, is
often not considered in an initial study. Even after an initial finding in which ASD is
compared to typical development, researchers become eager to build upon prior research
with new research questions, rather than replicate previous findings with more appropriate
additional comparison groups. Nevertheless, differentiating ASD from other disorders offers
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significant advances to our understanding of the ASD phenotype [144, 145] and the
specificity of potential biomarkers.

3.2. Combining Multiple Sources of Information

As outlined throughout this paper, there are a number of methodological considerations for
accumulating data on an ASD phenotype and for other behavior characteristics. In this final
section, we discuss different issues when combining these multiple sources of information.
First, we discuss making decisions between different diagnostic instruments and then we
explore various issues when combining independent pieces of information. Figure 3
provides sample research questions. We describe several independent methodological
strategies to address these questions. The purpose of illustrating these components is to
show that there are many facets to a neurobiological study of ASD and that, the more
independent components that are accumulated, the more power there is to interpret the data.

Researchers must pick and choose what is most appropriate for their experimental design in
terms of ASD phenotyping. As discussed in detail in Kim and Lord [19], there are certain
cases that may be on the extremes (very low scores or very high scores) where it can be
sufficient to administer just one instrument and rely on it for diagnosis (ADOS and ADI-R
positive and negative screening estimates). Kim and Lord found that a total score on the
toddler ADI-R algorithm above 18-22 or 18-25 on the ADOS in children less than 4 years
of age resulted in 100% probability of an ASD classification on the other measurement.
Conversely, scores of under 4-5 on the toddler ADI-R algorithm or under 8-11 on the
ADOS-T resulted in less than 5% probability of receiving an ASD diagnosis on the other
instrument. Using these scoring boundaries could be of great help to researchers, as Kim and
Lord reported that these cutoffs applied to approximately 72% of clinic referrals in their
dataset. However, one diagnostic strategy is only useful if researchers are not using both the
ADOS and ADI-R for phenotype description. It may be more practical for researchers to
have a standard sequence where one instrument is administered and then, only if results are
uncertain, another is added. Ultimately, it will be important for future research to look into
the utility of using positive and negative screening estimates for neurobiological research
studies.

Previous research has shown that correlations between parent report from the ADI-R and
clinical observations from the ADOS within ASD samples are somewhat low [146-148].
Studies have consistently shown that combining information from these measurements [19,
146] along with other sources of information [65] enhances diagnostic accuracy. It is
important to note that the strategy described in the paragraph above, using one diagnostic
test, pertains only to individuals with very high or very low scores and when researchers are
satisfied with descriptive data from just one instrument. Overall, relying on both an
observation and a caregiver report, along with additional specific questionnaires will result
in the most accurate ASD diagnosis.

Once researchers have accumulated data on independent levels, there are many factors to
explore. Below we outline various components, as listed in Figure 3 and the ways in which
they may interact with each other and how they can be harnessed to delve further into
understanding the ASD phenotype and underlying neurobiology.

Age and developmental level are important considerations of ASD symptom presentation.
As mentioned throughout this review, they have a significant role in how they are
characterized by different instruments. Recent studies have begun to look at how typical
developmental trajectories interact with ASD trajectories [36, 38]. We know there are
significant structural changes that occur in the brain during typical development [149, 150],
as well as across 1Q [151]. Therefore, studies that consider age and developmental level,
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whether by constraining the age range [103] or measuring a broad cross section of ages
[152], offer important information beyond case control comparisons.

Heterogeneity is an important consideration in research design and should not necessarily be
ignored in data analysis. The differences that relate to symptom presentation within an ASD
group may provide valuable data that can help to further understand disorder etiology.
Therefore, researchers should consider reporting distributions of appropriate metrics, like
ADOS severity scores, Vineland scores or the SRS and CBCL, to see how subtle differences
in ASD symptoms or general behaviors may map onto observed task behavior or neural
changes. For example, researchers could determine whether variability within the percent
signal change in a certain brain region measured by fMRI in the ASD group is due to
symptom severity or a tangentially related behavior to ASD such as externalizing symptoms
measured on the CBCL or the level of self-help skills as measured on the Vineland.
Assuming there is sufficient power, researchers could also stratify the ASD group into
smaller groups based upon one of these measurements and see if there are behavior
differences measured by a psychological task and/or neural differences. All of these
strategies harness the heterogeneity in ASD.

Measuring changes in task behavior (i.e. detecting facial expressions, shifting attention,
predicting the receipt of rewards) are a key component of ASD research. As ASD symptoms
are currently classified by standardized behavioral observations, research studies that
examine psychological changes in behavior offer great insight into the disorder. By linking
differences in task behaviors within an ASD sample to symptom presentation, we can
further understand the nature of the impairment inherent to a symptom. Studies that use
tasks to examine reaction times [153], accuracy [154], eye tracking [155] or skin
conductance [156] can provide important complementary data to any ASD behavioral
observation assessment. The new DSM 5 criteria classify ASD along two behavioral
dimensions (www.dsm5.org). Behavioral tasks will be a crucial component of future
research to categorize individuals along continuums. These tasks will allow researchers to
quantify how individuals differ along a single continuum. They may ultimately be expanded
to research that assesses how different behavior continuums interact within individuals.

While continua offer one direction for designing tasks to examine differences in behavior in
ASD, another popular method is to parse autism symptoms into clusters. Focusing on
understanding a specific set of behaviors such as repetitive behaviors, language difficulties,
social interactions or sensory problems enables researchers to isolate abnormalities. These
clusters can be broken down even further into more specific impairments, for example,
reward processing [157], semantic processing [158], processing of facial features [159],
biological motion [4], joint attention [160], moral judgment [161], and imitation [162].
Capturing the heterogeneity of autism behaviors within a single research task is complicated,
and narrowing in on a symptom enables researchers to reduce the influence of other
symptom confounds. Isolating behaviors and categorizing severity within the subset of
behaviors also has utility for studies of genetics [163] and mouse models of autism [164].
One of the key concerns for dividing symptoms into smaller islets is that ultimately the
symptoms within one domain influence those in another. Researchers who have a priori
hypotheses about a certain behavior within a symptom cluster should not be deterred from
this approach, but be mindful of the limitations and if possible, use the basic phenotyping
data as covariates to ensure observed changes are not due to other features of ASD.

Using behavioral tasks in conjunction with NIRS, EEG or neuroimaging offers an additional
level of complexity. Some studies in ASD have shown no behavioral differences (such as no
group differences in reaction times or accuracy) in the presence of brain changes (for
example see Dichter et al. [165]), while other studies show differences in behavior that
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correspond to brain changes [166]. The behavior and brain relationship is a pivotal focus for
human ASD research with an increasing number of studies considering both sources of data
[167]. Understanding the interplay between the two will not only further our understanding

of

ASD and offer clues into biomarkers, but also ultimately provide insight into typical

neurodevelopment.
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Figure 1. Autism Resear chers Roadmap

A) Different comparison populations. B) Multiple independent sources of information that
be collected from the populations of study. C) Considerations for analyzing data in terms of
the ASD phenotype.
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Figure 2. Influences on SRS scores
Adapted from [62]. Individuals with significant externalizing behaviors (the two circles
above), have similar scores on the SRS, regardless of their social skills, measured by the
Vineland Social domain. This data suggests that the SRS does not discriminate between
poor social skills and significant externalizing behaviors.
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Sample Research Questions
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Figure 3. Combining Multiple Sources of I nformation
In order to address common research questions, multiple independent sources of information
are necessary, impacting methodological decisions.
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