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Abstract

Objective: To catalogue and evaluate response biomarkers correlated with autism spectrum
disorder (ASD) symptoms to improve clinical trials.

Methods: A systematic review of Medline, Embase, and Scopus was conducted in April 2020.
Seven criteria were applied to focus on original research that includes quantifiable response
biomarkers measured alongside ASD symptoms. Interventional studies or human studies that
assessed the correlation between biomarkers and ASD-related behavioral measures were included.

Results: 5,799 independent records yielded 280 manuscripts for review that reported on 940
biomarkers — 755 of which were unique to a single publication. Molecular biomarkers were

the most frequently assayed, including cytokines, growth factors, measures of oxidative stress,
neurotransmitters, and hormones, followed by neurophysiology (e.g., electroencephalogram and
eye-tracking), neuroimaging (e.g., fMRI), and other physiological measures. Studies were highly
heterogeneous, including phenotype, demographics, tissues assayed, and methods for biomarker
detection. With a median total sample size of 64, almost all of the reviewed studies were only
powered to identify biomarkers with large effect sizes. Reporting of individual-level values and
summary statistics was inconsistent, hampering mega- and meta-analysis. Biomarkers assayed in
multiple studies yielded mostly inconsistent results, revealing a “replication crisis”.

Conclusions: There is currently no response biomarker with sufficient evidence to inform ASD
clinical trials. This review highlights methodological imperatives for ASD biomarker research
necessary to make definitive progress: consistent experimental design, correction for multiple
comparisons, formal replication, sharing of sample-level data, and preregistration of study designs.
Systematic ‘big data’ analyses of multiple potential biomarkers could accelerate discovery.

Keywords

Autism Spectrum Disorders; pharmacodynamic biomarkers; response biomarkers;
endophenotypes; symptom severity; clinical trials; intervention

Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental syndrome defined in DSM-5
by a combination of symptoms across two clinical domains: “Persistent deficits in social

Am J Psychiatry. Author manuscript; available in PMC 2023 April 24.
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communication and social interaction” and “Restricted, repetitive patterns of behavior,
interests, or activities”, which can include sensory processing difficulties (1). It is a common
disorder, currently estimated to affect almost 2% of eight-year-old children leading to
substantial morbidity (2).

Biomarkers are characteristics that can be measured accurately and reproducibly in
individual patients to provide objective and quantifiable metrics of clinically relevant
processes (3). They can reflect typical biological processes, pathogenic processes, or
responses to an exposure or intervention (4) and include molecular, physiological, or
anatomical measures (5).

To date, no biomarkers have passed the Food and Drug Administration (FDA)’s Center for
Drug Evaluation and Research Biomarker Qualification Program (CDER-BQP) multi-step
approval process to be “qualified” for use in ASD. The FDA and National Institute of Health
(NIH) Biomarker Working Group generated the “Biomarkers, EndpointS, and other Tools”
(BEST) resource to harmonize biomarker terminology. BEST defines several biomarker
categories based on use case, such as diagnostic and safety biomarkers. Here, we focus

on response biomarkers, defined by BEST as “A biomarker used to show that a biological
response, potentially beneficial or harmful, has occurred in an individual who has been
exposed to a medical product or an environmental agent” (4). Given the strong evidence for
pathological vulnerability during fetal and perinatal development (6, 7), the challenges of
early detection of social deficits, and the current paucity of somatic treatments that target
ASD-defining deficits (8), more reliable, biologically-based assays would be transformative.
In light of the substantial recent progress in the genetics and biology of ASD and the
associated promise of identifying novel molecular treatment targets (9), identifying reliable
response biomarkers in ASD could revolutionize the field, providing a standardized metric
to assess and refine therapeutic strategies (5).

There is ample reason to be optimistic that response biomarkers can be found. Over the past
decade substantial progress has been made in identifying specific genes that dramatically
increase the risk for ASD (6). Moreover, the study of these definitive molecular risk
factors, both individually and collective, have identified a wide range of potential biological
mechanisms (6, 10) and also provided evidence that these genes converge to disrupt a
smaller number of molecular pathways, cell types, and circuits in particular brain regions
at specific points in development, resulting in the clinical phenotype (6, 11-15). Indeed,
while the genetic contribution to ASD has been defined only in a minority of affected
individuals, findings to date strongly suggest that markers of altered biological processes
are likely identifiable, whether there is contribution from rare large effect mutations,
common polygenic inheritance, or environmental factors — all of which play a role in ASD
pathogenesis (16).

The heterogeneity of ASD etiology is mirrored in the clinic in the heterogeneity of
symptoms and co-morbid disorders. The diagnosis itself is defined by a constellation of
behaviors in multiple combinations (17) and while all cases must exhibit impairments

in the two DSM-5 defined clinical domains, other important features, such as sensory
processing impairment, cognitive impairment, language delay, or stereotypic behavior are

Am J Psychiatry. Author manuscript; available in PMC 2023 April 24.
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present only in subsets of patients. This extensive heterogeneity and the absence of a clearly
defined proxy for ASD symptoms in experimental model systems complicate the search for
biomarkers, the pursuit of causal relationships, and the development of therapeutics.

To catalogue and evaluate progress in identifying a response biomarker in ASD, we
performed a systematic literature review with the objective of documenting which
biomarkers have been tested and whether any biomarkers showed evidence of replication.
We identified 1,057 original research articles that include a biomarker in individuals with
ASD or ASD-related animal models (Fig. 1, Table S1). To focus on response biomarkers,
an in-depth review led us to a subset of 280 articles that included both a biomarker and a
measurement of ASD symptoms, with either a therapeutic intervention, or showing evidence
of the relationship between the biomarker and ASD behaviors. This analysis demonstrated
that, to date, no ASD response biomarkers meet the exacting standards necessary to inform
clinical trials and highlighted key methodological imperatives necessary for the field to
achieve success.

A systematic search of the literature was performed following the guidelines of the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (18),
though we note our study was not registered in advance and includes an additional 32
articles identified from citations of the reviewed papers that were not captured by our initial
database search (Table S2). In April 2020, three databases (Medline, Embase, and Scopus)
were searched for relevant articles from January 15t 1900 to February 29" 2020 with the
terms: (autism, ASD, pervasive developmental disorder, or PDD) and (biomarker, marker,
or endophenotype). Exact search terms, methodologies, and the results of these searches are
detailed in the supplementary materials (Supplemental Methods and Table S1). Our initial
search identified 3,571 Medline records, 1,894 Embase records, and 4,577 Scopus records
(Fig. 1A). Duplicate records within and across these databases were identified to yield a
union of 5,799 independent records (Fig. 1, Table S1).

AA and ASJ independently applied a first round of filtering based on the title, article type,
and language of the record based on three inclusion criteria:

. Criterion 1: The article must be peer-reviewed and published in English.
. Criterion 2: The article must describe original research.
. Criterion 3: The article must focus on non-syndromic ASD, though it may use a

different term such as pervasive developmental disorders (PDD) or Asperger’s.

Applying these criteria, we retained 1,654 records (28.5%, 1,654/5,799) and excluded 4,145
records (Fig. 1A-C). The majority of exclusions (70.2%, 2,908/4,145) were due to not
meeting criterion 3 (focus on ASD), followed by criterion 2 (original research) in 1,121 of
the remaining 1,237 (90.6%), see Fig. 1C. For the 1,654 records retained, we assessed our
fourth inclusion criteria by reading the abstract and, if necessary, the full article:

. Criterion 4: The article must describe new data assessing at least one biomarker.

Am J Psychiatry. Author manuscript; available in PMC 2023 April 24.
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Applying this fourth criteria identified 1,025 records of biomarkers in ASD (62.0%,
1,025/1,654) and excluded 629 (Fig. 1A, 1B). For all 1,025 records, we assessed the full
article to apply three further criteria:

. Criterion 5: The biomarker assessed must have been both quantifiable and
potentially variable (i.e., not fixed/structural)

. Criterion 6: The research must have included a measure of ASD severity using
behavioral measures or scales to assess social-communication and/or repetitive/
restrictive behaviors. Non-interventional studies must also assess the association
between these measures and the biomarker.

. Criterion 7: If the research was based on animal models, there must have been an
intervention.

To assess these criteria, each article was assessed independently by at least two of the
authors (AA, ASJ, MP, MB, EU) and discrepancies were reviewed by an additional author.
Applying the remaining criteria yielded a final sample of 248 articles (24.2%, 248/1,025)
and excluded 777 (Fig. 1A-B, D). The majority of exclusions (94.3%, 733 of 777) were
due to criterion 6 (requirement for a measure of ASD severity), with 567 of the 733

being case-control studies for which the study needed to assess the relationship between
the biomarker and ASD severity for inclusion (Fig. 1D). We note that these 777 excluded
articles may nevertheless provide insights into potential ASD diagnostic biomarkers for
future study, and we include a complete list of these articles in Table S1. From the citations
of these 248 articles, we identified a further 32 articles that met our seven inclusion criteria,
but that had not been identified by the initial search, due to the absence of the words
“biomarker”, “marker”, or “endophenotype” in the title or abstract, to yield 280 articles for
final review. Table S1 details all 5,799 articles and the outcome as these criteria were applied
sequentially, plus 32 articles identified from references cited by the articles we reviewed.
We developed a standardized data extraction form, which five review authors (AA, ASJ,
MP, MB and EU) used to extract data manually from all 280 eligible studies. If data were
unclear or ambiguous a consensus decision was taken by all five authors. The following
metrics were extracted: biomarkers, study design, sample size, trial registration number

if applicable (i.e., interventional study), ASD diagnostic criteria, participant age, sex, and
cognitive ability, inclusion/exclusion criteria, intervention including dose and duration,
primary outcomes, and behavioral measures (Tables S3 and S4). For the most frequently
analyzed biomarkers we also extracted the following outcomes: statistical association for
the biomarker, direction of effect for the biomarker, whether the biomarker correlated

with behavioral symptoms and, for interventional studies, whether the intervention led to
behavioral improvement. Where multiple outcomes were stated, the result based on the
largest sample size was recorded. Missing data were recorded as ‘Not stated’. For response
biomarkers with consistent directions of effect across multiple studies (Tables 1 and 2), the
following outcomes were also extracted: ¢statistic or mean and standard deviation in cases
and controls; studies in which these metrics were not reported were excluded from this step.

Am J Psychiatry. Author manuscript; available in PMC 2023 April 24.
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Data analysis and statistical methods

Results

Power calculations (Fig. 2) were performed using the ‘TTestIndPower’ function in the
Python ‘statsmodels’ library to perform a two-sided ftest with a values of 0.05 (nominal)
and (5.3 x 10-°, Bonferroni correction for 940 biomarkers). Biomarkers reported in more
than one study are displayed as co-publication networks using Cytoscape with the default
‘ForceDirected’ layout. For response biomarkers with consistent directions of effect across
multiple studies (i.e., gluthathione) Cohen’s d'was estimated from the ¢statistic (‘t2d’
function in the Python “psych’ library) or mean and standard deviations (Supplemental
methods) and converted to Hedges’ g*with 95% confidence intervals (Table S7 and
Supplemental methods). Hedges’ g*values were represented alongside 95% confidence
intervals and sample size to provide insight into potential sample size biases (Fig. 3D, 3E).
Due to the small number of studies and their heterogeneous designs, the data were not
subjected to meta-analysis, or statistical assessment of heterogeneity, robustness, or bias.

Our final review included 280 articles (Table S1) of which 53 were human studies that
included an intervention, 206 were human studies without an intervention, and 21 were
interventional animal studies (Fig. 1E-F). The 53 human interventional studies included

20 randomized clinical trials (RCTs) and 33 non-randomized clinical trials (NRCTS), most
of which were open-label trials. The non-interventional studies were mostly case-control
design (189/206), with the remaining 17 including longitudinal and cross-sectional cohorts.
Across all 280 studies, we divided the biomarkers into three groups (Fig. 1E-F): molecular
(Table S5, e.g., glutathione, serotonin), neuroimaging and neurophysiological (Table S5,
e.g., functional MRI, electroencephalography, eye-tracking), and other modalities (Table S5,
e.g., heart rate). In total, we identified 940 unique biomarkers across all included studies of
which 846 were molecular, 82 were neuroimaging/neurophysiological, and 12 were other
modalities (Tables S5, S6).

Sample sizes and multiple comparisons

To provide insight into the level of evidence provided by the biomarker literature reviewed,
we considered the statistical power at varying levels of biomarker effect size alongside

the total sample size in the human studies reviewed (Fig. 2). The power calculation was
initially performed with a two-sided t-test at nominal significance, i.e., «=0.05 (Fig. 2B).
Candidate gene studies have highlighted the perils of relying on nominal significance as
an appropriate threshold when numerous groups are engaging in parallel discovery efforts
(19, 20). Appropriate correction for multiple comparisons has led to replicable findings

in genomics, therefore we repeated the power calculation using the Bonferroni method to
correct for all 940 biomarkers assessed, a=5.3 x 107> (Tables S5, S6). Non-interventional
studies were generally larger than clinical trials (Fig. 2A). Most non-interventional and
randomized clinical trials were adequately powered to identify a biomarker with a large
effect size (Cohen’s dof =0.8) at nominal significance (Fig. 2B), however, few were
capable of identifying a moderate effect size (Cohen’s @ of =0.5) or a biomarker with large
effect size after correction for multiple biomarkers (Fig. 2C). Non-randomized clinical trials

Am J Psychiatry. Author manuscript; available in PMC 2023 April 24.
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included the fewest samples and were only powered to identify biomarkers with dramatic
effects (Cohen’s dof >2.0) at nominal significance (Fig. 2B).

Molecular biomarkers

The most frequently assayed group of biomarkers was molecular (Table S5, Fig. 3),

the great majority of which were measured peripherally via blood, though there was
considerable variation both between and within individual biomarkers. We identified 846
unique molecules across 189 manuscripts, the majority of which (696 molecules, 82.2%)
were unique to one manuscript (Fig. 3A). By considering the frequency and overlap of

the remaining 150 molecules across the manuscripts, we generated a network of molecule
co-publication. Two major groups were apparent, one made up of cytokines and growth
factors (e.g., Interleukin-6 [IL-6], Brain-Derived Neurotrophic Factor [BDNF]) and the other
a combination of amino acids, neurotransmitters (e.g., Cysteine, Serotonin, GABA), and
hormones (e.g., Vitamin D). Between these two groups were molecules relating to reduction/
oxidation (redox), including glutathione, the most frequently assayed molecule. Most

papers report an association between a molecular marker and ASD diagnostic status. True
biomarkers should have a consistent association with ASD symptoms, including magnitude
and direction of effect, across multiple analyses, therefore we collated the reported outcomes
of the most frequently analyzed molecules across the main molecular classes (Fig. 3C,
Tables 1 and 2). While the direction of effect was usually reported, the magnitude of effect,
summary statistics that enabled the magnitude to be calculated (e.g., mean and standard
deviation), or individual-level values were often not, preventing meta- or mega-analysis.

Redox metabolism: Glutathione is assessed in 25 of the reviewed papers (Fig. 3). All
measures were peripheral and 14 included sufficient details to quantify the magnitude of
observed effect (Fig. 3D-E, Table S7). A decrease in reduced glutathione (GSH), generally
studied in plasma (Table 1), is reported in children diagnosed with ASD in seven out of
eight case-control cohorts (Fig. 3C) with a median Hedges’ g* equivalent to Cohen’s dwith
a sample size correction, of —1.77 (Fig. 3D, Table 1, Table S7). Four of these papers also
report a corresponding increase in oxidized glutathione (GSSG) in ASD cases (Fig. 3D).
The glutathione results were the most consistent in direction and magnitude of effect size of
any of the biomarkers examined in depth. Interventional studies, mostly aimed at reducing
oxidative stress, showed inconsistent results (Fig. 3E, Table 2 and S8).

Cytokines: Thirty-three papers described assays of cytokine immune signaling molecules
in ASD, with Interleukin 6 (IL-6) being the most frequently assayed (21 papers). All

papers used peripheral measures, except one that assayed cerebrospinal fluid (CSF).
Fourteen papers compare IL-6 levels between ASD cases and controls (Table 1). Eight

did not report any IL-6 association, while the remaining six report an IL-6 increase (pro-
inflammatory state), which was correlated with the severity of ASD symptoms (stereotypies
or social impairment), especially in those with regressive ASD (21) or with gastrointestinal
disorders (22). Two interventional studies, aimed at reducing systemic inflammation, report
improvements in ASD-related behaviors, one of which is accompanied by an IL-6 reduction
(Table 2 and S8).

Am J Psychiatry. Author manuscript; available in PMC 2023 April 24.
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Growth factors: Thirty-three papers reported on growth factors, often in tandem

with cytokines; all were assayed peripherally except one assayed in CSF. Brain-derived
neurotrophic factor (BDNF) was the most frequently assayed growth factor, with 14 papers
reporting levels in serum/plasma and one in CSF. Nine case-control studies all reported
association with ASD, however the direction of effect varied — an increase was associated
with ASD in six and a decrease in three. Those reporting an increase tended to be larger (120
vs. 50 mean total samples) and include more severe cases (Table 1). Three interventional
studies also showed inconsistent direction of effect for BDNF (Table 2 and S8).

Neurotransmitters: Neurotransmitters were measured in 25 papers (two in brain via
spectroscopy, the remainder were all peripheral), of which 14 included serotonin and ten
included GABA (Fig. 3). Three of four case-control analyses reported higher serotonin
levels in ASD cases, while one showed the opposite (Table 1, Fig. 3C); one interventional
study in humans reported correlation with behavior (Table 2). The remaining studies, many
of which were interventional studies in animal models, showed inconsistent effects on
serotonin levels (Table S8). For GABA, one case-control study of plasma GABA levels
reported higher levels in children with ASD while another did not; two brain spectroscopy
analyses showed no differences. A single interventional trial reported no associated between
GABA levels and ASD.

Hormones: Twenty-eight of the reviewed papers included hormonal assays, with oxytocin
being the most frequently assayed. Most assays were peripheral, with the exception of

two analyses of CSF (oxytocin/vasopressin and leptin). One of three case-control papers
reported an association, with oxytocin lower in those with ASD (Table 1, Fig. 3C). The

two intervention studies conducted in humans assessed intranasal oxytocin, and while both
reported some degree of improvement in social behavior, only one reported increased levels
of oxytocin (Table 2) (23, 24). Two more interventional studies were conducted in animal
models. Again, both showed improvement in the behavioral measures assessed while only
one reported an increase in the biomarker (Table S8).

Neurophysiological biomarkers

The second most frequently assayed category of putative biomarkers was neurophysiological
(46 manuscripts, Figs. 1F, 4B). Within this category, the two main approaches were
electroencephalography (EEG)/magnetoencephalography (MEG), with 28 papers describing
50 unique biomarkers, and eye-tracking, with 19 papers describing 21 unique biomarkers.
Across EEG/MEG analyses, the most frequently assessed biomarker was alpha power
(Tables 1 and 2, Fig. 4), which showed inconsistent results across studies with variable
directions of effect if an association was detected. N170 has been proposed as a diagnostic
biomarker in ASD (25); our review included three case-control analyses that assess
correlation with severity (Table S6). Within the eye-tracking manuscripts, fixation time was
the most frequently assayed outcome. Seven case-control studies assessed the proportion of
looking time, however the visual stimulus varied widely. Four of the seven reported controls
looking for longer at social behaviors, speech, or eyes while three did not (Table 1, Fig. 4);
one of three interventional studies showed correlation with severity.

Am J Psychiatry. Author manuscript; available in PMC 2023 April 24.
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Neuroimaging biomarkers

The third most frequently assayed category was neuroimaging with 35 manuscripts (Figs.
1F, 4B), including 25 manuscripts detailing functional MRI (fMRI) analyses, most of
which assessed resting state functional connectivity or task-related functional activation
(Fig. 4, Table S6). Of the remaining neuroimaging manuscripts, six described diffusion
tensor imaging (DTI) with fractional anisotropy being the most common metric (Fig. 4)
and the direction of effect varying across the four case-control studies and one open-label
trial (Tables 1 and 2, Fig. 4). The remainder of neuroimaging studies applied diverse
neuroimaging techniques (Table S6).

Seventeen functional connectivity studies assessed brain networks in the resting state

or, occasionally, during a task. Five studies assayed whole-brain network connectivity,

with four different analytical approaches and no replicated findings. Of these, two used
Independent Component Analysis but the connectivity patterns detected did not overlap

(26, 27). Another study was a meta-analysis across two multisite repositories to assess

654 individuals (28). This meta-analysis employed a Bayesian model to identify three ASD-
associated “factors”, all within the default network. Only the first factor correlated with
ASD symptoms and was defined by hypoconnectivity within and between perceptual/motor
networks and hyperconnectivity between perceptual/motor and association networks and
between somatomotor and subcortical regions. The other eleven studies assessed specific
networks; only the default mode network (DMN) and the salience network were studied

in more than one. All four default mode network studies (Table 1 and 2, Fig. 4) reported
decreased connectivity between the medial prefrontal cortex (mPFC) and the posterior
cingulate cortex (PCC), which was negatively correlated with social impairment in only two.
The salience network studies did not show replicated patterns or symptomatic correlation.

Across the 13 functional activation studies, the tasks most frequently assessed were attention
to biological motion versus scrambled motion and social psychological tasks, such as
nonverbal judgments after viewing a situation or game. Whole-brain analyses were generally
used for initial discovery with specific region-task combinations followed up in subsequent
targeted analyses. Task activation correlated with ASD severity most frequently in the
superior temporal sulcus, parieto-temporal junction, and medial and inferior prefrontal
cortices (Table 1, Table S6). Regional activation was included in five clinical trials,
conducted by two research groups, focusing on oxytocin and pivotal response treatment
respectively. Promising results from an RCT of single intranasal dose of oxytocin under

lab conditions (29) were followed by improvement in ADOS reciprocity scores following
six-weeks of treatment (30) that correlated with greater task-independent resting state
functional connectivity between the anterior cingulate cortex and dorsomedial prefrontal
cortex. However, larger trials have failed to replicate improvements in ADOS score with
intranasal oxytocin (31).

Physiological biomarkers

The final category of biomarkers we identified were physiological measures outside the
central nervous system (e.g., movement, heart rate). Eleven papers included such measures
with respiratory sinus arrhythmia (RSA), the physiological change in heart rate with

Am J Psychiatry. Author manuscript; available in PMC 2023 April 24.
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breathing, being the most frequently assayed. Four papers assess RSA, of which two
reported reduced RSA in individuals with ASD (Table 1).

Discussion

Through a systematic review of quantitative biomarkers in ASD, we identified 280 papers
that detailed analyses of 940 potential response biomarkers. The majority of papers reported
an association between a biomarker and ASD, yet no biomarkers have been qualified by

the Food and Drug Administration’s Center for Drug Evaluation and Research Biomarker
Qualification Program (CDER-BQP). Furthermore, biomarkers assessed multiple times
mostly reveal both inconsistent evidence of ASD association and variable direction of effect
(Figs. 3 and 4, Tables 1 and 2). These discrepancies suggest a reproducibility crisis, as
observed in other fields of biomedical research (32, 33). Our review identifies small sample
sizes (Fig. 2), inadequate correction for multiple comparisons (Fig. 2), and the absence of
replication cohorts as contributory factors. Given the high degree of positive findings despite
minimal replication, it is likely that there is also a substantial publication bias, though this
was not assessed statistically due to the limited reporting of quantitative outcomes in many
analyses.

Against this background, distinguishing biomarkers that show true association with ASD
symptoms is challenging. Mega-analysis of individual-level biomarker values would
facilitate clear comparisons across biomarkers and assessment of biomarker-wide significant
results; however, few studies include individual-level data. Similarly, meta-analysis,

based on summary statistics, would also allow consistent comparisons across the field;
surprisingly, many studies did not include these metrics, furthermore the heterogeneity

of study design (e.g., phenotypic, demographics, methods) complicates comparison across
multiple biomarkers. Well-known developmental changes are rarely taken into account in
study designs (30). Replication should distinguish true positive associations; focusing on
the most frequently assayed biomarkers in each class; the majority do not show consistent
results (Figs. 3, 4).

The most consistent results were lower levels of reduced glutathione (GSH) in ASD,
observed in seven out of eight case-control cohorts, with corresponding changes in oxidized
glutathione (GSSG) (34). The median effect size of —=1.77 (Hedges’ g/Cohen’s d, Fig. 3D)
is substantial. This pattern could be consistent with true ASD association, or it could arise
by chance from the 940 biomarkers assayed and/or publication bias. A rigorous, large-scale,
pre-registered analysis is required to resolve these two possibilities; with this effect size,
the results should be definitive. Glutathione is considered to be a marker of oxidative stress
in ASD, a hypothesis based on early findings of increased lactic acid in some children

with ASD and the high frequency of ASD in children with genetic defects in mitochondrial
enzymes (35). To date, no gene related to oxidative stress has been associated with ASD
through common or rare variation, suggesting a causal role is unlikely, though it is possible
that oxidative stress reflects nonspecific systemic dysfunction.

Many of the biomarkers assessed were cytokines, aiming to detect a pro-inflammatory
state. Inflammation is a component of the maternal immune activation (MIA) and
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lipopolysaccharide (LPS) animal models that induce social impairments, furthermore gene
expression analyses of the postmorterm human cortex show a consistent up-regulation of
co-expressed modules enriched for immune-related genes in ASD (14, 36, 37), however,
neither common nor rare variation associated with ASD implicate immune processes. Pro-
inflammatory IL-6 was the most frequently studied cytokine and most studies failed to
identify association with ASD (Fig. 3), but those that did consistently reported higher IL-6 in
ASD cases, often correlated with severity. In a meta-analysis of pro-inflammatory cytokines
in ASD, IFN-v, IL-1B, IL-6, and TNF-a reached nominal significance (38), however, these
results do not survive correction for the 21 cytokines assayed, let alone the 940 identified in
this review.

The growth factor BDNF and neurotransmitter serotonin both play critical roles in
neurodevelopment and neurophysiology and highlight the importance of developmental age.
Both BDNF and serotonin have some evidence to support a role as diagnostic biomarkers
(39-42), however, physiological levels and correlation with ASD vary across development
(41, 43). Hyperserotonemia was one of the first biomarkers implicated in ASD, with early
studies showing that a third of the subjects with ASD showed increased blood levels (44),

a finding that has been validated in a recent meta-analysis (45). Subsequent human and
animal studies showed a physiological reduction in serotonin with increasing age. This
age-related reduction is attenuated in autistic individuals (43, 46), so that ASD-related
hyperserotonemia is most apparent in late childhood (47). While the papers we reviewed all
report an association of BDNF and serotonin levels with ASD, the direction of effect varies
(Table 1, Fig. 3C). Prior evidence of ASD association may have been incorrect, alternatively
heterogeneous ages of individuals in these cohorts may have masked or augmented the
ASD-related differences.

The extensive variability of biomarkers, both within and between individuals, presents

one of the biggest challenges to biomarker research. Likely sources of variability

include symptom severity, co-morbidities, developmental age, sex, ancestry, genetic
variation, environmental conditions (e.g., diet, medications, infections), time-of-day, sample
processing methods, tissue assayed, and experimental assay. The blood-brain barrier is
expected to be a major source of variability, leading to different results if molecular
biomarkers are assayed centrally or peripherally. This will vary between molecules, for
example, plasma-brain correlation has been demonstrated for BDNF in rodents, but not

in humans (48), while such correspondence has not been established for GABA (49) or
most other biomarkers. Differences between central and peripheral assays may also occur
across development as the permeability of the blood-brain barrier varies with maturity.
Within the central or peripheral compartments, the tissue assayed is also critical. For
example, platelets store serotonin, so platelet-rich blood provides more accurate assays.
Where possible, recording likely sources of variability enables their inclusion as covariates
in statistical models, for example correcting for population stratification based on genotypic
data. For unrecognized variables, careful experimental design, including selection of cases
and controls, is critical. In discovery cohorts, large sample sizes are essential to overcome
this variability, while longitudinal analyses in the same individuals can help delineate the
major sources of intra- and inter-individual variability in validation studies. Identifying
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these key covariates will be critical to define the homogenous cohorts in which a specific
biomarker may augment a clinical trial.

Neuroimaging and neurophysiological studies have clear potential for detecting biomarkers,
however, sample sizes are modest (median total sample size = 44, Table S6) and a myriad
of techniques, instruments, tasks, brain regions, and data processing methods pose additional
challenges to distinguishing true biomarkers (Fig. 4). Both alpha power and fixation time,
the most frequently assayed biomarkers in neurophysiological studies, showed inconsistent
direction of effect across studies (Table 1, Fig. 4C). As for neuroimaging, both task
activation and functional connectivity studies implicated brain regions that are generally
considered part of the “social brain” (50), including the medial prefrontal and temporal
cortices. Activation of regions in the medial prefrontal cortex and the parieto-temporal
junction replicate across different study designs and show changes that correlate with ASD
symptoms in clinical trials (29, 30, 51). Functional connectivity analyses show consistent
ASD-association for the default mode network with decreased connectivity between the
medial prefrontal cortex and posterior cingulate cortex with some correlation with ASD
symptoms (52-55).

The variability issues that embroil neuroimaging markers are compounded by variability

in data acquisition methods, such as differences in hardware, image acquisition sequence
parameters, tasks, as well as differences in data analytic approaches including data post-
processing and quality control as well as focus on various brain regions. While there is
some replication in studies implicating social brain regions and the default mode network,
the heterogeneity between studies prevents clear conclusions at this time. Data repositories,
such as the Autism Brain Imaging Data Exchange (ABIDE), and open-source data analysis
pipelines (e.g., ABIDE imaging masks and analysis pipelines) are enabling a new generation
of larger-scale neuroimaging analyses with clear correction for multiple comparisons and
open datasets for replication (56). It remains to be seen whether these initial findings prove
to be robustly replicated in subsequent studies and whether some of the methodological
difficulties are overcome best by pooling multiple studies or designing large-scale studies
with consistent methods.

Animal models enable direct measurement of brain tissue and greater control over
experimental conditions. All biomarkers assessed in animals were molecular and many
overlapped with the molecules and classes most frequently assayed in human studies (Fig. 3,
Table S8). The model most frequently used in the reviewed studies was the BTBR mouse,
which is defined solely on ASD-like behaviors (57). The reliance on purely behavioral
phenotypes, particularly in rodents, has generally not been productive for illuminating the
biology of psychiatric phenotypes, with rare exceptions, e.g., brexanolone (58). In ASD,
particularly given the discovery of dozens of large-effect mutations that can subserve the
creation of “construct-valid” animal models, reliance on the BTBR system has come under
increasing scrutiny and at present has questionable relevance to the human syndrome. In
addition, several environmentally induced models including exposure to MIA and VVPA have
been studied, but it is unclear to what extent these model common etiological mechanisms
of ASD in humans. After applying our review criteria (Fig. 1), none of the animal

models included were based on ASD-associated genes. Relaxing our exclusion criteria
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by discounting criterion 6 and 7 (Fig. 1) identifies a further 53 animal studies, but even

here only a few genetic models are used (e.g., 16p11.2, MECPZ, FMRI, Table S1). With
CRISPR-Cas9 gene editing and biorepositories, genetic model systems are an underutilized
resource in biomarker discovery, including genetic animal models, and isogenic and patient-
derived human cell culture models.

Limitations of the review

While we identified over one thousand original research articles that included putative
biomarkers in ASD, we focused on about a quarter of these that were most relevant

to the BEST-defined response biomarkers (see Methods and Table S1) (4), by selecting
manuscripts that assessed whether biomarkers correlate with ASD symptom intensity. We
note that biomarkers can overlap between classes, for example a diagnostic biomarker that
distinguished individuals with high or low ASD liability might also change in relation to

a behavior-of-interest. However, since no ASD biomarker in any class has been qualified

by CDER-BQP and since assessing correlation to symptom severity is a logical follow-up
analysis for promising diagnostic biomarkers, it is unlikely that in depth analysis of the other
750 manuscripts would change our main conclusions. We note that we did not systematically
assess whether these conclusions generalize to other biomarker classes.

Our search is also limited by the accuracy and sensitivity of ASD severity measures,
especially in the older studies. We cast a wide net, including instruments the authors

of each study utilized as a measure of autistic severity, unless the measure was solely
assessing global functioning or disability. Consequently, some of the measures included
are confounded by behavioral or intellectual impairment. Severity measures and validation
efforts continue to improve (59); it remains to be seen whether currently available metrics
can detect the modest short-term changes that are likely to be necessary for evaluating
biomarkers or therapeutic response.

Our most in-depth analysis focused on twelve biomarkers assayed across multiple papers
(Table 1), allowing us to assess replication to distinguish true biomarkers. An alternative
strategy would be to rank all biomarkers assayed by effect size or p-value to find the most
promising. However, we found the analytic methods and summary statistics reported to be
too heterogeneous and incomplete for this approach; it is possible that true biomarkers are
included in those studied but do not currently stand out from the crowd (Table S4, S5).

Finally, we note several items missing from the PRISMA checklist, specifically that the
review and protocol were not registered in advance, that we included 32 articles identified
from citations but not the initial search, and that formal analysis of risk of bias, robustness,
and heterogeneity were not performed due to the heterogeneity of the studies reviewed.

Future studies

The ASD biomarker field is reminiscent of the era of candidate gene discovery, in which
technological and biobank limitations necessitated a focus on small numbers of loci in small
cohorts, which in turn led to a replication crisis (19, 20). Many of the lessons learned from
candidate gene approaches are transferable to biomarkers, including the need for larger
sample sizes, appropriate multiple comparisons (Fig. 2), and replication cohorts. Correcting
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statistical significance thresholds to reflect all biomarkers assayed in a study is a bare
minimum. A higher statistical threshold is required to overcome publication bias. Ideally,
this threshold would be based on the total number of effective tests across all biomarkers,
estimated from the degree of interdependence between biomarkers (60). Until such estimates
can be made, family-wise error correction (e.g., Bonferroni) for all biomarkers tested to
date, currently about 1,000, is a simple and conservative approach. Alternatively, widespread
sharing of individual-level data and key metrics (e.g., tissue, collection conditions, assay,
demographics, deep phenotyping) would allow false-discovery rates to be estimated in
multi-biomarker mega-analyses. The widespread data sharing required would be simplified
by the adoption of community-wide standards, for example using standardized ontologies
and machine-readable file formats to share biomarker results and key metrics. Once true
biomarkers are identified for specific subgroups of ASD individuals, specific developmental
stages or specific symptoms, their usefulness for monitoring change due to specific
interventions could be tested in clinical trials. Only when the evidence for the biomarker

is comparable to the confidence in existing behavioral measures of ASD severity will
biomarkers become a useful outcome measure for interventional studies.

Based on our review, we provide a list of recommendations to help identify and distinguish
true ASD biomarkers (Box 1). Many of these recommendations are already being applied

in some recent neuroimaging studies and through the Food and Drug Administration’s
Center for Drug Evaluation and Research Biomarker Qualification Program process initiated
by Autism Biomarkers Consortium for Clinical Trials (ABC-CT). Advances in genetics,
such Mendelian randomization (61) and CRISPR-derived model systems, and technology,
such as proteomics and metabolomics, have the potential to greatly accelerate the hunt

for biomarkers. Though ASD biomarkers remain elusive, there is immense potential if
community-wide efforts can be paired with rigorous scientific methodology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Box 1:

Recommendations for ASD Biomarker Research

Individual biomarker values should be shared for each sample to enable
mega-analyses, ideally in standardized machine-readable formats.

Key demographic, deep phenotypic, and experimental data should be shared
for each sample, including age, sex, self-reported and/or genotypic ancestry,
medications, and comorbid conditions including intellectual disability,
seizures, and motor delay, tissue assayed, time-of-day, and experimental
assay. Sharing these details would enable them to be included as covariates
and to identify more homogenous subsets.

Biomarkers and meta-data should be registered against standard schema or
anatomical atlases (e.g., Chemical Entities of Biological Interest, PRotein
Ontology) to facilitate comparisons and mega-/meta-analyses.

Consortia should promote consistent methodologies and larger cohorts with
consistent phenotypic and genotypic data.

Case-control biomarker discovery cohorts should be adequately powered and
should include an independent replication cohort.

A clear statement should be included about the approach to multiple
comparisons, both in the paper and across the biomarker field (equivalent
to genome-wide significance).

As is standard practice in human interventional trials, non-interventional
biomarker studies should be preregistered to define the research plan prior
to data collection.

Once suitable biomarkers are identified, cohorts selected for clinical trials
should be tailored to both the biomarker and the intervention.
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Figure 1. Overview of database search.

A) 5,799 independent records were identified from searches of Medline, Embase, and
Scopus. Applying seven inclusion criteria in three steps yielded 248 articles, with an
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additional 32 included from citations giving a final review set of 280 articles. B) At each
step of the application of inclusion criteria the overlap between the three databases is shown
by Venn diagrams. C-D) The number of records that met or did not meet combinations

of the first three criteria (C) or fifth to seventh criteria (D) is shown in these upset

plots. A complete record of this process is recorded in Table S1. E) The 280 articles are
subdivided by experimental design. F) Types of biomarker assessed in each of the five types

of experimental design.
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Figure 2. Sample sizes of biomarker studies alongside statistical power calculations.

A) Total sample size (x-axis, logarithmic scale) was calculated by adding all cases and
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controls in each study. Studies are divided by design (Fig. 1), with a boxplot showing the
median sample size (thick black line and vertical dashed lines), the interquartile range (filled
box), and data points within 1.5 interquartile ranges (whiskers). Each point of the swarmplot

below the corresponding boxplot shows the total sample size of one of the 259 papers

reviewed that included human subjects. B) Curves showing the statistical power against
total sample size using a two-sided t-test with equal numbers of cases and controls (ratio

= 1) at nominal significance (a = 0.05) for four effect sizes: Dramatic (Cohen’s d'= 2),

Large (Cohen’s d=0.8), Moderate (Cohen’s d=0.5), and Small (Cohen’s d=0.2). C) The
analysis in ‘B’ is repeated correcting for all 940 biomarkers with the Bonferroni method (a

=5.3x1079).
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Figure 3. Molecular biomarkers.
A) The 846 unique molecular biomarkers are represented as nodes (circles) with sizes

corresponding to the number of articles in which they are assayed and color representing
functional category. Edges (lines) represent co-analysis of the two biomarkers in the
same article and the network is displayed with a force-directed layout. B) When reduced
glutathione (GSH) is oxidized it forms a dimer called oxidized glutathione (GSSG).

C) The direction of effect (color and location) and total sample size (circle size) is

shown for six frequently assayed biomarkers in non-interventional studies; each circle
represents one study (Table 1). D) The effect size and 95% confidence interval for

the difference in glutathione between ASD cases and controls. A positive effect size
represents a higher concentration in cases. E) The effect size and 95% confidence
interval for the difference in glutathione between treated ASD cases and untreated ASD
cases. A positive effect size represents a higher concentration in those receiving the
treatment. Hedges’ g*is similar to Cohen’s @, using the same scale but with a correction
for small sample sizes (Supplementary methods). Abbreviations: HCY: Homocysteine,
GABA: Gamma-aminobutyric acid, MDA: Malondialdehyde, SOD: Superoxide dismutase,
TBARS: Thiobarbituric acid-reactive substances, CAT: Catalase, BDNF: Brain-Derived
Neurotrophic Factor, TNFa.: Tumor Necrosis Factor, GM-CSF: Granulocyte-Macrophage
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Colony Stimulating Factor (CSF2), CCL2: C-C motif chemokine ligand 2 (MCP-1), CCL3:
C-C motif chemokine ligand 3 (MIP-1a)), CCL4: C-C motif chemokine ligand 4 (MIP-1-
beta), CCL5: C-C motif chemokine ligand 5 (RANTES), IFN-y: Interferon gamma (IFNG),
CRP: C-reactive protein, IL: interleukin, CXCL10: C-X-C motif chemokine ligand 10
(IP-10).
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Figure 4. Non-molecular biomarkers.
A) The 94 unique non-molecular biomarkers are represented as nodes (circles) with size

corresponding to the number of articles in which they are assayed and color representing
biomarker category. Edges (lines) represent co-analysis of the two biomarkers in the same
article and the network is displayed with a force-directed layout. B) Distribution of the total
number of papers split by modality. C) The direction of effect (location and color) and total
sample size (circle size) is shown for six most frequently assayed biomarkers; each circle
represents one study (Table 1). Abbreviations: CNS: Central nervous system; DTI: Diffusion
tensor imaging; EEG: electroencephalography; MEG: magnetoencephalography.
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