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Abstract

Previous late-stage randomized controlled trials (RCTs) failed to identify effective
medications for the core symptoms of autism spectrum disorder (ASD), i.e., social-
communication difficulties and repetitive behaviors, and as a consequence, there is
still no approved medication. Thus, | conducted a systematic review of 203 RCTs with
12111 participants in order to inform evidence-based pharmacotherapy and drug
development in ASD.

The thesis consists of three parts:

First, | conducted a network meta-analysis to investigate the efficacy and tolerability
of pharmacological and dietary-supplement treatments. Some medications, e.g., the
antipsychotics aripiprazole and risperidone, might be effective for the core symptoms
and/or co-occurring difficulties (e.qg., irritability), albeit associated with adverse events.
Nevertheless, the evidence was generally preliminary and with low certainty.
Therefore, routine prescription of medications for the core symptoms cannot be
recommended and further investigation is warranted.

Second, | conducted a meta-analysis of placebo-effects. The magnitude of placebo-
effects was considerable and predictors of higher placebo-effects were identified, e.g.,
caregiver-ratings and larger trials. However, there were limited and scattered data for
participant-level factors, e.g., age, sex, and baseline severity of symptoms.

Third, | validated an imputation method to estimate the number of responders from
continuous data of the Clinical Global Impression Improvement (CGI-I) scale. This
method could facilitate the comparability and combination of findings across RCTs in
ASD. However, sensitivity analyses are necessary given the relatively wide limits of

agreement between imputed and original values.



The findings and future implications of my thesis would hopefully facilitate better

support and care for individuals with ASD and their families.



Zusammenfassung

Es gibt noch keine offiziell zugelassenen Medikamente fur die Kernsymptome von
Autismus-Spektrum-Stérungen (ASD), d. h. Schwierigkeiten in der sozialen Interaktion
und Kommunikation sowie repetitive Verhaltensmuster. Daher habe ich eine
systematische Uberpriifung von 203 randomisiert-kontrollierten Studien (RCTs) mit
12111 Teilnehmern durchgefihrt, mit dem Ziel eine evidenzbasierte
Arzneimittelentwicklung und Pharmakotherapie bei ASD zu unterstitzen.

Die Arbeit umfasst drei Teile:

Erstens fuhrte ich eine Netzwerk-Metaanalyse Uber die Wirksamkeit und
Vertraglichkeit von pharmakologischen Behandlungen und
Nahrungsergadnzungsmitteln bei ASD durch. Einige Medikamente, z.B. die
Antipsychotika Aripiprazol und Risperidon, waren gegen die Kernsymptome und/oder
die damit einhergehende Begleitsymptome (z.B. Aggressivitat) Placebo Uberlegen,
aber sie verursachten auch Nebenwirkungen. Ferner waren die Ergebnisse vorlaufig
und noch wenig verlaBlich. Daher kann die routinemé&Rige Verschreibung von
Medikamenten gegen die Kernsymptome aktuell noch nicht empfohlen werden und
weitere Untersuchungen sind erforderlich.

Zweitens habe ich eine Metaanalyse der Placeboeffekte (Ansprechen auf Placebo)
durchgefuhrt. Das Ausmald der Placeboeffekte war betrachtlich, und ich konnte
verschiedene Pradiktoren fur hohere Placeboeffekte identifizieren. Insbesondere
waren die Placeboeffekte grof3er, wenn Eltern- anstatt Behandlerfragebtgen
eingesetzt wurden und wenn die Studien grofR3er waren. Fir patientenbezogene
Faktoren gab es nur begrenzte Daten, wie Alter, Geschlecht und Schweregrad der

Symptome bei Studienbeginn.



Drittens validierte ich eine Imputationsmethode zur Schatzung der Anzahl der
Responder aus kontinuierlichen Daten der Clinical Global Impression of Improvement
(CGI-I) Skala. Diese Methode kann die Vergleichbarkeit und Kombination von
Ergebnissen verschiedener RCTs bei ASD erleichtern. Allerdings sind bei ihrer
Anwendung Sensitivititsanalysen erforderlich, da die Grenzen der Ubereinstimmung
zwischen den geschéatzten und den urspringlichen Werten relativ grof3 sind.

Die Ergebnisse und die sich aus ihnen ergebenden Implikationen meiner Dissertation
werden hoffentlich einen Beitrag zur Behandlung von Menschen mit ASD und ihren

Familien leisten.
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1. Introduction

1.1. Autism spectrum disorder

Autism spectrum disorder (ASD) is a group of common (about 1-2% of the population)
and early-emerging neurodevelopmental conditions that are characterized by
difficulties in social communication and interaction as well as by restricted interests,
repetitive behaviors and/or sensory abnormalities (APA 1980; Lord et al. 2022). The
aetiology is multifactorial that lies on the genetic structure, with a hereditability of about
50-60% explained mainly by common variations (Gaugler et al. 2014), and
environmental interactions such as prenatal exposures (Kim et al. 2019). Its clinical
manifestation is a cluster of heterogeneities in terms of neurobiology, severity of
symptoms, presence of co-occurring conditions, and outcome trajectories. Accordingly,
the care needed for people with ASD across the lifespan varies, which is also reflected
by differences across families, regions and cultures (Lord et al. 2022).

ASD has also a dual nature consisting of a medical condition that may be associated
with disabilities due to atypical neurodevelopment (medical viewpoint), and a form of
human variation that may be associated with difficulties because of misfit with a
particular environment (neurodiversity viewpoint) (Lai et al. 2020). Therefore, a holistic
framework that combines the medical and neurodiversity viewpoints has been
proposed for the multidisciplinary and collaborative support and care for individuals
with ASD (Lai et al. 2020). The thesis examined the evidence on pharmacotherapy,
and therefore, it was eventually focused on the medical viewpoint.

In addition, no term describing autism is universally accepted by the autism community
(Kenny et al. 2016). The thesis conventionally used the term “autism spectrum
disorder”, which is the formal diagnostic term of the Diagnostic and Statical Manual of

Mental Disorders version 5 (DSM-5)(APA 1980) and the International Classification of
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Diseases version 11 (ICD-11)(WHO 2018). However, it should be noted that this term
was endorsed to a lesser degree by the autism community in comparison to “autism”
or “on the autism spectrum” (Kenny et al. 2016).

1.2. Burden, support and care

ASD is a lifelong condition that accounts globally for a substantial burden of disease
with 53-58 disability-adjusted life years (DALY) per 100,000 (Baxter et al. 2015). In
Germany, the WHO global burden disease report of 2019 found that ASD was ranked
12t and 16 in terms of DALY for individuals <5 years old (104 DALY's per 100,000)
and 5-14 years old (101 DALYS per 100,000)(GBD 2019 Dieases and Injuries
Collaborators 2020). ASD is also found to be associated with a higher risk of mortality
both due to natural and unnatural causes (Catala-Lopez et al. 2022). There are also
considerable direct and indirect costs for individuals with ASD and their families, e.g.,
due to healthcare services, loss of productivity and education (Rogge and Janssen
2019).

Therefore, there is a tremendous need to improve the support for individuals with ASD
in order to relieve distress, improve adaption, and quality of life (Lai et al. 2020). The
required support can vary substantially at the individual level, given the heterogeneity
in ASD, and thus, a shared-decision making process among individuals with ASD,
their families and service users is required to take into account the preferences and
complex needs of the individuals and their families (Lai et al. 2020; Lord et al. 2022).
Accordingly, current frameworks propose a personalized, multilateral and
collaborative support and care network to maximize the potential of individuals with
ASD by facilitating the development of skills, identifying and minimizing barriers and
optimizing the person-environment fit (Lai et al. 2020; Lord et al. 2022). To that

direction, there is a large number of different modalities of interventions, such as
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behavioral, developmental, educational, psychosocial, vocational, lifestyle, dietary,
pharmacological interventions, as well as advocacy and policy changes (Hyman et al.
2020; Lord et al. 2022). The thesis was focused on pharmacotherapy, and thus, a
comprehensive description of other modalities of interventions is out of the scope, e.g.,
see other reviews (Ameis et al. 2018; Fuentes, Hervas, and Howlin 2021; Howes et al.
2018; Hyman et al. 2020; Lai et al. 2020; Lord et al. 2020; Lord et al. 2022; Lord et al.

2018).
1.3. Pharmacological and dietary-supplement treatments for ASD
1.3.1. Current status in clinical practice

1.3.1.1. Pharmacological treatments

There is yet no approved medication for the core symptoms of ASD, i.e., social-
communication difficulties (SCD) and restricted, repetitive behaviors (RB) (Howes et
al. 2018).

Some medications, however, were found efficacious for the treatment of co-occurring
difficulties and conditions, i.e., aripiprazole, haloperidol, and risperidone for severe
irritability and aggression (with a specific indication by the U.S. Food and Drug
Administration, FDA, and/or European Medicines Agency, EMA), methylphenidate,
clonidine and guanfacine for attention deficit and hyperactivity disorder (ADHD), and
melatonin for sleep disorders (with a specific indication by EMA) (Fuentes, Hervas,
and Howlin 2021; Howes et al. 2018; Rodrigues et al. 2021).

In addition, pharmacological treatments could also be useful for other co-occurring
conditions following the guidelines for the general population, e.g., antidepressants for
anxiety or depression, antiepileptics for epilepsy, albeit specific evidence when these
conditions co-occur with ASD is missing (Fuentes, Hervas, and Howlin 2021; Howes

et al. 2018).
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However, due to the risk of side-effects, medications should be generally considered
on a case-by-case basis and as second-line treatments when behavioral interventions
have failed, as well as after evaluating and monitoring their benefit-risk trade-offs
(Ameis et al. 2018; Howes et al. 2018; Rodrigues et al. 2021).

Nevertheless, psychotropic medications are often used in clinical practice. A
systematic review found that about half of the individuals with ASD use at least one
medication (median prevalence of 45.7%) and about a fifth use more than one
medication (23.0%) (Jobski et al. 2017). The most commonly used medication classes
were antipsychotics (median prevalence of 18.1%), antidepressants (17.2%), ADHD
medication (16.6%), mood stabilizers or antiepileptics and sleep medications,
reflecting the use of psychotropics for co-occurring difficulties (Jobski et al. 2017). In
addition, the prevalence and patterns of use seem to vary importantly because of
differences in age, sex, presence of co-occurring conditions and regions (Jobski et al.
2017).

1.3.1.2. Dietary-supplements

There is no conclusive evidence about the use of dietary-supplements for core or
associated symptoms of ASD (Ameis et al. 2018; Fuentes, Hervas, and Howlin 2021;
Lord et al. 2022). Their use is generally not recommended, except for the correction
of nutritional deficiencies, since feeding problems could also be more often in children
with ASD (Fuentes, Hervas, and Howlin 2021; Hyman et al. 2020; Sharp et al. 2013).
Nevertheless, and given their general safety, easy accessibility and availability, about
half of the individuals with ASD use dietary-supplements (Hoéfer, Hoffmann, and
Bachmann 2017), most frequently multivitamins, vitamin-D, omega-3, probiotics and

magnesium (Trudeau et al. 2019).
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1.3.2. Current status in clinical research

Clinical psychopharmacology in ASD is an emerging topic as reflected by a recent
increase of randomized controlled trials (RCTs). For example, a survey of clinical trials
in ASD found 257 RCTs investigating pharmacological treatments, most of them
published after 2008 (Tromans and Adams 2018).

There are currently two main approaches that guide psychopharmacology in ASD, 1)
re-purposing medications for other conditions with overlapping symptoms, e.g.,
antipsychotics for aggression, antidepressants for obsessive and compulsive disorder
(OCD), and 2) developing medications that may target the proposed underlying
neurobiological processes, e.g., excitatory-inhibitory imbalance, neuroinflammation,
serotoninergic, oxytocinergic, endocannabinoid neurotransmission (Anagnostou 2018;
Diaz-Caneja et al. 2021; Howes et al. 2018).

Therefore, a plethora of medications and dietary-supplement treatments with diverse
mechanisms of action have already been or are being investigated, e.g., see other
reviews for proposed neurobiological processes and mechanisms of actions of
investigated medications (Baribeau, Vorstman, and Anagnostou 2022; Diaz-Caneja et
al. 2021; McCracken et al. 2021; Persico et al. 2021).

However, and despite the recent advances in preclinical and translational research,
late-stage RCTs have failed so far to identify efficacious medications for the core
symptoms (Berry-Kravis et al. 2018; Diaz-Caneja et al. 2021; Jacob et al. 2022;
McCracken et al. 2021).

There could be many reasons for the low success of RCTs in ASD such as 1) a true
lack of efficacy of the investigated medication, e.g., poor translational validity of
preclinical models, inappropriate dosing and administration, 2) heterogeneity and

interpersonal variability of treatment response, and 3) suboptimal trial design, e.g.,
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inadequate randomization or blinding, lack of appropriate outcome measures, small
sample sizes, short treatment duration, substantial placebo-effects etc. (Berry-Kravis
et al. 2018; Diaz-Caneja et al. 2021; Gribkoff and Kaczmarek 2017; Jacob et al. 2022;

Lord et al. 2022; McCracken et al. 2021).
1.4. Randomized controlled trials, meta-analysis and placebo-effects

1.4.1. Randomized controlled trials

RCTs are considered the “gold standard” for the evaluation of treatment effects
according to the traditional hierarchy of evidence (Djulbegovic and Guyatt 2017).
RCTs are prospective clinical trials, in which participants are randomized to an
experimental intervention (e.g., a medication) vs. a control intervention (e.g., placebo
or inert substance, sham treatment), and usually without the participants, the study
personnel and outcome assessors being aware of the treatment assignment (i.e.,
double-blind RCT).

1.4.2. Systematic reviews and meta-analysis

There are often more than one RCTs investigating a comparison between an
experimental and control intervention, e.g., in order to replicate findings, test in
different settings, or conducted during different phases of drug development, etc. Their
results could be different, and sometimes even conflicting. For this reason, systematic
reviews and meta-analysis aim to synthesize the evidence from all available studies
(e.g., RCTs) for a research question (Higgins et al. 2019).

The basic methodology of systematic reviews consists of designing and registering
the protocol, searching and selecting all available studies, assessing their risk of bias
and extracting data, statistically combining data with meta-analytic methods and

evaluating the certainty in the evidence (Higgins et al. 2019).
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In particular, meta-analyses aim to synthesize effect-sizes across studies. Effect-sizes
are statistical measures that quantify the magnitude of a phenomenon under
investigation (Kelley and Preacher 2012), e.g., the magnitude of change from baseline
after treatment with an intervention or the magnitude of difference between two
interventions. Therefore, there are different meta-analytic methods for different
research questions, e.g., pairwise meta-analysis (combining the results across studies
for a specific comparison), network meta-analysis (combining direct and indirect
evidence for three or more interventions across a network of studies), and single-group
meta-analysis (e.g., proportions or pre-post changes).

1.4.3. Placebo-effects

An important component of the rigorous design of RCTs is that they could control for
placebo-effects, i.e., improvements observed in participants treated with placebo.
Placebo-effects consist of unspecific improvements, e.g., spontaneous variation of
symptoms or regression to the mean effects, and specific responses, e.g., due to
patient or parent attitudes towards the treatment, participation in a trial and a
supportive relationship with the doctor (Rodrigues and Ferreira 2020; Schedlowski et
al. 2015).

It is suggested that placebo-effects are considerable in psychiatry (Weimer, Colloca,
and Enck 2015). Therefore, the results of non-controlled prospective trials should be
interpreted with great caution, since any observed improvement could be possibly
explained by placebo effects and efficacy may not be found in RCTs. A notable
example in ASD is secretin, which was promoted as a “miracle” medication in 1990s
based on observational evidence, yet no efficacy was demonstrated later in RCTs

(Williams, Wray, and Wheeler 2012).
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In addition, substantial placebo-effects in RCTs could potentially dilute effect-sizes,
i.e., medication-placebo differences, and thus, hinder assay sensitivity, i.e., the ability
to discriminate efficacious medications (Enck et al. 2013; Rodrigues and Ferreira
2020). Accordingly, it is also suggested that a major concern of the low success rate
of late-stage clinical trials in ASD is high placebo-effects, and thus, further research
on strategies that could optimize placebo effects and subsequently medication-
placebo differences are warranted (Berry-Kravis et al. 2018; Diaz-Caneja et al. 2021;

Jacob et al. 2022; McCracken et al. 2021).

1.5. AIMS-2-TRIALS

According to the above, clinical research in ASD has generally failed to guide
evidence-based clinical practice, is flooded by a large number of recently conducted
RCTs with a low success rate, potentially due to a suboptimal design and substantial
placebo effects, as well as due to the lack of biomarkers and understanding of the
neurobiology of ASD.

In order to fill this gap, the Autism Innovative Medicine Studies-2-Trials (AIMS-2-

TRIALS) consortium (https://www.aims-2-trials.eu/) is a European project that

provides a framework and infrastructure of multidisciplinary and collaborative research
in ASD with the aim to elucidate the neurobiology of ASD, facilitate the development
of biomarkers and treatments, build a network among researchers, clinicians and the
autism community, and explore policies for better support of autistic people (Figure-1
from (Diaz-Caneja et al. 2021)). Thus, AIMS-2-TRIALS is the largest research grant
awarded for ASD, and consists of 48 partners across 14 countries. It was based on

the previous consortium of EU-AIMS (Murphy and Spooren 2012).
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The work of the thesis was conducted within the Work Package 4 (WP4) of the AIMS-
2-TRIALS, which is focusing on improving the design of trials and evaluating new

medications.

Figure 1 AIMS-2-TRIALS framework from (Diaz-Caneja et al. 2021). The article was published Open Access and
it was licensed under a Creative Commons Attribution 4.0 International License
https://creativecommons.org/licenses/by-nc-nd/4.0/ .
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1.6. Objectives
The purpose of the thesis was to facilitate current efforts in research by conducting a
systematic review and meta-analysis of RCTs on pharmacological and dietary-
supplement treatments for ASD. The thesis consisted of three sections, one for each
publication, aiming to inform clinical practice (network meta-analysis), the design of
RCTs (meta-analysis of placebo effects) and the methodology of systematic reviews
(validation of an imputation method).
1.6.1. Network meta-analysis to inform clinical practice
The first part of the thesis was a network meta-analysis on the comparative efficacy

and tolerability of medications and dietary-supplements in ASD (Siafis et al. 2022b).
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This analysis was the first comprehensive network meta-analysis on this topic and
provided an up-to-date synthesis of the evidence suitable for guiding clinical practice
(Leucht et al. 2016).

Previous reviews had a limited focus on certain symptoms and specific medications
and/or did not use a network meta-analysis, e.g., (Ameis et al. 2018; Fallah et al. 2019;
Fraguas et al. 2019; Rodrigues et al. 2021; Salazar de Pablo et al. 2022; Zhou et al.

2021).

1.6.2. Meta-analysis of placebo-effects to inform the design of future RCTs

The second part of the thesis was a single-group meta-analysis and meta-regression
analysis of the placebo arms (Siafis et al. 2020).

This analysis was the first to systematically quantify the magnitude of placebo-effects
in the core symptoms, and identify predictors that could be considered in the design
of future RCTs in order to optimize assay sensitivity.

Previous analyses were not focused on core symptoms (Masi et al. 2015) or were
limited to post-hoc analyses of single trials (Arnold et al. 2010; King et al. 2013).
1.6.3. Validation of an imputation method to inform the methodology of future
systematic reviews

The third part of the thesis was the validation of an imputation method to estimate the
number of responders from the mean and standard deviation of the Clinical Global
Impression Improvement scale (CGlI-I) by assuming an underlying normal distribution
(Siafis et al. 2021).

CGl-l is a clinician-administered 7-point Likert scale measuring global response to
treatment ranging from 1 “very much improved” to 7”very much worse” (Guy 1976).
Due to the lack of agreement on the outcome measures in ASD trials, it is generally

recommended that all trials should use CGI-I for comparability of the results and
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combined analyses (Aman et al. 2004; McCracken et al. 2021; Provenzani et al. 2020).
However, the results of CGI-I could be reported as dichotomous, i.e., number of
participants with a positive response (e.g., at least “much improved” with CGI-I score
of 1 and 2) and/or as continuous, i.e., mean and standard deviation.

In order to facilitate the comparability and combination of the results across RCTs, an
imputation method to estimate the number of responders from the mean and standard
deviation of scale scores have been proposed and validated with depression
(Furukawa et al. 2005) and schizophrenia scales (Samara et al. 2013). This method
assumes an underlying normal distribution, and thus, its appropriateness could be
guestioned with potentially skewed data, e.g., due to the limited number of points of
CGI-I and the small sample sizes in ASD trials.

Therefore, this analysis was the first to validate the imputation method with CGI-I in
ASD trials, and it could inform the methodology of future systematic reviews in ASD,
since the imputation method allowed the aforementioned meta-analyses to
incorporate data from more trials and provide a more comprehensive synthesis of the

evidence.

25



2. Material and methods

2.1. Protocol of the systematic review

The systematic review and meta-analyses were conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-analyses statement (PRISMA)
(Liberati et al. 2009), and the extension for network meta-analysis (Hutton et al. 2015).
The protocol of the systematic review was predefined and registered to PROSPERO

(ID: CRD42019125317; registration date on March 15, 2019, and updated on October

29, 2020).

The methods across the publications included in thesis were similar, as described
below, and differences in the study inclusion criteria and data analysis are noted. More
details about the methodology could be found in the respective publications and their

appendices (see Publications)(Siafis et al. 2020; Siafis et al. 2022b; Siafis et al. 2021).
2.2. Search strategy and study selection
Comprehensive searches were conducted in multiple electronic databases Cochrane

Central Register of Controlled Trials (CENTRAL), EMBASE, MEDLINE, PsychINFO,

PubMed, and the clinical trial registries ClinicalTrials.gov and the World Health

Organization International Clinical Trials Registry Platform (WHO-ICTRP).

The search strategies combined keywords for ASD, RCTs, pharmacological and
dietary-supplement treatments, without any restriction in terms of publication date,
language and document type. Searches were conducted in all databases from
inception up to July 8, 2018, and updated in PubMed and CENTRAL up to July 4, 2019
(Siafis et al. 2020), up to August 31, 2020 (Siafis et al. 2021), and up to November 3,

2021 (Siafis et al. 2022Db).
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In addition, reference lists of included studies and previous reviews, such as (Howes
et al. 2018; Masi et al. 2017; Masi et al. 2015; Posey and McDougle 2000; Rodrigues
et al. 2021; Zhou et al. 2021), were inspected for relevant trials.

2.3. Eligibility criteria

2.3.1. Study design

RCTs comparing any medication or dietary-supplement with each other or placebo for
ASD were eligible. Head-to-head and placebo-controlled trials were included in the
network meta-analysis (Siafis et al. 2022b) and the validation of the imputation method
(Siafis et al. 2021), and placebo-controlled trials in the meta-analysis of placebo effects
(Siafis et al. 2020).

There was no restriction in terms of blinding (e.g., open, single-, or double-blind) and
country of origin. Randomization was assumed if not explicitly reported in case the trial
was reported as double-blind. Quasi-randomized trials and trials with a high risk in
random sequence generation or allocation concealment (e.g., allocation by date of
administration) were excluded (Higgins et al. 2011).

In case of crossover trials, the first phase of crossover was considered in order to
avoid carry-over effects (Elbourne et al. 2002).

Cluster-randomized (e.g., randomization at the ward level) and discontinuation studies
were excluded. In addition, studies published before 1980 were excluded, since ASD
and childhood schizophrenia were clearly separated after the introduction of
standardized diagnostic criteria of DSM-III (APA 1980). Studies with a sample size
smaller than 10 participants were also excluded in order to avoid potentially inflated
effect sizes from clearly underpowered studies (Button et al. 2013), and the cutoff of
10 participants was proposed as a minimum quality indicator of research in ASD

(Reichow, Volkmar, and Cicchetti 2008).
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2.3.2. Participants

Participants should be diagnosed with ASD according to standardized diagnostic
criteria (e.g., DSM-III, ICD-10 and their more recent versions), and/or validated
diagnostic tools (Howes et al. 2018) (e.g., Autism Diagnostic Interview Revised, ADI-
R)) (Rutter, Le Couteur, and Lord 2003). There were no restrictions in terms of age,
sex, ethnicity, setting, baseline severity, presence of co-occurring difficulties or
conditions (e.g., irritability, ADHD, sleep disorders, intellectual disability, genetic
syndrome). Trials were excluded when more than 20% of the participants had a
diagnosis different from ASD (e.g., another psychiatric or neurodevelopmental
disorder), participants were characterized as “autistic” or with a genetic disorder and
none of the aforementioned diagnostic criteria or tools were applied in the inclusion
criteria of the studies.

2.3.3. Interventions and control

Any medication, dietary-supplement and placebo was eligible.

There was no restriction in terms of route of administration (e.g., oral, intranasal,
intramuscular, etc.) and dosing schedule (e.g., fixed or flexible dosing), and multiple
dose arms were combined according to the Cochrane Handbook (Higgins et al. 2019).
The duration of treatment should be at least seven days, and treatments with a shorter-
term duration or single-dose interventions were excluded.

Other intervention modalities were excluded, e.g., psychosocial, behavioral
interventions, traditional or homeopathic medicine, elimination diets or milk
formulations. Augmentation or multimodal interventions were also excluded (e.g.,
medications or dietary-supplements combined with risperidone or behavioral

intervention).
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2.4. Outcomes

Outcomes were measured at trial endpoint.

2.4.1. Primary outcomes

Core symptoms of ASD were the co-primary outcomes in the network meta-analysis
(Siafis et al. 2022b) and the meta-analysis of placebo-effects (Siafis et al. 2020):

a. Social-communication difficulties (SCD), e.g., as measured with the Aberrant
Behavior Checklist — Lethargy/Social Withdrawal (ABC-L/SW)(Aman et al.
1985) or the Vineland Adaptive Behavior Scales — Socialization domain (VABS-
S)(Sparrow 2011).

b. Repetitive behaviors (RB), e.g., ABC-Stereotypic Behavior (ABC-S)(Aman et al.
1985) or Children’s Yale-Brown Obsessive Compulsive Scale modified for
pervasive developmental disorders (CY-BOCS-PDD) (Scabhill et al. 2006).

c. Overall core symptoms (OCS) in single scores, e.g., total score of the Social
Responsiveness Scale (SRS)(Constantino and Gruber 2012) or the Childhood
Autism Rating Scale (CARS) (Schopler et al. 1980).

2.4.2. Secondary outcomes

Co-occurring difficulties, caregiver stress, quality of life, global functioning, dropouts
and specific adverse events were secondary outcomes in the network meta-analysis
(Siafis et al. 2022b), and response to treatment was investigated in all publications
included in the thesis (Siafis et al. 2020; Siafis et al. 2022b; Siafis et al. 2021):

a. Co-occurring difficulties: i) irritability or aggression, e.g., ABC-Irritability (ABC-I)
(Aman et al 1985), i) ADHD  symptoms, eg., ABC-
Hyperactivity/noncompliance (ABC-H)(Aman et al. 1985), iii) anxiety or
depressive symptoms, e.g., Child and Adolescent Symptom Inventory (CASI) —

anxiety (Lavigne et al. 2009). These three co-occurring difficulties were
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prioritized as targets for interventions in a survey of parents with children with
ASD (Anixt et al. 2020).

. Caregiver stress, e.g., Parental Stress Index (PSI) (Abidin 1983).

. Quality of life, e.g., Pediatric Quality of Life Inventory (PedsQL) (Varni et al.
2003)

. Global functioning, e.g., Developmental Disabilities Modification of Children’s
Global Assessment Scale (DD-CGAS) (Wagner et al. 2007).

. Number of participants with a positive response to treatment, defined by “at
least much improved” or a score of <2 in CGlI-I in the meta-analysis of placebo
effects and the validation of the imputation method (Siafis et al. 2020; Siafis et
al. 2021), and when not available, other definitions were also accepted in the
network meta-analysis (Siafis et al. 2022b). In terms of multiple CGlI-I ratings,
we preferred ratings anchored to global over core and associated symptoms.
Number of participants discontinued prematurely from the study (dropouts) i)
due to any reason, and ii) due to adverse events.

. Number of participants with specific adverse events: i) at least one adverse

event, ii) weight gain (preferable defined as = 7% increase from baseline), iii)

sedation, and iv) at least one extrapyramidal symptom.

2.5. Study selection, data extraction and risk of bias

2.5.1. Procedure

Study selection, data extraction and assessment of risk of bias for each record or study

was conducted independently in double by myself and at least one additional reviewer

or contributor (see Publications). Any disagreements were resolved in discussion or

consultation with a third experienced reviewer. Study selection was conducted in two

steps, first by inspecting and selecting potentially relevant titles/abstracts in Rayyan
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(Ouzzani et al. 2016), second by acquiring and inspecting their full-texts in Citavi
(Swiss Academic Software, Zurich, Switzerland). Data extraction was conducted in a
Microsoft Access database specifically designed for this project. In case of missing or
unclear information, the first and/or corresponding author of the trial was conducted
by e-mail, including a reminder.

2.5.2. Data extraction

Data extraction considered information about trial methodology (e.g., publication year,
country of origin, funding, number of centers, sample size, duration, number of arms,
risk of bias), participant characteristics (e.g., age, sex, presence of intellectual
disability and other co-occurring difficulties), intervention (e.g., dose and route of
administration), and outcome measures (see below sections 2.5.2.1, and 2.5.2.2).
2.5.2.1 Data extraction of continuous outcomes and rating scales

The continuous outcomes were rating scale scores, for which mean, standard
deviations (SD) and number of participants analyzed were extracted.

There is still no universally accepted outcome measure for the core symptoms of ASD
in RCTs (Aman et al. 2004; McCracken et al. 2021). Therefore, data from any validated
rating scale were used, e.g., as in (Anagnostou et al. 2015; Baxter et al. 2015; EMA
2018; Lecavalier et al. 2014; McCracken et al. 2021; Scahill et al. 2015). Preference
was given first to scales filled by clinicians (e.g., clinician observation or semi-
structured interviews) than caregivers, teachers and participants, and second to
commonly used scales (e.g., as those described in section 2.4), when data from more
than one scale by the same informant were available.

Data from intention-to-treat (ITT) analyses and analyses that handle missing data were

preferred, e.g., mixed-models of repeated measurement (MMRM) and multiple
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imputation over last-observation carried forward (LOCF), yet data from observed case
or per-protocol analyses were also eligible.

The results from rating scales could be reported as change or follow-up scores, which
were both eligible in the analysis. Nevertheless, preference was given to change
scores, and when not reported, they were estimated when possible from baseline and
follow-up scores assuming a pre-post correlation (r) of 0.5 (Balk et al. 2013).

Missing SDs were obtained according the methods of the following order i) from
standard errors, ii) confidence intervals, p-values, t-values, F-values (Higgins et al.
2019), iii) contacting study authors, iv) median and ranges (Hozo, Djulbegovic, and
Hozo 2005; Wan et al. 2014), v) pooling subscale scores assuming r=0.5, and vi) the
mean SD of the other studies in the review (Furukawa et al. 2006).

2.5.2.2 Data extraction of dichotomous outcomes

For dichotomous outcomes, the number of participants with an event and the number
of participants randomized were extracted. An ITT approach was followed by
assuming participants lost to follow-up did not have the event.

When the number of participants with a positive response to treatment or weight gain
was not reported, it was estimated from means and SDs of CGI-I and weight,
respectively using a validated imputation method (Furukawa et al. 2005; Samara et al.
2013; Siafis et al. 2021) (see 2.6.4. for the imputation method and the validation
methodology with CGI-I).

2.5.3. Risk of bias assessment

The risk of bias of each trial was assessed using the Cochrane Risk of Bias tool version
1, which considers the domains of sequence generation, allocation concealment,
blinding of participants and personnel, blinding of outcome assessment, missing

outcome data, selecting reporting, and other biases (e.g., termination of the study,
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baseline imbalance) (Higgins et al. 2011). Each domain could be rated with a “low”,
“‘unclear” or “high” risk of bias (Higgins et al. 2011). Studies were also classified with
an overall “low” (no domain with a high risk of bias and <4 domains with unclear),
‘moderate” (1 domain with a high risk of bias, or no domain with high risk of bias and >3
domains with unclear) or “high” risk of bias (in all other occasions) (Furukawa et al.

2016).
2.6. Data analysis

2.6.1. Effect-sizes

For continuous outcomes, effect-sizes were standardized mean differences (SMDs,
Hedge’s g, treatment contrasts) and standardized mean changes (SMC, single-group),
since different rating scales were used (Higgins et al. 2019). SMDs and SMCs

standardize mean differences between groups or mean changes within a group,

Mean dif ference

respectively, into SD units, e.g., SMD =

. SMDs could be interpreted as

“small” (<0.2), “medium” (=0.5) and “large” (>0.8) according to the Cohen’s rule of
thumb (Cohen 1988), yet caution is required (Luo et al. 2022), and SMC=0.5 could
correspond to a minimum clinically important difference (MCID) (Norman, Sloan, and
Wyrwich 2003). About SMCs, the pre-post correlation (r) is also required, yet it is often
not reported, and therefore, r=0.5 was assumed (Balk et al. 2013). In addition, SMCs
were calculated with raw score standardization using preferably the baseline SD, and
therefore, point estimates were not affected by the pre-post correlation, but only the
variances (Becker 1988; Viechtbauer 2010).

For dichotomous outcomes, effect-sizes were odds ratios (ORs, treatment contrasts)
due their preferred mathematical properties (Bakbergenuly, Hoaglin, and Kulinskaya
2019; Suhail A et al. 2020), and proportion of participants with an event (%, single-

group). Natural logarithms of ORs and logit transformed proportions were used in the
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meta-analysis, which were back-transformed for presentation (Schwarzer 2007;
Schwarzer et al. 2019).

Effect-sizes were presented along with their 95% confidence intervals (95%Cl).

2.6.2. Network meta-analysis

For the first objective of the thesis, meta-analyses were conducted separately in
children/adolescents and adults, in order to avoid spurious extrapolations between age
groups (EMA 2018).

2.6.2.1. Two-step procedure

A two-step procedure was followed by conducting first pairwise meta-analyses for all
direct treatment comparisons, and second, if the necessary requirements were met
(see 2.6.2.2.), a network meta-analysis to synthesize data from all available RCTs
simultaneously and incorporate indirect evidence, i.e., interventions could be
compared indirectly, even if there was no RCT comparing them.

A random-effects model was used, since heterogeneity is likely, and assuming a
normal distribution for the underlying treatment effects (DerSimonian and Laird 1986;
Higgins et al. 2019). Network meta-analyses were conducted using graph-theoretical
methods within a frequentist framework (Rucker 2012). Interventions were also ranked
using P-scores, an equivalent of the surface under the cumulative ranking curve
(SUCRA) (Rucker and Schwarzer 2015).

2.6.2.2. Assessment of the transitivity assumption and incoherence

Transitivity (i.e., jointly randomizable interventions) and coherence (the statistical
manifestation of transitivity, i.e., agreement between direct and indirect evidence) are
the core assumptions of valid indirect comparisons, and thus of network meta-analysis

(Salanti et al. 2014; Salanti et al. 2008).
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Transitivity was assumed by expecting that participants included in the eligible RCTs
to be equally likely to be randomized to any of the interventions of the review. The
assumption was further investigated by examining the distribution of potential effect-
modifiers (Salanti et al. 2014) and their effects in sensitivity analysis (see 2.6.2.4.), i.e.,
study duration, informant of the rating scale, mean age, presence of co-occurring
difficulties at baseline, baseline mean scores of CGI-Severity (CGI-S, ranging from
1 "normal” to 7 “among the most extremely ill’(Guy 1976)) as a measure of global
severity of illness, and of ABC-I (ranging from 0-45)(Aman et al. 1985) as a proxy of
serious behavioral problems (RUPP 2002). In addition, moderate levels of indirectness
were assigned for studies focusing on participants with a co-occurring condition, when
evaluating the certainty of the evidence (see 2.6.2.6).

Coherence was examined in closed loops, i.e., for pairings with both direct and indirect
estimates, locally for a specific comparison and globally for the entire network
(Efthimiou et al. 2016). The employed local method was the Separating Indirect from
Direct Evidence (SIDE) approach, which evaluates the agreement of direct and
indirect effect estimates for a specific comparison (Dias et al. 2010), and the global
method used a design-by-treatment interaction model (Higgins et al. 2012). A
descriptive analysis of published network meta-analyses found incoherence in about
10% of closed loops (Veroniki et al. 2013) and 20% of the entire networks (Veroniki et
al. 2021). Therefore, and since incoherence tests have low statistical power, alpha
was set at 0.1 (Veroniki et al. 2021).

2.6.2.3. Assessment of heterogeneity

Heterogeneity refers to the variation of treatment effects across studies. The amount
of heterogeneity as reflected by 12 (between-study variance) was assumed to be

common across all comparisons within a network (Higgins et al. 2019), and it was
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further classified as low, moderate or high according to the empirical distribution of 12
(Rhodes, Turner, and Higgins 2015; Turner et al. 2012).
The test statistics x? (alpha at 0.1) and I? (substantial heterogeneity when >50%) were

also employed to assess heterogeneity in pairwise meta-analyses (Higgins et al. 2019).

2.6.2.4. Sensitivity analysis

Predefined sensitivity analyses were conducted to investigate the robustness of the
results, also in terms of the transitivity assumption, incoherence and heterogeneity: i)
using a fixed-effects model, ii) excluding studies with concerns in risk of bias (e.g.,
non-double-blind, presenting only observed case data), iii) with certain methodological
factors (e.g., non-clinician ratings, shorter than four weeks), iv) with certain participant
characteristics (e.g., presence of co-occurring difficulties by inclusion criteria), and v)
with imputed data (e.g., estimated SDs).

2.6.2.5. Assessment of small-study effects and publication bias

Publication and other reporting bias refers to the selection or omission of the reported
results, e.g., on the basis of significance or direction of the effect (Higgins et al. 2019).
There were efforts to include unpublished studies by searching clinical trial registries
and contacting authors. Failure to include data from identified unpublished studies was
considered to evaluate the certainty in the evidence (see 2.6.2.6).

In addition, small-study effects were used as a proxy of publication bias (small studies
could be more prone to publication bias) and they were indicated by an asymmetry in
funnel plots (i.e., scatter plots of point estimates against their standard errors): i)
contour-enhanced funnel plots for pairwise meta-analyses that visualize lines and
areas concerning the statistical significance of the effect-sizes (Peters et al. 2008) and
i) comparison-adjusted funnel plots for network meta-analyses that account for the

different comparisons across studies, and assuming that the direction of bias was
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towards more recent interventions (Chaimani et al. 2013). Asymmetry was examined
visually and with a linear regression test or Egger’s test (alpha at 0.1) (Egger et al.

1997) when there were at least 10 studies (Higgins et al. 2019).

2.6.2.6. Certainty in the evidence

Confidence in the evidence of meta-analytic estimates of placebo-controlled
comparisons was evaluated using the framework of the Confidence in Network Meta-
analysis (CINeMA) (Nikolakopoulou et al. 2020) and its browser-based tool
(Papakonstantinou et al. 2020). Confidence in the evidence was classified as “very
low”, “low”, “moderate” and “high”, by considering judgments on the domains of i) risk
of bias of the studies, ii) publication and other reporting biases, iii) indirectness of the
studies, iv) imprecision, v) heterogeneity, and vi) incoherence (Nikolakopoulou et al.
2020).

2.6.3. Meta-analysis of placebo-effects

For the second objective, single-group meta-analyses were conducted using data from

the placebo arms of RCTs.

2.6.3.1. Meta-analysis

In a similar vein to the 2.6.2, a random-effects model was used, heterogeneity was
assessed with the x? and I? test statistics, small-study effects were assessed with
contour-enhanced funnel plots, and sensitivity analyses were conducted.

2.6.3.2. Meta-regression analysis and correlations

Meta-regression analyses were conducted to investigate potential predictors of
placebo-effects in the core symptoms. A list of potential predictors of placebo-effects
were identified in the literature, e.g., (King et al. 2013; Leucht et al. 2019; Masi et al.

2017; Masi et al. 2015; Sandler and Bodfish 2000; Schedlowski et al. 2015; Weimer,
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Colloca, and Enck 2015; Weimer et al. 2013). They were predefined in the protocol

and classified into study-, intervention-, and participant-related factors (Table-1).

Table 1 List of investigated potential predictors of placebo-effects in core symptoms of ASD.

Study-related factors

Intervention-related factors

Participant-related factors

Duration of treatment (in weeks)
Publication year

Washout from previous psychotropic
medications (yes vs. no)

Placebo lead-in with exclusion of
responders (yes vs. no)

Informant of the rating scale (clinician
Vs. caregiver)
Sample size (in
participants)
Number of sites
Academic sites (%)
Number of arms

number  of

Number of different experimental
interventions

Participants randomized into placebo
(%)

Financial interest (industry-

sponsored or patent application vs.
academic funding)

Country of origin (US vs. not only US)
Risk of bias domains (low vs.
unclear/high)

¢ Route of administration (oral

vs. other)
e Experimental
(pharmacological
dietary-supplement)
e Dose-schedule (fixed
flexible)

intervention

VS.

VS.

e Presence of associated
conditions at baseline by
inclusion criteria (except for
intellectual disability or a
genetic syndrome)

e Mean age (in years)

e Age group
(children/adolescents VS.
adult or mixed populations)

e Participants with intellectual
disability (%, study-defined
or intellectual quotient <70)

e Female participants (%)

e Ethnicity (% Caucasian or
Hispanic)

e Mean baseline
mg/kg?)

e Threshold of core symptom
severity as inclusion criteria
(yes vs. no; not just a
threshold for the confirmation
of the diagnosis)

e Mean CGI-Severity

e Mean ABC-I

Due to inconsistent reporting and

large number of different scales

used, baseline severity in core
symptoms could not be assessed.

BMI (i

In the meta-regression analyses, SMC was the dependent variable, and the potential

predictors were the independent variables. Univariable meta-regressions were

conducted separately for each factor with enough data (i.e., at least five data points).

Multivariable meta-regressions were also conducted similarly to previous analysis

(Leucht et al. 2019), by first selecting factors that were found to be significant in the

univariable models, and then applying a backward step-wise algorithm by removing

factors from the model with p-values>0.15. Alpha was not adjusted for multiple testing,

due to the low statistical power and exploratory nature of meta-regression analysis

(Higgins 2011).
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In addition, Spearman’s p were conducted to assess correlations between the
potential predictors, as well as the relationship between the SMC of placebo and of
the experimental intervention.

2.6.4. Validation of the imputation method

For the third objective, the number of participants with a positive response to treatment
(as defined by at least “much improved” or a score 1 or 2 in CGI-I) was imputed from
the mean and SD of CGI-I. Therefore, studies that provided both continuous and
dichotomous data on CGI-I were included in this analysis. This was a post-hoc
analysis.

2.6.4.1. Imputation method and selection of cutoff

The imputation method was previously validated with depression (Furukawa et al.
2005) and schizophrenia scales (Samara et al. 2013). The aim of the method is to
impute the number of responders from the mean (m), SD and number of participants
analyzed (n) of a rating scale, given a certain cutoff (6) and assuming a normal
distribution of the continuous data. Thus, the number of responders, i.e., participants
with a score of <6, could be calculated as n * p, where p is the probability of the lower

tail for Zscore = (G_—m).

CGlI-I is a 7-point Likert-scale, therefore, an assumed normal distribution of the
underlying latent continuous variable may have different cutoffs to classify responses
than the original Likert scale (Liddell and Kruschke 2018), e.g., cutoffs from 2 to 2.5 in
the underlying latent variable could be considered to impute the number of participants
“at least much improved” (CGI-I of 1 or 2). Therefore, 6=2.5 was used in the primary

analysis, and 6=2 in a secondary analysis.
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2.6.4.2. Validation of the method

Responder rates and logORs were calculated from the original and imputed number
of responders. The performance of the imputation method was evaluated in a similar
vein with a previous analysis (Samara et al. 2013): i) The agreement between imputed
and original values was examined with the concordance correlation coefficient (CCC),
ranging from -1 to 1 and |CCCJ=1 indicated perfect agreement. ii) The predictive
accuracy was examined with linear regression models, and a slope=1, R>=100% and
mean squared error (MSE)=0 indicated perfect accuracy. iii) The limits of agreement
of bias (i.e., difference between a pair imputed and original values) were examined
with Bland-Altman plots (Bland and Altman 1986; Bland and Altman 1999). Bland-
Altman plots present the bias (y-axis) against the average of imputed and original
values (x-axis). The mean bias and 95% limits of agreement were calculated,
assuming normally distributed biases (Bland and Altman 1986). For this reason, the
normality assumption was assessed by inspection of the distribution of bias and a
Shapiro-Wilk test. In addition, the relationship between bias and the average was
investigated with linear regression models (Bland and Altman 1999). v) Subgroup
analyses compared the pooled estimates between the original and imputed values as
obtained from random-effects meta-analysis

2.6.5. Statistical software

Data cleaning and analysis was conducted in R statistical software (R Core Team
2013) using the packages epiR (Stevenson et al. 2020), meta (Schwarzer 2007),
metafor (Viechtbauer 2010), netmeta (Rticker et al. 2016) and tidyverse (Wickham et

al. 2019). Alpha was set at two-sided 0.05, except otherwise reported.
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3. Results and publication summaries

3.1. Network meta-analysis on the effects of pharmacological and dietary-
supplement treatments for ASD

Detailed results of this analysis can be found in the respective publication (Siafis et al.
2022Db) (see Publications).

This analysis included data from k=143 RCTs with n=8554 participants
(children/adolescents: k=125, n=7450; adults: k=18, n=1104) (search up to November
3, 2021), which investigated 59 different treatments (41 pharmacological, 17 dietary-
supplements and placebo). RCTs were mainly double-blind, placebo-controlled,
recently published (median 2015), short (8-13 weeks), and small (20-80 participants),
as well as a third of them was focused on co-occurring difficulties (e.g., irritability or
ADHD symptoms per inclusion criteria) and a fifth had a high risk of bias. Pairwise and
network meta-analyses on the effects of pharmacological and dietary-supplement
treatment were conducted.

There were some medications that could improve at least one core symptom domain
(mainly with small-to-medium effects-sizes) in children/adolescents and/or adults, i.e.,
aripiprazole, atomoxetine, bumetanide, fluoxetine, fluvoxamine, oxytocin, risperidone.
There was also some supporting evidence for haloperidol, folinic acid, guanfacine,
omega-3-fatty acids, probiotics, sulforaphane, tideglusib and valproate, yet imprecise
based on small samples and a few studies, not robust and the 95%ClIs did not exclude
the null effect (Figure-2).

The confidence in the evidence was generally very low or low according to the CINeMA
framework because of risk of bias of the studies, indirectness (e.g., participants with
co-occurring difficulties), heterogeneity, imprecision (e.g., due to small sample sizes)

and reporting biases (e.g., unpublished data due to negative findings).
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Figure 2 Network meta-analytic estimates on the effects of pharmacological and dietary supplement treatments for
the core symptoms of ASD (social-communication difficulties, SCD and repetitive behaviors, RB) in
children/adolescents and adults. Standardized mean differences (SMD) for comparisons with placebo and their 95%
confidence intervals are presented (SMD>0 indicate a favorable outcome for the medication or dietary supplement;
|SMD|=0.2 represents small effects, |[SMD|=0.5 medium and |SMD|=0.8 large as presented by the dashed lines)
The size of the point is proportional to the inverse standard error of the estimate. Confidence in the evidence is
presented with a color key. Scales measuring overall core symptoms in single scores were also evaluated, yet not
presented here. Not all of the 58 medications or dietary supplements had data for the core symptoms. The results
in the plots may be slightly different from the ones in the publications, because they were produced using an
updated version of the package netmeta 2.1-0.
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The findings on the secondary outcomes, e.g., co-occurring difficulties and side-effects,

were generally in agreement with previous studies (e.g., aripiprazole and risperidone
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were efficacious for irritability and ADHD symptoms, and they were associated with
sedation, weight gain and extrapyramidal symptoms).

According to the findings and their limitations, routine prescription of pharmacological
or dietary-supplements for the core symptoms of ASD could not be recommended. In
addition, current medications that are indicated for co-occurring difficulties (e.g.,
aripiprazole, risperidone, ADHD medications) may also improve core symptoms to
some degree and probably in an unspecific manner. However, the evidence is
generally preliminary and further research is warranted, given also that there were
limited data for some medications (e.g., methylphenidate), outcomes (e.g., anxiety)

and adults.
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3.2. Meta-analysis of placebo-effects in the core symptoms of ASD

Detailed results of this analysis can be found in the respective publication (Siafis et al.
2020) (see Publications).

This analysis included data from the placebo arms of k=86 RCTs with n=2360
participants (search up to July 4, 2019), which had similar descriptive characteristics
to the sample of the network meta-analysis (see 3.1). Single-group meta-analyses
were conducted to quantify the magnitude of the placebo-effects in core symptoms
and identify potential predictors.

There were considerable placebo-effects in ASD, and on average about a fifth (19%,
95%CI[16%, 22%]) of the participants had a positive response as defined by at least
much improvement in CGI-I (CGI-I score of 1 or 2). The magnitude of the placebo-
effects in terms of standardized mean changes (SMC) was on average 0.32
95%CI[0.25, 0.39] for social-communication difficulties, 0.23 95%CI[0.15, 0.32] for
repetitive behaviors, and 0.36 95%CI [0.26, 0.46] in scales measuring overall core
symptoms in single scores. There was some heterogeneity in these estimates (I2
ranging from 32% to 55%) and small-study effects in repetitive behaviors (i.e., the trim-
and-fill adjusted estimate was 0.33 95%CI [0.25, 0.41)]).

Potential predictors of higher placebo-effects in at least one core symptom domain
were identified from a list of factors related to the study design, participant
characteristics or intervention, i.e., older studies, larger sample sizes, more sites,
lower risk of bias (vs. higher), caregiver ratings (vs. clinician), flexible dosing (vs. fixed),
higher levels of irritability at baseline, and the use of a threshold of core symptom
severity as inclusion criteria (Figure-3). However, there were limited and/or narrowly

ranged data for some factors (e.g., participant-related factors), and few influential
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outlier studies (e.g., three large antidepressant trials with substantial placebo-effects

in repetitive behaviors (Herscu et al. 2020; King et al. 2009; Reddihough et al. 2019)).

Figure 3 Meta-regression coefficients of potential predictors of placebo effects in the core symptoms of ASD (social-
communication difficulties, SCD and repetitive behaviors, RB). Beta coefficients and their 95% confidence intervals
of univariable meta-regressions are presented (beta>0 corresponds to an increase in placebo-effects as measured
with standardized mean changes, SMC). The size of the point is proportional to the inverse standard error of the
estimate. Scales measuring overall core symptoms in single scores were also evaluated, yet not presented here.
The results in the plots may be slightly different from the ones in the publications, because they were produced
using an updated version of the package metafor 3.0-2.
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According to the findings, it can be recommended that potential predictors of placebo
effects should be considered in the design of future trials, i.e., i) adequately powered

trials, avoiding extremely large sample sizes, careful selection of sites, rigorous
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enrollment of participants, ii) careful selection of measurements, not solely based on
caregivers, use of different scales for inclusion and outcome assessment, proper
training of the outcome assessors iii) careful selection of study duration and dosing
based on the mechanism of action of the investigated medication or dietary-
supplement. However, further research is warranted because it was not possible to
investigate a full multivariable model (e.g., missing data), participant-related factors
(e.g., missing data, study-level data) and the different impact of predictors on placebo

and treatment effects due to the diverse experimental interventions (see 3.1).
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3.3. Imputing the number of responders from mean and SD of CGI-I

Detailed results of this analysis can be found in the respective publication (Siafis et al.
2021)(see Publications).

This analysis included 27 RCTs with 58 arms and 1428 participants that reported CGI-
| data in both dichotomous (i.e., number of participants with a positive response
defined by a CGl-I score of 1 or 2) and continuous format (i.e., mean and SD of CGI-
) (search up to August 31, 2020).

An imputation method was applied to estimate responder rates and odds ratios (ORS)
from the mean and SD of CGlI-I, assuming a normal distribution of a latent continuous
variable and taking into consideration the Likert-scale nature of CGI-I (i.e., using <2.5
instead of <2 as the primary cut-off of the latent continuous variable to estimate the
number of participants with a CGI-I of 1 or 2). The performance of the method was
examined with concordance correlation coefficients, linear regression models, Bland-
Altman plots and subgroup differences of summary estimates from single-group and
pairwise meta-analysis.

The method had an overall good performance. In particular, the bias was towards
more conservative estimates, i.e., imputed responder rates were on average 4.3%
95%CI[-8.1%, 16.7%] smaller, and imputed odds ratios were on average 1.1
95%CI[0.42, 2.83] (calculated by the exponential bias) times smaller in comparison to
the original values (Figure-4). However, the limits of agreement of the bias were
substantially wide, e.g., in comparison to schizophrenia scales (difference of
responder rates 95%CI[-9.8%, 8.4%]; ratio of odds ratios 95%CI [0.79, 1.42]) (Samara
etal. 2013). Summary estimates of meta-analyses that used imputed or original values
did not differ. In addition, the performance of the method was poorer when a cutoff of

<2 of was used in a secondary analysis.
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Figure 4 Scatter and Bland-Altman plots for responder rates (%, red color) and natural logarithm of odds ratios
(INOR, blue color). In both plots, the points represent the pair of imputed and original values, and their size is
proportional to the inverse of their standard error. In the scatter plots, the dashed line represents the identity line
and the solid color line the linear regression model. In the Bland-Altman plots, the solid black line represents the
line of no difference, while the color line represents the bias and the 95% confidence intervals.
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According to the findings, the imputation method that estimates the number of
responders from the mean and SD of scale scores (Furukawa et al. 2005; Samara et
al. 2013) was further validated with CGI-I in clinical trials of ASD, taking also into
consideration the Likert-scale nature of CGI-I. Given the overall good performance of
the method, it could be used in meta-analysis in order to incorporate data from more
studies and provide a more comprehensive synthesis of the evidence. However, and
due to the relatively wide limits of agreement, a sensitivity analysis by excluding

imputed values can be recommended in order to test the robustness of the results.
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3.4. Own contributions to the publications

For all of the three publications included in the thesis (Siafis et al. 2020; Siafis et al.
2022Db; Siafis et al. 2021), | was the first author and primary contributor to all of the
procedures, including in the conceptualization and design of the study, writing and
registering the protocol, design of the search strategy, evaluation of all records
identified by the search, hand-searching of reviews for additional studies, data
extraction and risk of bias evaluation of all eligible studies, contacting authors for
additional data, conceptualization and conducting the statistical analysis, evaluating
confidence in the evidence, interpretation of the data, writing and finalizing the
manuscript, submitting for publication, revising the manuscript according to the
reviewer comments, and supervising the work of other reviewers and/or contributors
(e.g., study selection, data extraction, and risk of bias assessment of the individual
studies in duplicate).

Additional information about author contributions can be found in the relevant section

of the respective publications (see also Publications).
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4. Discussion

4.1. Summary of the findings

In this thesis, | conducted and presented the first comprehensive systematic review of
a total 203 RCTs with 12111 participants that investigated pharmacological and
dietary-supplement treatments for ASD.

4.1.1. Network meta-analysis on the effects of pharmacological and dietary-
supplement treatments for ASD

The first part of the thesis was a network meta-analysis on the efficacy and tolerability
of pharmacological and dietary-supplement treatments for people with ASD (see 3.1).
This analysis provided a more comprehensive synthesis of the evidence in comparison
with previous reviews that had a more limited focus on certain symptoms and specific
medications, e.g., (Ameis et al. 2018; Fallah et al. 2019; Fraguas et al. 2019;
Rodrigues et al. 2021; Salazar de Pablo et al. 2022; Zhou et al. 2021).

The summary of the main results presented here was produced using a minimally
contextualized framework of the Grading of Recommendations Assessment,
Development and Evaluation (GRADE) approach (Brignardello-Petersen et al. 2020).
Interventions were classified into two categories based on their efficacy in the core
symptoms (among the most effective, and among the least effective) and two groups
based on the certainty in the evidence (moderate and low).

4.1.1.1. Children/adolescents

In terms of change in core symptoms (primary outcomes), there was low certainty
evidence that aripiprazole, risperidone, atomoxetine, guanfacine, valproate, folinic
acid, omega-3-fatty acids, bumetanide and tideglusib might be effective in improving
at least one core symptom domain generally with small-to-medium effect-sizes (Table-

2). Among these possible candidates for the core symptoms, aripiprazole, risperidone,
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atomoxetine, and guanfacine could also improve irritability and/or ADHD symptoms,

albeit associated with adverse events.

Table 2 Medications that might be effective in improving at least one core symptom domain in children/adolescents
with ASD. The mechanism of action of medications was extracted from the Neuroscience-Based-Nomenclature
(NbN)(Zohar et al. 2015) and the IUPHAR/BPS (Harding et al. 2022). SMD: standardized mean difference for the
comparison between medication and placebo (>0: favors medications; significant SMDs are noted with bold). SCD:
social-communication difficulties, RB: repetitive behaviors; D2: dopamine 2 receptor, 5-HT1A/2/2A: serotonin 1A,
2 and 2A receptors, NET: norepinephrine transporter, alpha-2: norepinephrine alpha-2 receptor; ALDH5A1:
aldehyde dehydrogenase 5 Al, HDAC: histone deacetylase; FFAR: free fatty acid receptor, RXRa: retinoid X
receptor a; GSK-3b: glycogen synthase kinase 3 beta

Medicatio Efficacy in
Mechanis | n (k co-
Pharmacologi | m of number of | SMDsco | SMDre | occurring
cal class action studies) 95%ClI 95%CI difficulties | Comment
Very low or low certainty in the evidence
SMDiritabiit | Aripiprazole had an increased risk
D2, 5- y= 0.63 of any adverse event, sedation,
HT1A (0.44, weight gain, extrapyramidal
partial 0.82) symptoms.
agonist, 5- 0.27 0.48 | SMDapHp= | The majority of the trials were
HT2A Aripiprazol (0.09, (0.26, | 0.82 (0.59, | conducted in participants with
Antipsychotic antagonist | e (k=6) 0.44) 0.7) | 1.05) irritability.
Risperidone had an increased risk
SMDiritabiity | Of any adverse event, sedation,
=1.05 | weight gain (higher than
(0.75, | aripiprazole), extrapyramidal
1.33) | symptoms.
D2, 5-HT2, 0.31 0.6 | SMDapHp= | The majority of the trials were
alpha-2 Risperidon (0.06, (0.29, | 0.79 (0.47, | conducted in participants with
Antipsychotic antagonist | e (k=4) 0.55) 0.9) 1.11) | irritability.
0.05 (- 0.49 | SMDapHp= | The trials were conducted in
ADHD NET Atomoxetin 0.22, (0.18, | 0.64 (0.30, | participants with ADHD
medication inhibitor e (k=3) 0.32) 0.8) 0.99) | symptoms.
SMDiritabiity | Guanfacine had an increased risk
=0.5 (0.00, | of any adverse event and
1.01) | sedation.
0.04 (- 0.55 | SMDapHp= | The trial was conducted in
ADHD alpha-2 Guanfacin 0.46, | (-0.02, | 1.39(0.73, | participants with ADHD
medication agonist e (k=1) 0.54) 1.11) 2.05) | symptoms.
unclear, The results were imprecise, based
ALDH5A1, 1.33 on one small RCTs, and the lower
Antiepileptic/m | HDAC Valproate (-0.03, boundary of the 95%CI crossed
ood-stabilizer inhibition (k=0/1) n.a. 2.68) - | the line of no difference.
co-factor in
single- The results were imprecise, based
carbon 0.44 (- 0.5 on two small RCTs, and the lower
Dietary transfer Folinic acid 0.05, (-0.13, boundary of the 95%CI crossed
supplement reactions (k=2/1) 0.93) 1.13) - | the line of no difference.
unclear,
FFAR, Omega-3- 0.21 0.15 The results were imprecise and
Dietary RXRa fatty acids (0.00, | (=0.09, the lower boundary of the 95%ClI
supplement agonist (k=10/9) 0.43) 0.4) - | crossed the line of no difference.
There were two negative phase-lll
Na-K-Cl 0.14 0.35 trials that did not provide usable
symporter Bumetanid (-0.08, (0.09, data for the meta-analysis (Crutel
Loop diuretic inhibitor e (k=4) 0.37) 0.62) - | etal. 2021).
Data from an abstract were used
(Anagnostou et al. 2018). The
0.38 (- 0.33 results were imprecise and the
GSK-3b Tideglusib 0.06, | (-0.18, lower boundary of the 95%ClI
Experimental inhibitor (k=1) 0.82) 0.84) - | crossed the line of no difference.
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The rest of medications were classified as among the least effective in improving core
symptoms with a moderate (arbaclofen, oxytocin and N-acetylcysteine) or low
certainty of the evidence. Nevertheless, some of them might be efficacious in
improving co-occurring difficulties, e.g., citalopram and sulforaphane for irritability,
olanzapine and naltrexone for ADHD symptoms, melatonin for caregiver stress. These
medications had also an increased risk of adverse events, while other medications
may also worsen co-occurring difficulties, e.qg., irritability by levetiracetam and vitamin-

B12.

4.1.1.2. Adults

There was generally sparse data in adults. There was moderate certainty evidence
that oxytocin was effective for repetitive behaviors with small-to-medium effect-sizes,
and low certainty evidence from single trials that fluoxetine, fluvoxamine and

risperidone might be effective for repetitive behaviors with large effect-sizes (Table-3).

Table 3 Medications that were found to be or might be effective in improving at least one core symptom domain in
adults with ASD. SMD: standardized mean difference for the comparison between medication and placebo (>0:
favors the medications; significant SMDs are noted with bold) SCD: social-communication difficulties, RB: repetitive
behaviors; D2: dopamine 2 receptor, 5-HT2: serotonin 2 receptor, SERT: serotonin transporter, alpha-2:
norepinephrine alpha-2 receptor; OT: oxytocin receptor, VP: vasopressin receptor

Medicatio | SMDs | SMDr | Efficacy in
Mechanis | n (k | co B co-
Pharmacologi | m of | number of | 95%C | 95%C | occurring
cal class action studies) [ I difficulties | Comment
Moderate certainty in the evidence
0.01 The effects on social-
. ! 0.41 communication difficulties were
Oxytocin - 0.16 xed. Th di inl
(k=4/6) 0.43 (0.16, mixed. The s_,tu ies were mainly
oT, VP \ | 0.66) conducted in high-functioning
. . 0.44) o
Neuropeptide | agonist - participants.
Very low or low certainty in the evidence
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The rest of medications were classified as among the least effective in improving core
symptoms with low certainty of evidence.

4.1.1.3. Limitations

This analysis had certain limitations, which were clearly reported in the respective
publication (Siafis et al. 2022b). In terms of the analytical method, the networks were
mainly star-shaped and poorly connected, and most of the interventions were
investigated in a few trials with small sample sizes. Therefore, heterogeneity and
incoherence could not be adequately tested due to the limited statistical power, which
raises also concerns about the transitivity assumption and the potential confounding
of the effect estimates by study characteristics. For example, the effects of some
medications could have been confounded by the presence of co-occurring difficulties,
e.g., antipsychotics and ADHD medications. There were also indications for reporting
bias, despite the efforts to include data from unpublished studies. These concerns
were addressed among others in the evaluation of the evidence using the CINeMA
approach (Nikolakopoulou et al. 2020).

In terms of the characteristics of eligible studies, there were limited and scattered data
for adult populations, certain commonly used medications (e.g., methylphenidate due
to the crossover design of the studies (Rodrigues et al. 2021; Sturman, Deckx, and
van Driel 2017)) and some important outcomes (e.g., anxiety despite being a top
research priority (Anixt et al. 2020; Autistica 2016)). In addition, the included clinical
trials used different scales to measure core symptoms of ASD, which requires further
investigation of their conformity (McCracken et al. 2021). There is no agreement on
outcome measures of change in core symptoms of ASD (McCracken et al. 2021), yet

some scales could be considered at least “appropriate with conditions” and were
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generally preferred in the review (Anagnostou et al. 2015; Lecavalier et al. 2014,
McCracken et al. 2021; Scabhill et al. 2015).

Given that a large number of medications with different mechanisms of action were
investigated, a comprehensive investigation of the tolerability and safety was out of
the scope of this analysis. Nevertheless, the analysis considered three important side-
effects, i.e., sedation, weight gain and extrapyramidal symptoms, that could overlap
across psychotropic medications (Solmi et al. 2020), as well as dropouts and any
adverse event. Further investigation is warranted, given that there may be a higher

risk of side-effects in individuals with ASD (Howes et al. 2018).

4.1.2. Meta-analysis of placebo-effects in the core symptoms of ASD

The second part of the thesis was a meta-analysis of the magnitude and predictors of
placebo-effects in the core symptoms of ASD (see 3.2). This analysis provided more
definite answers in comparison with previous analyses that were not focused on core
symptoms (Masi et al. 2015) or were based on single trials (Arnold et al. 2010; King et
al. 2013).

4.1.2.1. Magnitude of placebo-effects

RCTs in ASD may be prone to substantial placebo-effects, given that on average
about a fifth of the participants had a clinically important response in terms of global
impression. In particular, placebo-effects in the core symptom domains seemed to be
of comparable magnitude, and on average (SMCscp=0.32, SMDrs=0.23 or 0.33 the
trim-and-fill adjusted estimated) about more than the half of the minimum clinically
important difference (MCIDsmc=0.5)(Norman, Sloan, and Wyrwich 2003). Therefore,
this effect indicates that the core symptoms may be improved in a considerable

number of participants receiving treatment with placebo (Johnston et al. 2010).

54



4.1.2.2. Predictors of placebo-effects

There were some potential predictors of placebo-effects in core symptoms of ASD, in
terms of participant (irritability levels at baseline, minimum threshold of core symptom
severity for inclusion), intervention (dosing schedule) and study design characteristics
(number of sites, sample size, type of informant, risk of bias, publication year) (Figure-
5). In addition, predictors could have a different impact on the placebo-effects of the

two core symptom domains.

Figure 5 Schematic presentation of predictors of placebo-effects in core symptoms of ASD. SCD: Social-
communication difficulties, RB: repetitive behaviors, OCS: overall core symptoms. The Figure was partly generated
using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.
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4.1.2.3. Limitations

This analysis had certain limitations, which were clearly discussed in the respective
publication (Siafis et al. 2020). In terms of the analytical method, potential predictors
of placebo-effects were examined with a series of univariable meta-regression models,
and a full multivariable meta-regression model that could adjust the effects of multiple
variables could not be conducted due to missing information for many of the predictors

across studies. Accordingly, data for many of the investigated factors were missing,
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inconsistently reported across studies or narrowly ranged, and especially for
participant-related factors (e.g., age, sex, baseline severity of core symptoms and co-
occurring difficulties, intellectual disability). Meta-regressions used aggregate data of
participant-level factors as independent variables, and thus, there was the risk of
ecological fallacy (Geissbuhler et al. 2021). Further investigation with individual-
participant-data meta-analysis is warranted.

There was also a correlation between placebo- and drug-effects (moderate for social-
communication difficulties, and weaker for repetitive behaviors). This may indicate that
efforts to reduce placebo-effects may influence also drug-effects. In addition, some
factors may have a different impact on placebo- and drug-effects, e.g., as found in
RCTs of antipsychotics for schizophrenia (Leucht et al. 2019). Therefore, moderators
of drug-placebo differences would be important to guide the design of future trials, e.g.,
as in schizophrenia (Leucht et al. 2017). However, such an analysis of potential
moderators of drug-placebo differences was not possible here, since medications with
substantially different mechanisms of action were investigated in the RCTs.

4.1.3. Imputing the number of responders from mean and SD of CGlI-I

The third part was a further validation of a method to estimate the number of
responders from continuous data of CGI-l in ASD (see 3.3).

The method assumed a normal distribution of the continuous data and it had already
been validated with depression (Furukawa et al. 2005) and schizophrenia scales
(Samara et al. 2013). The satisfactory performance of the method was replicated in
this analysis, and it was better when a higher threshold of an underlying latent
continuous variable of CGI-I was considered (e.g., a score of <2.5 instead of <2 to
impute the number of participants with a CGI-I of 1 or 2). The imputation method could

further facilitate the combination and/or comparison of findings across RCTs in ASD,
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given that there is still no optimal scale to measure change in core symptoms
(McCracken et al. 2021), and thus, CGI-I is recommended to be used in all RCTs in
ASD (Aman et al. 2004; Provenzani et al. 2020).

Nevertheless, there were some limitations. The limits of agreement between the
imputed and original values were wider than the ones found in schizophrenia scales
(Samara et al. 2013). There was also skewness of the CGI-I data in about half of the
arms. This could cast doubts about the normality assumption, yet the performance of
the methods unexpectedly satisfactory. The findings can also not be generalized to

other fields of medicine and cutoffs of response.
4.2. Implication of the findings

4.2.1. Implications for clinical practice

The thesis provided data on the efficacy and tolerability of pharmacological and
dietary-supplement treatments for ASD. This information could be suitable to guide
evidence-based clinical practice, treatment guidelines and a shared-decision making
process. Nevertheless, there were only sparse data in adults, and the findings refer
mainly to children/adolescents.

4.2.1.1. Evidence-based clinical practice and shared-decision making for choosing
medications for ASD

The number of available medications for ASD is increasing, e.g., 41 pharmacological
treatments and 17 dietary-supplements were identified in the current analysis.
Psychotropic medications are frequently used in individuals with ASD (Jobski et al.
2017). Current medications differ substantially in their mechanism of action, efficacy
and side-effect profiles, as well as in their evidence base. There is a paucity of
approved medications with a specific indication for ASD, i.e., aripiprazole, haloperidol

and risperidone for irritability/aggression and melatonin for sleep disorders (Fuentes,
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Hervas, and Howlin 2021). Other medications are used “off-label” or following the
established guidelines for the general population, e.g., for depression, anxiety and
ADHD (Fuentes, Hervas, and Howlin 2021; Howes et al. 2018; Rodrigues et al. 2021).
Some medications are even used despite the lack of empirical support (Matson et al.
2013). Several factors could influence treatment decisions, e.g., challenging behaviors,
caregiver stress, beliefs about ASD, current recommendations, specific needs of the
individual and side-effects of the medications (Wilson et al. 2018).

In this context, shared-decision making among clinicians, caregivers and individuals
with ASD is necessary for treatment decisions about when and which medication to
be used.

The thesis provided the best available evidence on the pharmacotherapy of core
symptoms and co-occurring difficulties in ASD, which could inform a shared-decision
making process. For example, the evidence could be presented with the use of a digital
shared-decision making assistant, e.g., as recently designed for choosing

antipsychotics in the treatment of schizophrenia (Siafis et al. 2022a).

4.2.1.1.1. Core symptoms

The findings further supported current guidelines, e.g., (DGPPN 2021; Fuentes,
Hervas, and Howlin 2021; Howes et al. 2018; Hyman et al. 2020; NICE 2021a, 2021b),
which recommend against the routine prescription of current medications in individuals
with ASD who want medical support for the core symptoms.

In particular, some medications might be effective in improving core symptoms (Table-
2 and Table-3). However, the evidence was generally preliminary and of low certainty,
as well as the effects were on average small-to-medium, potentially confounded by
improvements in co-occurring difficulties and accompanied with a higher risk of

adverse events.
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Therefore, the advantages of these medications considering their efficacy in the core
symptoms and corresponding side-effects seems to be generally small (Figure-6), and
thus, careful consideration and regular monitoring of the potential benefits and risks is

required when these medications are used (Howes et al. 2018).

Figure 6 Trade-off between efficacy in the core symptoms and any adverse events in children/adolescents with
ASD. The ranking of treatments was based on a recently developed method (Chiocchia et al. 2022), which is an
extension of the spie chart (Daly et al. 2020). Specifically, the standardized area within the spie chart (SAWIS) of
efficacy is calculated for each intervention using the P-scores for efficacy in the core symptoms (assuming an equal
importance of social-communication difficulties and repetitive behaviors), and similarly for safety using the P-scores
of any adverse event. The trade-off of the spie chart (SAWISNB) between efficacy and safety is calculated by the
subtraction of the area of the SAWIS®fica minus A times the area of SAWISSaY, A is a unit of tolerance of efficacy
relatively to safety (A=0 indicates that efficacy is only important). A positive SAWISNB indicates a positive trade-off
between efficacy and safety given a unit of tolerance to adverse events. Potentially effective medications listed in
Table-2 with data for both core symptom domains and any adverse event were presented in this figure.
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4.2.1.1.2. Co-occurring difficulties

The findings were also generally in line with the recommendations about the
pharmacological treatment of three important co-occurring difficulties, i.e., irritability,
ADHD symptoms and anxiety (Anixt et al. 2020), e.g., (Fuentes, Hervas, and Howlin

2021; Howes et al. 2018; Rodrigues et al. 2021)(Table-4). Other common co-occurring
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conditions, e.g., sleep disorders, gastrointestinal symptoms, and epileptic seizures,

were not considered as outcomes of the thesis.

Table 4 Medications for co-occurring difficulties in children/adolescents with ASD.

Co-occurring difficulties Implications of the findings
Irritability/aggression Aripiprazole (FDA approved) and risperidone (EMA/FDA approved)

showed medium-to-large effect sizes in improving irritability. There were
no clear differences between them, but aripiprazole may have a smaller
risk for weight gain. Some of their effects may also be maintained in the
long-term (Findling et al. 2014; Troost et al. 2005).

Due to their adverse events, they could be considered as second-line
treatment when behavioral or educational interventions have failed, as
well as their use require careful monitoring of their benefit-risk ratio
(Howes et al. 2018).

On the other hand, the evidence for other antipsychotics was sparse and
inconclusive, such as for haloperidol (approved by EMA; evidence from
old small and mainly crossover RCTS), lurasidone (one well-powered
and negative RCT (Loebel et al. 2016)) etc. Therefore, extreme caution
is needed when extrapolating findings from aripiprazole and risperidone
to all antipsychotics, e.g., as it has been done in other meta-analysis
(D'Al0 et al. 2021).

Selective serotonin _reuptake inhibitors (SSRI), e.g., fluoxetine,
citalopram and sertraline, might improve irritability with small-to-medium
effect-sizes, yet this finding requires further investigation given that most
of the RCTs were not focused on irritability.

Some medications may also improve, e.g., sulforaphane and
guanfacine, or even worsen irritability, e.g., vitamin-B12 and
levetiracetam. Further research is warranted.

ADHD symptoms Methylphenidate, i.e., the first-line medication for ADHD symptoms after
behavioral interventions have failed (Rodrigues et al. 2021), was
investigated only in crossover RCTs, which did not provide usable data
according to the protocol of the thesis. Nevertheless, previous meta-
analysis found a medium-to-large effect for methylphenidate in
improving ADHD symptoms (Sturman, Deckx, and van Driel 2017).

The second-line medications, atomoxetine and guanfacine showed
medium-to-large effect-sizes in improving ADHD symptoms. In addition,
guanfacine may be more efficacious based on an indirect comparison
and may also improve irritability with a medium effect-size. However,
guanfacine was associated with adverse events, e.g., sedation, and
could be less tolerable, according also to previous reviews (Cortese et
al. 2018; Rodrigues et al. 2021).

There was no or limited evidence for other ADHD medications, e.g.,
amphetamines or clonidine.

Avripiprazole and risperidone showed large effect-sizes in improving
ADHD symptoms, yet most of the trials focused on irritability.
Nevertheless, they could be considered as alternative options when
standard interventions have failed (Lamberti et al. 2016).

Some medications may also improve ADHD symptoms, e.g.,
olanzapine, naltrexone, omega-3-fatty acids and sulforaphane. Further
research is warranted.

Anxiety or depression None of the investigated medications were found to improve anxiety or
depression.

Other common co-occurring difficulties were not investigated as outcomes in this review, e.g., sleep
disorders, epileptic seizures, gastrointestinal issues.

In order to disseminate the findings to the public and further facilitate evidence-based

treatment decisions, lay summaries were written in collaboration with the AIMS-2-
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TRIALS communication team and presented in the respective website (AIMS-2-

TRIALS 2020, 2022).

4.2.1.2. Nomenclature for psychotropic medications, unclear class effects and the
example of antipsychotic drugs

The findings further highlight the need to move from an indication- to a pharmacology-
driven nomenclature of psychotropic medications (Zohar et al. 2015).

Current nomenclature for psychotropic medications is rather anachronistic and based
on the primary therapeutic indication, e.g., antidepressants and antipsychotics (Zohar
et al. 2015). The indication-based nomenclature could be confusing and misleading.
In particular, commonly used medications in ASD have another primary indication, e.g.,
antipsychotics, antidepressants, ADHD medications, antiepileptics. Accordingly,
medications that belong to the same pharmacological class could be perceived as
having similar properties, i.e., “class effect’, which, however, may not pertain outside
the primary therapeutic indication (Fountoulakis et al. 2011). Thus, extra caution is
needed when inferring and extrapolating conclusions about medications within an
indication-based pharmacological class, especially if the target condition is different
from the primary indication of the pharmacological class. To that direction, the
adoption and improvement of the Neuroscience-Based Nomenclature (NbN) (Zohar et
al. 2015), which aim to classify psychotropic medications based on their pharmacology
and mechanism of action, may reduce such misconceptions and facilitate better
treatment decisions.

A notable example is antipsychotic drugs for ASD. Antipsychotics act as antagonists
or partial agonists to the D2 receptors and they are the mainstay pharmacological
treatment of schizophrenia with small differences in their efficacy (Huhn et al. 2019;

Schneider-Thoma et al. 2022). Therefore, they are usually classified into the same
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pharmacological class, i.e., “antipsychotics”, a name that have originated from these
properties (Carpenter and Davis 2012). This indication-based classification was also
frequently used in ASD to draw conclusions, e.g., (D'Al0 et al. 2021; Salazar de Pablo
et al. 2022). Nevertheless, antipsychotics target also other receptors, e.g., serotonin,
acetylcholine, histamine, adrenergic receptors, etc., and differ substantially in their
receptor-binding profiles (Siafis, Davis, and Leucht 2021). For this reason, there may
be no “class effect” for antipsychotics in ASD.

In particular, two antipsychotics, i.e., aripiprazole and risperidone, were found to be
efficacious in ASD by improving irritability (in line with their approved indication),
ADHD symptoms, and the two core symptom domains, although the latter effects
could be unspecific. On the other hand, there was limited and inconclusive evidence
for some antipsychotics, i.e., amisulpride (Dollfus et al. 1992), haloperidol (indicated
by EMA for ASD-related aggression, evidence from old small and mainly crossover
RCTs), olanzapine (unpublished studies and reporting bias), paliperidone (one RCT
from China with concerns in methodology)(Li et al. 2016), and lurasidone (one well-
powered and negative RCT)(Loebel et al. 2016), no randomized evidence for other
antipsychotics, e.g., quetiapine, ziprasidone and clozapine, and emerging evidence
for newer antipsychotics, e.g., cariprazine and brexpiprazole (NCT04174365 2019;
NCT05439616 2022). Therefore, caution is needed when extrapolated findings from
aripiprazole and risperidone to all antipsychotics.

4.2.2. Implications for clinical research

The findings of the thesis could also have implications for clinical research by
identifying medications for further investigation, and insights for future clinical trials

and systematic reviews.
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4.2.2.1. Medications for further investigation

The quality of the evidence for the majority of the medications was very low or low,

and thus, further research is generally required. Nevertheless, some medications

could be discussed in more detail (Table-5), and given the lack of effective

medications for ASD, replication of positive findings should be prioritized (McCracken

et al. 2021).

Table 5 Medications that require further investigation. The mechanism of action of medications was extracted from
the Neuroscience-Based-Nomenclature (NbN)(Zohar et al. 2015) and the IUPHAR/BPS (Harding et al. 2022). D2:
dopamine 2 receptor, 5-HT1A/2/2A: serotonin 1A, 2 and 2A receptors, NET: norepinephrine transporter, alpha-2:
norepinephrine alpha-2 receptor; ALDH5A1: aldehyde dehydrogenase 5 Al, HDAC: histone deacetylase; FFAR:
free fatty acid receptor, RXRa: retinoid X receptor a; GSK-3b: glycogen synthase kinase 3 beta; CB: cannabinoid
receptors; NMDA: N-methyl-D-aspartate receptor TRP: transient receptor potential cation channel;, CBD:

cannabidiol, CBVD: cannabidivarin; THC: A9-tetrahydrocannabinol

Pharmacological
class

Mechanism of action

Medication

Comments for further investigation

Antipsychotic

D2, 5-HT1a partial
agonist, 5-HT2a
antagonist

Aripiprazole

Approved indication for irritability
associated with ASD (FDA).

Potential role in the management of
ADHD symptoms.

Effects on core symptoms can be
unspecific and subsequent to the
improvement of irritability and/or ADHD
symptoms.

Further investigation on the benefit-risk
ratio.

Antipsychotic

D2, 5-HT>, alpha-2
antagonist

Risperidone

Approved indication for irritability
associated with ASD (EMA, FDA).
Potential role in the management of
ADHD symptoms.

Effects on core symptoms can be
unspecific and subsequent to the
improvement of irritability and/or ADHD
symptoms. RCT focusing on repetitive
behaviors is not yet published
(NCT01171937 2010).

Further investigation on the benefit-risk
ratio, e.g., therapeutic window of 15-
25ug/l (Kloosterboer et al. 2021) and a
higher response in individuals with a
higher severity of symptoms at baseline
(Arnold et al. 2010; Levine et al. 2016).

Antipsychotic

D2 antagonist

Haloperidol

Approved indication  for  severe
aggression associated with ASD (EMA).
Evidence was based on small, old and
mainly crossover RCTs. Nevertheless,
further investigation may not be
warranted given that haloperidol is
associated with dyskinesia and may be
less effective than risperidone (Miral et
al. 2008).

ADHD medication

DAT, NET inhibitor

Methylphenidate

Methylphenidate is
recommended as the first-line
medication for ADHD symptoms
(Rodrigues et al. 2021), yet there was
limited eligible data from five small and
crossover RCTs. A previous meta-

generally
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analysis that used a different method to
analyze data from crossover studies
found that methylphenidate may improve
ADHD symptoms with a medium-to-large
effect size, yet the effects on other
symptom domains were unclear
(Sturman, Deckx, and van Driel 2017). A
more recent open-label RCT from India
found generally similar effects between
risperidone and methylphenidate in
improving core symptoms and co-
occurring difficulties in
children/adolescents with ASD
(Mahajan, Arun, and Chauhan 2022).

ADHD medication

DAT, NET inhibitor

Amphetamines

Amphetamines can be a second-line
medication for ADHD symptoms
(Cortese et al. 2018; Rodrigues et al.
2021), yet there was no RCT in ASD.

ADHD medication

NET inhibitor

Atomoxetine

Effects on repetitive behaviors could be
unspecific and subsequent to the
improvement of ADHD symptoms.

Effects on repetitive behaviors could be
unspecific and subsequent to the

ADHD medication | alpha-2 agonist Guanfacine improvement of irritability and/or ADHD
symptoms.
No evidence on improving core
symptoms, anxiety or depression in
. children/adolescents.
_ o f%t;l(zrt)irnaem, Potential efficacy for _irritability,_ vyhich
Antidepressant SERT inhibitor fl - was yet not the focus in the majority of
uvoxamine,

sertraline etc.

the RCTs.

Potential efficacy for repetitive behaviors
in adults based on the findings of two
small RCTs.

Antiepileptic/mood
-stabilizer

unclear, ALDH5A1,
HDAC inhibition

Valproate

Potential efficacy  for repetitive
behaviors, and mixed evidence on
irritability.

Further research is generally warranted
about antiepileptics in individuals with
ASD and comorbid epilepsy, which is
prevalent in about 10% (Liu et al. 2022),
given that there was limited evidence,
and some of them, e.g., levetiracetam
and zonisamide, may have a higher risk
of behavioral and psychiatric adverse
events (Chen et al. 2017; Wasserman et
al. 2006).

Sleep medication

MT agonist

Melatonin

Approved indication for sleep disorders
associated with ASD (EMA).

Potential effects on other co-occurring
difficulties, e.g., irritability and ADHD
symptoms, can be unspecific and
subsequent to the improvement of sleep
problems (not an outcome of this
analysis).

Neuropeptide

OT, VP agonist

Oxytocin

No effects on core symptoms and co-
occurring difficulties in
children/adolescents.

Potential efficacy for repetitive behaviors
in adults, yet the evidence was mainly
based in high-functioning men.

Mixed evidence in improving social-
communication difficulties in adults.

Neuropeptide

VP, OT agonist

Vasopressin

Potential positive effects based on a
small trial in children/adolescents, which
was however excluded in this analysis
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due to unconcealed allocation (Parker et
al. 2019).

Experimental

VP1a antagonist, 5-
HT2g antagonist

Balovaptan

No effects based on large trials in
children/adolescents and adults, yet
small improvements in quality of life were
noted.

Loop diuretic

Na-K-CI symporter
inhibitor

Bumetanide

Potential
behaviors.
Two recent large RCTs were negative,
but no data were available to be included
in the analysis (Crutel et al. 2021).

A more recent RCT found that
bumetanide could improve irritability in
children/adolescents with ASD, ADHD
and/or epilepsy and sensory
abnormalities (van Andel et al. 2022).

efficacy  for  repetitive

ALS medication

High voltage-activated
calcium channel
inhibitor

Riluzole

Potential effects on irritability, but data
were imprecise and based on a
presentation of an unpublished trial
(NCT01661855 2017).

Possibly not efficacious for irritability that
did not respond to aripiprazole or
risperidone based on the findings of a
very small RCT (Wink et al. 2018).

Anti-dementia
medication

NMDA antagonist

Memantine

Potential effects on neurocognition (not
an outcome of this analysis) (Soorya et
al. 2021).

No or mixed evidence on the efficacy for
core symptoms and co-occurring
difficulties. Further RCTs are ongoing,
e.g., (NCT03553875 2018).

Experimental

GABAB& agonist

Arbaclofen

No or mixed evidence on the efficacy for
core symptoms and co-occurring
difficulties. Further RCTs are ongoing,
e.g., (Parellada et al. 2021).

Experimental

GSK-3b inhibitor

Tideglusib

Potential effects on core symptoms, but
data were imprecise and based on a
presentation of an unpublished trial
(Anagnostou et al. 2018).

Experimental

Tyrosine hydroxylase
inhibitor

L1-79

Potential effects on core symptoms, but
data were imprecise and based on a
presentation of an unpublished trial
(Rothman 2020). Further RCTs are
ongoing, e.g., (NCT05067582 2021).

Drug used in
addictive disorders

Opioid y, Kk and &
antagonist

Naltrexone

Potential efficacy for ADHD symptoms.
No evidence for core symptoms (Roy et
al. 2015).

Cannabinoids

CBu2 partial agonist
(THC), CB1 negative
allosteric modulator
(CBD, CBDV), TRP
activation (CBD,
CBDV)

Cannabinoids
(THC, CBD,
CBDV, etc.)

Mixed evidence on the efficacy for core
symptoms and co-occurring difficulties. A
more recent RCT was also inconclusive
(da Silva Junior et al. 2022). Further
RCTs are ongoing, etc., (NCT03202303
2017; NCT04745026 2021).

Potential efficacy for social-

communication difficulties, irritability and

Dietary- uncle_ar, FFAR, RXRa Or_nega-3-fatty ADHD symptoms. Further and larger
supplement agonist acids .
RCTs are ongoing and necessary, e.g.,
(NCT01260961 2010)
co-factors and/or
substrates in single- Folinic acid
carbon transfer Vitamin-Bus There was mixed evidence on the
Dietary- reactions concerning 12, efficacy for core symptoms. Further
: sapropterin, .
supplement four interconnected RCTs are ongoing and necessary, e.g.,

pathways, i.e., folate,
methylation,
tetrahydrobiopterin and

cysteine-rich whey
protein

for folinic acid (NCT02839915 2016).
Vitamin-Bi1z may worsen irritability and
ADHD symptoms.
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glutathione metabolism
(Delhey et al. 2018)
Mixed evidence on the efficacy for core
Unclear, enhance heat symptoms and co-occurring difficulties. A
Dietary- shock and antioxidant more recent RCT from China had also
supplement response via Keapl- Sulforaphane inconclusive fmdmgs_, (Smith et al. 2020).
Nrf2 pathway (Gan et Nevertheless, medium-to-large effect-
al. 2010) (Gan et al. sizes were indicated for some outcomes,
2010) and further research is warranted.
Unclear, production of Potential efficacy for gastrointestinal
neuroactive symptoms (not an outcome of this
Dietary- substances and _— analysis)(Arnold et al. 2019).
- . Probiotics ' )
supplement restoration of gut-brain Inconclusive evidence for the core
axis (Dinan, Stanton, symptoms. Further RCTs are ongoing,
and Cryan 2013) e.g., (Zhang et al. 2022).
Potential efficacy for sleep disorders (not
Dietary- Unclear_, antigl_ycating an outcomg of @his analysis)(Mehrazad-
supplement and ant_|OX|dat|ve Saber, Khelroun, and Noorazar _2018).
properties (Reddy et al. No or mixed evidence on the efficacy for
2005) Carnosine core symptoms.
No or mixed evidence in improving core
symptoms.
No RCT for D-cycloserine was eligible for
. this analysis. Another RCT found that D-
Dietary- : Lo
supplement cycl_oseruje cou_ld_ malntaln_the effects of
social skills training, despite there was
no difference with placebo in the short-
Dimethylglycine, term (Minshawi et al. 2016; Wink et al.
NMDA partial agonist D-cycloserine 2017).

It should be noted again that medications could only be considered as part of a
multidisciplinary support and care for individuals with ASD (Lai et al. 2020). Therefore,
there is a tremendous need to evaluate their role within multimodal interventions, e.g.,
potential synergistic and potentiation effects between pharmacological and non-
pharmacological interventions (Diaz-Caneja et al. 2021; McCracken et al. 2021). For
example, some medications could theoretically enhance the effects of behavioral or
education interventions, such as indirectly by improving challenging behaviors and
subsequently allowing more participation in social interaction, e.g., risperidone
(McDougle et al. 2005; Scabhill et al. 2012), or directly by potentiating learning, e.g., D-
cycloserine (Wink et al. 2017).

However, there is a paucity of RCTs on this topic, and the latter were excluded from
this analysis, e.g., D-cycloserine and social skills training (Minshawi et al. 2016; Wink

et al. 2017), melatonin and cognitive behavioral therapy (CBT) for insomnia (Cortesi
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et al. 2012), 3,4-methylenedioxymethamphetamine (MDMA) assisted psychotherapy
for social anxiety (Danforth et al. 2018), the combination of atomoxetine (Handen et
al. 2015), bumetanide (Du et al. 2015), haloperidol (Campbell et al. 1978), memantine
(Karahmadi et al. 2018), risperidone (Aman et al. 2009; Rezaei et al. 2018; Scahill et
al. 2012), and levetiracetam (Wang, Jiang, and Tang 2017) with behavioral or
educational interventions.

4.2.2.2. Insights for future clinical trials and meta-analysis

The findings of the thesis could give insights in the design of future clinical trials and
meta-analysis, especially regarding heterogeneity in ASD, outcome measures,
sample size and other design characteristics.

4.2.2.2.1. Heterogeneity

As noted in the introduction (see 1.1.), ASD is characterized by extreme heterogeneity,
which could be a major challenge in drug discovery (Diaz-Caneja et al. 2021;
McCracken et al. 2021). In particular, ASD may not be a unitary diagnosis, but it could
consist of conditions sharing the two core symptom domains, albeit having a different
neurobiology, and subsequently a different phenotypic expression and treatment
response, etc. (McCracken et al. 2021).

There are efforts to disentangle heterogeneity, facilitate the stratification of individuals
and prediction of treatment response across different medications, such as based on
the severity of sensory abnormalities and other symptom subtypes, the presence of
comorbidities, e.g., monogenetic disorder, epilepsy etc., as well as emerging objective
biomarkers, e.g., indices in electroencephalograph (EEG), eye-tracking, neuroimaging,
magnetic resonance spectroscopy (MRS), blood levels of serotonin, etc. (Diaz-Caneja
etal. 2021; McCracken et al. 2021; McPartland et al. 2020). For example, the efficacy

of bumetanide could be higher in individuals with a higher baseline severity of sensory
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abnormalities and repetitive behaviors, as well as predicted by EEG and MRS indices
of baseline excitatory-inhibitory imbalance (Dai et al. 2021; Juarez-Martinez et al. 2021;
van Andel et al. 2022; Zhang et al. 2020). Nevertheless, these findings warrant further
replication (Geertjens et al. 2022).

Heterogeneity in ASD could also be reflected by a substantial interindividual variability
of treatment response, which warrants further investigation (Baribeau, Vorstman, and
Anagnostou 2022). Substantial interindividual variability, e.g., as suggested by a
higher variance of symptom change in the medication compared with the placebo
group, could lead to a small effect-size on average, yet it could still indicate that there
may be a subgroup of individuals that respond to the medication. Thus, meta-analysis
of variation could further elucidate the potential presence of interindividual variability
of treatment response and facilitate the replicability and generalizability of the findings
(Usui et al. 2021). Nevertheless, such interpersonal variability of treatment response
has not been found in schizophrenia, another condition with substantial heterogeneity
in terms of neurobiology (Winkelbeiner et al. 2019).

Accordingly, there is also a great need to identify mediators and moderators of
treatment response (Diaz-Caneja et al. 2021). Thus, further investigation is warranted
with individual-participant-data (IPD) meta-analysis, which could allow for a fine-
grained analysis of participant-related factors (Debray et al. 2015), e.g., age, sex,
baseline severity etc. Apart from exploring heterogeneity, such analyses could further
elucidate the benefit-risk ratio of current medications. For example, post-hoc analyses
of the NIMH-RUPP trial of risperidone found that a higher baseline severity of
symptoms was a moderator of response (Arnold et al. 2010; Levine et al. 2016), while
compliance and less weight gain mediated positively the treatment response (Arnold

et al. 2010). Thus, a positive benefit-risk ratio could be suggested for risperidone in
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participants with a higher severity of illness and within the alleged therapeutic window
of 15-25ug/l for acceptable efficacy and weight gain (Kloosterboer et al. 2021).
4.2.2.2.2. Outcome measures

As noted previously (see 2.5.2.1 and 4.1.1.3), there is still no agreement on the

selection of outcome measures in clinical trials of ASD (Aman et al. 2004; McCracken
et al. 2021). There is a long list of more than 300 outcome measures, from which only
a few have been used in at least 5% of current trial (Bolte and Diehl 2013; Provenzani
et al. 2020) and some of them have been recommended by expert consensus, e.g.,
(McCracken et al. 2021). Therefore, diverse, yet validated, outcome measures were
identified and used in the thesis, and they were classified into the different outcome
domains. This classification could be used as guidance for future meta-analysis, e.g.,
a systematic review and network meta-analysis on psychological and psychosocial
interventions is planned. Nevertheless, it is unclear whether there is a disagreement
among the treatment effects measured by different scales, and further research is
necessary (McCracken et al. 2021).

Accordingly, commonly used outcome measures should be considered in clinical trials
in order to ease the interpretation, comparability and combination of their findings
(McCracken et al. 2021). In particular, the CGlI scales are recommended to be used in
all trials of ASD, given the phenotypic heterogeneity of the condition and the lack of
optimal scale (Aman et al. 2004; Provenzani et al. 2020). The thesis by validating an
imputation method to estimate the number of responders in CGI-I could further
facilitate the comparability and combination of data across studies.

Another issue is that current outcome measures are mainly based on informant reports,

e.g., self-, caregiver- and clinician-ratings, which could be prone to expectancy biases
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and could vary importantly across the different informants (Jacob et al. 2022; Moricke,
Buitelaar, and Rommelse 2016).

In particular, the thesis identified that placebo-effects in social-communication
difficulties might be higher in caregiver compared with clinician ratings (Siafis et al.
2020). This could indicate the presence of placebo-by-proxy effects, such as due to
parental expectations, satisfaction with care, participation effects and observation
within the trial (Jones et al. 2017; Weimer et al. 2013). Participation effects and
unspecific fluctuations of symptoms might be reduced after a screening phase of an
adequate duration, which could also be combined with a washout from previous
psychotropic medications and/or a placebo lead-in phase, yet there was limited data
to support these recommendations (Siafis et al. 2020).

Furthermore, placebo-by-proxy effects could be reflected by modification of the
caregiver perception of symptoms (i.e., improvements in caregiver ratings), and/or
modification of the behavior of the caregiver that may influence the symptoms and
behaviors of the child (i.e., improvements in clinician ratings and other outcome
measures) (Weimer et al. 2013; Whalley and Hyland 2013). The latter phenomenon
might also partially explain the substantial placebo-effects across different outcome
measures in the recent balovaptan trials (Baribeau, Vorstman, and Anagnostou 2022).
Nevertheless, clinician ratings could also be prone to placebo-effects (Masi et al. 2015),
e.g., as observed in CY-BOCS in three large antidepressant trials (Herscu et al. 2020;
King et al. 2009; Reddihough et al. 2019).

Therefore, there is a certain need of more objective, developmentally sensitivity, and
psychometrically-sound outcome measures (Baribeau, Vorstman, and Anagnostou
2022; Diaz-Caneja et al. 2021; Jacob et al. 2022; McCracken et al. 2021), such as by

utilizing digital health technology, e.g., the multimodal data capture system Janssen
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Autism Knowledge Engine (JAKE®)(Ness et al. 2019) and smartphone questions
(Jones et al. 2018), emerging biomarkers, e.g., eye-tracking-based measures (Frazier
et al. 2018), novel rating scales, e.g., Brief Observation of Social Communication
Change (BOSCC) (Grzadzinski et al. 2016), and improving currently available scales,
e.g., applying item response theory to ABC (Haem et al. 2020) or SRS (Sturm et al.
2017).

New approaches to incorporate the perspectives of the individual and caregivers are
also needed, such as by utilizing measures of self-reported outcomes and quality of
life, e.g., the NIH Patient-Reported Outcomes Measurement Information System
(PROMIS) Autism Battery, and measures of individual- or parent-defined target
problems (Arnold et al. 2003; Scahill et al. 2017). This is particularly important given
that the priorities of individuals with ASD and their families may differ from those of
researchers, e.g., anxiety/mood symptoms are more often highlighted as treatment

targets by caregivers in comparison with repetitive behaviors (McCracken et al. 2021).

4.2.2.2.3. Sample size and other trial design characteristics

A major limitation of current RCTs is their small sample sizes (about 20-80 participants)
and their considerable lack of statistical power to detect small-to-medium effect-sizes,
which are expected for the core symptoms of ASD (McCracken et al. 2021). There is
no doubt that larger and adequately powered RCTs are needed, yet some concerns
should be considered with larger sample sizes, given that they could increase
heterogeneity and may be associated with higher placebo-effects, as also found in this
analysis (Siafis et al. 2020).

In particular, recruitment of participants could be challenging in larger RCTs (Carlisle
et al. 2015), and even more complicated in ASD (Bent and Hendren 2010).

Recruitment pressure necessitates the utilization of more study sites, often non-
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academic private sites with less experience in ASD (Siafis et al. 2020), loosening of
the eligibility criteria, e.g., (Reddihough et al. 2019), and online recruitment (Br@gger-
Mikkelsen et al. 2020; Jacob et al. 2022).

Multicenter trials are generally associated with smaller effect-sizes (Dechartres et al.
2011), and higher placebo-effects in ASD (Siafis et al. 2020). Among others,
multicenter trials tend to include more heterogenous populations and less experienced
research teams, and have additional practical challenges. For example, increased
heterogeneity of the included participants could be associated with smaller effect-sizes
as discussed above (see 4.2.2.2.1). In addition, less experienced teams may show
higher placebo-effects and lower inter-rater reliability, e.g., for outcome measures that
require extensive training such as VABS (Jacob et al. 2022). A low inter-rater reliability
could further increase the variability of measurements and lead to smaller effect-sizes.
Practical issues and protocol deviations could also for example decrease the inter-
rater reliability, e.g., changes of raters in the arbaclofen trial (Veenstra-VanderWeele
et al. 2017). Therefore, careful selection, proper training and monitoring of the sites is
necessary, and the utilization of centralized experienced raters (Kobak et al. 2010)
could be preferred when possible.

Furthermore, non-academic private sites often recruit competitively and utilize time-
efficient recruitment methods, such as online recruitment, which was associated with
higher placebo-effects in the balovaptan trials (Jacob et al. 2022), potentially due to
the proactive research attitudes, higher expectancies and specific characteristics of
web-referenced participants (Jacob et al. 2022; Rgdgaard et al. 2022). Another issue
is that competitive recruitment could lead to inflation of baseline scores of clinician-
rating scales when a minimum score of baseline severity is required for inclusion

(Mundt et al. 2007; Rutherford and Roose 2013). The use of a minimum threshold of
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symptom severity as inclusion criteria could also be associated with regression to the
mean and higher placebo-effects, e.g., as noted in ASD (Siafis et al. 2020). These
effects could be partially reduced by using different rating scales for inclusion and as
primary outcomes (Parellada et al. 2012) or by a blinded analysis excluding
participants with baseline scores close to the minimum required threshold (Mancini et
al. 2014).

Other design characteristics should also be considered, yet they are beyond the focus
of thesis, e.g., younger age of participants to test potentially disease-modifying effects
of medications, longer duration of treatment to observe changes in the core symptoms,
randomized discontinuation trials and follow-up visits to investigate maintenance of
effects, issues of crossover trials, careful selection of dose, appropriate blinding etc.
(Diaz-Caneja et al. 2021; EMA 2018; McCracken et al. 2021).

The aforementioned issues could be summarized in a theoretical model for the failure
of late-stage clinical trials (Figure-7). In particular, challenges in drug development,
e.g., ineffective medications, inadequate outcome measures, high placebo-effects and
substantial heterogeneity in ASD, could lead to smaller effect-sizes, which would
subsequently necessitate larger sample sizes and multicenter trials, which issues
could further decrease the observed effect-sizes, and thus, creating a vicious circle
between sample sizes and small effect-sizes. A similarly model has been suggested
in schizophrenia (Leucht et al. 2017). Nevertheless, further research is necessary to
elucidate the mechanisms of this model.

Therefore, there is a need to improve multicenter RCTs in ASD. Accordingly, one of
the objectives of the AIMS-2-TRIALS (see 1.5) was to build a network of academia,
pharmaceutical industry, autism organizations and regulatory agencies in order to

facilitate the execution of multicenter trials, proper training and research experience
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acquisition, as well as recruitment of well-characterized individuals with ASD (Diaz-

Caneja et al. 2021).

Figure 7 Theoretical model for the failure of late-stage clinical trials in ASD combining the challenges in drug
development and the vicious circle between sample size and small effect-sizes. Ineffective medications, inadequate
outcome measures, substantial heterogeneity in ASD and high placebo-effects could lead to smaller effect-sizes
for the difference between medication and placebo. Smaller effect-sizes would require larger sample sizes in order
to be detected. Larger sample sizes could necessitate multicenter trials, which could further decrease the observed
effect-size. SMD: standardized mean difference; Mdrug: mean improvement of symptoms in the medication group;
Mplacebo: mean improvement of symptoms in the placebo group; SD: pooled standard deviation of the improvement
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4.3. Conclusions

There is still no approved medication for the core symptoms of ASD, and previous
late-stage clinical trials failed to identify effective medications. Thus, the aim of the
thesis was to inform evidence-based pharmacotherapy and drug development in ASD
by providing an up-to-date and comprehensive synthesis of 203 RCTs.

First, some medications, e.g., aripiprazole and risperidone, might be effective for the
core symptoms and/or co-occurring difficulties of ASD, albeit associated with adverse

events. Nevertheless, the evidence was generally preliminary and with low certainty.
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Therefore, routine prescription of medications for the core symptoms cannot be
recommended and further investigation is necessary.

Second, the magnitude of placebo-effects was considerable and predictors of higher
placebo-effects were identified, e.g., caregiver-ratings and larger trials. Based on
these findings and the results of more recent trials, a theoretical model for the failure
of late-stage trials was described by combining challenges in drug development and
a vicious circle between small effect-sizes and sample sizes.

Third, a method to estimate the number of responders from continuous data of CGI-I
was validated, and thus, facilitating the combination and comparability of findings
across trials.

The findings and subsequently the implications of the thesis would hopefully provide
a stepping stone to improve the support and care for individuals with ASD and their

families.
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Abstract

Background: There is still no approved medication for the core symptoms of autism spectrum disorder (ASD). This
network meta-analysis investigated pharmacological and dietary-supplement treatments for ASD.

Methods: We searched for randomized-controlled-trials (RCTs) with a minimum duration of seven days in ClinicalTri-
als.gov, EMBASE, MEDLINE, PsycINFO, WHO-ICTRP (from inception up to July 8,2018), CENTRAL and PubMed (up to
November 3, 2021). The co-primary outcomes were core symptoms (social-communication difficulties-SCD, repetitive
behaviors-RB, overall core symptoms-OCS) measured by validated scales and standardized-mean-differences (SMDs).
Associated symptoms, e.g,, irritability/aggression and attention-deficit/hyperactivity disorder (ADHD) symptoms,
dropouts and important side-effects, were investigated as secondary outcomes. Studies in children/adolescents and
adults were analyzed separately in random-effects pairwise and network meta-analyses.

Results: We analyzed data for 41 drugs and 17 dietary-supplements, from 125 RCTs (n = 7450 participants) in chil-
dren/adolescents and 18 RCTs (n=1104) in adults. The following medications could improve at least one core symp-
tom domain in comparison with placebo: aripiprazole (k=6 studies in analysis, SCD: SMD=0.27 95% CI [0.09, 0.44],
RB: 0.48 [0.26, 0.70]), atomoxetine (k=3, RB:0.49 [0.18, 0.80]), bumetanide (k=4, RB: 0.35 [0.09, 0.62], OCS: 0.61 [0.31,
0.91]), and risperidone (k=4, SCM: 0.31 [0.06, 0.55], RB: 0.60 [0.29, 0.90]; k=3, OCS: 1.18 [0.75, 1.61]) in children/ado-
lescents; fluoxetine (k=1, RB: 1.20 [0.45, 1.96]), fluvoxamine (k= 1, RB: 1.04 [0.27, 1.81]), oxytocin (k=6, RB:0.41 [0.16,
0.66]) and risperidone (k= 1, RB: 0.97 [0.21,1.74]) in adults. There were some indications of improvement by carnos-
ine, haloperidol, folinic acid, guanfacine, omega-3-fatty-acids, probiotics, sulforaphane, tideglusib and valproate, yet
imprecise and not robust. Confidence in these estimates was very low or low, except moderate for oxytocin. Medica-
tions differed substantially in improving associated symptoms, and in their side-effect profiles.

Limitations: Most of the studies were inadequately powered (sample sizes of 20-80 participants), with short dura-
tion (8-13 weeks), and about a third focused on associated symptoms. Networks were mainly star-shaped, and there
were indications of reporting bias. There was no optimal rating scale measuring change in core symptoms.
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Trial registration PROSPERO-ID CRD42019125317.

Irritability, ADHD, Anxiety, Caregiver stress

Conclusions: Some medications could improve core symptoms, although this could be likely secondary to the
improvement of associated symptoms. Evidence on their efficacy and safety is preliminary; therefore, routine prescrip-
tion of medications for the core symptoms cannot be recommended.

Keywords: Autism, Meta-analysis, Treatment, Response, Social communication, Restricted and repetitive behaviors,

Background

Autism spectrum disorder (ASD) consists of het-
erogeneous conditions, which are characterized by
social-communication difficulties, restricted interests/
repetitive behaviors and sensory abnormalities [1].
Behavioral interventions are the mainstay treatment [2].
Medications with different mechanisms of action have
been examined in randomized controlled trials (RCTs)
[3-5], and some of them have been found efficacious for
associated symptoms, such as aripiprazole, risperidone
and haloperidol for irritability, methylphenidate, atom-
oxetine, clonidine and guanfacine for attention-deficit/
hyperactivity disorder (ADHD) symptoms and melatonin
for sleep disorders [2, 6]. However, prior late-stage clini-
cal trials failed to identify efficacious treatments for the
core symptoms of neurodevelopmental disorders [5, 7].
Despite lack of clear evidence in efficacy, about half of
the individuals with ASD receive psychotropic drugs [8].
The current synthesis of literature is restricted to medica-
tion classes or target symptoms [9-19], hence failing to
combine the huge amount of recently conducted RCTs
[3-5]. In order to better inform clinical practice and
identify medications potentially efficacious for ASD, we
combined evidence from pharmacological and dietary-
supplement ASD trials in a network meta-analysis.

Methods

Search strategy and selection criteria

This network meta-analysis analyzed placebo-controlled
and head-to-head RCTs on pharmacological/dietary-
supplement interventions for ASD according to the
PRISMA-NMA (Additional file 1: eAppendix-1) [20],
and with PROSPERO-ID: CRD42019125317 (Additional
file 1: eAppendix-2).

We searched ClinicalTrials.gov, EMBASE, MEDLINE,
PsycINFO, WHO-ICTRP (from inception to July 8,
2018), CENTRAL and PubMed (last update on Novem-
ber 3, 2021), without restrictions in terms of language,
document type, date/time and publication status (Addi-
tional file 1: eAppendix-3). Reference lists of included
studies and reviews [2, 9-17, 19, 21-24] were inspected.

Participants should have a diagnosis of ASD accord-
ing to standardized diagnostic criteria (e.g., DSM-III or
newer versions) and/or validated diagnostic tools (e.g.,

ADI-R) [2], without restrictions in terms of age, sex,
baseline severity and presence of genetic syndromes
or other associated conditions (e.g., irritability, ADHD
symptoms).

Any drug, dietary-supplement or placebo was eligi-
ble. We excluded augmentation and multimodal inter-
ventions (e.g., medications combined with risperidone
or behavioral interventions) as well as other types of
interventions (e.g., behavioral, elimination diets). The
minimum duration of treatment was seven days, and
there was no restriction in terms of dosing-schedule
and route of administration. Multiple doses of the same
intervention were combined [25] (Additional file 1:
eAppendix-2.2).

Blinded and open RCTs were eligible. RCTs with a low
or unclear risk of bias in random sequence generation
and allocation concealment were eligible, yet we excluded
trials with a high risk of bias in these domains [26]. Tri-
als stated to be randomized but did not report the exact
randomization methods (unclear risk of bias) were eligi-
ble, since poor reporting does not necessarily reflect the
actual conducted methods [27-30] (Additional file 1:
eAppendix-2.2). However, such trials were excluded
in a post hoc sensitivity analysis. We included data only
from the first phase of crossover studies in order to avoid
carry-over effects [31], and we excluded discontinuation
studies, studies published before 1980, or with a rand-
omized sample smaller than ten participants [32].

At least two independent reviewers/contributors
selected relevant records (SS, OC, HW, IB, MK, YZ, AC,
GD and TF), extracted data from eligible studies into an
Access database as well as evaluated risk of bias using the
Cochrane risk-of-bias tool (SS, OC, AR, HW) [26]. Stud-
ies were rated as having a low, moderate or high overall
risk of bias [33]. Differences were resolved with discus-
sion, and if needed, a third reviewer was involved (SL,
JST). Study authors were contacted for additional data
by e-mail (with a reminder in case of no response) (Addi-
tional file 1: eAppendix-4).

Outcomes

The co-primary outcomes were the change in core symp-
toms measured with validated rating scales: (1) social-
communication difficulties (SCD, e.g., ABC-L/SW [34]
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or VABS-Socialization [35]), (2) repetitive behaviors (RB,
e.g., ABC-S [34] or CYBOCS-PDD [36]), and (3) overall
core symptoms (OCS, e.g., SRS [37] or CARS [38]). There
is yet no optimal outcome measure [39], and we accepted
a wide range of validated scales, giving preference to
clinician-ratings and to the commonly used scales men-
tioned above, similar to our previous review [4] (Addi-
tional file 1: eAppendix-5.3).

Secondary outcomes were premature discontinuation
(dropout) due to any reason and due to adverse events,
number of participants with a positive response (prefera-
bly defined with a CGI-Improvement score <2 or at least
“much improved” [40]), change in irritability/aggression,
ADHD symptoms and anxiety/depression, quality of
life, global functioning and caregiver stress (Additional
file 1: eAppendix-5.3). We also examined the number of
participants with adverse events, sedation, weight gain
(preferably defined as > 7% increase) and extrapyramidal
symptoms.

Data analysis

Random-effects pairwise and network meta-analyses
were conducted within a frequentist framework using
meta v4.15-1 [41] and netmeta v1.2-1 [42] in R statisti-
cal software v4.0.3 [43]. The certainty of evidence of com-
parisons with placebo for the co-primary outcomes was
evaluated using CINeMA (Confidence in Network Meta-
Analysis) [44, 45] (Additional file 1: eAppendix-6.9).

The effect-sizes for continuous outcomes were stand-
ardized mean differences (SMD, Hedge’s g) and for
dichotomous outcomes were odds ratios (OR), pre-
sented with their 95% confidence intervals (95% CI).
We post hoc used ORs instead of relative risks, due
to their preferred mathematical properties in meta-
analysis [46, 47]. In order to present both continuous
and dichotomous outcomes in figures, ORs were also
converted to SMDs [25]. Treatments were ranked with
P-scores [48]. Intention-to-treat data were used, when-
ever available, and methods that handle missing data
were preferred to completers’ data, giving preference
to mixed-models for repeated measures (MMRM) and
multiple imputation over last-observation carried for-
ward (LOCF). For dichotomous outcomes, we assumed
that participants lost to follow-up did not have a
response. The number of participants with a positive
response (CGI-Improvement <2) [40] and weight gain
(>7% increase) was imputed from means and stand-
ard deviations (SD) using a validated method, when
dichotomous data were not reported [49, 50]. Miss-
ing SDs were calculated from available statistics [25],
pooling subscales (e.g., SRS subscales, assuming a cor-
relation of 0.5) [51] or using the mean SD of included
studies [25]. Change scores were preferred to follow-up
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scores, and the former were estimated post hoc when
both baseline and follow-up scores were available using
a correlation of 0.5 [25], since baseline imbalances
could have inflated treatment effects (Additional file 1:
eAppendix-6.1).

RCTs in children/adolescents and adults (or mixed
populations) were analyzed separately, since extrapola-
tion between age groups is discouraged [52]. Transitiv-
ity was further assessed by comparing the distribution of
clinical and methodological variables (i.e., study duration,
type of rater, associated conditions at baseline, baseline
scores of CGI-Severity (ranging 1-7) [40], ABC-Irritabil-
ity (ranging 0—45) [34] and mean age). Trials focused on
subgroups, ie., intellectual disability/high-functioning,
genetic syndrome or another associated condition, were
classified in CINeMA with moderate indirectness [44].

A common heterogeneity variance (7?) was assumed
for all comparisons per network, and heterogeneity was
quantified as low, moderate or high by comparing
with its empirical distributions [53, 54]. Incoherence was
examined globally with a design-by-treatment interac-
tion test and locally with separating indirect from direct
evidence [55].

We aimed to include unpublished trials (e.g., con-
tacting authors, using data reported in trial registries,
abstracts and reviews), and eligible studies with no usa-
ble data were considered in the assessment of reporting
bias [44]. Additionally, small-study effects were examined
with comparison-adjusted [56] (assuming the direction of
bias towards newer medications) and contour-enhanced
funnel plots, when there were more than ten studies per
comparison [25].

The robustness of the results was investigated in sen-
sitivity analyses using (a) fixed-effects models, excluding
studies with (b) implied randomization, (c) genetic syn-
drome or (d) associated symptoms as inclusion criteria,
(e) using only diagnostic evaluation tools, (f) with non-
clinician-ratings, (g) from less developed countries (post
hoc) [57], (h) with imputed SDs, (i) overall high risk of
bias, (j) unclear risk of bias in random sequence genera-
tion or allocation concealment (post hoc), (k) open or
single-blind, (I) shorter than four weeks, (m) present-
ing only completers’ data, (n) using a correlation of 0.25
and 0.75 to calculate the SD of change scores, and (o)
using ABC-L/SW or ABC-S (post hoc). In a post hoc
sensitivity analysis, relative risks were used for dichoto-
mous outcomes. Baseline severity could not be assessed
in a subgroup or sensitivity analysis, due to inconsist-
ent reporting and diversity of scales (Additional file 1:
eAppendix-2.2).

Alpha was set at two-sided 0.05, except for heterogene-
ity, incoherence and funnel plot tests at 0.1 due to their
small statistical power.
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Results

Description of included studies

Study selection is presented with a PRISMA flow dia-
gram (Additional file 1: eAppendix-4.1), and the list of
included/excluded full-texts in Additional file 1: eAp-
pendix-4.2/4.3. From 203 eligible trials, 125 trials in chil-
dren/adolescents (n ="7450 participants) and 18 in adults
(n=1104) were included in the quantitative analysis.

Study characteristics are presented in Additional
file 1: eAppendix-5.1 and the distribution of potential
effect-modifiers in Additional file 1: eAppendix-6.1. The
majority of trials were double-blind (k=138 studies), pla-
cebo-controlled (k=137) with a parallel-design (k=110)
and two-arms (k=125). They were recently published
(median publication year of 2015, interquartile range
[2008-2019]), had a short duration (12 [8—13] weeks),
small sample sizes (40 [23-76]) and few sites (1 [1-3]),
which were mainly academic (k=102 trials had only aca-
demic sites).

The median age of participants was 8.2 [6.3-9.5] years
in children/adolescents and 24.6 [21.9-27.9] years in
adults. The overall male-to-female ratio was 5.3 [3.9-8.2].
Standardized diagnostic criteria were used in most of
the studies (95%), and seven studies used only diagnos-
tic evaluation tools. Associated symptoms were required
as an inclusion criterion in about a third of the studies,
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mainly irritability and ADHD symptoms (in 30 trials),
and a genetic syndrome (neurofibromatosis-type-I) in
one trial [58]. At baseline, the sample was moderately
to markedly ill with a CGI-S score of 4.8 [4.4-5.1], and
ABC-Irritability of 16.9 [13.3-22.3], and about half of the
participants had intellectual disability (50% [0-73.5%]).
Nevertheless, reporting of participant characteristics was
poor in about two thirds of the studies.

Risk of bias assessment is presented in Additional file 1:
eAppendix-5.2. About 25% of the studies had an overall
low risk of bias, 55% had moderate and 17% high. About
half adequately reported methods of random sequence
and allocation concealment, and blinding was adequately
addressed in about 65%. High risk of bias was assigned
in about 26% studies for incomplete outcome data, 36%
for selective reporting and about 12% for other biases,
mainly due to baseline imbalance or early trial termina-
tion. Finally, about 30% of the studies were funded by
industry or their investigators applied for a patent.

Forty-one drugs were investigated in 100 trials (antip-
sychotics and antidepressants in about a third) and 17
dietary-supplements in 43 trials (Additional file 1: eAp-
pendix-5.1). Interventions were connected in mainly
star-shaped networks with placebo as the main node
(Additional file 2: Fig. S1). Therefore, we focused on com-
parisons with placebo (Fig. 1, Additional file 3: Fig. S2),

Social-communication difficulties

Repetitive behaviors

Overall core symptoms

RN

Children/adolescents

VL

Adults/mixed populations

mmmmmmm

gggggggg

mewenen e

Fig. 1 Forest plots of network meta-analysis for the primary outcomes, i.e., social-communication difficulties (SCD), repetitive behaviors (RB), and
overall core symptoms (OCS), in children/adolescents and adults. Placebo was used as reference. The squares and bars represent the effect-sizes
(standardized mean differences-SMD) along with their 95% confidence intervals. The size of the square is proportional to the inverse standard error
of the effect size. The color represents confidence in the estimates as evaluated with the CINeMA framewaork, i.e,, blue =moderate, yellow = low,
and red = very low. SMDs >0 indicate more improvement with the medication in comparison with placebo, SMDs =0 indicate no difference
between medication and placebo, and SMDs < 0 indicate less improvement with the medication in comparison with placebo. SMDs could be
interpreted as small (SMD =0.2|), medium (SMD =|0.5|) and large (SMD =(0.8]), and these thresholds are presented with dashed lines. k=total

number of studies for the intervention; n=total number of participants on the intervention
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and league tables with all comparisons are presented in
Additional file 4: Table S1. The results of pairwise meta-
analyses and individual studies are presented in Addi-
tional file 5: Fig. S3. In addition, incoherence could not be
evaluated when there were no closed loops (i.e., networks
for anxiety/depression, quality of life, caregiver stress and
all networks in adults). There was no clear indication of
incoherence for the rest of the networks, except for irri-
tability, response, weight gain and sedation in children/
adolescents for which pairwise meta-analyses were con-
ducted (Additional file 1: eAppendix-6.8).

Primary outcomes

Social-communication difficulties (SCD)
Social-communication difficulties were measured mainly
with ABC-L/SW (55%) and VABS-S (18%).

In children/adolescents, social-communication diffi-
culties were improved by risperidone (k=4 studies in the
analysis, #=133 participants treated with risperidone;
SMD =0.31 95%CI [0.06, 0.55]; low quality of evidence)
and aripiprazole (k=6, n=341; SMD =0.27 [0.09, 0.44];
low). Some trends of improvement were noted for folinic
acid (k=2, n=32, SMD=0.44 [—0.05, 0.93]; very low),
tideglusib (k=1, n=40; SMD=0.38 [—0.06, 0.82]; low),
omega-3-fatty-acids (k=10, n=171; SMD=0.21 [0.00,
0.43], very low), probiotics (k=5, n=92; SMD=0.21
[—0.08, 0.51]; low) and bumetanide (k=4, n=174;
SMD =0.14 [—0.08, 0.37]; low). There were no clear dif-
ferences between other medications and placebo with
very low-to-moderate confidence. Heterogeneity was low
(2=0).

In adults, none of the investigated medications
(sulforaphane,  balovaptan,  oxytocin)  improved
social-communication difficulties with very-low- or low-
quality evidence. There were high levels of heterogeneity
(r2=0.096).

Repetitive behaviors (RB)
Repetitive behaviors were measured mainly with ABC-S
(47%) and YBOCS-versions (27%).

In children/adolescents, repetitive behaviors were
improved by risperidone (k=4, n=133; SMD=0.60
[0.29, 0.90]; low), aripiprazole (k= 6, n=322; SMD =0.48
[0.26, 0.70]; very low), atomoxetine (k=3, n=107;
SMD =0.49 [0.18, 0.80]; very low) and bumetanide (k=4,
n=175; SMD =0.35 [0.09, 0.62], low). There were trends
for valproate (k=1, n=9; SMD =1.33 [—0.03, 2.68]; very
low) and guanfacine (k=1, n=30; SMD=0.55 [—0.02,
1.11]; low), and no clear differences for other medica-
tions with very low-to-moderate confidence. Heteroge-
neity was low-to-moderate (7*=0.017).

In adults, repetitive behaviors were improved by
fluoxetine (k=1, n=21; SMD=1.20 [0.45, 1.96]; low),

Page 5 of 17

fluvoxamine (k=1, n=15; SMD=1.04 [0.27, 1.81]; low),
risperidone (k=1, n=14; SMD=0.97 [0.21, 1.74]; very
low), and oxytocin (k=6, n=147; SMD=0.41 [0.16,
0.66]; moderate). Sulforaphane, balovaptan, milnacipran
and citalopram were not found efficacious with very low
or low confidence. Heterogeneity was low (7>=0).

Overall core symptoms (OCS)
Overall core symptoms were measured mainly with SRS
(47%) and CARS (22%).

In children/adolescents, overall core symptoms were
improved by risperidone (k=3, n=81; SMD=1.18
[0.75, 1.61]; very low), and bumetanide (k=4, n=189;
SMD =0.61 [0.31, 0.91]; low). There were some trends for
haloperidol (k=3, n=36; SMD =0.56 [—0.03, 1.15]; very
low) and carnosine (k=3, n=53; SMD=0.42 [—0.04,
0.88]; very low), and no clear differences for other medi-
cations with very low-to-moderate confidence. There
were moderate levels of heterogeneity (7>=0.038) and
no indication of incoherence. Nevertheless, a small study
(n=30) [59] that found no difference between risperi-
done and memantine (SMD =0.00 [—0.71, 0.72]) intro-
duced incoherence and was excluded from the primary
analysis of this outcome (Additional file 1: eAppen-
dix-6.8), and the results were robust after inclusion of
this study (Additional file 6: Fig. S4).

In adults, none of the investigated medications (risp-
eridone, sulforaphane, balovaptan and oxytocin) found to
be more efficacious than placebo in reducing overall core
symptoms, though a trend was noted for sulforaphane
(k=2, n=53; SMD=0.38 [—0.05, 0.81]; low). Confi-
dence in evidence was very low or low. Heterogeneity
was low (2=0).

Sensitivity analysis

The results did not materially change in sensitivity analy-
ses (Additional file 1: eAppendix-6.6, Additional file 6:
Fig. S4). There were some potential differences in omega-
3-fatty-acids. Omega-3-fatty-acids did not reduce social-
communication difficulties in children/adolescents when
studies on associated symptoms were excluded (k=6,
n=112, SMD =0.05 [— 0.21, 0.32]) or when clinician-rat-
ings were used (k=3, n=53, SMD=0.03 [—0.36, 0.42]).
Yet, their effect-size was larger when ABC-L/SW was
used (k=6, n=79, SMD =0.45 [0.13, 0.77]). In addition,
the results for some interventions, i.e., folinic acid, car-
nosine, vitamin-D, were not robust in sensitivity analyses,
which were based on one or two small trials with poten-
tially inflated effect-sizes.

Small-study effects and publications
There was asymmetry in funnel plots for social-commu-
nication difficulties in children/adolescents, indicating
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small-study effects (Additional file 1: eAppendix-6.8).
Funnel plots for the other co-primary outcomes were
inconclusive. Reporting bias was suspected for some
medications, and quality of evidence was downgraded
accordingly (Additional file 1: eAppendix-6.9).

Secondary outcomes
Irritability
Irritability was measured mainly with ABC-I (83%).

In children/adolescents, there was evidence of inco-
herence (none of the closed loops were incoherent, but
P~ design-by-treatment = 0-014) and  pairwise meta-analysis
were conducted. Irritability was improved by risperi-
done (k=4 studies in the analysis, »=138 participants
treated with risperidone; SMD=1.05 [0.76, 1.33],
>=0.02), sulforaphane (k=1, n=12; SMD=0.97 [0.12,
1.83]), aripiprazole (k=5, n=312; SMD=0.63 [0.44,
0.82], =0), and citalopram (k=1, n=73; SMD=0.37
[0.04, 0.69]), as well as there was a trend for guanfacine
(k=1, n=30; SMD =0.50 [0.00, 1.01]) and riluzole (k=1,
n=29; SMD=0.43 [—0.09, 0.95]). On the other hand,
irritability was worsened by vitamin-B12 (k=1, n=27;
SMD =—-0.62 [—1.19, —0.05]) and levetiracetam (k=1,
n=10; SMD =-1.47 [—2.48, —0.46]).

In adults, risperidone was found efficacious (k=1,
n=14; SMD=1.19 [0.34, 2.04]), and heterogeneity was
moderate (7>=0.028).

ADHD symptoms
ADHD symptoms were measured in the majority of the
studies with ABC-H (79%).

In children/adolescents, ADHD symptoms were
improved by olanzapine (k=1, n=6; SMD=2.08 [0.48,
3.68], based only on indirect evidence), guanfacine (k=1,
n=30; SMD=1.39 [0.73, 2.05]), aripiprazole (k=7,
n=363; SMD=0.82 [0.59, 1.05]), risperidone (k=5,
n=155; SMD=0.79 [0.47, 1.11]), naltrexone (k=1,
n=23; SMD =0.85 [0.12, 1.59]), and atomoxetine (k=3,
n=107; SMD =0.64 [0.30, 0.99]), as well as a trend was
noted for sulforaphane (k=1, n=12; SMD =0.88 [— 0.03,
1.80]). Heterogeneity was moderate (7°=0.032).

In adults, none of the investigated medications were
found efficacious for ADHD symptoms, and heterogene-
ity was low (7> =0).

Anxiety/depressive symptoms

Different scales measured anxiety/depression in children/
adolescents (e.g., CBCL-I, BASC-I, CASI, DBC-Anxiety),
and STAI-state was used in half of the studies in adults.
None of the investigated medications found to improve
anxiety or depressive symptoms, except for a trend
about risperidone in adults (n=1, k=14; SMD=0.67
[—0.07, 1.41]). There were moderate-to-high levels of
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heterogeneity in children/adolescents (7*=0.041) and
low in adults (2=0).

Caregiver stress

Caregiver stress was measured mainly with PSI (36%),
CSQ (22%) and CGSQ (14%) in children/adolescents,
and with PedsQL-Family Impact in adults. In chil-
dren/adolescents, it was reduced by melatonin (k=1,
n=>54; SMD=0.51 [0.12, 0.91]), and there were trends
of small improvements by cannabinoids (k=1, »=280;
SMD=0.32 [—0.06, 0.69]) and atomoxetine (k=3,
n=104; SMD=0.21 [—0.06, 0.48]). There were no clear
differences between other medications and placebo in
both age groups, and heterogeneity was low (7*=0).

Global functioning

Global functioning was measured with GAF or CGAS.
In children/adolescents, it was improved by risperidone
(k=3, n=62, SMD=0.83 [0.40, 1.26]) and aripiprazole
(k=2, n=69, SMD=0.75 [0.33, 1.17]). No clear differ-
ences between other investigated medications and pla-
cebo were found in both age groups. Heterogeneity was
moderate in children/adolescents (r>=0.016) and low in
adults (2=0).

Quality of life

Quality of life was measured with PedsQL in children/
adolescents, and with PedsQL (40%) and WHO-QOL
(60%) in adults. There were no clear differences between
medications and placebo in children/adolescents. In
adults, quality of life was improved by balovaptan (k=2,
n=217; SMD =0.22 [0.02, 0.43]), and potentially by oxy-
tocin (k=3, n=41; SMD =0.44 [— 0.02, 0.90]). Heteroge-
neity was low in both age groups (7*=0).

Response

Pairwise meta-analyses were conducted in children/ado-
lescents due to incoherence (50% of the closed loops were
incoherent;  p-gesign-by-treatment = 0.068). In comparison
with placebo, more participants responded with risperi-
done (k=5, n=161; OR=11.33 [4.99, 25.70]; 7>=0.294),
guanfacine (k=1, n=30; OR=9.67 [2.41, 38.71]), whey-
protein (k=1, n=22; OR=4.56 [1.25, 16.63]), aripipra-
zole (k=5, n=317; OR=4.26 [2.32, 7.83]; 2=0.212),
vitamin-B12 (k=1, n=28; OR=3.83 [1.20, 12.28]),
atomoxetine (k=3, n=109; OR=3.18 [1.56, 6.48];
2=0), melatonin (k=1, n=60; OR=3.06 [1.38, 6.77]),
bumetanide (k=3, n=155; OR=2.78 [1.48, 5.21]; *=0),
and cannabinoids (k=1, n=100; OR=2.56 [1.15, 5.70]),
while fewer with oral human immunoglobulins (IGOH)
(k=1, n=94; OR=0.40 [0.16, 0.99]). There were no clear
differences for other medications.
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In adults, there were more responders with risperidone
(k=1, n=15; OR=137.40 [1.62, 865.22]) and fluvoxamine
(k=1, n=15; OR=35.13 [1.52, 814.72]. There were high
levels of heterogeneity (7*=0.257).

Dropouts due to any cause

In children/adolescents, fewer overall dropouts were
noted with risperidone (k=10, n=274; OR=0.38 [0.22,
0.65]), lurasidone (k=1, n=100; OR=0.35 [0.14, 0.88])
and aripiprazole (k=8, n=399; OR=0.46 [0.29, 0.75]),
as well as potentially with melatonin (k=4, n=239;
OR=0.52 [0.26, 1.03]). More dropouts were observed
with arbaclofen (k=1, n=76; OR=3.39 [1.16, 9.88]), and
a trend was noted for fluoxetine (k=3, n=161; OR=1.59
[0.97, 2.58]). There were no clear differences for other
medications, and there were some indications of inco-
herence (12.5% of the loops were incoherent; p-gegign.by-
treatment = 0-334). In adults, there were no clear differences
for the investigated medications. Heterogeneity was low
in both age groups (7*>=0.006 and >=0).

Dropouts due to adverse events

There were no clear differences between investigated
medications and placebo in both age groups, and hetero-
geneity was low (72=0).

Any adverse event

In children/adolescents, more participants had adverse
events with risperidone (k=4, n=123; OR=4.74 [2.24,
10.04]), citalopram (k=1, n=73; OR=5.38 [1.14,
25.46]), fluvoxamine (k=1, n=18; OR=4.50 [1.02,
19.90]) and aripiprazole (k=6, n=348; OR=2.62 [1.65,
4.15]), as well as potentially with guanfacine (k=1,
n=30; OR=17.94 [0.98, 329.56]) and lurasidone (k=1,
n=100; OR=1.92 [0.95, 3.90]). In adults, more partici-
pants had adverse events with risperidone (k=1, n=15;
OR=14.30[2.19, 93.37]). There were no clear differences
between other medications and placebo. Heterogeneity
was low in children/adolescents (r>=0) and moderate in
adults (7*=0.049).

Sedation

In children/adolescents, pairwise meta-analyses were
conducted due to incoherence (75% of the closed loops
were incoherent; p-jegign by-treatment = 0-051). More par-
ticipants had sedation with guanfacine (n=1, k=30;
OR=62.83 [12.84, 307.45]), haloperidol (n=1, k=20;
OR=44.33 [4.78, 410.96]), risperidone (n=4; k=142,
OR=11.95 [5.86, 24.36], r*=0), aripiprazole (n=5,
k=317; OR=3.56 [1.62, 7.86]; *=0) and melatonin
(n=1, k=60; OR = 3.28 [1.25, 8.59]).
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In adults, there were no clear differences, and heteroge-
neity was low (r2=0).

Weight gain
In children/adolescents, there was evidence of incoher-
ence (50% of the closed loops were incoherent; p-yegign.
by-treatment = 0-032) and  pairwise meta-analyses were
conducted. More participants had weight gain with ari-
piprazole (n=5, k=317; OR=3.78 [2.09, 6.84], T*=0)
and risperidone (n=5, k=161; OR=3.39 [1.80, 6.38],
7°=0) in comparison with placebo, while aripiprazole
caused less weight gain in comparison with risperidone
(n=2, k=104; OR=0.22 [0.09, 0.55], 7%=0.045). There
were no clear differences between other medications.

In adults, none of the investigated medications (sul-
foraphane, oxytocin and balovaptan) was associated with
weight gain, and heterogeneity was low (r2=0).

Extrapyramidal symptoms

The network of children/adolescents was disconnected;
therefore, pairwise meta-analyses were conducted. In
comparison with placebo, more participants had extrap-
yramidal symptoms with risperidone (n=4, k=142;
OR=3.02 [1.22, 7.48]; *=0) and aripiprazole (n=4,
k=300; OR=2.38 [1.18, 4.77]; 7*=0).

There were no data available for adults.

Discussion

This is the first comprehensive network meta-analysis on
pharmacological and dietary-supplement interventions
for ASD. Pediatric and adult populations were analyzed
separately, in order to avoid misleading extrapolations
[52]. Core symptom domains (SCD and RB) were also
examined separately as co-primary outcomes, since dif-
ferential treatment responses can be expected [52]. In
addition, scales that measure overall core symptoms
(OCS) in single scores were considered as a distinct
outcome. Associated symptoms and side-effects were
also investigated as secondary outcomes. Therefore, our
analysis provides a more comprehensive synthesis of evi-
dence in comparison with previous reviews that were
mainly focused on pediatric populations, certain symp-
toms or specific medications, or did not utilize a network
meta-analysis [9-17, 19, 21, 23, 24].

Our review identified the following medications that
could improve at least one core symptom domain: ari-
piprazole (SCD, RB), atomoxetine (RB), bumetanide
(RB, OCS) and risperidone (SCD, RB, OCS) in children/
adolescents; fluoxetine (RB), fluvoxamine (RB), oxy-
tocin (RB) and risperidone (RB) in adults. In addition,
there were some indications of improvement by carnos-
ine, haloperidol, folinic acid, guanfacine, omega-3-fatty-
acids, probiotics, sulforaphane, tideglusib and valproate,
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yet they were imprecise based on limited data and not
formally statistically significant, as well as not robust in
sensitivity analysis.

Summary of evidence

Commonly used medications

Currently, no medication is approved for the core
symptoms of ASD [39]. However, about half of the
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individuals with ASD receive psychotropic drugs,
mainly for associated symptoms, such as antipsychot-
ics (median prevalence of 18.1%), ADHD medica-
tions (16.6%), antidepressants (17.2%), antiepileptics/
mood-stabilizers and sleep medication [8]. Findings of
our analysis on these medications are summarized in
Fig. 2, facilitating intuitive understanding of the current
evidence.
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Fig. 2 Summary forest plots for commonly used medications, i.e, antipsychotics, ADHD medications, antiepileptic/mood-stabilizers, sleep
medications. Effect-sizes (standardized mean differences—SMDs and their 95% confidence intervals) of comparisons with placebo are presented
for each medication, outcome and age group. SMDs are presented with squares in children/adolescents and circles in adults, and their size is
proportional to the inverse standard error of the effect size. For dichotomous outcomes (response, dropouts due to any cause or adverse event,
any adverse event, sedation, weight gain, extrapyramidal symptoms), odds ratios were converted to SMDs. The results are based on network
meta-analysis, except for irritability, response, sedation, weight gain and extrapyramidal symptoms (EPS) in children/adolescents, since pairwise
meta-analyses were conducted due to incoherence or disconnected networks. SMDs > 0 indicate more improvement or fewer dropouts/adverse
events with the medication in comparison with placebo, SMDs =0 indicate no difference between medication and placebo, and SMDs <0
indicate less improvement or more dropouts/adverse events with the medication in comparison with placebo. SMDs could be interpreted as

2 2 il 1 2

small (SMD=]0.2]), medium (SMD =]0.5|) and large (SMD =[0.8]), and these thresholds are presented with dashed lines. There were no usable data
for methylphenidate, and effect-sizes for this drug are not presented. k=total number of studies for the intervention with data for at least an
outcome and age group, n=total number of participants on the intervention with data for at least an outcome and age group. EPS extrapyramidal
symptoms, RB repetitive behaviors, SCD social-communication difficulties
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Among antipsychotics, aripiprazole and risperidone
demonstrated medium-to-large effect-sizes in reduc-
ing irritability and ADHD symptoms, while smaller
improvements were found in social-communication
difficulties and repetitive behaviors. On the other hand,
lurasidone was in general not efficacious, and there
were only a few data available for olanzapine and halo-
peridol, and for adults. Antipsychotics were also asso-
ciated with more adverse events, sedation, weight gain
and extrapyramidal symptoms. Nevertheless, reporting
bias was suspected (Additional file 1: eAppendix-6.8),
e.g., two pediatric studies found that risperidone did
not improve social-communication difficulties as meas-
ured with ABC-L/SW, yet there were no usable data for
this analysis [60, 61]. In addition, trials on antipsychot-
ics were conducted mainly in participants with irritabil-
ity. As a result, improvements in core symptoms could
be collateral to the reduction in interfering challenging
behaviors that can subsequently allow participation in
social interactions [62]. In other words, antipsychot-
ics may not have direct effects on core symptoms, but
rather secondary to the reduction in irritability. Trials
focusing on core symptoms are sparse, and data from a
small trial (m =41) investigating risperidone for repeti-
tive behaviors are not yet reported [63]. Therefore, evi-
dence was downrated due to indirectness and reporting
bias (Additional file 1: eAppendix-6.9).

Among ADHD medications, atomoxetine and guanfa-
cine improved ADHD symptoms and potentially repeti-
tive behaviors, but not social-communication difficulties.
Guanfacine was also associated with more adverse events
and sedation. A causal-mediation analysis suggested a
causal link from hyperactivity to repetitive behaviors and
from impulsivity/inattention to social-communication
difficulties in ASD [64]. Therefore, and since these drugs
were investigated in participants with ADHD symptoms,
improvements in repetitive behaviors could be indi-
rect and subsequent to the reduction in hyperactivity.
Of note, there were no usable data for methylphenidate,
since none of the five crossover trials reported usable
data from the first phase (Additional file 1: eAppen-
dix-6.8), and none of the ADHD medications were inves-
tigated in adults.

Antidepressants and buspirone were not found effica-
cious for core or associated symptoms in children/ado-
lescents, except citalopram that improved irritability with
a small-to-medium effect-size. Citalopram, fluvoxamine
and fluoxetine were also associated with more adverse
events or dropouts. In adults, however, fluoxetine and
fluvoxamine improved repetitive behaviors with large
effect-sizes, yet based on single small (n=30-37) stud-
ies [65, 66]. Apart from the limited data for adults, such
differences might be explained by different study designs,
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participant characteristics and age-dependent variability
in treatment response [67, 68].

Antiepileptics/mood-stabilizers were in general not
efficacious based on limited and very low-quality data. A
single small study (n = 13) suggested efficacy for valproate
[69], yet there was reporting bias and two additional
studies did not report appropriate data [70, 71] (Addi-
tional file 1: eAppendix-6.8). Of note, levetiracetam wors-
ened irritability with a large effect-size in a small study
(n=12) [72], in accordance with the well-documented
behavioral side-effects of this drug [73]. Last, melatonin
was not efficacious for core or associated symptoms, yet
it decreased caregiver stress and increased the number
of responders. Such beneficial effects could be collateral
to the reduction in sleep problems [2, 74, 75]. Sleep out-
comes were not investigated in this review, but our find-
ings support its sedative effects.

Experimental medications

Our review identified a considerable number of experi-
mental medications (Fig. 3) with diverse mechanisms of
action, which discussion is out of the scope of this review
(e.g., see [39, 76—79]). The majority of them were investi-
gated exclusively in children/adolescents, except for oxy-
tocin and balovaptan.

Oxytocin and balovaptan (vasopressin-V;, recep-
tor antagonist) were not efficacious in children/adoles-
cents, based on substantial evidence from large trials,
e.g., (1=290-339) [80, 81]. In adults, however, oxytocin
improved repetitive behaviors with small-to-medium
effect-sizes and moderate-quality evidence. This finding
needs replication, since studies were mainly focused on
high-functioning participants and variability in treatment
response due to age-dependent differences in the oxy-
tocin system cannot be excluded [82, 83]. Balovaptan was
not found efficacious in adults based on two large studies
(n=223-322) [84, 85], yet small improvements in qual-
ity of life were noted. Of note, intranasal vasopressin was
efficacious in a small trial (z=30) [86], which was, how-
ever, excluded from our analysis due to unconcealed allo-
cation (Additional file 1: eAppendix-4.2.).

Bumetanide (loop-diuretic that may enhance GABAe-
rgic inhibition) was found to improve repetitive behav-
iors and overall core symptoms with small-to-medium
effect-sizes, but not social-communication difficulties.
However, two large phase-III trials (=422 in total)
[87] were negative and prematurely terminated [88], yet
they did not report usable data, and therefore, evidence
was downrated due to reporting bias. Other experi-
mental medications were not found efficacious based
on current data. There were some indications for can-
nabinoids (more participants had a positive response),
and naltrexone (improvement of ADHD symptoms),
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Fig. 3 Summary forest plots for experimental medications. Effect-sizes (standardized mean differences—SMDs and their 95% confidence intervals)
of comparisons with placebo are presented for each medication, outcome and age group. SMDs are presented with squares in children/adolescents
and circles in adults, and their size is proportional to the inverse standard error of the effect size. For dichotomous outcomes (response, dropouts
due to any cause or adverse event, any adverse event, sedation, weight gain, extrapyramidal symptoms), odds ratios were converted to SMDs. The
results are based on network meta-analysis, except for irritability, response, sedation, weight gain and extrapyramidal symptoms (EPS) in children/
adolescents, since pairwise meta-analyses were conducted due to incoherence or disconnected networks. SMDs > 0 indicate more improvement

or fewer dropouts/adverse events with the medication in comparison with placebo, SMDs = 0 indicate no difference between medication and
placebo, and SMDs < 0 indicate less improvement or more dropouts/adverse events with the medication in comparison with placebo. SMDs could
be interpreted as small (SMD =/0.2|), medium (SMD =|0.5]) and large (SMD =|0.8]), and these thresholds are presented with dashed lines. There were
no usable data for dextromethorphan/quinidine and effect-sizes for this drug are not presented. k= total number of studies for the intervention
with data for at least an outcome and age group; n=total number of participants on the intervention with data for at least an outcome and age

group; EPS: extrapyramidal symptoms, IGOH: oral human immunoglobulin; RB: repetitive behaviors; SCD: social-communication difficulties

yet they were based on single studies [89, 90] and there
was also reporting bias for naltrexone (Additional file 1:
eAppendix-6.8). On the other hand, arbaclofen (GABAy
agonist) was associated with more dropouts and IGOH
(oral human immunoglobulin) with fewer responders.
Nevertheless, several trials are ongoing, e.g., for arba-
clofen [91, 92], memantine [93] and cannabinoids [94,
95]. In addition, the findings on tideglusib (GSK-3p
inhibitor), L1-79 (tyrosine hydroxylase inhibitor) and

riluzole could be imprecise, since data from abstracts
were used [96-98].

Dietary-supplements

The efficacy of dietary-supplements was inconclusive
(Fig. 4). Omega-3-fatty-acids could potentially improve
social-communication difficulties with small effect-sizes,
based on very low-quality evidence from ten studies in
children/adolescents. Similarly, there were some trends
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Fig.4 Summary plots for dietary-supplements. Effect-sizes (standardized mean differences—SMDs and their 95% confidence intervals) of
comparisons with placebo are presented for each medication, outcome and age group. SMDs are presented with squares in children/adolescents
and circles in adults, and their size is proportional to the inverse standard error of the effect size. For dichotomous outcomes (response, dropouts
due to any cause or adverse event, any adverse event, sedation, weight gain, extrapyramidal symptoms), odds ratios were converted to SMDs. The
results are based on network meta-analysis, except for irritability, response, sedation, weight gain and extrapyramidal symptoms (EPS) in children/
adolescents, since pairwise meta-analyses were conducted due to incoherence or disconnected networks. SMDs > 0 indicate more improvement
or fewer dropouts/adverse events with the medication in comparison with placebo, SMDs =0 indicate no difference between medication and
placebo, and SMDs < 0 indicate less improvement or more dropouts/adverse events with the medication in comparison with placebo. SMDs could
be interpreted as small (SMD =|0.2]), medium (SMD =|0.5) and large (SMD =|0.8), and these thresholds are presented with dashed lines. There were
no usable data for pyridoxine, and effect-sizes for this dietary-supplement are not presented. k= total number of studies for the intervention with
data for at least an outcome and age group; n=total number of participants on the intervention with data for at least an outcome and age group.

EPS extrapyramidal symptoms, /IGOH oral human immunoglobulin, RB repetitive behaviors, SCD social-communication difficulties

for carnosine, folinic acid and probiotics, based on fewer  two contradicting trials (7 =44—48) in adults [102, 103],
data. Nevertheless, these findings were highly hetero-  while usable data from a larger trial (=110) are not
geneous (for carnosine and folinic acid), imprecise and  yet reported [104]. In addition, there were some indica-
not statistically significant (at two-sided alpha 0.05), tions from single studies for cysteine-rich whey-protein
and not robust in sensitivity analyses. Therefore, results  [105] and vitamin-B12 [106], since both increased the
from larger trials are warranted, e.g. [99, 100]. There  number of responders but were not found to be effica-
was also mixed evidence about sulforaphane (broccoli  cious for core or associated symptoms. On the contrary,
sprout extract), since findings were based on one incon-  vitamin-B12 worsened irritability with a medium effect-
clusive trial (n=45) in children/adolescents [101], and  size, which is in line with a meta-analysis of prevalence
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that identified its potential behavioral side-effects [107].
Therefore, the safety of dietary-supplements should not
be overlooked.

Limitations

There are certain limitations. First, and in contrast with
other fields of psychopharmacology, evidence base
of ASD is flooded by small trials focusing on associ-
ated symptoms and investigating a plethora of medica-
tion classes, for which adequate dosing or duration of
treatment is still unclear, and some of them have not
yet investigated in RCTs. This reflects the two main
approaches that guide psychopharmacology in ASD, by
re-purposing psychotropics for associated symptoms or
by targeting neurobiological processes [2]. Nevertheless,
ASD may not be a unitary diagnosis in terms of neuro-
biology, according to its heterogeneity and lack of bio-
markers. Therefore, it is likely that there is substantial
interpersonal variability of treatment response across
medications. Individual-participant-data meta-analyses
could further explore this issue and investigate the poten-
tial impact of participant-level covariates [108], e.g., age,
sex, baseline severity of core and associated symptoms.
In that direction, there are also efforts to disentangle the
neurobiology of subgroups within ASD in order to facili-
tate biomarker stratification and more targeted treat-
ments [39, 77].

Second, clinical trials in ASD could be prone to sub-
stantial placebo responses and a lower ability to detect
efficacy, which may be increased with adequately pow-
ered trials, rigorous selection of participants and care-
ful selection of outcome measures [4]. In line with this,
there is lack of consensus on outcome measures [39],
and different scales are often used. We accepted a wide
range of validated scales in order to incorporate more
evidence, yet we preferred recommended and com-
monly used scales in order to obtain comparable meas-
ures (Additional file 1: eAppendix-5.3). As a result, data
for most of the outcomes were derived mainly from one
or two scales (Additional file 1: eAppendix-5.1), which
treatment effects might agree in most cases, e.g., as sug-
gested between CYBOCS and ABC-S [39]. The results
were also generally robust in sensitivity analyses when
clinician-ratings or when ABC subscales were used,
except for some potential differences in omega-3-fatty-
acids (Additional file 1: eAppendix-6.6, Additional file 6:
Fig. S4). Nevertheless, further research is needed, since
scales with different psychometric properties, e.g., sensi-
tivity to change or susceptibility to placebo effects, could
demonstrate discordant treatment effects. For example,
a trial found low-dose buspirone to improve repetitive
behaviors as measured with ADOS-RRB and RBS, but
not with CYBOCS [109], which was preferred in our
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analysis according to our hierarchy (Additional file 1:
eAppendix-5.3).

Third, there were limited data for adults, some medi-
cations, e.g., methylphenidate, and secondary outcomes,
e.g., anxiety/depressive symptoms, which are, however,
considered one of the top research priorities [110, 111].
Fourth, our analysis was mainly based on star-shaped
networks of placebo-controlled comparisons and only a
few medications were investigated in more than one or
two trials, often with small sample sizes. Therefore, het-
erogeneity and incoherence could be masked, due to the
low statistical power of their tests. Small-study effects
could also be masked, since comparison-adjusted funnel
plots should be interpreted with great caution when there
are a few trials per comparison. Fifth, transitivity assump-
tion could not be adequately assessed, since effect-modi-
fiers are still unclear and insufficiently reported in clinical
trials. Therefore, and despite of ordering treatments by
their ranking in forest plots, indirect evidence, treatment
hierarchies and league tables should be interpreted with
great caution. There was also evidence of incoherence in
irritability, response, sedation and weight gain in chil-
dren/adolescents; therefore, pairwise meta-analyses were
conducted for these outcomes. In addition, about half
of the studies stated to be randomized without an exact
description of the randomization method, yet the results
did not materially change in sensitivity analyses when
studies with an unclear risk of bias in random sequence
generation or allocation concealment were excluded
(Additional file 1: eAppendix-6.6, Additional file 6: Fig.
S4).

Last, a comprehensive review of tolerability was beyond
the scope of the manuscript, yet we examined dropouts
and important side-effects that overlap among drug
classes, i.e., sedation, weight gain and extrapyramidal
symptoms, and our findings are in line with the literature
[112]. Nevertheless, medications with different mecha-
nisms of action can have unique side-effect profiles, e.g.,
bumetanide as a loop-diuretic can cause diuresis and
hypokalemia [113]. Individuals with ASD may also be
more sensitive to side-effects in comparison with neuro-
typical individuals [2]. Therefore, medications should be
used after careful consideration and monitoring of their
safety [2], as well as at low doses, since a therapeutic win-
dow could be expected, e.g., for risperidone [114].

Conclusions

In conclusion, there was evidence that some medications
could improve social-communication difficulties and/
or repetitive behaviors in children/adolescents: aripipra-
zole, atomoxetine, bumetanide, and risperidone; while
some medications could improve repetitive behaviors in
adults: fluoxetine, fluvoxamine, oxytocin and risperidone.
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A large part of the evidence consisted of small RCTs
(median 40 participants) with a short duration (median
12 weeks) and limited generalizability. Therefore, cur-
rent commonly used medications, i.e., antipsychotics and
ADHD medications, can be used for associated symp-
toms as indicated, and smaller improvements in core
symptoms could also be expected, at least collaterally to
the improvement of challenging behaviors. These medi-
cations are associated with side-effects, and therefore,
they should be prescribed only after careful considera-
tion and monitoring of their benefit-risk ratio. Evidence
on the efficacy and safety for other medications, includ-
ing bumetanide, oxytocin and some dietary-supplements,
is at best preliminary and warrants further investigation.
In line with the limitations of our review, there are cur-
rent efforts to advance clinical psychopharmacology in
ASD (e.g., within the AIMS-2-Trials consortium or the
ISCTM/ECNP ASD working group), first with the eluci-
dation of its neurobiology and the development of more
targeted medications, second with the use of appropriate
scales for measuring core symptoms, and third with well-
designed and adequately powered clinical trials [39, 77].
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Abstract

Background: Placebo response in autism spectrum disorder (ASD) might dilute drug-placebo differences and
hinder drug development. Therefore, this meta-analysis investigated placebo response in core symptoms.

Methods: We searched ClinicalTrials.gov, CENTRAL, EMBASE, MEDLINE, PsycINFO, WHO-ICTRP (up to July 8, 2018),
and PubMed (up to July 4, 2019) for randomized pharmacological and dietary supplement placebo-controlled trials
(RCTs) with a minimum of seven days of treatment. Single-group meta-analyses were conducted using a random-
effects model. Standardized mean changes (SMC) of core symptoms in placebo arms were the primary outcomes
and placebo positive response rates were a secondary outcome. Predictors of placebo response were investigated
with meta-regression analyses. The protocol was registered with PROSPERO ID CRD42019125317.

Results: Eighty-six RCTs with 2360 participants on placebo were included in our analysis (87% in children/adolescents). The
majority of trials were small, single-center with a duration of 8-12 weeks and published after 2009. Placebo response in
social-communication difficulties was SMC = — 032, 95% ClI [- 0.39, — 0.25], in repetitive behaviors — 0.23[-0.32, —0.15] and
in scales measuring overall core symptoms — 0.36 [— 046, —0.26]. Overall, 19%, 95% CI [16-22%)] of participants were at least
much improved with placebo. Caregiver (vs. clinician) ratings, lower risk of bias, flexible-dosing, larger sample sizes and
number of sites, less recent publication year, baseline levels of irritability, and the use of a threshold of core symptoms at
inclusion were associated with larger placebo response in at least a core symptom domain.

Limitations: About 40% of the trials had an apparent focus on core symptoms. Investigation of the differential impact of
predictors on placebo and drug response was impeded by the use of diverse experimental interventions with essentially
different mechanisms of action. An individual-participant-data meta-analysis could allow for a more fine-grained analysis and
provide more informative answers.
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measurements of change not solely dependent on caregivers.

Keywords: Autism spectrum disorder, Placebo, Trials

Conclusions: Placebo response in ASD was substantial and predicted by design- and participant-related factors, which could
inform the design of future trials in order to improve the detection of efficacy in core symptoms. Potential solutions could
be the minimization and careful selection of study sites as well as rigorous participant enroliment and the use of

Background

Autism spectrum disorder (ASD) is a group of heteroge-
neous neurodevelopmental conditions, characterized by
social-communication difficulties as well as repetitive-
restricted behaviors and sensory abnormalities [1]. The
prevalence is about 1-2% [2, 3], and lifetime costs are sub-
stantial (at US $1.4—2.44 million per individual) [4]. Behav-
joral interventions are the cornerstone of treatment and
there is still no approved medication for the core symptoms
[5]. Despite that, about half of the individuals with ASD,
who might be more susceptible to side effects than neuroty-
pical populations [5], receive psychotropic drugs [6]. Cur-
rently approved medications target associated symptoms,
e.g., aripiprazole and risperidone for irritability [5]. There-
fore, there is an unmet need to develop effective and safe
treatments that target causal pathophysiological pathways,
improve core symptoms and quality of life.

In spite of the recent advances in “translational” research,
late-stage clinical trials for neurodevelopmental disorders
have failed [7]. The low success rate could be explained by
several factors, such as poor translational validity of preclin-
ical models, true lack of drug efficacy, and suboptimal trial
design [8]. One concern is also that placebo effects might di-
lute effect sizes. However, the magnitude and predictors of
placebo response in core symptoms of ASD are still un-
known; only investigated in post-hoc analyses of single trials
[9, 10] and meta-analyses using aggregated outcome mea-
sures, potentially confounded by associated symptoms [11,
12]. In summary, placebo response may play an important
role in the failure of clinical trials and the subsequent lack of
approved medications for core symptoms. In order to im-
prove the design and sensitivity of future trials, we meta-
analyzed placebo response of core symptoms in pharmaco-
logical and dietary supplement ASD trials.

Methods

This systematic review and meta-regression analysis was
conducted according to PRISMA [13] (Additional file 3:
eAppendix-1) with PROSPERO registration ID CRD4201
9125317 (Additional file 3: eAppendix-2).

Participants and interventions

Participants

Participants with a diagnosis of ASD using standardized
diagnostic criteria (e.g., DSM-IIIL, ICD-10, or more recent

versions) and/or validated diagnostic tools (e.g., ADI-R)
[5]. There were no restrictions in terms of age, sex, eth-
nicity, setting, severity, or the presence of co-occurring
conditions.

Interventions

Any pharmacological treatment or dietary supplement
was eligible, when compared with placebo. We excluded
psychological/behavioral and combination interventions
(since placebo response might be confounded by the ac-
tive component of the combination) as well as other in-
terventions (e.g., elimination diets, milk formulations, or
homeopathy). The minimum duration of treatment was
7 days, since we aimed to investigate a broad range of
data but to exclude trials with a clearly very short dur-
ation, e.g., single-dose interventions. There was no re-
striction in terms of route of administration and dosing-
schedule.

Type of studies

Blinded and unblinded randomized placebo-controlled trials
(RCTs) were eligible. In case of cross-over studies, we used
only data from the first phase of the crossover to avoid carry-
over effects [14]. We excluded studies with placebo-
controlled discontinuation or cluster randomization [15],
published before 1980 or smaller than ten participants [16].
Risk of bias of included studies was evaluated by at least two
independent reviewers (SS, OC, AR) using the Cochrane
Collaboration risk-of-bias tool [17]. Disagreements were re-
solved by discussion, and if needed, a third author was in-
volved (SL, JST). Studies with a high risk of bias in sequence
generation or allocation concealment were excluded (e.g., al-
location by alternation or by an unblinded investigator).
Studies were further classified as having an overall low, mod-
erate, or high risk of bias [18].

Search strategy and selection criteria

We searched (July 8, 2018) ClinicalTrials.gov, CENT
RAL, EMBASE, MEDLINE, PsycINFO, PubMed (update
on July 4, 2019), and WHO ICTRP. There was no date/
time, language, document type, and publication status
limitations (Additional file 3: eAppendix-3). Reference
lists of included studies and previous reviews [5, 11, 12,
19-27] were also inspected.
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Outcome measures and data extraction

We investigated placebo response in core symptoms.
The following primary outcomes, as measured by pub-
lished scales, were analyzed: (1) social-communication
difficulties (e.g., ABC-L/SW [28] or VABS-Socialization
[29]), (2) repetitive-restricted behaviors (e.g., ABC-S [28]
or CYBOC-PDD [30]), and (3) overall measures of core
symptoms (e.g., SRS [31] or CARS [32]). There is no
agreement on the optimal outcome measures to use in
clinical trials of ASD and so preference was given to the
aforementioned most frequently used scales (Additional
file 3: eAppendix-5.3) [5, 33-36]. A higher score indi-
cated more difficulties and when necessary, scores were
minus-transformed. In the primary analysis, we pooled
all studies by preferring ratings by clinicians (observa-
tions or interviews) to caregivers/teachers. Separate ana-
lyses by type of raters and positive response to treatment
defined as at least much improvement in CGI-1, prefera-
bly anchored to global autism or core symptoms (when
more than one CGI-I evaluations were reported), were
analyzed as secondary outcomes. When the number of
participants with a positive response was not reported, it
was imputed from mean and standard deviation (SD) of
CGI-1 using a validated method (Additional file 3:
eAppendix-2.2) [37, 38].

At least two independent reviewers/contributors se-
lected relevant records and extracted data from eligible
studies in an Access database (SS, OC, IB, AR, AC, GD,
MK, YZ, and TF). Intention-to-treat data were preferred
when available, and for a positive response to treatment,
if the original authors presented only the results of com-
pleter population, we assumed that participants lost to
follow-up did not have a positive response to treatment.
Missing SDs were calculated according to the following
hierarchy from available statistics (e.g., SE, p values, ¢
tests) [39], median/range [40], pooling subscales (e.g.,
SRS subscales, assuming a correlation of 0.5) [41], or
using a validated imputation method [39, 42]. Corre-
sponding authors were contacted by e-mail for add-
itional data, with a reminder e-mail in case of no
response (complete list in Additional file 3: eAppendix-
4).

Statistical analysis

Synthesis of the results

Single-group meta-analyses of placebo arms were con-
ducted using a random effects model [43]. The effect
size for continuous outcomes (core symptoms) was the
standardized mean change (SMC) with raw score
standardization using the baseline SD of the placebo
arm [44, 45]. When baseline SDs were not reported,
change or follow-up SDs were used. In the primary ana-
lysis, a common pre-post correlation of 0.5 [41] was
used for the calculation of variance of SMC [44]. Positive
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response rates were logit transformed, and back-
transformed for presentation [46]. Heterogeneity was
evaluated by visual inspection of forest plots and with
the )(2 (p value <0.1) and I statistics (considerable het-
erogeneity when >50%); x> might detect small amounts
of clinically unimportant heterogeneity; therefore, we
based our evaluation on I [17].

Sensitivity analyses and publication bias

Predefined sensitivity analyses of the primary outcomes
were conducted using a fixed-effects model or by exclu-
sion of studies with genetic syndrome as inclusion cri-
teria, using only diagnostic tools, single-blind, shorter
than 4 weeks, presenting only completers data, with at
least moderate overall risk of bias, with estimated SD
(imputed, from medians/range, or pooled subscales).
Post-hoc, we excluded studies without baseline SDs and
we used the correlations of 0.25/0.75 for the calculation
of variance of SMC [41]. Regarding responder rates, we
post-hoc excluded studies with imputed responder rates
[38]. We explored small study effects as proxy for publi-
cation bias with contour-enhanced funnel plots, Egger’s
test [47], and trim-and-fill [48].

Meta-regression analyses

The dependent variable was SMC and the independent
variable was selected from a list of covariates from the
literature [9, 11, 12, 49-51]. First, we conducted univari-
able and then multivariable meta-regressions similar to
our previous analyses in schizophrenia [51]: we used the
factors that were significant in the univariable analysis
and then a formal backward stepwise algorithm with a
removal criterion of p = 0.15. Meta-regressions were not
performed for categorical covariates with less than five
data points per level. Spearman’s p were calculated post-
hoc between SMCs of placebo and experimental inter-
vention as well as between covariates.

Intervention-related factors Intervention-related fac-
tors were route of administration (oral versus others)
[52], type of experimental intervention (pharmacological
versus dietary supplement), and dose-schedule (fixed
versus flexible).

Study-related factors Study-related factors were dur-
ation of treatment (weeks), publication year, washout
from psychotropic medications (coded post-hoc as the
presence of washout or not, because definitions varied),
placebo lead-in with exclusion of those showing a posi-
tive response, type of rater (clinicians versus caregivers),
total sample size, number of sites, %academic sites,
number of arms and medications, %participants on pla-
cebo, sponsorship (industry-funded/patent application
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versus industry-independent), country of origin (US ver-
sus not only US), and risk of bias domains.

Participant-related factors Participant-related factors
were the presence of any associated conditions by inclu-
sion criteria (i.e., irritability, ADHD, and other condi-
tions apart from intellectual disability or genetic
syndrome), mean age and age group (children/adoles-
cent versus adults/mixed, post-hoc), %participants with
intellectual disability (at least mild or IQ < 70), %female
(post-hoc), ethnicity (%Caucasian/Hispanic, post-hoc),
and baseline BMI (post-hoc) [9]. Due to inconsistent
reporting of baseline severity [11, 12], we used CGI-
Severity (ranging 1-7) as a measure of global severity
and ABC-Irritability (ranging 0—45) as a measure of ser-
ious behavioral problems [53]. Baseline severity in core
symptoms could not be investigated as a potential pre-
dictor due to the large diversity of scales and
standardization methods (such as using the lower and
upper limits of the measurement scale [54]) could not
be utilized (trials reported raw and standard scores such
as of VABS or T-scores of SRS). We also examined the
use of a threshold of core symptom severity for inclusion
(not only for the confirmation of diagnosis).

Analyses were conducted using metafor (v2.1-0) [45]
and meta (v4.9-9) [55] in R (v3.6.2) [56]. Statistical
threshold was set at two-sided alpha 5%. Due to the lim-
ited statistical power and exploratory (observational)
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nature of meta-regression analyses, alpha was not ad-
justed for multiple testing. Correction for multiple test-
ing is not generally recommended by the Cochrane
Handbook [39].

Results
Description of included studies
The PRISMA flow diagram is presented in Fig. 1. In this
analysis, 86 (k) studies were included, 71% comparing
pharmacological treatments and 29% dietary supplements
with placebo (eAppendix-5.1 and Table-S). Of the 86
studies, 75 were conducted in children/adolescents, eight
in adults, and three included both age groups. The overall
sample size (1) was 5365, 44% on placebo. The majority of
studies were parallel (85%), single-center (60%, indicated
in k = 78), and double-blind (only one single-blind [57]
and none was open) with two arms (88%) and small sam-
ple sizes (median 45, interquartile-range [30-91]). About
half of the studies (48%) had a duration of 12 weeks or
more and three less than 4 weeks [57-59] (median 10
weeks [8—12]) as well as half used a fixed dose schedule
(51%, k = 84) and had a washout from psychotropic drugs
(55%, k = 75), yet definitions and duration varied. Placebo
lead-in with exclusion of those with a positive response
was used in five studies.

All of the studies used standardized diagnostic criteria,
except five that used only diagnostic tools [60—64]. As-
sociated conditions were the focus of and they were

13,803 records identified
through full database
searching on 08.07.2018

191 records identified and
screened through update
PubMed search on
04.07.2019

7 records identified
through hand-searching

l

6,455 duplicates removed

171 records excluded

~

565 full text records excluded,
207 because of wrong design:

l

-Not randomized (159)

-High risk of bias in randomization (11)
-Pooled analyses (11)

-Published before 1980 (19)
-Discontinuation studies (7)

-Less than 80% ASD (36)
-Not proper ASD diagnosis (18)

| 123 because of wrong participants:
-ASD under anesthesia or antipsychotic-

induced weight gain (8)

-Sample size smaller than 10 participants
(61)
235 because of wrong interventions:
-Single doses or less than 7 days (117)
-Head-to-head or no treatment control

groups (31)

-Combination treatments (68)
-Not pharmacological or nutraceutical (19)
11 full-texts (protocol and abstract
conferences) with unclear diagnostic
criteria or study design.

7,348 records screened H 63:)(50{552315
| | 990 full text records assessed
for eligibility
[
y
211 eligible trials(corresponding
to 414 records)

28 Individual trials were ongoing I 1
97 individual trials had no data 183 individual trials included in
for this meta-analysis: the systematic review
-Retraction due to data reliability
issues (1, Saad 2018) |
-Unpublished protocols/abstract v

(50)
-Crossover (40)
-Not usable outcomes (6)

86 individual studies included in
this meta-analysis

Fig. 1 PRISMA flow chart of study selection. The list of included, ongoing and excluded records is displayed in Additional file 3: eAppendix-4.
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required for inclusion in 29 studies (irritability in 52% of
them), and a genetic syndrome in one (neurofibroma-
tosis-type-1) [60]. Core symptoms was the primary focus
in 34 trials, while the focus was unclear in 23 studies.
Nine studies included participants using a threshold of
core symptom severity, using ABC-L/SW, CARS, RLRS,
SRS, and YBOCS-versions (in five out of eight). Partici-
pants on placebo had a median age of 8.63 years ([6.55—
10.16], k = 82), 17.16% were female ([0-20.9%], k = 80),
and 54.2% had comorbid intellectual disability ([0-75%],
k = 30). The median of baseline CGI-Severity was 4.73
([4.39-5.00], k = 38) and ABC-Irritability was 17.18
([13.71-22.70], k = 36).

Overall, 40% of the studies had an overall low risk of
bias, 52% moderate and 8% high. Description of the
methods was adequately reported in more than half of
the studies for sequence generation (63%), allocation
concealment (54%), and blinding (72%). Missing out-
comes were adequately addressed in 60%, with a median
overall dropout rate from placebo of 12.93% ([6.25—
22.6%] and k = 70 trials out of 86 reported attrition
rates). Of the studies, 23% had a high risk of selective
reporting, and 13% high risk in other biases, mainly due
to imbalances between groups (Additional file 3:
eAppendix-5.2). Finally, 38% of the studies were
industry-sponsored (including five in which investigators
applied for a patent on the experimental intervention),
and sponsorship was unclear in three studies.

Primary outcomes
Social-communication difficulties

Primary analysis In the primary analysis, 52 studies
with 1497 participants on placebo were included. Most
of the scales were filled by caregivers (77%). ABC-L/SW
was the most used scale (56%) followed by VABS-
Socialization (13%). Pooled placebo response was SMC =
-0.32 [95%CI -0.39, -0.25], with moderate levels of
heterogeneity (I* = 31.88%, x> = 74.87, p = 0.02) (Fig. 2).

Sensitivity analysis and publication bias The results
did not change materially in sensitivity analyses (Add-
itional file 3: eAppendix-6.1). There was no indication of
small-study effects from a visual inspection of the funnel
plot and Egger’s test or publication bias (z = — 0.38, p =
0.70) (Additional file 3: eAppendix-6.2). Also, fixed and
random effects summaries were identical, an indication
that smaller and larger studies give similar results.

Meta-regressions The results of the univariable and
multivariable meta-regression analyses are presented in
Table 1, Figure-S, and eAppendix-6.3. Placebo response
in social-communication difficulties decreased over years
(by 0.016 [0.003, 0.030] SMC units per publication year).

Page 5 of 19

Larger placebo response was associated with caregiver
ratings (-0.164 [-0.315, —0.012]), low risk of bias in
other bias (- 0.160 [-0.299, - 0.021]), and higher base-
line ABC-Irritability (-0.017 [-0.028, -0.006] per
point). In the multivariable meta-regression, using the
backward selection procedure, other bias, baseline ABC-
Irritability, and the type of rater remained as covariates
in the model, but the latter two were not significant due
to their interaction with the other covariates. In a model
without ABC-Irritability (available in 31 studies), publi-
cation year, other bias, and type of rater remained, the
latter was not significant.

Repetitive behaviors

Primary analysis Fifty-two studies were included in the
primary analysis with 1492 participants. Caregivers filled
about half of the scales (56%). The most frequently used
scales were ABC-S (44%) and YBOCS-versions (33%).
Overall placebo response was SMC = -0.23 [-0.32, -
0.15], and there was some heterogeneity (I* = 55%, x* =
113.32, p < 0.001) (Fig. 3).

Sensitivity analysis and publication bias Sensitivity
analyses did not change the results materially, though
there was a small difference between fixed and random-
effects summary estimates, indicating possible small-
study effects. Egger’s test was not significant and yielded
a marginal p value (z = 1.71, p = 0.09); it has been sug-
gested that for this test, a threshold of 0.1 should be
employed. By visual inspection of the funnel plot, we de-
tected a possible asymmetry (Additional file 3:
eAppendix-6.2) and the trim-and-fill adjusted placebo
response was — 0.33 [- 0.41, - 0.25].

Meta-regressions Higher placebo response was associ-
ated with larger sample sizes (-0.02 [-0.03, -0.01]
SMC units per ten participants), flexible-dosing (- 0.195
[-0.351, —0.038]), and the use of a threshold of core
symptoms at inclusion (- 0.346 [- 0.516, — 0.175]). These
covariates remained in the multivariable model, but the
use of a threshold of core symptoms at inclusion was
not significant. Nevertheless, the findings might have
been driven by three antidepressant trials in children/ad-
olescents [65—67], with larger sample sizes (~ 150) and
multiple sites (3, 6, and 18), as well as using flexible-
dosing and a threshold of CYBOCS-PDD for inclusion
(Table 1).

Overall core symptoms
Primary analysis Forty-five studies with 1063 partici-

pants were included in the primary analysis. Caregivers
filled about half of the scales (51%). The most frequently
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p
Study Scale n mean sd SMC [95% CI]
Yui_2013 ABC-L/SW 6 123 79 -1.31[-2.40, -0.22]
Munesue_2016 ABC-L/SW 14 54 6.1 _ -0.83 [-1.44, -0.23]
Amminger_2007 ABC-L/ISW 5 46 44 -0.83[-1.85, 0.18]
Dean_2017 CCC-2-SIDC 50 55 6.7 —o— -0.81[-1.13,-0.49]
Handen_2015 ABC-L/SW 32 55 74 —e— -0.76 [-1.15, -0.36]
Arnold_2012 ABC-L/SW 8 75 94 -0.71[-1.49, 0.06]
Kerley_2017 ABC-LISW 20 46 63 —_— -0.70 [-1.19, -0.21]
Shea_2004 ABC-L/SW 38 57 82 —a— -0.68 [-1.03, -0.33]
Owen_2009 ABC-L/SW 49 62 96 —a— -0.63[-0.94, -0.33]
Loebel_2016 ABC-L/ISW 49 65 108 —o— -0.59 [-0.90, -0.29]
Guastella_2015 SRS-SC 24 -9.3 18.1 —a— -0.50 [-0.92, -0.07]
Ichikawa_2017 ABC-L/SW 45 47 94 —a -0.49 [-0.80, -0.18]
Marcus_2009 ABC-L/SW 49 52 105 —o -0.49 [-0.78, -0.19]
Kern_2001 ABC-L/SW 19 -1 1.9 -0.48 [-0.96, -0.01]
RUPP_2002 ABC-L/SW 52 41 87 —o -0.46 [-0.75, -0.18]
Hardan_2012 ABC-L/SW 15 38 78 -0.46 [-0.99, 0.07]
Stivaros_2018 ABC-L/SW 15 37 84 -0.41[-0.94, 0.11]
Kosaka_2016 ABC-L/SW 20 39 91 -0.41[-0.87, 0.05]
Handen_2012 CBCL-Social 16 23 54 -0.40 [-0.91, 0.11]
Scahill_2015 ABC-L/SW 32 35 93 —a— -0.36 [-0.72,-0.01]
King_2009 ABC-L/SW 7% 29 8 —d— -0.36 [-0.59, -0.13]
Yamasue_2018 ADOS-SI 52 -1 28 —a— -0.35[-0.63, -0.07]
Wink_2016 VABS-S 12 76 207 -0.34 [-0.92, 0.24]
NCT01308749 ABC-LISW 1 22 63 -0.32[-0.93, 0.28]
Gabis_2019 ATEC-S 25 2 6 — e -0.32[-0.72, 0.09]
Voigt_2014 BASC-S 12 3 91 -0.31[-0.89, 0.27]
NCT01661855 ABC-L/ISW 29 24 78 —h— -0.30 [-0.67, 0.07]
Lemonnier_2012 ADOS-G-SI 26 18 69 —o—— -0.26 [-0.65, 0.14]
Bent_2011 ABC-L/SW 2 19 7 -0.25[-0.83, 0.32]
Klaiman_2013 ABC-L/SW 23 26 10 —— -0.25[-0.67, 0.16]
Singh_2014 ABC-L/SW 14 16 63 -0.24[-0.77, 0.29]
Reddihough_2019 ABC-LISW 71 26 106 —a— -0.24 [-0.48, -0.00]
Parker_2017 VABS-S 12 32 124 -0.24[-0.81, 0.34]
Belsito_2001 ADOS-PL-SI 13 .09 38 -0.23[-0.78, 0.32]
Chugani_2016 VABS-S 52 2 108 —o— -0.18 [-0.46, 0.09]
Lemonnier_2017 SRS-SC 21 -1.2 6.8 —— -0.18 [-0.61, 0.25]
Parellada_2017 SRS-SC 35 14 83 —o—— -0.17 [-0.50, 0.16]
VeenstraVanderWeele_2017 VABS-S 74 -2.1 123 =+ -0.17 [-0.40, 0.06]
Bolognani_2019 VABS-S 72 -2.5 16 —0— -0.15[-0.39, 0.08]
Mankad_2015 VABS-S 19 08 54 -0.14 [-0.59, 0.31]
Hendren_2016 ABC-L/SW 23 12 85 -0.14 [-0.55, 0.27]
Geier_2011 ATEC-S 8 11 77 -0.13[-0.82, 0.57]
Frye_2018 VABS-S 25 13 103 — -0.12[-0.52, 0.27]
Harfterkamp_2013 ABC-LISW 49 08 8 o -0.10[-0.38, 0.18]
Aman_2017 cce-2-SIDC 53 04 98 —a— -0.04 [-0.31, 0.23]
Niederhofer_2003 ABC-L/Swaggr 6 01 36 -0.02[-0.82, 0.78]
Liu_2019 SRS-SC 3 05 218 —— -0.02[-0.35, 0.31]
Mazahery_2019 ABC-L/SW 16 0 83 0.00 [-0.49, 0.49]
Bent_2014 ABC-L/ISW 28 01 42 0.02 [-0.50, 0.55]
Arnold_2019 ABC-L/SW 4 12 136 0.07 [-0.91, 1.05]
Mehrazad_2018 GARS-2-SI 22 09 46 — 0.19[-0.23, 0.61]
Watanabe_2015 ADOS-SI 9 08 14 —_— 0.50 [-0.19, 1.20]
RE Model 1497 03 -0.32[-0.39, -0.25]
k=52
Q=7457‘dl=51‘p=002;lz=31 9%

I T T T T T T 1

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 15

social-communication difficulties

Fig. 2 Placebo response in scales measuring social-communication difficulties. Squares and bars represent standardized mean changes (SMC) and
95% confidence intervals for each study. The size of the square is proportional to the weight of the study in the meta-analysis. The diamond
represent the pooled SMC. Heterogeneity is quantified with a x° test (Q) and /. *In Chugani 2016, standard errors might have been reported as
SDs. Therefore, we calculated SDs from the reported values (no reply from the corresponding author). It should be noted that in Niederhofer
2003, an aggregated score of ABC-L/SW rated by both caregivers and teachers were reported, in Amminger 2007, ABC-L/SW was rated by
clinicians of the day care center. Scale: the scale used (clinician rated scales based on observation or interviews were preferred in the primary
analysis); n: the number of participants on placebo; mean: mean change from baseline to endpoint (negative values for improvement); sd: the
standard deviation used for the standardization (baseline standard deviations were preferred); SMC: standardized mean changes, 95% Cl: 95%
confidence intervals, k = total number of studies included in the analysis
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g

Study Scale n mean sd SMC [95% CI]

Herscu_2019 CYBOCS-PDDmod 79 22 2.2 —a— -0.99[-1.26,-0.73]

Mankad_2015 PDDBI-RRBI 19 5 53 _—- -0.90 [-1.44, -0.37]

King_2009 CYBOCS-PDD 76 -1.9 21 —a— -0.90[-1.16, -0.63]

Anagnostou_2012 YBOCS-C 9 22 25 _ -0.79 [-1.54, -0.05]

Reddihough_2019 CYBOCS-PDD 71 25 3.4 — -0.72[-0.98, -0.46]

Kerley_2017 ABC-S 20 3 5.2 —_— -0.55[-1.02, -0.08]

NCT00609531 CYBOCS 6 37 7 -0.45[-1.28, 0.39]

Shea_2004 ABC-S 38 24 5.6 — -0.42[-0.75, -0.09]

Marcus_2009 CYBOCS-C 44 17 4 — 8 -0.42[-0.73,-0.11]

Hollander_2012 YBOCS-C 13 -0.8 2 -0.36 [-0.92, 0.20]

VeenstraVanderWeele_2017 ABC-S 74 21 5.9 —a— -0.35[-0.59,-0.12]

Yui_2013 ABC-S 6 28 6.8 -0.35[-1.17, 0.48]

Mazahery_2019 ABC-S 16 13 39 -0.32[-0.82, 0.19]

Yatawara_2016 RBS 16 48 15.3 -0.30 [-0.80, 0.20]

Handen_2015 ABC-S 32 15 5.2 - -0.29 [-0.64, 0.06]

Bolognani_2019 ABC-S 72 A1 3.8 —0— -0.29 [-0.52, -0.05]

Dean_2017 RBS 50 4 141 —_— -0.28 [-0.56, 0.00]

Loebel_2016 CYBOCS-PDD 49 12 46 — g -0.26 [-0.54, 0.03]

Stivaros_2018 ABC-S 15 09 36 -0.25[-0.76, 0.26]

RUPP_2002 CYBOCS-C 52 A 39 — 5 -0.25[-0.52, 0.03]

Lemonnier_2012 ADOS-G-RRBI 26 -0.6 24 — 4 -0.24 [-0.63, 0.15]

Owen_2009 CYBOCS-C 44 08 3.4 —n__ -0.23[-0.53, 0.07]

Arnold_2012 ABC-S 8 16 6.2 -0.23[-0.93, 0.47]

Wink_2016 ABC-S 12 12 49 -0.23 [-0.80, 0.35]

Singh_2014 ABC-S 14 12 5.2 -0.22[-0.75, 0.31]

Ichikawa_2017 CYBOCS-C 45 13 6 — -0.21[-0.51, 0.08]

Watanabe_2015 ADOS-RRBI 9 0.1 05 -0.20 [-0.86, 0.46]

Guastella_2015 RBS 24 34 18.9 —o— -0.18 [-0.58, 0.23]

Hollander_2005 CYBOCS-C 20 05 29 — -0.17 [-0.61, 0.28]

Chugani_2016 CYBOCS-PDD 52 07 43 —ig—— -0.16 [-0.43, 0.11]

Arnold_2019 ABC-S 4 18 8.3 -0.15[-1.14, 0.83]

Hardan_2012 ABC-S 15 0.9 6.5 -0.13 [-0.64, 0.38]

Mehrazad_2018 GARS-2-S 22 08 7 — e -0.11[-0.53, 0.31]

Parellada_2017 SRS-AM 35 18 16.1 —g— -0.11[-0.44, 0.22]

Bent_2014 ABC-S 28 -0.5 4.7 -0.10 [-0.63, 0.42]

Liu_2019 SRS-AM 35 07 6.6 —a— -0.10 [-0.43, 0.23]

Yamasue_2018 ADOS-RRBI 52 01 16 — - -0.06 [-0.33, 0.21]

Bent_2011 ABC-S 12 0.3 5 -0.06 [-0.62, 0.51]

Frye_2018 ABC-S 25 02 5.2 — -0.04 [-0.43, 0.35]

Belsito_2001 ADOS-PL-RRBI 13 0.6 233 -0.02[-0.57, 0.52]

Parker_2017 ABC-S 18 -0.1 45 —_— a0 -0.02 [-0.49, 0.44]

Scahill_2015 CYBOCS-PDD 32 0.1 5.4 —_0— -0.02 [-0.36, 0.33]

McDougle_1998 YBOCS-C 16 0.1 35 B . —— 0.02 [-0.47, 0.51]

Lemonnier_2017 SRS-AM 21 0.2 42 — g 0.05[-0.38, 0.47]

McDougle_1996 YBOCS-Total 15 0.4 6.8 0.06 [-0.45, 0.56]

Hendren_2016 ABC-S 23 0.3 5.1 —_— 0.06 [-0.35, 0.47]

Munesue_2016 ABC-S 14 0.4 5.8 0.07 [-0.46, 0.59]

Harfterkamp_2013 ABC-S 49 05 45 PR — 0.11[-0.17, 0.39]

Amminger_2007 ABC-S 5 1 6.4 0.12[-0.76, 1.00]

Kosaka_2016 ABC-S 20 05 3 A 0.16 [-0.28, 0.60]

Klaiman_2013 ABC-S 23 0.6 36 e 0.16 [-0.25, 0.57]

Hollander_2006 CYBOCS-C 4 25 18 1.00 [-0.20, 2.19]

RE Model 1492 {} -0.23[-0.32,-0.15]

k=52

Q:11332,(1':51,[):000;I2=550%

T T T T T 1
15 -1 05 0 0.5 1 15
repetitive behaviors

Fig. 3 Placebo response in scales measuring repetitive behaviors. Squares and bars represent standardized mean changes (SMC) and 95% confidence intervals
for each study. The size of the square is proportional to the weight of the study in the meta-analysis. The diamond represent the pooled SMC. Heterogeneity is
quantified with a XZ test (Q) and 2 *In Chugani 2016, standard errors might have been reported as SDs. Therefore, we calculated SDs from the reported values
(no reply from the corresponding author). In Amminger 2007, ABC-S was rated by clinicians of the day care center. Scale: the scale used (clinician rated scales
based on observation or interviews were preferred in the primary analysis); n: the number of participants on placebo; mean: mean change from baseline to
endpoint (negative values for improvement); sd: the standard deviation used for the standardization (baseline standard deviations were preferred); SMC:
standardized mean changes, 95% Cl: 95% confidence intervals, k = total number of studies included in the analysis

used scales were SRS (49%) and CARS (24%). Overall
placebo response was SMC = - 0.36 [- 0.46, - 0.26] and
heterogeneity was considerable (I* = 55.53%, y* = 98.94,

p < 0.001) (Fig. 4).

Sensitivity analysis and publication bias Sensitivity
analyses did not change the results materially, no asym-
metry was detected in the funnel plot, and Egger’s test
yielded a marginal p value (z = — 1.82, p = 0.07).
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-
Study Scale n mean sd SMC [95% CI]
Pusponegoro_2015 PDDBI 26 174 115 B — -1.48 [-2.03, -0.92]
Yui_2013 SRS 6 468 274 -1.44 [-2.58, -0.30]
Akkok_1995 CARS 9 6.4 41 _ e -1.40 [-2.32, -0.48]
Bolognani_2019 SRS 72 -85 74 B -1.14[-1.43,-0.84]
Wink_2016 SRS 12 20 16.5 _ e -1.13 [-1.85, -0.40]
Anagnostou_2012 SRS 9 12 13 _ & -0.83 [-1.59, -0.07]
Mankad_2015 PDDBI 19 64 78 - & -0.79[-1.30, -0.27]
Frye_2018 SRS 25 51 68 — s -0.73[-1.17,-0.29]
Arnold_2019 SRS 4 45 48 -0.68 [-1.77, 0.40]
Arnold_2012 SRS 8 223 306 -0.65[-1.41, 0.11]
Bent_2014 SRS 28 -6.1 9.7 —_— -0.61[-1.16, -0.06]
Guastella_2015 SRS 24 124 231 —_—a—— -0.52[-0.94, -0.09]
Kerley_2017 SRS 20 127 252 — e -0.48 [-0.95, -0.02]
Aman_2017 SRS 53 95 214 — -0.44 [-0.72, -0.16]
Dean_2017 SRS 50 11 248 R — -0.44 [-0.73,-0.15]
Lemonnier_2012 CARS 27 18 41 —_— -0.43 [-0.82, -0.03]
RUPP_2002 RLRS 52 02 0.4 —a0— -0.40 [-0.68, -0.12]
Yamasue_2018 ADOS-CSS 52 05 14 —a— -0.38 [-0.66, -0.10]
Hendren_2016 SRS 23 41 106 PR S -0.37 [-0.80, 0.05]
Munesue_2016 CARS 14 16 45 -0.34 [-0.88, 0.20]
Fahmy_2013 CARS 14 2 56 -0.34 [-0.87, 0.20]
Nagaraj_2006 CARS 20 -1 29 —_— -0.33[:0.78, 0.12]
Lemonnier_2017 CARS 23 -1.6 49 —— -0.32[-0.74, 0.10]
NCT01308749 ADOS 13 03 14 -0.28 [-0.83, 0.28]
Handen_2012 RLRS 16 0.1 0.4 —_— -0.25[-0.75, 0.25]
Chugani_2016 ADOS 52 -1 43 —m— -0.23 [-0.50, 0.05]
NCT00498173 SRS 29 24 103 — e -0.23[-0.60, 0.14]
Hardan_2012 SRS 15 6.2 28.1 _—a -0.21[-0.72, 0.30]
Mazahery_2019 SRS 16 58 27 — e -0.20 [-0.70, 0.29]
Bent_2011 SRS 12 A7 8 -0.20[-0.77, 0.37]
Harfterkamp_2013 CSBQ 49 3 15.7 — -0.19 [-0.47, 0.09]
McDougle_1998 RLRS 16 01 04 — 0.19[-0.68, 0.31]
Singh_2014 SRS 15 32 16.6 —_—a -0.18 [-0.69, 0.33]
Parellada_2017 SRS 35 15 84 — . -0.18 [-0.51, 0.16]
Yatawara_2016 ADOS 16 -1 75 —_——a— -0.13[-0.62, 0.37]
Parker_2017 SRS 18 32 25 — e -0.12[-0.59, 0.34]
Belsito_2001 CARS 14 06 7 -0.08[-0.61, 0.44]
Levine_1997 CARS 5 0.8 9 -0.07 [-0.95, 0.81]
Klaiman_2013 SRS 23 .04 92 - -0.04 [-0.45, 0.37]
Ekman_1989 RLRS 7 0 0.2 -0.03[-0.77, 0.71]
Watanabe_2015 CARS 9 041 34 -0.03[-0.68, 0.62]
Liu_2019 SRS 35 01 26 ¢ -0.00 [-0.33, 0.33]
Geier_2011 CARS 1 02 6 0.03 [0.56, 0.62]
Saad_2015 CARS 45 0.2 4 — 0.05[-0.24, 0.34]
Mehrazad_2018 GARS-2 22 1.9 8.4 — e 0.21[-0.21, 0.64]
RE Model 1063 < -0.36 [-0.46, -0.26]
k=45
Q=98.94, df =44, p = 0.00; I* = 55.5%

[ T T T T T 1

-25 -2 -1.5 -1 -0.5 0 0.5 1

overall core symptoms

Fig. 4 Placebo response in scales measuring overall core symptoms. Squares and bars represent standardized mean changes (SMC) and 95% confidence
intervals for each study. The size of the square is proportional to the weight of the study in the meta-analysis. The diamond represent the pooled SMC.
Heterogeneity is quantified with a )f test (Q) and A *In Anagnostou 2012, we reversed baseline and endpoint values of SRS: in the manuscript, original baseline
values were lower than endpoint in both placebo and oxytocin arms, meaning an increase of severity of symptoms during the study, which is not consistent
with the reported positive effect size and the other outcomes (no reply from the corresponding author), in Saad 2015, CARS was rated by caregivers but it was
unclear if also filled by clinicians (no reply from the corresponding author), as well as in RUPP 2002 and Handen 2012 the Ritvo-Freeman Life Rating Scale was
rated by caregivers. Scale: the scale used (clinician rated scales based on observation or interviews were preferred in the primary analysis); n: the number of
participants on placebo; mean: mean change from baseline to endpoint (negative values for improvement); sd: the standard deviation used for the
standardization (baseline standard deviations were preferred); SMC: standardized mean changes, 95% Cl: 95% confidence intervals, k= total number of studies
included in the analysis
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Meta-regressions Larger placebo response was associ-
ated with more trial sites (-0.025 [-0.045, - 0.005]
SMC units per site, not significant when an outlier was
removed) [68], and low risk of bias in allocation conceal-
ment (-0.252 [-0.485, -0.019]). In the multivariable
model, allocation concealment and number of sites were
both significant.

Number of medications and the use of placebo lead-in
had not sufficient data for all outcomes, while number
of arms, selective reporting, and the use of the threshold
of core symptoms did not have sufficient data for meta-
regressions in overall core symptoms.

Secondary outcomes

Placebo response by type of rater

Results based on scales filled by different type of raters
(Additional file 3: eAppendix-6.4) were similar to those of
meta-regressions by type of rater (one effect size per study,
clinician ratings were preferred whenever available).

CGlI-I positive response rates

The overall positive response rate as defined by at least
much improvement in the CGI-I was 19% [16-22%)] (k =
57, n = 1686, I* = 53%) (Fig. 5). The anchoring system of
CGI was unclear in 35 studies, while seven considered
both core and associated symptoms (three used OACIS
[69]), three reported separate evaluations for global aut-
ism symptoms and for the trial target symptom, and
three considered mainly core symptoms and nine associ-
ated symptoms (two reported the RUPP-framework
[70]) (Table-S).

Post-hoc correlation analyses

Between covariates Exploratory correlations between co-
variates are presented in Additional file 3: eAppendix-5.4.
Significant correlations with a Spearman’s |p| > 0.5 were
found between sample size and number of sites (p = 0.77),
percentage of academic sites and sponsorship (p = - 0.52),
as well as number of sites (p = - 0.51), risk of bias domain
of sequence generation and the domain of selective
reporting (p = 0.57), number of arms and percentage of
participants on placebo (p = -0.54), and between other
covariates with a large proportion of missing data, e.g.,
baseline ABC-Irritability, BMI, CGI-S, and percentage of
participants with intellectual disability (Additional file 3:
eAppendix-5.3).

Between placebo and drug response SMCs of placebo
and experimental intervention were correlated in social-
communication difficulties (Spearman’s p = 0.525, p <
0.001) and overall core symptoms (p = 0.539, p < 0.001),
but no correlation was found in repetitive behaviors (p =
0.233, p = 0.096) (Additional file 3: eAppendix-6.5).
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Discussion

In pharmacological and dietary supplement ASD trials,
placebo response was substantial and comparable among
core symptoms; about 20% of the participants were at
least much improved with placebo. We found potential
predictors of larger placebo response in at least one
symptom domain, i.e., baseline irritability, the use of a
threshold of core symptoms at inclusion, caregiver rat-
ings, larger sample size and number of sites, lower risk
of bias, flexible-dosing, and less recent publication year.

Predictors of placebo response
Participant-related factors
It has been argued that placebo response might be larger
in children/adolescents than adults [71]. We did not find
a difference between age groups or an effect of mean
age. Nonetheless, extrapolations between age groups
should be interpreted with caution because the majority
of studies were in pediatric populations (87%). Other
participant characteristics did not predict placebo re-
sponse (e.g., sex, ethnicity, BMI, intellectual disability).
Low baseline severity has been found to predict pla-
cebo response in most psychiatric conditions [50]. We
did not find an effect of baseline global severity (CGI-S),
yet available data were sparse (baseline CGI-S was re-
ported in less than half studies, k = 38, 44%) and nar-
rowly ranged between 3.88 and 6 (Additional file 3:
eAppendix-5.1); also because most of the studies re-
quired participants to be at least moderately ill (ie.,
CGI-S = 4). Baseline severity in core symptoms could
not be analyzed as a potential predictor due to the large
diversity of scales. On the other hand, we found that tri-
als using a cut-off of core symptoms for inclusion might
have a larger placebo response in repetitive behaviors,
yet this association was not significant in a multivariable
meta-regression and it might have been driven by three
antidepressant trials that used a cut-off of the clinician-
administered scale CYBOCS-PDD [65-67]. Trials that
utilize a baseline score cut-off could be prone to regres-
sion to the mean effects as well as baseline score infla-
tion, especially for clinician-administered scales and
under participant recruitment pressure [72]. These ef-
fects could be partially avoided by using different scales
at assessing participants for inclusion and as primary
outcomes [73], yet this might be challenging given the
lack of optimal scales in ASD. Centralized raters blind to
inclusion criteria might also reduce baseline inflation
and increase inter-rater reliability, yet the execution of
the trial could become complicated [72]. Since inflated
scores are usually very close to the inclusion cut-off, a
potential solution could be that the primary analysis is
conducted by including participants with a higher cut-
off (that is blinded to the investigators) than the inclu-
sion cut-off [74].
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Study CGlI-l positive responders
Mankad_2015 12
NCT02385799 12
Arnold_2006 3
Campbell_1993 7
Handen_2009 1
King_2009 26
Herscu_2019 27
Wink_2016 5
NCT00609531 2
Marcus_2009 17
Loebel_2016 15
Munesue_2016

Kosaka_2016

King_2001

Yamasue_2018 1
Bent_2011

Handen_2015

Hellings_2005

Reddihough_2019
Hendren_2016
VeenstraVanderWeele_2017
Frye_2018
Ichikawa_2017
Lemonnier_2012
Hollander_2006b
NCT01302964
NCTO00870727
Shea_2004
Parker_2017
Owen_2009
Kent_2013
Klaiman_2013
Aliyev_2018
Bolognani_2019
RUPP_2002
Hardan_2012
Anagnostou_2012
Watanabe_2015
Aliyev_2018b
NCT00198107
NCTO00498173
Scahill_2015
Harfterkamp_2013
Liu_2019
Campbell_1987
Arnold_2012
Hollander_2005
Lemonnier_2017
Hollander_2010
Voigt_2014
Singh_2014
Hollander_2012
McDougle_1996
Handen_2012
Stivaros_2018
McDougle_1998
NCT01624675
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n Proportion [95% CI]
19 —e— 0.63[0.38; 0.84]
26 —— 0.46 [0.27; 0.67]

7 = 0.43[0.10; 0.82]
18 —— 0.39[0.17; 0.64]
31 —— 0.35[0.19; 0.55]
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80 —— 0.34 [0.24; 0.45]
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20 —B— 0.25[0.09; 0.49]
20 —B— 0.25[0.09; 0.49]
53 —F— 0.25[0.14; 0.38]
13 o 0.23[0.05; 0.54]
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29 —B— 0.21[0.08; 0.40]
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45 —H— 0.20 [0.10; 0.35]
30 —B— 0.20[0.08; 0.39]

5 & 0.20 [0.01; 0.72]
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39 —F— 0.18[0.08; 0.34]
18 —8— 0.17 [0.04; 0.41]
51 —H— 0.16 [0.07; 0.29]
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50 —H—— 0.12 [0.05; 0.24]
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Fig. 5 CGl-l positive placebo response. Square and bars represent the point estimate of the proportion of responders and its 95% confidence
interval for each study. The size of the squares is proportional to the weight of the study. The diamonds represent the pooled proportion and its
95% confidence intervals for each subgroup and overall. Heterogeneity is quantified with a x* test (Q) and /. CGH- positive responders: number of
participants with a positive response defined as at least much improvement in the CGI-l (if not reported, it was imputed using a validated

The presence of an associated condition was required
as inclusion criteria in about one-third of the trials (29
out of 86), and it was not found to predict placebo re-
sponse. Nevertheless and since co-occurring symptoms
and diagnoses are highly prevalent in participants with
ASD [5], it can be expected that participants in other

studies had also associated symptoms of varying levels.
Accordingly, the median of baseline ABC-Irritability was
17.18 IQR [13.71-22.70], while normative data suggested
a mean of 12.8 [75]. Thus, our sample in general could
be consisted of participants with somewhat higher levels
of irritability. Indeed, the most frequently investigated
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associated condition in our sample was irritability (k =
15) and the presence of an associated condition was cor-
related to baseline ABC-Irritability (p = 0.49, p < 0.001,
Additional file 3: eAppendix-5.4). We found that base-
line ABC-Irritability was associated with a larger placebo
response in social-communication difficulties, yet this
association was not significant in a multivariable meta-
regression. The contrary was found in a quite large trial
(n = 149) investigating citalopram for repetitive behav-
iors, yet participants had lower levels of irritability (mean
ABC-Irritability = 11.2) [9]. Additionally, a small 8-week
observational study investigating the effects of participa-
tion in a study protocol suggested that placebo-effects
may be mainly observed in children with higher levels of
irritability [76]. Such participation effects could be de-
creased by a screening phase with adequate duration,
which could also investigate the stability of symptoms
and incorporate a potential washout of psychotropic
drugs. However, no effect was found for the use of a
washout phase and there were not enough data to inves-
tigate the use of a placebo lead-in phase, which is in gen-
eral not recommended [72].

Design- and intervention-related factors

Caregiver ratings seemed to be more prone to placebo
response in social-communication difficulties, but the ef-
fect was not consistent in multivariable meta-
regressions. It has been argued that placebo-by-proxy ef-
fects are important components of placebo response in
child/adolescent psychiatry, since they can alter care-
giver perception of symptoms (thus improving directly
scores in caregiver scales), and/or modify caregiver be-
haviors toward children and subsequently improving
symptoms (thus improving scores also in non-caregiver
scales) [71, 77]. In addition, many of the existing scales
were not designed to measure change but rather as
screening (e.g., SRS [31]) or diagnostic tools (CARS [32]
and ADOS [78]), and efforts have been made for their
improvement and adaptation, such as the ADOS cali-
brated severity score [79]. Given the lack of optimal
scales, CGI has been extensively used and it is recom-
mended for all trials irrespective of their target in order
to investigate global autism symptoms and incorporate
both core and associated symptoms [80, 81]. However,
the anchoring system of CGI should be clearly reported,
since it could vary materially among trials with different
target symptoms (Table-S).

Therefore, there is a critical need to develop standard-
ized and sensitive measures of core symptoms, which do
not solely depend on caregivers [82, 83]. The semi-
structured interview of VABS might be a promising
measure of change in social-communication difficulties
[33], with potential sensitivity to detect efficacy [68, 84]
and empirically derived cut-offs of minimal-clinical-
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important differences [85]. Recent instruments have also
been developed, among others the Brief Observation of
Social Communication Change (BOSCC) [86, 87], the
Autism Behavior Inventory [88], and the Autism Impact
Measure (AIM) [89], but their utilization is yet to be
determined. Patient- (or parent-) reported outcomes
have also gained recently greater attention [90], yet they
should not be considered immune to placebo-effects
[91]. The utilization of scales that require more extensive
training and experience (e.g., ADOS, BOSCC, and
VABS) might be challenging in larger scale trials, and
thus a low inter-rater reliability could increase the
variance of measurements and subsequently decrease
drug-placebo differences. A notable example is the
multi-center arbaclofen trial [84], in which VABS should
have been completed by the same clinician and caregiver
for each participant. However, there was quite low ad-
herence to the protocol (rater change in about 25% of
the participants), potentially because VABS-Socialization
was a secondary outcome, not expected to be sensitive
in the context of the trial. A post-hoc per-protocol ana-
lysis of no rater change found a significant improvement
of arbaclofen in comparison to placebo, in contrast to
the non-significant difference of the primary analysis
[84]. Therefore, proper training of the raters and inter-
rater reliability of the measurements as well as guidance
and adherence to the protocol should be ensured, espe-
cially in multi-site trials.

Sample size and number of sites have been suggested
as predictors of placebo response [50, 51, 92]. We also
found that a larger sample size was associated with a lar-
ger placebo response in repetitive behaviors, yet the re-
sults might be driven by three antidepressant trials [65—
67]. This association could also be explained by a poten-
tial publication bias and the small-study effects found in
the funnel plot (see Additional file 3: eAppendix-6.2),
since the results of less precise trials with larger placebo
response in repetitive behaviors might have been not
published. Additionally, sample size was closely related
to the number of sites (Spearman’s p = 0.77, p < 0.001,
see Additional file 3: eAppendix-6), which predicted pla-
cebo response in overall core symptoms, yet the latter
was driven by another outlier study with 26 sites [68].
Trials with more sites were more frequently industry-
sponsored (p = 0.27, p = 0.04) and consisted of less aca-
demic sites (p = —0.51, p < 0.001). It should be noted
though that the majority of included studies were single-
center (median number of sites 1 IQR [1-4]), had aca-
demic sites (about 83% consisted only of academic sites),
and small sample sizes (median 45 IQR [30-91]); there-
fore, the results could not be extrapolated to a wider
range of potential values. Nevertheless, more sites and
the recruitment of non-academic professional sites,
which could have less experience and enroll
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competitively, might increase variability, be prone to less
rigorous participant selection and baseline score infla-
tion [73, 74, 92]. Therefore, trials should be well pow-
ered, yet extremely large sample sizes could be avoided,
as well as sites should be carefully selected and their
number should be kept at the minimum feasible.

Studies with low risk of bias in other biases (mainly
baseline imbalance) and allocation concealment were
associated with larger placebo response in social-
communication and overall core symptoms, respectively.
It is intriguing that studies with a better quality in terms
of risk of bias might have a larger placebo response. How-
ever, the above risk of bias domains evaluate the
randomization process, and in inadequately randomized
trials, control groups might have a poorer prognosis [93].

The association between dosing schedule and pla-
cebo response can be puzzling, e.g., both flexible-
[94] and fixed-dosing schedules [95] have been associ-
ated with larger placebo responses in depression. We
found an association between flexible-dosing and lar-
ger placebo response in repetitive behaviors, yet it
was driven by three antidepressant trials [65-67].
Flexible-dosing could allow dose optimization guided
by clinical response and/or the occurrence of side ef-
fects. The dose titration schedule and criteria as well
as the starting dose and dose ranges should be care-
fully selected in the context of large placebo re-
sponses. For example, in one the aforementioned
antidepressant trials, large placebo responses (>25%
reduction from baseline in CYBOCS-PDD) might have
impeded dose escalation from a low starting dose (2
mg of fluoxetine) to a stable appropriate dose (>10
mg) for sufficient duration of treatment (>4 weeks)
[67]. On the other hand, dose-response studies are a
special type of fixed-dosing studies that might be
prone to larger placebo responses. They are multi-
arm and participants have an increased chance to re-
ceive active medication, as well as larger sample sizes
and multiple sites are usually required. These factors
have been associated with a larger placebo response
in psychiatry [50], yet not all of them were replicated
in our analysis, probably due to the limited number
of studies with those characteristics. A notable ex-
ample is the dose-response study of aripiprazole [96],
which had a placebo positive response rate of 33% in
comparison to 16% in the similarly designed but
flexible-dosing study [97] (Fig. 3). However, this has
not always been observed, such as in risperidone tri-
als, i.e., 14% in the dose-response study [98] in com-
parison to 12% [53] and 18% [99] in the flexible-dose
studies.

Country of origin and type of experimental interven-
tion (pharmacological or dietary supplement) was not
found to predict placebo response, in contrast to a
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previous meta-analysis [11], which included also many
Iranian trials with risperidone-combined treatments that
were excluded from our review (combination treatments
such as risperidone + placebo were excluded, see Add-
itional file 3: eAppendix-4). Therefore, the findings in
the previous meta-analysis could have been confounded
by larger responses in combined placebo groups, i.e., re-
sponse of risperidone + placebo.

There is no clear consensus about the adequate trial
duration and half of the included studies had a duration
of at least 12 weeks, yet the duration of the trial should
be based on the mechanism of action of the experimen-
tal intervention and a longer duration could be required
in order to observe sustained changes in core symptoms
[100]. We did not find an effect of trial duration, yet
shorter-term trials have been associated with larger pla-
cebo response in psychiatry [50]. However, in longer-
term trials including young children, anticipated devel-
opmental trajectories could also explain placebo effects
and subsequently mask drug-placebo differences [101].
Therefore, developmentally based scales might be neces-
sary to overcome this challenge [82] as well as trial de-
signs could include additional follow-up assessments in
order to confirm stability of improvement [101].

In most psychiatric disorders, placebo response has in-
creased over a period of 60 years [49, 50, 102], but this
trend was not replicated in ASD trials, which were more
recent, mainly published between 2009 and 2017. Even,
placebo response in social-communication difficulties
might have decreased over years. However, this effect
was not found when ABC-Irritability was included in
multivariable meta-regression. Temporal changes in the
definition of ASD and research practices might play an
important role per se, as differences between ASD and
neurotypical populations might have been decreased
over the years [103].

Limitations

Our analysis has limitations. First, our analysis focused
on placebo response in core symptoms of pharmaco-
logical and dietary supplement interventions. Therefore,
we did not investigate placebo response in associated
symptoms or of psychological/behavioral or multimodal
interventions, which could also be of interest. However,
core symptoms was the apparent focus in about 40% of
the included trials, while many trials focused on associ-
ated symptoms, mainly irritability or ADHD symptoms.
Second, there was a large diversity of scales used as well
as a wide variability of their use, e.g., different CGI-I an-
choring systems. Third, moderators of drug-placebo dif-
ferences were not investigated and efforts to minimize
placebo response could also affect drug response, since
they were correlated in social-communication difficulties
and overall core symptoms, but not in repetitive
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behaviors (Additional file 3: eAppendix-6.5). In addition,
some predictors might have a different impact on pla-
cebo and drug response [51]. Nevertheless, a more fine-
grained analysis was impeded by the use of diverse ex-
perimental interventions with essentially different mech-
anisms of action (Additional file 3: eAppendix-5.1), e.g.,
contrary to schizophrenia [49, 51, 102], for which anti-
psychotics are the cornerstone of treatment [104].

Fourth, a common estimated pre-post correlation was
used, but effect sizes were not materially changed in sensi-
tivity analyses (Additional file 3: eAppendix-6.1). Fifth,
despite the large number of eligible studies, about half did
not provide data in spite of our efforts (authors of 85% of
included studies published after 1990 could be contacted,
with a reminder e-mail in case of no response, and 17% of
them provided additional data/clarifications, Additional
file 3: eAppendix-4), and a priori we did not use data from
the whole crossover period (in forty trials), in order to
avoid carry-over effects [14]. Sixth, due to the fact that in-
formation for many predictors, especially for participant-
related factors (Additional file 3: eAppendix-5), was miss-
ing in many studies, we could not employ a full multivari-
able meta-regression and we focused on a series of
univariable meta-regressions. Therefore, we cannot ex-
clude the possibility of omitted variable bias in the results,
i.e., the fact that the effect of the omitted variables may be
added to the predictor considered in the univariable meta-
regression. It should be noted that meta-regressions of ag-
gregate data have an observational nature and they are
prone to ecological fallacy, thus our findings should be
considered exploratory and hypothesis-generating, consid-
ering also that there was no adjustment to multiple test-
ing. Accordingly, individual-participant-data meta-analysis
could allow for a more fine-grained analysis and further
elucidate the impact of participant-level factors, such as
age, sex, as well as baseline severity of core/associated
symptoms.

Conclusions

In order to increase the detection of efficacy of experi-
mental interventions for ASD, high-quality and ad-
equately powered trials are required, and predictors of
placebo response should be considered. Extremely large
sample sizes could be avoided and when multiple sites
are needed, they should be carefully selected, trained,
and monitored as well as their number should be kept at
the minimum feasible. This would also facilitate a more
rigorous selection of participants and a higher inter-rater
reliability of measurements. Furthermore, scales that do
not solely depend on caregiver reports could be selected
as primary outcomes, since placebo-by-proxy effects are
expected. Nevertheless, our findings highlight the urgent
need for optimal and developmentally-based measures of
change in core symptoms [82, 83]. The mechanism of
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action of the experimental intervention could guide the
selection of an appropriate, yet sufficiently long, trial
duration as well as of the dose schedule and dose ranges.
Participant-related factors, such as age, sex, and baseline
severity of core/associated symptoms as well as factors
that could differentially moderate drug response warrant
further investigation. Last, in order to facilitate compar-
ability between studies and synthesis of evidence, trials
should better characterize their participants and improve
their reporting, including the CGI anchoring system.
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Abstract: Introduction: Response to treatment, according to Clinical Global Impression-Improvement
(CGI) scale, is an easily interpretable outcome in clinical trials of autism spectrum disorder (ASD).
Yet, the CGI-I rating is sometimes reported as a continuous outcome, and converting it to dichoto-
mous would allow meta-analysis to incorporate more evidence. Methods: Clinical trials investigating
medications for ASD and presenting both dichotomous and continuous CGI-I data were included.
The number of patients with at least much improvement (CGI-I < 2) were imputed from the CGI-I
scale, assuming an underlying normal distribution of a latent continuous score using a primary
threshold 0 = 2.5 instead of 8 = 2, which is the original cut-off in the CGI-I scale. The original and
imputed values were used to calculate responder rates and odds ratios. The performance of the im-
putation method was investigated with a concordance correlation coefficient (CCC), linear regression,
Bland-Altman plots, and subgroup differences of summary estimates obtained from random-effects
meta-analysis. Results: Data from 27 studies, 58 arms, and 1428 participants were used. The impu-
tation method using the primary threshold (6 = 2.5) had good performance for the responder rates
(CCC =0.93 95% confidence intervals [0.86, 0.96]; § of linear regression = 1.04 [0.95, 1.13]; bias and
limits of agreements = 4.32% [—8.1%, 16.74%); no subgroup differences x? = 1.24, p-value = 0.266)
and odds ratios (CCC = 0.91 [0.86, 0.96]; B = 0.96 [0.78, 1.14]; bias = 0.09 [—0.87, 1.04]; x> = 0.02,
p-value = 0.894). The imputation method had poorer performance when the secondary threshold
(6 = 2) was used. Discussion: Assuming a normal distribution of the CGI-I scale, the number of
responders could be imputed from the mean and standard deviation and used in meta-analysis. Due
to the wide limits of agreement of the imputation method, sensitivity analysis excluding studies with
imputed values should be performed.

Keywords: response; meta-analysis; continuous outcomes; dichotomous outcomes

1. Introduction

There is still no approved medication for the core symptoms of autism spectrum dis-
order (ASD) (i.e., social communication difficulties and repetitive restricted behaviors [1]),
yet a large number of medications are being investigated in an increasing number of ran-
domized controlled trials (RCTs), with this number increasing sharply after 2008 [2]. Many
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of these trials are pilot trials with small sample sizes and cannot provide definite answers,
and given their increasing number, there is an ongoing need to comprehensively synthesize
their evidence [2].

However, the lack of agreement on the selection of outcome measures for the core
symptoms in clinical trials precludes the synthesis of evidence [3-5]. The available scales
are, at best, “appropriate with conditions” [3,4], and given the lack of a “gold standard”,
the Clinical Global Impression scales (CGI-Severity and CGI-Improvement) [6,7] have been
widely used in clinical trials of ASD [8,9] not only as important secondary outcomes, but
also as the primary outcome [10]. CGI-Severity (CGI-S) is a seven-point scale used by
clinicians to assess the current severity of illness, ranging from one (“normal, not at all
ill”) to seven (“among the most extremely ill patients”) and usually measured at the trial’s
baseline and endpoint. CGI-Improvement (CGI-I) is a seven-point scale used by clinicians
to measure global response compared to the baseline, ranging from one (“very much
improved”) to seven (“very much worse”). A clinically important response is frequently
defined as at least much improvement (i.e., a number of participants with a CGI-I score of
one or two) [11].

In addition, a comprehensive synthesis of evidence would require the combination of
all available studies; however, some of them may present the CGI-I as a continuous out-
come (i.e., with a mean and standard deviation). The conversion of continuous outcomes
to dichotomous ones would allow the combination all available data across studies. Impu-
tation methods of the number of responders from the means and standard deviations have
been validated with depression [12] and schizophrenia scales [13]. The appropriateness of
these methods might be questioned with the CGI-I, given the limited number of points of
the CGI, as well as in ASD, given its heterogeneity and the small sample sizes of clinical
trials (only 8.7% of RCTs included more than 100 participants [2]). Therefore, our aim was
to validate the imputation of the responder rates from the means and standard deviations
of the CGI-1in ASD trials. We compared the responder rates and odds ratios calculated
from the original and imputed numbers of participants with a clinically important response
to treatment.

2. Methods
2.1. Dataset

This is a secondary analysis which uses part of the dataset from a systematic review
and meta-analysis on pharmacological and dietary supplement interventions for ASD
(PROSPERO ID: CRD42019125317) [14,15]. A comprehensive literature search, study
selection, and data extraction by at least two independent reviewers were conducted (last
update search on 31 August 2020). Response to treatment was investigated as a secondary
outcome in the reviews, and the CGI-I was extracted as continuous and dichotomous
outcomes. In this analysis, we used 27 studies with 58 arms and 1428 participants that
provided data on (1) the means and standard deviations (SDs) of the CGI-I and (2) the
number of responders defined at least as much improved in the CGI-I (CGI-I < 2). Data
from the endpoint of the studies were used (the minimum duration of treatment was set at
seven days). The intention-to-treat (ITT) data were preferred, and when only completer
data was available, we assumed that participants lost to the follow-up did not respond.

The cut-off of the least much improvement (CGI-1 1 or 2) was investigated, which rep-
resents a clinically important response [11] and is frequently reported in clinical trials [10].
The responder rates using the original or imputed number of responders were calculated
in each arm. The odds ratios (ORs) were also calculated for each non-reference arm in a
study, using as a reference the placebo arm of the study or another active treatment (in the
case of non-placebo-controlled trials).

2.2. Imputation Method

We used an imputation method validated with depression [12] and schizophrenia
scales [13] which assumed a normal distribution of the scale (CGI-I in this analysis) given a
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mean () and standard deviation (o). The number of responders of a threshold (8) in the
CGLI (i.e., participants with a CGI-I score < 0) could be calculated using the total number
of participants assessed (n) and the probability of the lower tail of the distribution (p) for
Z-score = (0 — p)/ o (Figure 1). Then, the number of responders was n * p.

I I T T T T I
1 2 3 4 5 6 7

CGI-I

Figure 1. Underlying distribution of a latent CGI-I score, using an assumed normal distribution of the
CGI-L, such as with pu =4 and o = 1. Under the assumption of a normal distribution, the probability
(p) of at least much improvement (CGI-I = 2) could be calculated with Z-score = (6 — 1)/ o, where 0 is
a threshold of the response. As a primary threshold, we used 6 = 2.5 for at least much improvement
(CGI-1of 1 or 2, the blue and red shaded parts of the distribution), since it could be assumed that a
patient with a score between 2 and 2.5 in the underlying latent continuous variable would have been
classified as at least much improved. As a secondary threshold, we used 6 = 2 (red shaded part of
the distribution).

According to the work of Furukawa et al. in 2005 [12], when the CGI-I was used,
responders were imputed using the threshold of 0 =2 (at least “much improved”). However,
the CGI-1 is a seven-point Likert-type scale, and an underlying latent continuous variable
could be assumed which could have had different thresholds of mapping the discrete
responses [16]. Both the ordinal scale scores and the scores of the latent continuous variable
would have the same p and o, but the threshold 0 for the discrete responses (e.g., of at
least “much improved”) would differ [16]. Therefore, we used a threshold of 8 = 2.5 as the
primary threshold to impute the number of responders (Figure 1), since a participant with
a latent CGI-I continuous score ranging from 2 to 2.5 would have also been considered as
at least “much improved”. In a secondary analysis, we used a secondary threshold of 6 = 2
to impute responders from the assumed normal distribution of the ordinal scale.

We calculated the responder rates from the original and imputed numbers of respon-
ders using the randomized number of participants as the denominator. We also calculated
the odds ratios (OR) between the experimental and control investigations (placebo or an-
other active treatment). The natural logarithm of the ORs (InOR) was used in the analysis.

139



Brain Sci. 2021, 11, 908 40f 11

2.3. Assessment of Performance of the Imputation Method
2.3.1. Concordance Correlation Coefficient (CCC)

The agreement between the original and imputed responder rates and the InORs were
investigated with the concordance correlation coefficient (CCC) [17] and its 95% confidence
intervals. The CCC ranged between —1 and 1 (perfect agreement).

2.3.2. Predictive Accuracy and Linear Regression Model

Linear regression models were used to determine the predictive accuracy of the
imputation method, and a good imputation method should have a slope () and R? close
to one and a low mean squared error (MSE).

2.3.3. Limits of Agreement and Bland-Altman Analysis

The Bland-Altman method was used to investigate the limits of agreement of the bias
(i.e., the difference between the original and imputed values) [18,19]. In the Bland-Altman
plot, the difference of the original and imputed values is presented in the y-axis, and their
average is in the x-axis. The distribution of the difference was inspected for normality,
and a Shapiro-Wilk test was conducted. The limits of agreement were represented with
95% confidence intervals, considering acceptable the ones found in the validation of the
method in schizophrenia scales [13], i.e., —0.7% 95% CI (—9.8%, 8.4%) for the difference of
the original and imputed responder rates and 0.06 95% CI (—0.24, 0.35) for the difference of
the original and imputed InORs. To investigate if the bias was proportional to the mean, a
linear regression model of the differences on their mean (using the natural logarithms for
both the responder rates and odds ratios) was conducted [18].

2.4. Meta-Analysis

We compared the pooled estimates from the meta-analysis using the original and
imputed values. The responder rates (logit transformed and back-transformed for pre-
sentation) [20] and odds ratios (natural logarithm and back-transformed for presentation)
were pooled in a random-effects meta-analysis [21]. Subgroup analysis was conducted to
investigate the differences of the pooled estimates from the meta-analysis using the original
and the imputed values (primary and secondary thresholds).

Analysis was conducted in R v4.0.3 [22]. The CCC, linear regression, and Bland—
Altman limits were calculated with base R and epiR v2.0.17 [23]. The effect sizes and
meta-analysis were calculated with metafor v2.4—0 [24] and meta v4.15—1 [25]. The data
cleaning and graphs were completed using packages of tidyverse v13.0 [26]. The statistical
threshold was set at two-sided alpha 5%.

3. Results

The results of the CCC, linear regression, and Bland—Altman analysis are presented in
Table 1 and Figure 2 (responder rates) and Figure 3 (odds ratios).

3.1. Responder Rates

The responder rates derived from the imputed values using the primary thresh-
old (0 =2.5) were in good agreement with the original values (CCC 0.93, 95% confi-
dence interval [0.89, 0.96]), and the imputation method had good predictive accuracy
(B =1.04[0.95, 1.13], R? = 90.86%, MSE = 0.063) (Figure 2A, blue). The difference between
the original and imputed values (normally distributed, Figure S1) was, on average, 4.32%
with 95% confidence intervals [—8.1%, 16.74%] (Figure 2B, blue), and it was not pro-
portional to the mean when natural logarithms were used (3 = —0.034 [—0.135, 0.068])
(Figure 2C, blue).
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Table 1. CCC and regression of response rates.

Agreement Predictive Accuracy Bias
Number of B (95% CI) of . o 7 B (95% CI) of
Observations CCC (95% CI) Original (Y) and R? (%) MSE Blaifa Zd feseg:;:tmts Difference (Y) and
(k) Imputed (X) 8 Mean (X)
Responder Rates (Original 58 Observations)

Primary 0, 0y 0, _ _ *
Threshold 58 0.93 (0.89-0.96) 1.04 (0.95, 1.13) 90.86 0.063 4.32% (—8.1%, 16.74%) 0.034 (—0.135, 0.068)
Secondary 16.15% (—3.18%, _ _ "
Threshold 58 0.59 (0.48—0.69) 1.41 (1.26,1.57) 85.01 0.0813 35.47%) 0.028 (—0.177,0.121)

Log OR (Original 30 Observations)

Primary o _ _

Threshold 28 0.91 (0.81, 0.95) 0.96 (0.78, 1.14) 82.03% 0.495 0.09 (—0.87,1.04) 0.06 (—0.120, 0.231)
Secondary o
Threshold 27 0.81 (0.63, 0.91) 0.90 (0.65, 1.15) 67.85% 0.664 0.24 (—1.05, 1.53) 0.086 (—0.164, 0.334)

* Natural logarithmic transformation of the responder rates. The dependent and independent variables of linear regressions are indicated
with (Y) and (X), respectively.

On the other hand, the imputation method had poorer performance when the sec-
ondary threshold was used (0 = 2), with poor agreement (CCC = 0.59 [0.48, 0.69]) and
predictive accuracy (B = 1.41[1.26, 1.57], R? = 85.01%, MSE = 0.0813). This would mean that
the original responder rates of 20% would correspond, on average, to imputed responder
rates of 14.2% and from 50% to 35.46% (1.41 times higher) (Figure 2A, red). The difference
between the original and imputed values (normally distributed, Figure 52) was larger on
average (16.15% [—3.18%, 35.47%]) (Figure 2B, red) and not proportional to the mean when
natural logarithms were used (§ = —0.034 [—0.135, 0.068]) (Figure 2C, red). In comparison
with the schizophrenia scales (bias —0.7% [—9.8%, 8.4%]) [13], the bias was larger and the
limits of agreements were wider.

The summary estimates obtained from the meta-analysis of the imputed values using
the secondary threshold (12.1% [8.8%, 16.4%]) were smaller than those obtained from the
imputed values using the primary threshold (24.3% [19%, 30.4%]) or the original values
(29.1% [23.2%, 35.8%]) (x* = 22.22, p-value < 0.001) (Figure 2D). This was reflected in the
post hoc two-by-two comparisons that found the summary estimates obtained from the
imputed values using the secondary threshold were smaller than those using the primary
threshold (x2 = 12.29, p-value < 0.001) or original values (x? =21, p-value < 0.001), while
there was no difference between the latter two (x> = 1.24, p-value = 0.266).

3.2. Odds Ratios

When the primary threshold was used (8 = 2.5), the imputed natural logarithm of
the odds ratios was in good agreement with the original values (CCC 0.91, 95% confi-
dence interval [0.81, 0.95]), and the imputation method had good predictive accuracy
(B =0.96[0.78, 1.14], R? = 82.03%, MSE = 0.495) (Figure 3A, blue). The difference be-
tween the original and imputed values (normally distributed, Figure S3) was, on av-
erage, 0.09 with 95% confidence intervals [—0.87, 1.04] (Figure 3B, blue). This would
mean that the original odds ratios were, on average, 1.1 (=e%?) times larger than the
imputed values (95% CI [0.42, 2.83]). The differences were not proportional to the mean
(B =0.06 [-0.120, 0.231]) (Figure 3C, blue).

The imputation method using the secondary threshold (6 = 2) had poorer performance,
with a CCC of 0.81 [0.63, 0.91]) and predictive accuracy of 3 = 0.90 [0.65, 1.15], R? = 67.85%,
MSE = 0.664 (Figure 3A, red). The difference between the original and imputed values
(normally distributed, Figure S4) was, on average, 0.24 [-1.05, 1.53] (Figure 2B, red),
meaning that the original odds ratios were, on average, 1.27 (=e’2%) times larger than
the imputed values (95% [0.35, 4.62]). The differences were not proportional to the mean
(B =0.086 [-0.164, 0.334]) (Figure 3C, red). For both thresholds, the average bias was
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responder rates (original)
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similar, yet the limits of agreement were considerably wider than those found in the

schizophrenia scales (0.06 [—0.24, 0.35]) [13].

Response rates
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Figure 2. Response rates. (A) Scatter plot of response rates. Scatter plot of the comparison between original and imputed
response rates (blue for the primary threshold and red for the secondary threshold). The black solid line represents the line
of perfect correspondence. Blue and red dotted lines represent the linear regression model for the primary and secondary
threshold. (B) Bland-Altman plot of response rates. The black solid line represents the optimal difference between original
and imputed responder rates. The solid blue and red lines represent the median difference of the primary and secondary
threshold, and the dashed blue and red dotted lines represent their 95% confidence intervals, corresponding to the limits of
agreement. (C) Linear regression of original minus imputed In responder rates. Linear regression of the difference between
original and imputed natural logarithms of responder rates to their mean. Regression lines and its 95% confidence intervals
are presented for the primary threshold (blue) and the secondary threshold (red). (D) Meta-analysis. Meta-analysis of

responder rates using original values (black), imputed using the primary threshold (blue) and secondary threshold (red).

Effect sizes with their 95% confidence intervals are presented with circles and error bars for individual arms and with

diamonds and error bars for the pooled estimates.
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Figure 3. Odds ratios. (A) Scatter plot of InORs. Scatter plot of the comparison between original and imputed InORs
(blue for the primary threshold and red for the secondary threshold). The black solid line represents the line of perfect
correspondence. Blue and red dotted lines represent the linear regression model for the primary and secondary threshold.
(B) Bland-Altman plot of InORs. The black solid line represents the optimal difference between original and imputed InORs.
The solid blue and red lines represent the mean difference of the primary and secondary threshold, and the dashed blue
and red dotted lines represent their 95% confidence interval of the difference, corresponding to the limits of agreement.
(C) Linear regression of original minus imputed InOR. Linear regression of the difference between original and imputed
natural logarithms of odds ratios to their mean. Regression lines and its 95% confidence intervals are presented for the
primary threshold (blue) and the secondary threshold (red). (D) Meta-analysis of odds ratios. Meta-analysis of odds ratios
using original values (black), imputed using the primary threshold (blue) and secondary threshold (red). Effect sizes with
their 95% confidence intervals are presented with circles and error bars for individual arms and with diamonds and error
bars for the pooled estimates.

Nevertheless, no subgroup differences were found in the pooled estimates obtained
from the meta-analysis, regardless of whether the original values (number of observations
k =30, 2.20 [1.56, 3.09]) or the imputed values using the primary (k = 28, 2.27 [1.64, 3.14])
or secondary threshold (k = 27, 2.23 [1.60, 3.11]) were used (x* = 0.02, p-value = 0.991)
(Figure 3D). No subgroup differences were found in the post hoc two-by-two comparisons
(i.e., original versus imputed using the primary threshold (x> = 0.02, p-value = 0.894),
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original versus secondary threshold (x? < 0.00, p-value = 0.949), and primary versus
secondary threshold (x% < 0.00, p-value = 0.945)). It should be noted that the odds ratios
were not calculated in the case of double zeros (i.e., no responder in the experimental or
control interventions). Therefore, some original observations were not paired with the
imputed observations in these meta-analyses (2 out of 30 for the primary threshold and
3 out of 30 for the secondary threshold).

4. Discussion

In this analysis, we applied an imputation method previously validated mainly with
depression [12] and schizophrenia scales [13] to estimate the number of responders from
the means and standard deviations of the CGI-I in ASD. We further replicated the quite
satisfactory performance of the imputation method, suggesting that the number of respon-
ders could be imputed from the CGI-I, and they could be used in the meta-analysis of
the responder rates and odds ratios. Our findings also suggest that, since the imputa-
tion method assumed a normal distribution of the seven-point Likert-type CGI-I scale,
an underlying latent continuous variable could be considered, and a higher threshold
than the original could be used in the imputation method for better performance, such as
with participants that were at least much improved (CGI-I < 2), which would have had a
score in the latent continuous variable <2.5. In a previous study validating the method
in depression [12], the number of responders was imputed in a subset of studies from
the CGI-I using the original threshold of “at least much improvement” (6 = 2), yet the
specific performance on the CGI-I was not evaluated. Nevertheless, differences between
the primary and secondary thresholds were less striking when the odds ratios were used in
comparison with the response rates, since relative indices like odds ratios seem to remain
constant across different thresholds and control event rates [27].

Our analysis would facilitate synthesis of evidence in ASD by allowing the conver-
sion of the means and standard deviations of the CGI-I to number of responders and
subsequent meta-analysis to incorporate all available data. There is still no consensus
on the selection of the outcome measures of symptom change in ASD, so diverse scales
that assess different symptom domains (e.g., social communication difficulties, repetitive
behaviors, and problem behaviors) have been used across trials. The majority of them are
not specifically designed to measure treatment response, and only a few have been used
in more than 5% of clinical trials [9]. On the other hand, the CGI-I is recommended for
use in clinical trials irrespective of their objective and clinical context in order to measure
treatment response while incorporating all behavior symptom domains [8,9]. Therefore,
pooled estimates derived from the number of responders according to the CGI-I might be
more clinically interpretable than those from the standardized mean differences (SMDs) of
diverse scales [28].

This analysis has certain limitations. First, there were considerable data for the respon-
der rates (27 studies and 58 arms), yet the data points on the odds ratios were about half the
amount (because a reference should be used in each study), also resulting in wider limits
of agreements. Second, we focused on the clinically important response using the cut-off
of “at least much improvement”, or CGI-I < 2. Therefore, the imputation method was
not directly validated for the other cut-offs, such as “at least minimal improvement”, or
CGI-I < 3. Third, our data were derived from clinical trials investigating pharmacological
and dietary supplement interventions for ASD. Therefore, generalizability to psychoso-
cial interventions or other fields of medicine should be further examined. Fourth, the
imputation method assumes a normal distribution, yet scores from a Likert-type scale
like the CGI-I might be frequently skewed. Indeed, potential skewness was suggested in
45% of the arms (when mean — 1 <2 * SD), and there was strong evidence of skewness
in 5% of the arms (when mean — 1 < SD) (Figure S5) [29]. Nevertheless, the performance
of the imputation method was surprisingly satisfactory. Fifth, other methods to convert
continuous to dichotomous effect sizes (e.g., from SMD to OR) have been proposed [30]
and were not evaluated here, yet the method in this manuscript allows for the estimation
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of the number of responders that could be used in meta-analysis of both the proportions
(such as single-group meta-analysis of responder rates) and relative effects (such as odds
ratios or relative risks).

In conclusion, the number of responders could be imputed when given a mean and
standard deviation of CGI-I. The imputation method had better performance when an un-
derlying latent continuous variable was considered and an appropriate threshold was used
(6 = 2.5 and not 2 for “at least much improvement”). The imputed number of responders
could be used in meta-analysis of the responder rates and odds ratios. Given the wide
limits of agreement between the original and imputed values, the robustness of the results
of the main analysis should be investigated in a sensitivity analysis by excluding effect sizes
derived from the imputed number of responders, as has been suggested previously [13].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/brainsci11070908 /s1, Figure S1: Histogram and QQ plot of original-imputed responder
rates (primary threshold), Figure S2: Histogram and QQ plot of original-imputed responder rates
(secondary threshold), Figure S3: Histogram and QQ plot of original-imputed InOR (primary thresh-
old), Figure S4: Histogram and QQ plot of original-imputed InOR (secondary threshold), Figure S5:
Investigation of skewness of CGI-I scores.
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