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Preface to ”A Personalized Medicine Approach to the
Diagnosis and Management of Autism Spectrum
Disorder”

Autism spectrum disorder (ASD) is estimated to affect 1 in every 44 children (>2%) in the United

States. Through the monitoring of ASD by the Center for Disease Control and Prevention, a 241%

increase in prevalence has been seen over the last 20 years. More troublesome is the fact that there has

been little progress in diagnosing ASD early in life when behavioral therapy may be most effective.

ASD is a difficult disorder to diagnose and treat, both because diagnosis is not based on objective

biomarkers but rather behavioral observations and because there are many underlying causes which

are difficult to identify. Additionally, response to treatment for individuals with ASD is extremely

variable and unpredictable. Each individual with ASD is unique and, thus, could greatly benefit

from a personalized approach to diagnosis, treatment and management.

This collection of articles starts to provide an overview of the current and future methods for

applying a personalized medicine approach to the diagnosis, management, and treatment of ASD.

These articles discuss innovative methods for understanding the individual components of ASD,

with many of the articles outlining quantitative methods to subtype ASD to better understand the

underlying etiology or select effective treatments. By understanding ASD using the framework of

personalized medicine, it may be possible to improve the lives of individuals with ASD and their

families by identifying ASD earlier and more accurately and by selecting effective treatments to

achieve optimal outcomes.

This collection of articles spans many disciplines, from psychology to genetics to biochemistry

to neuroimaging, demonstrating the wide number of specialties involved in ASD. Individuals from

all areas should no doubt be enlightened and interested in this collection of works. Indeed, the

editors hope that these articles demonstrate how different disciplines can be integrated together

to understand ASD. We thank the authors of the individual manuscripts for their creativity and

ingenuity and for paving the way forward in developing new tools and approaches to understanding

a complex disorder.

Richard E. Frye, Richard G. Boles, Shannon Rose, and Daniel A. Rossignol

Editors
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The most recent Center for Disease Control and Prevention estimates suggest that
1 in every 44 children (>2%) in the United States (US) is affected by autism spectrum
disorder (ASD). Despite decades of research, it is difficult to identify ASD early in infancy
when treatments are likely to be most effective. Recent evidence suggests that optimal
outcomes for individuals with ASD may be better achieved by substantially improving
our understanding of the underlying biological mechanisms or causes of ASD and from
identifying effective treatments. One of the limitations for understanding ASD in greater
depth is the well-known heterogeneity in clinical presentation, genes and pathways in-
volved, co-morbid medical conditions, and response to treatment. Many have suggested
that ASD is best represented as a set of distinct subgroups known as ‘Autisms’ rather a
spectrum with a hereunto undefined number of dimensions, but little evidence points to
one or the other approach as being the most valid. Thus, a personalized medicine approach
may be optimal for understanding and treating each individual with ASD based on their
individual unique characteristics.

Regardless of whichever approach is best, the fact remains that patients with ASD
are all unique in many ways and require a personalized approach to their care. In this
sense, we developed this Special Issue in order to start to better understand ASD by using
a personalized medicine approach so that an eventual plan for understanding and treating
patients with ASD can be developed as we go forward into the future. The Special Issue
published 21 articles with 8 research articles, 10 review articles and 3 case studies. Of these
articles, 14 discussed different underlying phenotypes of ASD, 12 discussed evidence for
potential promising treatments, two described prenatal factors that might influence the
development of ASD, and one described an alternative approach to understanding social
interactions to improve diagnosis.

One major limitation to identifying and treating children with ASD is the diagnostic
tests used. One of the current gold-standard diagnostic tests, the Autism Diagnostic
Observation Schedule (ADOS), uses a trained examiner to elicit social ‘presses’ designed
to evoke social interactions in the patient. A paper from the group at Rutgers University
uses the standard ADOS examination to expand on an analysis of social interactions [1].
The group advances the examination by postulating that social interactions are not one-
sided but involve a social dyad of interacting nervous systems processing sensory-motor
information. Using wearable devices to digitally monitor movements, this group analyzes
behaviors at both micro and macro levels with non-linear dynamic equations to derive
advanced metrics of social interaction such as strength, coherence and variability of the
dyad interactions. As such, this paper provides an interesting conceptual advance by both
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uncovering an underlying limitation of current approaches of evaluating social interactions
and expands the use of such instruments to improve diagnosis by integrating a more
complex analysis of the underlying dynamics of the nervous system.

The etiology of ASD is unknown in many, perhaps the majority, of cases. An increasing
number of studies have pointed to genetic vulnerabilities interacting with environmental
factors to trigger the development of ASD. It is being increasingly recognized that one
of the most influential environments that will shape an individual’s life is the prenatal
maternal environment. This research is particularly insightful as it not only points to
potential pathophysiological factors that cause ASD but also provides insight into potential
strategies for preventing ASD from developing in the first place. Using a large dataset of
medical claims across 123,824 pregnancies, researchers from the Rensselaer Polytechnic
Institute identified pregnancy factors, which both increased and decreased the risk of
developing ASD [2]. A common shortfall of research on prenatal factors is that most studies
are associational rather than mechanistic. In this Special Issue, a group of researchers who
have recently linked specific prenatal environmental exposures, including air pollution and
nutritional metals, to long-term changes in mitochondrial function provide a comprehensive
review of evidence linking prenatal factors that have been previously epidemiologically
linked to ASD with mitochondrial dysfunction, thus providing a potential mechanism
for these prenatal influences [3]. Connections with oxidative stress and disruption of the
immune system are also outlined.

One of the most rational methods of approaching the management of individuals
with ASD is to define subgroups. Fourteen papers describe various potential subgroups.
This set of papers illustrates multiple viewpoints and techniques that can be used to
define subgroups. Two papers describe methods for stratifying subgroups. A group
of leaders in the treatment of ASD in Argentina describe their approach for defining
subgroups by concentrating on the diagnosis and treatment of common concomitant
medical problems and propose a classification system based on responses to the treatment
of these concomitant problems [4]. A nice overview from a group in Qatar outlines the
potential for biomarker use in the stratification of ASD [5]. This paper provides nice
illustrations of the various biomarkers and approaches as well as provides some limited
examples of the biomarkers described.

One important subgroup of patients with ASD that can be rather rigorously defined
consists of those with known genetic changes. One article reported females with poten-
tial causative copy number changes on the chromosomal microarray. Variants involved
in synaptic structure and transmission were most prominent, although other pathways
including ion channels, neuron projection, and mRNA/protein processing, all mechanisms
previously linked to ASD, were also identified. An interesting exploratory analysis found
significantly lower restrictive and repetitive behaviors in those with presumed disease
causative copy number variations as compared to females without such genetic changes [6].
One of the mysteries of ASD is the high heritability index without a high rate of common
causative inherited genetic mutations. This is potentially due to several phenomena and
historically has often been attributed to extreme genetic heterogeneity with multiple rare
variants in many genes being causal for ASD. Another potential explanation is the complex
interaction of genetic variations which by themselves may not be severe enough to express
the ASD phenotype but together may result in disease. By analyzing the genome of a
well-known professor with high-functioning ASD, Dr Temple Grandin, insight into how
interactions between a complexity of genetic variations may result in the ASD phenotype is
discussed in one article [7]. In another article, a genomic clinical decision support tool that
focuses on relatively common DNA variants in pathways that can be targeted for treatment
to improve symptoms is described along with several cases successfully treated using this
tool [8]. In many cases, the complexity of genetic changes (as well as potential environmen-
tal interactions) is not clear. In a nice article, the overlap between ASD and Ehlers-Danlos
syndromes and hypermobility spectrum disorders (EDS/HSD) is discussed [9]. This latter
set of disorders also is believed to have an inherited component, which, similarly to ASD,
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remains elusive in many cases. Hypermobility spectrum disorders are being increasing
recognized in ASD, in addition to comorbidities associated with both disorders including
autonomic and immune dysregulation.

Two articles discuss aspects of the immune phenotype related to ASD. By conducting
a meta-analysis on the literature, evidence for two specific subtypes of immunoglobulin
dysregulation, low total IgG, and elevations in IgG4 are found [10]. Other phenotypes such
as those with immune deficiencies as well as those with autoimmune encephalopathies
are also described. In another article, the importance of mast cell activation in activat-
ing microglia resulting in focal brain inflammation and disrupted synaptic pruning is
discussed [11]. Similar to EDS/HSD, aberrant mast cell activation and related symptoma-
tology are common in cohorts with ASD and may designate endophenotypes of diseases.

Metabolic subtypes of ASD are also being recognized. One article describes a potential
important subtype of ASD with a unique type of mitochondrial dysfunction, which may be
related to environmental exposures [3]. In another article, researchers from Italy and France
demonstrate that children with ASD who had elevations in acyl-carnitines in their blood
exhibit changes in fatty-acid oxidation and electron transport chain complex activity in
their fibroblasts [12]. Another article describes neurotransmitter dysregulation associated
with mitochondrial disease in a unique patient [13]. Most interestingly, these changes in
central neurotransmitters were discovered non-invasively by using resting state functional
magnetic resonance imaging (rsfMRI) and confirmed by examination of the cerebrospinal
fluid. Another study examined fecal metabolites from individuals with ASD and gastroin-
testinal symptoms, demonstrating that a model with five metabolites provides excellent
separation between the ASD and a typically developing control group [14].

Two articles describe an increasingly recognized subgroup of children with ASD who
have a unique metabolic-immune disorder that may influence their brain development
both prenatally and postnatally. Autoantibodies that bind the folate receptor alpha (FRα),
the major transporter of folate into the brain and across the placenta, are found in children
with ASD as well as their parents. One article discusses FRα autoantibodies in a broad
context, discussing the overlap with cerebral folate deficiency (CFD) and neural tube defects
and a subgroup of ASD patients who may be more severely affected due to both prenatal
and postnatal autoantibody exposure [15]. Another article conducts a meta-analysis on
the available data to provide more concrete prevalence values of FRα autoantibodies in
children with ASD and their families [16]. Interestingly, the prevalence rates suggest that
FRα autoantibodies have a familial component, although the mechanism of this is not well
understood and may be polygenic with environmental influences. This latter article also
provides a meta-analysis to better define the overlap between children with ASD and those
with CFD.

Two papers discuss regressive-type ASD, which may constitute yet another endophe-
notype of ASD. One paper describes a unique type of mitochondrial dysfunction that
might underlie metabolic disturbance in children with ASD and neurodevelopmental re-
gression [3]. In the other article, researchers at Barrow Neurologic Institute at Phoenix
Children’s Hospital use rsfMRI to demonstrate that children with regressive-type ASD
appear to have intact cognitive networks that potentially cannot be expressed because of
aberrant interfering networks, essentially creating a locked-in network syndrome [17].

Eleven papers provide either original data of treatment effectiveness or review the
current literature of potentially effective treatments. Five papers describe treatments
addressing specific metabolic defects. Building on the subgroup of children with FRα
autoantibodies, one paper provides insight into the potential prenatal and postnatal treat-
ment to prevent and treat ASD [15], while a second paper uses meta-analysis to document
evidence for effectiveness and efficiency of d,l-leucovorin, the major treatment for children
with ASD and FRα autoantibodies, across published clinical trials [16]. In another sys-
tematic review and meta-analysis, the effectiveness of cobalamin, a treatment that targets
dysfunctional methylation and redox pathways, is analyzed, along with an examination of
its metabolic effects [18]. Researchers from Italy and France demonstrate that resveratrol
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may be effective in correcting metabolic defects in fibroblasts from children with ASD and
fatty-acid oxidation defects [12]. Lastly, researchers from Arizona State University demon-
strate that Microbiota Transfer Therapy appear to normalize abnormal fecal metabolites in
a group of people with ASD [14].

Two papers discuss potential treatments for immune dysfunction in ASD. Using a
systematic review and meta-analysis approach, evidence for the effectiveness of intravenous
immunoglobulin (IVIG) in ASD is presented [10], while another study discusses approaches
to treating mast cell disorders with an emphasis on luteolin [11].

Two papers examine general treatments for children with ASD. In a large national
survey of 1286 participants across the US, several nutraceuticals, including folate and
cobalamin, were found to be rated by families to have greater benefits than a similar
survey of psychiatric and seizure medications [19]. Another study demonstrates how
examining genetic variations can help consider targeting common nutraceutical treatments
on a personalized basis [8].

Transdermal Electrical Neuromodulation (TEN) is an approved safe non-invasive
treatment for several disorders including attention-deficit hyperactivity disorder and mi-
graines. In the first study using TEN to treat individuals with ASD, researchers at the
Barrow Neurologic Institute at Phoenix Children’s Hospital demonstrate the feasibility and
potential effectiveness of TEN treatment for anxiety as well as demonstrate how autonomic
system biomarkers may be used to predict response to TEN treatment [20].

Lastly, in an important and enlightening systematic review, evidence is presented that
parental involvement in therapy relates to improved parental quality of life [21].

We believe that this collection of articles provides insight into the current state of ASD
diagnosis, evaluation, and treatment using a personalized medicine approach. While each
of these articles individually advances this goal, we believe that this collection fits in with
the current understanding of ASD and advances this understanding. Perhaps most appar-
ent, these articles underline the primacy of mitochondria in ASD, including oxidative stress
and redox regulation, which are themselves major functions of mitochondria. Although the
connection between ASD and this important cellular organelle is hardly new, this collection
of papers serves to demonstrate the ubiquitous nature of the connection, which ranges from
mitochondrial aspects in the prenatal and environmental risk factors/exposures [2,3,8] to
biomarkers/metabolites [5,8,12–16], enzymology [12], and the positive response to therapy,
at least in part targeting the mitochondria [8,11,12,15,16,18,19].

Many papers also relate to another potential etiology of ASD, particularly the immune
system, in which multiple interactive domains are highlighted, including innate immunity,
immune deficiency, autoimmunity, inflammation, and mast cell activation [7,8,10,11,15,16].
However, similarly to neurons, leukocytes are highly dependent on energy metabolism, and
the connections between energy and immunity are many and important. In one example,
folate transport to brain is affected predominately by autoimmunity and mitochondrial
function [16].

Is ASD itself a result of abnormal mitochondria, with effects on neurons and/or
leukocytes—essentially a “Bad Trio” of mitochondrial dysfunction, oxidative stress and
redox regulation, and immune system dysfunction [3]? Is there a room for a primary
role in pathogenesis for other pathways, including synapses [6–8], methylation [8,18],
autonomic nervous function [9,20], ion channels [6], hypermobility [9], and microbiome [14],
at least in some cases? Or, perhaps, do these concepts work within the mitochondrial
hypothesis? For example, synapses have high-energy requirements and have high densities
of mitochondria. Folate and cobalamin, important cofactors in methylation, are also
important cofactors in energy metabolism. Similar to all neurons, autonomic neurons have
high energy requirements. Leaking ion channels require ATP-driven pumps to reestablish
homeostasis placing additional pressure on energy metabolism. Joint mobility is dependent
on muscle tone, which is yet another tissue with high-energy requirements. Additionally,
the microbiome produces metabolites that cross over into the body and likely interact with
mitochondrial metabolism of the host, especially if the blood–brain barrier is compromised.
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In any event, each of these concepts, from synapses to microbiome, are important to include
in further research and to consider in a personalized medicine approach for the diagnosis
and treatment in the individual ASD patient.

If mitochondria are the key to ASD, why is it that the vast majority of ASD patients that
have undergone whole genome sequencing (WGS) have yet to have identifiable pathogenic
variants in genes involved in mitochondrial function? Certainly, people with mitochondrial
disease (a primary genetic mutation affecting energy metabolism) often have ASD, and
many people with ASD do have mitochondrial disease, but this is a minority per our
present understanding. Perhaps the answer is in the combined effects of multiple genetic
variants, each one benign in of itself and oftentimes common [7]. Perhaps the presence
of primary mutations in many different pathways among people with ASD, in hundreds
of different genes suggests that abnormal mitochondria are rarely the cause of ASD, but
rather an important downstream mechanism in the common pathophysiology of ASD.
Thus, mitochondrial dysfunction may be acquired in most people with ASD [3]. Perhaps
the answer is a little of both as well as other mechanisms not considered herein or even not
yet proposed. Further research is needed to examine these possibilities.

Effective treatment and management for individuals with ASD is only starting to be
uncovered, but we believe the articles within this volume provide insight and a starting
point for the evolution of rational and optimal treatments for individuals with ASD.
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Abstract: The complexity and non-linear dynamics of socio-motor phenomena underlying social
interactions are often missed by observation methods that attempt to capture, describe, and rate
the exchange in real time. Unknowingly to the rater, socio-motor behaviors of a dyad exert mutual
influence over each other through subliminal mirroring and shared cohesiveness that escape the
naked eye. Implicit in these ratings nonetheless is the assumption that the other participant of
the social dyad has an identical nervous system as that of the interlocutor, and that sensory-motor
information is processed similarly by both agents’ brains. What happens when this is not the case?
We here use the Autism Diagnostic Observation Schedule (ADOS) to formally study social dyadic
interactions, at the macro- and micro-level of behaviors, by combining observation with digital data
from wearables. We find that integrating subjective and objective data reveals fundamentally new
ways to improve standard clinical tools, even to differentiate females from males using the digital
version of the test. More generally, this work offers a way to turn a traditional, gold-standard clinical
instrument into an objective outcome measure of human social behaviors and treatment effectiveness.

Keywords: digital biomarkers; wearables; time series analysis; autism; social dyads; socio-motor
parameters; network connectivity; non-linear complex dynamics; stochastic analysis

1. Introduction

The wearable sensors revolution has brought behavioral science to a new era of precision.
Across many research areas in basic and translational sciences, it is now possible to monitor natural
motions continuously, as they unfold between two people in a social dyad, or even as part of a social
group. Indeed, the advent of new advances in digital technology opens many new avenues of inquiry
in the social, clinical, and psychological sciences. It is now possible to track multi-layered activities
generated by our nervous systems while our brain controls our bodies in motion. Such tracking affords
various levels of discourse, including a macro- and a micro-level of description.

At a macro-level (Figure 1A), we can describe the overt motions of our body to some degree,
i.e., the motions that we can unambiguously perceive and explicitly describe. However, it is at
the micro-level of analysis where information that transpires largely beneath awareness can help
us understand the patterns of socio-motor behaviors underlying social interactions (Figure 1B).
From facial micro-expressions to voice micro-fluctuations to bodily micro-gestures, all these non-verbal
forms of communication permeate everything that we share socially with others, ever since birth
(and even in uterus as we interact with our mother’s biorhythms [1,2]) in pre-cognitive stages of
neurodevelopment. We are born with the capacity for social readiness and our perceptual systems
help us make sense of the social world, whenever we receive appropriate support from an early age.
Such support comes from our parents and from other social beings whose speech cadence and facial
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and bodily patterns we spontaneously imitate from an early age [3–5] through synchronous patterns
and socio-motor entrainment.
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converted to standardized micro-movement spikes (MMS) to derive various socio-motor biometrics. 
(D) The Earth Mover’s Distance (EMD) metric is used to ascertain the pairwise difference between 
frequency histograms of MMS and build a matrix with entries capturing the dyadic interactions 
(circled entries) and the self-interactions of body nodes. (E) The averaged sum across all dyadic 
interaction entries per unit time, obtained task by task, in the order in which they were administered, 
gives us a session profile of the dyadic variability, as one example of several metrics used here to 
objectively quantify socio-motor behavior simultaneously at the macro- and micro-levels of inquiry. 
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Figure 1. Leveraging the wearable sensors revolution to significantly augment traditional pencil and
paper methods and advance the behavioral sciences. (A) The macro-level of behavioral description
inevitably misses fast and subtle information in dyadic social interactions, as information flows between
the Central and the Peripheral Nervous Systems (the CNS and the PNS). (B) Micro-level coherence
information, automatic social mirroring, lead-lag patterns, and micro-gestures of the face and body,
among other socio-motor behaviors, can only be captured with high grade instrumentation and proper
analytics. (C) Macro- and micro-levels of inquiry can be integrated to advance social behavioral sciences,
e.g., the Autism Diagnostic Observation Schedule (ADOS) is used as a backdrop experimental assay to
probe dyadic social interactions, combined with wearables. to digitize standard clinical criteria. Light
wearables embedded in the clothing unobtrusively and continuously co-register child and clinician
(certified as rater) during the administration of the ADOS test to detect autism. Micro-fluctuations in the
timeseries data from these wearables (e.g., acceleration waveforms) can be converted to standardized
micro-movement spikes (MMS) to derive various socio-motor biometrics. (D) The Earth Mover’s
Distance (EMD) metric is used to ascertain the pairwise difference between frequency histograms
of MMS and build a matrix with entries capturing the dyadic interactions (circled entries) and the
self-interactions of body nodes. (E) The averaged sum across all dyadic interaction entries per unit
time, obtained task by task, in the order in which they were administered, gives us a session profile of
the dyadic variability, as one example of several metrics used here to objectively quantify socio-motor
behavior simultaneously at the macro- and micro-levels of inquiry.

There is a form of autonomous mirroring that tends to occur in social interactions from birth, when
within a few weeks human babies can entrain their bodily biorhythms to the rhythmic speech of their
mother [6,7] and perceive changes in facial micro-gestures with emotional content [8–11]. From birth,
babies can distinguish biological motions [12,13], and by eight months of age they can dissociate
structural and dynamic information from non-biological vs. biological motions [14]. Between four
and five years of age, their socio-motor kinematics, to communicate decisions and desires through
pointing gestures, mature into fundamentally different statistical signatures [15,16]. Their statistics
transition from random and noisy to predictive signals necessary for proper motor control in order to
start schooling and formal instruction [17,18].

The body of work on human development and the capacity of human babies for social readiness has
relied on high grade instruments, microfilm, wearables, and other means beyond human observation.
This is so because several of these pre-cognitive socio-motor behaviors are much too complex, variable
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and subtle to be captured by the naked eye [19,20]. They require sensors with proper sampling
resolutions, to register the micro-fluctuations in biorhythmic activities across the nervous systems
of the two people engaged in the social exchange. Using such means, it is then possible to discern
important aspects of the interaction and distinguish synchronous intent, mutual trust, joint goals and
overall coordination that leads to good rapport, successful gestural communication and anticipatory
control [21].

We know that people automatically sway together when they converse and when they joke [22,23],
that their bodies entrain when they build social rapport and that they show disjointed patterns when
communication fails [24]. When one of the parties prevails in excess over the other, and that person
leads the interaction most of the time, there is no opportunity for the other party to communicate [24].
They then dance to a different beat [25]. What is supposed to be a social dyadic dialogue breaks
into a dyadic monologue. One of the agents no longer participates as it should in a social exchange.
How could we study such phenomena more systematically and help current research in autism,
the disorder of the nervous system that leads to fundamental differences in socio-motor control [26]
and social communication [27]?

One possible way to probe the social dyad in a systematic manner is by using as the backdrop of
our experiment well-established and broadly adopted tests of social interaction that have already been
standardized in some form (Figure 1C). One such a test is the gold standard to detect autism in clinical
and in research settings: The Autism Diagnostic Observation Schedule (ADOS) [28]. This test was
designed precisely to detect the extent to which a person fails to reach a set of criteria, rendering the
interaction socially appropriate. The rater of the test provides a numeric score reflecting the severity of
the inability to carry on an appropriate social exchange. The test is one sided in that the certified rater
both poses social presses to evoke social overtures in response and actively participates in the exchange.
Then, from the outcome of such interactions, the rater scores the responses of the other person. This is
very taxing on the rater who is both interacting with and observing the person being scored. It is
also taxing on the person being scored, because the test takes a long time (approximately one hour),
while the information obtained is very discrete, necessarily missing key aspects of the exchange that
escape the busy rater’s eyes.

Social interactions naturally occur in a very different manner (i.e., no one is rating the other person
as the interaction unfolds.) Natural interactions are extremely complex, dynamic, and flow organically
in (at times) unpredictable manners. One of the advantages of using the ADOS as a backdrop of
our study is precisely that it is conceived to allow for such fluidity using several tasks that can be
administered in the order in which the situation affords, rather than in a fixed order. Yet, despite this
fluidity, because of the standard ways in which each task is conceived, the overall test preserves a
systematic manner of administration across different ages and different verbal capacities, ranging from
minimally to fluidly verbal cases.

The ADOS test has not officially included neurotypical controls to build a normative scale [29].
It is a criterion-based rather than a norm-based test, yet this does not preclude us from using this test
to probe neurotypicals while applying our micro-level inquiry, paired with wearables. Combining
wearables which co-register simultaneously the bodily motions of both the rater and the participant
with high sampling frequency and extract information both at the macro- and micro-levels of the social
exchange, can give us a very rich picture of the highly non-linear complex dynamics taking place
during the interactions. We hypothesize that the digital ADOS will reveal new aspects of the shared
space spanned by the cohesive dyadic micro-movements of the child and clinician.

Integrating macro-and micro-levels of analysis will augment in unprecedented ways our
knowledge about action execution and action observation in this closed loop of highly variable,
transient, and sustained dyadic cohesiveness (e.g., Figure 1C–E). We may provide biometrics of a
social dialogue through bodily activity. informing us not only about the person’s capacity for social
readiness, but more importantly instructing us on how-to best nurture that potential. We may even
be able to broaden the potential to help the person’s socio-motor tendencies to adapt and converge
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toward the desirable social norms of any given culture. Furthermore, because such bodily activities
are sampled with high frequency, and because the micro-fluctuations derived from biorhythms shift
with context and pick up subtle nuances otherwise hidden to the naked eye of the observer, we will be
able to add significantly to the information that the macro-level ADOS test already provides. It may
be also possible to detect differences between females and males in the cohort when examining the
dyadic interactions, as social rapport emerges between the child and clinician, and does so differently
for males than for females across the ADOS tasks. More generally, we may be able to transition such
valuable clinical tests from a quasi-static discrete method of detection, to a highly dynamic, continuous
tracking tool, one capable of providing an outcome measure for any treatment’s effectiveness during
the naturalistic activities of daily living.

In the social sciences in general, this approach could advance more than one line of inquiry into the
non-linear, dynamic, and stochastic complexity of micro-level social exchange, making these important
aspects of our social being no longer hidden to the naked eye.

2. Materials and Methods

2.1. Ethics Information

This study was approved by the Rutgers University Institutional Review Board. The study is
compliant with the Helsinki Act.

2.2. Design

This study used the tasks from the research grade ADOS-2 [28], a standard clinical test to evoke
social situations, rate the child’s responses and detect autism in cases whereby social affect and
repetitive restrictive behaviors impede proper social interactions with the rater. (The term Repetitive
Restrictive Behaviors (RRB) is used here to be congruent with the clinical jargon of the ADOS test.
According to our quantitative metrics, these motions reflect, rather, adaptation of the nervous systems
in order to enhance kinesthetic reafferent feedback (i.e., feedback from intentional movements) which
in autism shows highly random noisy patterns in relation to neurotypical controls [15]).

The experiment consisted of four visits. In the first visit, the neurotypical control participants
were administered the tasks from the ADOS-2 module that were most appropriate in terms of age and
verbal capacity. The first visit also examined autistic subjects under similar ADOS-2 module criteria,
i.e., using the most appropriate module according to the child’s age, verbal status, and cognitive
capabilities (as determined by the rater clinician.) The autistic participants were familiar with one of
the two raters but not the other. Controls only participated in visit one.

The second visit employed an ADOS-2 module that was compatible with the child’s verbal ability,
even if it was easier than the most appropriate module used in visit one. The idea was to vary the
module while keeping the rater familiar to the children in both visits. The third visit switched to a new,
unfamiliar rater but kept the most appropriate module. The fourth visit kept that rater but changed the
module to an easier one, feasible but not the most appropriate (if one were to use the ADOS-2 to detect
autism.) In our case, we used this test as an experimental assay to evoke dyadic social interactions.
Table S2 shows the tasks’ names (and initials used in Figures labels) along with the corresponding
module numbers. The raters are certified clinicians naïve to the purpose of the study.

2.3. Sampling Plan and Inclusion/Exclusion Criteria

We tested a total of 29 participants, 10 females and 19 males (see Table S3). There were 11 control
children of school age (mean age 9.9 years old) and 18 autistic children (mean age 8.3 years old). In this
set 26/29 dyads (10 females and 16 males) had completed the digitized ADOS with six synchronous
sensors, three on the child and three on the clinician co-registering their motions in tandem) and these
were included in visit one. The 3/29 dyads not included in these analyses had grids with 12 sensors,
and/or the child had a diagnosis of Fragile X. These will be the focus of a different publication, so we
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include only idiopathic autism in the present work. Furthermore, eight autistic children returned in
visits one and two, six returned to the lab in visits one–three and one in visits one–four. The details of
these participants, along with the module delivered and ADOS-2 score assigned across all the visits,
are summarized in Tables S2 and S3 of the Supplementary Material. Autistic children were referred to
our laboratory by local clinics and by the community, with help from the New Jersey Autism Center of
Excellence (https://njace.us/), funded by the New Jersey Governor’s Council for the Medical Research
and Treatments of Autism.

Because of the data type and methods that we introduce for personalized behavioral analyses,
this cohort was sufficient in size. We test the proposition that combining pencil-and-paper methods
with digital means would reveal information about dyadic behaviors that we would miss using
observation alone.

We built indexes that combined the rater’s scores derived from observation with digital data
collected using light wearable sensors. The sensors (APDM Opals, Portland, OR, USA) synchronously
co-registered motions continuously at 128 Hz, thus providing big data for personalized analyses.
We study here linear acceleration (for results using angular velocity, see Supplementary Material)
co-registered synchronously across six sensors (Figure 1B.) The six sensors were positioned at the wrist
and torso of the participants, conceptualized as an interconnected network. Sessions took place in a
socially controlled environment, using the standard ADOS tasks and set up (Figure 1C). Tasks were
administered by two clinicians, who were naïve to the experimental goals of the study. Both clinicians
had ADOS certification for research reliability.

2.4. Analysis Plan

We developed new data types and analytics to simultaneously track the participating agents
of the dyad within the context of the social interactions that the ADOS-2 test evokes. Importantly,
our analytical methods consider the biorhythmic activities of each participant (individually) and of
the shared spatio-temporal parameters of the dyad acting in concert (Figure 1A). We co-registered
synchronously the upper body motions of both participants using a grid of unobtrusive wearable
biosensors (Figure 1B) and examined each sensor’s activity pairwise in relation to the other sensor’s
activity. The moment by moment fluctuations in the amplitude of the signals from each sensor are
normalized to account for anatomical differences that impact motion parameters. A new standardized
data type coined micro-movement spikes (MMS) is then obtained together with various indexes
derived from the frequency and temporal domains of these data.

An index of Dyadic Strength is built as a ratio whereby the numerator is derived from the
Dyadic Coherence, using analyses in the frequency domain (Figure 2A,B). The denominator uses
the Dyadic Variability extracted from the MMS, providing information about the fluctuations in
signal amplitude in the time domain. In both Dyadic Coherence and Dyadic Variability, we sum the
dyadic-interaction entries of the 6×6 matrices that we build from pairwise sensors’ computations.
Figure 2C shows the parameterization of the MMS cross-coherence, phase, and frequency matrices.
These were conceptualized as adjacency matrices and combined to represent dynamically evolving
weight-directed graphs. We then adapted network connectivity analyses using the Brain Connectivity
Toolbox of MATLAB [30,31] to uncover various relevant connectivity metrics across the six nodes.
The shared activity in the dyadic interaction entries were then used to obtain the Dyadic Coherence
quantity per unit time. As with Dyadic Variability, we obtained this for each task of the session in the
order in which the tasks were administered. The Dyad Strength metric was thus built from the ratio of
Dyad Coherence divided by Dyad Variability and normalized between 0 and 1.
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of 12 s time length for each sample under Independent Identically Distributed (IID) assumption, 
explained in Methods). The size of the node corresponds to the OutDegree value, the arrow’s color is 
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the computation involving Outdegree (see methods.) (G) Sample profile over tasks of Experimental 
Participant 01, EP01 showing the COH1 and COH2 unfolding within the session. These terms are 
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(CS), where the child leads. 
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estimated mean, determined using maximum likelihood estimation (MLE) of the best continuous 
family of probability distributions fitting the data. Previous studies involving natural behaviors had 
revealed the continuous Gamma family as a good characterization of human digital data registered 
with these wearables [15,32,33]. The MMS trains were windowed according to an optimal time block 
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task by task, using the simultaneously co-registered data from the six sensors that the child and rater 

Figure 2. Analytical pipeline and visualization tools. (A) Frequency domain power spectrum analysis
of pairwise sensor data provides input to obtain cross coherence spectrum phase across frequencies.
(B,C) A parameterization of the data into three corresponding matrices: MaxCoherence, MaxPhase,
MaxFrequency. Each entry contains the maximal cross coherence value obtained pairwise across all
sensors. For example, row 1 contains the values for the child’s right wrist (R) sensor in relation to
all other sensors (child left wrist L, child torso T, clinician right wrist R, clinician left wrist L, and
clinician torso T. Dyad entries of the matrix are at the right upper quadrant (child→clinician) and left
lower quadrant (clinician→child). Self-interaction entries are at the left upper quadrant (child) and
the right lower quadrant (clinician). Corresponding entries in the MaxPhase matrix reflect the phase
value at which the pairwise coherence is maximal while the same entry in the MaxFrequency reflect
the corresponding frequency value. (D) Adjacency matrix used to represent a dynamically changing
weighted connected graph is obtained by retaining the entries at positive phase under convention
i→j for the (i,j) entry. Dyadic interaction entries are circled. (E) Outdegree for each node denotes the
number of links from that node to other nodes. (F–H) Visual tools and sample metrics to characterize
socio-motor behaviors in social dyads. (F) Visualizing the network to track its states as they dynamically
change in the Construction Task for a child-clinician dyad (EP01, with 17-unit times of 12 s time
length for each sample under Independent Identically Distributed (IID) assumption, explained in
Methods). The size of the node corresponds to the OutDegree value, the arrow’s color is the maximum
cross-coherence value, the thickness is the phase value and the direction comes from the computation
involving Outdegree (see methods.) (G) Sample profile over tasks of Experimental Participant 01,
EP01 showing the COH1 and COH2 unfolding within the session. These terms are used to obtain a
socio-motor metric (see Methods.) (H) Lead profile for the dyad involving EP01 and revealing the
clinician prevalent leadership for most tasks, but Loneliness (LLN) and Creating a Story (CS), where
the child leads (please see Supplementary Material Table S2 for task description and acronyms).

We analyze data in the time and frequency domains and construct various socio-motor indexes.
In the time domain, we examine the variability in MMS using in-home developed analyses of time
series data. These include the characterization of the MMS as deviations from an empirically estimated
mean, determined using maximum likelihood estimation (MLE) of the best continuous family of
probability distributions fitting the data. Previous studies involving natural behaviors had revealed
the continuous Gamma family as a good characterization of human digital data registered with these
wearables [15,32,33]. The MMS trains were windowed according to an optimal time block yielding
tight confidence intervals for the optimal parameters in an MLE sense. They were analyzed task by
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task, using the simultaneously co-registered data from the six sensors that the child and rater wore
(Figure 1C). To that end, using the Earth Mover’s Distance (EMD) metric [34], we examine the pairwise
differences in frequency histograms derived from the MMS of the linear acceleration (see angular
speed in Supplementary Material) and build a 6×6 matrix whereby entries provide information about
variability in the micro-fluctuations of linear acceleration amplitude for dyadic- and for self-interactions
(Figure 1D). The dyadic-interaction variability was obtained by summing all dyadic entries of one of
the circled blocks of this symmetric matrix. This quantity was then used as the denominator of a ratio
coined Dyadic Strength.

We derived several adjacency matrices to represent these activities using dynamically evolving
weighted directed graphs. Furthermore, we adapted various network connectivity analyses from brain
research and used them here to characterize a grid of sensors registering the continuous naturalistic
social interactions of a dyad. We focus on the cohesiveness of the dyadic interactions from the
spatio-temporal spaces shared. We also examine the kinematic synergies of self-interactions in each
dyad participant.

Among the connectivity metrics that we used, we specifically assessed possible differences
between males and females across the cohort. We used the clustering coefficient metric, a measure of
the degree to which nodes in a graph tend to cluster together. We used the Betweenness Centrality
metric, measuring the extent to which a vertex lies on paths between other vertices. Vertices with
high betweenness may have considerable influence within a network by virtue of their control over
information passing between other vertices. Related to this, we examined the characteristic path
length, the average shortest distance path (geodesic), denoting he number of edges in the shortest
paths between all vertex pairs. In all cases we gathered the data generated by the dyad across the
tasks and used the same number of data points in males and in females, to ask if, given a scatter of
similar size, the values distributed significantly differ. Since we had fewer females (10) than males (16),
we relied on the minimum number of values in the females and cycled through all the values of the
males (bootstrapping from the data) to ascertain the degree to which they differed when the number of
elements were identical for each parameter and for each cohort. To compare the groups, we used the
rank-sum test and visualized the histograms and the scatters across all connectivity parameters scaled
to range between 0 and 1. This normalization allowed us to visually compare males and females across
network connectivity metrics and stochastic parameters.

2.5. Data Types

We used Euclidean norm (Equation (1)) to obtain the scalar value of acceleration from the tri-axial

acceleration time series, sampled
→

Ac(t) =
(
Ac(t)x, Ac(t)y, Ac(t)z

)
at the sampling frequency of 128 Hz.

Ac(t) =
√

Ac(t)
2
x + Ac(t)

2
y + Ac(t)

2
z (1)

The resultant time series of peaks and valleys for an experiment’s participant (EP01), during the
ADOS “Construction task”, and the rater are shown in Figure 1C. The sensors co-registered orientation
data through a tri-axial gyroscope. Similarly, we computed the angular speed capturing rotational
data (results shown in Supplementary Material).

These time series of linear acceleration and angular speed have peaks and valleys that fluctuate
in amplitude and inter-peak interval times. We focused in this paper on the fluctuations in signal
amplitude, taken as relative deviations from the empirically estimated Gamma mean. To estimate the
mean, we fit the continuous Gamma family of probability distributions to the frequency histogram of
the raw data peaks. The Gamma family fits the data in an MLE sense with 95% confidence intervals
for the shape and the scale parameters, respectively [15]. Using these parameters, we estimated the
Gamma moments and used the mean to obtain the absolute deviation of each point in the time series.
We then construct our waveform of interest denoting micro-fluctuations in bodily biorhythms during
social interactions, derived from the original raw data of linear acceleration (and angular speed).
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The peak amplitude data mean, shifted and centered at the empirically estimated mean, was then
scaled to the real valued interval (0,1) using Equation (2)

NormPeak =
Peak

Peak + Avrgmin to min
(2)

These unitless waveforms are called micro-movement spikes (MMS) (see Figure 1C). The MMS are
in reduced frames as they capture only the absolute deviations from the estimated mean. We zero-pad
values below the deviations to reconstruct the original number of frames across all six sensors.
This standardized waveform accounts for allometric effects [35] owing to anatomical differences
impacting the motion data and allows us to combine data from multiple sensors with different
physical units [19]. Here we focus on the linear acceleration and present the results in the main paper.
The Supplementary Material presents the results for angular speed.

We chose 12 s time windows as our unit for the Gamma parameter estimation because this was
the minimal task segment across the entire set and it provided tight confidence intervals at 128 Hz
sampling rate.

2.6. Socio-Motor Metrics

Several metrics per unit time (12 s windows independently sampled without overlap) are derived
to quantify socio-motor phenomena, inclusive of leading patterns within the dyad agents, cohesiveness
and phase delays. Below we enumerate these metrics in the temporal and frequency domains.
Furthermore, we explain our adaptation of network connectivity analyses commonly used in brain
science [30,31] to the analyses of interacting nodes on a grid of synchronous sensors, sampling
biorhythmic activities generated by bodies producing social motions and emotions.

Dyad Variability (temporal domain): To quantify the differences in frequency histograms derived
from the MMS, we use the Earth Mover’s Distance metric [36] commonly employed in machine
learning [34]. The average pairwise EMD per unit time is taken across all time windows of each task,
owing to variable task time lengths. We sample windows under the independent identically distributed
(IID) assumption for each task and average across these uniform units of time. Thus, our results are
reported as quantity per unit time, using our uniformly determined unit of time. For each child-clinician
dyad, this information produces a 6×6 matrix with the first three rows representing the child data from
the right wrist (R), left wrist (L) and the torso (T) sensors in that order. The following rows represent the
clinician’s sensors in the same order as the child’s sensors. Likewise, the columns follow this convention
such that entry [1,2] in row 1 and column 2 represents the pairwise EMD1,2 quantity between the right
wrist and the left wrist of the child, whereas entry in row 5 and column 2 represent the EMD5,2 between
the left wrist of the clinician and the left wrist of the child. EMD1,2 captures variability in bodily nodes’
self-interaction because these are from the child’s own body. In contrast, EMD5,2 captures variability
in dyadic interactions because they are from a shared dyadic spatio-temporal pattern derived from
pairwise activities between the clinician and the child. Figure 1D shows sample frequency histograms
from the child and clinician right wrist MMS used to obtain the entry marked by an asterisk on the EMD
matrix. The sum over the Child-Clinician (or the Clinician-Child) entries reflect Dyadic Variability
(note this is a symmetric positive matrix as EMD is a proper distance metric.) This quantity is obtained
for each task across the time length that the task may take, using 12 s long time windows under IID
assumption. The average for each task is then plotted across the tasks (normalized by maximal value
to plot it as (0,1) values). Figure 1E shows an example of this profile for EP01-clinician dyad.

Coherence-Phase-Frequency Parameterization (frequency domain): Power spectrum analyses (Figure 2A)
of the MMS and pairwise cross-coherence analyses across the grid of sensors were used to build
a parameterization of the data in the frequency domain. To that end, for each task we obtain the
pairwise cross-coherence and cross-spectrum phase across frequencies, thus providing maximal
cross-coherence with the corresponding phase and frequency, forming three matrices lined up in
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Figure 2C. These matrices are used to derive several socio-motor parameters using network connectivity
analyses (see below).

The first matrix comprises the maximal cross-coherence value at each entry. For example, entry
MaxCoherence2,3 represents the maximal cross-coherence value between the left wrist (L) of the child
and the torso (T) of the child. This is the maximal level of synchronicity between these self-body
parts. As with the EMD matrix before, here we focus on the self-interaction entries and on the
dyadic entries, separately. Under this convention, entry MaxCoherence2,3 represents a self-interaction
entry. The corresponding entry in the MaxPhase matrix has 0 value, thus indicating that these two
self-body parts are synchronized with 0 lag and this occurs at 30Hz, the corresponding entry in the
MaxFrequency matrix.

The MaxCoherence is conceptualized as an adjacency matrix representing a weighted connected
graph. We use it to derive an interconnected network of nodes (body parts) and links between
nodes. The links represent the level of pairwise maximal coherence. We use network connectivity
analyses and obtain OutDegree, InDegree, total degree, strength, modularity, clustering coefficient,
etc., to capture different states of network connectivity across tasks representing states of the dyad
whose biorhythmic activity dynamically evolves over time. For the corresponding MaxPhase matrix,
we adopt the convention that node i leads node j in the (i, j) entry. Lastly, the frequency matrix provides
information about the frequency range at which the cross-coherence is maximal at a phase lag. We can
examine the activities for known physiological ranges up to 30 Hz, and/or beyond those ranges up to
64 Hz in this case, focusing on different frequency bands to examine different patterns of entrainment
for different dyads, etc. (see other examples [24,37].) In this paper, we focus on the activities across all
bands. Figure 2D shows the adjacency matrix that we use to represent the connected network, while
focusing on the positive phase leads and zeroing out the entries corresponding to negative phase.
The OutDegree vector for a construction task time window is shown in Figure 2E and used to represent
network connectivity in the third row. There the color bar represents the maximal coherence values in
a color gradient used to color the arrows linking the nodes, with direction according to the positive
phase value captured by the arrow thickness. The size of the node is the OutDegree value capturing all
the links that the node connects to all other nodes. Two states of the network are represented as an
example of transitions, whereby the child leads on average in one and the clinician leads on average in
the other. Figure 2F reveals other states where different network patterns evolve as the dyad performs
the construction task.

Dyad Coherence Metric: The total dyad coherence is obtained by summing over the entries of the
dyadic portions of the matrix (circled in Figure 2D). The lower left quadrant circled entries represent
coherence from clinician-to-child (COH-1) and the upper right quadrant represents coherence from
child-to-clinician (COH-2). COH-1 + COH-2 is tracked for all the tasks performed during the session
in Figure 2G. Note here that the maximum cross coherence metric is symmetric, but the matrix derived
using the phase-lags with positive values to build the adjacency matrix is not symmetric.

Dyad Strength Index: An index measuring the strength of the dyad (Equation (3)) combines the
value from the Dyad Coherence metric in the numerator and the value from the Dyad Variability metric
in the denominator. Higher value of the ratio indicates lower variability and higher cross-coherence
during the interaction. This quantity was normalized between (0,1) using the maximal value across
all tasks.

DyadStrength =
DyadCoherence
DyadVariability

(3)

Delay in Cohesiveness: For maximal coherence values, we sum the lag values over the dyadic
entries of the phase matrix to determine, under our (i, j) order convention which person lags behind
the other person when the shared dyadic body parts are maximally coherent.

Social Readiness Metric: Using the combination of macro-level data (ADOS scores) and micro-level
Dyad Strength quantity, we build a parameter space where we localize all controls and autistic
participants to learn where in that parameter space the controls lie. The assumption here is that
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the control with the highest value of Dyad Strength and the lowest value of ADOS score has high
social readiness potential. Then we build a relative metric of Social Readiness by taking the difference
between this representative participant and every other participant in the cohort. This is a positive
quantity spanning from 0 to the maximal value across the cohort. We normalize both the ADOS scores
and the Social Readiness quantity using the corresponding maximal values, and we can then profile
the full cohort simultaneously at the macro- and micro-level of inquiry. This can inform us about the
potential of each child in the cohort for appropriate social interactions that the clinical test expects and
that the body performs.

Leading Profile: To assess who leads, the child and clinician, during the dyadic interaction for
each task, we use the OutDegree metric (Figure 2E) obtained from the weighted directed graph that
the cross-coherence adjacency matrix produces for each task (e.g., in Figure 2D). Given two nodes,
the node with the higher value of OutDegree is said to lead the interaction. There are nine possible
cases of inter-body connections (3 (child) × 3 (clinician)) in the dyadic network shared by the child
and clinician. As the interaction unfolds, these states change (e.g., Figure 2F). At each time unit where
we update the state of the network, the maximal OutDegree represents the leading person. Since the
total time for every task is different, we calculate the lead-lag dynamics across all the time units in the
manner explained above (with 12s windows taken under IID assumption) and sum up the total for
each child and clinician. The person leading a greater number of time units for each given task is said
to lead the task. Figure 2H shows the lead-lag for every task performed by EP01 during the session.

As an example of lead-lag calculation for EP01, he spent 17 time units in the Construction Task
(CT) with a 12 s time unit (128 Hz × 12 s gives 1536 frames and this is the minimum time length of
a task across the entire cohort.) This number of frames provided enough information to empirically
estimate statistical parameters with 95% confidence intervals. At time t = 1, the OutDegree patterns
could be (3 (LW), 3 (RW), 5 (Torso))Child and (1 (LW), 0 (RW), 3 (Torso))Clinician.

Each of the entries in the Child vector are compared to the entries in the Clinician vector,
giving a total of nine possible dyadic interactions. For example, the first interaction, being LWChild

(OutDegree = 3), is compared to LWClinician (OutDegree = 1). The Child leads this interaction as it
has a higher value of OutDegree. Similarly, the Child leads seven to nine interactions, none are led
by the Clinician and two are balanced (with equal OutDegree value). Consequently, at time t = 1,
the Child leads.

The lead-lag patterns can be visualized as in Figure 2F, where the color of the lines depicts the
coherence value, the line thickness represents the phase lag, and the size of the node is the OutDegree.
Here the direction of the arrows represents who leads the interaction at time t. We can see that at t = 1,
the child leads as explained above. The calculation for the other time units follows and a profile across
tasks is shown in Figure 2F. Similar to the dyadic interaction portion of the matrix, we can also quantify
the self-interaction for each child and clinician separately, to see which sensor (Left Wrist, Right Wrist
or Torso) leads during each of the tasks.

3. Results

The combination of macro- and micro-level of inquiries can be appreciated in Figure 3A where we
plot the ADOS sub-scores as a function of the Dyad Strength for each child in the cohort.

3.1. Potential for Social Readiness Revealed by Micro-Level Socio-Motor Biometrics Is Missed by
Macro-Level Criteria

Figure 3A shows that neurotypical children have low ADOS scores (total, social affect, and repetitive
restricted behaviors) and higher Dyad Strength than the autistic participants, according to linear
acceleration data (angular speed data in Figure S1 is congruent.) However, several autistic subjects
with high ADOS scores also have strong Dyad Strength, in the range of neurotypicals. Their bodily
biorhythms synchronize with those of the rater as they socially interact. This shared level of cohesiveness
suggests a potential for social readiness captured by the digital data but missed by the naked eye.
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To further characterize that potential, we compute the difference between the neurotypical participant
with the highest Dyad Strength value and that of every other participant in the cohort. We then
normalize this quantity by dividing it by the maximal value of that difference across the group. The
corresponding normalized ADOS score is plotted for each participant along with this relative measure
of Social Readiness. The closer to 0 this quantity is, the higher the Social Readiness potential. This can
be appreciated in Figure 3B inclusive of neurotypical controls and autistic subjects.J. Pers. Med. 2020, 10, x FOR PEER REVIEW 11 of 24 
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scores (Social Affect, (SA) and the so-called Repetitive Ritualistic Behaviors, (RRB)). (A) Dyad strength 
(see methods) tends to be higher in neurotypical controls, with a tendency towards lower 
(normalized) ADOS scores and some higher variations in the more ambiguous RRB sub-score. The 
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difference between each participant and the neurotypical with the highest dyad strength. Many of the 
autistic participants do have socio-motor strength in the dyadic interaction, despite high ADOS 
scores. 

Notice that several of the autistic participants have social readiness potential in the range of 
controls, despite high ADOS scores. 
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obtained pairwise. We do this for each child in the neurotypical and autistic subgroups and for the 
rater clinician interacting with these children. Figure 4A shows this profile as % of the neurotypical 
children’s cohort leading with the highest positive phase at maximal cross-coherence (left panel in 
4A). This quantity is plotted for each of the tasks that the children performed for a given module 
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Figure 3. A measure of social readiness potential: Dyadic strength expressed in relation to ADOS
sub-scores (Social Affect, (SA) and the so-called Repetitive Ritualistic Behaviors, (RRB)). (A) Dyad
strength (see methods) tends to be higher in neurotypical controls, with a tendency towards lower
(normalized) ADOS scores and some higher variations in the more ambiguous RRB sub-score. The trend
in the autistic dyadic strength scores is towards lower values and higher ADOS score, yet 5/15, (33.3%)
fall within the neurotypical lower range despite higher ADOS scores, thus signaling a hidden capacity
for social dyadic exchange. (B) This information can be further unfolded for each participant, whereby
a score of social readiness potential is obtained as a relative quantity measuring the absolute difference
between each participant and the neurotypical with the highest dyad strength. Many of the autistic
participants do have socio-motor strength in the dyadic interaction, despite high ADOS scores.

Notice that several of the autistic participants have social readiness potential in the range of
controls, despite high ADOS scores.

3.2. Mirroring of Social Actions Inevitably Biases the Rater

Another metric that we can derive from the network connectivity analysis is the extent to which
each node leads other nodes in the grid of six sensors, conceptualized as an interconnected network.
To that end, we use the OutDegree metric (e.g., Figure 2E) which signals the number of links with
high cross-coherence from each node to each other node (visualized in Figure 2F.) When examining
self-interaction nodes, we focus on the person’s nodes and obtain the OutDegree metric of each node,
signaling the phase lead (in degrees per unit time) for each of the maximal cross-coherence values
obtained pairwise. We do this for each child in the neurotypical and autistic subgroups and for the
rater clinician interacting with these children. Figure 4A shows this profile as % of the neurotypical
children’s cohort leading with the highest positive phase at maximal cross-coherence (left panel in 4A).
This quantity is plotted for each of the tasks that the children performed for a given module (along the
x-axis) across all three sensors. The right-hand panel in 4A depicts the information for the clinician.
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The neurotypical children and the rater clinician have comparable ranges of leading index values.
In contrast, the same clinician shows a very different range of leading index values when the children
are autistic. This mirroring effect of Figure 4A,B strongly suggest a socio-motor bias that inevitably
occurs largely beneath awareness, but that nonetheless skews the performance of the task by the rater.J. Pers. Med. 2020, 10, x FOR PEER REVIEW 12 of 24 
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Figure 4. Mirroring Bias Effects. (A,B) Biased rating in the ADOS test quantified through mirroring
metric of lead-lag social patterns of self-interactions (individual kinematic synergies) as percentage in
leading patterns across the cohort. Neurotypical Controls and Clinician show broader range of values
than Autistics the visit one, under the most appropriate module and same rater. (C) Mirroring effect
and raters’ leading bias persist in the shared dyadic cohesiveness as the module and rater change.
Visit one and three (appropriate module) under two different raters show a reduction in parameter
range for autistics relative to controls. Visit two and four (less appropriate module and by then familiar
rater) show an increase in parameter range for autistics relative to visits one and three.

When the interlocutor is neurotypical, the rater’s patterns mirror the range of neurotypical values,
but when the interlocutor is autistic, this range shrinks. Since these are self-interactions (inter-node
cross-coherence phase for each agent) and the dyad also shares the intra-node cross-coherence, we then
obtained graphs in Figure 4C exploring similar a question for each visit. Controls only visit once,
whereas autistics come back three more times. In each case, we now examine the OutDegree leading
patterns of the dyadic nodes of the matrix. The angular speed data in Figure S2 shows consistent
patterns with the linear acceleration data of Figure 4.

3.3. Systematic Leading Bias of Rater Remains Across ADOS Modules and Familiarity with the Child

We see that, as with the self-interaction nodes, the dyadic interaction nodes reveal a mirroring
bias whereby, for the same clinician, same child and same module, the range of values in the leading
parameter is on average much higher when the children are neurotypical (Figure 4C, left-panel) but
shrinks when the children are autistic (Figure 4C, right-panel). Then, in visit two, when the module
changes to an easier one, the range of values broadens across the autistic children. This effect on the
person leading the interaction shows the mirroring effects of shared socio-motor parameters that raters
inevitably miss when relying on observation alone.

The same cohort of children returns to visits three and four, but we change the rater. As in visit
one, during visit three, the rater administers the most appropriate module for each child. In visit
four (as in visit two), the module is the less language-appropriate one. In visit three, the children
perform the appropriate module, as in visit one. Despite the familiarity with that module, the patterns
of leadership ranges shrink with the new, unfamiliar rater. Here we see that the new rater’s range
becomes much broader when the children are familiar with her in visit four, and the module is already
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familiar to the child, from visit one. For both raters, there is an implicit mirroring effect with the autistic
children that is inevitably bound to bias their scoring. The raters are interacting in a closed loop with
the child and influencing the interaction that they evoke, respond to and rate. The cross-coherence
network connectivity metrics capture the inherent biases in the leading patterns across the ADOS tasks.
In all cases the rater dominates the interaction albeit with marked differences between controls and
autistics in the full range of values across the cohort, susceptibility to familiarity with the rater and
easiness of module.

3.4. The ADOS Test Probing Appropriateness in Social Interactions Is Administered as a Monologue

The network connectivity analyses invariably reveal for controls and autistics that the rater leads
the interaction most of the time. This can be appreciated in Figure 5A, while Figure 5B shows the
summary across all four visits for the autistic cohort and for visit one for the controls. Although
natural social interactions of a dyad are supposed to unfold like a dialogue between two agents,
the test administration switches the interaction to a monologue style. The rater is unaware of these
socio-motor parameters, as they evolve implicitly, from the synchronous cross-cohesive patterns that
self-emerge from the two bodies in micro-motion. At the macro-level of the social dyad, these aspects
of the dynamically unfolding behavior occur much too quickly to be picked up by the rater, who is
busy trying to evoke, react to and rate the child’s social overtures. Figure S3 shows consistent results
for angular speed data as Figure 5 does for linear acceleration data.
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Figure 5. Monologue style of ADOS test. Rater leads social interaction a large percentage of the time
for each child. (A) For all 26 children divided into neurotypical controls and autistics on the x-axis and
on the y-axis, the % of time (taken across all ADOS tasks) that the rater or the child leads the interaction.
Clinician rater leads on average for each child, across all tasks. (B) Group data per visit showing the
summary of the % time that the person leads the social interaction.

3.5. Micro-Level Analyses Capture Socio-Motor Changes Missed by Macro-Level Scores

Figure 6 shows data from a representative autistic experiment participant who returned to
the lab for a second visit and was rated by the same clinician during performance of the same
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ADOS-appropriate module in both visits. We note that the child did not perform all tasks in each
visit but performed a subset of them in both visits. While his ADOS scores remained unchanged,
his socio-motor patterns markedly changed from visit to visit. Figure 6A shows the patterns of
leadership for both visits, while Figure 6B shows the patterns of Dyad Variability. Figure 6C,D show
the patterns of Dyad Coherence between child and clinician in the clinician→child and child→clinician
directions, respectively. While neurodevelopment continued its complex micro-dynamic course in
this autistic participant over two visits separated months apart, at the macro-level the ADOS scores
remained deterministically static over time. Figure S4 shows consistent results for angular speed data
as Figure 6 does for linear acceleration data.J. Pers. Med. 2020, 10, x FOR PEER REVIEW 14 of 24 

 

 
Figure 6. High sensitivity of micro-level metrics captures socio-motor changes over time and serves 
to measure rater’s reliability-style. (A–D) ADOS scoring system does not capture change in 
developmental socio-motor physiology. Across visits, the macro-level scores remain static, but the 
micro-level socio-motor parameters change. These include leading profile, Dyadic Variability and 
Dyadic Coherence. (E,F) High sensitivity to changing clinician rater prevails across all children and 
tasks. The self-interaction parameters (individual kinematic synergies) of autistic participants are 
sensitive (at the micro-level) to changing the rater. (G,H) Leading profiles in the same autistic cohort 
shift as the raters differ. 

3.6. High Sensitivity to Change in Clinician Across all Children of the Cohort 

Two raters participated in the study, one in visits one and two, the other in visits three and four. 
As mentioned, the appropriate ADOS module was administered in visits one and three. Less 
appropriate modules were administered in visits two and four. This experimental assay allowed us 
to probe the responses of the dyad to the switch in raters (same ADOS module, different raters.) For 
the autistic children, the leading profile derived from the self-interaction entries of the matrix changes 
with the change in clinician, despite maintaining the same ADOS module, whether appropriate or 
not (Figure 6E,F). This suggests that the child’s nervous system is sensitive to changes in the social 
environment, a desirable feature that could be further used to enhance social interactions across 
different situations. 

3.7. Stratification of Sub-Types in Autism Is Not Possible Using Macro-Level Criteria Alone 

Figure 6. High sensitivity of micro-level metrics captures socio-motor changes over time and serves to
measure rater’s reliability-style. (A–D) ADOS scoring system does not capture change in developmental
socio-motor physiology. Across visits, the macro-level scores remain static, but the micro-level
socio-motor parameters change. These include leading profile, Dyadic Variability and Dyadic Coherence.
(E,F) High sensitivity to changing clinician rater prevails across all children and tasks. The self-interaction
parameters (individual kinematic synergies) of autistic participants are sensitive (at the micro-level) to
changing the rater. (G,H) Leading profiles in the same autistic cohort shift as the raters differ.
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3.6. High Sensitivity to Change in Clinician Across All Children of the Cohort

Two raters participated in the study, one in visits one and two, the other in visits three and
four. As mentioned, the appropriate ADOS module was administered in visits one and three.
Less appropriate modules were administered in visits two and four. This experimental assay allowed
us to probe the responses of the dyad to the switch in raters (same ADOS module, different raters.)
For the autistic children, the leading profile derived from the self-interaction entries of the matrix
changes with the change in clinician, despite maintaining the same ADOS module, whether appropriate
or not (Figure 6E,F). This suggests that the child’s nervous system is sensitive to changes in the social
environment, a desirable feature that could be further used to enhance social interactions across
different situations.

3.7. Stratification of Sub-Types in Autism Is Not Possible Using Macro-Level Criteria Alone

Among the experimental participants, several had similar ADOS scores. This is not surprising,
given the narrow numerical range of discrete values of these scores and the large heterogeneous
population sample. Upon taking a random draw of participants from the population, it is not possible
to cover all different subtypes using these discrete scores’ range from macro-level criteria. To instantiate
this point, we present the socio-motor data derived from the biosensors for two experiment participants
with identical ADOS scores but fundamentally different socio-motor phenotype. We examined their
ADOS activities using the same module and rater. Figure 7A shows the leadership profile across
tasks for these two representative autistic participants with very different socio-motor activity. At the
macro-level of ADOS description they are similar. At the micro-level of socio-motor behavior they
differ. In an interventional therapy following this ADOS detection, these children would likely require
different approaches that such discrete coarse clinical criteria could not differentiate. Panel 7B further
shows the distinct profiles of Dyad Variability for these participants, while panels 7C and 7D show the
profiles of Dyad Coherence across tasks, taken from the clinician→child and child→clinician dyadic
entries of the cross-coherence matrix representing the interconnected network of sensors. Figure S5
shows consistent results for the angular speed data as Figure 7 does for linear acceleration data.

3.8. Two Different Clinicians Perceive the Same Child’s Socio-Motor Patterns Highly Differently

Likewise, following up the sensitivity of the children’s nervous system to changes in clinician,
we here asked if the same autistic child interacting with the two clinicians in different visits would be
differentially perceived by the clinicians. We tested this question using the micro-level socio-motor
patterns from the clinicians and comparing them across the tasks that were common to the child.
Figure 7E shows the differences in leadership patterns of the clinicians for the same child while
Figure 7F shows the profile of Dyad Variability. Figure 7G,H show the pattern of Dyadic Coherence for
the clinician→child and child→clinician directions, respectively.

3.9. Task Ranking and Target Treatment

Given the sensitivity of micro-level socio-motor patterns to changes in clinician, modules and the
passage of time from visit to visit, we then ascertain the extent to which we could use the digital data
derived using the ADOS test as an outcome measure and possibly turn this test into an intervention tool,
beyond the static notion of a macro-level detection instrument. Adding the socio-motor micro-dynamics
is amenable to further investigating this question, task by task. To that end, we probe the delay in
attaining cohesiveness as a metric of natural social interactions. Delay in Cohesiveness (see methods)
is obtained by summing over phase-lag values of the entries of the phase matrix for which maximal
cross-coherence was attained between the child’s and the clinician’s biorhythmic activities. This is
the socio-motor space cohesively shared by the two agents of the dyad when their bodily biorhythms
synchronize with different phase lags. At 0 lag they are perfectly in sync, but that state is often transient.
Lag patterns add up to out-of-phase synchronous patterns across child and clinician. We measure that
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Delay in Cohesiveness and build a parameter space to learn about this as a function of Dyadic Strength
(previously defined.) We find that controls span the full range of Delay in Cohesiveness while most lie
on the higher values of Dyadic Strength (Figure 8A). In contrast, autistics are mostly on the upper left
quadrant of the graph, with high values of Delay in Cohesiveness and, on average, lower values in
Dyadic Strength than controls.
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Figure 7. Vignettes samples show bottlenecks of pencil and paper observation methods.
(A–D) Macro-level scoring system does not capture change in developmental socio-motor physiology.
Experimental participants EP16 and EP21 are perceived very different by the same clinician in relation
to leading patterns (A); Dyad Variability (B) and Dyad Coherence (C,D) in each of the clinician→child
and child→clinician directions. (E–H) Ill-posed autism detection problem: Given the ADOS score,
what is the most likely socio-motor phenotype? Each clinician perceives the same child differently
across all micro-level socio-motor indexes.
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Figure 8. Digital biomarker for personalized design of adaptive targeted therapy. (A) Parameter space
spanned by dyad strength on x-axis and delay in cohesiveness (see text for details) on the y-axis.
Ideally within a social interaction one would desire high dyad strength and a broad range of response
cohesiveness, spanning from fast to slow. Note that most controls have high dyad strength and their
responses vary broadly from lower to higher cohesiveness delay, whereas autistics are primarily in the
region of low dyad strength and delayed cohesiveness (i.e., they synchronize their body biorhythms
with those of the rater, but there is a larger lag than desirable.) (B) Task ranking criteria based on dyad
strength calculated for various tasks from participants in visit one. Functional and Symbolic Imitation,
FSI is assigned the highest rank (easiest task to perform) as it depicts the best dyad strength while PH
having the lowest dyad strength is assigned the lowest rank (most difficult task to perform).

This result motivated us to examine the tasks individually and propose a task training regime
whereby, in a personalized manner, one could rank which tasks have highest Dyad strength,
with variable delay in cohesiveness that converges toward the right lower quadrant of the graph.
Then we can use those tasks to start gradually training the person while incorporating other tasks,
as social learning improves in the precise sense that Dyad Strength increases, Delay in Coherence is
variable and, at the macro-level, the rater begins to unambiguously perceive the positive changes.
Figure 8B provides an example of the continuous digital scale derived from the tasks, ranging from
lowest to highest Dyad Strength value. These scales encompass both macro- and micro-level of
information but is dynamic, as it depends on the evolving socio-motor skills of the person interacting
in a dyad. Table S1 shows the tasks that are significantly different at the alpha of 0.05 when comparing
controls and autistics. Figure S6 shows consistent results for angular speed data as Figure 8 does for
linear acceleration data.

3.10. The Digitazed ADOS Separates Males and Females Using Network Connectivity Metrics and Noise to
Signal Ratio (NSR)

The network connectivity analyses revealed fundamental differences between males (16) and
females (10) in the cohort. Figure 9 shows the distributions and scatters of several parameters used to
assess dyadic socio-motor behavior. For each parameter we used the same number of points, 1730,
which was the minimum set in the females derived from the 27 tasks. We cycled across all participants
of the cohort and sampled multiple sets to systematically compare males vs. females. The sets represent
a random draw of the population, inclusive of autistics and controls, whereby females revealed a very
different connectivity and NSR profile than males. All parameters were statistically different with
significance at the 0.01 level, p << 0.01 according to the non-parametric rank-sum test.
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Figure 9. Digital ADOS automatically separates females from males in a random draw of the population.
(A) Scatters and histograms of parameters derived from interconnected networks representing the
dynamic dyad provide evidence for fundamental differences in connectivity across the nodes of the
network composed by the child and clinician dyad. (B) The empirically estimated Gamma scale
parameter (the noise to signal ratio, (NSR)) of the micro-movement spikes (MMS) derived from
acceleration separate females from males with lower NSR in females and tighter distribution than
males. The characteristic pathlength denoting average shortest distance path from each node to every
other node of the network is significantly shorter in females than in males. The betweenness centrality
is higher in females than males and the clustering coefficient is also higher in females. All differences
are statistically significant with p << 0.01. (C) Summary graph for angular speed is consistent with
the acceleration patterns. (D) Females show lower NSR, lower characteristic pathlength and higher
betweenness centrality and lower clustering coefficient. All differences are statistically significant
according to non-parametric rank-sum test p << 0.01.

The network connectivity parameters revealed better connectivity patterns in females than males.
Since these patterns are derived from the dynamic dyad, they imply better social rapport with the
clinician in females than males. The characteristic pathlength was significantly shorter in females
than males, suggesting faster information transmission throughout the network, a feature that was
accompanied by significantly lower NSR in females, lower clustering coefficient values denoting more
distributed network in females, with more efficient (sparser) dyadic node information accompanied
by higher betweenness centrality in the dyad nodes. These patterns turned out to be highly different
when comparing males’ and females’ micro-movement data, as generated by the dyadic network from
the digital ADOS. However, better connectivity patterns in females may make it harder for the clinician
to visually recognize social difficulties in the female phenotype. All comparisons of these parameters
yielded highly significant differences for the time series data from the accelerometer (Figure 9A,B) and
from the gyroscope (Figure 9C,D).

4. Discussion

This study leveraged the digital data output by wearable sensors during the performance of
a standard clinical test to significantly augment the information that we could gain during the
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assessment of dyadic social interactions. Turning the standard tasks of the research ADOS test into
experimental assays and manipulating several parameters of the experiment, we were able to improve
the characterization of socio-motor behaviors across the population, inclusive of neurotypical controls
and autistic participants.

We digitized this test while neurotypical children interacted with the rater and uncovered new
aspects of the test that helped reveal the potential for social readiness in autistic children. We also
learned that the rater dominates the interaction, leading most of the time in both neurotypicals and
autistics, with a mirroring effect that inevitably biases the shared cohesiveness of the interaction,
channeling a broader range of variability in leadership patterns for neurotypicals and a much narrower
range in autistics. The mirroring effects occur at the personal level of activity in what we coin
self-interactions of the nodes (conceptualized as kinematic synergies across the bodily biorhythmic
fluctuations of each interlocutor in the dyad.) It also occurs at the shared spatio-temporal patterns
of cross-coherence between several body parts of the child and the rater. This shared cohesiveness
that self-emerges and evolves across the tasks in a session contributes to the strength in dyadic
interactions present in autistic children and is therefore revealing of their potential for social readiness.
We would not have discovered this socio-motor parameter had we not included neurotypicals in our
research-ADOS assessment. As social interactions depend on developmental socio-motor milestones,
and these in turn depend on the maturation of the nervous system, our results underscore the need to
include normative data from neurotypical participants in any study or assessment of autistic social
behaviors. Furthermore, objectively quantifying the level of bias from the rater during the interactions
enables us to curtail it or enhance it as needed, thus providing new means to causally induce a child’s
reaction in a much more controlled manner than has been traditionally done.

The use of the research ADOS standardized modules in our study allowed us to test the same
child with the same rater under different social demands. When the module was appropriate, we
saw a consistent reduction in the range of variability in the leading patterns across raters, in relation
to their patterns for a less appropriate module under a context of more familiarity with the rater.
This is important because, at the micro-level of socio-motor behaviors, the same child may demonstrate
more social competence, given that s/he is more familiar with the person and/or the tasks. This is
not something apparent to the naked eye of an observer and much less so when the observer may be
also distracted when trying to rate the interaction. There is a bottleneck in information processing
that inevitably prevents the rater from seeing this aspect of the interaction. Adding the micro-level of
analysis thus presents us with the opportunity to harness this potential for social readiness and offer
the child (autistic or otherwise) better social support. We can then utilize this standardized test as an
avenue to train the child to be social without having to instruct how to do so, but rather by leveraging
this micro-layer of information that we can extract from the shared spatio-temporal cohesiveness of the
dyad under more relaxed conditions (e.g., more familiarity with the rater and the task.) Socio-motor
phenomena are adaptable. We can use these biometrics to track the progression of adaptation at the
micro-level of inquiry, underscoring once again how much more we gain by integrating them into the
current behavioral assessments tools at the research and at the clinical levels.

Dyadic social interactions are typically a dialogue with balanced contributions from both parties
involved. They succeed at communicating when there is appropriate turn taking, when joint attention
is not sustained for too long or when it is not too brief, and when the entrainment between the
bodily biorhythms lead to implicit agreement supporting non-verbal communication. There is a
delicate balance at the micro-level activity that scaffolds social rapport of the interacting dyad at the
macro-level. The results from our analyses reveal a prevalence of the rater leading the interaction
with both neurotypicals and autistics. This rater dominance turned the test into a quasi-monologue
style of interaction, perhaps an unintended consequence of having the same person evoke the social
overture of the child, while responding to it, and rating the outcome. Inevitably, the leadership role
of the rater skews the interaction. Although this is not discussed in the social behavioral sciences,
here we reveal it using micro-level analyses of the shared spatio-temporal and frequency parameters,
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characterizing the fluctuations of the biorhythmic activity generated by the two bodies in motion
during the dyadic exchange.

This strong skewing influence of the rater on the dyadic social behaviors changes the outcomes of
the child’s socio-motor patterns for the exact same task and module when different clinicians administer
the research ADOS to that child. Consequently, not only at the micro-level of social responses, but also
at the macro-level of observable responses, a given child could be perceived very differently by different
clinicians. There are both positive and negative consequences here. The positive side is that we
can precisely characterize the child–rater’s reactions to each other and, in the context of therapy,
use this digitized instrument to determine which therapist has by default more rapport with the child.
This would be especially relevant in the early stages of the therapy. Likewise, we could use this test
and biometrics in the context of a teacher-child relationship, to select the teacher that will most likely
(by default) have the best rapport with the child. This is important for emotional social learning
in general.

The negative aspect is that, for a test that aims at detecting something with high precision, there is
no chance that it will do so. The detection problem becomes ill-posed: given a score, what is the
most likely socio-motor phenotype? The map from score to socio-motor phenotype is many-to-one.
This result bears implications for our (in)ability to define the autistic phenotype(s) and reliably uncover
autistic subtypes in a random draw of the population. We could not use this test to stratify the broad
spectrum of autism.

Since this test informs and largely steers the science of autism, and since given the ADOS score it is
not possible to infer the most likely socio-motor phenotype, for detection purposes it may be beneficial
to combine different levels of inquiry and produce a more reliable objective metric impervious to rating
styles, personality or cultural nuances. This should be possible by providing a digital characterization
of social interactions in general, as we have done here, with a clinical example that uses standard
pre-specified tasks amenable to illustrate these various points.

We emphasize that there are many more possible biometrics that we can derive from these tasks
and interactions [37–40]. The examples used here are merely illustrative of the broad variety of
socio-motor parameters that digital data can offer. Wearable biosensors today sample at high frequency
even when they are off-the-shelf, such as smart phones, smart watches, etc. [41] affording science
and clinical areas a new level of granularity sensitive to the detection of change and its rate during
neurodevelopment. This information is now at the tip or our fingers owing to the wearable sensors
revolution, offering continuity to behavioral science even in times of physical (social) distancing.

One important aspect of the study was that some of the autistic children returned to the lab for a
total of four visits. This passage of time was important to assess the extent to which the socio-motor
phenomena assessed at different levels of inquiry would reflect the rate of change in neurodevelopment
that the children underwent. We found that while the macro-level of description from observation
(using in this case the research ADOS scoring criteria) remained static, the micro-level of description
and statistical inference fluctuated over time, describing a stochastic trajectory that could reveal
individual trends for each child and for the cohort.

Having the ability to assess developmental trajectories in tandem with changes in
somatic-sensory-motor physiology is important to build the notion of a dynamic diagnosis chart that
could reflect such changes in maturation and function. Underlying all these socio-motor biorhythmic
phenomena is a growing, adapting and developing (coping) nervous system. Thus, relying exclusively
on coarse observational metrics that fail to capture change will prevent the ability to provide proper
support to nurture the growth of these systems and the social axes that they scaffold. Introducing these
digital biometrics of socio-motor behaviors can help us bridge the gap between neurodevelopmental
rates of change and coarse clinical behavioral criteria.

Another aspect of the study that is worthwhile underscoring is the fundamental differences
in network connectivity patterns that we found between males and females. These differences in
connectivity patterns relate to socio-motor parameters derived from the dynamically interacting
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dyad. Thus, unlike the paper-and-pencil version of the ADOS, which has failed to detect social
differences in females (by observation), here the digital ADOS does so across all parameters under
consideration. Furthermore, we also examined the Gamma NSR empirically derived using MLE
and found fundamental differences between the MMS signatures of males and females across the
cohort. This result is congruent with prior work involving person-centered analyses of involuntary
head motions [32,42,43], decision making by pointing to targets [44] and gait analyses [45] from our
laboratory. The new result separating sex in autism is more relevant than the previous results reported
because it is derived from the dyadic social interaction taking place during the very tasks that define
the scores to detect the condition. These results mean that, across numerous socio-motor axes, there is
a high likelihood of automatically (and blindly) detecting such sex differences in a random draw of the
population performing the ADOS test. This randomly chosen cohort of 26 children opens a new line of
inquiry with the potential to finally address the disparate 4-5:1 male to female ratio in autism [46,47].
Most important yet, we will be able to do so using the test that researchers and clinicians use to detect
autism, if we digitize it. Because of the wearable sensors revolution, we can easily digitize the ADOS
using off-the-shelf technology such as smart watches and web-cameras, an important advantage also
in remote testing and telemedicine approaches due to the pandemic. Under these new conditions,
clinicians have limited visibility from the point of view of the child-caregiver dyad at the other end of
the screen. The connectivity metrics and the empirically derived Gamma-NSR are hidden to the naked
eye, but visible to the digital data and to the analytics that we offer here. It will be important to scale
up this result and validate it across thousands of dyads performing the ADOS test while capturing the
dynamic dyad digitally. We here note that our methods extend to more than two people, so remote
model of telemedicine involving the clinician at one end and the parent-child dyad at the other end is
also feasible.

Adopting standardized digital technology and integrating it with these gold-standard
psychological tests may help us develop new outcome measures of treatments and provide parameter
spaces where we can track the trajectories of interventions. A testable hypothesis is that, as participants
repeat the ADOS performance, it may be possible to ascertain which tasks give higher dyad strength.
If we were to focus on those tasks first to improve social interaction, then it would be possible to shift
to the other tasks, thus aiming at broadening the repertoire of tasks that lead to appropriate social
exchange, tailoring this to the child’s inherent strengths in an individualized manner. Indeed, digitizing
social behaviors could provide a guide to assess the changes in socio-motor parameters introduced
here such as Dyad Strength and Delay in Cohesiveness, computed as relative metrics, obtained
first in neurotypicals, and as such revealing of the expected course of socio-motor development,
constructed along the path of least resistance. Our work offers more than one way to do this while
leveraging the wearable sensors revolution and preserving the clinical gains already attained with
observational means.

Caveats and Limitations of the Proposed Hybrid Methods

Although the digital characterization of the ADOS test may hold the promise of revealing new
aspects of the ADOS interactions that may otherwise remain hidden to the naked eye, there are several
caveats regarding the adoption and use of the present methods. The major limitation is the current lack
of mechanisms that can scale up the results from this reduced cohort in the laboratory to thousands
of participants in clinical settings. Future use of the analytics presented here can be extended to
biorhythms registered with off-the-shelf wearables such as smart watches and web cameras outputting
shareable digital data, even across remote settings. To that end, our laboratory has developed a
new concept “The Lab in a Box”. This remote kit for behavioral data acquisition and analyses offers
continuity to the administration of behavioral tests such as the ADOS in times of social (physical)
distancing. However, deploying such methods on a large scale would require a concerted effort across
multiple disciplines, business models and entrepreneurship beyond academic settings. This exceeds
the scope of this paper, but it is perhaps something to keep in mind in order to translate the present
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results to clinical and home settings, offering the possibility to scale up the use of this technology to
tens of thousands of users.

Another limitation of the present analysis is that other pipelines could have been used to analyze
the data. This begs the question of whether the general results would have dramatically changed
in that case. In earlier preliminary analyses of these data sets using different analytical pipelines,
larger number of sensors in the interconnected grid, different bodily locations for the additional
sensors, different kinematic parameters, and different children, we observed similar trends [24].
As such, we are confident that the trends would remain invariant to such nuances. However, we do
acknowledge that the interpretation and inference are to be discussed and validated across the
community, to provide a consensus on the clinical interpretability of digital data in general. In other
words, the characterization of the digital ADOS data that we provide here needs to be further validated
across thousands of participants and clinicians. This is the case for any new scientific approach.
In this sense, we invite the reader to reproduce the results using ours and other data sets provided in
GitHub by our laboratory. Our analytics do not make theoretical assumptions about the likelihoods
and probabilities of representing data features. Our new methods, rather, empirically estimate these
from the micro-fluctuations inherently present in the signals that we register from natural behaviors.
In this sense, we remain confident that cross-sectional and longitudinal data captured with various
means will find trends similar to those found in this random draw of the population of autistics and
neurotypical controls. This work extends an invitation to the clinical community, as well as to the
scientific community, to collaborate and take steps toward combining different levels of inquiry in the
study of general social behaviors beyond autism and other neurodevelopmental conditions.

5. Conclusions

We have shown that by integrating macro-level rubrics used to assess appropriateness of social
exchange with micro-level biorhythmic activities co-registered synchronously in both agents of the
social dyad, we can uncover much more than we would when using one level of inquiry alone.
Our work underscores the need to combine pencil and paper methods with objective instruments that
add a finer layer of granularity to the study of the complex dynamics of social phenomena. Without a
doubt, this is a case where the overall sum amounts to much more than its individual parts.

6. Patents

EBT holds the US Patent “Methods and Systems for the Diagnoses and Treatments of Nervous
Systems Disorders” combined in the paper as micro-movement spikes, MMS data type and
Gamma process.
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Abstract: Autism spectrum disorder (ASD) is a multifactorial neurodevelopmental disorder charac-
terized by impairments in two main areas: social/communication skills and repetitive behavioral
patterns. The prevalence of ASD has increased in the past two decades, however, it is not known
whether the evident rise in ASD prevalence is due to changes in diagnostic criteria or an actual
increase in ASD cases. Due to the complexity and heterogeneity of ASD, symptoms vary in severity
and may be accompanied by comorbidities such as epilepsy, attention deficit hyperactivity disorder
(ADHD), and gastrointestinal (GI) disorders. Identifying biomarkers of ASD is not only crucial to
understanding the biological characteristics of the disorder, but also as a detection tool for its early
screening. Hence, this review gives an insight into the main areas of ASD biomarker research that
show promising findings. Finally, it covers success stories that highlight the importance of precision
medicine and the current challenges in ASD biomarker discovery studies.

Keywords: autism spectrum disorder; biomarker; omics; precision medicine; proteomics; transcrip-
tomics; epigenetics; metabolomics; patient stratification

1. Introduction

Autism spectrum disorder (ASD) is a multifactorial neurodevelopmental disorder
characterized by impairments in two main areas: social communication, which includes
poor eye contact, difficulty understanding facial expressions, and delayed speaking skills;
and repetitive and restricted behavior patterns such as hands flapping, headbanging, and
complex body movements. ASD can also include individuals with intact language but
impaired social and communication skills. The prevalence of ASD has increased in the
past two decades [1]. However, it is not known whether the evident escalation in ASD
prevalence is due to changes in diagnostic criteria or an actual increase in ASD cases. The
prevalence of ASD varies. It accounts for 1–2.5% of the total population; also, males are
more likely to be affected by ASD compared to females at approximately a 4:1 ratio [1,2].
Autistic disorder, Asperger’s syndrome (AS), childhood disintegrative disorder, and perva-
sive developmental disorder not otherwise specified (PDD-NOS) are classified under the
umbrella of ASD. These sub-classifications are diagnosed using the criteria of the diagnostic
and statistical manual of mental disorders (DSM-5) that was released by the American
Psychiatric Association (www.dsm5.org) and the International Classification of Disease 10
(ICD-10). Other diagnostic tools such as Autism Diagnostic Observation Schedule (ADOS)
and Childhood Autism Rating Scale (CARS) have further been used to diagnose ASD. In
the majority of cases, ASD is diagnosed at school age [3], with a mean age of 6 years old [4],
although it should be diagnosed earlier. Additionally, late positive diagnosis of ASD after
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an initial negative diagnosis is not uncommon, which may imply flaws in diagnostic meth-
ods [5,6]. Furthermore, due to the complexity and heterogeneity of ASD, symptoms vary
in severity and may be accompanied by comorbidities such as epilepsy, attention deficit
hyperactivity disorder (ADHD), and gastrointestinal (GI) disorders [7]. Moreover, given
the lack of effective drugs to alleviate or reduce the core symptoms of ASD, early behavioral
interventions are key for better outcomes, as it improves cognitive performance as well
as behavioral and language skills [8]. Consequently, identifying biomarkers of ASD is not
only crucial towards understanding the biological characteristics of the disorder, but also
as a detection tool for its early screening. Additionally, it supports the currently available
diagnostic methods and paves a platform for a more robust and objective methodology.

This review provides insight into the main areas of ASD biomarker research that show
promising findings, especially in genomics, transcriptomics, proteomics, metabolomics,
microbiome, brain imaging, and eye-tracking. Furthermore, this review discusses some
success stories that show the importance of precision medicine and the current challenges
in ASD biomarker discovery studies and patient stratification.

2. Genetics of ASD: Understanding the Etiology and the Heritability

Genetics studies account for the majority of research published on ASD [9]. The recur-
rence rate of ASD is 2–8% higher between the siblings of a diagnosed child compared to the
general population. Moreover, the concordance of ASD in monozygotic twins (MZ) ranges
between 60–92% and from 0–10% in dizygotic twins (DZ) [10]. These observations highlight
the importance of genetic factors for diagnosing and understanding ASD pathogenesis.
While identifying ASD causal genes may not change current intervention protocols, it
would, however, help in understanding the etiology behind ASD and it may help in devel-
oping genetic biomarker diagnostic tools. In some cases, ASD manifestations have been
linked to a variety of well-known single-gene (monogenic) conditions. Common examples
are fragile X syndrome (FXS) caused by a mutation in the FMR1 gene and tuberous sclerosis
complex (TSC) caused by a mutation in TSC1 and TSC2 genes. The notion that ASD is not
caused by a single gene can be deduced from the fact that the aforementioned conditions
are caused by different genes and patients with these different conditions can develop
ASD. Epidemiological studies found that 25–40% of individuals with the abovementioned
conditions tend to develop autistic traits [11,12]. Interestingly, even though ASD is known
to be highly heritable, the diagnostic yield of ASD in terms of genetic evaluation varies,
as it reached 40% [13], and as low as 8–10% in other studies [14,15]. However, much of
these findings depend on the diagnostic tiers and techniques implemented by the clinical
laboratory. Moreover, only 5–15% of total ASD cases are attributed to the abovementioned
monogenic conditions (i.e., FXS and TSC) [16]. Consequently, the majority of the cases are
classified as idiopathic (iASD).

ASD can be caused by rare or de novo single nucleotide variants (SNV), structural
variants (SV), or copy number variants (CNV) that may affect multiple genes [16,17]. Large
SVs are linked to ASD along with other comorbidities such as epilepsy, hyperactivity,
behavioral problems, schizophrenia, and dysmorphic features [18]. SVs are usually de-
tected using cytogenetic and comprehensive genomic hybridization (CGH) techniques in
addition to next-generation sequencing (NGS). The CGH technique enhanced the detection
of SVs such as large and small/submicroscopic duplications deletions and inversions in
non-syndromic autism and mental retardation conditions [14]. A genome-wide CNV study
done on ASD patients and healthy controls showed that SVs tend to encompass NLGN1,
ASTN2, UBE3A, PARK2, RFWD2, and FBXO40 in ASD patients [19]. These genes are known
to be involved in cell-adhesion and ubiquitin pathways, as these pathways are important
for synaptic formation, neuronal connection, and proper neuronal cell functions as shown
in Table 1.
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Table 1. Genes associated with autism spectrum disorder (ASD).

Gene Name Function Reference

Astrotactin- 2 (ASTN2) Neuronal adhesion molecule has a role in
glial migration. [19]

Contactin 4 (CNTN4) Neuronal maintenance and plasticity. [20]

F-Box Protein- 40 (FBXO40) Ubiquitin-protein transferase activity. [19]

FMRP translational regulator-1 (FMR1) mRNA trafficking from the nucleus to the cytoplasm.
Synaptic plasticity. [21]

Potassium voltage-gated channel subfamily Q member 2
(KCNQ2)

Transports potassium ions
inside and outside the cells. [22]

lysine methyltransferase 2E (KMT2E) Regulates gene transcription. [22]

Mono-ADP-Ribosylhydrolase (MACROD2) Remove ADP-ribose from
mono-ADP-ribosylated proteins. [22]

Methyl CpG binding protein- 2 (MeCP2) Chromosomal protein that binds to methylated DNA,
it binds to single methy-CpG pairs. [21]

Neuronal growth regulator- 1 (NEGR1) Regulates synapses formation in the hippocampus. [22]

Neuroligin-1 (NLGN1) Synaptic functions and transmission. [19]

Neurexin- 1 (NRXN1) Binds neuroligins and formation of synaptic contacts. [23]

Parkin (PARK2) Part of protease complex multiprotein that guides to
proteasomal degradation. [19]

Polypyrimidine tract binding protein-2
(PTBP2)

Control assembly of splicing- regulatory proteins and
important for alternative splicing in

early development.
[22]

Ring finger and WD domain 2 (RFWD2) Also, known as
COP1

Mediates ubiquitination and substrate
protein degradation. [19]

SH3 and multiple ankyrin repeat domains protein-3
(SHANK3) Scaffold protein of the postsynaptic density. [24]

Tuberous sclerosis complex (TSC1 and TSC2) Tumor suppressor gene that activate GTPase
activating protein tuberin. [25]

ubiquitin protein ligase E3A
(UBE3A) E3 ubiquitin-protein ligase. [19]

On the contrary, common SNVs were also investigated in the context of ASD. As it is
suggested that the majority of ASD cases are caused by common variants. These variants
and their corresponding genes have different levels of penetrance that are known to impact
chronic and complex diseases such as type 2 diabetes mellitus (T2DM) and cardiovascular
diseases (CVD), as reported in many genome-wide association studies (GWAS). Further-
more, these diseases are similar to ASD in the sense that they all share a complex interplay
between genetic and environmental factors, as incomplete penetrance of common SNVs in
different genes contributes to the burden of these diseases/disorders along with lifestyle
and other environmental factors. Similarly, GWAS and other genomic studies resulted in un-
winding the complexity of ASD by identifying common variants associated with ASD. For
instance, one GWAS study showed that certain SNVs that encompass genes such as NEGRI,
PTBP2, CADP2, KCNQ2, KMT2E, and MACROD2 significantly present in ASD subjects [22].
Nevertheless, according to the SFARI (Simon Foundation Autism Research Initiative), 913
genes are implicated in autism in humans (https://www.sfari.org/resource/sfari-gene/);
some of these genes (Table 1) are important for brain development, synapses formation,
and gene expression.

Overall, genetic and genomic studies are essential in understanding ASD etiology and
pattern of ASD heritability, as well as family counseling, although there are some cases
where the counseling recommendations are already fairly clear, such as for FXS. However,
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they may not be suitable as biomarker screening tools because of their complexity in terms
of incomplete penetrance, high variability, polygenicity, and pleiotropic effect associated
with ASD-related genes. Nevertheless, the implementation of sequencing technologies such
as targeted sequencing, whole-genome sequencing (WGS), and whole-exome sequencing
(WES) is expected to enhance the clinical diagnostic yield. Although NGS is still difficult
to implement in clinical settings, a workflow that considers clinical manifestations and
incorporates a variety of molecular techniques is suggested to reduce the cost and enhance
the efficiency of ASD diagnosis.

3. Non-Coding RNA’s as Biomarkers for ASD

MicroRNAs (miRNAs) are a group of non-coding RNAs (ncRNA) family. Other forms
of non-coding RNA include long non-coding RNAs (lncRNA), small nuclear RNA (snRNA),
small nucleolar RNA (snoRNA), ribosomal RNA (rRNA), and pseudogenes. The main
function of miRNA is to regulate gene expression at the posttranscriptional level. Since the
discovery of ncRNA in blood and other body fluids, miRNAs in particular have gained
considerable interest as potential biomarkers for diseases such as cancer [26]. A study
examining the serum of ASD patients and matched controls, through the use of a miRNA
PCR array specific for neurological miRNAs, identified five potential microRNAs that were
capable of differentiating healthy subjects from ASD subjects; these miRNAs are miR-19b-
3p, miR-130a-3p, miR-181b-5p, miR-320a, and miR-572 [27]. Additionally, others have
shown that miR-140-3p was upregulated in both serum and saliva [28,29]. Interestingly,
in these studies, miR-140-3p was detected in different techniques, RNA-Seq in saliva and
TaqMan low-density array (TLDA) in serum which suggests that miR-140-3p might have a
particular role in ASD. In line with the aforementioned studies, one study used a multiplex
reverse transcriptase-polymerase chain reaction (RT-PCR) on ASD postpartum samples
and found that miR-140-3p and other miRNAs’ expression were dysregulated in ASD
cerebral cortex [30]. Furthermore, a large-scale study done on ASD patients used salivary
miRNA to differentiate between ASD and other neurodevelopmental disorders such as
developmental delay (DD) from typically developed children (TD). In this study, they
found that the salivary miRNAs were able to differentiate ASD subjects with moderate
accuracy [31]. Salloum-Asfar, Satheesh, and Abdulla have extensively reviewed ASD
miRNA studies; these studies are summarized in Table 1 in their paper [32].

miRNA biomarker studies need further validation using in vivo and in vitro studies as
the majority of existing studies used in silico prediction as a way to investigate the function
and the validity of miRNAs discovered. Furthermore, inconsistencies between the studies
in terms of findings do not necessarily mean that miRNAs fail as biomarkers, but rather, it
may suggest two main issues: variation in protocols and the need for a better approach
for ASD sub-classification. Although miRNA biomarkers have been the most popular
in the ncRNA family, other ncRNAs have shown considerable potential as biomarkers.
For instance, a study utilizing peripheral blood identified a signature set of 20 ncRNA,
which includes some pseudogenes, lncRNA, snRNA, snoRNA, and rRNA. In their study,
they discovered ncRNAs markers that showed an excellent robustness assessed by ROC
curve analysis when tested on different ages, genders, and ASD sub-classifications [33].
Some of these ncRNA, such as POLR2KP2, TUBB2BP1, RNU1-16P, and RNVU1-15, are
moderately to highly expressed in the neurons, which may suggest a possible association
of these ncRNA to ASD pathogenesis in the brain. However, these findings need to be
validated on a larger scale, because this study used a total of 186 samples divided into a
training set and a validation set followed by 23 ASD patients and 23 controls samples to
further validate these markers. Furthermore, the abovementioned studies underline the
importance of utilizing panels that contain a group of a validated set of ncRNAs that could
serve a purpose in discriminating ASD from normal children.
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4. Evidence of Epigenetics Modifications in ASD

Epigenetic modifications, such as changes in DNA methylation patterns, are also ele-
ments that may potentially serve as biomarkers. As mentioned above, ASD widely overlaps
with some monogenic conditions such as FXS and Rett syndrome. The pathophysiology of
these conditions is known to be linked to dysregulation in DNA methylation [34,35]. A
recent epigenome-wide DNA methylation study (EWAS), done on 223 postpartum brain
sections of the prefrontal cortex, temporal cortex, and cerebellum, taken from 43 ASD
patients and 38 non-psychiatric controls, showed significant differences in CpG methy-
lation patterns; mainly in the cortical regions compared to the cerebellum in ASD brain
tissue [36]. They inferred from their findings that there is a convergence in molecular
signature between different forms of ASD [36]. Indeed, brain tissue is not accessible for
biomarker discovery purposes; however, replication of these finds can be very powerful in
validating the authenticity of the identified biomarker, as brain tissue is the main site of
ASD’s pathophysiology. As a consequence, a study that was done on ASD peripheral blood
showed that there is an overlap in methylation patterns between ASD and other mendelian
neurodevelopmental diseases that display mutation in epigenetic machinery genes [37].
Although the overlap was minimal, it did suggest similarities in the initial events of these
disorders. Moreover, their machine-learning tools were able to differentiate the unique
epi-signature of each disorder, which is crucial for diagnosing diseases with overlapping
clinical manifestations [37].

A study done on ASD discordant twins using lymphoblastoid cells derived from
blood lymphocytes showed that 2 CpG islands were hypermethylated. These CpG islands
belong to B-cell lymphoma 2 (BCL2) and RAR-related orphan receptor A(RORA) genes,
their findings were confirmed using bisulfite sequencing and methylation-PCR, and these
genes were found to be downregulated in the brain [38]. Moreover, a study done on ASD
MZ pairs using whole-peripheral blood revealed differences in methylation levels at many
CpG sites. Moreover, they found that these changes in DNA methylation surround genes
that have been previously linked to ASD, such as AF4/FMR2 family member 2 (AFF2),
NRXN1, NLGN3, and UBE3A [39]. On the other hand, a large-scale case-control EWAS
used DNA from blood failed to attribute any CpG site to ASD because they did not achieve
the Bonferroni discovery threshold (p < 1.12 × 10−7) [40].

The contradictions between these findings suggest that the sample of choice, and
maybe the cell type/matrix used may affect the final results. Unlike genetic mutations,
epigenetic modification such as methylation is tissue-specific, and using different cell
types/matrix or even a mix of a heterogeneous population of cells may influence the
findings. Another essential point is the selection of the studied subjects. For instance, as
mentioned above, Nguyen et al. [38] and C. C. Wong et al. [39] studies used ASD twins,
as these subjects share genetics, age, and the maternal environment in utero. However, in
the Andrews et al. study [40], although they used a considerably large sample size, the
heterogeneity of their ASD subjects may have hindered possible CpG methylated sites;
unlike the abovementioned studies that used twins, who are more likely to share many of
the genetic and environmental exposures.

5. Proteomics: A Fundamental Tool That Helps in Biomarker Discovery

Proteins are the final products that carry function. Protein abnormalities reflect up-
stream molecular problems that occur at the DNA and the RNA levels and these problems
can be mirrored by a change in protein activity, structure, and abundance. Similarly,
proteins can also be modified by external stimuli. For example, high sugar intake will
increase glycated hemoglobin 1c (HbA 1c), and this biomarker is important for long-term
monitoring of a diabetic’s diet [41]. There are many different methods of using proteomics
for biomarker discovery studies. Common, unbiased approaches include a bottom-up
approach, where the proteins are digested into peptide fragments and then run into mass
spectrometry (MS) [42], and a top-down approach, where the intact proteins are sepa-
rated and run through MS. Both strategies allow for gel and gel-free separation of the
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proteins/peptides [43]. Moreover, the top-down approach is better at identifying post-
translational modifications (PTM) [43]. Applying the MS-based proteomics approach for
biomarker discovery has opened the door for neurodevelopmental and neuropsychiatric
disorders providing an unbiased method for a better understanding of these complex
conditions. Other methods of proteomic biomarker investigation are immunoassays. These
methods require prior knowledge of the protein’s function and their expression in a partic-
ular tissue/body fluid. Consequently, this allows for the generation of immunoassays to
capture proteins and evaluate possible upregulation/downregulation as well as PTM on a
set of proteins. These techniques are used mostly in the validation phase after biomarker
discovery phase and they are easy to implement in a clinical setting [44].

Proteomic investigations on the gray matter of the frontal lobe of ASD individuals,
identified single amino acid substitutions from alanine to glutamic acid in a protein called
glyoxalase I (Glo1). This noticeable change has a higher frequency in ASD postpartum
brain tissue compared to healthy controls [45]. This substitution caused a reduction in
the enzymatic activity of Glo1 which, as a consequence, resulted in the accumulation of
advanced glycation end products (AGE). Therefore, Glo1 substitution may affect certain
crucial functions during neural development in early life [45]. Furthermore, a study
exploring the Brodmann area 10 (BA10) and the cerebellum region (CB) of postpartum
tissues showed differential expression of proteins related to synaptic connectivity, axon
myelination, glial cells function, and metabolic activities in both regions [46]. Some of these
proteins are glial fibrillary acidic protein (GFAP), creatine kinase B (CKB), myelin basic
protein (MBP), and synapsin II (SYN2).

Many studies tried to identify biomarkers in accessible body fluids such as cere-
brospinal fluid (CSF), serum/plasma, saliva, and urine, Figure 1. For instance, a quasi-
prospective study was done on neonatal CSF samples, that were formerly collected from
mildly febrile neonates (0–3 months old) that later developed ASD, to check whether
biochemical differences exist before ASD is phenotypically manifested. They showed that
arginine vasopressin (AVP) is significantly decreased in 11 ASD neonates compared to
22 controls [47]. This study was based on a pre-determined knowledge about the role of
AVP and preliminary results published earlier [48]. The same group had found reduced
CSF AVP levels in ASD’s samples and lower levels were associated with severe ASD
symptoms. Unlike the former study, this study focused on older 1.5–9 years old ASD
subjects [49]. Both studies imply a persistent and robust link between AVP and ASD even
at an early age, as early as a few days. Interestingly, no significant difference was found on
oxytocin (OXT) between the groups [47]. These findings may underline a possible subtype
of ASD with a dysregulation in certain peptide hormones such as AVP. However, these
findings need further validation using a larger cohort.

Unfortunately, the risk associated with drawing CSF samples at an early age is also
present, thus, using a less invasive body fluid is needed as a source for ASD biomarker
discovery. For instance, one study tried to investigate whether there is a correlation between
AVP concentration in plasma and the CSF. They showed that the blood concentration of
AVP positively correlated with the corresponding CSF sample [50]. Many proteomic studies
were done using the unbiased MS approach, listed in Table 2. In these studies, serum and
plasma were amongst the most common matrix utilized due to their mild invasiveness. The
majority of these studies found a differential expression in proteins that are linked to the
immune system, lipid metabolism, and platelet function pathways [51–53]. Paradoxically,
one study failed to confirm the identity of the 8 peaks that were detected in MS and were
found to be differentially expressed in ASD subjects [54].
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Table 2. Proteomics studies on ASD.

Sample
Type Detection Method Proteins Identified Function Reference

Serum Tricine-PAGE
LC-MS/MS ApoA1, ApoA4, PON1. Cholesterol metabolism

Oxidative damage [55]

Serum multiplex immunoassay
LC-MS

Immune assays
Females: ADIPO, APOA1, IgA

Males: IL-12p70, IL-16, TF, TNF-alpha, BMP6,
CTGF, ICAM1.

Both: CHGA, EPO, IL-3, TENA, PAP, SHBG.
LC-MS

Females: APOC2, APOE, ARMC3, CLC4K,
FETUB, GLCE, MRRP1, PTPA, RN149, TLE1,

TRIPB, ZC3HE.
Males: RGPD4.

Cholesterol metabolism
and transport
Inflammation

Androgens

[56]

Serum MALDI-TOF MS SERPINA5, PF4, FABP1, APOC1, AFP, CPB2,
TAAR6, FGA.

Platelets and coagulation
functions

Cholesterol metabolism
[53]

It is important to note that biomarker discoveries are not limited to the brain, CSF,
serum, and plasma; other body fluids such as saliva and urine can also be utilized. Two
studies utilized saliva samples from ASD patients and age-matched controls [51,58]. Al-
though there were some subtle differences in their methodology, both studies were able to
show significant differential expression of proteins related to the immune system pathway.
Interestingly, one protein called prolactin-induced protein (PIP) was replicated in both
studies mentioned above. The function of PIP is not well-understood; however, it is a
promising biomarker for breast cancer [61]. Moreover, PIP is known to bind to CD4+ on
T cells; therefore, it may have some immunomodulatory function [62]. In one study, the
proteome of urine, first-morning void, was used to search for biomarkers in ASD subjects.
They found three proteins were significantly more abundant in ASD compared to controls;
these proteins are kininogen 1(KNG1), immunoglobulin heavy constant gamma 1 (IGHG1),
and mannan binding lectin serine peptidase (MASP2). Their findings were validated
using ELISA, and showed a significant increase in KNG1 in all ASD patients compared to
controls [60].

Many studies have used multiplex immunoassays for proteomics biomarker discovery.
For instance, a study done on AS, a subtype of ASD wherein individuals present without
delays in language development and normal or superior IQ, yet exhibit difficulties in social
and communication skills, showed a difference in the plasma proteome of the AS group in
comparison to healthy controls in a sex-specific manner [63]. They found an increase in
inflammatory cytokines molecules such as interleukin-3 (IL-3), tumor necrosis factor-alpha
(TNF-α), and epithelial-derived neutrophil-activating protein (ENA-78) in males, while in
females, they observed an increase in androgens, growth, and metabolic pathways such as
luteinizing hormone (LH) and insulin [63].

Altered immune response was also evident in ASD, as some studies have shown that
cytokines such as TNF-α is significantly expressed in the brain, CSF, and peripheral blood
mononuclear cells (PBMCs) of individuals with ASD [64–66]. TNF-α is mainly produced
by M1 macrophages and it is important for NF-kB activation, which is a transcription
factor and an essential regulator of inflammatory genes [67]. The evident increase in TNF-α
may suggest a dysregulation in the inflammatory response in ASD. Furthermore, a study
found an increased NF-kB binding activity to DNA in the PBMCs of ASD patients [68].
Another essential cytokine is interferon-gamma (IFN-γ), which was found to be elevated
in the brain and whole blood of ASD compared to controls [64,69]. Moreover, mothers
of individuals who were later diagnosed with autism showed an elevated level of serum
IFN-γ, as well as interleukins (IL-4 and IL-5) during mid-gestation [70]. IFN-γ is a pro-
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inflammatory cytokine that activates CD4+ T-helper 1 (Th1) response [71]. Another pro-
inflammatory cytokine interleukin-6 (IL-6) showed a significant production in monocytes
of ASD compared to controls when their PBMCs were stimulated with lipopolysaccharide
(LPS) in vitro [72]; IL-6 is known to induce T-helper 17 (Th17). Interestingly, when IL-
17a was induced in pregnant dam mothers, the offspring exhibited an abnormal cortical
development and autistic-phenotypes; even when IL-17a was administrated directly into
the fetal brain [73]. Conversely, the administration of anti-IL-17a antibodies in dam mothers
during the pregnancy resulted in a reduction in the abnormal behavioral phenotype [73].
These findings highlight the importance of cytokines in discriminating ASD from controls.
In addition, they point toward a possible link between immune dysfunction and ASD
subtype.
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Figure 1. Schematic showing possible body fluids and tissues that may be essential for biomarker
discovery in ASD patients. Blood is the most common site for biomarker discovery. However, saliva,
urine, and feces are easily accessible and have been used recently for biomarker discovery studies.
Although CSF and brain tissues could also be used for biomarker discovery in ASD, their accessibility
is very difficult or even impossible (in the case of the brain, unless it is postpartum) for such purposes.
Collecting huge biological data from a range of body fluids may help in performing holistic molecu-
lar profiling in the area of genomics, transcriptomics, proteomics, epigenetics, metabolomics, gut
microbiome, and immune system, which may enhance biomarker discovery and patient stratification.

Synucleins have also been studied in the context of ASD. Synucleins are a family
of proteins that are abundantly expressed in the presynaptic terminals of the neocortex,
cerebellum, thalamus, and striatum [74]. The synuclein family includes α, β, and γ-
synucleins (syn). Of a particular interest, the function of α-syn is not well understood.
However, α-syn is thought to be involved in vesicle stabilization, synaptic plasticity,
and regulates dopamine release [75,76]. α-syn is known to be involved in Parkinson’s
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disease pathology through an intracellular aggregation process that results in Lewy body
formation inside the neurons and eventually, cell death. Although α-syn may play a role in
synaptic function, which is thought to be impaired in ASD, there are a limited number of
studies on α-syn in the context of ASD. Two studies showed a consistent decrease in α-syn
concentration in serum and plasma, respectively [77,78]. However, the latter study was
done only on males. On the other hand, β-syn was shown to be higher in ASD patient’s
plasma compared to the age-matched controls [78]. Interestingly, autoantibodies against
α-syn and other brain proteins were shown to increase in serum of ASD children and their
corresponding mothers [79]. This finding may explain the reduced concentration of α-syn
in serum/plasma that was evident in the aforementioned studies. Those autoantibodies
may mask α-syn epitopes, which could result in α-syn being under-detected.

Furthermore, Tau, which is a major microtubule-associated protein in mature neurons
and was known to be hyperphosphorylated in Alzheimer’s disease patients. This hyper-
phosphorylation causes neurofibrillary tangles and neuronal death [80]. A study showed
that Tau concentration decreases in the serum of ASD males [77]. More studies need to be
done to elucidate the role of synucleins and Tau in ASD. Moreover, more research needs to
be done on more pathogenic forms such as oligomeric and fibril forms of synuclein and
Tau.

It is important to note that since ASD risk is traced to around 1000 genetic factors and
many environmental factors, it is impractical to assume that individual proteins could be
used as a universal biomarker for ASD. Thus, utilizing unbiased methods for proteomics
profiling, as discussed in the metabolomic section [81,82], could be more beneficial for
patient stratification and biomarker discovery.

6. Autoantibodies Biomarkers Suggest a Potential Molecular Sub-Class of ASD

There is growing evidence that supports the involvement of maternal immunity
in developing ASD. The notion that maternal autoimmunity may be a cause of ASD in
children has been around since the 1970s, as they observed that maternal IgG was present
in children’s CSF [83]. A second piece of supporting evidence was by a study cohort that
included a large number of subjects (689,196 children). Out of these subjects, 3325 were
diagnosed with ASD. The study showed that the risk of ASD increased if the mother had
one on the following autoimmune diseases: rheumatoid arthritis, celiac disease, or a family
history of diabetes mellitus (DM) type 1 [84]. Comparatively, another systematic review
meta-analysis found similar findings, in addition to increased risk of ASD in mothers
with hypothyroidism and psoriasis as well [85]. Additionally, when polyclonal antibodies
from mothers with children that have ASD were administrated to pregnant mice, the
offspring exhibited autistic-like features [86]. Furthermore, monoclonal antibodies against
contactin-associated protein-like 2 (Caspr2), which is a membrane protein expressed in
the CNS and essential for voltage-gated potassium channels localization in myelinated
axons, were generated. Those monoclonal antibodies were successfully able to induce
autistic-phenotypes in mouse offspring when exposed to anti-Caspr2 in utero [87]. These
early studies laid the groundwork for other studies that aimed to elucidate the link between
ASD and autoimmune impairment in the maternal system. Thus, this link could provide a
potential biomarker for risk assessment, early intervention, screening, and monitoring for
a sub-classification of ASD patients. To understand the role of maternal IgG antibodies in
fetal development, some groups tested maternal serum against fetal brain proteins, and
they found that maternal IgG antibodies exhibit reactivity against bands at the following
molecular weights: 37 kDa, 73 kDa, and 39 kDa [88–90], listed in Table 3. Furthermore,
the Heuer, Braunschweig, Ashwood, Van de Water, and Campbell study [91], was able to
identify the proteins for 37 kDa, 73 kDa, and 39 kDa bands using 2D gel electrophoresis
followed by MS. They showed that these bands correspond to lactate dehydrogenase 1 and
2 (LDH1, LDH2), stress-induced phosphoprotein 1 (STIP1), collapsing response mediator
protein 1 and 2 (CRMP1, CRMP2), and Y-box binding protein 1 (YBX1); as listed in Table 3.
Interestingly, one study tried to investigate the link of promoter allele C (rs1858830) of
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MET gene with ASD-class that is categorized based on maternal autoantibodies positivity
against fetal proteins [92]. The study observed a higher incidence of homozygote MET
allele C/C in mothers with a positive fetal protein reactivity and ASD children compared
to mothers with typically developed children. Additionally, the homozygote form of MET
(rs1858830) C/C alleles were associated with reduced IL-10 concentration, thus it may
cause prolonged inflammation [92]. Nevertheless, it is still vague whether the link between
maternal autoimmunity to ASD is due to an overlap in susceptibility genes between some
autoimmune diseases and ASD or simply a product of IgG infiltration into the fetus’s CNS,
hence, interfering with brain development. Solving this dilemma may help in the accurate
subclassification of ASD, early diagnosis, and intervention.

Table 3. Autoantibodies studies on ASD.

Observed Autoantibodies
Reactivities Molecular Weight Samples Used Reference

Human fetal brain proteins
Human adult brain proteins

73 kDa and 37 kD
- Mother’s serum of: ASD vs.

non-ASD (DD) * vs. TD * [90]

Human fetal brain proteins 39 kDa, 39 kDa and 73 kDa Mother’s plasma of: AU * vs.
ASD vs. DD * vs. TD * [88]

Human fetal brain proteins
Human adult brain proteins

Rodent embryo brain proteins
Rodent adult brain proteins

36 kDa, 39 kDa and 61 kDa
caudate at 155 kDa and BA9 at 63 kDa

36 kDa and 73 kDa
27 kDa

Mother’s serum of: ASD vs.
controls [93]

LDH 1, LDH2, STIP, CRMP1,
CRMP2, and YBX1 37 kDa, 39 kDa, 48 kDa, 62 kDa and 68 kDa Mother’s plasma of: ASD vs.

controls [91]

* AU: full autism; DD: developmental delay; TD: typically developed child.

7. Metabolomics and Gut Microbiome’s Biomarkers in ASD

Metabolic abnormalities are known to be multidimensional in the sense that they cross
many pathways such as mitochondrial, oxidative, cholesterol, fatty acid, and neurotrans-
mitters metabolism. Studies suggest a level of dysfunction in these metabolic pathways in
ASD patients [94]. Moreover, metabolic pathways are influenced by internal factors such
as gene mutations as seen in inborn error of metabolism diseases, and external factors,
such as diet, gut microbiome, and exposure to toxins [94]. Some of these metabolites
are highlighted in Table 4. The most relevant metabolites to ASD are endocannabinoids,
namely anandamide, a fatty acid neurotransmitter and a cannabinoid receptor-1 ligand.
The level of anandamide was associated with autism-like features in preclinical animal
models including monogenic, fragile-X, and neuroligin 3 models; polygenic, BTBR15, and
environmental, valproic acid-induced [95–98]. As a consequence, two studies found that
children with ASD exhibited a significant decrease in plasma and serum anandamide
concentration compared to healthy age-matched children [99,100]. Furthermore, another
study on rodents showed an alleviation of rodent autism-like traits after rescuing the
anandamide pathway by inhibiting its degradation [101]. These findings on the endo-
cannabinoid system do not only help in searching for a biomarker for ASD but also may
represent a potential therapeutic system to target. Endocannabinoids are being tested in
clinical trials for reducing behavioral problems in ASD subjects (NCT02956226). On the
other hand, more studies are shifting toward unbiased methods for metabolite discovery
aiming at stratifying patients and looking for sets of biomarkers as therapeutic targets.
For instance, a study tried to cluster ASD individuals based on their metabotype focusing
on plasma amino acids (AA) profile. They were able to identify a subtype of ASD with
an imbalance in AA: branched-chain amino acids (BCAAs). In addition, some amines
such as glutamine and ornithine were able to discriminate ASD females in a sex-specific
manner [81]. In line with those findings, a clinical trial (NCT02548442) is being tested on
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ASD subjects aiming to identify biomarkers and stratify ASD based on the metabolomic
profile of plasma and urine.

Other interesting metabolomes to be considered are gamma-aminobutyric acid (GABA)
and glutamate. These metabolites are important neurotransmitters in the brain. A notable
disturbance of the glutamatergic and GABAergic balance in individuals with ASD in com-
parison to controls has been identified, with a decreased glutamate to GABA ratio, making
it a potential area of biomarker exploration for ASD [102]. Although the vast majority of
these neurotransmitters are synthesized by the neurons in the brain [103], it is still unclear
why their concentration in the peripheral blood is affected. Moreover, short-chain fatty
acids (SCFA), produced by intestinal microbiota, was reported to be lower in ASD fecal
samples [104]. SCFA act as histone deacetylase inhibitor (HDAC), which is important
for glial cell function, and regulate tryptophan 5-hydroxylase 1, which is important for
serotonin and tyrosine hydroxylase, a rate-limiting enzyme for the synthesis of dopamine,
noradrenaline, and adrenaline [105].

Gut metabolomic studies further point toward a disruption of the normal gut flora
and studying the metabolome of body fluids helps in identifying the composition of the
gut microbiome. Gut microbiota is known to impact many neurological processes such as
blood-brain barrier formation, myelination, and synthesis of neurotransmitters including
GABA, dopamine, and others [106]. Those processes are mediated through the microbiota-
gut-brain axis, which is a path of bidirectional communication between the CNS and the
gut. The link between the gut microbiome and ASD was made because GI disturbances
have been frequently detected in ASD [107,108]. One study showed that ASD patients with
GI disturbances tend to be more anxious in social situations compared to those with no
GI symptoms [109]. The autonomic nervous system that controls gut function is called
the enteric nervous system (ENS) and this system shares many structural and functional
characteristics with the CNS [110]. Furthermore, a study showed that individuals with ASD
that exhibit mutations in the chromodomain helicase DNA binding protein 8 (CHD8) gene
were reported to have constipation. Furthermore, GI abnormalities were also observed in
the zebrafish model with CHD8 mutations [111]. In addition, germ-free mice that received
microbiota transfer from ASD donors showed autistic-like behaviors compared to mice
that received a transfer from typically-developed donors [112]. Those mice displayed
differences in their metabolome and microbiome profiles evaluated using metagenomic
analysis [112]. The evidence that links ASD core symptoms to GI disturbances is strong,
and it is being explored in clinical trials. For instance, one clinical trial is trying to test
fecal transfer therapy from healthy participants to ASD individuals with GI disorders
(NCT03408886).

Gut microbiome diversity is essential for maintaining redundancy and robustness
of gut-biochemistry against environmental changes. A study showed that fecal samples
taken from ASD subjects showed less gut microbiome diversity and quantity compared
to healthy neurotypical controls [113]. In addition, it showed a significant reduction in a
genus called Prevotella in ASD compared to controls [113]. Prevotella is known to colonize
the large intestine, and it plays a major role in carbohydrate digestion, which was shown to
be disrupted in ASD individuals with GI problems [114]. It has been suggested that clostrid-
ium species may exacerbate the symptoms of ASD via exposures to their toxic spores [115].
Another interesting finding is the presence of amino acid phenylaniline metabolites, 3-(3-
hydroxyphenyl)-3-hydroxy propionic acid (HPHPA) which is a product of clostridia species,
in the urine of ASD children [116]. Furthermore, a decrease in the plasma metabolite
p-hydroxyphenyllactat, which acts as an antioxidant and is a by-product of bifidobacte-
ria and lactobacillus [82], has been identified in individuals with ASD. A product called
Para-cresol (p-cresol) was shown to be increased in urine [117,118] and feces [119] of ASD
patients. p-cresol is produced by Clostridium difficile (C. difficile) which is a spore-producing
anaerobic bacteria, and it has a negative influence on other gut microbiomes especially
Gram-negative bacteria [120]. In addition, the severity of ASD symptoms correlated with
p-cresol concentration in urine [117]; p-cresol is known to compete with neurotransmitters
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on the sulfonation process [121]. Moreover, other types of gut microbiome are also affected
in ASD, as evidence points toward an elevation in Firmicutes to Bacteroidetes ratio in feces of
ASD patients due to the relative reduction in Bacteroidetes [119,122]. Interestingly, a specific
species of Bacteroidetes called Bacteroidetes fragilis (B. fragilis) was shown to improve gut in-
tegrity and reduce ASD behavioral symptoms such as anxiety and repetitive behavior when
it was administrated in ASD induced mice [123]. The administration of probiotics seems to
be beneficial for ASD patients, as it has been explored in clinical trials (NCT02708901), and
it showed a positive impact on ASD core symptoms in a subset of ASD patients [124].

Although this field is still in its infancy, it may help in biomarker discovery, and it
may add another dimension to the understanding of ASD pathogenesis. These findings
suggest that gut-microbiome composition and its metabolome may be used as a clue to
understanding how external factors may affect ASD pathogenesis and severity. However,
more studies need to be done to delineate the exact mechanisms of how microbiome
imbalance contributes to ASD core symptoms.

Table 4. Metabolomic biomarkers in ASD.

Metabolite Sample Type Method of Detection Effect/Function Reference

Anandamide (decrease) Serum/Plasma LC-MS/MS Endocannabinoid signaling [99,100]

HPHPA (increase) Urine GC-MS

A by-product of clostridium species
and a probable tyrosine analog of

m-tyrosine
(3-hydroxyphenylalanine), that

may depletes brain
catecholamines.

[116]

p-hydroxyphenyllactat
(decrease) Plasma LC-HRMS A by-product of bifidobacteria and

lactobacillus, act as an anti-oxidant [82]

p-cresol (increase) Urine
Feces

HPLC-UV
GC-MS/SPME

Competes with neurotransmitters
on the sulfonation process and

disturbs gut microbiome
[117–119]

GABA (increase) Plasma ELISA Neurotransmitter [102,125]

Glutamic acid
(increase) Plasma LC-HRMS Amino acid [82]

SCFA (decrease) Feces FID-GC

Regulate tryptophan
5-hydroxylase 1 which is
important for serotonin,

dopamine, adrenaline and nor
adrenaline production.

[104]

Lactate (increase) Serum ELISA and colorimetric assays Energy metabolism [125]

Pyruvate (increase) Serum ELISA and colorimetric assays Energy metabolism [125]

5-Aminovaleric acid
(increase) Plasma LC-HRMS Lysine degradation product

and week inhibitor of coagulation [82]

DHEA-sulfate
(increase) Plasma LC-HRMS Sex-hormone [82]

8. Mitochondria Dysfunction in ASD

Mitochondrial dysfunction is linked to ASD. A systematic meta-analysis study showed
that the prevalence of mitochondrial diseases in ASD was 4–5%, which is markedly higher
than the general population (around 0.01%) [126,127]. Lactate was the first biomarker that
was found to be elevated in ASD children’s serum [126,127]. Other mitochondrial biomark-
ers that were shown to be elevated in children with ASD are AST, pyruvate, and creatine
kinase [126,128]. On the other hand, carnitine was shown to decline [126]. Mitochondrial
abnormalities such as increased hydrogen peroxide, reduced NADH, as well as mitochon-
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drial DNA (mDNA) over-replication, were observed in lymphocytes isolated from ASD
subjects [128]. Using an MS approach for mitochondria biomarker discovery, one study
constructed a signature metabolomic pattern that is highly sensitive and specific in predict-
ing ASD patients using plasma samples [82]. Most of these signature molecules identified
have been previously reported such as creatinine, fatty acids, 3-aminoisobutyric acid, tricar-
boxylic acid, and BCAAs [82]. More evidence is pointing towards an association between
neurodevelopmental regression (NDR) ASD with mitochondrial dysfunction [129,130]. A
recent study has shown that the mitochondrial respiratory rate is elevated in ASD with
NDR compared to ASD with no NDR, suggesting a potential subtype of ASD [127].

9. Brain Imaging, ERPs, and Eye-Tracking

Biomarker discovery is not confined by the boundaries of molecular investigations.
Multiple studies have tried to investigate changes in brain structure and function using
brain imaging tools such as magnetic resonance imaging (MRI), computerized tomogra-
phy (CT) scan, and positron emission tomography (PET) scan. These scanning tools are
commonly used to identify different brain features between ASD and typically developed
individuals in a hope of improving early diagnosis of ASD. In general, an increase in brain
volume was consistently observed in ASD patients compared to healthy controls [131,132].
In addition, the volume of the temporal, frontal lobe, as well as the CSF and lateral ven-
tricles, were found to be increased in ASD subjects [133–135]. On the other hand, the
corpus callosum, cerebellum, and cerebellar vermin volumes were reduced in ASD sub-
jects [134,136,137]. Paradoxically, despite the fact that the amygdala is known to have a role
in fear, social, and communicative activities, which are the core issues in ASD, it was shown
to be enlarged only in ASD children not in adults. However, abnormal hippocampus size
was noted even during adolescence [138,139].

Shen et al. performed a prospective study that was the first to investigate the extra-
axial fluid accumulation in the brain [140]. In their study, they observed fifty-five infants
that were divided into two groups. The first group was a high-risk group, which included
infants with a family history of ASD (siblings with ASD). The second group was a low-
risk group, which included infants with no family history of ASD. They recorded the
infant’s brains at different time points between 6–24 months old using MRI. Their results
showed that infants who developed ASD later in life had a significant accumulation of
extra-axial fluid mainly in the frontal lobes, and larger cerebral volume compared to
typically-developed and developmental delay infants [140]. Similarly, another study that
used functional connectivity-MRI (fcMRI) imaging on 6-month-old infants with a high
risk of ASD showed an accurate prediction of ASD diagnosis by 24 months old, when
ASD is known to manifest. They incorporated a machine-learning algorithm to capture the
differences in fcMRI images between ASD and non-ASD infants [141].

Utilizing electroencephalographic recordings has been used to explore the ability of
ASD individuals to recognize faces and objects by measuring high-density brain event-
related potentials (ERPs) by measuring negative central (Nc) and P400 waves as parameters.
A study found that ASD individuals failed to show amplitude differences in ERPs of
familiar versus unfamiliar faces, while they did show amplitude differences in Nc and
P400 in familiar versus unfamiliar objects. In contrast to controls that showed differences
in both familiar versus unfamiliar faces and familiar versus unfamiliar objects. This finding
suggests impairment in face recognition in ASD individuals [142].

Furthermore, robust findings in ASD brain imaging were noted at an early age
(<6 years of age) [143], which may suggest that brain imaging could be a potential tool
for early ASD risk assessment. Although MRI imaging is relatively safe, the use of dyes,
sedative, or even distress during the procedure may pose a minimal risk to ASD children
at that age [144]. As a consequence of that, guardians may be skeptical. Thus, these circum-
stances call for an urgent need for more age-friendly tools for ASD biomarkers studies or
diagnosis.

45



J. Pers. Med. 2021, 11, 41

A new emerging technique for ASD diagnosis is eye-tracking. It is a non-invasive,
objective technique in which the subjects are presented with a picture of a human that they
need to look at; the device will measure eye gazing time and location [145]. ASD children
are known to avoid gazing into the eyes or the center of the face [146]. Likewise, studies
done using eye-tracking showed that ASD subjects have significantly lower gazing time at
the eyes and the face [146–148], and would rather gaze at irrelevant subjects. Interestingly,
a preliminary study showed an even more significant difference when ASD subjects (from
4–6 years of age) were asked to look at a speaking face. Their findings suggest that ASD
subjects had reduced fixation time at the speaking face compared to the typically developed
children. The reduced gazing time was mainly prominent in the areas of eyes, mouth, body,
person, face, and outer-person [149]; however, increased gazing time to the mouth was
observed in another study [150].

10. Lessons from Other Diseases in Precision Medicine

To date, there is a lack of approved biomarkers for ASD screening and diagnosis.
Despite the fact that many studies showed promising results in many areas, most of the
studies are still in their infancy and lack consistency. This further includes studies that
have reached the first and second phase of clinical trials, which later failed to proceed [151].
The causes of these issues are most likely due to the extreme heterogeneity of ASD and the
fact that it overlaps with other comorbidities. Hence, models of ASD biomarker discovery,
may need to consider its multidimensional complexity. Indeed, after the tremendous
improvement in biomedical science technology and sequencing of the human genome, it
became possible to use big data to enhance our understanding of ASD by incorporating
OMICS into both research and clinics, as illustrated in Figure 2. The ultimate goal of
biomarker discovery is implementing biomarkers within clinical settings to provide ASD
risk assessment, screening, diagnosis, monitoring, and stratifications for better therapeutic
strategies. Biomarkers for early diagnosis and stratification are desperately needed for
ASD, especially for early diagnosis, hence, early intervention, an essential key for better
outcomes.

Likewise, it is important to develop biomarkers to stratify patients for therapeutic
purposes so that trials could be more effective. For instance, if a particular drug seems to
show a potential link to a biomarker, biomarker-targeted trials can be initiated using that
drug (i.e., GABAergic biomarkers are used to monitor drugs that target the GABAergic
system, and clinical trials are trying to target the GABAergic system as a therapeutic
strategy for ASD, such as NCT03678129 clinical trial). Stratification of biomarkers in
therapeutics is reviewed in [152].

A well-known example of utilizing precision medicine in patient stratification is cystic
fibrosis (CF). CF is an autosomal recessive disease that is caused by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene. This gene can carry more
than 1000 mutations and more than 100 are known to be pathogenic [153]. Understanding
the effect of these mutations helped in stratifying individuals into six classes based on
mutations and the defects they cause. Moreover, this classification helped in devising
an optimal therapy plan for the patients. Additionally, although CF is a monogenetic
disease, symptoms vary in severity even if patients bear the same genetic mutation, this
phenomenon can be explained by exposure to environmental factors and modifier genes
that contribute to the severity of CF [153]. Even though ASD and CF differ in many ways,
applying a similar concept that utilizes multi-modal molecular stratification may help in
tailoring the intervention strategies in such a way that is more suitable to the patients.

Another worthy example of the importance of patient stratification is anemia. Anemia
is a blood disease caused by low hemoglobin concentration, with a prevalence of 24.8%
worldwide as estimated by the World Health Organization (WHO) [154]. Hemoglobin is a
characteristic protein expressed in red blood cells (RBC) and is important for gas exchange.
There are many subtypes of anemia that are sub-classified based on multiple parameters,
such as RBC microscopic morphology, mean corpuscular volume (MCV), and hemoglobin
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concentration (MCHC), iron levels, protein electrophoresis, sequencing as well as vitamin
B12 and folate concentrations, and other parameters [155]. Different sub-classes of anemia
may share many clinical symptoms; however, they differ at multiple cellular and molecular
levels, and they have different treatment strategies. Similar examples of using biomarkers
for stratification and targeted therapy were seen in cancer such as non-small cell lung cancer
(NSCLC), breast cancer, colorectal cancer [156,157]. Genomics testing such as testing for
CYP2C9 and VKORC1 variants are used for warfarin dosage determination for patients with
cardiovascular diseases [158]. With regard to the CNS, neurons are structurally complicated
compared to blood and other tissues, and the brain tissue is inaccessible, which makes it
hard to study during human development. Nevertheless, those abovementioned examples
show that heterogeneity exists in many diseases, and patient stratification is the solution
for understanding pathogenesis and optimizing therapies.

With respect to precision medicine in ASD, a recent study highlighted the possibility
of using a multi-modal approach for patient stratification. In this study, large WES data
along with spatiotemporal expression of genes during brain development was used to
identify variants that are deleterious, ASD-segregated, developmentally co-regulated, and
sex-specific. They found dyslipidemia as a common theme in a subset of non-syndromic
ASD individuals and their findings were validated using massive electrical health records
(EHR) and medical claims [159].
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Figure 2. The extreme heterogeneity and complexity of ASD in terms of clinical manifestations,
genetic background, and biological changes makes it hard for ASD to fit into a one size fits all
treatment and diagnostic approach model; thus, applying a multi-modal approach utilizing modern
technologies is a key for proper stratification and achieving tailored therapy that is most fitted to an
individual’s condition.
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11. Contemporary Challenges and Future Directions

As the pathogenesis and the etiology of ASD are still not well-understood, OMICS
multi-modal approaches could pave the way towards elucidating the etiology of ASD.
Given the urgent need for an early diagnostic biomarker, researchers have been investigat-
ing all body fluids such as CSF, blood, saliva, urine, and stool looking for a possible set of
biomarkers. Although there are many promising findings, it is still early to implement these
findings for the early diagnosis of ASD. Alternatively, using these findings to thoroughly
stratify ASD individuals based on their molecular profile could be a possible approach.
Additionally, there are factors that need further consideration, these factors may contribute
to the inconsistencies and the lack of replication between biomarker discovery studies.
First, the definition of ASD and the method of diagnosis varied between studies. Addition-
ally, comorbidities are not uncommon among ASD individuals. Subsequently, including
these subjects could affect the accuracy of the findings, especially at the transcriptomic,
proteomic, and metabolomic levels. The second important point is the consideration of
therapies and medications that may have been undergone by ASD individuals while being
involved in studies; these interventions may hinder or modify possible findings. Thirdly,
the age range of the groups that participate in ASD biomarker studies is crucial, as reviewed
above, mainly because the brain continues to change dramatically during childhood and
adolescence. Furthermore, gender should also be considered during biomarker discovery
studies. Finally, at the technical level, the method of sample processing is important be-
cause it is one of the main factors that contribute to the variability between the studies,
not to mention the importance of selecting proper tissues/matrices mainly for proteomics,
transcriptomics, and metabolomic studies.

Biomarker discovery has the potential to tailor therapeutic interventions to fit indi-
vidualized conditions in order to receive maximum benefits. However, the question is
why has it not been the case for ASD? Why have we not identified a robust set of ASD
biomarkers that can be implemented in a clinical setting? Nevertheless, as biomedical
technologies evolve and more discoveries on ASD pathogenesis surface, the more likely
we are to utilize this knowledge for one’s benefit. Furthermore, at this stage, having a
tunneled vision at a specific aspect for biomarker discovery may not give the best answers,
but rather, a thorough study on case-by-case bases and collecting data as much as possible
at multiple levels on ASD may help unravel the answer.
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Abbreviations

ADHD Attention deficit hyperactivity disorder
ADOS Autism Diagnostic Observation Schedule
AGE Glycation end products
ASD Autism spectrum disorder
BA10 Brodmann area 10
CARS Childhood Autism Rating Scale
CGH Comprehensive genomic hybridization
CNV Copy number variant
CSF Cerebrospinal fluid
CVD Cardiovascular diseases
DD Developmental delay
ERP Event-related potentials
GI Gastrointestinal
T2DM Diabetes mellitus type 2
DSM-5 Diagnostic and statistical manual of mental disorders- 5
DZ Dizygotic
fcMRI Functional connectivity magnetic resonance imaging
FXS Fragile X syndrome
GC Gas chromatography
GWAS Genome wide association studies
iASD Idiopathic Autism spectrum disorder
ICD-10 International Classification of Disease 10
LC Liquid chromatography
MALDI-TOF Matrix-Assisted Laser Desorption Ionization Time-of-Flight
miRNA microRNA
MS Mass spectrometry
mtDNA mitochondrial DNA
MZ Monozygotic
ncRNA non-coding RNA
NGS Next generation sequencing
NDR Neurodevelopmental regression
PDD-NOS Pervasive developmental disorder not otherwise specified
PTM Post-translational modifications
rRNA Ribosomal RNA
RT-PCR Reverse transcriptase-polymerase chain reaction
snoRNA Small nucleolar RNA
snRNA Small nuclear RNA
SNV Single nucleotide variant
SV Structural variants
TD Typically developed
TLDA TaqMan low-density array
TSC Tuberous sclerosis complex
WES Whole-exome sequencing
WGS Whole-genome sequencing
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Abstract: The rationale of an Advanced Integrative Model and an Advanced Integrative Approach
is presented. In the context of Allopathic Medicine, this model introduces the evaluation, clinical
exploration, diagnosis, and treatment of concomitant medical problems to the diagnosis of Autism
Spectrum Disorder. These may be outside or inside the brain. The concepts of static or chronic,
dynamic encephalopathy and condition for Autism Spectrum Disorder are defined in this model,
which looks at the response to the treatments of concomitant medical problemsto the diagnosis of
Autism Spectrum Disorder. (1) Background: Antecedents and rationale of an Advanced Integrative
Model and of an Advanced Integrative Approach are presented; (2) Methods: Concomitant medical
problems to the diagnosis of Autism Spectrum Disorder and a discussion of the known responses of
their treatments are presented; (3) Results: Groups in Autism are defined and explained, related to the
responses of the treatments of the concomitant medical problems to ASD and (4) Conclusions: The
analysis in the framework of an Advanced Integrative Model of three groups including the concepts
of static encephalopathy; chronic, dynamic encephalopathy and condition for Autism Spectrum
Disorder explains findings in the field, previously not understood.

Keywords: integrative; model; ASD; concomitant; condition; disorder

1. Introduction—The Background

This manuscript presents the rationale of a new model of approach to Autism Spec-
trum Disorder. There are several acronyms that will be used throughout this work:

Autism Spectrum Disorder = ASD
Advanced Integrative Model = AIM, a new model of approach to ASD
Advanced Integrative Approach = AIA. The AIA is the application of the AIM.
Concomitant medical problems to diagnosis = CMPD. The CMPD are the medical prob-
lems outside the brain (mainly competence of the General Practitioner in adulthood and
Pediatricians in childhood) and inside the brain (competence of the fields of Neurology
and Psychiatry).
Neuro-Developmental Disorders = NDDs
Diagnostic and Statistical Manual of Mental Disorders, fourth version = DSM-IV
Diagnostic and Statistical Manual of Mental Disorders, fifth version = DSM-5
Genetic Model = GM
Intellectual disability = ID
Attention deficit hyperactivity disorder = ADHD
Obsessive-compulsive disorder = OCD

1.1. One Finding, One Treatment—The Old Era of Simplification as the Goal

Most recent manuscripts introduce Autism Spectrum Disorder or ASD as “Autism
spectrum disorder defines a broad group of NDDs characterized by (i) young age of
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onset, (ii) impairment in communication and social abilities, (iii) restricted interests and
repetitive behaviors, and (iv) symptoms that affect patients’ function in various areas of
their life”. Many of today’s manuscripts about Autism Spectrum Disorder (ASD) begin
with the phrase: “The complex pathophysiology of autism spectrum disorder encompasses
interactions between genetic and environmental factors” or similar [1]. The diagnosis of
ASD is given considering the Diagnostic and Statistical Manual of Mental Disorders (DSM)
in 2021, with its fifth version or DSM-5. A recent review summarized the history of the
DSM from Kanner to DSM-5 [2]. In precision medicine, the gap between bodily behaviors
and genomics is being addressed, including the study of gene expression on tissues beyond
the brain, in organs for vital functions. This approach is proposed to reframe Psychiatry [3].

Recent manuscripts reviewed the so-called comorbidities in ASD [4,5]. Comorbidities
may be psychiatric [6], neurological [7], or related to medical conditions beyond the brain
in the field of Pediatrics or General Medicine [8]. Recent literature has demonstrated that
people with ASD diagnosis may have multiple comorbidities in different combinations and
severity [9] and even temporal, transient hyper-multimorbidity. Multimorbidity is present
when multiple medical issues (called comorbidities) are diagnosed in the same person. The
present manuscript will call the medical issues that are frequently present in people with
ASD as “concomitant medical problems to diagnosis” (of ASD) or CMPD. These CMPD
are outside the brain or related to the brain (neurological and psychiatric CMPD of ASD).
Previous attempts proposed potentially different roles for CMPD [10].

1.2. Trans-Discipline for the Analysis of the So Called “Comorbidities”

Complexity science forces us to see the dynamic properties of systems and the varying
properties that are related to social roots [11,12]. ASD may be considered a complex diag-
nosis that resists the finding of new approaches via traditional models. It would be better
tackled through interdisciplinary, systems-level approaches, considering implementation
science [13,14].

Somatic health is a key point to move forward [15]. Several important reports have
alerted about the need for the serious consideration of the CMPD of ASD [3,4,16–18] with
transdisciplinary and interdisciplinary collaboration in the context of the multimorbid-
ity [19]. As reference [17] cites, ASD is defined behaviorally. It includes the consideration
of impairments in social behavior, stereotypic movements, and communication issues with
impact on social skills, called “core symptoms of ASD”. All these symptoms significantly
impair the quality of life of people diagnosed with ASD [20,21].

Medical conditions such as gut dysbiosis [22], non-celiac gluten sensitivity [23],
cerebral folate deficiency [24], food allergies and intolerances [25], gastrointestinal [26],
metabolic [27] and biochemical issues [28], immune dysfunction [29], autoimmune prob-
lems [30], mitochondrial dysfunction [31], barrier permeabilities [32], oxidative stress [33],
endocrine issues [34] and more are not explored (sometimes for years) in ASD patients.
The most advanced approaches have shifted the focus of the “causation search” original
framework to the study of the (epi) genetic susceptibility for ASD, from the brain to the
whole body [1,35], and to the importance of humanism in medicine [36] as well as to the
study of genes expressed in tissues outside of the brain [37]. As Constantino recently
reported, the so-called “co-morbidities” of ASD are inappropriately named if they actually
contribute to (or exacerbate) the severity of autism itself [38]. Multimorbidity affects the
generation of evidence [39] and a new Evidence Pyramid in Evidence Based Medicine was
recently proposed [40]. Multimorbidity and hyper-multimorbidity should be taken into
account in the case of ASD. The field of ASD needs personalized medicine as the norm.

1.3. What This Manuscript Is

This manuscript is not a narrative or scoping review in a traditional sense [41]. It is
not a systematic review, meta-analysis or meta-synthesis. Furthermore, it does not propose
a medical hypothesis.
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This manuscript presents a New Model, the Advanced Integrative Model (AIM)
and its application, the Advanced Integrative Approach (AIA). AIA is the application
of the AIM. Evaluation, diagnosis, and treatment of CMP to ASD diagnosis are very
important in this model, considering those in the brain and beyond the brain. Mainly
reviews and systematic reviews in CMPD were included in the revision. The selected
language was English. These manuscripts were selected using PubMed, Scopus, and
Medline, with keywords such as “ASD” and “health comorbidities”, “health children”,
“physical health teen-adolescents”, “physical health adults”, “quality of life”, “outcomes”,
“gastrointestinal”, “immune”, “autoimmune”, “mitochondria”, “symptoms”, “physical
conditions” and combinations of them with systematic review/review or general articles.
Published manuscripts about prevalence, advocacy, neurodiversity, and genetics in ASD
were also included. The publication dates of the 73 references are from 2011 to 2021, with
nearly 24 published in 2020–2021 and only 4 before 2010.

The design and answer of three main questions relating to a person (child/teen/adult)
diagnosed with ASD (but presented for a child) are discussed in this manuscript. These
main questions are:

What does ASD mean?
How CMPD can be evaluated, diagnosed and treated rigorously and adequately today in this child
with ASD?
Which would be the best combination of medical and non-medical tools for this child, considering
the whole-body status at this moment in the Advanced Integrative Approach (AIA) thinking in
multimorbidity?

2. When the Conclusion Should Not Be the Presumption

Looking at the published research in ASD, there is plenty of information about neuro-
logical [42], psychiatric [43] and biological (outside the brain) CMPD of ASD [3]. These are
almost always called comorbidities. However, comorbidities mean that medical conditions
present are not related to a main diagnosis, in this case ASD. The design of the research
studies in ASD is performed considering OFAT (one factor at a time) instead of the con-
text of multimorbidity. ASD is a model psychiatric disorder following the DSM-5 for the
analysis of multimorbidity and personalized medicine.

In this case, multimorbidity is present in the brain (psychiatric and neurological
issues) and outside the brain (biological problems in body systems outside the brain) with
behavioral, emotional, motor, sensorial and communicational symptoms. The physicians
related to these areas are from Psychiatry, Neurology and Pediatrics. The Pediatrician
detects ASD and refers to other areas. However, in the Advanced Integrative Model
the Pediatrician (or General Practitioner) by training, experience, and competence, is of
paramount importance in the Advanced Integrative Approach.

2.1. The Response to Treatment of CMPD in ASD

When a family receives a diagnosis, CMPD are considered comorbid, not related to
ASD and of little or no impact on core symptoms or trajectory of ASD. The recommended
practice, if it includes exploration of CMPD, is only the limited exploration of gastroin-
testinal issues, beyond the neurological or psychiatric co-occurring medical problems. In a
recent manuscript the recommendations were educational practices, developmental thera-
pies, and behavioral interventions, but CMPD (in particular the out-of-the-brain biological
issues) were not properly considered in the state-of-the art knowledge [44]. It has not been
considered, historically, that the results of all the behavioral, relational, developmental or
psychoeducative methods to approach ASD are strongly related to the biological status of
the person with the ASD diagnosis.

The question is how could the treatment(s) of CMPD affect the ASD symptoms?
There are several possible outcomes to the treatments of CMPD of ASD outside

the brain.
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There are people diagnosed with ASD (mainly children) whose core ASD symptoms
disappear after the adequate treatment of CMPD outside the brain. ASD symptoms seem
to be only symptoms of a few CMPD outside the brain with a causal relation [45].

There are people diagnosed with ASD (all ages) whose core ASD symptoms ameliorate
after the adequate treatment of CMPD outside the brain. Many times, several CMPD need
to be considered and properly treated to show an impact in the core symptoms. ASD
symptoms appear to be related to CMPD in ASD [46].

There are people diagnosed with ASD (all ages) whose core ASD symptoms do not
change after the adequate treatment of CMPD outside the brain, even when several CMPD
are considered and properly treated. ASD symptoms are not related to CMPD in ASD. In
this case, they could be called “comorbid”.

The individual response to the most rigorous, controlled, and serious allopathic
treatments of CMPD in ASD, taking into account multimorbidity and complexity, gives
clues to their roles. Therefore, the role of CMPD in ASD would be shown or concluded
after and not before the treatment of them.

As Dr. Frye’s group has reported, in ASD many neurological issues have links to
biological problems not related to the brain [47]. Dr. Frye has published several important
manuscripts about CMPD in ASD and from the design the work is presented differently
than other manuscripts. The titles of these manuscripts generally are “XXX as treatment
of YYY in ASD”. This kind of approach to the problem takes into account, since the
design, the multiple CMPD in ASD. Historically the presentation of the treatment of
CMPD was “XXX as treatment of ASD”. Many recent manuscripts detect, count, and
report the so called “comorbidities” instead of considering new models for the role of
these CMPD [4,48,49]. Not all children with gut dysbiosis have ASD, not all children
with mitochondrial dysfunction or with some immune deficiency have ASD. There should
be another component to take into account and address this complexity and this other
component is the brain status in ASD.

2.2. The Controversy about Whether a Static or Dynamic Encephalopathy Contributes to ASD

Encephalopathy is a term used here for a diffuse disorder (or disease) that alters brain
function or structure. An encephalopathy is dynamic when it responds to treatments of
CMPD outside the brain. An encephalopathy is static when it does not change; it does
not respond to treatments of CMPD. A central point is if the encephalopathy in ASD is
static or dynamic and how. The dynamic encephalopathy in ASD is considered at first to
be chronic and difficult to change, once present. The dynamism of the encephalopathy
would also be related to the plastic nature of the brain and the number, combination, and
severity of the CMPD. The development of the encephalopathy and the path to chronicity
of it is then considered a process, not a genes-mediated fact for all people diagnosed
with ASD. This process may begin prenatally (as vulnerability and/or through a genetic
mutation/s or polymorphism/s and combinations of them with environmental impact)
and/or postnatally. The mechanisms for the encephalopathy to develop involve the genetic
susceptibility to CMPD in the brain and outside the brain and the individual response
to in-series and in-parallel exposures in the second decade of the XXI century. From
processed food to antibiotics, from contaminated water and air to mitochondrial impact,
from dysbiosis to whole-body dysfunction and more the many pathways to gut barrier
permeability and brain–blood barrier permeability in vulnerable people are explained
looking at the model of ASD as symptoms of a dynamic (but chronic) encephalopathy.

Since the presentation of the genetic model (GM) with the manuscript of Folstein and
Rutter [50], 44 years has shown the exploration of the genetic basis of ASD. Meanwhile,
the prevalence has grown up to 1 in 54 from the CDC data [51], that is more related to
1 in 36 [52] and near 1 in 20 males in children up to 17 years or even higher [53]. The
main point of the GM is the consideration of the root of ASD as a static encephalopathy of
prenatal origin [54]. In the neurodiversity model, ASD is a way of being [55]. These two
points of view do not explain many findings, do not give tools or resources to professionals,
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non-professionals and families to address the individual complex medical, non-medical,
and educational needs of many children, teens and adults diagnosed with ASD. There are
several recent reports about these unmet needs [56–58].

The Advanced Integrative Model (AIM) is a new model of ASD. In this model the
CMPD outside the brain should be properly diagnosed and treated. These CMPD may
be related to a chronic encephalopathy through the barrier’s permeability. Gut and brain
blood barrier permeabilities are important to understand in this proposal. The gut dysbiosis
involves pathogenic bacteria, parasites, and fungus that may translocate and/or produce
metabolites and correlates with inflammation in the presence of a permeable gut barrier.
This abnormal situation produces an immune response. The immune system components
and metabolites from gut dysbiosis reach the bloodstream due to the permeable gut barrier
and finally the brain due to brain blood barrier permeability [15]. The idea of a chronic,
dynamic encephalopathy as a model of ASD was presented by Dr. Herbert in 2005 [59] but
unfortunately was not explored adequately up until the last 10 years and much more in the
last 5 years.

In the framework of a model based on the explanation of ASD as a static encephalopa-
thy of prenatal origin, the plausibility of a role of postnatal development disturbance is
not taken into account and dismissed. CMPD have been labeled as “comorbid”: medical
issues that have no link to ASD. Coincidence or simply better health has been the explana-
tion for the reported improvements after treatments of CMPD, which are sometimes very
dramatic. Regression (loss of speech and/or abilities and/or skills) continues to happen
today without explanation in these models. No other proposals have been presented,
even when no genetic link in brain to regression can be clearly shown in ASD [60]. Today,
regression has been reported to be present in prospective studies in up to 88% of people
with ASD [61], although the consensus in retrospective studies is lower and nearer 30% [62].
Regression is understood in AIM as the final point of a pre-encephalopathy process. The
pathway to chronicity is considered to be an individual process and not a single event [63]
and the final point could be considered to be the regression. The chronic status of the
encephalopathy would be related to chronic pathophysiological processes in the brain in
ASD (see reference [52] for further explanation).

3. AIM Classification System

Core symptoms of ASD include impairments in social interaction and communication,
and restricted and repetitive behaviors. There are no known efficacious treatments for the
core social symptoms, although effects on repetitive behaviors have been reported [64].

The main groups in ASD following the AIM would now be:
Main Group 1—Core ASD symptoms disappear after the adequate treatment of CMPD

outside the brain. In this case the encephalopathy is dynamic and completely reversible
with loss of the ASD diagnosis.

Main Group 2—Core ASD symptoms ameliorate after the adequate treatment of
CMPD outside the brain. In this case the encephalopathy is dynamic but chronic, partially
reversible, with improvements in ASD symptoms from mild to huge, even without loss of
the ASD diagnosis.

Main Group 3—Core ASD symptoms do not change after the adequate treatment of
CMPD outside the brain, even when several CMPD are considered and properly treated.
Some people diagnosed with ASD without intellectual disability (ID) and Asperger’s
syndrome following DSM-IV would be a subgroup where ASD is related to a condition as
a way of being. Other subgroups would have strong links to genetics, with ID besides the
ASD diagnosis, and the ASD symptoms would be related to a static encephalopathy in the
subgroup called “syndromic autism” [65]. These subgroups are very different.

In these three main groups, many different subgroups may be defined, considering ID
or not, speech problems, sex, age and more. Figure 1 shows the comparison between the
Genetic Model (GM) and the Advanced Integrative Model (AIM) in their answer to the
first of the three important questions this manuscript presents: What does ASD mean?
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4. The Advanced Integrative Approach (AIA)

The second key question is what causes ASD? For the GM, the answer is genes or
genes plus environment at the prenatal step or genes and epigenetics plus environment
at the prenatal step. The manuscripts dealing with an important number of CMP gener-
ally obtain the information from medical records and report statistics. It is known that
medical records in ASD are very incomplete because, many times, the extensive biological
exploration outside the brain in ASD does not exist. The experience and the research
show that many times, a person (child, teen or adult) with ASD diagnosis have CMPD in
ASD outside the brain and neurological (seizures/epilepsy, movement disorders, sleep
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disorders), psychiatric diagnosis (from attention deficit hyperactivity disorder or ADHD
to bipolar disorder, from anxiety to OCD/tics and more), language/speech problems (all
the spectra of them), learning challenges, a spectra of intellectual disability and behavioral,
emotional and psychological issues.

The question “What causes ASD in all children?” has shifted following the last 10 years
of research to “What causes ASD in this child?”

The Advanced Integrative Approach (AIA) is the AIM in practice. The AIA is person-
alized and the answer to the question presented above is not straightforward. The model
gives tools and resources to help and explore in different ways if medical problems outside
the brain and at systemic level are at least part of the answer to that question for the person
diagnosed with ASD.

Therefore, in an AIA, the second question is How CMPD can be evaluated, diagnosed
and treated rigorously and adequately today in this child with ASD?

Medical and non-medical professionals do not receive the information about CMPD
in ASD. If they receive it, it is incomplete or it is presented as hypothetical or “alternative”
(when it is not). Discussion about models has been focused on neurodiversity versus
the so called “medical model”. This “medical model” includes the treatment of ASD
in the context of the GM (with behavioral approaches, psychoeducative methods, and
psychopharmacology). The individual symptoms of a person with an ASD diagnosis give
the trained physician clues about what to explore. Many times symptoms of CMPD in ASD
are only behavioral, emotional, or related to aggression/auto-aggression and more [66].
Disruptive behavior should be analyzed first, as a request for help due to potential pain,
discomfort or an altered brain state [67].

The third question would be which would be the best combination of medical and
non-medical tools for this child, considering the whole-body status at this moment in
the Advanced Integrative Approach (AIA) thinking in multimorbidity? Figure 2 shows
the hierarchy of the questions discussed in this section, expanded. The arrow shows the
increasing difficulty of the questions to be answered. The last question is the most difficult
to answer.
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5. When Genetics Is an Important Part in Building Individual Vulnerability

The genetics in ASD is of paramount importance. Genetic susceptibility in ASD is
being presented more and more as increased vulnerability for the CMPD to develop. This
analysis gives support to the genetics and epigenetic links in ASD but at a whole-body
level, not only the brain [2].

Here, we present a new model called AIM that aims to represent a more comprehensive
model for ASD:

From Genetic Susceptibility to Mutated Genes-Whole Body (including brain)-CMPD
(in and outside the brain)-Permeable barriers-Chronic, Dynamic, Systemic (to Static) En-
cephalopathy or Condition-ASD Behavior.

In the AIM the role of genetics is different but no less important than in the GM.

6. Beyond the Brain and the System’s Biology Updated to 2021

For many years, there has been a long discussion about if what is needed is health
or education in the field of ASD. From the application of the AIM to an AIA, the answer
is one or the other or both, depending on the individual ASD age, sex and individual
presentation.

Main groups one to three include people diagnosed with ASD of all ages and presenta-
tions whose core ASD symptoms respond (or not) to treatment of CMPD, including people
with Asperger’s syndrome (following the DSM-IV), today included in ASD (following
DSM-5). The needs are different in each main group in terms of education and/or health
and other services. When core symptoms of ASD respond to treatment of CMPD, they are
not a way of being or a condition, they are emerging symptoms. When core symptoms of
ASD do not respond to the treatment of all the CMPD when properly and exhaustively
considered, then the diagnosis of ASD could be related to a way of being for that particular
person or to a static encephalopathy.

With adequate training, many symptoms historically assigned to “autism” may guide
the clinician to the diagnosis and treatment of CMPD in ASD [3,4]. The treatments of
CMPD are only that, they are not “ASD treatments”. Even if core ASD symptoms do not
respond, the treatment of adequately diagnosed CMPD in the main group three would
improve the quality of life. The AIM involves the application in practice of the system´s
biology updated to 2021, with the consideration of ASD as a whole-body disorder.

6.1. Why Is the Progress So Slow in Practice When So Much Is Known from Published Research?

Published research has been increasing regarding CMPD in ASD. The main groups
one and two have not been properly studied from CMPD point of view. One of the most
cited problems has been the confounding role of the intellectual disability (ID). This group
also has increased the number of CMPD in ASD [3,8]. A selection bias to study people with
ASD without ID was shown [68,69].

Even when it is clear that there are different subgroups of people diagnosed with
ASD that respond positively, and sometimes spectacularly, to the treatment of CMPD;
even when the information about these subgroups are data, not anecdotal; even when the
optimal outcome was reported by several groups around the world [70,71]; even when
the individual improvements after proper treatments were reported in many properly
presented reports [24,39,72]; even when there are several manuscripts that show the impor-
tance of the individual response to CMPD [2], the research funding in CMPD has not been
enough and in general only 9% was assigned to services research in ASD [73]. The updated
information is not reaching the local sources of trusted information for doctors in practice.

The response to the treatment of CMPD gives clues to the nature of the underlying
encephalopathy: static o dynamic, reversible or irreversible. The AIM allows and explains
the possibility of a partial reversibility of the encephalopathy and (less reported as yet,
possible) total reversibility and loss of an ASD diagnosis.
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6.2. Advanced Integrative Approach (AIA): A New Model Taking Science into Medical Practice
with Permanent Review

The application of an AIM requires Implementation Science, a careful design of the
optimization of translational research. The higher the severity of ASD, the higher the
number, combination and complexity of the CMPD. In physician practice (Pediatrician or
General Practitioner), the AIA involves the careful consideration of the CMPD in ASD from
the beginning. Figure 3 shows the sequence of learning about CMPD. First, the hypothesis
in the AIA is that a chronic dynamic encephalopathy is underlying with the ASD diagnosis.
Later, after a careful clinical exploration (also involving professionals from Neurology,
Psychiatry and Genetics, if needed), CMPD are diagnosed and treated, sequentially or
in parallel as needed. Finally, with the response to treatments of the CMPD in ASD the
conclusion for the individual with ASD can be obtained: static encephalopathy, dynamic
encephalopathy (partially or completely reversible), or condition. The complexity of the
ASD presentation, the behavioral, emotional, sensorial, motor and speech/communication
symptoms, and the CMPD from Pediatrics, Neurology, and Psychiatry plus their treatments
require permanent review and updates.
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7. Conclusions

The Advanced Integrative Model (AIM) and the Advanced Integrative Approach
(AIA) are presented and explained in this manuscript. The consideration of the CMPD
to ASD from an individual point-of-view and the analysis of the response to the proper
treatment of all of them are the key to present the three different main groups. Considering
the response to treatments of the CMPD of ASD, the conclusion for the individual ASD may
be related to a static encephalopathy, to a chronic dynamic encephalopathy (partially or
completely reversible) or to a condition. The Advanced Integrative Model for ASD includes
the GM and also the idea of ASD as a condition for a subgroup of people diagnosed
with ASD.
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Abstract: A retrospective analysis of administrative claims containing a diverse mixture of ages,
ethnicities, and geographical regions across the United States was conducted in order to identify
medical events that occur during pregnancy and are associated with autism spectrum disorder (ASD).
The dataset used in this study is comprised of 123,824 pregnancies of which 1265 resulted in the child
being diagnosed with ASD during the first five years of life. Logistic regression analysis revealed
significant relationships between several maternal medical claims, made during her pregnancy and
segmented by trimester, and the child’s diagnosis of ASD. Having a biological sibling with ASD,
maternal use of antidepressant medication and psychiatry services as well as non-pregnancy related
claims such hospital visits, surgical procedures, and radiology exposure were related to an increased
risk of ASD regardless of trimester. Urinary tract infections during the first trimester and preterm
delivery during the second trimester were also related to an increased risk of ASD. Preventative and
obstetrical care were associated with a decreased risk for ASD. A better understanding of the medical
factors that increase the risk of having a child with ASD can lead to strategies to decrease risk or
identify those children who require increased surveillance for the development of ASD to promote
early diagnosis and intervention.

Keywords: autism spectrum disorder; medical claims; logistic regression analysis; retrospective
analysis; associated risk

1. Introduction

Autism spectrum disorder (ASD) is an early onset neurodevelopmental disorder
characterized by difficulties in social communication/interactions and by the presence of
restricted and repetitive behaviors [1]. The prevalence of ASD has significantly increased
over the last three decades [2] with the most recent estimate being 1 in every 54 eight-
year-old children in the United States has been diagnosed with ASD with a 4.3 times
higher occurrence in males than females [3]. The etiological understanding of ASD has
also changed over the years, with current research suggesting a combination of genetic
and environmental factors [4]. It is now generally acknowledged that investigation of
environmental risk factors for ASD should not only be limited to the life of the child, but
also include the prenatal and preconception period [5].
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Numerous maternal body systems have been hypothesized to contribute to ASD
including the gastrointestinal, immune, metabolic, and endocrine systems [6–10]. It is not
surprising that research has extended these investigations to include the influence of mater-
nal systems disorders. Maternal endocrine or hormonal disorders, such as polycystic ovary
syndrome, show an increased risk of offspring developing ASD [11]. Maternal autoim-
mune disorders are notable ASD risk factors [12–15] with emphasis on hypothyroidism [16],
psoriasis [17], and rheumatoid arthritis [18]. The presence of maternal infection during
pregnancy significantly increases the risk of ASD in the offspring [19], with studies suggest
this effect is specific for bacterial [20], viral [21], severe [22,23] or febrile [24,25] infections.
In fact, the maternal immune activation (MIA) mouse model, a major animal model of
ASD, induced ASD-like behavior in the offspring by activating the material immune sys-
tem but also highlights the variability of this effect [26]. Though it may provide difficult
to distinguish the confounding effects of the infection itself from the treatment for the
infection, as some studies have shown antibiotic consumption is a risk factor, though there
are discrepancies regarding the significance for antibiotics taken during the second or third
trimester [21] or when taken for longer than 14 days [27].

It is well known that ASD is commonly linked to other cognitive or mental health
disorders such as epilepsy, ADHD, and anxiety [28–31], and the role of brain development
cannot be understated. Similarly, the influence of maternal mental disorders is crucial
to understand and has been widely studied, with a heavy focus on maternal depression
and antidepressant usage during pregnancy. Recent literature suggests the risk factor for
ASD may be associated with prior antidepressant treatment or maternal psychological
conditions rather than antidepressant consumption [5,32]. Another widely studied ma-
ternal pharmaceutical is prenatal vitamin supplementation, particularly folate (vitamin
B9), which has been found to reduce the risk of offspring developing ASD by almost
half [33–35].

Lastly, risk factors have also been found for delivery-related events such as preterm
delivery [36,37] and cesarean delivery [38,39]. Though, these factors may be influenced by
abnormal child development stemming from previously mentioned risk factors.

Given the large number of studies that have presented contradicting results, this work
focuses on identifying ASD risk factors from a very large cohort of mothers in the United
States. Specifically, this study is a retrospective analysis of maternal medical events that
occurred during pregnancy and their effect on the risk of ASD in the child. These maternal
events are reflected by diagnostic, procedural, and pharmaceutical claims from a private
United States health plan.

2. Materials and Methods
2.1. Mother and Child Cohort Identification

This retrospective analysis used de-identified claims data with a family identifier and
socioeconomic status information from the OptumLabs® Data Warehouse (OLDW), which
included medical and pharmacy claims, laboratory results, and enrollment records for
commercial and Medicare Advantage (MA) enrollees. The database contained longitudinal
health information on enrollees and patients, representing a diverse mixture of ages,
ethnicities and geographical regions across the United States [40]. As this study uses
deidentified data, approval is exempt from the Institutional Review Board.

Children diagnosed with and without ASD, born between 1 January 2000 and 31
December 2010, were previously identified using the OLDW [10]. Vargason et al. (2019)
used the children’s diagnostic claims from their date of birth until five years of age to
identify children diagnosed with ASD. This study identified the mother of these children
through the use of family identifiers, policy holder relationship codes, and delivery claims
within 10 days of the child’s earliest enrollment date (assumed to be the child’s date of
birth) [41,42]. Diagnostic, pharmacy, and procedural claims (Table S1) were identified for
each mother ten months prior to the birth of each child.
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The processing steps used to identify children and their mothers, as well as the
resulting number of women and children identified from the OLDW, are outlined in
Table 1. Women were identified between the ages of 14 and 49 with commercial health
coverage that included medical, pharmaceutical, and mental health coverage; this medical
plan matched that of the children cohort. Step 4 outlined in Table 1 required that all children
be labeled as “child” in relation to the policy holder. In Step 6, women were linked to
children by having a delivery claim within 10 days of the child’s first enrollment date.
During this process, some children were found to be linked to multiple mothers, most
likely due to different women under the same policy having birth claims at similar times;
these mothers and children were excluded in Step 7. The final cohort sizes, shown in Step
8, identified various pairs of siblings (different children having the same mother) during
the investigated time frame, resulting in a greater total number of children than women.
This included siblings (single and multiple births) with different ASD outcomes, i.e., with
and without an ASD diagnosis. For this study, each child was associated with the events
that occurred during his or her gestational period, which were unique for siblings but
identical for multiple births (i.e., twins and triplets). The final data set was comprised of
123,824 pregnancies identified using the OLDW data base; 1265 pregnancies resulted in
children with ASD (ASD cohort), and 122,559 pregnancies resulted in children with no
ASD diagnosis (population or POP cohort) during the investigated time frame. The ASD
prevalence determined in this study agrees with the prevalence estimation performed by
the Center for Disease Control during the same time period [43]. Within the dataset, 37,775
(30.5%) of all children had a sibling and of this 5616 (4.5%) were a part of multiple births.

Table 1. Data Attrition Steps for Identifying Mother Cohorts and Associated Children.

Data Attrition Step Number of Women Number of Children

1. Women who have delivery claim between 2000 and 2010 1,241,757 –
2. Women between the ages of 15 and 49, correct medical
coverage, and known relationship ID 1,023,631 –

3. Children cohort identified by protocol in Vargason et al. 2019 – 283,644
4. Children with relationship ID as “child” and have a single
OLDW family ID – 234,366

5. Women and children with the same OLDW family ID 133,490 170,480
6. Women who have delivery claim within 10 days of child’s first
enrollment date 115,092 136,200

7. Women and children who have single linkage, and women
who are continuously enrolled for one year prior to delivery claim 115,069 136,178

8. Women who have sociodemographic information on file 104,051 123,824

2.2. Medical Claims Identification

Medical claims were split up into the following three categories of variables: diagnostic
claims identified by the International Classification of Diseases coding, version 9 (ICD-
9), filled prescription claims determined by the National Drug Code (NDC) identifiers,
and medical procedures claims denoted by their Current Procedural Terminology (CPT)
coding. Total claims investigated included 478 ICD-9 diagnostic codes as variables, 10,810
NDC codes segmented into 132 pharmacy variables, and 3,808 CPT codes segmented
into 122 procedural variables (Table S1). Pharmacy variables were created based on code
descriptions embedded into the database. Procedural variables were based on CPT code
descriptions. Table 2 shows the progression of variable selection from these categories,
further outlined below.
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Table 2. Progression of the Number of Variables for Diagnostic, Pharmacy, and Procedural Categories.

Number of Variables
Diagnostic Pharmacy Procedural

Initially investigated with a claim within
10 months of delivery 478 132 122

Contained claims for greater than 2% of
women within 10 months of delivery 82 27 45

Contained claims for greater than 2% of
women within identified gestational days 77 25 44

Contained claims that were not highly
correlated (r 1 < 0.7) 76 23 42

1 Pearson correlation coefficient.

All variables had relatively similar percentages of claims between both cohorts
(Table S1). A heuristic threshold was used to exclude variables due to uncommon claims,
thereby eliminating small cell sizes and ensuring that all variables were present for both
cohorts. If the number of claims fell below 2% for both cohorts combined (2476 of 123,824)
or 2% for the ASD cohort only (25 of 1265) then the claim was excluded from further analy-
sis. An example can be found in Figure S1, depicting the number of pregnancies that had a
claim for the first 100 diagnostic variables (Table S1). Only variables with claims greater
than 2% for the combined and ASD cohorts were further investigated (noted by the dashed
lines in Figure S1, top and bottom, respectively). Thus, of the first 100 diagnostic variables,
only 3 diagnostic variables were kept. Due to OptumLabs Data Policy, all cell values less
than 11 are censored for de-identification purposes as noted by the y-axis starting at 11 for
all figures.

Of the original 732 variables investigated, 156 remained after thresholding: 82 ICD-9
diagnostic codes, 27 pharmacy variables, and 45 procedural variables, see Table 2. These
claims were then used to identify the mothers’ gestational ages, as well as associated
trimesters, using the same protocol presented in Li et al. [44]. Claims that fell outside of the
identified gestational days were then removed and the remaining variables with claims
above the threshold were kept. In addition, the following 6 maternal sociodemographic
variables were included: race, home ownership, education level, income level, age, and a
binary indicator for women who have had previous children with ASD. The latter variable,
denoted as ‘Previous ASD’, refers to all subsequent children whose mother had a previous
child diagnosed with ASD during the time frame of this study. This variable was included
because women who have had previous children with ASD are at an increased risk of
having another child with ASD [45].

For comparison, the sociodemographic data were analyzed based on individual
women (referred to as “women cohorts”) instead of pregnancies or resulting children
(referred to as “pregnancy cohorts”) to better represent the population. For this case, cohort
separation is defined as women who have never had a child with ASD (population or POP)
and women who have had one or more children with ASD (ASD). For ASD cohort women,
age range refers to the age at which each woman had her first child with ASD, for POP
cohort women it refers to the age at which she had her first child.

2.3. Statistical Analysis

A chi-square analysis was used to determine a statistically significant difference
in proportions between the women’s ASD and POP cohorts for the sociodemographic
variables. For small cell sizes, a Fisher’s exact test was used. For each age category, a
Welch’s t-test was used to determine statistically significant differences between mean age
of the ASD and POP cohorts.

An F-test, with 5% significance level, was used to determine a statistically significant
difference in variance between the ASD and POP cohort for total number of medical
claims (diagnostic, pharmacy, and procedural combined), as well as each variable category
individually. For categories that showed a statistically significant difference in variance, a
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Welch two-sample t-test was used to determine a statistically significant difference between
the mean number of claims for the ASD and POP cohorts, at a 5% significance level. For
equal variance, a standard t-test was used at a 5% significance level. Histograms were
normalized in order to better compare the two cohorts.

Logistic regression was used to estimate the relationship between the presence of ASD
in the child over the investigated time frame and the maternal medical claim (diagnostic,
pharmacy, or procedural) made during pregnancy [46]. Pearson correlation analysis was
conducted to identify claims that were highly correlated with any other claim, r > = 0.7, of
which those of lower significance (denoted using p-values calculated from the unadjusted
logistic regression) were removed from the analysis (see Table 2) [47,48]. Adjusted odds
ratios (ORs) were used to quantify the effect of the medical claim and the associated risk
of the child being diagnosed with ASD later, using a 95% confidence interval [49]. An
initial logistic regression model showed the previous ASD variable was highly skewed
towards the ASD cohort due to bias associated with multiple births; to correct for this,
two adjusted logistic regression models were used, one with all variables and one with all
variables except previous ASD. The statistically significant variables determined from these
two models were then used for a third adjusted logistic regression model, which allowed
for correction of multiple comparisons by reducing the number of variables included in
the model as well as identifying false significance from the latter models. A schematic of
the model development can be found in Figure 1. Due to computational restrictions, all
logistic regression models were built using 10% of the POP cohort data, resulting in a ratio
of approximately 10:1 POP to ASD, stratified based on sociodemographic variables. This
analysis was then repeated for each trimester excluding sociodemographic variables since
these are constant throughout the entire pregnancy. For brevity, all statistically significant
findings as defined in this section and reported in this study are referred to as significant.

Some diagnostic variables were further specified based on their ICD-9 coding. ICD-9
codes are structured through a numeric system where a whole value code can also contain
decimal values to elaborate on a diagnosis. For example, ICD-9 code 649 corresponds to the
variable Other Conditions Complicating Pregnancy and can be broken down as follows:
649.0 tobacco use disorder complicating pregnancy, 649.1 obesity complicating pregnancy,
649.2 bariatric surgery complicating pregnancy, etc. Claims are made using either whole
values or decimal points, at the discretion of the medical professional. All statistically
significant final diagnostic variables are further evaluated by their whole and single digit
ICD-9 coding in a separate logistic regression analysis, shown in Figure 1. Variables were
only included in this analysis if they contain claims greater than 11, and due to this smaller
threshold were evaluated with both unadjusted and adjusted ORs.
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3. Results

There were some key differences in sociodemographic data for the two women cohorts
(Table 3). The percentages for race were for the most part comparable, with the majority
being White, however, a significantly larger percentage of Asian pregnancies in the ASD
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cohort (10.4%) was found compared to the POP cohort (7.7%). In addition, the ASD cohort,
as compared to the POP cohort, was significantly more educated (i.e., attained a degree
higher than a Bachelor’s degree), had higher income (i.e., income greater than USD 125,000)
and was older (i.e., age 30 years or older), see Tables 3 and 4. Furthermore, the ASD
cohort had a significantly smaller percentage of women having only a high school diploma,
an income between USD 40,000–74,999, and being of age between 20–29 years old. The
ASD cohort had a significantly higher percentage of previous ASD children, 245 (20.1%),
compared to the 0 (0.0%) from the POP cohort. This was obviously expected since the
women POP cohort is defined as women who have never had a child with ASD and thus
will not have a previous ASD indicator.

Table 3. Sociodemographic Data on Women Cohorts.

ASD Women POP Women

1218 102,833
n 1 % n 1 % p-Value 2

Race

Asian 127 10.4 7949 7.7 <0.001
Black 91 7.5 8275 8.0 0.50

Hispanic 119 9.8 11,088 10.8 0.28
White 881 72.3 75,521 73.4 0.40

Home
Owner-

ship

Unknown >118 >9.6 10,304 10.0 0.61
Probable Owner 1089 89.4 92,117 89.6 0.88

Probable Renter 3 <11 <1.0 412 0.4 0.10

Education
Level

Less than 12th Grade 3 <11 <1.0 305 0.3 0.79
High School Diploma >153 >12.4 19,160 18.6 <0.001
Less than a Bachelor’s

Degree 666 54.7 54,339 52.8 0.21

Bachelor’s Degree Plus 388 31.9 29,029 28.2 0.006

Income
Range

<USD 40,000 79 6.5 7841 7.6 0.15
USD 40,000–74,999 206 16.9 19,776 19.2 0.045
USD 75,000–124,999 347 28.5 31,837 31.0 0.07

USD 125,000–199,999 316 25.9 23,786 23.1 0.023
>USD 200,000 270 22.2 19,593 19.1 0.007

Age
Range

<20 3 <11 <1.0 290 0.3 0.27
20–29 312 25.6 32,587 31.7 <0.001
30–39 805 66.1 63,991 62.2 0.006
40–49 >90 >7.3 5965 5.8 <0.001

Previous
ASD

Yes 245 20.1 0 0.0 <0.001
No 973 79.9 102,833 100.0 <0.001

1 Number of women. 2 p-values are calculated using chi-squared analysis or Fisher’s exact test for small cell values,
significant p-values are shown in bold. 3 Values < 11 are censored for anonymity and p-values are calculated
using Fisher’s exact test.

Table 4. Age Statistics on Women Cohorts.

ASD Women POP Women

Mean (Median) p-Value 1

Age Range

<20 2

20–29 26.8 (27) 26.6 (27) 0.36
30–39 34.1 (34) 33.8 (34) <0.001
40–49 42.3 (42) 42.3 (42) 0.80

1 p-values are calculated using chi-squared analysis or Fisher’s exact test for small cell values,
significant p-values are shown in bold. 2 values < 11 are censored for anonymity and p-values are
calculated using Fisher’s exact test.

Correlation analysis for all variables during the entire pregnancy depicted six pairs
of variables containing correlations of 0.7 or higher. These variables and their associated
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unadjusted p-values are shown in Table S2. The variable with the larger p-value in each pair-
wise correlation was discarded from the adjusted logistic regression analysis; variables that
remain in the analysis are bolded in Table S2. Three pairs of highly correlated variables all
related to the same medical event of receiving a vaccination (variables: Vaccinations, Need
for Prophylactic Vaccination against Viral Diseases, and Immunization Administration for
Vaccinations). The remaining three pairs of variables were associated with a cardiovascular
procedure, diabetic-related materials (such as test strips), and a thyroid disorder.

Normalized histograms for claims from both the ASD and POP cohort can be found
in Figure 2 with associated descriptive statistics in Table 5. These data were generated
by summing claims made throughout each entire pregnancy. Histograms for all medical
claims (diagnostic, pharmacy, and procedural) and only diagnostic claims (Figure 2A,B,
respectively) closely followed a normal distribution as shown by the similar mean, median,
and mode values listed in Table 5. Pharmacy claims and procedural claims (Figure 2C,D)
were right- and left-skewed, respectively, where most women had few (1–2) prescriptions
and many (14–16) procedural claims. For all categories of variables (including total combi-
nation), the ASD cohort had a statistically significantly higher mean number of claims than
the POP cohort.
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Table 5. Statistics on Number of Medical Claims during Entire Pregnancy.

Difference in Distribution
Variance Mean

Cohort Max Mean Median Mode Stdev 2 p-Value 1

(95% CI 3)
p-Value 1

(95% CI 3)

All Medical
Claims

POP 73 27.1 27 26 8.6 <0.001 <0.001 4

ASD 59 28.6 29 29 9.4 (1.10, 1.40) (1.13, 2.74)

Diagnostic
Claims

POP 34 11.1 11 10 4.0 <0.001 <0.001 4

ASD 29 11.7 11 11 4.2 (1.09, 1.40) (0.34, 1.06)

Pharmacy
Claims

POP 15 2.1 2 1 1.8 <0.001 <0.001 4

ASD 15 2.5 2 1 2.1 (1.20, 1.54) (0.29, 0.65)

Procedural
Claims

POP 31 13.9 14 15 4.4 0.102 <0.001 5

ASD 26 14.4 15 16 4.7 (0.98, 1.26) (0.36, 1.18)
1 All p-values are calculated using random samples of 1000, significant p-values are shown in bold. 2 Standard
deviation. 3 Confidence intervals. 4 Calculated using Welch two-sample t-test. 5 Calculated using two-sample
t-test.
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Normalized histograms for claims made in each trimester, along with descriptive
statistics, can be found in Figures 3 and 4, as well as Table 6. The largest number of total
medical claims was made in the third trimester with similar values for the first and second
trimester. While the mean and median number of claims was greater in the first trimester
compared to the second, the first trimester had a greater amount of zero-claims. In all
trimesters, the majority of claims were made for procedures, followed by diagnostics and
pharmacy. For all trimesters, the ASD cohort had a significantly higher mean number of
diagnostics, pharmacy and procedural claims with one exception: diagnostic claims made
in the first trimester showed no significant difference.
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Figure 3. Histogram data of normalized number of women belonging to the POP and ASD cohorts
(shown in blue and red, respectively) with any medical claim during the (A) first trimester, (B) second
trimester, and (C) third trimester. Values associated with small cell sizes are not shown in order to be
compliant with OptumLabs’ de-identification policy.

Table 6. Statistics of Number of Medical Claims during Each Trimester.

Difference in Distribution
Variance Mean

Cohort Max Mean Median Mode Stdev 2 p-Value 1

(95% CI 3)
p-Value 1

(95% CI 3)

Trimester 1
All Medical

Claims
POP 38 10.6 11 0 6.5 0.040 0.011 4

ASD 33 11.2 12 0 7.0 (1.01, 1.29) (0.18, 1.38)

Diagnostic
Claims

POP 15 2.7 3 2 2.1 0.080 0.077 5

ASD 11 2.8 3 0 2.2 (0.99, 1.26) (−0.01,0.36)

Pharmacy
Claims

POP 10 0.9 1 0 1.1 <0.001 <0.001 4

ASD 8 1.1 1 0 1.3 (1.19, 1.52) (0.10, 0.30)

Procedural
Claims

POP 21 7.0 8 0 4.2 0.076 0.038 5

ASD 18 7.2 8 0 4.5 (0.99, 1.27) (0.02, 0.79)

Trimester 2
All Medical POP 36 8.7 9 0 5.2 <0.001 <0.001 4

Claims ASD 36 9.5 9 0 5.7 (1.13, 1.44) (0.53, 1.47)

Diagnostic POP 14 2.7 2 2 1.9 <0.001 <0.001 4

Claims ASD 12 3.0 3 2 2.1 (1.20, 1.54) (0.21, 0.56)
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Table 6. Cont.

Difference in Distribution
Variance Mean

Cohort Max Mean Median Mode Stdev 2 p-Value 1

(95% CI 3)
p-Value 1

(95% CI 3)

Pharmacy POP 8 0.8 1 0 0.9 0.022 <0.001 4

Claims ASD 8 0.9 1 1 1.0 (1.02, 1.31) (0.06, 0.23)

Procedural POP 20 5.1 5 6 3.3 0.019 0.002 4

Claims ASD 16 5.5 6 6 3.5 (1.02, 1.31) (0.17, 0.77)

Trimester 3
All Medical POP 47 17.4 17 16 5.9 0.105 <0.001 5

Claims ASD 42 18.5 18 18 6.1 (0.98, 1.25) (0.75, 1.82)

Diagnostic POP 21 7.7 7 7 2.6 0.420 0.002 5

Claims ASD 17 8.1 8 8 2.6 (0.93, 1.19) (0.13, 0.59)

Pharmacy POP 9 1.1 1 0 1.1 <0.001 <0.001 4

Claims ASD 8 1.3 1 1 1.3 (1.25, 1.60) (0.18, 0.40)

Procedural POP 25 8.6 8 8 3.6 0.537 <0.001 5

Claims ASD 21 9.1 9 7 3.8 (0.92, 1.18) (0.31, 0.97)
1 All p-values are calculated using random samples of 1000, significant p-values are shown in bold. 2 Standard
deviation. 3 Confidence intervals. 4 Calculated using Welch two-sample t-test. 5 Calculated using two-sample
t-test.
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trimester (left column), second trimester (middle column), and third trimester (right column). Values associated with small
cell sizes are not shown in order to be compliant with OptumLabs’ de-identification policy.

The adjusted logistic regression models (with and without previous ASD) show a
total of 20 significant variables (Table S3): 2 sociodemographic variables, 7 diagnostic
variables, 3 pharmacy variables, and 8 procedural variables. When modeled by themselves,
only 17 of these significant variables retained their significance (Table 7, full model results
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can be found in Table S3). A majority of the variables (13 of 17) were associated with
an increased risk of having a child diagnosed with ASD. While both sociodemographic
variables showed an increased risk, having a child previously diagnosed with ASD was
associated with the largest increased risk of all variables, OR 16.09 (8.27, 32.12). Three
diagnostic, all three pharmacy, and five procedural variables were also associated with an
increased risk. The remaining four variables (two diagnostic and two procedural) were
associated with a significantly decreased risk. Results for the subcode logistic regression
analysis on diagnostic variables from the entire pregnancy can be found in Table S4.

Table 7. Logistic Regression Analysis Results of Variables Identified as Highly Significant during the
Entire Pregnancy.

Odds Ratio 1 (95% CI 2) p-Value 1

Sociodemographic Variables
Previous ASD 16.1 (8.27, 32.1) <0.001
Race—Asian 1.36 (1.11, 1.66) 0.003

Diagnostic Variables
Special Screening for Blood Disorders 1.39 (1.06, 1.80) 0.015

Other Indications Related to Labor 1.28 (1.13, 1.45) <0.001
Other Complications of Labor 1.27 (1.09, 1.47) 0.002

Other Conditions Complicating Pregnancy 0.70 (0.54, 0.88) 0.003
Special Screening for Malignant Neoplasms 0.79 (0.66, 1.00) 0.005

Pharmacy Variables
Antidepressants 1.44 (1.15, 1.79) 0.001

Durable Medical Equipment Diabetic 1.27 (1.00, 1.59) 0.043
Nutritional Vitamins 1.18 (1.04, 1.33) 0.008

Procedural Variables
Anesthesia Procedures Lower Abdomen 1.81 (1.30, 2.46) <0.001

Procedures Pulmonary 1.66 (1.24, 2.19) <0.001
Procedures Services Psychiatry 1.44 (1.17, 1.76) <0.001

Services Consultation 1.37 (1.21, 1.56) <0.001
Procedures Diagnostic Radiology 1.15 (1.02, 1.30) 0.025

Vaccinations 0.58 (0.46, 0.71) <0.001
Evaluations Physical Medicine and Rehabilitation 0.77 (0.62, 0.94) 0.015

1 p-value and odds ratios are calculated using adjusted logistic regression analysis. 2 Confidence intervals.

Results from the adjusted logistic regression analyses for all trimester variables can
be found in Table S3. The final significant variables identified for each trimester can be
found in Table 8; some of these variables differed from the entire pregnancy analysis due to
the different number of claims that occur in each trimester. A larger number of significant
variables occurred for the first and third trimesters (15) compared to the second trimester
(13). While all trimesters had a majority of variables associated with increased risk, the
third trimester had the most variables associated with increased risk (11) while the first
trimester had the most variables that were associated with decreased risk (5). Multiple
Gestation, Antidepressants, and Procedure Services Psychiatry variables were consistently
associated with increased risk for all three trimesters.

The variable Other Conditions Complicating Pregnancy was associated with a signifi-
cantly increased risk during the third trimester, however further analysis showed that no
subcode was significant for this occurrence and thus this study is not able to determine
what event influenced this diagnosis (see Table S4). Similarly, Services Office or Other
Outpatient was associated with a significantly increased risk during the second trimester.
This variable corresponds to a new patient visit; however, this study is unable to determine
if this visit was related to pregnancy or another maternal health-related event.
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Table 8. Logistic Regression Analysis Results of Variables Identified as Highly Significant during
each Trimester.

Trimester 1 Trimester 2 Trimester 3

Odds Ratio 1

(95% CI 2)
p-Value 1

Odds Ratio 1

(95% CI 2)
p-Value 1

Odds Ratio 1

(95% CI 2)
p-Value 1

Diagnostic Variables

Multiple Gestation 1.49 (1.10, 1.98)
0.009

1.69 (1.33,
2.12)

<0.001

1.56 (1.25, 1.94)
<0.001

Other Disorders of Urethra and
Urinary Tract

1.49 (1.19, 1.86)
<0.001 – –

Other Symptoms Involving
Abdomen and Pelvis

1.42 (1.08, 1.83)
0.010

1.42 (1.09,
1.82)
0.007

–

Special Screening for Endocrine
Nutritional Metabolic and Immunity

Disorders

1.36 (1.05, 1.73)
0.016 – –

Normal Pregnancy –
1.33 (1.16,

1.54)
<0.001

–

Acquired Hypothyroidism – – 1.31 (0.99, 1.70)
<0.050

Other Indications Related to Labor –
1.33 (1.14,

1.54)
<0.001

1.27 (1.13, 1.43)
<0.001

Other Complications of Labor – – 1.22 (1.05, 1.42)
0.010

Need for Prophylactic Vaccination
against Certain Viral Diseases –

0.60 (0.41,
0.83)
0.004

–

Antepartum Hemorrhage and
Placenta Previa – – 0.71 (0.55, 0.92)

0.010
Other Conditions Complicating

Pregnancy – – 0.74 (0.55, 0.97)
0.036

Abnormality of Pelvis 0.64 (0.44, 0.92)
0.019 – 0.86 (0.75, 0.99)

0.044
Special Screening for Malignant

Neoplasms
0.76 (0.63, 0.91)

0.004 – –

Antenatal Screening 0.82 (0.71, 0.95)
0.007 – –

Special Investigations and
Examinations

0.83 (0.73, 0.95)
0.006 – –

Pharmacy

Anti-inflammatory Glucocorticoids 1.44 (1.08, 1.89)
0.011 – –

Antidepressants 1.40 (1.08, 1.81)
0.010

1.45 (1.08,
1.93)
0.011

1.55 (1.18, 2.00)
0.001

Respiratory Antihistamines –
1.39 (1.03,

1.83)
0.026

1.62 (1.20, 2.15)
0.001

Nutritional Vitamins –
1.19 (1.05,

1.34)
0.005

1.19 (1.06, 1.34)
0.004
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Table 8. Cont.

Trimester 1 Trimester 2 Trimester 3

Odds Ratio 1

(95% CI 2)
p-Value 1

Odds Ratio 1

(95% CI 2)
p-Value 1

Odds Ratio 1

(95% CI 2)
p-Value 1

Procedural Variables

Consultations Clinical Pathology 1.76 (1.25, 2.45)
0.001 – –

Procedures Services Psychiatry 1.66 (1.24, 2.19)
<0.001

1.64 (1.20,
2.20)
0.001

1.46 (1.13, 1.85)
0.003

Surgical Procedures Female Genital
System

1.65 (1.26, 2.15)
<0.001 – –

Services Consultation 1.56 (1.30, 1.87)
<0.001 – 1.48 (1.25, 1.75)

<0.001

Surgical Procedures Nervous System – – 1.32 (1.00, 1.72)
0.045

Surgical Procedures Maternity Care
and Delivery –

1.31 (1.09,
1.57)
0.004

–

Services Office or Other Outpatient –
1.23 (1.08,

1.40)
0.002

–

Procedures Urinalysis – – 1.18 (1.04, 1.33)
0.012

Procedures Diagnostic Ultrasound –
0.61 (0.51,

0.73)
<0.001

–

Evaluations Physical Medicine and
Rehabilitation –

0.67 (0.48,
0.92)
0.016

–

Vaccinations – – 0.68 (0.47, 0.96)
0.037

Procedures Other Pathology and
Laboratory

0.79 (0.65, 0.96)
0.022 – –

1 p-value and odds ratios are calculated using adjusted logistic regression analysis. 2 Confidence intervals.

4. Discussion

The majority of this study’s significant findings were associated with an increased risk
of having a child with ASD. Many of these correspond to a single variable in the model such
as having a previous child with ASD (Table 7, Previous ASD), first pregnancy over the age
of 35 (Table 7, Other Indications Related to Labor), current cesarean delivery (Tables 7 and 8,
Other Complications of Labor), prescription for antidepressants (Tables 7 and 8), psychi-
atric services (Tables 7 and 8), pre-existing diabetes (Table 7, Durable Medical Equipment
Diabetic), urinary tract infection during the first trimester (Table 8, Other Disorders of
Urethra and Urinary Tract), and premature pregnancy (Table 8, variables Normal Preg-
nancy and Surgical Procedures Maternity Care and Delivery). Some of these variables
were grouped in order to identify a common theme associated with ASD such as variables
corresponding to standard obstetrical procedures, non-pregnancy related procedures, or
maternal immune dysfunction and allergens. Lastly, a few variables and their associations
with ASD disagreed with current literature, such as being of Asian race, having a prescrip-
tion for pre-natal vitamins, and having multiple gestations. These findings, and others,
have all been further discussed below and a summary can be found in Table 9, listed as
they appear in this section.

81



J. Pers. Med. 2021, 11, 950

Table 9. Summary of Study Findings.

Finding Associated Risk of ASD

Being of Asian race Increase
Having previous children diagnosed with ASD Increase
First pregnancy over the age of 35 Increase
Current cesarean delivery Increase
Prescription for antidepressants and procedure of psychiatric services Increase
Pre-existing diabetes Increase
Pre-natal vitamins Increase
Vaccinations Decrease
Standard obstetrical procedures Decrease
Non-pregnancy related procedures Increase
Urinary tract infection during the first trimester Increase
Premature pregnancy Increase
Maternal immune dysfunction or allergens Increase
Multiple gestation Increase

The data cohorts identified in this study found the highest percentage of ASD preg-
nancies among White children, followed by Asian, Hispanic, and Black children. This
trend agrees with that reported in a CDC surveillance completed within the same time
period as this study [43] except for those of Asian race, which was found to vary widely
depending on location and where our study shows a significantly larger proportion in
the ASD women’s cohort (p-value < 0.001, Table 3). Asian race was associated with a
40% increased risk of having a child diagnosed with ASD (Table 7). The most recent
CDC surveillance summary showed similar prevalence between Asian and White children
within the United States [3]. Therefore, it is most likely that the increase in risk associated
with Asian race found in this study was a result of sample bias as noted by the significantly
greater percentage of Asian ASD women identified in Table 3.

It is well known that the recurrence risk for ASD in families is much greater than
the risk for the general population, therefore, women who have a child with ASD are
considered high-risk for having subsequent children diagnosed with ASD [45]. Our study
confirmed and clarified this finding, suggesting a 16-fold increased risk associated with
having another child with ASD when a previous child was diagnosed with ASD (Table 7).
There was also evidence to suggest that this elevated risk increased with each additional
child diagnosed with ASD [50,51]. However, having a child diagnosed with ASD may
influence the parental decision of having subsequent children, known as reproductive
stoppage, which is a confounding factor [51–53].

Sociodemographic trends for ASD noted a higher prevalence of the disorder among
higher levels of education and income [54,55], similar to what was found in this study
(see Table 3). While advanced maternal age was not reflected in the sociodemographic
variables of the logistic regression analysis, it was reflected in the diagnostic subcode
Elderly Primigravida (ICD-9 659.5, Table S4) of the variable Other Indications Related to
Labor, ICD-9 659, which demonstrated an overall adjusted OR 1.28 (1.13, 1.45; Table 7). This
subcode corresponds to women with their first pregnancy over the age of 35. Advanced
maternal age has been associated with an increased risk of ASD, with studies showing the
association for the highest age category [56], age greater than 35 [5,57], or age greater than
40 [58].

Our analysis showed that cesarean delivery (ICD-9 669.7, Table S4) was the significant
contributing factor to the diagnostic variable Other Complications of Labor, ICD-9 669, OR
1.27 (1.09, 1.47), Table 7, overall as well as during the third trimester, OR 1.22 (1.05, 1.42),
Table S4. Previous studies reported inconclusive results for associating ASD with cesarean
delivery. Some studies showed a weak or no association [15,59,60] while others showed a
significantly increased risk [39,61] though this may be correlated with the risk factors associ-
ated with the cause for cesarean delivery instead of the delivery itself [62,63]. Some studies
find cesarean delivery with general anesthesia significantly increased the risk of ASD
compared to cesarean delivery with regional anesthesia or other indications [38,64]. While
some women elect to have a cesarean delivery, more commonly they occur due to complica-
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tions that arise during pregnancy or delivery, which vary depending on maternal age [65].
Cesarean deliveries change the risk profiles for both the mother and newborn [66] and may
directly affect the environment of newborns and possibly even their microbiome [67,68].
There are even long-term health risks associated with the delivery following a cesarean [69].
However, our study found that having a previous cesarean delivery (before the current
pregnancy), code ICD-9 654.2, was associated with a decreased risk of ASD during the third
trimester (Table S4), with an overall OR 0.86 (0.75, 0.99) denoted by Abnormality of Pelvis,
ICD-9 654, Table 8. While currently there is little research on the effect of previous cesarean
delivery or even vaginal birth after cesarean (VBAC) and having a child diagnosed with
ASD, women with previous cesarean deliveries are more carefully managed, especially
during labor [70,71]. It is possible that these extra precautions are a confounding factor
as this finding contradicts other literature that associate prior cesarean delivery with an
increased risk of adverse reproductive outcomes for subsequent pregnancies [72–75].

A prescription for antidepressants was significantly associated with an increased risk
for ASD, with an overall risk greater than 40% and increased per trimester. Maternal
antidepressant usage is a highly researched area as a potential risk factor for ASD. Many
studies have shown that antidepressants, including the use of selective serotonin reuptake
inhibitors (SSRIs), are associated with a significantly increased risk of the child develop-
ing ASD [5,76,77]. Contrary to this, other reviews find conflicting results [78,79] or no
significant association [80]. However, recent investigations also examined the underlying
mental illness, as many studies have shown that adjusting for depression attenuates the
significant association of antidepressants while the association of mental illness remains
strong [81–86]. Our analysis found a greater than 40% significantly increased risk asso-
ciated with psychiatric services (Table 7), that increased to greater than 60% during the
first trimester and decreased with each trimester (Table 8). We did not find a sufficient
number of claims for Major Depression Disorder (ICD-9 311) to include in this analysis. As
antidepressant medications are widely used for multiple psychiatric conditions, including
anxiety, bipolar disorder and others, the data may suggest that an increased risk of ASD
may be associated with a wider array of psychiatric conditions in the family, as have been
documented in other studies [87]. However, it is clear that the risk associated with maternal
antidepressant usage is heavily influenced based on study design [88], and that it is of great
importance to acknowledge the underlying confounding effects of mental health disorders.

Our study did not have a sufficient number of claims to include the diagnosis of
diabetes (ICD-9 250) and did not find a diagnosis for gestational diabetes (ICD-9 648)
significant, but found that a prescription for Diabetic Durable Medical Equipment (DME,
such as insulin needles) was associated with a significantly increased risk of ASD, OR 1.27
(1.00, 1.59), Table 7. This finding suggests a significant association with diabetes that may
have been diagnosed before the time of our study. The risk of maternal diabetes associated
with ASD remains unclear, with reviews suggesting a strong [89,90], moderate [15], or
no [91] relationship. While some studies combine the effects of any type of diabetes, others
suggest that familiar type 1 diabetes [13], gestational diabetes [92,93], or only diabetes in
conjunction with obesity [94] are associated with an increased risk. Though, individuals
who are predisposed to diabetes may act as a confounding factor. Extensive reviews have
been conducted on how diabetes may relate to biological mechanisms involved in the
development of ASD, specifically through the oxidative stress pathways [95].

Many studies show a significantly decreased risk associated with pre-natal vita-
mins [33,96], such as folic-acid supplements [34,97] or fatty acids [98]. However, our study
showed an increased risk, overall OR 1.18 (1.04, 1.33), shown in Table 7, as well as a similar
increased risk in the second and third trimesters, Table 8. This finding may not truly reflect
the relationship between pre-natal vitamins and ASD as most vitamins are provided over
the counter and therefore do not appear within an insurance claim and are not represented
in this study. It is also possible that there are unknown reasons associated with receiving
a prescription for nutritional vitamins that may be acting as a confounding factor such
as economic concerns or medical conditions. For example, individuals with a previous
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child with ASD may specifically request a prescription for vitamins. The fact that a large
well-done study demonstrated that higher folate supplementation was associated with
a decreased risk of ASD would suggest other confounding factors are possible [35]. In
addition, our study did not quantify the type of vitamins prescribed, (i.e., vitamin D,
vitamin B, multivitamin, dietary supplements, etc.). For example, prescribing folic acid,
an oxidized folate that is poorly metabolized and poorly transported across the placenta
in some women, as opposed to a reduced folate which has much higher bioavailability,
can result in high levels of unmetabolized folate in the blood in those with poor folate
metabolism [99]. This can lead some to make the wrong conclusions that too much folate
supplementation during pregnancy can be associated with an increased risk for ASD [100],
whereas the problem lies with providing the correct type of bioavailable folate [101].

One finding that did show a significantly decreased risk of having a child with ASD,
was a procedure claim for receiving a vaccination, OR 0.58 (0.46, 0.71), Table 7. This was
also significant in the third trimester, OR 0.68 (0.47, 0.96), as well as the second trimester
(diagnosis claim Need for Prophylactic Vaccination against Certain Viral Diseases), OR 0.60
(0.41, 0.83), Table 8. This study was unable to determine the type of vaccination, however.
There is a limitation of relating this paper’s findings to influenza vaccination as many
instances of this vaccination can occur within the community, outside of a doctor’s office,
and thus would not appear within the claim’s data. Vaccinations have been recommended
during pregnancy in order to prevent infections [102].

Other standard obstetrical procedures showed a decreased risk, specifically Uterine
Size and Date Discrepancy (Table S4, ICD-9 649.6), Special Screening of Malignant Neo-
plasms (of Cervix) overall and during the first trimester (Tables 7 and 8, respectively),
Cervical Incompetence (ICD-9 654.5 Table S4) during the first trimester, Antenatal Screen-
ing and Pregnancy Evaluation (ICD-9 V28.5-6 and V72.4, respectively, see Table S4) during
the first trimester, Diagnostic Ultrasound Procedures during the second trimester (Table 8),
physical therapy (Evaluations Physical Medicine and Rehabilitation) overall and during the
second trimester (Tables 7 and 8, respectively), and Procedures Other Pathology and Labo-
ratory during the first trimester (Table 8). It is well documented that obstetric complications
increase the risk of having a child with ASD [103–105] and it is clinically recommended that
women who are at high risk should be closely monitored throughout their pregnancy [102].
Thus, these findings suggest that women with earlier and more aggressive obstetrical care
have a decreased risk of ASD.

Various hospital procedures showed an increased risk such as an in-hospital consulta-
tion (Services Consultation) overall and during the first and third trimester (Tables 7 and 9,
respectively), surgical procedures that may require anesthesia (Anesthesia Procedures
Lower Abdomen shown in Table 7, Surgical Procedures Female Genital System during the
first trimester and Surgical Procedures Nervous System during the third trimester shown
in Table 8), ventilation or breathing tests (Procedures Pulmonary, Table 7), and Procedures
Diagnostic Radiology (Table 7). While the following claims may not have required hospi-
talization they also show an increased risk: Special Screening for Blood Disorders (Table 7),
Special Screening for Endocrine Nutritional Metabolic and Immunity Disorders during the
first trimester, Abdominal Pain (Other Symptoms Involving Abdomen and Pelvis) during
the first trimester, Acquired Hypothyroidism during the third trimester, Consultations
Clinical Pathology during the first trimester, and Services Office or Other Outpatient during
the second trimester (all of which can be found in Table 8). These findings suggest that
claims not relating to the pregnancy nor delivery are associated with an increased risk of
ASD regardless of trimester.

Our study showed an increased risk of UTI (Other Disorder of Urethra and Urinary
Tract) but only during the first trimester, OR 1.49 (1.19, 1.86), shown in Table 8. UTIs have
been shown to be common during pregnancy but have inconclusive associations with
ASD [19–22,24,25,60,106]. Urinalysis procedures showed an increased ASD risk during the
third trimester, OR 1.18 (1.04, 1.33), Table 8. However, urinalysis procedures refer to any
urine examination and is not only associated with diagnosing UTI but may include other
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tests such as testing for pre-eclampsia. Pre-eclampsia has been shown to have an increased
risk for ASD [5,107], but a diagnosis (ICD-9 642) was not found to be significant in this
study. Maternal Antepartum Hemorrhage and Placenta Previa showed a decreased risk of
ASD during the third trimester, OR 0.71 (0.55, 0.92), Table 8. Antepartum hemorrhage has
been shown to be associated with intellectual disability but not ASD [60], while placenta
previa is associated with a decreased incidence of pre-eclampsia [108].

Premature (pre-term) children, identified by the diagnostic variable Normal Pregnancy
(ICD-9 V22) and the procedural variable Surgical Procedures Maternity Care and Delivery
during the second trimester (Table 8), were associated with a 30% increased risk, consistent
with Talmi et al. as well as other previous studies that found preterm to be a significant
factor associated with ASD [37,109,110]. There is a higher prevalence of ASD among
children born pre-term [111–116]. Though the risk has been shown to change depending
on preterm gestational week cutoff [117]. Though, our study did not find any association
with a diagnosis for Early or Threatened labor (ICD-9 642), a common diagnosis made at
the discretion of medical personnel.

Other maternal prescriptions resulted in an increased risk of ASD, specifically Anti-
inflammatory Glucocorticoids during the first trimester, OR 1.44 (1.08, 1.89), and Respira-
tory Antihistamines during the second and third trimester, OR 1.39 (1.03, 1.83) and 1.62
(1.20, 2.15), respectively, shown in Table 8. These prescriptions were common treatments
for maternal immune dysfunctions and allergens, respectively. However, this study is lim-
ited to antihistamine prescriptions that were prescribed and cannot take into account any
over-the-counter remedies. Many reviews have shown that maternal inflammatory events
in conjunction with maternal immune activation or autoimmune diseases are associated
with ASD [8,12,102,118]. Specifically, anti-inflammatory glucocorticoids are a common
treatment for psoriasis, which was found to be significantly associated with ASD in one
case-control study [17], although a diagnosis for psoriasis (ICD-9 696) was not included in
this study due to lack of claims.

Multiple Gestation was found to have a significant increased risk on ASD in all three
trimesters (Table 8). However, the study was unable to determine if the twins identified are
monozygotic or dizygotic. Previous studies have shown that multiple births have not been
associated with ASD, instead the association can be explained by the higher rate of ASD in
monozygotic twins compared to their siblings [119,120].

This study does have limitations; the diagnostic codes inputted into each claim were
made at the discretion of the medical personnel and were subject to potential bias and
all pharmacy claims represented prescription being filled. All variables investigated
originate from maternal claims received through insurance and thus does not provide a full
representation of all environmental factors that occur outside of insurance claims such as
over-the-counter medicines or supplements. Paternal claims were not able to be identified
and therefore their influence is unknown. The claims investigated occurred during each
woman’s pregnancy and thus do not consider pre-existing conditions that may have been
diagnosed or treated prior. Lastly, being limited to claims during pregnancy also ignores
the possibility of attenuating these factors through consistent proper treatment during or
even after pregnancy.

5. Conclusions

Some environmental effects that influence the development of ASD might be identifi-
able as early as the gestational period. This study identified maternal medical claims made
throughout women’s pregnancies and determined risk factors associated with having a
child diagnosed with ASD. Identifying these factors that either increase or decrease risk
is essential especially for women who are at high risk of having children diagnosed with
ASD. It is also beneficially for the child by allowing for early screening, leading to earlier
diagnosis and the start of interventions. Early intervention is crucial in children with ASD
and has been shown to save costs in the long-term [121,122]. Future research would benefit
from exploring medical claims made throughout an individual’s lifetime to truly evaluate
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health trends and their influence on the risk of having a child with ASD. It would also be
of interest to investigate paternal medical claims to emphasize the genetic influence in the
development of ASD.
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Abstract: Considerable evidence is emerging that Autism Spectrum Disorder (ASD) is most often
triggered by a range of different genetic variants that interact with environmental factors such as
exposures to toxicants and changes to the food supply. Up to 80% of genetic variations that contribute
to ASD found to date are neither extremely rare nor classified as pathogenic. Rather, they are less
common single nucleotide polymorphisms (SNPs), found in 1–15% or more of the population, that
by themselves are not disease-causing. These genomic variants contribute to ASD by interacting
with each other, along with nutritional and environmental factors. Examples of pathways affected
or triggered include those related to brain inflammation, mitochondrial dysfunction, neuronal
connectivity, synapse formation, impaired detoxification, methylation, and neurotransmitter-related
effects. This article presents information on four case study patients that are part of a larger ongoing
pilot study. A genomic clinical decision support (CDS) tool that specifically focuses on variants and
pathways that have been associated with neurodevelopmental disorders was used in this pilot study
to help develop a targeted, personalized prevention and intervention strategy for each child. In
addition to an individual’s genetic makeup, each patient’s personal history, diet, and environmental
factors were considered. The CDS tool also looked at genomic SNPs associated with secondary
comorbid ASD conditions including attention deficit hyperactivity disorder (ADHD), obsessive-
compulsive disorder (OCD), anxiety, and pediatric autoimmune neuropsychiatric disorder associated
with streptococcal infections/pediatric acute-onset neuropsychiatric syndrome (PANDAS/PANS).
The interpreted genomics tool helped the treating clinician identify and develop personalized,
genomically targeted treatment plans. Utilization of this treatment approach was associated with
significant improvements in socialization and verbal skills, academic milestones and intelligence
quotient (IQ), and overall increased ability to function in these children, as measured by autism
treatment evaluation checklist (ATEC) scores and parent interviews.

Keywords: autism spectrum disorder (ASD); genomics; personalized treatment strategy; single
nucleotide polymorphisms; clinical decision support tool; ADHD; PANDAS; OCD; anxiety

1. Introduction

Autism spectrum disorders (ASDs) are a group of neurodevelopmental syndromes
characterized by deficits in social interaction and communication, as well as repetitive
behaviors and restricted interests. ASD rates have increased tremendously over the last
few decades from 3 per 1000 children in 1996 to 19 per 1000 children in 2016 [1,2]. While
there are forms of ASD caused by pathogenic (disease-causing) genetic mutations, this
represents only a small portion of individuals with ASD.

Considerable evidence is emerging that ASD is triggered by the interaction between
a variety of single nucleotide polymorphisms (SNPs) and environmental factors such as
toxicant exposures, changes to food supplies, and the gut microbiome [3]. In a 2020 study,
only 19.7% of individuals with ASD were found to have rare pathogenic variants or copy
number variants contributing to or causal of their ASD diagnosis [4]. This indicates that
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ASD is much closer to what is seen with other chronic illnesses, where a multitude of
less common SNPs (found in 1–15% of the population) are likely the main contributors.
Additional contributing SNPs may have a much higher population frequency. While
individually these SNPs are not disease-causing, they can contribute in an additive manner
to the manifestations commonly associated with ASD.

The use of genomics for clinical decision support is a novel approach to medicine that
has become feasible only within the last few years. This is in part due to improvements in
genetic testing technology as well as advances in the literature regarding the mechanisms
of how supplements, nutrients, and other interventions interact with the genome and
molecular pathways. This article illustrates how a genomically targeted and personalized
medicine approach was successfully used at the Australian Centre for Genomic Analy-
sis (TACGA). While a number of ASD treatment centers across the world incorporate
a functional medicine and integrative approach, this is the first time to our knowledge
that a specialized neurodevelopmental genomic clinical decision support (CDS) tool has
been used systematically to achieve marked improvements in ASD related symptoms.
Additionally, as a CDS, the SNPs that were presented and prioritized were actionable. For
example, there have been many reports demonstrating the association between elevated tu-
mor necrosis factor alpha (TNFa) and ASD [5], but few studies were identified that connect
supplements known to cross the blood–brain barrier and lower TNFa-based inflammation
to their usage in response to genetic predisposition to higher TNFa levels.

2. Materials and Methods

The four patients presented in this study are a subset of an ongoing pilot study
composed of approximately 100 patients and are meant to be illustrative of and give insight
into the process used for improving outcomes. Each of the four individuals received
treatment for ASD at The Australian Centre for Genomic Analysis (TACGA), which began
using genomics in a simplistic manner beginning in 2012. Children who came to TACGA
prior to 2018 were evaluated using a basic 54 SNP “health and well-being” panel that
included information relating to inflammation, oxidative stress, vitamin D, detoxification
and methylation. In 2018, the original version of a neurodevelopmental report (designed to
help with non-syndromic ASD) from IntellxxDNA™ (IXXD)—a clinical decision support
tool—became available.

IXXD is a more specific CDS tool that offers various versions of its report, including one
that focuses on pediatric developmental issues such as ASD, obsessive–compulsive disorder
(OCD), pediatric autoimmune neuropsychiatric disorder associated with streptococcal
infections (PANDAS), attention deficit hyperactivity disorder (ADHD), and anxiety. This
tool was used to analyze DNA specimens from subjects, which consisted of both new and
existing TACGA patients. For existing patients, IXXD was implemented as add-on therapy
in order to obtain additional improvements in neurodevelopmental outcomes. DNA was
collected via buccal cells and analyzed at Rutgers University Cell and DNA Repository
(RUCDR) using a customized version of the Affymetrix precision medicine microarray.

Genomic information was presented to the clinician as formatted by IXXD, which was
a curated collection of the genomic research. Discussions on gene and SNP function, as well
as genomically targeted potential intervention strategies (including nutrients, supplements,
and lifestyle modifications) were presented to the ordering provider. In keeping with being
a clinical decision support tool, all information was referenced. IXXD reported a particular
supplement, food, or nutrient as a potential intervention if it (1) mechanistically addressed
both the gene function and SNP impact on the given pathway, and (2) had evidence for
improvement of ASD and/or various neurodevelopmental parameters. IXXD nutritional
handouts were also incorporated into treatment plans, so that genomics could be addressed
with nutrition when possible. A variety of potential intervention options were presented
by the CDS, but all treatment decisions were made by the ordering clinician.

The degree of improvements in ASD outcomes were gauged using autism treatment
evaluation checklist (ATEC) scores, intelligence quotient (IQ) scores, behavioral improve-
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ments, and other parental reporting. In addition to genetic profiling and behavioral
observations, TACGA protocol also called for pre- and post-treatment measurement of
vitamins, homocysteine, interleukins, and various additional blood markers.

Due to this being a pilot study, there was no specified control group. However, there
were individuals evaluated who had previously been optimized with standard TACGA
care, who were then given the opportunity to have their genomics evaluated to further
improve outcomes. Supplements, nutrients, and dietary modifications were all items that
had previously been discussed in the published medical literature and were available over
the counter. Thus, consent in this pilot study was obtained via parental discussion.

A detailed discussion on how the CDS tool works is necessary due to this being
the first presentation of the IntellxxDNA platform in the ASD literature. For illustration
purposes, the Src homology 3 (SH3) and multiple ankyrin repeat domains 3 (SHANK3)
variant discussed in the first case study below will be used as an example. Each sentence in
quotations below and any accompanying information is linked to references in the live tool.
To make the IXXD tool a useful resource for clinicians, genomic reports begin by discussing
the gene function and how the variant of interest impacts protein functionality. For example,
it would be relayed that SHANK3 “is part of the molecular scaffolding or platform where
synapses, especially glutamate receptors of post synaptic nerves, are assembled.” IXXD also
provides clinicians with references supporting that the SNP conveys a decrease in SHANK3
expression, along with information linking the associated disorganization of synapses,
pervasive developmental disorders, and ASD-like symptoms. Extensive discussions on
how each of the SNPs can be modulated are also included. In this example, it is known that
SHANK3 is destabilized and broken down by the extracellular signal-regulated kinase 2
(ERK2) protein. Therefore, inhibiting ERK2 with supplements such as curcumin, resveratrol,
or a high butyrate diet are presented as potential interventions as they can help raise
SHANK3 levels. Additionally, IXXD relays the cofactors that are needed in the molecular
pathway, as they can also be modified to improve function. An excerpt from the referenced
discussion of SHANK3 modulation in the CDS tool is as follows: “The protein encoded
by SHANK3 is regulated by zinc, and zinc deficiency depletes synaptic pools of SHANK3.
Melatonin increases SHANK3 protein concentrations. Blue light protection can be beneficial
for maintaining proper melatonin levels. ERK2 inhibitors will increase SHANK3 protein
indirectly by decreasing the degradation of SHANK3. Butyrate is an ERK2 inhibitor. A
ketotic diet is one way to increase beta-hydroxybutyrate levels, but high butyrate foods (see
patient dietary handout list), in addition to butyrate supplements, can also be beneficial.
Resveratrol is also an ERK2 inhibitor and has data in children with ASD. Physical activity
has also been shown to increase SHANK3 protein concentrations in the thalamus and
cortex.” This detailed information is given for every SNP in the report and differs in
complexity, depending on the nature of the SNP itself. Discussions range from complicated
SNPs such as SHANK3 and NAD(P)H quinone dehydrogenase 1 (NQO1), down to simple
mechanisms such as the nutritional factor phosphatidylethanolamine N-methyltransferase
(PEMT) for the choline pathway.

3. Results
3.1. CJM Case Study
3.1.1. Medical History and Background

The following is a case study of a male patient who initially made significant gains
when following TACGA protocol, but later plateaued. His DNA was reevaluated using the
IXXD CDS that targeted specific neurodevelopmental and neurobehavioral pathways.

This case study patient, referred to as CJM to protect his identity, was diagnosed
ASD level 3 (highest level, requiring substantial support) at age three and intellectually
impaired with an IQ of 54 at age seven. On a gluten free/dairy free diet since age five.
First presented to the clinic at age 12 with an ATEC score of 117 (neurotypical ATEC score
is about 10 or less). He was classified as non-verbal with some occasional rudimentary
language in the form of two or three word strings when it suited him, and was unable
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to follow multiple instructions. Behavioral issues included self-harm, aggressiveness to
peers and family, running away, and bed wetting. Also noted was no desire to social-
ize, lack of attention (2–3 min), lethargy and very low mental energy (less than 2 min),
and significant sensory defensiveness around noise, clothing and stimming. Addition-
ally, he displayed hyperactivity at times, a lack of eye contact, and chronic constipation
(permanently on laxatives).

In 2015, he was screened using the initial TACGA protocol. He had SNPs relating
to interleukin 1 (IL1a and IL1b), vitamin D receptors (VDR) and detoxification pathways.
Alongside dietary changes and a gut healing protocol, the interventions were as follows:
fish oil (2 g eicosapentaenoic acid + docosahexaenoic acid), broccoli sprouts (releasing
16 mg sulforaphane), vitamin D (3000 IU), anti-inflammatory probiotics, fermented foods
in diet, zinc, and D-ribose-L-cysteine (glutathione precursor).

Over the next 12 months, his family reported considerable improvements in both re-
ceptive and expressive language. Behavior significantly improved, stimming reduced, and
constipation had resolved. His ATEC had reduced to 71, but he subsequently plateaued.
Residual symptoms included lack of attention and focus (15 min), lethargy/became men-
tally tired very quickly (10–15 min), impaired cognitive abilities, bed wetting (still nightly),
and some sensory issues (mostly when tired). Language skills were improved, and he
was able to talk in phrases and understand most general words, but he struggled to have
meaningful conversations. IXXD’s neurodevelopmental report became available for alpha
testing in November 2018, and his family decided to pursue this option shortly after in an
attempt to break through the plateau.

3.1.2. Genomic CDS Results and Interpretation

Various genomic pathways, including SNPs reported in the literature to contribute
to neurodevelopment and cognitive dysfunction, were discovered and appropriately ad-
dressed. CJM was found to be homozygous for a relatively rare variant (c.1304 + 48C > T)
in the SHANK3 gene, which is found in less than 4% of the population and is highly
associated with increased ASD risk. Deletions and variations within the SHANK3 pathway
have been associated with ASD [6], and this particular SNP has been associated with an
odds ratio (OR) of 5.5 for ASD and an OR of 12.6 for pervasive developmental disorder [7].
This SNP appears to lead to decreased protein activity. SHANK3 variants (or deletions)
causing decreased activity are associated with less ability to form glutamatergic nerve con-
nections during brain development and throughout childhood [7]. Furthermore, SHANK3
contributes to delayed or absent speech, lower muscle tone, and altered social interac-
tions [8]. Interventions targeted towards decreasing the breakdown of this scaffolding
protein, as discussed in the genomic CDS, were introduced. Some of these interventions
included increasing cofactors, such as zinc, that stabilized the SHANK3 protein [9]. Other
interventions related to inhibiting ERK2, which is responsible for breaking down SHANK3,
included melatonin [10], resveratrol [11], and using blue light filtering glasses (to block
decreases in melatonin levels) [12].

This patient also had multiple SNPs that relate to memory and cognition, includ-
ing mitochondrial membrane issues that predispose him to more oxidative stress and
mitochondrial dysfunction. Additionally, CJM had SNPs that disrupt his natural abil-
ity to synthesize phosphatidylcholine, which is an essential nutrient for the synthesis of
acetylcholine that is also involved in pathways relating to phospholipid membrane pro-
duction [13]. He was started on citicoline for this PEMT variant, alongside and a variety of
supplements for mitochondrial support that included a combined formulation of ubiquinol
(UBQH) + pyrroloquinoline quinone (PQQ) and acetyl-L-carnitine. Additionally, targeted
anti-inflammatory interventions were addressed with supplements, and dietary changes to
support mitochondrial function were instituted (more coconut oil and mildly ketogenic).

ADHD is a frequent comorbidity to ASD [14]. CJM was homozygous for an ADHD-
associated SNP found in approximately 7% of the population. This particular SNP can
lead to higher glutamate and dopamine, and lower gamma aminobutyric acid (GABA)
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via serotonin dysregulation [15]. Variants are known to contribute to inattentive ADHD
traits [16], reduced impulse control and increased impulsivity [17], and antisocial personal-
ity traits [18]. Additional variants were present in pathways that contribute to attention and
focus, language delays, and difficulties with auditory processing. Targeted interventions
including L-theanine, magnesium threonate, and magnesium citrate were introduced to
address some of these additional variants. Over 600 clinically relevant SNPs were evaluated
with the neurodevelopmentally focused genomic CDS. Due to the intended brief nature of
this case study report, however, we will not go into each of these pathways in great detail.

3.1.3. Effects of Implemented Interventions on CJM

Patient’s bedwetting stopped completely, stimming ceased, cognition dramatically
improved, and he is now fully conversational. These new interventions for the multiple
mitochondrial related pathways markedly improved his mitochondrial function and energy
to the point that he is now able to play tennis and attend the gym regularly.

The changes in this young man’s life have been astonishing. His ATEC score decreased
to 21 and IQ increased to 70. CJM was no longer officially classified as intellectually im-
paired and was legally, according to Australian guidelines, eligible to attend a mainstream
school. The patient became class “captain”, attended the end of year prom, passed his
driver’s license exam, and was even able to attain part-time employment, working in a
gluten free café. Independence became a reality. CJM is now holding meaningful conversa-
tions with family, peers, teachers and employer, who are all thrilled with his progress.

3.2. JD1 and JD2 Case Study
3.2.1. Medical History and Background

The next two case study patients, referred to as JD1 and JD2, are interesting in that
they involve identical twins who presented to the clinic in 2019 at age six. Both patients
were reported by the parents to have severely regressed following an early childhood
vaccination. Clinically, the children appeared to have symptoms relating to mitochondrial
dysfunction and had difficulties with verbal communication.

Although they were identical twins presenting clinically with ASD, one child had
additional symptoms more characteristic of ADHD, while the other clinically suffered
from severe anxiety and OCD. Both were prone to recurrent PANDAS/PANS flares and
OCD symptoms were present and increased during these infections. Prior to genomic
interventions, both patients were taking melatonin and low dose naltrexone. IXXD’s
neurodevelopmental report was used to elucidate and address some of the root causes
not only of ASD, but also of PANDAS/PANS, attention and focus, and anxiety-related
symptoms. A table of symptoms prior to and after treatment is presented below (Table 1).

97



J. Pers. Med. 2021, 11, 596

Table 1. JD1 and JD2 symptoms before and after personalized treatment.

JD1 Pre-Treatment
Symptoms

JD1 Post-Treatment
Symptoms

JD2 Pre-Treatment
Symptoms

JD2 Post-Treatment
Symptoms

Behavior

• Severe anxiety
• OCD
• Obsessed with

details
• Lining things up
• Severe constipation
• Not toilet trained
• Poor sleep
• Low energy

• Anxiety resolved
• Not afraid anymore
• Fully toilet trained,

dry at night
• Sleeping well

through the night
• High energy,

jumping on
trampoline

• Hyperactivity
• Difficulty

concentrating
• Self-harming
• Meltdowns and

rage
• Poor sleep, night

waking
• Night wetting
• Low energy

↑ No longer
hyperactive

∆ Still some difficulty
concentrating

↑ Better moods
↑ Sleeping much

improved through
the night, rarely
night wetting

↑ High energy

Speech
• Non-verbal
• Very low receptive

language

↑ Speaking in
3–4-word phrases

↑ Initiating
conversation with
parents

↑ Receptive language
good

• Considered
non-verbal

• Some echolalia and
echolalic “singing”

− Still considered
non-verbal

− Some echolalia and
echolalic “singing”

↑ Listening to
commands

Sensory and
Cognitive

• Very fussy eater,
malnourished

• Severe anorexia
• Fear of food
• Rigid rituals around

eating food
• Stimming
• Low fine motor

skills
• Low gross motor

skills

↑ Eating really well,
eats anything in
sight

↑ Improved fine
motor skills

↑ Vastly improved
gross motor skills,
dressing himself,
riding a scooter

• Eats well
• Low fine motor

skills
• Low gross motor

skills

↑ Improved fine
motor skills

↑ Vastly improved
gross motor skills,
riding a scooter

Social

• Very shy, “in his
shell”

• No eye contact
• Not engaging with

peers or family

↑ Very friendly
↑ Good eye contact
↑ Engaging with

family and peers
↑ Playing with

brother

• Won’t participate in
group activities

↑ Much more social
↑ Participates in

group activities
↑ Playing with

brother

PANDAS—
Regular
Flares

• OCD
• Facial tics
• Choreiform hand

movements
• Very high

Streptococcus in
bloodwork & stool

∆ Still some flares
↑ Markedly less OCD
↑ Facial tics gone
∆ Some choreiform

hand movements

• OCD
• Verbal tics and

humming
• Very high

Streptococcus in
bloodwork & stool

∆ Still some flares
↑ Markedly less OCD
∆ Occasional Verbal

tics and humming

JD1-case study patient; JD2-case study patient; OCD-obsessive compulsive disorder; PANDAS-pediatric autoimmune neuropsychiatric
disorders associated with streptococcal infections. Note: ↑ = Significant symptom improvement after treatment; ∆ = slight changes/some
improvement noted after treatment; − = no change noted after treatment.

3.2.2. CDS Results and Interpretation

Genetic analysis identified the presence of many different SNPs that correlated with
symptoms shared between the twins. The children had a SNP in the mannose-binding
lectin 2 gene (MBL2), which plays a role in the complement pathway, a component of the
immune system. The T allele of this MBL2 SNP has been associated with significantly
reduced MBL2 levels [19]. This correlates with a lower capacity to recognize foreign
invaders (such as Streptococcus infections) and a higher risk for PANDAS (OR = 4.15) [19].
The abnormal immune response from these same SNPs has also been associated with brain
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autoimmune activity [20], reduced blood–brain barrier function [20], tics, and an increased
risk of OCD symptoms [19]. To help address this, a combination of lignite to help tighten
the tight junctions of the gut [21], vitamin D [22], probiotics [23], and prebiotics [24] were
added to the treatment protocol of JD1 and JD2.

The OCD risk was believed to be exacerbated by the presence of two variants in the
solute carrier family 1 member 1 gene (SLC1A1). This solute carrier SNP, particularly in
homozygotes, appears to contribute to higher glutamate levels [25] and has been shown to
be associated with increased risk of OCD behaviors such as hoarding, ordering and lining
things up (OR = 2.01) [26]. Targeted interventions including N-acetylcysteine (NAC) [27],
L-theanine [28], vitamin D [29] and vitamin B12 [29] were used to address this pathway.
Additional SNPs associated with OCD comorbid with tic disorder and severe bed wetting
issues (OR = 2.68) [30] were also discovered in JD1 and JD2. As presented in the genomic
CDS, there was overlap in potential interventions between SLC1A1 and the additional
SNPs (i.e., some of the same supplements could be used to address both pathways).

The twins were revealed to have some SNPs that are fairly uncommon, as is the case
with most TACGA patients presenting with ASD. They were shown to be homozygous
for a rare protein kinase SNP found in just 5% of the population. Variants have been
associated with increased ASD risk (OR = 1.86) [31], and are involved in pathways relating
to cell differentiation, autophagy and survival, and brain development and remodeling [32].
Resveratrol and NAD+ were incorporated into the treatment protocol since both have been
shown in studies to help autophagy pathways [33,34].

SNPs contributing to mitochondrial dysfunction were present in JD1 and JD2 and were
believed to impact severe fatigue, and may have also contributed to some of their muscle
weakness, as evidenced by trouble holding own posture and pencil grip. Genetic analysis
revealed that both children had a variant in NQO1 that is associated with an approximate
67% reduction in enzymatic activity [35]. This contributed to mitochondrial dysfunction,
oxidative stress, and impaired ability to clear environmental toxins [35]. To combat this
SNP’s low NQO1-conveying effects, both patients were started on sulforaphane, which
is known to upregulate NQO1 activity [36]. Additionally, NQO1 is needed to convert
coenzyme Q10 (CoQ10) to its active form ubiquinol [37]. Therefore, ubiquinol was also
used to address this pathway.

Variants relating to vitamins, ADHD, neurotransmitter balance and various other
molecular pathways were also present in these patients. For the purposes of brevity,
a comprehensive discussion of these additional pathways is not included in this case
study report. To address some of these other pathways, the twins’ personalized treatment
plan included pycnogenol, ashwagandha, pyridoxal-5-phosphate (P5P) and specific soil-
borne probiotics.

3.2.3. Post-Treatment Symptoms and Improvements

Highly significant improvements were seen in both JD1 and JD2. Gains in speech
and socialization with family and peers were evident. Improvements in sleep were noted,
bed wetting ceased, and increased energy levels were obvious. Fine and gross motor skills
were improved; the children gained the ability to dress themselves and developed enough
coordination to be able to ride scooters. The PANDAS flares decreased in frequency, and
marked reductions were noticed regarding OCD and tics. JD1′s anxiety resolved, and he
was no longer a picky eater. Parents relayed that he was “eating everything in front of him”.
These improvements led to an increase in his weight, and he was no longer considered
malnourished. JD2, on the other hand, showed marked improvements relating to ADHD
symptoms. ATEC scores in both children have noticeably improved; JD1 showed a 41%
reduction in ATEC scores (from 85 to 50), and JD2 showed a 44% reduction (from 97 to
54). ATEC scores continue to improve with each passing month the twins remain on the
protocol. Table 1 shows post-treatment symptoms and improvements.
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3.3. AD Case Study
3.3.1. Medical History and Background

This final case study patient, referred to as AD, will be briefly touched upon. In this
case, the patient’s mother chose to go very slowly with supplements—targeted potential
interventions were added one at a time. Thus, even though treatment was initiated late
in 2019 when his genomic results were initially received, his regimen is continuing to be
optimized at time of publication. However, this case is also important in that the CDS
allowed better prioritization of interventions, rather than the usual trial and error approach.

Prior to genomics, patient had an ATEC score of 54. Clinically, this male four-year-old
exhibited significant language delays with only five words at the age of three, developed a
stutter, very frequent hand flapping, tics, eye rolling, stimming triggered by excitement,
seizures, inappropriate socializing, and found it hard to focus or concentrate. Child had
many chest infections, adenoid surgery, and over 20 rounds of antibiotics and steroids
in the previous 12 months. Patient was not on any supplements when he presented to
the clinic.

3.3.2. IXXD Genomic Results and Interpretation

AD had many variants known to be of clinical significance in the pathways discussed
in both case study patients above, including those associated with the language center
and mitochondrial pathways. In addition to the aforementioned pathways and SNPs, it
was discovered that the patient had glutamate receptor SNPs as well as two copies of an
alcohol dehydrogenase 5 (ADH5) SNP that has been associated with ASD (OR = 1.54) [38].
ADH5 is a glutathione dependent enzyme that is primarily responsible for removing
formaldehyde and is also important for protecting natural lipids from peroxidation [38,39].
Formaldehyde is a natural by-product of white blood cells and myeloperoxidase, and when
formaldehyde is not properly removed (as would be the case in individuals homozygous
for this SNP) it can build up in the brain and become neurotoxic [40,41]. This child’s high
rate of infections likely contributed to high neutrophil/myeloperoxidase (MPO) activation
and higher levels of formaldehyde. In addition to supporting glutathione levels, since
this enzyme is glutathione dependent [42], a list of foods shown to upregulate ADH5 was
given the patient’s mother. This list included foods such as pomegranate, watermelon, and
tomatoes [43]. AD’s mother was also informed regarding foods that could exacerbate the
negative effects of this genomic pathway. For example, it was recommended to avoid foods
artificially sweetened with aspartame, since aspartame is converted to formaldehyde [44].
These types of food and supplement interventions were taken from information listed in
the referenced IXXD CDS.

Genomic CDS testing revealed that this child was homozygous for the same NQO1
SNP discussed in the case above (but case above only had one copy). Two copies of this
SNP are found in approximately 4% of the population and lead to a significant reduction
in enzymatic activity (approximately 97%) [35]. This drastic impairment in NQO1 activ-
ity contributes to significant mitochondrial dysfunction, increased oxidative stress, and
markedly reduced detoxification [37]. As discussed above, NQO1 variants can contribute
to decreased levels of the activated form of CoQ10 [37,45]. Being homozygous for this
SNP dramatically impaired his ability to detoxify benzene, solvents, and many other pol-
lutants [46]. High levels of these toxicants have been shown to contribute to increased
DNA damage when exposed to various pollutants [47]. Unsurprisingly, the patient had
extremely high levels of gasoline additives detected in his GPL Tox screen results, which
was addressed as well.

Patient was also found to be homozygous for a well-known haplotype in the brain
derived neurotrophic factor (BDNF) gene, which is found in approximately 4% of the
population. This growth factor has been shown to be very important for memory and
mood [48]. These BDNF SNPs contribute to decreased ability to cleave pro-BDNF to the
truncated, mature form of BDNF [49]. While the mature form of BDNF is synaptogenic, the
pro-BDNF form induces neuronal apoptosis and is synaptoclastic [49]. Furthermore, higher
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levels of pro-BNDF levels have been observed in patients with ASD [50]. Regular aerobic
exercise was encouraged to help increase the conversion of pro- to mature BDNF [51].
A high butyrate diet and butyrate supplement was also implemented to address this
pathway [52].

A personalized, genomically targeted treatment plan was developed. Regimen included
moderately high dose UBQH-PQQ, sulforaphane, fish oil, L-theanine, butyrate, magnesium
threonate, and a few other supplements. Regular aerobic exercise was also encouraged.

3.3.3. Post-Genomic Testing Improvements

ATEC scores with above interventions improved by 54% (scores decreased from 54 to
25) and continue to improve (as per communication with mother). Regarding symptom
improvements, speech and socializing improved very quickly upon reducing inflammation
and oxidative stress, working on detox pathways, and addressing gut health. Additionally,
and remarkably, after adherence to the personalized list of supplements discussed above
for only a few weeks, his seizures stopped. Hyperactive behavior continues to decrease,
and tics and stims are improving. Parents continue to notice improvements on a weekly
basis and are very happy with the progress to date.

4. Discussion

Non-syndromic ASD is clearly due to a multitude of contributing genomic factors
that interact with environmental factors. The CDS tool used in this study also looked at
genomic SNPs associated with secondary comorbid ASD conditions, given that they are
pervasive amongst individuals with ASD. Comorbid conditions investigated by IXXD
include ADHD, OCD, anxiety, PANDAS/PANS, gastrointestinal issues, food intolerances
and nutrient deficiencies. The genomic and environmental factors, however, significantly
vary from person to person. Outcomes trials have shown benefit for methyl-B12 [53],
sulforaphane [54], luteolin [55], quercetin [56], melatonin [57], vitamin D [58], omega-
3s [59], L-theanine [60] and dozens of other supplements in the treatment of ASD and
comorbid conditions. Determining which potential interventions would be the most
likely to result in improved ASD outcomes in a particular individual, however, has been
a difficult hurdle to clear. Evidence-based genomic clinical decision support tools that
focus on variants associated with neurodevelopmental, nutritional, toxicant clearing, and
inflammatory pathways can help in prioritization and choice of interventions.

These case studies demonstrate that a well-referenced genomic CDS can be used
as a tool to aid in the understanding of some of the gene variants contributing to the
patient’s neurodevelopmental disorder. This enables clinicians to address root causes
and truly personalize treatment strategies, allowing for the achievement of more robust
improvements as well as potentially faster improved outcomes in children with ASD. Initial
results from the Australian Centre for Genomic Analysis practice using the IXXD tool, as
illustrated by these cases, have been extremely promising. This short case series provides
optimism for the role of genomics in improving function and quality of life in children
with ASD and neurodevelopmental disorders and suggests that genomics in the form of a
CDS can decrease the burden of the trial-and-error method.

The first limitation of this case study report is that only four cases were discussed. It
will be important to analyze the collective data (ATEC scores, IQ scores, behavioral observa-
tions, etc.) from the complete cohort of approximately 100 patients. In this future analysis
it will be important to separate out the results from individuals with access to the IXXD
neurodevelopmental genomics CDS tool from the beginning, versus individuals who were
previously optimized using the center’s previous treatment methods and then plateaued.

A second limitation of this method of addressing neurodevelopmental disorders is
that some patients will respond better than others to genomic CDS tools. Additional
research must therefore be conducted. Next steps, which are currently in progress, include
being able to reproduce the ability to obtain significant improvements in ATEC or other
ASD rating scales in private physicians’ offices in ASD centers across the country. In further
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research, controlled trials comparing the use of genomics to traditional care in ASD would
be beneficial. Another limitation of this method is that it is a relatively new field not taught
in residency or fellowships, and thus in order for genomics to be used systematically on
a larger scale, clinicians will require dedicated time for study and continuing education.
Nonetheless, genomics as a CDS tool can shift the paradigm of care for individuals with
non-syndromic ASD and allow for higher functioning and better, quicker outcomes.

An additional limitation to this type of personalized medicine is the treatment cost.
Utilization of a tailored, genomically-targeted approach is an investment for the family or
whomever else is covering the ASD-related expenses. The cost of the IXXD tool used in
this study was $900 per patient. The cost of working intensely with a clinical team that is
experienced in functional or integrative medicine, genomic interpretation, and nutrition
generally ranges from $2000 to $5000 per year. Currently, insurance coverage for genomic
testing is most often limited to specific instances (cancer treatment, pharmacogenomics
in some situations, whole genomic sequencing for diagnostic purposes). Therefore, the
financial responsibility of this IXXD approach is borne by the families. This cost, however,
pales in comparison to the multitude of fees that families of children with ASD incur
(financing a caregiver, providing special education, loss of wages of family members, etc.).
As illustrated in the cases above, there is potential for a significant financial, long-term
benefit when a child can improve overall function, attend schools, and join the workforce
rather than being fully reliant on caregivers. Ultimately, as additional studies are published
showing the benefit of this precision medicine approach, the potential for this type of CDS
targeted treatment to become mainstream and covered by insurance is likely to increase.
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Abstract: Autism spectrum disorder (ASD) is a heterogeneous condition with a complex genetic
etiology. The objective of this study is to identify the complex genetic factors that underlie the ASD
phenotype and other clinical features of Professor Temple Grandin, an animal scientist and woman
with high-functioning ASD. Identifying the underlying genetic cause for ASD can impact medical
management, personalize services and treatment, and uncover other medical risks that are associated
with the genetic diagnosis. Prof. Grandin underwent chromosomal microarray analysis, whole exome
sequencing, and whole genome sequencing, as well as a comprehensive clinical and family history
intake. The raw data were analyzed in order to identify possible genotype-phenotype correlations.
Genetic testing identified variants in three genes (SHANK2, ALX1, and RELN) that are candidate risk
factors for ASD. We identified variants in MEFV and WNT10A, reported to be disease-associated in
previous studies, which are likely to contribute to some of her additional clinical features. Moreover,
candidate variants in genes encoding metabolic enzymes and transporters were identified, some of
which suggest potential therapies. This case report describes the genomic findings in Prof. Grandin
and it serves as an example to discuss state-of-the-art clinical diagnostics for individuals with ASD,
as well as the medical, logistical, and economic hurdles that are involved in clinical genetic testing
for an individual on the autism spectrum.

Keywords: autism spectrum disorder; genetic testing; chromosomal microarray analysis; whole
exome sequencing; whole genome sequencing; clinical utility; polygenic risk scores; Temple Grandin

1. Introduction

Autism spectrum disorder (ASD) is one of the most common neurodevelopmental
disorders characterized by impairments in communication and social interaction and the
presence of restrictive and repetitive behaviors [1]. The American College of Medical Genet-
ics and Genomics (ACMG) recommends genetic evaluation for individuals with ASD [2].
Discovering the underlying genetic cause for ASD can improve the care and management
by personalizing services and treatment, including addressing the medical risks that are
associated with the genetic diagnosis [3]. We performed chromosomal microarray (CMA), as
well as whole exome and genome sequencing (WES, WGS), on our co-author, Prof. Temple
Grandin (T.G.), a widely recognized animal scientist and woman with high-functioning
ASD, who is renowned for her insights on the condition. While using this report of the
genomic findings in T.G., we create a discourse on state-of-the-art diagnostics for indi-
viduals with ASD. Predictably, we found many variants of uncertain significance (VUSs).
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However, we also identified the variants that were previously reported in the literature as
pathogenic/disease-causing and overlap with her clinical features. Furthermore, many of
these variants lie in genes that will personalize medical management and guide potential
therapeutic options, which underscores the importance of clinical genetic testing in those
with ASD.

2. Materials and Methods
2.1. Case Report

T.G. was a full-term female infant born in 1947 after an uncomplicated pregnancy, labor,
and delivery. She had normal muscle tone and early motor milestones. However, she
did not make eye contact and had touch sensitivity and aversion, including stiffening up
when held by others. Even based on these specific features, ASD was not suggested as the
diagnostic entity had only been described four years previously [4]. A neurologist performed
an electroencephalogram and ruled out petite mal epilepsy, and a hearing test was normal.
T.G. was diagnosed with “minimal brain damage” at two years old. At two and a half years
old, expressive and receptive language delays were noted (she was non-verbal), and she was
enrolled in speech therapy. With intensive treatment and emphasis on turn-taking games, she
began speaking at age three and a half and was fully verbal by age four. She maintained typical
autistic behaviors, such as repetitively dribbling sand through her hands at the beach and
tantrums after sudden loud noises. The associated issues included stuttering and challenges
with auditory and sensory integration. In particular, touch aversion improved with the
use of a squeezing machine during childhood, which T.G. designed and has adapted in
order to improve ethical animal husbandry management [5]. She also reported difficulties
with social interactions in childhood and adolescence. The diagnosis of autism came later
in elementary school by a psychiatrist. At age nine years and at age twelve years, her IQ
was tested with the Wechsler. Her full-scale IQ was 120 on the first test and 137 on the
second test. The measurement of cognitive abilities ranged from disability to gifted; for
example, cognitive skills that require visualization, including block design and puzzle
completion, were superior, whereas auditory integration was reduced [5,6]. T.G. received a
Ph.D. and has been highly successful in her career regarding animal behavior-informed
agriculture design prior to her career lecturing on ASD. Despite the absence of formal
testing for ASD (based on age), T.G. meets current diagnostic criteria for ASD, given her
childhood clinical history. The family history is unremarkable for specific diagnoses of ASD
or intellectual disability in other family members. However, T.G.’s maternal grandmother
was medicated for anxiety, and T.G. suspects that her father had high-functioning ASD.
Both of T.G.’s parents held college degrees, and her maternal grandfather had particular
academic success as an MIT-trained engineer and co-inventor of the autopilot for airplanes.
The remainder of the family history is non-contributory without a suggested inheritance
pattern; further details on family history is withheld in order to maintain privacy.

T.G. reports a substantial, decades-long history of chronic myalgia, muscle rigidity,
paresthesia, and hyperesthesia of the feet, as well as sudden episodes of feeling “boil-
ing hot”. She reports coordination difficulties and tires easily with exercise, reportedly
since childhood. She experiences insomnia and requires physical exercise at bedtime
(“100 sit-ups”) to sleep. Severe anxiety and panic attacks have been major life-long issues
that have moderately improved on desipramine (50 mg/day since 1980). Desipramine also
alleviated colitis-like symptoms. Her diet is high in animal protein, and its reduction or
elimination results in perceived irritability. A peculiar rash with eczema- and psoriasis-like
features, which had been present since early childhood and diagnosed in adolescence as
eczema, responds to topical steroids. She has a widow’s peak (a V-shaped growth of hair
in the center of the forehead). Cranial MRI identified the asymmetry of the ventricles and a
reduction in cerebellum size [7].

T.G. has microdontia and hypodontia, including six missing adult teeth (two on
bottom, four on top, bilaterally symmetrical) which are absent on x-ray; she did not lose
the corresponding deciduous teeth until the third to sixth decades. Two dentists have
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commented that she has a high arched palate. Additional ectodermal dysplasia (ED)-
related manifestations include soft and very brittle nails, hyperhidrosis, and body hair loss
since the fifth decade of life.

2.2. Sample and Genetic Analysis

We obtained written consent from T.G. to disclose her name and health information
for this study and publication. We did not have access to parental samples. Genomic DNA
was extracted from an oral swab (OC-100Dx, DNA Genotek, Kantana, ON, Canada) using
the PureGene extraction kit (Qiagen, Inc., Valencia, CA, USA). DNA extraction and all the
analyses were performed in CAP and CLIA certified laboratories. Table 1 presents details
regarding the various genetic testing technologies utilized in this study.

Table 1. Genetic testing methodologies utilized for Prof. Grandin in this study.

Genetic Test Technology Interpretation

Chromosomal microarray (CMA) Custom-designed 1 Affymetrix
microarray [8].

Chromosome Analysis Suite v2.0.1 software
(Thermo Fisher Scientific, Santa Clara, CA)

Whole exome sequencing (WES)

Enrichment: Ion AmpliSeqTM Exome Kit
(Thermo Fisher Scientific)
Sequencing: Ion Proton sequencing
system (Thermo Fisher Scientific) with
200 bp amplicon read technology.
Genome Reference Consortium Human
Build 37 (GRCh37, hg19) using the Ion
Torrent Suite software v4.2 (Thermo
Fisher Scientific)

Clinical Sequence Analyzer tool from WuXi
NextCode 2 (https://www.wuxinextcode.com)
Non-sense, missense and splice site variants
were analyzed and were assessed for predicted
deleterious effects using the Variant Effect
Predictor (VEP) score [9].

Whole genome sequencing (WGS)

2 × 150 bp reads on Illumina
next-generation sequencing systems
(mean coverage of 30x in the target
region, including coding exons and 10 bp
of flanking intronic sequence of the
known protein-coding Ref-Seq genes) 3

Alignment to human reference genome
hg19 and GRCh38

Primary data analysis: Illumina DRAGEN Bio-IT
Platform v2.03, interpreted on internal
proprietary software from Variantyx,
Framingham, MA, USA.
Secondary and tertiary data analysis: Internal
laboratory systems and Biodiscovery’s
NxClinical v4.3 or Illumina DRAGEN Bio-IT
Platform v2.03 for CNV and absence of
heterozygosity
Detection and annotation of structural variants:
The variants were called and annotated using
Variantyx Genomic Intelligence structural
variant pipeline [10].

Caption. 1 Affymetrix CytoScan-HD microarray plus 88,435 custom probes added to improve detection of copy number variants (CNVs)
associated with neurodevelopmental disorders [8]. 2 Default settings used 3 >97% coverage of 22,000 genes in the genome at >30x.

3. Results

In our testing population on the aforementioned custom array, we have historically
observed that 28% of patients with neurodevelopmental disorders have one or more
abnormal or potentially abnormal copy number variants (CNVs) [11]. In the case of T.G.,
we did not identify any pathogenic or likely pathogenic CNVs on either custom CMA or
WGS, as reported through our clinical pipeline and ACMG reporting criteria [12], and
the results were consistent with a normal female chromosome complement. However,
out of over 4000 structural variants of different types (including deletions, duplications,
inversions, LOH, break points, and insertions of transposable elements; see Table S2 for
complete list) some of the variants of unknown significance could be relevant to patient’s
phenotype given their relevance to brain pathology. Two of these variants are discussed in
more detail below, both being located on the q arm of chromosome 9.

One of them, a heterozygous duplication of chr9q34.3q34.3x3(138,014,000–138,228,000)
is about 200 kbp long and it includes several noncoding genes and exons 19 to 47 of
a calcium channel gene CACNA1B. CACNA1B is associated with Neurodevelopmental
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disorder with seizures and nonepileptic hyperkinetic movements, according to OMIM.
The disease is autosomal recessive, and while the deletion has a 0.00035 allele frequency
in general population (four cases out of 11,295 in DGV database), one cannot completely
exclude mild phonotype in heterozygotes.

Another candidate structural variant is a 1656 bp heterozygous deletion of chr9q34.13q34.13
x1(131,153,102–131,154,758), which is not found in the general population. The deletion affects
exon 3 of non-coding gene RP11-544A12.4. Interestingly, this gene overlaps NUP214, which is
located on the opposite DNA strand and, according to OMIM, is associated with susceptibility
to acute infection-induced encephalopathy-9. However, the facts that disease is recessive and
for NUP214 the deletion is entirely intronic suggest that this variant is a less feasible candidate
to be causative, at least not by itself.

WGS interpretation also revealed that CGG repeats that correspond to fragile X
syndrome are 30,30 (a frequent normal genotype).

Three sequence variants of interest were identified in suspected or known ASD risk
genes SHANK2, ALX1, and RELN (Table 2). Nevertheless, as of November 2020, none of
these variants met the ACMG guidelines for “pathogenic” or “likely pathogenic” desig-
nation and, thus, are clinically classified as variants of uncertain significance (VUS) [12].
A heterozygous missense variant in SHANK2 (p.H64R) was identified. This missense
variant is a change from histidine to arginine. The histidine at this location does not
lie in any well-defined protein domains. However, histidine is present at this location
in primates. Further, the substitution of histidine to arginine is predicted by SIFT to be
deleterious. This suggests that the his to arg amino acid substitution may alter protein
function. Additionally, the variant is only observed in seven of 184,874 reference alle-
les (allele frequency: 3.79 × 10−5) in the Genome Aggregation Database, a database of
approximately 141,000 individuals without severe genetic conditions (gnomAD) [13,14].
Several studies suggest a role for SHANK2 in ASD and/or intellectual disability (ID). In
one publication, a patient with ASD harbored a de novo nonsense variant in SHANK2, while
two additional, unrelated patients with ASD and mild-to-moderate intellectual disability
had de novo deletions in SHANK2 [15]. This study suggests that the haploinsufficiency
of the SHANK2 gene may affect synaptic function and predispose to ASD and/or ID. In
a subsequent study, a novel de novo SHANK2 deletion was identified in another patient
with ASD. Further, sequencing identified a significant enrichment of variants affecting
conserved amino acids in SHANK2 (3.4% of autism cases and 1.5% of controls, P = 0.004,
OR = 2.37) [16]. In neuronal cell cultures, the variants that were identified in patients were
associated with reduced synaptic density at dendrites when compared to variants that were
only detected in controls. Interestingly, the three patients with de novo deletions identified
in the two aforementioned studies also carry inherited CNVs at 15q11-q13 previously asso-
ciated with neuropsychiatric disorders [17–19]. These data strengthen the role of synaptic
gene dysfunction in ASD and support the "multiple hit model", suggesting that a better
knowledge of these genetic interactions will be important in understanding the complex
inheritance pattern of ASD [18,20].

A heterozygous missense variant (p.R64L) was identified in the ALX1 gene. ALX1
encodes a transcription factor that plays a role in development, including proper neural
crest migration in animal models [21]. Bi-allelic loss-of-function variants in ALX1 cause
frontonasal dysplasia, while gain-of-function variants are hypothesized to impact neu-
rodevelopment [22,23]. T.G.’s craniofacial finding of a “widow’s peak” could be related
to this variant, as neural crest cells can be found in hair follicles [24]. This variant was
found in 1203 of the 280,730 reference alleles (allele frequency: 0.004285) in the gnomAD
database [14]. Additionally, the variant identified in T.G. was one of several potential ASD
risk variants that were identified in two unrelated multiplex families [25]. In one family,
this variant was shared by two siblings with ASD and it was inherited from their unaffected
father. In the second family, the variant was found in an individual with ASD and it was
not found in his two brothers with ASD, but was inherited from his unaffected father. Im-
portantly, reportedly unaffected parents were not phenotyped in detail in that publication.
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The authors showed the ALX1 variant was observed multiple times in their population
study (27/1541 cases and 58/5785 controls), yielding an odds ratio of 1.75 (95% confidence
interval 1.11 to 2.77; p = 0.022; on page 7 of Matsunami et al., 2014 [25]). Although this
specific variant has been observed in a supposedly unaffected control population, its higher
prevalence in individuals with ASD when compared to those without ASD supports it as
a potential risk factor. Further research is needed in order to confirm the impact of this
variant on gene function and the role of ALX1 in ASD susceptibility.

A heterozygous missense variant in the RELN gene (p.T1002S) was also identified in
T.G. RELN encodes the reelin protein, which is thought to control interactions between cells
for cell positioning and neuronal migration. Although the serine for threonine substitution
is conservative and does not lie within any known protein domain, this variant was not
present in the gnomAD database and it is conserved across different vertebrate species,
except lamprey (PhyloP 1.048) [14]. Variants in RELN are associated with autosomal
recessive lissencephaly with cerebellar hypoplasia (OMIM). In addition, de novo variants in
RELN have been observed in individuals with ASD in several studies [26–28].

MEFV is a fourth gene that harbored variants with clinical overlap for T.G. Two
heterozygous variants, p.R408Q and p.P369S, were identified in T.G. and they have been re-
ported to be disease-associated. Allele frequencies in the gnomAD database are 0.00001595
(four out of 250,794 reference alleles) and 0.01470 (4150 out of 282,228 reference alleles, re-
spectively [14]. The MEFV gene encodes a protein, called pyrin, whose function is not fully
understood, but appears to direct the migration of white blood cells to sites of inflamma-
tion and downregulate the inflammatory response following the improvement of infection
or injury. Over 80 variants in MEFV have been associated with familial Mediterranean
fever (FMF), a highly complex and variable condition that can exhibit either autosomal
dominant or autosomal recessive inheritance [29]. Studies suggest these variants are in
linkage disequilibrium and are, thus, in cis [30]; indeed, a review of the WGS read data that
were utilized in this study (2 × 150 bp) was long enough to confirm cis phasing.]. Despite
having ClinVar associations that range from “benign” to “pathogenic”, these variants,
when found together, have been published as associated with disease and they are often
included in clinical gene panels that are designed to test for FMF [31,32]. Most of the
patients with both variants are reported to have an atypical clinical presentation. Although
T.G. does not strictly meet the Tel-Hashomer clinical criteria for FMF, she has symptoms
that are consistent with the atypical presentation of the condition seen in those with the
same genotype, including frequent intermittent hot spells, muscles that are stiff and sore,
episodes of calor, and paresthesia in both feet, and lifelong skin rashes that are diagnosed as
eczema [32]. FMF has not been reported to be associated with ASD; however, inflammation
is one of many pathways implemented in ASD pathogenesis and, thus, we cannot exclude
these variants as being risk factors for ASD in T.G.

Further, WNT10A is another gene harboring a variant with overlap to T.G.’s phenotype.
A homozygous variant (p.F228I) has been previously reported as pathogenic. WNT10A is a
member of the WNT gene family, which encodes proteins that are implicated in several
developmental processes, including the regulation of cell fate and patterning during
embryogenesis [33]. Although p.F228I is a conservative amino acid substitution, the amino
acid at this position is conserved across different species (PhyloP 0.964) and the variant has
been predicted to be deleterious to the protein structure or function by in silico prediction
tools. The variant identified here has been reported previously, either in the homozygous
state or in trans with a second pathogenic variant, in individuals with either isolated
oligodontia, tooth agenesis, or with other features of ED [34–38]. The p.F228I variant that
is identified in T.G. is observed at a relatively high frequency in the general population
(heterozygous carrier frequency: 0.0137, homozygote frequency: 0.000153 in the gnomAD
database) [14]. Oligodontia is observed in approximately 0.14% of the population and,
in one study, it was shown that variants in WNT10A were present in more than half of
the cases of isolated oligodontia [38,39]. The variant in WNT10A possibly explains the
multiple ED-like manifestations in T.G. involving her teeth, nails, hair, and sweat glands.
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Please see Supplementary Table S1 for additional variants, which were identified in
both the whole exome and whole genome sequencing assays that were run independently,
with additional clinical overlap that potentially contributes to T.G.’s ASD, sleep pathogenesis,
anxiety, mitochondrial function, and more, including some with potential therapeutic targets.

From a proactive standpoint, sequencing also identified a CYP2C9 genotype that
was associated with slowed metabolism of many drugs, including the anticoagulant war-
farin [40]. This information, coupled with T.G.’s heterozygous status of the VKORC1
1639G>A variant also revealed by this testing, provides specific dosing information if war-
farin is prescribed to reduce the risk adverse events. Furthermore, this CYP2C9 genotype is
also correlated with slowed metabolism of the anti-epileptic drug phenytoin, which would
impact the dosing recommendations; this is critical information, given that there is a high
rate of comorbidity between epilepsy/seizures and ASD [41,42].

Given the presence of multiple genetic variants potentially contributing to the man-
ifestation of ASD in T.G., we sought to explore her data through a currently available
polygenic risk score (PRS) algorithm (impute.me). This algorithm showed that T.G.’s PRS
for ASD is lower than 99% and greater than 1% of the general population by assessing 17
single nucleotide polymorphisms (SNPs) that were previously reported to be associated
with ASD [43].

4. Discussion

We present this case of a female scientist, Prof. Temple Grandin, with high-functioning
ASD and other clinical sequelae, who was referred for clinical diagnostic testing. Through
various test methodologies, we identified variants of unknown significance in three ASD
risk genes (SHANK2, ALX1, and RELN) and other variants that impact genes that are
possibly relevant to ASD pathology. This supports the concept of a polygenic model in
ASD. Surprisingly, the PRS model used for T.G. showed her risk for ASD in the 1st centile of
the general population. The tool did provide a pie chart indicating that the genetic liability
captured by this assessment is very small (~1%), which echoes the disclaimer supplied in
other publications regarding the limitations of PRS for clinical application [44]. There are
several potential reasons for the contradictory ASD PRS score in T.G., given her clinical
diagnosis. The SNPs that were used to generate the score in the impute.me tool were
derived from case cohort individuals diagnosed with ASD prior to 2014 [43]. Importantly,
Asperger disorder was a diagnostic entity until 2013, according to the American Psychiatric
Association’s Diagnostic and Statistical Manual of Mental Disorders (DSM). Therefore,
the case cohort whose data are represented in the tool is likely more representative of
those individuals who are lower functioning, which is in stark contrast to the phenotype
of T.G. Additionally, we, as a community, do not yet know all of the genes and variants
contributing to ASD. Additionally, finally, some co-occurring traits in those with ASD
are also clearly polygenic (IQ and anxiety for instance) and may skew the algorithmic
outcomes. In summary, a low PRS score, at least for ASD, cannot be used to rule out the
potential for a future clinical diagnosis.

While T.G. herself does not harbor any known, identifiable ASD-related variants that
garner specific medical management changes, this is a possibility for others with ASD
and genetic testing should be pursued as a standard of care in line with ACMG and other
medical guidelines [45]. Importantly, genetic testing did identify actionable variants that
contribute to T.G.’s clinical symptomatology and can be specifically addressed in order
to improve her functional symptoms and prevent further medical issues. Of note, prior
to testing, additional neurological and non-neurological symptoms were attributed to a
broader diagnosis of ASD and not specifically addressed based on underlying genetic
etiology. This is critical for medical action, as well as family understanding, coping, and
improved quality of life.

For example, clinical features that disturb T.G.’s activities of daily living are long-
standing calor and paresthesia in both feet. These correlate with the two identified MEFV
variants that were reported in cases with atypical familial Mediterranean fever. FMF is a
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treatable condition, and T.G. has since been referred to see a specialist. In addition, the
homozygous pathogenic variant in WNT10A is likely to explain T.G.’s multiple ED-related
symptoms. Dentists and orthodontists incorporate specific management decisions for
individuals with ED-related disorders. Fortunately, T.G. herself chose not to have dental
implants; the avoidance of dental implants would have been advised previously had a
diagnosis of ED been known at the time. Moreover, genetic testing has provided actionable
guidelines for the future prescription of certain pharmacologic treatments that were im-
pacted by CYP2C9 metabolism. There are a variety of other findings for T.G. with currently
less well-supported medical literature that will advance with time. For example, will some
combination of CNVs and SNVs that are currently classified as benign emerge as a risk
susceptibility for ASD? In the future, will the reclassification of VUS to pathogenic or likely
pathogenic variants trigger medical action that prevents medical morbidity or mortality?
A reinterpretation of the raw data and integration with medical care can be pursued based
on T.G.’s medical course and preferences in the future.

The power of clinically available genetic testing for those with ASD with or without
co-occurring morbidities can be substantial for neurologic and non-neurologic precision
medicine, as shown in this study. However, there are associated challenges that we must
address as a medical community to make this process more impactful. One is a lack of
trained clinical experts that are comfortable in reading vast amounts of genetic data and
translating it in order to inform disease-associated factors and treatment options. Efforts
should be made to train physicians and other healthcare providers in the practical use
of genomics, as the future of health care depends on its understanding and application,
including the limitations of using PRS models to predict future presence and severity
for ASD. A second challenge is that the feasibility of a “genomics board” (akin to that of
a multidisciplinary “tumor board”, which is standard in oncologic care) is hindered by
state medical licensing and telemedicine laws. Genetic counselors (GCs) are essential in
this process and growing in number, but they typically have long wait lists or their own
state licensure barriers that encumber integrated care. Peer-to-peer consultation between
physicians and GCs is not precluded by such laws; however, including the family in
the discussion constitutes the practice of medicine in most jurisdictions. Third, market
forces have resulted in low-cost exome and genome testing. However, careful report
generation and detailed discussion with the patient’s attending providers takes substantial
professional time and it is not practical under the current cost structures. Paradoxically,
this results in healthcare providers being unaware of or unable to utilize the resulting
complex genetic reports in order to improve clinical care and leads insurance companies
to deny coverage for lack of clinical application. We propose that payer policies should
be devised to commensurately compensate parties that are involved in sequencing and
variant interpretation, as well as physicians and GCs for effective use of the data and the
treatment of the patients.

To summarize, these data support the concept that the genetic etiology of high-functioning
ASD in T.G. could result from a combination of multiple genetic factors interacting in order to
yield the observed clinical features. We demonstrated that comprehensive clinical phenotype
information and genomics-trained providers/laboratorians are critical in the interpretation of
genomic variants that were identified through these high-throughput genomic technologies.
The genomic analysis that was carried out in this study provides a basis for at least part
of T.G.’s clinical features and delivers suggestions for effective management of some of the
symptoms. While improvements can be made to the process and application of genetic testing
for individuals with ASD, it is effective and critical, as it currently exists for optimal medical
and improved personal and family quality of life.

Supplementary Materials: The following are available online at https://www.mdpi.com/2075-4
426/11/1/21/s1, Table S1: Detailed Sequence Variant Spreadsheet, Table S2: Detailed Structural
Variant Spreadsheet.
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Abstract: Considerable interest has arisen concerning the relationship between hereditary connective
tissue disorders such as the Ehlers-Danlos syndromes (EDS)/hypermobility spectrum disorders (HSD)
and autism, both in terms of their comorbidity as well as co-occurrence within the same families.
This paper reviews our current state of knowledge, as well as highlighting unanswered questions
concerning this remarkable patient group, which we hope will attract further scientific interest in
coming years. In particular, patients themselves are demanding more research into this growing
area of interest, although science has been slow to answer that call. Here, we address the overlap
between these two spectrum conditions, including neurobehavioral, psychiatric, and neurological
commonalities, shared peripheral neuropathies and neuropathologies, and similar autonomic and
immune dysregulation. Together, these data highlight the potential relatedness of these two conditions
and suggest that EDS/HSD may represent a subtype of autism.

Keywords: autism spectrum disorder; Ehlers-Danlos syndrome; hypermobility spectrum disorders;
autonomic disorder; mast cell activation syndrome

1. Introduction

Autism is a complex spectrum condition. Most of the autistic population is considered “idiopathic”
with causes unknown, likely the result of complex polygenic and environmental interactions [1–4].
Meanwhile, a substantial minority on the autism spectrum display rare genetic variants that appear
to be the primary cause of their conditions [5]. Often the autistic phenotype associated with these
rare variants is secondary to a genetic syndrome (aka, syndromic autism) and is accompanied by
intellectual disability and other physical impairments such as multiple congenital anomalies [6].
Popular examples of syndromic autism include fragile X syndrome (FXS) (1–5:10,000) and tuberous
sclerosis (TSC) (1–5:10,000), but also include even less well known and even rarer syndromes such as
Lowe syndrome (OCRL) (1:500,000) and mucopolysaccharidosis type 3 (MPS3) (1–9:1,000,000) [7,8].
To date, there are more than 60 monogenic syndromes with high penetrance for autism, as well as
other forms of syndromic autism that are the result of larger chromosomal abnormalities [6,9,10].
The severity of the autism phenotype varies across the entire spectrum, although individuals with rare
(often de novo) deleterious gene variants tend to be more severely affected; meanwhile, individuals
of average or above-average cognitive ability tend to harbor a higher polygenic load of small effect
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variants, which are often inherited and may also be linked with the broader autism phenotype (BAP)
in parents and siblings (reviewed in [11,12]).

Like autism, Ehlers-Danlos syndromes (EDS)/hypermobility spectrum disorders (HSD) appear to
be complex spectrum conditions and are classed as hereditary connective tissue disorders (HCTD).
According to the International EDS Consortium [13], there are currently 14 recognized subtypes of
EDS, 13 of which are considered “rare,” each occurring in no more than 1:2000 individuals and usually
far rarer. All are associated with rare gene variants, often targeting collagen pathway genes [13,14].
Meanwhile, although there are currently no accurate prevalence rates or known genetic associations
for the remaining subtype, hypermobile EDS (hEDS), clinical opinion and the fact that it makes up
80–90% of EDS cases strongly suggests it is a common condition. It is therefore probable the majority of
hEDS cases are associated with small effect polygenic risk factors and environmental exigencies [15,16].
A whole genome/exome sequencing investigation, the Hypermobile Ehlers-Danlos Genetic Evaluation
(HEDGE) study, is currently underway that will hopefully help to address some of these questions [17].

Previous research indicates that the new diagnostic entity known as generalized hypermobility
spectrum disorder (G-HSD) (which partly takes the place of joint hypermobility syndrome or JHS)
occurs in roughly 0.75–2% of the population and is defined by generalized joint hypermobility and
chronic musculoskeletal pain and/or instability [15]. Many individuals with a current diagnosis of
G-HSD could have previously received an EDS diagnosis, but since stricter changes to the nosology in
2017 patients must now meet additional criteria involving features such as the skin, hernias/prolapses,
Marfanoid habitus, and heart malformations [15]. There is considerable ongoing debate amongst the
patient and medical communities as to whether these additional clinical signs truly delineate two
unique entities (hEDS vs. G-HSD) or are an arbitrary line drawn in the diagnostic sand. Research seems
to indicate that the two conditions blend into one another and the diagnoses are poor predictors of
overall physical impairment and prognosis, suggesting criteria may well change again in future [18–20].

2. Autism and Ehlers-Danlos Syndrome Comorbidity and Familial Co-Occurrence

There is a small but growing body of literature highlighting the overlap between autism and
EDS/HSD. Early research includes mainly case studies [21–23], but later research has provided
population-level evidence of a relationship [24]. There has also been a number of studies investigating
joint hypermobility (irrespective of HCTD) and its relationship to neurodevelopmental conditions such
as autism and ADHD [25–28].

Unfortunately, because these two spectrum conditions tend to be diagnosed and treated by
different clinical professionals, it is not often that their comorbidity is recognized, likely leading to
significant underdiagnosis [28]. For instance, although developmental-behavioral pediatricians may
test for hypotonia and joint laxity in autistic children during initial assessment, unless signs are severe
and suggestive of an underlying genetic disorder they are usually ascribed to the autism itself, a result
of diagnostic overshadowing.

In addition, it is well-recognized that females with autism are an underdiagnosed population,
particularly those who fall within the intellectually-abled end of the spectrum as they may
have a different symptom presentation, are usually more skilled at social masking or rehearsed
mimickry, and may experience different psychiatric comorbidities than their male counterparts [29–31].
Because hEDS is overwhelmingly diagnosed in women, it is therefore likely that autism spectrum
conditions are underrecognized in this clinical subpopulation [32].

Preliminary work from Casanova et al. [16] also suggests that autism and EDS/HSD co-occur
within the same families. The researchers found that more than 20% of mothers with EDS/HSD
reported having autistic children—a rate not significantly different from those reported by mothers
who themselves are on the autism spectrum. In addition, the rates of autism in the children shared
a significant positive relationship with the severity of maternal immune disorders in EDS/HSD,
suggesting that the mother’s immune system may play an additional role in autism susceptibility in
these connective tissue disorders. Interestingly, maternal immune activation (MIA) appears to play a
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significant role in many cases of idiopathic autism, suggesting a shared mechanism of risk [33]. We will
discuss these relationships in greater detail later in the manuscript.

3. The Genetics of Hypermobility

The majority of gene mutations associated with the rarer forms of EDS involves fibrillar collagens,
proteins that modify collagen, or enzymes involved in collagen processing [13]. Interestingly, one type
of EDS, known as the periodontal type, is associated with variants in two different complement
genes involved in the innate immune system, leading to chronic activation of the complement system
independent of microbial triggers [34]. Although C1R and C1S are not collagen-related genes per
se, synthesis of types I and III procollagen is nevertheless impaired in this form of EDS, suggesting
upstream effects [35].

Recently, Tassanakijpanich et al. [36] (unpublished data) have collected a series of case studies
identifying a fully presenting hEDS phenotype in adult female fragile X premutation carriers, including a
case with Marfanoid habitus, arachnodactyly, and right ventricular dilation. Previous reports have
linked hypermobility with fragile X syndrome (FXS) and fragile X-associated disorders, although most
studies have focused on hypermobility within the distal small joints and have not addressed generalized
hypermobility as often [37]. (As a note, most genetics centers do not include the Beighton assessment
for generalized joint hypermobility within their fragile X protocols, which may help explain why some
aspects of joint hypermobility are overlooked.)

Although data are still preliminary, the presence of an EDS-like phenotype associated with the
FMR1 gene, a negative regulator of protein translation, suggests upregulated protein translation may
lead to collagen dysregulation. For instance, matrix metallopeptidase 9 (MMP9) levels are disturbed in
FXS as a direct consequence of low or absent Fragile X Mental Retardation Protein (FMRP) [38]. MMP9
is a known regulator of various types of fibrillar collagen, suggesting that collagen synthesis and/or
secretion may be altered in FXS and fragile X-associated disorders [39]. Because FMRP negatively
regulates a wide variety of proteins, it is likely that it has other indirect effects on collagen synthesis
and modification in addition to MMP9. Interestingly, Rett syndrome, which is associated with MECP2
deletions, is also associated with joint hypermobility [40]. The MECP2 protein, like FMRP, is a major
(positive) regulator of collagen deposition and Rett syndrome fibroblasts exhibit a notable reduction
in collagen I synthesis, once again linking upstream dysregulation of collagen to the hypermobile
phenotype [41,42].

It is intriguing, and perhaps unsurprising in the context of this paper, that both of the
above-mentioned syndromes share strong ties with autism. In fact, there is a substantial list
of syndromic forms of autism that share a hypermobile phenotype. We have collected 35 such
monogenic syndromes from the Online Mendelian Inheritance in Man (OMIM) [43] database with
strong associations to autism and hypermobility (OMIM search terms: “joint (hypermobility OR
hyperlaxity OR laxity OR hyperextensibility) AND autism”) (Table 1). Syndromes that had tenuous
associations with either autism or hypermobility, were extremely low in patient numbers, or involved
multigene deletions/duplications were removed (see Supplementary File S1, Table S5). We likewise
collected the 12 different rare subtypes of EDS with their 19, respectively, associated genes into a similar
list (hEDS is absent due to lack of gene associations) (Table 1).
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Table 1. Genetic syndromes and their associated genes derived from the Online Mendelian Inheritance
in Man (OMIM) database. These syndromes are either associated with autism and hypermobility
or the Ehlers-Danlos syndromes. Autosomal dominant = AD; autosomal recessive = AR; X-linked
dominant = XLD; X-linked recessive = XLR; unknown inheritance pattern = ?.

OMIM # Syndrome Gene/Locus Inheritance Group

606053
Intellectual Developmental
Disorder with Autism and

Speech Delay
TBR1 AD Autism/hypermobility

616603 Cutis Laxa,
Autosomal Dominant 3 ALDH18A1 AD Autism/hypermobility

618906

Intellectual Developmental
Disorder with Autistic

Features and Language Delay,
with or without Seizures

TANC2 AD Autism/hypermobility

300624 Fragile X Syndrome FMR1 XLD Autism/hypermobility

618718

Neurodevelopmental Disorder
with Behavioral

Abnormalities, Absent Speech,
and Hypotonia

NTNG2 AR Autism/hypermobility

610443 Koolen-De Vries Syndrome KANSL1 AD Autism/hypermobility

615873 Helsmoortel-Van der AA
Syndrome ADNP AD Autism/hypermobility

615828 Vulto-Van Silfhout-De Vries
Syndrome DEAF1 AD Autism/hypermobility

300958
Intellectual Developmental

Disorder, X-linked, Syndromic,
Snijders Blok Type

DDX3X XLD, XLR Autism/hypermobility

618505
Neurodevelopmental Disorder
with Coarse Facies and Mild
Distal Skeletal Abnormalities

KDM6B AD Autism/hypermobility

617804
Neurodevelopmental Disorder
with Severe Motor Impairment

and Absent Language
DHX30 AD Autism/hypermobility

180849 Rubinstein-Taybi Syndrome 1 CREBBP AD Autism/hypermobility

617140 ZTTK Syndrome SON AD Autism/hypermobility

617101
Intellectual Developmental
Disorder with Persistence of

Fetal Hemoglobin
BLC11A AD Autism/hypermobility

618354

Neurodevelopmental Disorder
and Language Delay with or

without Structural Brain
Abnormalities

PPP2CA AD Autism/hypermobility

618205 Snijders Blok-Campeau
Syndrome CHD3 AD Autism/hypermobility

616364 White-Sitton Syndrome POGZ AD Autism/hypermobility

613406 Witteveen-Kolk Syndrome SIN3A AD Autism/hypermobility

617062
Oku-Chung

Neurodevelopmental
Syndrome

CSNK2A1 AD Autism/hypermobility

618659
Neurodevelopmental Disorder
with Dysmorphic Facies and

Dystal Skeletal Anomalies
ZMIZ1 AD Autism/hypermobility

617635 Mental Retardation,
Autosomal Dominant 47 STAG1 AD Autism/hypermobility

617991 Chung-Jansen Syndrome PHIP AD Autism/hypermobility

618050 Mental Retardation,
Autosomal Dominant 57 TLK2 AD Autism/hypermobility
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Table 1. Cont.

OMIM # Syndrome Gene/Locus Inheritance Group

618707
Neurodevelopmental Disorder

with Absent Language and
Variable Seizures

WASF1 AD Autism/hypermobility

300986 Mental Retardation, X-linked,
Syndromic, Bain Type HNRNPH2 XLD Autism/hypermobility

617164

Short Stature, Rhizomelic,
with Microcephaly,

Micrognathia,
and Developmental Delay

ARCN1 AD Autism/hypermobility

618089

Intellectual Developmental
Disorder with Dysmorphic

Facies and Behavioral
Abnormalities

FBXO11 AD Autism/hypermobility

618709

Neurodevelopmental Disorder
with Nonspecific Brain
Abnormalities, with or

without Seizures

DLL1 AD Autism/hypermobility

619000
Intellectual Developmental
Disorder with Seizures and

Language Delay
SETB1B ? Autism/hypermobility

617360

Congenital Heart Defects,
Dysmorphic Facial Features,

and Intellectual
Developmental Disorder

CDK13 AD Autism/hypermobility

300966 Mental Retardation, X-linked,
Syndromic 33 TAF1 XLR Autism/hypermobility

618748
Intellectual Developmental

Disorder with Hypotonia and
Behavioral Abnormalities

CDK8 AD Autism/hypermobility

606232 Phelan-McDermid Syndrome SHANK3 AD Autism/hypermobility

619033 Vissers-Bodmer Syndrome CNOT1 ? Autism/hypermobility

613684 Rubinstein-Taybi Syndrome 2 EP300 AD Autism/hypermobility

130000 Ehlers-Danlos Syndrome,
Classic Type 1 COL5A1 AD Ehlers-Danlos syndrome

130010 Ehlers-Danlos Syndrome,
Classic Type, 2 COL5A2 AD Ehlers-Danlos syndrome

606408 Ehlers-Danlos Syndrome,
Classic-like TNXB AR Ehlers-Danlos syndrome

225320 Ehlers-Danlos Syndrome,
Cardiac Valvular Type COL1A2 AR Ehlers-Danlos syndrome

130050 Ehlers-Danlos, Vascular Type COL3A1 AD Ehlers-Danlos syndrome

130060 Ehlers-Danlos Syndrome,
Arthrochalasia Type, 1 COL1A1 AD Ehlers-Danlos syndrome

617821 Ehlers-Danlos Syndrome,
Arthrochalasia Type, 2 COL1A2 AD Ehlers-Danlos syndrome

225410 Ehlers-Danlos Syndrome,
Dermatosparaxis Type ADAMTS2 AR Ehlers-Danlos syndrome

225400 Ehlers-Danlos Syndrome,
Kyphoscoliotic Type, 1 PLOD1 AR Ehlers-Danlos syndrome

614557 Ehlers-Danlos Syndrome,
Kyphoscoliotic Type, 2 FKBP14 AR Ehlers-Danlos syndrome

130070 Ehlers-Danlos Syndrome,
Spondylodysplastic Type, 1 B4GALT7 AR Ehlers-Danlos syndrome

615349 Ehlers-Danlos Syndrome
Spondylodysplastic Type, 2 B4GALT6 AR Ehlers-Danlos syndrome

613350 Ehlers-Danlos Syndrome,
Spondylodysplastic Type, 3 SLC39A13 AR Ehlers-Danlos syndrome
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Table 1. Cont.

OMIM # Syndrome Gene/Locus Inheritance Group

130080 Ehlers-Danlos Syndrome,
Periodontal Type, 1 C1R AD Ehlers-Danlos syndrome

617174 Ehlers-Danlos Syndrome,
Periodontal Type, 2 C1S AD Ehlers-Danlos syndrome

616471 Bethlem Myopathy 2 COL12A1 AR Ehlers-Danlos syndrome

229200 Brittle Cornea Syndrome 1 ZNF469 AR Ehlers-Danlos syndrome

614170 Brittle Cornea Syndrome 2 PRDM5 AR Ehlers-Danlos syndrome

610776 Ehlers-Danlos Syndrome,
Musculocontractural Type, 1 CHST14 AR Ehlers-Danlos syndrome

615539 Ehlers-Danlos Syndrome,
Musculocontractural Type, 2 DSE AR Ehlers-Danlos syndrome

We took the 35 autism/hypermobility (A–H) genes, together with the 19 EDS genes, and ran
them through GeneMANIA to produce an extended gene interaction network based on direct
physical interactions between proteins, shared pathway involvement, and genetic interactions [44]
(see Supplementary File S1, Table S4). As can be seen in Figure 1, the EDS and A–H genes cluster
extensively, suggesting substantial interactions between these gene networks and a potential mechanism
for phenotypic overlap between autism and hypermobility-related disorders.

Figure 1. An extended interaction network of genes that are associated with OMIM syndromes
comorbid with autism and hypermobility (A–H) (blue) and the Ehlers-Danlos syndromes (EDS)
(yellow). An extended interaction network of nodes is shown in green. Direct physical interactions
between gene nodes are shown in pink, shared pathways are shown in light blue, and genetic interactions
are shown in light green. Note the substantial overlap between A–H and EDS genes, suggesting an
extended interactive network and a possible explanation for phenotypic overlap.

These data indicate that, in future, our genetic concept of collagen-related disorders may expand
significantly beyond the Ehlers-Danlos syndromes as we currently know them. Undoubtedly,
their heterogeneity may become more apparent as whole genome sequencing studies continue
to be performed.
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4. Symptom Overlap between Autism and Ehlers-Danlos Syndromes/Hypermobility
Spectrum Disorders

Although the criteria of these two complex spectrum conditions appear different on paper (one is
defined by neurobehavioral symptomology, while the other is defined by structural manifestations
of connective tissue impairment), they share not only comorbidity and familial co-occurrence but
symptom overlap. In this section, we will review these similarities.

4.1. The Nervous System

4.1.1. Neurobehavioral, Psychiatric, and Neurological Features

It is well known that high rates of comorbidity exist between various neurodevelopmental
conditions (e.g., autism, attention-deficit/hyperactivity disorder (ADHD), learning disorders, and motor
disorders), which is more the norm than the exception. Indeed, up to 78% of children with autism
present with comorbid ADHD [45]. In addition, autism is more frequent among people with
learning disabilities and these share an inverse relationship with IQ [46]. As we see in autism,
neurodevelopmental comorbidities also frequently co-occur in EDS/HSD [47,48]. In a study involving a
large cohort of patients with EDS (N = 1771) and JHS (N = 10,019), the researchers observed an increased
risk for ADHD in both samples, as well as in unaffected siblings [24]. Later, Piedimonte et al. [49],
who explored developmental attributes in a group of 23 children with different HCTD (22 with EDS/HSD
and one with Loeys-Dietz syndrome), observed that 61% presented with some kind of comorbid
neurodevelopmental disorder (26% developmental coordination disorder (DCD); 22% learning disorder,
9% ADHD, and 4% ADHD plus DCD). Tourette syndrome, which also co-occurs with autism [50],
has recently been associated with generalized joint laxity, orthostatic intolerance, and pain [26], as well
as other neurodevelopmental conditions such as ADHD and autism. In addition, Adib et al. [51],
Ghibellini et al. [52] and Piedimonte et al. [49] highlighted the presence of learning disorders in children
with EDS/HSD.

Neurodevelopmental issues in EDS/HSD may also be related to proprioceptive impairment,
which alters coordination and posture, and likewise may be involved in the acquisition of verbal
communication and motor competence [52]. Baeza-Velasco et al. [28,48] have proposed that in
order to maintain motor competence despite proprioceptive impairment, executive function may
be overwhelmed in those affected, leading to some symptoms reminiscent of ADHD. In addition,
pain and dysautonomia, which are frequently experienced by people with EDS/HSD, have also been
associated with cognitive deficits in attention and concentration [53,54]. Thus, certain features present
in EDSH/HSD, such as hypermobility, dysautonomia, chronic pain, and proprioceptive impairment,
may have consequences in terms of motor, cognitive, and behavioral skills, and may ultimately affect
aspects of neurodevelopment [28,48,55]. These hypotheses require further scientific exploration.

Other psychiatric features that are common in both autism and EDS/HSD include: anxiety,
depression, bipolar disorder, eating disorders, and suicidal behaviors [24,56–62]. In particular,
anxiety and mood disorders share strong links with autonomic dysregulation (which we will discuss
in further sections) and may be related to sympathetic hyperarousal/parasympathetic hypoarousal and
the chronic fatigue that often results [63,64].

Certain neurological conditions are also more common in both EDS/HSD and autism. In autism,
for instance, the lifetime risk for developing epilepsy ranges between 2.7% to 44.4%, which is a
seven-fold increased risk compared to the general population [65]. Individuals with intellectual
disability experience the highest rates of epilepsy at approximately 22%; however, autistic people
without intellectual disability still develop epilepsy at a rate of about 8% as compared to 0.75–1.1%
within the general population [65–67]. In addition, abnormal electroencephalograms (EEG), even in
the absence of epilepsy, have been reported in up to 60% of those with autism [66].

Seizure disorders have also been reported in EDS/HSD, particularly in association with certain
subtypes such as an EDS-like disorder associated with mutations in the FLNA gene [68]. This form of
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EDS often presents with periventricular heterotopias, a structural anomaly that has also been noted
in autism [69,70]. Raw data from our own previous study [16] likewise indicate that, compared to
sex-matched controls, women with EDS/HSD report higher rates of epilepsy (5% vs. 1%), a figure that is
similar to those with autism without intellectually disability (Mann–Whitney U, one-tailed, W = 17284.5,
p = 0.042, EDS/HSD N = 367, control N = 98). (See Supplementary File S1, Table S6 for abbreviated raw
data). It should be noted, however, that some individuals within our study—though not all—reported
seizure disorders following some form of head trauma [16]. Higher rates of head trauma in this clinical
population have been reported in our study and others [71], possibly related to events of syncope
or even coordination issues and increased numbers of accidents. Interestingly, a longitudinal study
utilizing data from the Taiwanese National Health Insurance Research Database reported links between
traumatic brain injury (TBI) and various neurodevelopmental conditions, including autism [72],
suggesting TBI-related epilepsy may be underappreciated in these neurodevelopmental conditions.

Like epilepsy, sleep disorders are also overrepresented in both of these clinical populations.
Within autism, although sleep problems persist across age groups, the types of sleep problems may
vary. In younger children, bedtime resistance, sleep-related anxiety, night wakings, and parasomnias
appear to be the most common issues. Meanwhile, older children and adolescents are more likely
to experience delays in sleep onset, decreased sleep duration, and sleepiness during the daytime
hours [73,74].

In EDS/HSD, insomnia, hypersomnia, and periodic limb movement disorder are often
present; however, this population also tends to have problems sleep-disordered breathing (SDB),
including obstructive sleep apnea (OSA) [75,76]. In particular, individuals with OSA report excessive
fatigue and daytime sleepiness, which can be helped by nasal continuous positive airway pressure
(CPAP) [76,77]. By comparison, although SDB has been little studied in autism, one report by
Elrod et al. [78] indicated that individuals with autism had higher rates of SDB as compared to controls.
These findings suggest that—like TBI—apneas, hypopneas, and other insufficiencies in ventilation
may warrant further investigation in the autism population.

4.1.2. Coordination Problems and Sensory Issues

As briefly discussed in the previous section, motor coordination is significantly impaired in autism
and may be apparent from an early age [79]. Delays in motor milestones have been consistently reported
by parents, as well as noted in experimental studies (reviewed in [80]). In addition, these deficits
may become more apparent with age and lead to notable developmental coordination concerns in the
majority of children on the spectrum, including females [81–83].

Children with developmental coordination disorder (DCD) (without a diagnosis of autism)
experience significant proprioceptive impairment, which appears to be at the root of the
condition [84–86]. Some studies have reported a similar proprioceptive impairment in autism,
suggesting links with the coordination issues observed [87,88]. Like autism, EDS/HSD also frequently
presents with coordination and proprioceptive deficits and may lead to further complications and
injury in these HCTD [52,89,90]. Given the neurodevelopmental profile gradually being recognized in
EDS/HSD, it is possible that issues with motor coordination and proprioception arise not only from
connective tissue dysfunction but via a neurodevelopmental component as well [52].

In the context of specialized clinics for connective tissue disorders, a clear relationship between
generalized joint hypermobility and a characteristic neurodevelopmental profile affecting coordination
is emerging. The clinical features of these patients tend to overlap with those of developmental
coordination disorder and can be associated with learning and other disabilities. Physical and
psychological consequences of these additional difficulties add to the chief manifestations of the
pre-existing connective tissue disorder, affecting the well-being and development of children and their
families [52].
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People with autism also typically experience sensory issues in the form of both hyper- and
hypo-sensitivities, which depend on the individual, the organ involved, and even the surrounding
environment. For instance, the sense of touch is often affected, although the presentation is variable.
The majority of intellectually-abled (IQ > 70) autistic individuals tend to experience increased pain and
touch sensitivity, particularly in areas innervated by small unmyelinated C-fibers [88]. Chien et al. [91]
reported the presence of small C-fiber pathology (denervation) in more than half of their adult male
cases, a finding that shared a U-shaped relationship with autism severity. Another small study by Silva
and Schalock [92] investigated C-fiber innervation in the skin of four autistic children with hypoesthesia
and allodynia, again finding reduced density of nerve fibers within the regions studied. Notably,
small fiber neuropathy often leads to hyperalgesia and allodynia, due in part to hyperreactivity of
the affected nerves to typical pain-modulating effectors like substance P [93]. Hypoesthesia is also
common in conjunction with hyperresponsivity to non-painful or mildly painful stimuli.

Remarkably similar to the findings in autism, the vast majority of EDS/HSD individuals—including
those with some of the rarer forms of EDS—experience neuropathic pain including generalized
hyperalgesia and exhibit denervation of C-fibers upon skin biopsy [94–97]. The exact same features
are found in a mouse model of classic EDS (cEDS) (Col5a1+/−), including allodynia and hyperalgesia,
as well as the denervation of small C-fibers seen in the human condition [98]. Although the mechanism
is not well understood, it is clear that connective tissue dysfunction lies upstream of such peripheral
neuropathies. In contrast, most sensory disturbances in autism have been presumed to derive from
pathology of the central nervous system; however, the data reviewed here suggest that peripheral
nerves may also be involved.

Autistic people also experience sensory sensitivities in other modalities, such as light and sound
hypersensitivity [99]. Although these modalities have been little studied within EDS/HSD specifically,
they do share overlap with a common comorbid condition known as postural orthostatic tachycardia
syndrome (POTS), which often involves light and sound sensitivity as part of its neurological
sequelae [100]. Interestingly, cardiac function (especially baroreflex activity), which is abnormal in
POTS, has been shown to have a significant effect on the processing of sensory information in the brain,
suggesting links between this form of dysautonomia and sensory abnormalities [101,102]. In the next
section, we will also discuss a variety of neurological and spinal stability issues that are common to
EDS/HSD that predispose towards sensory processing abnormalities and that, in some instances such
as Chiari I malformation, share overlap with autism [103,104].

4.1.3. Autonomic Dysregulation

There is a large body of literature describing autonomic dysregulation in autism. The profile
in autism is typified by high basal sympathetic (fight or flight) tone, lower parasympathetic (rest
and digest) activation, and low sympathetic reactivity to certain stimuli including tests of orthostatic
tolerance [105–108]. However, a small percentage of more severely affected cases tend to have
sympathetic under activation except when engaging in self-injurious behaviors, which suggests these
behaviors are a form of autonomic self-regulation. Similarly, in others on the spectrum with sympathetic
hyperarousal, stimulatory behaviors are a means of self-calming [107].

Sympathetic hyperarousal can be inferred in this population from higher basal heart rate,
increased pupillary size, and higher respiration rate, all of which have been regularly reported in
autism [105,109,110]. Autistic people also have higher sympathetic tone during certain stages of
sleep (N2, N3, REM) suggesting potential sleep disturbance, and during social interactions with
peers [111,112]. Interestingly, when pets are included in these peer interactions, children with autism
exhibit comparatively lower sympathetic arousal, suggesting animal therapy may be a useful technique
in mediating autonomic dysregulation [112].
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As mentioned, autistic people tend to have lower parasympathetic tone, which is most exaggerated
during the morning hours [113]. In addition, usually the lower the parasympathetic tone the greater
the symptoms of anxiety and the poorer the social skills [63,114]. Children with autism who have
lower tone also tend to have more lower gastrointestinal problems such as constipation, which are
particularly common in children who experience regression or skills loss [115].

Despite the breadth of literature on autonomic dysregulation in autism, the available treatments are
comparatively few. The beta blocker, propranolol, has been used with some modest success in order to
treat various symptoms in autism, with positive effects on autonomic symptoms, although randomized
controlled trials are still needed [116]. Unfortunately, its use is contraindicated in individuals with
asthma, which is a condition that may share greater comorbidity with dysautonomias in pediatric
populations [117]. Our group has also had significant success treating dysautonomia in autism using
low-frequency repetitive transcranial magnetic stimulation (rTMS), with the hopes of expanding its
use to other autonomic disorders in future [118,119].

As with autism, dysautonomias are common extraarticular manifestations in EDS, particularly in
the hypermobile type, and they significantly influence quality of life for these individuals. According to
one study, the extent of autonomic burden in hEDS is similar to that seen in fibromyalgia, both of which
are comparatively more severe than that found in classic and vascular types of EDS [120]. Similar to the
profile in autism, hEDS patients typically exhibit high resting sympathetic tone but blunted sympathetic
reactivity to certain stimuli (e.g., valsalva maneuver, tilt test) [120,121]. Some individuals with these
conditions, particularly those with POTS (mentioned in the previous section), also seem to exhibit a
weakened baroreflex response due to dysregulated vagal (parasympathetic) efferent activity [102].

Clinical manifestations of these autonomic disorders include tachycardia, hypotension,
gastrointestinal disorders (particularly those relating to motility), bladder dysfunction
(e.g., urinary frequency), and poor temperature regulation. Although the dysautonomia present
in autism does not typically receive a diagnostic label and is usually only symptomatically described,
people with EDS frequently receive comorbid diagnoses of POTS, orthostatic hypotension (OH),
mixed POTS/OH, orthostatic intolerance (OI), and neurally mediated hypotension (NMH) [122].

The first line of interventions for these types of autonomic disorders, particularly in those
patients who are not experiencing significant disability, are primarily behavioral and focus on avoiding
triggering factors (e.g., avoid standing for long periods of time in order to reduce blood pooling within
the legs), increasing fluid intake (particularly with sodium to increase blood volume), taking salt tablets
or adding more salt to the diet, wearing compression garments on the lower limbs, and performing
regular cardiovascular exercise [122]. Unfortunately, cardiovascular exercise may be a challenge for
some individuals with EDS/HSD due to connective tissue instability/inflammation, leading to further
injury, thus placing some patients with comorbid autonomic disorders in a “catch 22”.

Pharmacological treatments, which are often used in moderate-to-severely affected individuals,
include medications such as the corticosteroid, fludrocortisone; the alpha-adrenergic agonist,
midodrine and various beta blockers. Interestingly, for those individuals who also have endocrine
disorders such as dysmenorrhea, menorrhagia, or menstrual irregularity, hormonal contraceptives
can also be a first line of treatment for dysautonomias. In addition, intravenous normal saline is often
helpful for individuals experiencing acute episodes or as weekly infusions for those intolerant of other
treatment approaches [122].

There are a variety of neurological and spinal manifestations common to EDS/HSD that seem to
predispose towards or worsen autonomic symptoms, particularly those that are related to instability
and deformation of the brain stem/spinal cord. These include conditions such as Chiari I malformation,
idiopathic intracranial hypertension, tethered cord, cerebrospinal fluid leaks, cranio-cervical instability,
and atlantoaxial instability. In general, for those conditions in which surgical intervention is an option,
surgery tends to significantly improve autonomic disorder severity [103].
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Interestingly, research by Jayarao et al. [104] suggests that approximately 7% of autistic children
who had an MRI for any reason exhibited evidence of Chiari I malformations, with about half of those
children asymptomatic. Given, however, that most MRIs are performed in the supine rather than
upright position, Chiari malformations may have been missed in some cases. Therefore, this series
may be an underestimate—although the sample was likely biased considering the collection method
(individuals prescribed MRI) [123]. The presence of Chiari in a significant minority of autistic patients,
however, suggests the possibility of heritable disorders of connective tissue.

As discussed in the previous section, many autistic people display signs of small fiber neuropathy
within the skin [91,92]. These same types of small unmyelinated C-fibers are intimately involved in the
autonomic nervous system, suggesting that structural and functional damage may also be present
within this system as well. Similarly, the vast majority of EDS patients exhibit small fiber neuropathy
on skin biopsy, once again drawing potential links between the neuropathy within the somatosensory
systems in EDS/HSD and autism and the autonomic disorders they experience [95].

4.2. Immune Dysregulation

The literature exploring immune dysregulation in autism is broad, ranging from upregulated
pro-inflammatory cytokine levels in cerebrospinal fluid and blood, brain-specific autoantibodies (both
in patients and mothers), and changes to immune cell function (e.g., downregulated T regulatory
cells) [124,125]. The influence of the maternal immune system has also been explored in the form
of human studies, cell lines, and maternal immune activation (MIA) animal models, illustrating the
direct influences of maternal immunomodulators and autoantibodies on embryonic and fetal brain
development (reviewed in [33]). Jones et al. [126], for example, found that mothers of children with
both autism and intellectual disability (ID) produced significantly more cytokines and chemokines
during pregnancy than mothers of autistic children without ID, indicating these immunomodulators
may be playing an additional role in the severity of the children’s conditions.

Cytokines and chemokines are known to derail preprogrammed brain development by altering
cell proliferation, differentiation, and dendrite and synapse formation. For example, Smith et al. [127]
found that maternal exposure during pregnancy to the immunostimulant, polyI:C (a toll-like receptor
3 agonist), resulted in thickening of the developing neocortex in the offspring—with the thickness of
different layers varying according to the timing of exposure (i.e., earlier exposures tended to affect the
lower layers, which develop earlier, while later exposures influenced the upper neocortical layers).
Similarly, Gallagher et al. [128] found that maternal exposure to the inflammatory cytokine, interleukin
6 (IL-6), resulted in significant expansion of the forebrain neural progenitor pool of the offspring well
into adulthood, suggesting permanent changes occurred affecting both the forebrain cell population
and its epigenome. Cortical thickening has often been noted in autism on MRI [129,130].

Although EDS/HSD are typically thought of as collagen-based disorders, like autism there is
evidence for significant immune involvement in these conditions. As discussed earlier, one type of
EDS, known as the periodontal type, is the result of mutations in immune-mediating genes (C1R, C1S)
that help regulate activation of the complement system. Mutations in these genes lead to chronic
overactivation of this system, but further downstream also lead to reduced synthesis of procollagens
I and III and ultimately the classic symptoms of EDS. Periodontal EDS strongly suggests that the
immune system is an important mediator of connective tissue synthesis and therefore certain immune
disorders may predispose towards the Ehlers-Danlos syndrome.

On the other hand, it is also possible that chronic collagen dysregulation and subsequent tissue
injury may lead to chronic immune dysregulation, as evidenced by the mast cell-related disorders that
are such a common comorbid feature in EDS/HSD [131]. For instance, one preliminary study by Chang
and Vadas [132] found that all of the patients they studied with hEDS and/or POTS displayed symptoms
indicative of mast cell activation, including cutaneous, gastrointestinal, naso-ocular, cardiovascular,
respiratory, and central nervous system symptoms. In addition, the vast majority of these patients
responded well to treatment with histamine receptor 1/2 blockers and mast cell stabilizers.
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In support of this relationship, particularly within the hEDS phenotype, Chiarelli et al. [133]
reported that while fibroblasts from classic and vascular EDS patients displayed perturbed collagen
biosynthesis and processing, hEDS fibroblasts were typified by a pro-inflammatory myofibroblast-like
state, suggesting a process of chronic abnormal wound repair. Therefore, the originating cause in
many cases of hEDS may be upstream of collagen synthesis and mediated by the immune system.
Both the immune system and connective tissue engage in significant crosstalk and it is therefore
possible that impairment may arise anywhere along this reversible feedback loop, leading to a common
phenotype [16,134,135]. For instance, in utilizing raw data reported originally in Casanova et al. [16],
we show statistically similar profiles of immune-mediated symptoms as reported by female patients
across hEDS, cEDS, and vascular EDS (vEDS) subgroups, suggesting that—at least in the case of
cEDS and vED—primary collagen impairment also leads to immune dysregulation (Mann–Whitney U,
2-tailed, W = 239–4960.5, p = 0.080–0.232) (Figure 2). (See Supplementary_File_S1 “Tab7_EDS_Immune”
for abbreviated dataset; see [16], Supplementary Materials for full raw datasets). Of relevance to the
relationship between hEDS and fragile X premutation discussed earlier, immune-mediated disorders
have also been reported in carriers, a finding linked with FMR1 CGG repeat number [136–138].

Figure 2. Violin plot indicating the number of reported immune-mediated symptoms across
hypermobile EDS (hEDS), classic EDS (cEDS), and vascular EDS (vEDS). Data originally reported in
Casanova et al., (2020). Only data for female participants were utilized for the analysis due to low
numbers of males in the hEDS group, a condition that is extremely heavily sex skewed towards women.

As mentioned previously, Casanova et al. [16] also found that EDS/HSD mothers reported having
unusually high rates of autistic children and that these EDS/HSD mothers tended to report more
immune-mediated symptoms. This suggests that the maternal immune system may have played a role
in autism susceptibility in these families. This work, however, is still preliminary and requires clinical
studies to confirm these associations.
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5. Conclusions

Although autism is defined neurobehaviorally and EDS/HSD by various articular and
extra-articular connective tissue manifestations, these two conditions share considerable phenotypic
overlap at various levels. Genetic data indicate similarities at the molecular, cellular, and tissue levels,
as illustrated by numerous genetic syndromes with comorbid autism and hypermobility, which we
have reviewed within this manuscript. EDS/HSD and autism comorbidity and familial co-occurrence
lend further credence to this relationship, suggesting potential links via the maternal immune system

Meanwhile, these two spectrum conditions share a variety of secondary comorbidities,
including similar neurobehavioral, psychiatric, and neurological phenotypes, such as ADHD,
anxiety and mood disorders, proprioceptive impairment, sensory hyper-/hyposensitivities,
eating disorders, suicidality, epilepsy, structural abnormalities such as Chiari I malformation and
periventricular heterotopias, and sleep disorders—particularly those involving SDB. Relevant to
these neurophenotypes are also common autonomic disorders (sympathetic hyperarousal,
low parasympathetic tone) and immune disorders, which may influence cognition (e.g., anxiety,
depression, fatigue, sleep disorders).

In consideration of the materials presented in this review, we (along with previous authors) have
proposed that hereditary connective tissue disorders represent a subtype of autism whose prevalence is
currently unknown, although the common nature of HSDs (and likely hEDS) suggests it may comprise a
significant minority of autism cases. This relationship indicates that connective tissue impairment may
influence brain development, either through direct and/or indirect means. Future studies will ideally
involve in vitro and in vivo research to address these possibilities and further define the causative
factors in autism susceptibility.

Precision Medicine and HCTD in Autism

Given the push towards personalized and precision medicine in clinical practice, we strongly
recommend that the Beighton scoring system be integrated into the standard physical assessment for
those individuals on or suspected to be on the autism spectrum [15,139]. Training is required in the use
of this simple assessment which may be taught by physical therapists, geneticists, or rheumatologists,
and we strongly recommend the use of a goniometer for accuracy and the use of important landmarks
for measurement. Gauging hypermobility by eye, particularly for the larger joints like the knees and
elbows, can easily be underestimated for those individuals falling within the 11–13◦ range, leading to
false negatives and missed diagnoses. Therefore, the use of the goniometer and repeated measurements
are highly recommended. For those individuals who meet criteria for generalized joint hypermobility,
they should be referred to a genetics clinic for genetic testing and further assessment for HCTD in order
to rule out more serious health conditions. In addition, those individuals with joint hypermobility may
also benefit from referral to physical and occupational therapists who are familiar with working with
hypermobility-related issues, as they may experience greater proprioceptive impairment and poorer
overall body awareness [140,141].

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4426/10/4/260/s1,
Supplementary File, Tables S1–S7. Tables S1–S5 concern Ehlers-Danlos syndromes (EDS) and autism/hypermobility
genes and their extended gene interaction networks. Tables S6 and S7 concern raw data on epilepsy in EDS and
number of immune-mediated symptoms, respectively.
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Abstract: Autism spectrum disorders (ASD) encompass a heterogeneous group of neurodevelopmental
disorders resulting from the complex interaction between genetic and environmental factors. Thanks to
the chromosome microarray analysis (CMA) in clinical practice, the accurate identification and
characterization of submicroscopic deletions/duplications (copy number variants, CNVs) associated
with ASD was made possible. However, the widely acknowledged excess of males on the autism
spectrum reflects on a paucity of CMA studies specifically focused on females with ASD (f-ASD).
In this framework, we aim to evaluate the frequency of causative CNVs in a single-center cohort of
idiopathic f-ASD. Among the 90 f-ASD analyzed, we found 20 patients with one or two potentially
pathogenic CNVs, including those previously associated with ASD (located at 16p13.2 16p11.2, 15q11.2,
and 22q11.21 regions). An exploratory genotype/phenotype analysis revealed that the f-ASD with
causative CNVs had statistically significantly lower restrictive and repetitive behaviors than those
without CNVs or with non-causative CNVs. Future work should focus on further understanding of
f-ASD genetic underpinnings, taking advantage of next-generation sequencing technologies, with the
ultimate goal of contributing to precision medicine in ASD.

Keywords: autism spectrum disorders; copy number variants; females; Array-Comparative Genomic
Hybridization (Array-CGH)

1. Introduction

Autism spectrum disorders (ASD) are a heterogeneous group of neurodevelopmental pathologies
characterized by early onset abnormalities in social communication and interaction, as well as
atypically restricted and repetitive behaviors and interests [1]. Despite the exact pathogenesis of
idiopathic ASD not yet being fully elucidated, recent evidences suggest an interaction between
genetic liability and environmental influences in producing early alteration of brain development [2].
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In particular, among environmental risk factors, several maternal factors (including age ≥ 35 years,
chronic hypertension, preeclampsia, gestational hypertension, and overweight before or during
pregnancy) were associated with ASD in an updated review of the literature [3]. Updated data on
the prevalence of ASD in the US (Centers for Disease Control and Prevention, CDC [4]) identified 1
in 54 children as having ASD, while the estimated prevalence of ASD in Italian population is 1 in 87,
according to a recent investigation [5].

Crucially, since the first descriptions of autism [6,7], a strong male bias in ASD prevalence has
been consistently observed, which becomes even more pronounced in individuals without intellectual
disability, according to data from the 80s [8,9]. More recent studies have challenged this assertion,
suggesting that missed or wrong diagnoses of ASD females, especially of those with good intellectual
and language abilities, contribute to the skewed sex ratio in ASD [10].

The exact mechanisms underlying male vulnerability or female protection in ASD remain complex
and scarcely investigated. A multifactorial model has been proposed where a mixture of gene variants
and environmental factors contribute to liability, possibly interacting with sex-specific pathways such
as those related to hormones or immune function [11,12].

Genetic investigations in ASD revealed frequently sexually dimorphic results. For example,
a greater number of de novo copy number variants (CNVs) [13–16] as well as a higher rate of de novo
single nucleotide variants (SNVs) found in exome sequences [17,18] have been observed in females
with ASD (f-ASD) than in male cases, especially non-sense and splice site [19,20]. Conversely, a more
recent study pointed to sex-specific mutations, specifically on the X chromosome, that may contribute
to male prevalence in ASD [21]. On the other hand, as far as sex differences in symptom profiles
are concerned, some previous studies suggested different phenotypic features in females than in
males with ASD [22] like lower IQ [23], more impaired social and/or communicative functioning [24],
psychopathological problems [25] and milder restricted and repetitive behaviors [26–28]. However,
this issue remains controversial [29–33]. Females with ASD displayed also a higher rate of co-occurring
neurological conditions than ASD males, i.e., microcephaly, developmental regression in socialization,
minor neurological and musculoskeletal deficits [34], and epilepsy [35], all pointing to sex differences
in genetic backgrounds.

The advent of chromosome microarray analysis (CMA) in clinical practice [36] allows for fast
detection and accurate characterization of submicroscopic deletions and duplications (CNVs) of
genomic DNA associated with ASD [37,38]. Learning societies and ASD experts recommend CMA
as part of the first-line evaluation for individuals with ASD [39–41]. However, CMA brings up a
higher level of polymorphic genomic rearrangements and the process to attribute causality in complex
conditions such as ASD is not easy and straightforward.

This study aims to investigate the frequency of causative CNVs in a single-center cross-sectional
idiopathic f-ASD cohort to delineate possible genotype/phenotype associations.

2. Methods

We collected the clinical data of a group of 93 females referred consecutively to the Autism
Spectrum Disorders Unit of our Children Neuropsychiatry Hospital between 2015 and 2016. The age
at the last clinical evaluation ranged from 21 months to 17 years. All participants received a clinical
diagnosis of ASD based on the criteria of the Diagnostic and Statistical Manual of Mental Disorders
(DSM-5) [1]. All the patients were unrelated.

According to our ASD-screening protocol, neurometabolic conditions and hypoxic-ischemic injury
were investigated. All participants were evaluated by an expert clinical geneticist in order to exclude
recognizable monogenic syndromes. Prior to this study, each individual had also been tested for the
expanded repeat sequences in 5′-UTR of the FMR1 gene as previously reported [42].

Based on this screening, we excluded two females with a history of perinatal hypoxia and diffuse
white matter disease detected on brain magnetic resonance imaging (MRI), and one patient with
macrocephaly harboring a pathogenic mutation in PTEN. In a single case (patient P11) we analyzed

142



J. Pers. Med. 2020, 10, 160

CNVs in spite of her presentation of a low-level somatic mosaicism for a fully-mutated/pre-mutated
FMR1 allele, because the patient’s phenotype could not be fully explained by this genetic condition.

Hence, we tested 90 ASD female individuals for CNVs. Participants were classified as clinically
affected by “essential” autism, based on the absence of major congenital abnormalities and major
dysmorphism [43,44].

Cognitive evaluation was performed in 87 participants with specific cognitive scales based
on the age and the language level. According to the age, children were tested respectively with
the Griffiths Mental Development Scale—Revised (GMDS-R) [45], Wechsler Preschool and Primary
Scale of Intelligence—third edition (WPPSI, III) [46] or Wechsler Intelligence Scale for Children—
IV (WISC, IV) [47]. The evaluation of non-verbal females was performed using the Leiter International
Performance Scale-Revised (Leiter-R) [48]. In three participants, the cognitive assessment was not
performed because of scarce compliance due to severe autism symptoms.

Clinical assessment of expressive language skills defined females with a complete absence of
language (n = 27) and a group of “verbal” f-ASD (n = 63).

The semi-structured Autism Diagnostic Observation Schedule second edition (ADOS-2)
evaluation [49], which provides a measure of autism severity, was available in 67 participants.
We recorded the score on the Social Affect (SA) and the Restricted and Repetitive Behaviors (RRB)
domains for each proband. Since we used different ADOS modules according to the non-echolalic
expressive language level of each patient at the time of the evaluation, we converted the global ADOS
scores and the sub-scores of the SA and RRB domains in the corresponding Calibrated Severity Score
(CSS) [50,51].

This study was approved by the Pediatric Ethic Committee of Tuscany Region (Italy), and was
performed according to the Declaration of Helsinki and its later amendments or comparable ethical
standards. All parents or legal representatives signed an informed consent form before the inclusion of
their child in the study. The identities of all individuals were omitted.

3. Procedure

3.1. Genetic Analysis

CMA analyses were performed using the Agilent 8 × 60 K Microarray oligonucleotide platform
with a median resolution of 100 Kbp, according to the manufacture’s protocol (Agilent Technologies,
Santa Clara, CA, USA). CNV coordinates refer to the Genome Reference Consortium Human Build
37 (GRCh37/hg19).

In each proband, CNVs were confirmed by quantitative polymerase chain reaction (qPCR).
Segregation analyses in parental DNA (whenever available) were performed by qPCR. Polymorphic
CNVs, based on Database of Genomic Variants data (DGV) [52]), were filtered out.

Non-polymorphic CNVs were classified as “causative” (C-CNVs) or “non-causative” (N-CNVs)
according to the American College of Medical Genetics and Genomics (ACMG) guidelines [53].
We considered as “causative”: (i) CNVs encompassing genomic regions or genes associated with ASD
or with other neuropsychiatric conditions (i.e., intellectual disability, epilepsy and schizophrenia) in the
Online Mendelian Inheritance in Man (OMIM) database [54]; (ii) CNVs containing “high confidence”
ASD-genes reported in the Simons Foundation Autism Research Initiative (SFARI) Gene database [55]
with a score < 3 or in the Autism Knowledge Base version 2.0 (Autism KB 2.0) database [56] with a
score > 16; (iii) CNVs involving “candidate-genes” for ASD either reported in association with autism
in literature, or listed in the aforementioned databases and with a SFARI Gene score ≥ 3 or an Autism
KB score ≤ 16 (suggestive or “low confidence” candidate-genes). Conversely, CNVs were considered
non-causative (N-CNVs) if they have never been associated with ASD or other neurodevelopmental
disorders (NDDs). Patients who tested negative for CNVs were classified as “without CNVs” (w-CNVs).

To recognize significantly enriched functional modules, ASD-candidate genes encompassed by
C-CNVs were evaluated by bioinformatics tools. A Core analysis run in the Variant Effects Analysis
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mode through the use of the Ingenuity Pathway Analysis (IPA) software [57] figured out cellular
processes related to our gene dataset (21 genes). A functional network encompassing our ASD-candidate
genes was generated. Bridging nodes were denoted evaluating both direct and indirect interactions
with stringent level of confidence and only related to neurological diseases. Gene ontology (GO)
categorization was carried out using ToppGene Suite [58]. The top three ontologies for Molecular
Functions and Cellular Component were annotated and statistical significance of GO terms was
reported as -log10 (p-value).

3.2. Statistical Analyses

We used a chi-square test to investigate the association between the CNVs subtype and the type
of CNVs (duplication or deletion) and the pattern of inheritance (de novo or inherited, paternal or
maternal). A Mann–Whitney test was used to verify if there were any differences in the CNVs burden of
the different CNVs subtypes (excluding patient P23 who carried a whole X-chromosome duplication).

We also investigated the phenotype of the individuals with the different CNVs subtypes testing
with the chi-square test the association between the CNVs subtype and cognitive (IQ ≤ 70 vs. >70)
and language (non-verbal vs. verbal) levels. A Mann–Whitney test was used to ascertain that the
groups with different CNVs subtype were matched on age and to verify if there were any differences
in the CCS score obtained on the total ADOS and on its AS and RRB domains. In case of statistically
significantly differences we compute for r score as effect size index. This was interpreted as negligible
(r < 0.10), small (0.10 ≤ r < 0.30), medium (0.30 ≤ r < 0.50), or large (r ≥ 0.50).

4. Results

4.1. Chromosome Microarray Analysis (CMA)

We performed CMA in 90 females affected by idiopathic ASD, detecting 35 CNVs (17 duplications
and 18 deletions) in 29 (32.2%). Twenty-three participants had one CNV and six carried 2 imbalances.
Sixty-one f-ASD were considered w-CNVs (67.8% of the whole group).

Out of 35 CNVs, 25 were classified C-CNVS (71.4%) and 10 N-CNVs (28.6%). In the whole group
of 90 f-ASD, 20 patients harbored at least one possible disease-causing CNV (diagnostic yield 22.2%)
(Figure 1).

1 
 

 

Figure 1. Graphical representation of chromosome microarray analysis (CMA) results in our group of
90 females affected by autism. In the pie chart is depicted the percentage of individuals with causative
copy number variants (C-CNVs), non-causative copy number variants (N-CNVs) or without copy
number variants (w-CNVs).

Table 1 illustrates the results of CMA investigations. There were not recurrent C-CNVs, with the
exception of two unrelated subjects who harbored a 15q11-q13 microduplication. Ten CNVs involved
genomic regions already associated with known contiguous gene-deletion/duplication syndromes
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associated with ASD or NDDs, 5 CNVs encompassed “high-confident” ASD-genes and ten involved
genes reported in literature or in the SFARI Gene/Autism KB databases as possible candidates for autism.

The function and evidence of possible disease-association of the reported candidate-genes are
summarized in Table 2. Bioinformatic analysis showed that 11 out of 21 of the reported disease-associated
and candidate genes are involved in synaptic structure and transmission (ADARB1, ASIC2, CADM2,
DMD, GRIN2A, GRM7, NEDD4, NRXN1, PCDH15, PTPRD, TRPM2) (Figure 2).

In 24 f-ASD, carrying 29 CNVs, we assessed a de novo origin in 8 and a paternal in 12, whereas CNVs
were maternally-inherited in 9 patients. In 5 children we could not assess segregation because of lack of
parental DNA. Table 3 shows the proportion of duplications and deletions and the mode of inheritance
in relation to the different subtypes of CNVs. Overall, the rate of de novo CNV was 9.4%. All de novo
CNVs involved known NDDs-associated genes/chromosomal regions. CNVs encompassing suggestive
or “low confidence” ASD-genes were all inherited; 6 out 9 disrupted more than one NDD-gene or were
associated with an additional C-CNV. Seven out of 9 maternally inherited vs. 6 out of 12 paternally
inherited CNVs were causative.
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Figure 2. Bioinformatic analyses performed on ASD-candidate genes encompassed by C-CNVs.
(A) A Core analysis run in Variant Effects Analysis mode using the Ingenuity Pathway Analysis
software figured out cellular processes related to our gene dataset (21 genes) generating a functional
network encompassing 11 genes (in red). Synaptic transmission resulted the most significant functional
annotation (p-value 6.05 × 10−9). Bridging nodes (in white) were denoted evaluating both direct and
indirect interactions related only to neurological diseases and with stringent level of confidence (B).
Gene ontology (GO) categorization was carried out using ToppGene Suite. Top three ontologies for
Molecular Function (dark grey) and Cellular Component (light grey) were annotated; statistical significance
of GO terms was reported as −log10 (p-value). The number of genes belonging to each category was
reported on the right of each bar.

4.2. Phenotypic Characterization

Twenty-seven f-ASD had an absence of language whereas 63 were “verbal”.
Cognitive evaluation was performed in 87 participants, being three participants unfit for

psychometric testing. Forty-two of the tested individuals had IQ ≤ 70 and 45 had IQ ≥ 70.
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The 67 participants tested with ADOS-2 had the following mean (SD) Total, SA and RRB ADOS
CSS, respectively: 6.57 (2.36), 6.79 (2.34), and 7.22 (2.30).

Supplementary Table S1 recapitulates clinical data of the studied population.

Table 3. Proportion of deletions vs. duplications and pattern of inheritance of the reported CNVs
according to their classification (causative vs. non-causative).

Type of CNVs Inheritance

Duplication Deletion De novo Paternal Maternal
(n = 17) (n = 18) (n = 8) (n = 12) (n = 9)

C-CNVs 13/25 (52%) 12/25 (48%) 8/21 (38.1%) 6/21 (28.6%) 7/21 (33.3%)
(n = 25)
N-CNVs 4/10 (40%) 6/10 (60%) 0/8 (0%) 6/8 (75%) 2/8 (25%)
(n = 10)

Total 17/35
(48.6%)

18/35
(51.4%) 8/29 (27.6%) 12/29

(41.4%) 9/29 (31%)

Note: Inheritance was assessed in 29 out of 35 CNVs. C-CNVs = causative CNVs; N-CNVs = non-causative CNVs;
n = number of CNVs for each group.

4.3. Statistical Analysis

We observed a statistically significant association between the heritage (de novo vs. maternal
and paternal) and the subtypes of CNVs (C-CNVs vs. N-CNVs) (Chi2(1) = 4.21, p = 0.04). Indeed,
all N-CNVs were transmitted and never arose de novo while all de novo CNVs were causative (38% of
C-CNVs); 7 out of 9 (77.8%) C-CNVs were maternal and 6 out of 12 (50%) were paternal.

Whilst the type of genomic micro-rearrangement (deletion vs. duplication) was not statistically
correlated to causative/non-causative definition (Chi2(1) = 0.41, p = 0.52), not considering CNVs
associated with contiguous-gene syndromes, most of the breakpoints of causative duplications lie
within at least one NDD-candidate gene (n = 6/8). C-CNVs had a CNVs burden value statistical
significantly higher than those of the N-CNVs subtypes (mean (SD) = 1.14 (1.43) vs. 0.19 (0.16);
Mann-Whitney U = 52.50, z = 2.56, p = 0.01, r = 0.49).

Table 4 shows the age, the cognitive and linguistic level as well as the autism severity of the
three groups of individuals according to different CNV subtypes (causative, non-causative and
without CNVs).

To investigate whether there were significant differences in clinical features between groups,
we regrouped participants with negative CMA results (N-CNVs and w-CNVs) and compared
their characteristics with cases with C-CNVs. The two groups resulted matched for age
[mean (SD) = 66.95 (38.55) vs. 56.74 (38.03); Mann–Whitney U = 523.00, z = 1.72, p = 0.09].

We found that there were no differences between the two groups on the cognitive level (IQ ≤ 70
vs. IQ > 70; Chi2(1) = 0.47, p = 0.49), language level (non-verbal vs. verbal; Chi2(1) = 0.31, p = 0.58),
and on the CSS obtained on the total score and on the AS ADOS domain (Mann–Whitney U = 262.50,
z = 1.42, p = 0.16; Mann–Whitney U = 303.00, z = 0.77, p = 0.44).

The relative frequencies of the phenotypic features were the following: in the group with C-CNVs,
55% (11/20) had IQ ≤ 70; 60% had a moderate-severe level of autism symptoms (9/15), 35% had
absence of language (7/20); in the group with negative CMA, 46% (31/37) had IQ ≤ 70; 75% had a
moderate-severe level of autism symptoms (47/62), 28% had absent language (20/70).

Conversely, we found that the f-ASD with C-CNVs had a statistically significantly lower CSS on
the RRB ADOS domain that those without CNVs or with non-causative (mean (SD) = 6.08 (2.14) vs.
7.50 (2.27); Mann–Whitney U = 197, z = 2.48, p = 0.01, r = 0.30).
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Table 4. Demographic features of participants grouped according to CMA results. For each group
(with causative and non-causative CNVs, or without CNVs) are reported the mean age at the last
examination (in months), the rate of patients with a IQ level > 70 vs. ≤70, the rate of verbal vs.
non-verbal patients, and the mean calibrated severity scores (CSS) of the global Autism Diagnostic
Observation Schedule (ADOS) scores and the sub-scores of the Social Affect (SA) and Restricted and
Repetitive Behaviors (RRB) domains. The language level was assessed in all 90 participants, the IQ
level and the ADOS scores were available for 87 and 67 of the 90 individuals, respectively.

C-CNVs N-CNVs w-CNVs
(n = 20) (n = 9) (n = 61)

Mean age at the last examination
in months (SD) 66.95 (38.55) 47.11 (15.57) 58.16 (40.19)

IQ > 70 9/20 (45%) 4/8 (50%) 32/59 (54.2%)
IQ ≤ 70 11/20 (55%) 4/8 (50%) 27/59 (45.8%)

Verbal 13/20 (65%) 5/9 (55.6%) 45/61 (73.7%)
Non-verbal 7/20 (35%) 4/9 (44.4%) 16/61 (26.3%)

Mean ADOS-CSS: - - -
Mean SA-CSS (SD) 6.38 (2.26) 7.50 (1.64) 6.81 (2.45)

Mean RRB-CSS (SD) 6.08 (2.14) 5.50 (3.83) 7.75 (1.92)
Mean Global-CSS (SD) 5.69 (2.25) 6.83 (2.64) 6.77 (2.35)

C-CNVs = participants with causative CNVs; N-CNVs = participants with non-causative CNVs;
w-CNVs = participants without; n = number of patients for each group; SD = standard deviation.

5. Discussion

Although a recent meta-analysis and multidisciplinary consensus statement proposes exome
sequencing at the beginning of the evaluation of unexplained neurodevelopmental disorders [73],
CMA is still the recommended first-tier genetic analysis in the evaluation of ASD subjects [40,74].

In the last few years, investigations of large cohorts of ASD individuals [13,37,75] have identified
a high burden of CNVs with rare C-CNVs being found in 5–10% of idiopathic ASD [76]. However,
these data are often affected by gender-bias due to the high M/F ratio in the vast majority of the
studies and even more recent investigations addressing type and frequency of C-CNVs did not allow—
with few exceptions—for separate gender examinations due to relatively small sample size [77–80].

Herein, we focused exclusively on a cohort of f-ASD and we found clinically significant CNVs in
about 22% of patients. Few investigations have considered CNVs and clinical features in f-ASD in
comparison with ASD males. In one study, large CNVs (>400 kb) were more frequent in f-ASD than in
males (29% vs. 16%), and this difference was even higher (F/M 3:1) if analyses were limited to regions
containing genes involved in NDDs [81]. In a similar vein, Levy and colleagues (2011) [13] detected that
f-ASD have a high frequency of de novo CNVs (11.7% vs. 7.4% in males), and Sanders et al. (2015) [15]
identified a significant difference in the rate of de novo CNVs between boys (5.3%) and girls (8.7%).
Our numbers in an only girl cross-sectional, monocentric study denote a similar sex effect with a high
diagnostic yield and a 9.4% occurrence of de novo variants.

All de novo CNVs involved known NDDs-associated chromosomal regions whereas CNVs
encompassing suggestive or “low confidence” ASD-genes were all inherited and mostly disrupting
more than one NDD-gene or associated with an additional C-CNV. Among C-CNVs, there was an
excess of maternally-inherited potentially pathogenic CNVs. These findings support the “two-hit
model” suggested in previous studies in which the compound effect of a small number of rare variants
may contribute to phenotypic heterogeneity of ASD [82].

While literature in the ASD field reported an excess of clinically-significant deletions, we did
not find a correlation between the type of genomic rearrangement and causative/non causative
definition. Haploinsufficiency for genes within a deletion is a well-recognized cause of genetic disease.
Conversely, interpreting the phenotypic consequences of microduplications is often challenging
because the pathogenicity of most duplications cannot be explained by triplosensitivity. Sequencing the
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breakpoints of 119 duplications, Newman et al. (2015) demonstrated that, rather than an extra copy
effect, the phenotype of microduplications can be related to the misregulation of genes that span the
breakpoints, through loss-of-function mechanisms due to altered transcription or translation or to the
creation of fusion proteins with unknown functions [83]. In our f-ASD cohort, most of the causative
non-syndromic duplications breakpoints disrupted at least one NDD-candidate gene, hence we can
suppose that the pathogenic phenotype could be caused by similar mechanisms.

Unlike previous literature results [78], we did not find any association between C-CNVs and
IQ or language deficits. Analyzing the phenotypic features of females with C-CNVs versus those
with negative CMA results, we only observed statistically significantly lower scores on the restricted
repetitive behaviors (RRB) ADOS domain in f-ASD with clinically significant variants. Recently,
Barone et al. reported more severe autistic symptoms in individuals with C-CNVs [79]. The discrepancies
with our data could reflect the diverse characteristics of the studied population, indeed several studies
suggested a sex effect on RRB scores, which are reported to be repeatedly lower in female than in
male subgroups [28,84–86]. Crucially, several lines of evidence suggest that social-communication
(SC) and RRB symptom domains are underpinned by different genetic mechanisms. For instance,
a recent genome-wide association study demonstrated that the RRB trait “systemizing” is heritable
and genetically correlated with autism in the general population and that the SC and RRB domains
in autistic subjects show low shared genetics [87]. In particular, the contribution of genetic factors to
the RRB domain is sustained by their significative presence on both parents [88] and siblings [89] of
probands with ASD. Overall, the impact of C-CNVs on ASD symptoms is still unclear and a recent
work highlighted the contribution of environmental factors (i.e., maternal infections during pregnancy)
on RRB severity in individuals with CNVs [90]. We can only speculate that we registered lower RRB
scores in our f-ASD with positive CMA results because this sample represents the mild-end of a
genomic “simple” disorder, while those girls with negative results could reflect the group of f-ASD
with “complex” multifactorial etiology, as the largest portion of idiopathic autistic males.

With the exception of two subjects with a 15q11-q13 microduplication, no overlapping
CNVs were detected, confirming the high genetic heterogeneity of ASD. Fifteen CNVs involved
ASD/NDDs-associated genes or genomic regions already identified, whereas 10 CNVs encompassed
genes reported as possible candidates for ASD in literature or in ASD databases (Tables 1 and 2).
The contribution of each CNV to the phenotype of our f-ASD patients is discussed in the Supplementary
File S1. Out of this list, some cases appear worth discussing.

The known contiguous-gene deletion/duplication syndromes detected in our cases were associated
with a diagnosis of “idiopathic” ASD because these patients did not display any of the additional
non-neurodevelopmental features specific of these syndromes, as dysmorphisms or congenital
defects which can be seen in Smith-Magenis (P8), 17q12 microdeletion (P10), 2p15p16 deletion
(P19), 22q11 duplication (P28) and SHOX duplication (P29) syndromes. These patients could represent
the mild-end of the phenotypic spectrum of these genomic disorders, due to the “NDDs-protective
effect” reported in females [16].

In some cases, reverse phenotyping allowed the investigation and prevention of important
comorbidities, as in P25, who carries a de novo partial duplication of the DMD gene, which in
females could manifest with muscle weakness and cardiomyopathy, and in P20, who carries a
16p11.2 duplication widely reported in ASD studies which is associated with the risk of developing
psychotic symptoms [91].

Among clinically relevant rearrangements, aneuploidy was identified in a single subject,
who presented an X chromosome trisomy (47, XXX). Interestingly, data in the literature did not
report a greater risk for autism in X chromosome trisomy [92], even if difficulties in social functioning
and, more broadly, an increased vulnerability for autistic traits are described [68].

The de novo 16p13 duplication detected in one patient (P3) involves partially UPS7.
Variants affecting this gene were recently reported in 23 individuals with syndromic Developmental
Delay/Intellectual Disability [93], and about half of reported subjects had ASD. P3 presents mild
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motor developmental delay, absent speech, behavioral anomalies and ASD, suggesting that USP7
haploinsufficiency should be suspected in a case of ASD with absence of speech and behavioral
disorders. CNVs detected in P3 spans also GRIN2A and RBFOX1, so we cannot exclude a possible
additional role of these genes in the phenotype of the patient.

The deletions found in P11, P14 and P15 reinforce the evidence of a possible contribution of
PCDH15, GRM7, CADM2 and IMMP2L genes to ASD susceptibility.

Finally, five CNVs spanned some “low-confidence” ASD-genes, which can be investigated in
future studies (i.e., TRPM2, ADARB1, RFX7, NEDD4, ASIC2, PTPRD, ST6GAL2).

When new and old genes pinpointed by CMA studies were combined in functional modules
using IPA and ToppGene Suite, we observed an enrichment in genes involved in synaptic function and
transmission, which are well-established biological processes involved in autism and NDDs [94].

In conclusion, this study provides a representative picture of the spectrum of CNV in f-ASD
investigated in a clinical setting. As expected, no specific CNVs have been found to be required for
developing ASD, supporting the heterogeneity of affected molecular pathways. However, genes in
the C-CNVs of our sample of f-ASD code mainly for proteins that could be grouped in two different
functional systems: synaptic function/structure, and mRNA/protein processing. Of note, environmental
exposures during specific windows of vulnerabilities in prenatal and perinatal life critically interact
with genetic susceptibility contributing to ASD pathogenesis [95]. Our study suggests that females with
idiopathic ASD have a high rate of pathogenic CNVs encompassing both known and new candidate ASD
genes. Hence, studies on large samples of f-ASD carefully assessed from a clinical point of view could
help in unraveling the genetic determinants of autism. Moreover, f-ASD with normal-array comparative
genomic hybridization analysis could benefit from whole exome or genome sequencing [96], paving the
way for the implementation of personalized treatments based on genetic findings.
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Abstract: Resting-state functional magnetic resonance imaging (rs-fMRI) has the potential to investi-
gate abnormalities in brain network structure and connectivity on an individual level in neurode-
velopmental disorders, such as autism spectrum disorder (ASD), paving the way toward using this
technology for a personalized, precision medicine approach to diagnosis and treatment. Using a
case-control design, we compared five patients with severe regressive-type ASD to five patients with
temporal lobe epilepsy (TLE) to examine the association between brain network characteristics and
diagnosis. All children with ASD and TLE demonstrated intact motor, language, and frontoparietal
(FP) networks. However, aberrant networks not usually seen in the typical brain were also found.
These aberrant networks were located in the motor (40%), language (80%), and FP (100%) regions in
children with ASD, while children with TLE only presented with aberrant networks in the motor
(40%) and language (20%) regions, in addition to identified seizure onset zones. Fisher’s exact test
indicated a significant relationship between aberrant FP networks and diagnosis (p = 0.008), with ASD
and atypical FP networks co-occurring more frequently than expected by chance. Despite severe
cognitive delays, children with regressive-type ASD may demonstrate intact typical cortical network
activation despite an inability to use these cognitive facilities. The functions of these intact cognitive
networks may not be fully expressed, potentially because aberrant networks interfere with their
long-range signaling, thus creating a unique “locked-in network” syndrome.

Keywords: autism spectrum disorder; locked-in network syndrome; resting-state functional magnetic
resonance imaging; temporal lobe epilepsy

1. Introduction

Autism spectrum disorder (ASD) has a prevalence of 1 in 54 children in the United
States and is characterized by deficits in social communication and interaction, and re-
stricted and repetitive behaviors [1]. The neurological basis of ASD remains elusive in this
highly heterogenous population. Resting-state functional magnetic resonance imaging
(rs-fMRI) is a promising tool that has been used to analyze neural networks in patients with
neurodevelopmental and neurological disorders. A review of prior group-level rs-fMRI
investigations suggests hypo-, hyper-, and mixed-connectivity patterns among individuals
with ASD, with contradictory findings attributed to differences in age, sex, comorbidities,
and/or variations in the rs-fMRI scanning and analysis procedures [2]. Other researchers
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demonstrated that traditional case-control methods that assume homogeneity within clin-
ical populations lead to a loss of subject-specific features of ASD at the group level and
disguise the interindividual variation crucial for precision medicine [3].

To investigate these inconsistencies, a large-scale database replication study that char-
acterized and evaluated connectivity patterns was conducted. The study reports evidence
of reproducible ASD-associated functional hyper- and hypo- connectivity linked to clinical
symptoms [4]. The authors reported that overall global connectivity was preserved in
individuals with ASD, and hyperconnectivity patterns observed in the parietal and pre-
frontal regions were associated with the severity of deficits in communication and adaptive
behavior. Furthermore, they suggested that the connectivity findings support the idea that
individuals with ASD are unable to engage or disengage specific networks to the same
degree as healthy, typically developing controls. If network engagement capacity is a key
mechanism of ASD, then individual-based analysis may elucidate the network engagement
potential and allow a better understanding of the clinical heterogeneity of ASD [5].

To address these knowledge gaps in ASD, we used a data-driven rs-fMRI whole-
brain-network analysis to identify individual network pathology [6,7], similar to our
work in epilepsy [8–10]. Independent component analysis (ICA) of rs-fMRI allows for the
characterization and visualization of individual resting-state networks (RSNs), both typ-
ical and atypical [11–14]. In epilepsy, we utilize this method clinically to both identify
the aberrant RSNs associated with seizure foci and to visualize intact cognitive RSNs.
This allows the confirmation of intact cognitive networks and provides information regard-
ing the proximity of intact cognitive networks to aberrant networks [15].

Similarly, in individuals with ASD, we may use rs-fMRI clinically to visualize network
patterns in relation to the patient’s clinical phenotype. One feature that differentiates
individuals with ASD from those with brain injury is that individuals with ASD can
have normal or extraordinary skills despite their disability, and some children with ASD
can make substantial improvement with therapies, losing many, if not most, of their
ASD symptoms. One of the most enigmatic subsets of ASD includes those that undergo
neurodevelopmental regression, suddenly losing normal skills and rapidly developing
the ASD phenotype. This suggests that the brains of some individuals with ASD have the
capacity to support typical cognitive networks, at least at some time in their life, but may be
unable to express these cognitive networks. For children with epilepsy, aberrant networks
resulting from ongoing subclinical interictal discharges originating from the seizure onset
zone (SOZ) can interfere with the function of typical cognitive brain networks, disrupting
their ability to function optimally.

Thus, on the basis of the existing literature and our clinical observations, we hypoth-
esized that some children with ASD may have intact cognitive networks identified on
the individual level that are not fully realized, similar to children with epilepsy, perhaps
because aberrant networks interfere with their function. However, unlike in children with
epilepsy, we hypothesized that these aberrant networks are not localized to a SOZ. To inves-
tigate this possibility, subject-level ICA of rs-fMRI was used to identify and characterize the
RSNs of children with regressive-type ASD and temporal lobe epilepsy (TLE). The unique
relationship between patient and network characteristics was examined.

2. Materials and Methods

Using a case-control design, this study examined an age- and sex-matched cohort
of children severely affected with regressive-type ASD, and a cohort of children with
TLE without ASD. A 2017 meta-analysis reported an ASD pooled prevalence of 6.3% in
patients with epilepsy, with a 41.9% risk of ASD in patients with focal seizures (TLE) [16].
Thus, a pathological control group was selected to distinguish ASD-specific atypical rs-
fMRI biomarkers from known TLE-specific markers given the increased comorbidity of
these conditions. For the ASD cohort, children with regressive-type ASD were chosen since
these children had documented normal development early in life, suggesting that their
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brain could previously support normal cognitive networks. ASD was diagnosed using the
Diagnostic Statistical Manual of Mental Disorders (5th ed., DSM-5).

The study sample size was limited due to rs-fMRI data availability for this patient pop-
ulation. Five patients with regressive-type ASD who were not making sufficient progress
with standard therapy and five patients with TLE undergoing pre-surgical planning for
epilepsy surgery underwent clinically indicated rs-fMRI at Phoenix Children’s Hospital
(PCH) between November 2018 and December 2020. The patient cohorts were age- and
sex-matched. The PCH Institutional Review Board approved the study, and caretakers
provided informed consent to authorize secondary analysis of the rs-fMRI data and review
of the medical records.

2.1. Resting-State MRI

The rs-fMRI images were acquired and analyzed per prior reported standards [15].
Acquisition was from a 3 T MRI scanner (Ingenuity; Philips Medical Systems, Best,
The Netherlands) with a 32-channel head coil. Patients received conscious sedation by
propofol, per hospital clinical standards. Acquisition of rs-fMRI consisted of two 10-min
runs totaling 20 min. Parameters were 2000 millisecond repetition time (TR), 30 millisecond
echo time (TE), 80 × 80 matrix size, 80◦ flip angle, 46 slices, 3.4 mm slice thickness with
no gap, 3 × 3 mm in-plane resolution, interleaved acquisition, and 600 total volumes.
For anatomical reference, a T1-weighted turbo field-echo whole-brain sequence was ob-
tained with TR 9 milliseconds, TE 4 milliseconds, flip angle 80◦, slice thickness 0.9 mm,
and an in-plane resolution of 0.9 × 0.9 mm.

2.2. Independent Component Analysis Approach

ICA is driven by empirical data rather than a priori information. Briefly, rs-fMRI
voxels are grouped together into components according to similarity of blood oxygen level
dependent (BOLD) signal oscillation [6,7]. The resulting independent components (ICs)
are independently fluctuating clusters of brain activity or sources of noise that require
expert review and interpretation [17]. ICA procedures were completed via the Multivariate
Exploratory Linear Optimized Decomposition into Independent Components (MELODIC)
tool [7]. The following standard preprocessing steps were applied: (1) deletion of the first
five volumes to remove T1 saturation effects, (2) high-pass filtering at 100 s, (3) inter-leaved
slice time correction, (4) no spatial smoothing, and (5) motion correction with MCLFIRT [18],
with non-brain structures removed. Individual functional scans were registered to the
patient’s corresponding anatomical scan using linear registration [19], and optimized using
boundary-based registration [20]. All participants had <1 mm head-motion displacement
in any direction. As ICA was applied in the subject space, no standardized templates or
spatial normalization procedures was performed. The total number of detected ICs was
determined for each patient from established automated dimensionality estimates using a
Bayesian approach, and an ICA threshold (p < 0.05) for IC detection was set by the standard
local false discovery rate [6].

2.3. Component Categorization

IC categorization followed the working paradigm previously published [15], sepa-
rating patient ICs into four categories—noise, typical RSNs, SOZ, and atypical (aberrant)
networks—using criteria modified from established norms [11–15,21]. Noise components
arise from respirations, cerebrospinal fluid movement, and tissue–fluid junctions. A com-
ponent was determined to be noise if: it was not primarily located in grey matter; it varied
significantly in coordination with physiological cycles (i.e., respiratory-related frequency
range, 0.1–0.5 Hz; cardiac-related, 0.6–1.2 Hz; regular but fast oscillation pattern); or it was
in a spatial distribution consistent with a machine-generated artifact [11,12]. Components
determined to be neural networks were categorized as either typical RSNs, SOZs, or atyp-
ical (aberrant) networks. Typical RSNs were determined by visually comparing spatial
features to established RSNs (e.g., motor, language, and frontoparietal), and comparing
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temporal features of frequency and frequency power spectra with a known low-frequency,
regular, slow-oscillating time course, and low-frequency power-spectra features of RSN
norms [12–14]. SOZs were distinguished by a spatial pattern (more asymmetrically unilat-
eral than expected, alternating localized activation-deactivation patterns of gray matter,
and with a tapered tail from the cortex extending toward the ventricles) not conforming
with noise or typical RSNs, an irregular time course, or containing a frequency >0.4 Hz [15].
Aberrant networks were distinguished by spatial locations that may overlap with known
RSN, but do not conform to the RSN spatial pattern, noise, or SOZ criteria, having a regular
sinusoidal oscillation pattern that is overlaid with irregular faster frequency, and having
an atypical BOLD oscillation frequency >0.039 Hz [13–15]. rs-fMRI data were interpreted
by an rs-fMRI specialist (senior author), wherein typical RSNs were operationally defined
as those meeting the spatial and temporal criteria above by expert visual inspection, as in
prior publications [12,15].

2.4. Statistical Analysis

Categorical variables (e.g., typical RSN: present, absent; aberrant (non-SOZ) network:
present, absent) were generated for the motor, language, and frontoparietal networks for
each patient. Due to the small sample size, a two-tailed Fisher’s exact test was used to
examine the significance of the association between the two factors in the contingency
tables. Since, for each set of tests, we compared three cortical regions, requiring three
statistical tests, the Bonferroni correction for inflated alpha was used to set the significance
threshold at p <= 0.017 (0.5/3). An independent-samples t-test (two-tailed, p < 0.05) was
used for the analysis of continuous variables.

3. Results

Figure 1 visually summarizes the clinical characteristics and typical and aberrant rs-
fMRI ICA-based networks for children with ASD. Figure 2 demonstrates a detailed example
of typical RSNs and aberrant networks for a single ASD case (Patient 1). A narrative
summary of the clinical and network features is presented below for all patients, followed
by a statistical analysis of patient characteristics and resting-state networks.

3.1. Patient Summaries of ASD Patients
3.1.1. Patient 1

A 7-year-old (yo) male progressively lost social interactions and eye contact from
9 to 15 months of age. At the time of rs-fMRI, he was diagnosed with ASD, cognitive
delay, severe language impairment (LI), and developmental coordination disorder (DCD).
Despite these deficits, frontoparietal (FP), language, and motor RSNs were intact. Aberrant
networks were found over sensory, FP, and contralateral non-dominant language regions
(Figure 2).

3.1.2. Patient 2

A 4 yo female suddenly lost normal speech, social, language, cognitive, and motor
abilities at 3.5 yo. At the time of rs-fMRI, she was diagnosed with ASD, borderline intellec-
tual disability (ID), severe LI, and delayed visual-motor skills. Despite these deficits, FP,
language, and motor RSNs were normal. Aberrant networks were found over the right FP,
bilateral temporal, and opercular regions.

3.1.3. Patient 3

A 16 yo female lost social skills and ceased making eye contact with others at 3 yo.
At the time of rs-fMRI, she was diagnosed with ASD, ID, severe LI, and DCD. Despite these
deficits, FP, language, and motor RSNs were detected. Aberrant networks were found over
the left FP-temporal regions.
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sagittal, axial, and coronal T1-weighted MRI of Patient 1 with overlayed language (blue), frontoparietal (green), and 
aberrant (red) networks. Plotted are the respective network blood oxygen dependent signal (BOLD) power versus 
frequency (Hz/100), wherein typical is less than 6 Hz/100. The frontoparietal and language network spatial distribution 
and the BOLD power spectrum are typical, whereas the atypical networks have abnormal spatial and widely distributed 
power spectra. 
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3.1.4. Patient 4

A 12 yo male lost language skills (from saying short sentences to saying only single
words) and motor skills (ceased walking and performing fine motor skills) at 2.5 yo.
He regained some language and motor skills at 5 yo and began to walk again, but he did
not regain fine motor skills. At the time of rs-fMRI, he was diagnosed with ASD, severe
ID, moderate LI, DCD, and epilepsy. Despite these deficits, FP, motor and bilaterally-
dominant language RSNs were intact. Bilateral language dominance is a relatively mild
atypical feature found in children with epilepsy and dominate-sided language region
network pathology [22]. Aberrant networks were found over the FP and language regions.
The network pathology is consistent with children with drug-resistant epilepsy [8,15]
which, in comparison to other aberrant networks discussed, has markedly erratic, high-
frequency BOLD time courses and generalized spatial distribution of the cingulate, lateral
temporal, and bilateral frontal regions.

3.1.5. Patient 5

A 12 yo male lost language (from knowing 10 words to non-verbal) and motor skills
(normal development to stereotypic movements) at 2 yo. At the time of the rs-fMRI, he was
diagnosed with ASD, global developmental delay, severe LI, and DCD. Despite these
deficits, FP, motor, and bilateral language RSNs were intact. Aberrant networks were
localized to the FP, insular, and mesial temporal regions.

3.2. Patient Summaries of TLE Patients (Controls)
3.2.1. Patient 6

A 15 yo female was diagnosed with intractable localization-related symptomatic
epilepsy without status epilepticus after unprovoked complex partial seizures at 10 yo.
The seizure focus was associated with an inferior temporal lobe encephalocele. Medical
and developmental history was otherwise normal. The expected whole-brain network
profiles were well-detected, including the motor, language, and FP networks. The SOZ was
detected in the right temporal and right frontal regions. Non-SOZ aberrant networks were
detected in the hand-arm motor areas.

3.2.2. Patient 7

An 11 yo female was diagnosed with intractable epilepsy without status epilepticus
after complex partial seizures at 10 yo. The seizure focus was associated with a left temporal
lobe tumor. Early medical history was notable for appendectomy. Early developmental
language milestones were delayed. Expected whole-brain network profiles were well-
detected, including the motor, language, and FP networks. The SOZ was detected in the
anterior half of the anterior temporal lobe. Non-SOZ aberrant network features were
detected in the facial motor and language areas.

3.2.3. Patient 8

A 4 yo male had a history of complex febrile seizures starting at 20 months of age.
The patient presented with typical motor and cognitive developmental milestones but had
a diagnosis of expressive language disorder with poor articulation. Overall, the expected
whole-brain network profiles were well-detected, including the motor, language, and FP
networks. The SOZ was detected in the left mesial-anterior temporal regions (language).
No non-SOZ aberrant networks were detected.

3.2.4. Patient 9

A 9 yo male was diagnosed with intractable absence epilepsy without status epilepti-
cus at 7 yo. Medical and developmental history was normal. The expected whole-brain
network profiles were well-detected, including the motor, language, and FP networks.
The SOZ was detected in the left mesial-temporal region. No non-SOZ aberrant networks
were detected.
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3.2.5. Patient 10

A 13 yo male was diagnosed with intractable localization-related idiopathic epilepsy
without status epilepticus at 12 yo. Medical and developmental history was normal. The ex-
pected whole-brain network profiles were well-detected, including the motor, language,
and FP networks. The SOZ was detected in the right and left mesial-temporal regions. No
non-SOZ aberrant networks were detected.

3.3. Statistical Analysis

Table 1 presents the clinical characteristics and rs-fMRI ICA-based network character-
istics and the corresponding Fisher’s exact tests’ statistics.

Table 1. Clinical and resting-state network characteristics. Fisher’s exact test (two-tailed) was used
to test the difference in frequencies. Significant p values (p < 0.017) are indicated in bold and italics.

Characteristic/Network Participants with ASD
(n = 5)

Participants with TLE
(n = 5)

Fisher Exact Test
p-Value

Clinical Characteristics
Motor Dysfunction 100% (5) 0% (0) 0.008

Language Dysfunction 100% (5) 40% (2) 0.167

Cognitive Dysfunction 100% (5) 0% (0) 0.008
Typical Resting-State Networks

Motor Network 100% (5) 100% (5) 1.000

Language Network 100% (5) 100% (5) 1.000

Frontoparietal Network 100% (5) 100% (5) 1.000
Aberrant Resting-State Networks

Motor Network 40% (2) 40% (2) 1.000

Language Network 80% (4) 20% (1) 0.167

Frontoparietal Network 100% (5) 0% (0) 0.008

3.3.1. Clinical Characteristics

Children with ASD were between 4 and 16 yo (M = 10.66, SD = 4.71) and predom-
inantly male (60%). Similarly, children with TLE were between 4 and 15 yo (M = 10.98,
SD = 4.57) and predominantly male (60%). There were no significant differences in age
(t(8) = 3.4, p = 0.916) or sex (Fisher’s exact test, p = 1.0) between the children with ASD
and TLE.

All children with ASD presented with clinically significant motor (100%), language
(100%), and cognitive (100%) dysfunction, while children with TLE only presented with lan-
guage dysfunction (40%) in addition to the epilepsy-related symptoms. Fisher’s exact test
(two-tailed) indicated a significant relationship between motor and cognitive dysfunction
and ASD diagnosis (Table 1).

3.3.2. rs-fMRI Networks

ICA of rs-fMRI data yielded 91, 119, 49, 48, 58, 66, 105, 96, 95, and 111 ICs for patients
1–10, respectively. There was no significant difference (t (8) = 2.3, p = 0.212) in the mean
number of ICs generated from subject-level ICA of rs-fMRI for the children with ASD
(M = 73, SD = 31.09) and children with TLE (M = 94.6, SD = 17.3).

There was no significant association between typical networks and diagnosis, as all
children with ASD and TLE presented with intact motor, language, and FP RSNs (Table 1).
Children with ASD presented with non-SOZ aberrant motor (40%), language (80%), and FP
(100%) networks, while children with TLE only presented with non-SOZ aberrant motor
(40%) and language (20%) networks in addition to the identified SOZs. Thus, children with
ASD were significantly more likely to manifest aberrant FP networks (Table 1).
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3.3.3. Aberrant rs-fMRI Networks and Clinical Symptomatology

The relationship between network characteristics and clinical dysfunction was as-
sessed using the full study cohort (n = 10). There was a significant relationship between
atypical (non-SOZ) FP networks and cognitive dysfunction (Table 2). Specifically, clinically
significant cognitive dysfunction was documented in 100% of the children with detected
atypical FP networks, while cognitive dysfunction was not reported (0%) in children
without atypical (non-SOZ) FP networks.

Table 2. Relationship between clinical symptomatology and presence of aberrant resting-state
network. Fisher’s exact test (two-tailed) was used to test the difference in frequencies. Significant
p values (p < 0.017) are indicated in bold and italics.

Aberrant
Network

Clinical Dysfunction
Subserved by Network

No Clinical Dysfunction
Subserved by Network

Fisher’s Exact Test
p-Value

Motor Dysfunction 100% (5) 0% (0) 1.000

Language Dysfunction 100% (5) 40% (2) 0.167

Frontoparietal Network 100% (5) 0% (0) 0.008

4. Discussion

For the first time, we demonstrate that children with regressive-type ASD have intact
motor, language, and FP neural networks with relatively typical spatial and temporal
features, despite having moderate to severe disability in the skills typically subserved by
these networks. The finding of overall preserved connectivity is consistent with prior ASD
research [4,23]. Interestingly, the case sample only included children with regressive-type
ASD, suggesting that these intact typical cognitive networks did subserve their normal
expression prior to the regression. Furthermore, the rs-fMRI ICA data-driven approach
extracts typical and atypical neural circuitry on an individual basis, demonstrating that
multiple widespread aberrant neural networks characterize regressive-type ASD. Given
that typical RSNs are intact but not well-expressed, we think that the atypical aberrant
networks disrupt the fidelity of signaling within these long-range typical RSNs, essentially
creating a locked-in network syndrome.

The ASD participants were found to have typical RSNs and additional broad aberrant
networks. In comparison, the TLE controls had fewer aberrant networks beyond those
localized to regions disrupted by seizure activity (SOZ). The aberrant networks found in
ASD patients were not orthogonal to any canonical network, and this finding, in addition
to their spatial location, may provide hints to the pathophysiology of ASD symptoms. In
these patients, aberrant networks traversing regions associated with the FP network could
interfere with the fidelity of signals of typical RSNs as they are communicated between
distal regions. Higher-order networks typically integrate into other brain networks at
around 18–24 months [24,25], which is around the same time children with ASD begin to
show core symptoms and regression may occur [26]. According to our theory, interference
from aberrant networks could impair the acquisition of cognitive inhibitory control [27],
social skills, and other complex behavior. We think that interference from aberrant net-
works hinders communication and the optimal functioning of long-range typical RSNs,
essentially creating a locked-in network effect. Alternatively, or complementarily, aberrant
networks could inappropriately activate cortical areas. For example, aberrant networks
traversing the somatosensory area, as in Patient 1, may be a biomarker of the expressed
sensory symptoms.

Interventions that inhibit atypical networks could effectively “unlock” the intact RSNs,
leading to symptomatic recovery. Recovery from locked-in syndrome, with compromised
capacity to demonstrate consciousness yet intact supratentorial network function on rs-
fMRI, was reported [28]. The patients presented in this study were all refractory to standard
treatments, such as behavioral and speech therapy. Potentially, other network-targeted
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treatments, including those used in epilepsy, such as surgical and neuromodulatory treat-
ments, could improve recovery rates of these patients [9,28,29].

This study has several limitations. The small sample size limits the generalizabil-
ity of our results. It is also possible that the aberrant networks seen on imaging are an
epiphenomenon and do not affect ASD symptoms. However, a recent large study found
differences in the FP network regions between individuals with ASD and typically de-
veloping controls [4], thus supporting the notion that these aberrant networks interfere
with typical RSNs. It is also possible that the aberrant networks reflect activity that does
not interact with RSNs in an awake brain as our patients were sedated during scanning.
However, such findings are not reported in neurotypical individuals studied under low-
dose conscious sedation [30–32]. Further studies will be needed to correlate the presence
or absence of aberrant networks and their characteristics, such as location, with detailed
measures of cognitive and language function, as well as ASD symptomology, in larger
cohorts. Unfortunately, with the current sample size, such analysis would not be valid.
Thus, we look forward to larger studies in the future.

5. Conclusions

From these data, we propose that analyzing individual patients may provide evi-
dence that ASD symptoms may correlate with aberrant networks that interfere with the
maturation of typical RSNs, effectively creating a locked-in network syndrome. Further,
we propose that it may be clinically useful to perform rs-fMRI on select patients with ASD.
We believe this case series warrants larger systematic studies of ASD patients with rs-fMRI
before and after typical treatment. rs-fMRI could help personalize treatment strategies by
categorizing a patient’s aberrant networks based on treatment response and symptom pro-
file. In this way, rs-fMRI can act as an integrative tool to support a personalized precision
medicine approach to ASD diagnosis and treatment.

6. Patents

Nothing to report.
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Abstract: Resting-state functional magnetic resonance imaging provides dynamic insight into the
functional organization of the brains’ intrinsic activity at rest. The emergence of resting-state func-
tional magnetic resonance imaging in both the clinical and research settings may be attributed to
recent advancements in statistical techniques, non-invasiveness and enhanced spatiotemporal reso-
lution compared to other neuroimaging modalities, and the capability to identify and characterize
deep brain structures and networks. In this report we describe a 16-year-old female patient with
autism spectrum disorder who underwent resting-state functional magnetic resonance imaging
due to late regression. Imaging revealed deactivated networks in deep brain structures involved
in monoamine synthesis. Monoamine neurotransmitter deficits were confirmed by cerebrospinal
fluid analysis. This case suggests that resting-state functional magnetic resonance imaging may have
clinical utility as a non-invasive biomarker of central nervous system neurochemical alterations by
measuring the function of neurotransmitter-driven networks. Use of this technology can accelerate
and increase the accuracy of selecting appropriate therapeutic agents for patients with neurological
and neurodevelopmental disorders.

Keywords: monoamine neurotransmitters; neurotransmitter deficiency; resting-state functional
magnetic resonance imaging

1. Introduction

Neurotransmitters are essential for normal brain development and function. Many
neurological, neurodevelopmental, and psychiatric disorders have been shown to be asso-
ciated with alterations in neurotransmitter function and neurotransmitter concentrations
in the brain.

Autism spectrum disorder (ASD) is a very heterogenous neurodevelopmental dis-
order, primarily due to the fact that its diagnosis is based on behavioral observations
which do not, at this time, have a precise neurological underpinning, although many brain
systems have been implicated in driving ASD behavior. In fact, it has been proposed that
ASD may have numerous underlying causes [1], leading to the optimal treatment of this
disorder being difficult to determine without a cumbersome trial and error process [2].
Many different neurochemical alterations have been implicated in ASD. Cortical circuitry is
believed to demonstrate an excitatory-inhibitory imbalance, implicating imbalances in the
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major cortical excitatory neurotransmitter glutamate and the major inhibitory neurotrans-
mitter gamma-aminobutyric acid (GABA), as well as defects in GABAergic interneuron
transmission and function [3]. Oxytocin, a key neurotransmitter believed to be involved in
social motivation and bonding, has also been implicated in ASD and is undergoing intense
study [4]. Finally, abnormalities in monoamine neurotransmitters including dopamine,
norepinephrine and serotonin, which are sometimes caused by defects in biosynthesis due
to deficiencies in the critical cofactors pyridoxal-5-phosphate [3], tetrahydrobiopterin [5]
and/or folate [6], are associated with ASD.

Identifying abnormalities in monoamine neurotransmitters are particularly important
as medication used to modulate dopamine, norepinephrine and serotonin are not only
well developed but also actively studied in ASD [2]. However, as previously mentioned,
ASD, like many neurodevelopmental and psychiatric disorders, is very heterogenous.
Thus, much of the research does not always translate well into clinical practice because
the research findings may represent a subgroup of patients, while clinical treatment aims
to address the abnormality of the specific patient who may or may not be one identified
in a specific subgroup. For example, although defects in the serotonin system have been
implicated in ASD, simply treating the general ASD population with common medication to
improve serotonergic neurotransmission does not appear to be effective and may even cause
more harm than good in select individuals [7]. Thus, precision medicine has developed to
assist in identifying biomarkers which can further guide a more personalized treatment
approach.

The timely and accurate detection of neurotransmitter deficits can lead to impactful
treatments for many neurological and neurodevelopmental disorders [8]. Current modali-
ties with the capacity to detect alterations in neurotransmitters, such as positron emissions
tomography (PET) and magnetic resonance spectroscopy (MRS), are limited in their spatial
resolution and sensitivity to pertinent neurotransmitters, respectively [9]. Analysis of
cerebrospinal fluid (CSF) neurotransmitter metabolites via lumbar puncture (LP) is the cur-
rent standard screening method for suspected neurotransmitter deficits but is not without
invasive procedural risks [10]. Hence, pharmacotherapies for suspected neurotransmitter
deficits may be prescribed empirically in the absence of confirmatory testing. Therefore, a
low-risk and clinically feasible screening biomarker of neurotransmitter deficits is needed
to determine who may benefit from confirmatory LP.

The spatial distribution of neurotransmitter-associated brain networks is well estab-
lished [11]. These networks and their cortical and subcortical spatiotemporal alterations can
be detected by resting state functional magnetic resonance imaging (rs-fMRI) [11]. rs-fMRI
has clinical applications in the evaluation of epilepsy [12–14] and other disorders [8,15].
Furthermore, rs-fMRI has been validated against other measures including intracranial
electroencephalography (iEEG) [12] and task-based functional MRI in children [16]. Due to
their widespread and targeted projections to spatially distant brain regions, these neuro-
transmitter systems can rapidly alter cortical network activity. For example, pharmacologic
depletion of the dopaminergic system increases node-specific hemodynamic signal vari-
ability and decreases functional connectivity, suggesting that this system is important for
the functional integration and stability of specific brain regions within large-scale networks.
Thus, dysregulation of one or more of these neurotransmitter systems can produce broader
network-level effects which can influence higher cognitive functions [17,18]. In the current
case, rs-fMRI-detected network patterns revealed atypical deactivation of deep brain struc-
tures involved in monoamine synthesis, which was subsequently confirmed by analysis of
CSF neurotransmitter metabolites.

2. Materials and Methods

rs-fMRI were acquired and analyzed as previously reported [12]. Acquisition was
from a 3T MRI scanner (Ingenuity; Philips Medical Systems, Best, the Netherlands) with
a 32-channel head coil at Phoenix Children’s Hospital. Acquisition consisted of two
10 min runs totaling 20 min. Parameters were 2000 millisecond repetition time (TR),
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30 millisecond echo time (TE), 80 × 80 matrix size, 80-degree flip angle, 46 slices, 3.4 mm
slice thickness with no gap, 3 × 3 mm in-plane resolution, interleaved acquisition, and
600 total volumes. For anatomical reference, a T1-weighted turbo field-echo whole-brain
sequence was obtained with TR 9 milliseconds, TW 4 milliseconds, flip angle 80 degrees,
slice thickness 0.9 mm, and in-plane resolution 0.9 × 0.9 mm. The Multivariate Exploratory
Linear Optimized Decomposition into Independent Components (MELODIC) tool was
used for characterization and visualization of individual resting state networks (RSNs),
both typical and atypical, as previously reported [12].

3. Results

This case describes a 16-year-old female with a complicated medical history including
developmental delay subtype of autism spectrum disorder (ASD), intellectual disability,
severe hypotonia, developmental coordination disorder, mixed receptive-expressive lan-
guage disorder, mitochondrial disease, immune dysfunction with a functional antibody
deficiency, and irritable bowel syndrome with alternating diarrhea and constipation. She
was born as a product of an in vitro fertilization triplet pregnancy requiring cerclage and
terbutaline starting a 17-week gestation. She was born triple B at 34 weeks gestation by
cesarean section. Her neonatal course was rather benign except for her prematurity, only
requiring oxygen for 24 h and being discharged at day of life 17. She was born with a
ventricular septal defect which closed spontaneously. Her triple sisters have a history
of speech delay but have performed well academically. There is a history of depression
and migraines on the maternal side of the family and thyroid disease and attention deficit
hyperactivity disorder on the paternal side of the family.

At 2 years of age, she was diagnosed with global developmental delay and was
diagnosed with ASD at 3 1

2 years of age. She did not have any clear regression early in life
but said several words in grade school but gradually lost expressive language, currently
using word-like sounds and augmentative communication device to express herself. She
can read some words and understand others and she is able to follow one and two step
commands.

At about 12 years of age, anorexia developed with a loss of 25 lbs. In approximately
6 months self-injurious behavior started with knee banging and hitting hips to the point
of bruising. Tic-like hand movements and ritualistic checking soon started. Workup for
Pediatric Autoimmune Neuropsychiatric Disorder Associated with Streptococcus revelated
elevated Streptococcus titers. Treatment with Augmentin, herbs and seven rounds of
intravenous immunoglobulin improved the self-injurious behavior and tics-like movements
and resulted in normalization of weight, but the severe repetitive behaviors continued. This
deterioration was not associated with a clear clinical illness or seizures. She did manifest
two brief staring episodes during this time, but an electroencephalograph was negative.

Her symptoms continued to progress. She progressively became more fatigued and
stopped engaging in sports she enjoyed such as trampoline and swimming. She became
more withdrawn with less family interactions and started to perseverate on YouTube videos.
She developed chronic constipation requiring repeated cleanout. She developed period
pain, including abdominal pain, headaches and leg cramps. Because of her continued
deterioration she was referred to our center for further workup. Metabolic testing demon-
strated laboratory values suspicious for mitochondrial disease and buccal enzymology
(MITO-SWAB Religen, Plymouth Meeting, PA, USA), confirmed multiple complex deficien-
cies. Whole exome sequencing (Lineagen, Salt Lake City, UT, USA) demonstrated carrier
status for a mutation in EIF3F (c.694T > G, p.Phe232Val) related to autosomal recessive
EIF3F-related intellectual disability. She also underwent rs-fMRI due to late regression in
cognitive abilities and worsening aberrant behavior.

Her rs-fMRI revealed aberrant and strongly deactivated networks localized to the
brainstem and other subcortical structures involved in monoamine synthesis (Figure 1A).
Additional aberrant networks extended over multiple bilateral regions including the ven-
tromedial prefrontal cortex (vmPFC), the left fronto-temporo-parietal, and occipital net-
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works with deactivation patterns localized to language and cognition-related regions
(Figure 1B). Despite her deficits, she had typical frontoparietal (FP), language, and motor
RSNs (Figure 1C). Suspicion for neurotransmitter deficiency was triggered given her his-
tory of prior severe late regression without known brain insult in the presence of aberrant
deactivation patterns between the brain stem and vmPFC with a similar spatial distribu-
tion as the monoaminergic networks. Examples of typical rs-fMRI networks localized to
the subcortical and brainstem networks (Figure 2A), vmPFC (Figure 2B), and language
networks (Figure 2C) are provided for a case-control.
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Figure 1. Select rs-fMRI networks in 16-year-old patient with ASD (case study). All images are in radiological orientation.
The indicated networks are overlaid on T1-weighted images in axial, coronal, and sagittal views. (A) Evidence of atypical
and strongly deactivated subcortical and brainstem networks in similar anatomic spatial distribution as the monoaminergic
networks; (B) Additional atypical networks extending over multiple bilateral regions including vmPFC, FP, temporal,
and occipital regions; (C) Normal language networks with bilateral presence of typical connectivity between receptive
and expressive regions. Row A, blue color denotes BOLD deactivation, red color denotes BOLD activation. Rows B
and C, each color denotes a separate network. Abbreviations: rs-fMRI = resting state functional magnetic imaging;
vmPFC = ventromedial prefrontal cortex; FP = fronto-parietal.
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Figure 2. Select rs-fMRI networks in patient (case–control) evaluated for possible seizure focus (not detected, otherwise
typical networks). All images are in radiological orientation. The indicated networks are overlaid on T1-weighted images in
axial, coronal, and sagittal views. (A) Example of typical subcortical and brainstem networks; (B) Additional examples of
typical networks extending over bilateral vmPFC region; (C) Typical language networks. Rows A and B, red color denotes
BOLD activation. Row C, each color denotes a separate language network. Abbreviations: rs-fMRI = resting state functional
magnetic imaging; vmPFC = ventromedial prefrontal cortex.

LP was performed to measure CSF neurotransmitter metabolites and rule out other
neurometabolic disorders. Results (Table 1) were remarkable for decreased concentrations
of 5-hydroxyindolacetic acid (58 nmol/L, reference range: 67–140 nmol/L) and homovanil-
lic acid (117 nmol/L, reference range: 145–324 nmol/L), indicating decreased serotonin
and dopamine synthesis, respectively. Pyridoxal 5′-phosphate (P5P), a required cofactor in
the biosynthesis of serotonin and dopamine, was elevated at 82 nmol/L (reference range:
10–37 nmol/L). 3-O-methyldopa (18 nmol/L), 5-methyltetrahydrofolate (101 nmol/L),
neopterin (12 nmol/L), tetrahydrobiopterin (16 nmol/L), and all amino acids were within
reference ranges.

Table 1. Results of CSF metabolite analysis. * Abnormal results. WNL: Within normal limits.

Test Result Reference Rnge

5-Hydroxyindoleacetic acid 58 * 67–140 nmol/L
Homovanillic acid 117 * 145–324 nmol/L
3-O-Methyldopa 18 <100 nmol/L

5 –Methyltetrahydrofolate 101 40–120 nmol/L
Neopterin 12 8–28 nmol/L

Tetrahydrobiopterin 16 10–30 nmol/L
Pyridoxal 5 Phosphate 82 * 10–37 nmol/L

Amino Acids WNL -
Succinyladenosine 1.8 0.74–4.92 umol/L
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4. Discussion

We present a rare and unique case of neurotransmitter deficiency initially identified
by objective evidence on rs-fMRI. Whole exome sequencing did not reveal a known inborn
error of metabolism to account for this finding. Thus, the presumed underlying pathophysi-
ology of her monoamine deficiency is acquired neuronal injury secondary to mitochondrial
disease-mediated neurodegeneration. Workup of the origin of the mitochondrial disease is
ongoing at this time.

Regional cerebral blood flow is temporally and spatially regulated by a process known
as neurovascular coupling which involves the coordinated action of neurons and vascular
cells to meet the high metabolic demand of the brain [19,20]. A decrease in monoamine
neurotransmitters may cause reduced neurotransmission, resulting in deactivated network
activity and a corresponding reduction in spatial oxygen utilization that can be observed
on rs-fMRI as atypical blood-oxygen-level-dependent (BOLD) signals. Simultaneous ac-
quisition of PET and rs-fMRI highlights the association between hemodynamic changes
and neurotransmitter receptor density in relation to functional network organization,
supporting the contribution of neurotransmitter systems to BOLD signal alterations [21,22].

While neurotransmitter systems and their association with large-scale brain networks
are understood, and rs-fMRI has shown sensitivity to locations in the basilar brain re-
gions [23,24], future work establishing the sensitivity and specificity of rs-fMRI biomarkers
of neurotransmitter dysfunction is needed. Neurovascular coupling may differ between
neurotransmitter systems due to intrinsic differences in mechanisms of neurotransmit-
ter release, uptake, or transport, as well as release of small vasoactive molecules during
these processes, like that reported between glutamate and dopamine [22]. Additionally,
the dopaminergic modulation of prefrontal cortex NMDA receptor activity appears to
be associated with the NMDA receptor co-agonist D-serine [25], suggesting a dynamic
relationship between multiple neurotransmitter systems and other molecules that could
further influence neurovascular coupling. The case herein likely has a relatively extreme
clinical phenotype of severe regression, allowing for contextual interpretation of the atyp-
ical monoamine network patterns to inform the decision for invasive CSF confirmation
with LP.

In addition to atypical subcortical and brainstem network patterns, this patient also
had relatively deactivated language and cognition-related networks, commensurate with
severe developmental regression. In children with ASD, there is evidence of atypical
default mode network (DMN) connectivity profiles consisting of both hyper- and hypo-
connectivity between specific nodes of the DMN as well as cross-network connectivity
between the DMN and other large-scale brain networks, suggesting impaired functional
intra- and inter-network integration in children with ASD [26]. Decreased or otherwise
dysregulated neurotransmission secondary to neurotransmitter dysfunction may influence
the existing network pathology resulting in such widespread network effect seen in the
present case, as the monoaminergic deep brain structures are functionally integrated with
broader networks such as the DMN [11]. Supportively, other monoamine disorders, such as
chronic major depressive disorder (MDD), also demonstrate disease chronicity-associated
BOLD signal reductions within the broader DMN [27], supporting the contribution of
dysregulated neurotransmitter systems to large-scale networks over time. Thus, there may
be a certain threshold of sustained neurotransmitter dysfunction that yields the relatively
extreme network pattern we see in this case.

It is also possible that rs-fMRI may be useful as a biomarker of therapeutic effect,
like that found in MDD with pharmacotherapy, wherein rs-fMRI showed an increase in
functional connectivity within the DMN for patients with remitted MDD [27]. In patients
with treatment-naïve MDD, rs-fMRI has been used to define biomarkers of depression
subtypes and the differential response to various treatment modalities [28], which could
greatly reduce the time and resources needed to identify the most appropriate and effica-
cious course of treatment. Additionally, characterization of DMN connectivity between
specific nodes may correspond to clinical phenotype, wherein posterior cingulate cortex
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hyper-connectivity predicted social communication deficits in children with ASD [26],
ultimately allowing for more targeted and personalized therapeutic interventions. Thus,
rs-fMRI is being increasingly used in many different translational research initiatives, each
with important clinical applications.

5. Conclusions

Numerous neurochemical alterations have been reported in individuals with ASD.
Neurotransmitter systems play a crucial role in the overall functional relationship of large-
scale networks and ostensibly impact the integration and modulation of these networks
during development and beyond. rs-fMRI can be used to detect both typical and atypical
RSNs, which can provide invaluable insight into the clinical implications of the neuro-
chemical alterations associated with ASD. With continued research, rs-fMRI may soon
emerge as a powerful tool in the diagnosis and management of various encephalopathies
by characterizing biomarkers of neurotransmitter-driven network pathology, thus aiding
in earlier detection of disease, and permitting the monitoring of response to treatment.

6. Patents

Nothing to report.
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Abstract: Fecal microbiota transplant (FMT) holds significant promise for patients with Autism
Spectrum Disorder (ASD) and gastrointestinal (GI) symptoms. Prior work has demonstrated that
plasma metabolite profiles of children with ASD become more similar to those of their typically
developing (TD) peers following this treatment. This work measures the concentration of 669
biochemical compounds in feces of a cohort of 18 ASD and 20 TD children using ultrahigh performance
liquid chromatography-tandem mass spectroscopy. Subsequent measurements were taken from
the ASD cohort over the course of 10-week Microbiota Transfer Therapy (MTT) and 8 weeks after
completion of this treatment. Univariate and multivariate statistical analysis techniques were used to
characterize differences in metabolites before, during, and after treatment. Using Fisher Discriminant
Analysis (FDA), it was possible to attain multivariate metabolite models capable of achieving a
sensitivity of 94% and a specificity of 95% after cross-validation. Observations made following
MTT indicate that the fecal metabolite profiles become more like those of the TD cohort. There was
an 82–88% decrease in the median difference of the ASD and TD group for the panel metabolites,
and among the top fifty most discriminating individual metabolites, 96% report more comparable
values following treatment. Thus, these findings are similar, although less pronounced, as those
determined using plasma metabolites.

Keywords: fecal metabolites; ASD; microbiome; gastrointestinal symptoms; Fisher Discriminant
Analysis

1. Introduction

Autism spectrum disorder (ASD) encompasses a large group of early onset neurological conditions
that result in impairments in social behavior and communication, which are estimated to affect 1
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in 54 children under the age of eight in the United States [1]. Despite this high rate of occurrence,
the understanding of the pathophysiology of ASD is still poor, and it is believed that at least in some
cases ASD begins prenatally as a result of complex interactions between environmental and genetic
factors [2,3]. Although diagnosis of this disorder is only made through behavioral evaluations, many
systems of the body are strongly affected by this condition. A diverse range of physiological mechanisms
have been observed to be perturbed in ASD including the immune, endocrine, and gastrointestinal (GI)
systems [4,5]. Notably, the prevalence of GI symptoms co-occurring with ASD (~46%) lends significant
credence to investigating the relationship of ASD to the GI system [6].

In recent years, there have been growing efforts to study the effect of the microbiome on the
Gut-Brain Axis in the context of ASD etiology. Some studies have shown that the gut microbiome
of individuals with GI issues varies significantly from those without such complications [7–9].
However, the microbiota of individuals with ASD without the presence of GI issues have also
consistently been found to be distinct from their typically developing (TD) peers [10,11]. Certain
genera such as Prevotella and Coprococcus have been shown to be significantly less prevalent in the
gut of children with ASD [12,13]. Furthermore, it has been proposed that the microbiota differences
in children with ASD give rise to metabolomic differences that can be quantitatively evaluated to
distinguish them from their TD peers [14,15].

Some previous work involving fecal metabolites identified isopropanol, p-cresol, acetyl-carnitine,
free carnitine and neurotransmitters-gamma-Aminobutyrate (GABA) as metabolites that have
significantly different concentrations between the ASD and TD cohorts [14,16,17]. There have also
been mixed results regarding the fecal concentrations of short chain fatty acids. While some studies
show that the fecal concentration of acetic, propionic and butyric acids were higher in children with
ASD [18–20], other investigations found that the concentration of these short chain fatty acids were
lower or comparable to their TD peers [21–23].

As the role of the microbiome in ASD is being in more detail, the question is raised as to whether
using fecal microbiota transplant (FMT) can mitigate the severity of GI and other symptoms of ASD.
In one notable study, offspring of germ-free mice subject to microbiome transfer from individuals with
ASD exhibited more ASD-like behaviors and produced different metabolome profiles when compared
to offspring of germ-free mice subject to microbiome transfer from TD controls [24]. The use of FMT
has shown considerable potential in its capability to alleviate not only symptoms associated with GI
complications, but also in some cases to reduce the severity of certain behavioral symptoms in children
with ASD. For example, Kang et al. demonstrated in an open-label study that through a modified FMT
(called, Microbiota Transfer Therapy (MTT)), there was an 80% reduction in GI symptoms and a 24%
initial reduction in core ASD symptoms, with greater improvement in ASD symptoms at a two-year
follow-up [25,26]. Probiotic intervention has also shown potential to have a positive influence on
ameliorating both behavioral and GI symptoms in individuals with ASD [27,28].

Past work in analyzing metabolites prior and subsequent to MTT therapy have also yielded
promising results. Children with ASD who underwent MTT presented changes in their plasma
metabolite profiles to resemble more closely those of their typically developing peers [29,30]. The work
presented in this paper builds on the analysis of this same study [25], but focuses on fecal metabolites
instead of plasma metabolites. Univariate assessment of the fecal metabolites examined in this study
have previously shown limited capability for differentiating between ASD and TD cohorts when
corrected for multiple hypotheses [30]. Thus, here we explored the use of multivariate techniques to
detect underlying relationships that may have been otherwise missed.

2. Materials and Methods

2.1. Study Design

The purpose of this study was to examine the differences in gut metabolites between children with
ASD and GI problems vs. typically developing children without GI problems, and determine the effects
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of gut microbiota transfer therapy on the fecal metabolites of the ASD group. The study involved
38 children, aged 7–16 years, 18 of these professionally diagnosed with ASD by a healthcare provider
(verified with the Autism Diagnostic Interview-Revised) and 20 determined to be typically developing.
The participants with ASD were required to have moderate to severe GI problems, and the range of
GI issues included constipation, diarrhea, and alternating diarrhea/constipation. GI symptoms were
assessed biweekly with the Gastrointestinal Severity Rating Scale (GSRS) and daily with a Daily Stool
Record using the Bristol Stool Form scale [25]. The study consisted of 2 weeks of antibiotic therapy,
1 day of bowel cleans, and a high major initial dose and 7–8 weeks of lower maintenance doses of FMT
treatment followed by evaluation at 8 weeks post treatment. The TD group did not undergo MTT,
but instead was used as a comparison group whose measurements were taken at the same time as the
ASD group before treatment. The MTT experimental protocol and details of the study population are
outlined in Kang et al. [25].

The pre-treatment protocol consisted of two weeks of oral vancomycin, which is a broad spectrum
non-absorbable antibiotic. This treatment was intended to reduce pathogenic bacteria and prime
the GI system for MTT. The dose of vancomycin administered was individualized to the weight of
each participant at 40 mg/kg, with a maximum dose of 2 g [25]. Participants were then subjected to
one day of fasting and a bowel cleanser (MoviPrep) in order to remove the vancomycin and further
reduce levels of intestinal bacteria. Standardized Human Gut Microbiota (SHGM) consisted of a full
spectrum of highly purified microbiota from healthy, carefully screened donors. The ASD cohort was
split into two groups, each one following a different initial high dose (2.5 × 1012 cells/day) SHGM
treatment. One MTT treatment consisted of a single dose administered rectally (n = 6) while the other
involved doses administered orally on two days (n = 12). Both techniques were followed by a lower
concentration SHGM maintenance dosage (around 2.5 × 109 cells) given orally, with treatment ending
8 weeks after the initial high dose [25]. However, the protocol differed slightly for both groups of ASD
children as those that received SHGM rectally waited for one week prior to beginning low dose SHGM.

2.2. Metabolite Measurements

Once the study had concluded, aliquots of the fecal samples were shipped overnight on dry ice to
Metabolon (Durham, NC, USA). Both the control and autism samples were blinded and randomized
prior to being shipped. Metabolon utilized ultrahigh performance liquid chromatography-tandem mass
spectroscopy (UHPLC-MS/MS) instruments for obtaining metabolomic information on 669 metabolites.
A detailed overview regarding this protocol can be found in Long et al. [31]. By using this technique,
it is possible to determine a signal intensity corresponding to a metabolite’s presence in a sample.
Subsequently, the signal intensity is used to derive the relative abundance of each metabolite. For this
objective, peak area integration using the area under the curve was utilized. In the case of missing
values, imputation was performed by taking the lowest value of each compound measurement divided
by the square root of 2.

Fecal samples were taken at four time points from the participants with ASD (Figure 1). Parents
were instructed to freeze these sample immediately after collection for up to 3 days, and the samples
were then transported to Arizona State University on dry ice where they were stored in a −80 ◦C
freezer. Initial fecal samples were collected from all participants at Week 0. Samples were also taken
from ASD participants at the Week 3 mark from the beginning of the treatment (after about five days
of microbiota transplant) and at the end of MTT treatment (Week 10). The ASD group was sampled
again 8 weeks after administration of SHGM ceased (Week 18). In total, 18 ASD participants collected
samples at all time points aside from Week 3, where only 17 samples were collected. The TD group
received no treatment and 20 were sampled at the beginning (Week 0).

2.3. Statistical Analysis

The data collected for each of the metabolites underwent various forms of statistical analysis to
assess differences between the ASD + GI and TD cohort. By comparing the differences observed for
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metabolites before and after MTT, it might be possible to gain some understanding of the role that this
therapy could play in altering metabolic processes. Both univariate and multivariate techniques were
used in this regard, and the implementation of the analysis routines was done in MATLAB.J. Pers. Med. 2020, 10, x FOR PEER REVIEW 4 of 28 
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Figure 1. Timeline for the experimental protocol, which can be divided into three main phases.
From Week 0 to Week 3, the Autism Spectrum Disorder (ASD) cohort is primed for Microbiota Transfer
Therapy (MTT). From Week 3 to Week 10 the ASD cohort receives low dose fecal microbiota (FM)
or is prepared for low dose FM, and finally from Week 10 to Week 18 no treatment is given to the
individuals. A closeup is provided of Week 2–3 as this is when Standardized Human Gut Microbiota
(SHGM) is initialized.

2.3.1. Preprocessing

In order to ensure continuous distribution of values across all participants, metabolites with too
many values below the detection limit at their initial stool sample (Week 0) were removed. The detection
limit for a metabolite was determined to be the minimum value recorded for that metabolite. If less
than 40% of all measurements were above the detection limit, the metabolite was removed from
subsequent analysis. This step accounted for the possibility that a measurement could be almost
entirely below the detection limit in one cohort, while simultaneously being above the limit in the other
cohort. The remaining metabolites were then normalized such that for each metabolite the median
value was 1.0 in the Week 0 TD cohort.

2.3.2. Univariate Analysis

Univariate analysis identifies metabolites that are differentially expressed between the ASD and TD
cohorts. Using this information, it is possible to examine common correlations and relationships across
different measurement quantities. In turn, this has the potential to identify underlying mechanisms of
ASD etiology as well as provide guidance for the development of a multivariate model that can more
accurately distinguish between both groups. As there are 669 metabolites under investigation, there is
significant concern related to overfitting of statistical models if many or all these measurements are
used to develop a multivariate model. By reducing the number of measurements to a smaller subset,
it is possible to alleviate some of the concerns related to overfitting.

Metabolites were individually analyzed for their ability to classify between the ASD and TD
cohorts at their Week 0 measurements. The area under the receiver operator curve (AUROC) served as
an assessment of the potential of a metabolite to distinguish between ASD and TD groups. This metric
is defined as the false positive rate against the false negative rate at different ASD/TD classification
thresholds. An AUROC of 1.0 indicates the capacity for perfect separation, while an AUROC of 0.5

182



J. Pers. Med. 2020, 10, 152

indicates that there is no ability to distinguish between the groups. Metabolites with an AUROC value
above 0.6 were selected as candidates for use in multivariate analysis in this work.

Univariate analysis techniques evaluated whether significant changes had occurred among the
metabolites between the beginning and end of the study for the ASD cohort. For this purpose,
the metabolite measurements at Week 0 and Week 18 were compared using a parametric or
non-parametric test, depending upon their distribution. An Anderson-Darling test for normality was
used at both time points to determine the distribution of each set of measurements. Subsequently,
either a Wilcoxon signed-rank test or a paired t-test was performed on the ASD group, comparing
measurements from Week 0 to Week 18. A relatively normal distribution employs the parametric
paired t-test; otherwise, the non-parametric Wilcoxon signed-rank test is used. The resulting p-value
indicates how significantly the concentration of the metabolite changed for the cohort over the course
of the study.

As there were a considerable number of quantities measured per study participant, it was
imperative that multiple hypothesis correction tests were utilized. Subsequently, a false discovery rate
(FDR) for each individual metabolite was computed using leave-n-out (n = 1, 2, 3) cross validation
(see Table A1). Leave-n-out is an iterative process and involves removing n individual data points
from the total dataset and rerunning the univariate analysis on this subset. This procedure is repeated
so that all possible combinations with n removed individuals are assessed. The FDR is calculated as
the proportion of univariate results that were not deemed significant.

2.3.3. Multivariate Analysis

Fisher discriminant analysis (FDA), metabolites that had been identified as having an AUROC
value above 0.6 were used to develop a multivariate model for distinguishing between the ASD and
TD cohorts. FDA is a dimensionality reduction technique that seeks to separate classes of data by
determining a projection where such separation is maximized [32]. This is achieved by maximizing
the ratio between the between-class variability SB and the within-class variability SW for a weight
vector W.

J(W) =
WTSBW

WT SW W

In the case of K classes with n number of samples and m measurements, SB is defined as follows,
where x denotes the global mean, xk denotes the local class mean, and nk is the number of samples
within class k:

SB =
K∑

k=1

nk(xk − x)(xk − x)T

In contrast, the within-class covariance matrix SW is defined as the following, where xi corresponds
to an individual sample:

SW =
K∑

k=1

nk

∑
i∈k

(xi − xk)(xi − xk)
T

Thus, FDA simultaneously maximizes the scatter between classes and minimizes the scatter
within each class to find k-1 vectors that maximize the objective function. Subsequently, the eigenvector
corresponding to the k-1 largest eigenvalue of SBSW corresponds to the optimum weight vector.

For this dataset, the objective of FDA is to separate the ASD and TD cohorts with a combination of
metabolites. The initial stool samples (Week 0) were used to develop these models, so that the model
classifies individuals before any treatment.

The previously mentioned preprocessing and univariate analysis steps were performed to reduce
the set of metabolites considered for FDA. An FDA model could potentially be created with all
669 metabolites, but this model would likely overfit the data. To account for this, only metabolites that
passed the preprocessing step and achieved a univariate AUROC of over 0.6 remained in consideration.
This resulted in 165 metabolites under further investigation.
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An exhaustive search was performed through all possible combinations of 2, 3, or 4 metabolites
of the reduced set of 165 metabolites to determine the models which best separate the ASD and
TD groups at Week 0. The AUROC was used here as well, measuring how well the multivariate
models classify the two groups. Using kernel density estimation, the probability density function
of each model was computed. Iterating through all combinations, the models were assessed, and
the combination of metabolites was determined for each number of variables. For each number of
metabolites, the 1000 models that had achieved the highest possible AUROC were recorded. To derive
the five-metabolite models, all 1000 four metabolite models that had achieved the highest AUROC
were augmented with each of the remaining 161 metabolites that had an AUROC greater than 0.6.
The top 1000 five metabolite models that had the highest AUROC were then subjected to leave-one-out
cross validation.

2.4. Cross-Validation

Leave-one-out cross-validation was performed on the optimal FDA models to evaluate robustness
and statistical independence. Cross-validation ensures that, rather than merely fitting a model to
presented data, the model obtained is also capable of classifying new data. Although cross-validation
generally has a lower accuracy than what is computed just by fitting a model to data, the cross-validation
accuracy will better reflect generalizability to new data sets, i.e., data not used for developing a classifier.
Leave-one-out cross-validation proceeds iteratively, as a single individual’s data is removed from the
total dataset, then an FDA model is computed with measurements from the remaining individuals [33].
The measurements from the removed individual are now used as a test case to determine if the model
prediction regarding classification is correct. This process is repeated for measurements from each of
the individuals in the dataset: their data are removed, a model is developed with the remaining data,
then they are classified with this model, until the data for each individual has been removed once.
A confusion matrix is computed which includes the true positive rate (TPR), or sensitivity, and the true
negative rate (TNR), or specificity. Additionally, for each model, the Type II (false negative) error β
was modulated between 0.01, 0.05, 0.1, and 0.2 during cross-validation. The Type II error determined
the threshold value for separating the two groups. By alternating the values of β, it was possible to
evaluate the cross-validated performances along different positions of the ASD distribution. Lowering
β meant raising the Type I error while lowering the Type II error and the converse also holds true.
Thus, each of the four models (2, 3, 4, or 5 metabolites) had cross-validation performed four times,
with corresponding computation of TPRs and TNRs.

2.5. Model Evaluation

The models obtained after cross validating at different thresholds for data collected at Week 0 were
used to make predictions about the ASD group at the other MTT time points. Specifically, measurements
at Week 3, Week 10 and Week 18 were used to monitor the change in classification performance over
the course of the MTT protocol. Data from these time points were rescaled with respect to the TD Week
0 median and standard deviation. The probability density functions were compared between the time
points, and the discriminate scores for each model as well as of their constituent metabolites were
determined. Changes resulting from MTT were quantified using the Type II error, with respect to the
threshold associated with the probability density function (PDF) of the ASD + GI cohort’s discriminant
scores at each time point. Thus, both univariate assessments were performed as well as the total
assessment of the multivariate models’ discriminant score. Additionally, correlation analysis between
significant metabolite pairs was performed to determine possible underlying relationships.
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3. Results

3.1. Univariate Analysis

In total, there were 669 fecal metabolites that were measured in the study. Through the
preprocessing step, 86 metabolites were determined not to have the prerequisite number of observations
above the detection limit for further analysis. In order to classify ASD and TD cohorts at their Week
0 measurements, the area under the AUROC was used as an assessment of the potential of a metabolite
to distinguish between ASD and TD groups. The remaining 583 metabolites were ranked according to
their univariate AUROC, and 165 metabolites with an AUROC of at least 0.6 were identified. No single
metabolite perfectly separated the cohorts (which would correspond to an AUROC = 1.0), as the
metabolite with the highest AUROC, carnitine, achieved a value of 0.77 (Table 1).

Using the 165 metabolites with an AUROC greater than 0.6, additional univariate testing was
performed to assess the degree to which measurements shifted following MTT. ASD metabolite samples
measured at Week 0 were compared to their values following MTT at Week 18 using either a paired
t-test or a Wilcoxon signed-rank test depending upon the distribution determined for the data via the
Anderson-Darling normality test. It was found that 10.9% of the metabolites significantly changed
(p < 0.05) following the MTT therapy when comparing the ASD group before and after treatment
(see Table A1). The metabolites that had a threshold AUROC value of 0.6 were subsequently used for
model discovery for the 2-, 3-, 4- and 5- metabolite models.

3.2. FDA Models

The FDA models with the greatest AUROC values for each number of constituent metabolites
are listed in Table 2. The probability density function (PDF) of discriminant scores for the 2-, 3-, 4-,
and 5-metabolite models that achieved the highest accuracy following cross validation are shown
in Figure 2. There were two distinct models that were identified, using five separate metabolites,
as having achieved the same accuracy after cross-validation. With the exception of one metabolite
which differed between them (Adenosine and Indole), the constituents of these panels are identical.
These two metabolite models are both shown in Table 2 and will be referred to as OFM-A and OFM-I,
optimized fecal model-adenosine and optimized fecal model-indole, respectively (OFM-I/A). For all
optimized metabolite panels, the TPR and TNR values for each are presented when the β value was
modulated. The 5-metabolite models had higher AUROCs than the 2-, 3-, and 4-metabolite models,
so they are the focus of the following analysis, due to their higher accuracy (0.95 specificity and 0.94
sensitivity). Modulating β revealed that the optimal cut-offs between the ASD and TD distributions
for the OFM-I and OFM-A models was β = 0.05 for both the OFM-A and OFM-I.

For the 1000 best models with five metabolites, the AUROC ranged from 0.97 to 1.00 which are
high values. The reason for using the 1000 best models is that there are not only one or two best models
as judged by AUROC alone. Each of these models was subjected to cross validation, with OFM-I/A
being derived from those that achieved the highest accuracy. The metabolites ultimately utilized for
the development of a five-component model were all found to be in the top quartile of prevalence
in the 1000 top models (Figure 3). Notably, among the top fecal metabolite models, adenosine and
hydroxyproline appeared in 36.3% and 62.4% of models, respectively. Only three metabolites were
present in more than 25% of the top 1000 models that were not among those included in the OFM-I/A
panels. These metabolites were Adenine, 2-aminobutyrate and 1,7-dimethylurate (corresponding to
the 5th, 57th, and 86th highest AUROC rank, respectively).
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Table 2. Fitting and cross-validation results for the best combinations of two, three, four, and five
metabolites used as part of Fisher Discriminant Analysis (FDA). The cross-validated true positive rate
(TPR) and true negative rate (TNR) are shown for classification thresholds associated with different
values of β calculated from the fitted probability density functions (PDFs). The results for two
distinct 5-metabolite models are presented as they were able to achieve the same accuracy following
cross-validation. The notable TPRs and TNRs are highlighted for the 5-metabolite models.

Number of
Metabolites

Metabolite Combination Fitted
AUROC

Cross-Validated Results

β TPR TNR

2
Carnitine

2′deoxyadenosine 0.88

0.01 1.00 0.20
0.05 1.00 0.35
0.10 1.00 0.50
0.20 0.89 0.75

3
Adenosine

theobromine
hydroxyproline

0.93

0.01 1.00 0.30
0.05 0.94 0.55
0.10 0.94 0.75
0.20 0.72 0.85

4

indole

0.98

0.01 0.94 0.35
1-(1-enyl-oleoyl)-GPE (P-18:1) 0.05 0.89 0.60

Hydroxyproline 0.10 0.83 0.60
Carnosine 0.20 0.83 0.80

5

Imidazole Propionate

1.00

0.01 1.00 0.85
Hydroxyproline 0.05 0.94 0.95

Theobromine 0.10 0.89 0.95
2-hydroxy-3-methylvalerate

Adenosine 0.20 0.78 0.95

5

Imidazole Propionate

1.00

0.01 1.00 0.85
Hydroxyproline 0.05 0.94 0.95

Theobromine 0.10 0.89 0.95
2-hydroxy-3-methylvalerate 0.20 0.78 0.95

Indole

3.3. Correlation Analysis

Correlation analysis was performed on the OFM metabolites as these were the ones that had been
identified as being able to distinguish between the ASD and TD cohorts with the highest accuracy
after cross-validation. It can be observed that many of the top 50 metabolites (AUROC ≥ 0.66)
were significantly correlated with the OFM metabolites (Table 3). In contrast, the individual OFM
metabolites for both models had little to no correlation with each other, apart from hydroxyproline
with adenosine and 2-hydroxy-3-methylvalerate; these findings were expected since, if individual
OFM metabolites were highly correlated with each other, then they would not be useful in the model
due to their correlation.

3.4. Assessing Effects of MTT

Univariate assessment of the top 50 metabolites as ranked by AUROC demonstrated that 14% of
these 50 metabolites showed significant differences in their Week 0 and Week 18 ASD measurements
and that 47 of these 50 metabolites achieved a lower AUROC eight weeks following treatment (Table 1).
In addition to classification at baseline, the multivariate models developed can be used to observe
changes in fecal metabolome composition over the course of the study. Most metabolites in the OFM-I
and OFM-A models changed significantly after MTT and have values closer to the TD group after
MTT (see Table 4). The average difference between the median of the five metabolites for TD group at
Week 0 and the ASD measurements at Week 18 compared to measurements at Week 0 diminished by
88% and 82% for the OFM-I and OFM-A models (see Table 4), so the ASD group became much more
similar to the TD group.
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Figure 2. PDFs of ASD and TD discriminant scores at Week 0. The probability density function of the 
FDA score provides a visualization of a model’s ability to distinguish between the ASD and TD 
cohorts. The (a) two-metabolite model has most of its FDA scores highly concentrated near the region 
where thresholds would be applied. The (b) three-metabolite model is not as highly concentrated, but 
there is a significant amount of overlap between the scores of the ASD and TD participants, which is 
visible in both plots. The four (c) and five (d,e) metabolite models better separated the cohorts, with 
little overlap in the discriminant scores of the ASD and TD groups. 

For the 1000 best models with five metabolites, the AUROC ranged from 0.97 to 1.00 which are 
high values. The reason for using the 1000 best models is that there are not only one or two best 
models as judged by AUROC alone. Each of these models was subjected to cross validation, with 
OFM-I/A being derived from those that achieved the highest accuracy. The metabolites ultimately 
utilized for the development of a five-component model were all found to be in the top quartile of 
prevalence in the 1000 top models (Figure 3). Notably, among the top fecal metabolite models, 

Figure 2. PDFs of ASD and TD discriminant scores at Week 0. The probability density function of the
FDA score provides a visualization of a model’s ability to distinguish between the ASD and TD cohorts.
The (a) two-metabolite model has most of its FDA scores highly concentrated near the region where
thresholds would be applied. The (b) three-metabolite model is not as highly concentrated, but there is
a significant amount of overlap between the scores of the ASD and TD participants, which is visible in
both plots. The four (c) and five (d,e) metabolite models better separated the cohorts, with little overlap
in the discriminant scores of the ASD and TD groups.
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Figure 3. Frequency of appearance of each of the metabolites with AUROC > 0.6 in the top
1000 five-metabolite Fisher discriminant analysis (FDA) models. The metabolites are ranked from
highest to lowest area under the receiver operating characteristic curve (AUROC) as shown in
Table 1. The metabolites included in the FDA models which achieved maximal separation following
cross-validation are shown in red: (A) indole (B) imidazole Propionate (C) adenosine (D) theobromine
(E) hydroxyproline, (F) 2-hydroxy-3-methylvalerate.
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Table 3. The correlation coefficients between the optimized fecal model-indole/adenosine (OFM-I/A)
metabolites and top metabolites 50 metabolites are examined and presented in order of their AUROC.
Only those correlations that are significant (p-value < 0.05) are presented.

Metabolite Correlation Coefficient p-Value

Indole

Carnitine 0.67 <0.001
Indole-lactate 0.56 <0.001
Saccharopine 0.42 0.007

Stearoyl-carnitine 0.39 0.015
3-(3-hydroxyphenyl)propionate 0.33 0.043

Oxalate 0.33 0.043

Imidazole Propionate

Galactonate 0.78 <0.001
Gulonate 0.76 <0.001

Palmitoyl-carnitine 0.72 <0.001
Saccharopine 0.7 <0.001

Phosphocholine 0.69 <0.001
Cystathionine 0.62 <0.001

Phenethylamine 0.61 <0.001
Betaine 0.61 <0.001

3-(4-hydroxyphenyl)lactate 0.6 <0.001
N-propionyl-methionine 0.58 <0.001
N-palmitoyl-sphingosine 0.41 0.011

3,5-dihydroxybenzoic 0.4 0.014
3-(3-hydroxyphenyl)propionate 0.39 0.017

Stearoyl-carnitine 0.38 0.018
1-palmitoylglycerol 0.37 0.023

Gamma-glutamyl-histidine 0.36 0.027
Biliverdin 0.34 0.037
Carnitine 0.32 0.048

Adenosine

Adenine 0.74 <0.001
2′-deoxyadenosine 0.54 <0.001

5-hydroxylysine 0.36 0.0254
Hydroxyproline 0.36 0.0256
5-hydroxylysine 0.36 0.0254

1-(1-enyl-oleoyl)-GPE 0.34 0.0366

Theobromine **

None

Hydroxyproline

2-hydroxy-3-methylvalerate *** 0.61 <0.001
delta-tocopherol 0.41 0.011

2′-deoxyadenosine 0.38 0.017
Adenosine 0.36 0.026

Copro-stanol 0.36 0.026
5alpha-androstan-3beta,17alpha-diol 0.35 0.030

p-cresol −0.32 0.050
Betaine −0.33 0.043
Oxalate −0.35 0.031

N-palmitoyl-sphingosine −0.37 0.023
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Table 3. Cont.

Metabolite Correlation Coefficient p-Value

2-hydroxy-3-methylvalerate ***

Gulonate 0.81 <0.001
Imidazole propionate 0.79 <0.001

Galactonate 0.78 <0.001
Phosphocholine 0.75 <0.001
5-hydroxylysine 0.72 <0.001
Hydroxyproline 0.61 <0.001

Betaine 0.6 <0.001
Phenethylamine 0.59 <0.001

1-(1-enyl-oleoyl)-GPE (P-18:1) 0.55 <0.001
Cystathionine 0.53 <0.001

1-palmitoylglycerol (16:0) 0.51 <0.001
Biliverdin 0.51 0.001

Propionyl-glycine (C3) 0.45 0.005
3-(4-hydroxyphenyl)lactate (HPLA) 0.43 0.008

3-(3-hydroxyphenyl)propionate 0.34 0.039
Delta-tocopherol −0.33 0.042

Copro-stanol −0.35 0.033

** Theobromine was not found to be significantly correlated with any of the top 50 metabolites.
*** 2-hydroxy-3-methylvalerate is not among the top 50 metabolites as ranked by AUROC but present in both
OFM-I/A panels.

The OFM-I/A models were applied to the ASD samples at all distinct time points to assess their
accuracy for classifying a sample as belonging to the ASD or TD cohort. The effectiveness of OFM-I/A
for classification changed significantly before and after MTT. The type II error rate was initially
observed to be 5% for both models, indicating that the ASD and TD distributions are quite distinct,
but was observed to rise to 56% eight weeks after MTT was completed (Table 4), thereby indicating that
distinguishing between the ASD and TD cohort is not reliably possible after MTT. The PDF curves are
shown in Figure 4 to demonstrate the changes in the ASD cohort over time with respect to the values of
the FDA score. The distributions indicate that the ASD cohort became more metabolically similar to the
TD cohort after treatment, since the curves are shifted towards the TD curve. Notably, the distribution
of scores for the ASD cohort become somewhat bimodal at the later time points for both models.
The discriminant score for both models decreased substantially as time progressed, indicating that the
metabolites of the ASD group were becoming more similar to that of the TD group.
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10 and Week 18, indicating that the metabolite profile of the ASD group after MTT treatment has 
become more similar to the ones of the TD group. 

4. Discussion 

Preliminary analysis using univariate methods revealed that none of the individual fecal 
metabolites achieved a high AUROC value by itself. Interpretations regarding the threshold value 
needed for an AUROC to be deemed an effective classifier vary by discipline. AUROC values 
between 0.9–1.0 are desirable for diagnostic tests and are seen to be reflective of excellent 
classification [35]. However, this value was not chosen here as the AUROC is employed here as a pre-
screening tool for reducing the number of metabolites for classification, and not for determining a 
metabolite that by itself can distinguish between the two groups. The highest AUROC value for an 
individual metabolite was 0.77, corresponding to carnitine, indicating that the ASD group is 

Figure 4. PDF curves for the (a) OFM-I and (b) OFM-A model when assessing the ASD cohort over the
course of the study. The overlap between the TD cohort and the ASD cohorts increases at Week 10 and
Week 18, indicating that the metabolite profile of the ASD group after MTT treatment has become more
similar to the ones of the TD group.
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Table 4. Change in the difference between OFM-I/A metabolites measured in the TD and ASD cohort
over the course of the study. The discriminant score was calculated by first taking the absolute
value of the difference between measurements at each time point and the median of the TD group,
then normalizing the difference by the standard deviation of the TD Week 0 measurements, and then
adding the normalized absolute difference for each of the five metabolites. The background color
distinguished the individual metabolites from the multivariate models.

ASD Week 0 ASD Week 3 ASD Week 10 ASD Week 18 TD Week 0
Imidazole Propionate
(25th/75th percentile)

0.37
(0.19, 3.38)

0.55
(0.08, 8.57)

0.29
(0.08, 0.80)

0.14
(0.03, 0.46)

0.12
(0.09, 0.29)

Hydroxyproline
(25th/75th percentile)

0.96
(0.72, 4.83)

1.06
(0.42, 3.67)

1.27
(0.24, 3.34)

0.80
(0.54, 3.60)

0.60
(0.29, 1.20)

Theobromine (25th/75th
percentile)

0.89
(0.47, 2.38)

0.47
(0.47, 1.68)

0.47
(0.16, 0.47)

0.47
(0.43, 0.47)

0.46
(0.34, 0.64)

2-hydroxy-3-methylvalerate
(25th/75th percentile)

0.53
(0.43, 0.75)

0.43
(0.18, 0.56)

0.34
(0.06, 0.50)

0.52
(0.21, 0.63)

0.44
(0.21, 0.61)

Indole (25th/75th
percentile)

1.13
(0.25, 1.83)

0.66
(0.32, 1.75)

0.85
(0.18, 1.86)

0.86
(0.26, 1.52)

0.39
(0.15, 0.59)

Adenosine
(25th/75th percentile)

0.67
(0.36, 0.88)

0.77
(0.50, 1.01)

0.73
(0.47, 0.90)

0.57
(0.26, 0.86)

0.40
(0.18, 0.86)

OFM-I Median
discriminant score

(25th/75th percentile)

3.90
(2.33, 5.72)

1.90
(0.72, 9.52)

1.84
(0.90, 3.71)

1.73
(0.71, 2.62)

0.46
(0.21, 1.35)

Type II error 5% 53% 50% 56% -
OFM-A Median

discriminant score
(25th/75th percentile)

3.51
(2.28, 5.73)

2.87
(1.13, 9.43)

2.18
(1.07, 4.18)

1.36
(0.54, 2.44)

0.62
(0.35, 1.05)

Type II error 5% 53% 39% 56% -

4. Discussion

Preliminary analysis using univariate methods revealed that none of the individual fecal
metabolites achieved a high AUROC value by itself. Interpretations regarding the threshold value
needed for an AUROC to be deemed an effective classifier vary by discipline. AUROC values between
0.9–1.0 are desirable for diagnostic tests and are seen to be reflective of excellent classification [35].
However, this value was not chosen here as the AUROC is employed here as a pre-screening tool for
reducing the number of metabolites for classification, and not for determining a metabolite that by
itself can distinguish between the two groups. The highest AUROC value for an individual metabolite
was 0.77, corresponding to carnitine, indicating that the ASD group is somewhat heterogeneous.
In contrast, all optimized multivariate models using three or more elements were able to achieve an
AUROC greater than 0.9, highlighting that a multivariate analysis can provide better classification
than that which can be determined using univariate analysis alone. Nonetheless, 94% of the top
50 univariate metabolites report lower AUROC (Table 1) eight weeks following MTT, which indicates
greater similarity between the ASD and TD measurements after treatment.

Analysis of all possible significant metabolites at Week 0 resulted in the OFM-I and OMF-A models,
consisting of five metabolites. Four of these five metabolites were identical between the two models and
both achieved AUROC values greater than 0.99. Interestingly, the two metabolites that differed between
them, Adenosine and Indole, are associated with different metabolic processes and have no significant
correlation. Furthermore, cross-validation revealed that using the OFM-I/A models at the Week 0
timepoint resulted in a 0.95 TPR and 0.94 TNR. Subsequently, there was an overall 94.7% accuracy for
correctly classifying an individual into the ASD/TD groups after leave-one-out cross-validation.

Many of the metabolites identified as being differentially expressed between the ASD and TD
cohorts have also been previously examined for their relationship to ASD. Specifically, among the
top five metabolites ranked by their AUROC value, carnitine, indole and sphingosine have all been
found to be differentially expressed in some capacity among individuals with ASD [14,17,18,36]. In a
meta-analysis, 10–20% of individuals with ASD were found to have disorders with synthesizing
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carnitine, which was the metabolite that had achieved the largest AUROC value [36]. Plasma carnitine
concentration has also previously been shown to be lower among cohorts with ASD [36]. It should be
noted that following MTT the AUROC values of carnitine reduced to 0.68, which indicates that the
ASD and TD carnitine distributions were less different after MTT (see Table A1). Sphingolipids such as
sphingosine have been found to play an active role in the crosstalk between microbiota and intestinal
cells [37]. The significant change in concentration for metabolites such as N-palmitoyl-sphingosine
(d18:1/16:0) may have been associated with the changed microbiome composition resulting from MTT
(Table 1). Approximately 68% of the variance observed in the fecal metabolome can be explained
by the gut microbiome [38], which underscores the potential impact FMT can have on reshaping
metabolite concentrations.

Among the metabolites which form part of the OFM-I/A models, theobromine exhibited a
significant change between its measurements at Week 0 compared to the Week 18 value for the ASD
cohort when a sign ranked test was applied at both timepoints (Table 1). Theobromine is not a
microbial metabolite, and its source in fecal samples likely stems from dietary intake and from human
metabolism of caffeine [38]. Consequently, this may account for the reason why it was not observed
to be correlated with any other metabolite and why the median discriminate score often took the
value of the detection limit. However, the metabolization of theobromine is primarily via hepatic
demethylation and oxidation, which are processes that have at least been hypothesized to be perturbed
in ASD [39,40]. The median concentration for this metabolite was also not found to change following
the bowel cleanse measurement (see Table A1). We conducted a secondary analysis of a five-metabolite
model without theobromine and found that it results in significantly lower sensitivity and specificity,
so including theobromine seems to be important for developing a classification model.

Nonetheless, in the case of all metabolites present in the OFM-I/A models, the average difference
between the Week 0 TD measurements and ASD group decreased greatly (82–88%) by the end of
the study (Table 4). Hydroxyproline, which is another of the OFM metabolites, has been previously
determined to be expressed in significantly higher concentration in the plasma of children with ASD,
consistent with the higher levels in feces [41] and in the present study. Indole, which was also one
of the OFM metabolites, has been found in higher concentration in fecal samples in children with
ASD and other neurodevelopmental conditions [17], consistent with the results of this study, and is an
important metabolite for tryptophan metabolism [42]. Thus, the shift to a lower discriminant score
following the completion of the treatment is consistent with measurements of ASD fecal metabolites
becoming more like those of their TD counterparts following MTT.

The OFM-I/A models in their totality demonstrated similar behavior when contrasting
measurements taken at Week 0 and Week 18 of the ASD cohort. This study found that some
metabolic changes had begun by Week 3 (after vancomycin, bowel cleanse, and approximately five
days of FMT). It is also notable that the distributions of FDA scores within both the five-metabolite
models at later timepoints (Week 10 and Week 18) are bimodal. This suggests that some individuals
may respond differently to MTT than others. This finding was similar to the analysis performed on
plasma metabolites where a steep decline in median discriminant score was also observed at Week 3
and Week 10 [29].

The OFM-I/A metabolites demonstrated limited correlation among themselves. This was to
be expected as FDA seeks to maximize the amount of discriminating information with a minimal
number of utilized metabolites. For this reason, within this subset of fecal metabolites, those with few
correlations tended to appear more frequently in the top 1000 models. Specifically, there was a high
proportion of top 1000 models featuring theobromine (28.5%), which was ranked as the fourth most
common metabolite present in the models. Notably, this metabolite was not significantly correlated
with any of the other top 50 metabolites as discussed above. In total, 44 of the 50 metabolites with the
highest AUROC were correlated with the OFM metabolite panel, suggesting that there are at least six
common types of metabolic abnormalities associated with ASD. Although adenosine and indole were
not found to be correlated, they were included in the OFM-A and OFI-I models, respectively, and both
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metabolites are related to distinct biological pathways, with adenosine being associated with purine
metabolism, while indole is associated with tryptophan metabolism. It was observed in one study
that metabolites associated with these two pathways were the most different in urine of ASD and TD
children [43].

While there are several metabolic pathways that are related to the top 50 metabolites identified,
about 45% of the top metabolites were connected to phenylalanine and tyrosine metabolism, fatty
acid metabolism or sphingolipid metabolism. Differences in tyrosine metabolites such as decreased
concentration of phenylalanine and increased concentration of p-cresol have been previously observed
in studies examining the gut metabolite composition in TD and ASD children [14,44]. The role of the
microbiota in this pathway is also very significant. Tyrosine metabolism pathway downregulation
was observed in an ASD cohort to be associated with an increased prevalence of Bacteroides vulgatus
while upregulation was associated with Eggerthella lenta [44]. Similarly, the relationship between
sphingolipid metabolism and microbiome crosstalk has been suggested, and differences in short chain
fatty acids of children with ASD and their TD peers have been noted [24,36].

Several metabolites related to mitochondrial metabolism and regulation such as carnitine, betaine,
and adenine were also determined to have particularly high AUROC values [35,45–47]. Carnitine
serves as the cofactor that transports long-chain fatty acids to the mitochondria matrix, and betaine
plays a role in increasing mitochondrial membrane potential [45,47]. There has been considerable
investigation into the relationship between ASD and mitochondrial dysfunction. It is estimated that
around 4–7% of children with ASD are affected by mitochondrial disease, but it is speculated that up to
80% may have abnormalities in mitochondrial function [48,49].

Prior work has shown similar relationships between ASD fecal metabolite profiles as were observed
in this study. GABA, an important neurotransmitter, was one of the metabolites identified as having
a lower concentration in the ASD group prior to MTT, which is consistent with prior work [16,17].
Similarly, the fecal concentrations of free carnitine have been previously observed to be higher in
children with ASD, which was also observed in this study [14]. The fecal metabolite measurements are
consistent with prior work as the average indole measurements for the ASD cohort were more than
twice the value of their TD counterparts at Week 0 (see Table A1) [17]. It has also been observed that
fecal metabolites associated with glutamate metabolism such as 2-Keto-glutaramic acid and l-Aspartic
acid were downregulated in children with ASD [44]. These metabolites were not measured in this
study. Nonetheless, one of the metabolites associated with glutamate metabolism, carboxyethyl-GABA,
was identified in significantly lower concentration in the ASD + GI cohort at baseline.

While there are indeed some similarities between the analysis of fecal metabolites and prior
assessment of plasma samples taken from these participants, there are key distinctions. None of the
metabolites identified as being utilized in the optimum multivariate models were previously identified
as being significant for classification in the multivariate plasma models. The general performance
of the fecal metabolites when subjected to univariate analysis had generally lower AUROC values
than plasma metabolites [29]. However, despite having lower AUROC scores, multivariate analysis
achieved high accuracy in distinguishing ASD and TD children. That being said, we were able to
achieve greater separation using three plasma metabolites than with five fecal metabolites. This may
be due to the greater homogeneity in plasma samples vs. stool samples. There have also been far more
studies conducted examining plasma metabolite concentrations in individuals with ASD than studies
focused on fecal samples [50,51].

Although the models were able to classify between the ASD + GI and TD cohorts with high
accuracy, this study also has several limitations. The study focused exclusively on children with
ASD with initially moderate to severe GI problems, which were compared to TD children with no GI
issues. Therefore, assessments regarding ASD were confounded with GI problems in this analysis.
ASD subgroups differentiated by variations in GI abnormalities were ignored in the analysis as
subgroups were too small for a robust statistical assessment [52,53]. Furthermore, the study-cohort
was not large and the ASD cohort was further split up into two different initial treatments. Future

194



J. Pers. Med. 2020, 10, 152

studies with a larger sample size examining cohorts with and without GI symptoms would allow for
an assessment on the effectiveness of MTT in ameliorating behavioral symptoms in addition to GI
related pathology.

5. Conclusions

This study investigated differences in fecal metabolites between a group of children diagnosed
with ASD and GI symptoms and their typically developing peers with no history of GI symptoms.
The univariate analysis demonstrated that individual fecal metabolites had limited potential to
distinguish between ASD+GI and TD cohorts, unlike the previous study of plasma; this may be due to
greater heterogeneity in stool compared to plasma. However, multivariate statistical analysis resulted
in five-metabolite models that had high accuracy even after cross-validation. Both the OFM metabolite
panels were shown to be capable of achieving 95% specificity and 94% sensitivity.

Following MTT, 14% of the top 50 metabolites that were found to have the greatest difference in
concentration between the TD and ASD group shifted such that their distributions were significantly
different eight weeks after the treatment ended. Furthermore, 94% of these metabolites reported lower
AUROC following treatment, indicating diminished capacity to distinguish between the ASD and TD
group. When considering a normalized average of the metabolites in the OFM models, the difference
between the ASD and TD groups decreased by 82–88% at 18 weeks. These findings are similar,
although less pronounced, as those determined using plasma metabolites, and both suggest that MTT
resulted in shifting the metabolic profile of the ASD group towards becoming more similar to the TD
group. Future work should be performed to validate the effect of MTT on fecal metabolites using a
larger study cohort and a placebo arm.
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Abstract: We propose that the mitochondrion, an essential cellular organelle, mediates the long-
term prenatal environmental effects of disease in autism spectrum disorder (ASD). Many prenatal
environmental factors which increase the risk of developing ASD influence mitochondria physi-
ology, including toxicant exposures, immune activation, and nutritional factors. Unique types of
mitochondrial dysfunction have been associated with ASD and recent studies have linked prenatal
environmental exposures to long-term changes in mitochondrial physiology in children with ASD.
A better understanding of the role of the mitochondria in the etiology of ASD can lead to targeted
therapeutics and strategies to potentially prevent the development of ASD.

Keywords: autism spectrum disorder; mitochondria; oxidative stress; prenatal environment; im-
mune dysfunction

1. Introduction

Autism spectrum disorder (ASD) is a behaviorally defined disorder [1], with the most
recent Center for Disease Control and Prevention estimates suggesting that it affects 1 in
54 children in the United States [2]. Recent studies suggest that inherited single-gene and
chromosomal defects account for a minority of ASD cases [3], and that ASD most likely
arises from a complicated interaction between genetic predisposition and environmental
exposures [4,5]. Given the high recurrent risk in siblings, the prenatal maternal environment
has undergone careful study with many prenatal risk factors identified [6,7]. Despite the
epidemiological connection between many prenatal risk factors and the development of
ASD, the biological mechanisms which link prenatal environmental influences and the
increased risk of developing ASD are just beginning to be uncovered.

Three physiological abnormalities which have been increasingly recognized to be
associated with ASD are immune system dysfunction, mitochondrial dysfunction, and
oxidative stress and redox regulation [1]. Previous reviews examining prenatal physiologi-
cal abnormalities related to ASD have concentrated on prenatal immune stressors as key
and consider mitochondrial dysfunction and oxidative stress to have secondary roles of
this “Bad Trio” [8]. In contrast, the current review concentrates on the mitochondria as the
central player. Of course, the particular component of the “Bad Trio” that is the initiating
culprit may be different for different patients and it is possible that multiple stressors on the
various portions of the “Bad Trio” simultaneously may also initiate the pathway to disease.

J. Pers. Med. 2021, 11, 218. https://doi.org/10.3390/jpm11030218 https://www.mdpi.com/journal/jpm205
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2. The Mitochondria: Dysfunction Can Be Self-Perpetuating

Mitochondria are essential for a wide range of functions in almost every cell in our
body (Figure 1). Best known for their role in the production of adenosine triphosphate
(ATP) by oxidative phosphorylation, mitochondria are intimately involved in other cellular
functions such as redox metabolism, calcium buffering, lipid homeostasis, and steroid syn-
thesis [9–13]. Mitochondria also have a role in important non-energy-producing metabolic
pathways, such as the urea cycle, amino acid and porphyrin production, and as a pathway
for the activation of apoptosis. Mitochondria also have important roles in cell signaling,
most notably being an essential part of the inflammasome, a complex that initiates immune
activation, by releasing damage-associated molecular pattern (DAMP) molecules such as
cardiolipin, n-formyl peptides, reactive oxygen species (ROS), and mitochondrial DNA
(mtDNA) [14]. Lastly, normal mitochondrial function results in the production of ROS,
which can cause cellular injury if not controlled.

Figure 1. The mitochondria can be negatively affected by many environmental and biological factors associated with autism
spectrum disorder (left orange panel) and has many critical roles in cellular physiology (right blue panel). ETC: electron
transport chain; DAMP: damage-associated molecular pattern

Since ATP produced by mitochondria is essential for many cellular systems, abnormal
mitochondrial function can disproportionally adversely affect cellular physiology. How-
ever, there are several pathways in which abnormal mitochondrial function can result in a
self-perpetuating destructive cycle causing sustained pathophysiology. Most notably, inter-
actions between mitochondria, redox metabolism, and the immune system can be mutually
detrimental; such detrimental interactions have been documented in ASD (Figure 2) [15].

Mitochondria are both a major producer and target of ROS. Dysfunctional mitochon-
dria produce high amounts of ROS which can result in dysfunction of the electron transport
chain (ETC) enzymes, particularly complex I and III, as well as aconitase, the first enzyme
in the citric acid cycle (CAC). To compound this problem, reduced glutathione (GSH), the
main intracellular and mitochondrial antioxidant, requires ATP for its de novo production.
As such, a decrease in ATP production resulting from reduced mitochondrial function
will result in lower GSH production, resulting in poorer control of ROS. In fact, a lower
GSH redox ratio has been correlated with lower aconitase activity in post-mortem brain
from individuals with ASD [16]. Oxidative damage to cellular lipids, proteins, and nucleic
acids [17] has been associated with ASD; this is especially important since mtDNA is vulner-
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able to oxidative damage, and studies have shown that children with ASD demonstrated
mtDNA damage in a pattern consistent with oxidative damage [18].

Figure 2. Self-perpetuating destructive cycles which can result in mitochondrial dysfunction.

There are several pathways in which dysfunctional mitochondria can cause a wide
variety of abnormalities in immune system function. First, cellular damage due to oxida-
tive stress can activate inflammatory pathways [15,16]. Second, as an essential part of
the inflammasome, mitochondria release DAMP molecules such as cardiolipin, n-formyl
peptides, ROS, and mtDNA [14]. Third, regulatory immune cells are highly dependent
on ATP derived from mitochondrial oxidative phosphorylation, while inflammatory cells
are highly glycolytic [19]. Thus, once an immune response has been started, the inflam-
matory response may be difficult to regulate if mitochondrial dysfunction exists. Fourth,
inflammation and immune activation upregulate metabolism and recruit physiological
processes, but without mitochondrial support, such resources will not be available. Lastly,
the immune system produces ROS as a defense mechanism against potential invaders.
Such increases in ROS can result in a further detrimental effect on already dysfunctional
mitochondria. In fact, mitochondria appear to have a particularly important role in innate
immunity [20], which is an area of immune dysfunction that is implicated in ASD. In
addition, an increase in proinflammatory cytokine production has been associated with
mitochondrial dysfunction in a subset of children with ASD [21].

3. Prenatal Risk Factors for ASD Modulate Mitochondrial Function

Many prenatal factors associated with an increased risk of ASD are associated with
mitochondrial dysfunction; these include nutritional agents, both intrinsic and extrinsic
stressors, common medications given during pregnancy, modulators of mitochondrial
function, and genetic conditions which might affect the fetus (Figure 1).

Folate is an essential vitamin which is well-known to be important during pregnancy to
prevent neural tube defects. Folate is also an essential co-factor for adequate mitochondrial
function [22]. Several studies have demonstrated that folate supplementation during
pregnancy reduces the risk of ASD. Abnormalities in the folate pathway are associated with
ASD, including maternal polymorphisms in the reduced folate carrier [23]. Further, mothers
of children with ASD have been shown to have the folate receptor alpha autoantibody [24],
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an abnormality that prevents folate transport across the placenta, resulting in an ASD
phenotype in an animal model [25].

Abnormalities in several nutrient metals have been linked to an increased risk of
ASD. Studies have associated an increased risk of ASD with atypical pre- and postnatal
Zn and Cu metabolism [26] and found that atypical levels of essential (Zn, Mn) and non-
essential (Pb) metals during prenatal development and early life in individuals with ASD
are associated with long-term physiological and developmental alternations [27]. Studies
have associated low maternal iron (Fe) with increased ASD risk [28]. Prenatal Zn and
Cu are essential for the function of the cytoplasmic superoxide dismutase (SOD) which is
essential for controlling cellular oxidative stress, while Cu is essential for ETC complex IV
function. Mn is essential for mitochondrial SOD function, and Fe is an essential component
of cytochromes, which are critical components of the ETC.

Carnitine is an essential nutrient for mitochondrial function and fatty acid
metabolism [11,29,30]. Abnormalities in carnitine metabolism have been linked to gesta-
tional diabetes [31], a risk factor for ASD [32]. A genetic defect in carnitine synthesis is a
risk factor for ASD [33], carnitine metabolism is known to be disrupted in ASD [29,30] and
a mouse model of ASD is associated with alternations in carnitine biosynthesis [34]. Due to
its importance in energy metabolism in neural stem cells of the developing mammalian
brain, carnitine deficiency has been proposed to be a prenatal risk factor for ASD [35].

As noted above, increased oxidative stress as well as inflammation is associated with
mitochondrial dysfunction. Abnormalities in maternal trans-sulfuration metabolism and
chronic oxidative stress are found in mothers of children with ASD during [36] and follow-
ing [37] pregnancy and, in general, infection during pregnancy is a risk factor for ASD [38].
In fact, the maternal immune activation (MIA) mouse model of ASD demonstrates long-
term mitochondrial dysfunction in brain [39] and leukocytes [40] after birth. Pregnancies
resulting in a child with ASD have demonstrated increases in proinflammatory cytokines
IL-1α [41] and IL-6 [41] in blood, while maternal elevation in IL-17a has been strongly im-
plicated in the MIA model [42]. In laboratory studies, IL-17 [43,44] induces mitochondrial
dysfunction through activation of the mitochondria-induced apoptosis pathway and IL-1
suppresses mitochondrial function [45], while IL-6 promotes mitochondrial biogenesis and
fatty acid oxidation [46].

Prenatal exposure to many environmental toxicants is linked to an increased risk of
developing ASD, including cigarette smoke, phthalates, air pollution, and pesticides such
as organophosphate insecticides (e.g., chlorpyrifos) and organochlorine pesticides (e.g.,
dicofol and endosulfan) [7]. These toxicants have been associated with mitochondrial dys-
function. Organophosphate induces mitochondrial ultrastructure changes and inhibits ETC
and CAC enzyme function, while organochlorine pesticides influence mitochondrial dys-
function indirectly by increasing ROS and reactive nitrogen species by altering antioxidant
systems including SOD and GSH [47]. Phthalates, common plasticizers present in everyday
products, have also been linked to increased oxygen consumption, mitochondrial mass,
and fatty-acid metabolism in neonatal rat cardiomyocytes [48] and detrimental changes in
mitochondrial membrane potential in human semen [49]. Mitochondrial-derived peptides
in cord blood have been associated with prenatal exposure to non-freeway traffic-related
air pollution [50]. Cigarette smoke causes mitochondrial dysfunction in the lung epithe-
lium [51].

Several medications commonly used during pregnancy have been linked to an in-
creased risk of developing ASD including acetaminophen [52] and selective serotonin
reuptake inhibitors [53]. Acetaminophen has known toxicity by increasing reactive metabo-
lites leading to suppression of mitochondrial function [54]. Fluoxetine, a commonly used
selective serotonin reuptake inhibitor, has been shown to inhibit multiple mitochondrial
enzymes in several laboratory studies [55] and may result in long-term changes in energy
metabolism with neonatal exposure [56]. Other medications commonly used in pregnancy
with less certain association with ASD are associated with mitochondrial dysfunction.
For example, commonly used antibiotics, including quinolones, aminoglycosides, and
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β-lactams, can cause mitochondrial dysfunction [57], and commonly used anesthesia
may be particularly detrimental to the developing brain, partially through mitochondrial
mechanisms [58].

Interestingly, mitochondrial abnormalities have been documented in genetic syn-
dromes associated with ASD such as PTEN mutations [59] and tuberous sclerosis [60,61],
Fragile X [62,63], Rett [64–66], Phelan–McDermid [67], 15q11-13 duplication [68,69], An-
gelman [70] and Down [71,72] syndromes as well as septo-optic dysplasia [73]. Thus, a
fetus with these genetic changes may already have vulnerable mitochondria that might be
sensitive to environmental stressors.

Common nutritional deficiencies are prenatal ASD risk factors which have been
suggested to modulate mitochondrial function. Decreased vitamin D in the first [74] or
second [75] trimester as well as lifetime [76] is associated with more severe ASD [74,75]
or increased ASD risk [76]. Vitamin D deficiency is associated with oxidative stress and
reduced mitochondrial respiration that is mediated through the vitamin D receptor [77,78].

Several lines of evidence suggest that ASD is associated with disruption of the micro-
biome in individuals with ASD as well as their mother during pregnancy [79]. Although a
recent landmark study provided preliminary evidence that transplanting the microbiome
in individuals with ASD can improve gastrointestinal and ASD symptoms [63], studies in
pregnant women are more difficult to conduct, leading to animal studies addressing this
possibility. Environmentally induced rodent models of ASD, including the MIA [80] and
the valproic acid exposure models [81–83], have an altered microbiome. Manipulations
which can affect the microbiome have been shown to mitigate the effects of these maternal
exposures. Treating pups born from maternal valproic acid exposure demonstrate reduced
ASD-like behaviors [84,85] as well as normalization of mitochondrial abnormalities [84],
while treatment of pups born from MIA with Bacteroides fragilis normalizes gut permeability
and microbial composition and reduces ASD-like behaviors [86]. Interestingly, several pre-
natal environmental exposures linked to ASD, including air pollution [87], glyphosate [88],
prenatal antibiotic use [89], maternal stress [90] and organophosphate herbicides [91], have
evidence for disrupting the microbiome, suggesting a potential biological pathway for their
effects. The microbiome can influence mitochondrial function through several mechanisms,
although the most compelling is through the production of short chain fatty acids [92].

4. Unique Abnormalities in Mitochondrial Function Are Prevalent in ASD

The possibility that environmentally induced mitochondrial dysfunction could have a
role in ASD is particularly compelling because abnormal mitochondrial function is one of
the most prevalent metabolic disorders found in individuals with ASD, with prevalence
ranging from 5% for classically defined mitochondrial disease to 8–47% for biomarkers of
mitochondrial dysfunction [11,16], to 62–65% for abnormal ETC/CAC enzymology [93,94],
and to 80% for abnormal ETC activity in lymphocytes and granulocytes [95,96]. Partic-
ularly compelling is that the great majority of the time, genetic defects cannot explain
the mitochondrial abnormalities, suggesting that the abnormality could be acquired as a
result of an environmental exposure. There is also a tremendous practical appeal in this
hypothesis, as environmental determinants may be particularly amenable to modification.

In classic mitochondrial disease, ETC activity is, by definition, depressed. However,
what is unique about abnormalities in mitochondrial function in individuals with ASD is
that ETC activity is significantly increased in many cases. The first case reported was a
boy with ASD who demonstrated a significant increase in ETC complex I activity while
his sister, who was diagnosed with a classic mitochondrial disease known as Leigh syn-
drome, showed depressed ETC activity [97]. Interestingly, both siblings manifested the
same mtDNA mutation, but the sister had a greater genetic mutational load (i.e., higher
heteroplasmy). Subsequently, a case-series of five patents with ASD with muscle ETC com-
plex IV activity about 200% of normal was reported [98]. The association of elevated ETC
complex IV activity with ASD has subsequently been confirmed in fresh frozen superior
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temporal gyrus [99], buccal swabs enzymology [93] and lymphoblastoid cell lines (LCLs)
using high-resolution respirometry [100].

5. The Significance of Mitochondrial Dysfunction in ASD: Sensitivity to
Physiological Stress

Since increased ROS is a key mechanism by which environmental stressors, such as
toxicants [101–108] and inflammation [1,11], can disrupt mitochondrial function, an assay
has been developed which systematically increases ROS in vitro [109]. This assay, called
the Mitochondrial Oxidative Stress Test (MOST), systematically increases ROS in vitro
using 2,3–dimethoxy–1,4-napthoquinone (DMNQ), an agent that generates intracellular
superoxide and hydrogen peroxide but does not directly deplete thiols [110]. The model
was initially developed using LCLs from boys with ASD and age-matched healthy controls
(CNT) where DMNQ was shown to increase ROS in CNT and ASD LCLs [110].

In this model, mitochondrial respiratory rates were significantly higher in ASD LCLs
as compared to CNT LCLs. Most compelling, indices of mitochondrial health, reserve
capacity and maximal respiratory rate, decreased to a greater extent in ASD LCLs when
challenged with DMNQ in the MOST assay. Increases in ROS, using the MOST assay,
resulted in a depletion of these respiratory parameters at lower DMNQ concentrations in
the ASD LCLs, despite these parameters being higher at baseline. This suggests that the
ASD LCLs demonstrated a greater vulnerability to ROS.

To determine if these bioenergetics changes were specific to a subset of ASD LCLs,
a cluster analysis was used to separated ASD LCLs into those with normal bioenergetics
(AD-N) and those with atypical bioenergetics (AD-A) [109]. When the AD-A LCLs were
compared to the CNT LCLs, the bioenergetic differences were found to be large. Baseline
respiratory rates were ~200% higher in AD-A as compared to the CNT LCLs. Most
notably, maximal respiratory capacity and reserve capacity markedly decreased as DMNQ
increased, such that reserve capacity was rapidly depleted as DMNQ increased despite
being much higher at baseline. This pattern of abnormal respiration in this subset of LCLs
has been confirmed over eight studies [61,109,111–116].

Despite these experiments, the question remained whether this pattern of mitochon-
drial dysfunction was specific to ASD or simply a consequence of higher levels of chronic
ongoing intrinsic oxidative stress. Since neurotypical siblings (SIBs) of children with ASD
manifest similar chronic ongoing elevation in oxidative stress in their LCLs, mitochondrial
function was compared between 10 LCLs from boys with ASD and their 10 male SIBs and
10 age-matched CNT males [117]. Mitochondrial function was similar between SIBs and
CNTs, but both were different from ASD. In the ASD LCLs, mitochondrial respiration
was elevated at baseline and reserve capacity declined more precipitously with increasing
DMNQ, as compared to SIB and CNT LCLs. Most notably, the severity of mitochon-
drial abnormalities in ASD LCLs was related to the severity of stereotyped behaviors
and restricted interests as measured on the gold-standard Autism Diagnostic Observation
Schedule evaluation years earlier when the blood samples were original collected. Thus,
atypical mitochondrial activity in the ASD LCLs is not simply a product of abnormal redox
metabolism but rather associated with atypical mitochondrial function specifically. Further-
more, this atypical mitochondrial function is related to more severe core ASD behaviors,
suggesting an association with molecular mechanisms of ASD.

Individuals with ASD demonstrate three developmental trajectories: in the early onset
subtype, symptoms are obvious from early in infancy, perhaps at birth; in the plateau
subtype, infants develop normally throughout the first year of life but then plateau in the
rate of gaining skills, followed by the development of ASD symptoms; lastly is a subset
that demonstrates neurodevelopmental regression (NDR). The NDR category is intriguing:
children attain all their normal developmental milestones but then lose previously attained
skills followed by the development of ASD-like behaviors. Often, NDR is associated with
a trigger such as seizure [118] and/or fever [119]. NDR is not uncommon in individuals
with mitochondrial disease when an illness occurs [120]. Thus, it is not surprising that a
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meta-analysis showed that NDR was more common in children with ASD that were also
diagnosed with mitochondrial disease [11].

Given that the subset of ASD LCLs with elevated respiratory rates have increased
vulnerability to physiological stress, a recent study hypothesized that children with ASD
and NDR would demonstrate increase mitochondrial respiratory rates. Mitochondrial
function was measured in cryopreserved peripheral blood mononuclear cells (PBMCs)
from children with ASD, with and without NDR, as well as CNT using the Seahorse XF96
respirometer [121]. Viability was measured and 600 k viable PBMCs were plated per well.
As hypothesized, mitochondrial respiration was elevated in children with ASD and NDR.
Specifically, the maximal oxygen consumption rate, maximal respiratory capacity, and
reserve capacity were higher in the individuals with ASD and NDR as compared to the
other groups. Additionally, comparing ASD twins discordant on NDR demonstrated that
the twin with NDR showed a significantly elevated maximal oxygen consumption rate.
Thus, the NDR ASD phenotype may be a hallmark of abnormal mitochondrial physiology.

6. Unique ASD Mitochondrial Abnormalities May Be Linked to Both Environmental
and Genetic Factors

Interestingly, the unique elevations in mitochondrial respiration reported in human
tissue have been associated with both genetic and environmentally induced animal models
of ASD. Elevated mitochondrial respiration has been documented in genetic syndromes
associated with ASD, including Phelan–McDermid [122], Fragile X [62,63], 22q13 dup [67],
and Rett [66] syndromes, the PTEN haploinsufficient mouse model of ASD [59] and the
Drosophila model of the ASD associated CYFIP1 mutation [123]. Similar changes have
been associated with prenatal environmental exposures, specifically prenatal exposure
to inflammation as in the MIA mouse, a model of ASD induced by prenatal immune
environmental stress [39], and prenatal exposure to toxins as in the maternal valproic acid
exposure mouse model of ASD [84].

Consistent with evidence from these prenatal environmental animal models of ASD,
several studies have examined the relationship between alternations in long-term mito-
chondrial function and prenatal environmental stressors in ASD.

Prenatal exposure to air pollution, as measured by average and maximum PM2.5, has
been found to be related to mitochondrial respiration in childhood, as measured in PBMCs.
The relationship was significantly different for those children with and without a history of
NDR. For those with a history of NDR, higher prenatal PM2.5 exposure was associated with
higher mitochondrial respiration rates, while for those without a history of NDR, higher
prenatal PM2.5 exposure was related to lower mitochondrial respiration [27]. Additional
research has linked prenatal air pollution exposure to mitochondrial-derived peptides in
cord blood that are associated with long-term changes in mitochondrial physiology [50].

Both prenatal exposures to nutritional and toxic metal were measured in deciduous
teeth using laser ablation inductively coupled plasma mass-spectrometry. Prenatal expo-
sure to Mn and Zn was associated with mitochondrial respiration, but only in children
with ASD and NDR [29]. The prenatal Cu to Zn ratio was associated with two independent
measures of language development in all children with ASD (both those with and without
NDR) [29]. This latter study extends previous findings linking prenatal nutrient metal (Zn,
Mn, Cu) exposure and ASD [26,27,124–127].

To determine whether the long-term changes associated with ASD could be induced
by exposure to environmental toxicants, one study exposed LCLs to low levels of ROS for a
prolonged time (96 h) to simulate chronic ROS exposure which might occur with prolonged
exposure to environmental toxicants or other physiological stressors [61]. Prolonged
exposure to low levels of ROS induced bioenergetic changes in respiratory parameters
involved in ATP production. After prolonged ROS exposure, the LCLs demonstrated
increased respiratory rates at baseline, similar to the AD–A LCLs and the ETC activity seen
in children with ASD in multiple tissues. These data suggest that a prolonged exposure to
a pro-oxidant microenvironment can have chronic effects on the mitochondria.
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7. Long-Term Induced Changes in Mitochondrial Function: Adaptive or Maladaptive

Mitochondria undergo long-term adaptive changes in physiology as a result of envi-
ronmental stressors through a process known as mitoplasticity, which is one compelling
mechanism for long-term changes in mitochondrial function associated with prenatal ex-
posures [9]. Several studies may provide insight into the molecular mechanisms associated
with long-term changes in mitochondrial function.

Matched typically developing siblings have similar abnormalities in oxidative stress
compared to their ASD siblings, but the mitochondria of the ASD siblings appear to have
difficulty regulating the mitochondrial ROS (mtROS). mtROS is regulated at the inner
mitochondrial membrane through several mechanisms. Uncoupling proteins regulate
mtROS by leaking protons across the inner mitochondrial membrane, a process known
as proton leak. Studies have demonstrated increased proton leak respiration along with
high oxidative stress in both cytoplasm and mitochondria in ASD LCLs [16,128]. Studies
have associated ASD with an increase in mechanisms of proton leak. Three previous
studies have found an increase in uncoupling protein (UCP2) gene expression [61,116] and
protein concentration [109] in LCLs derived from children with ASD, particularly in the
LCLs with high respiratory rates (i.e., AD–A LCLs). The adenine nucleotide translocator
(ANT) has a significant role in the regulation of inner mitochondrial membrane proton leak.
Microdeletion including the SLC25A5 (ANT2) has been associated with non-syndromic
intellectual disability with ASD [129]. Heteroplasmic levels of the mtDNA 3243A > G
mutation associated with ASD are also associated with significant changes in ANT gene
expression [130]. Consistent with this evidence, increased protein leak is also a feature of
mitochondrial abnormalities in the Fragile X syndrome mouse, where it is found to directly
affect synaptic growth [131]. Thus, dysregulation in inner membrane proton leak seems to
be associated with an ASD phenotype.

One of the key processes which maintains optimal mitochondrial function in the
face of physiological stress is mitophagy. Several studies have linked ASD to a failure to
induce this important process. Mutations in WDFY3 which result in ASD with intellectual
disability have been linked to bioenergetic abnormalities in the brain through decreased mi-
tophagy [132], and PARK2, a gene known to be involved in mitophagy, has been identified
as a candidate gene for ASD [133]. Examination of the post-mortem temporal cortex has
demonstrated ETC activity abnormalities along with alternation in levels of fission (Fis1,
Drp1) and fusion (Mfn1, Mfn2 and Opa1) protein essential for regulating mitophagy [134].
Neurons deficient in TSC1/TSC2, a model of tuberous sclerosis, demonstrate impaired
mitophagy through a mTORC1 mechanism [60,135]. This is consistent with studies which
have demonstrated that ASD LCLs with elevated respiratory rates (i.e., AD–A LCLs) fail to
upregulate genes associated with mitophagy through a mTORC1 pathway related mech-
anism [61]. Recently, ASD-derived fibroblasts were found to have elevated respiratory
rates, atypical mitochondrial morphology, and alteration in the mitophagy pathway [136].
Interestingly, a loss of mitophagy can lead to a build-up of cytosolic ROS and mtDNA
damage and an increase in proinflammatory cytokines, including IL–1α, IL–1β, IL–18,
IFNα, MIF, IL–23, and IL–17 [137].

Alternative to regulatory changes within the body is the possibility that long-term
alternation in the microbiome environment (technically outside of the body) could account
for long-term changes in mitochondrial function. The connection between the microbiome
and mitochondrial dysfunction in ASD is supported by the compelling propionic acid (PPA)
rodent model of ASD. Adult rats intraventricularly injected with PPA [138], juvenile rates
intraperitoneally injected with PPA [139], and prenatally PPA exposed rodents [140,141]
demonstrated ASD-like behaviors. The importance of this model is that fact that enteric
microbiome producers of PPA, particularly Clostridia sp, are relatively overrepresented in
the ASD microbiome [142]. PPA exposure results in several physiological abnormalities,
including mitochondrial dysfunction, particularly disruption of the fatty acid metabolism,
as manifested by unique elevations in acyl-carnitines, as well as redox abnormalities as
manifested by GSH alternations [142]. Parallel to the unique acyl-carnitine elevations in the

212



J. Pers. Med. 2021, 11, 218

rodent model, the same pattern was reported in a case series of ASD patients [143] with the
parallel mitochondrial and GSH abnormalities later reported in a more detailed study [144].
Further in vitro studies with ASD LCLs demonstrated the potential detrimental effects of
PPA [114] and the protective effect of another prominent enteric microbiome derived short
chain fatty acid butyrate [115]. Thus, long-term changes in the microbiome could also
account for long-term changes in mitochondrial function in individuals with ASD.

8. Conclusions

One of the critical knowledge gaps in environmental medicine is how an environ-
mental exposure can result in disease when the symptoms arise years after the exposure.
Mitochondrial metabolism is a promising mechanism through which the environment can
cause long-term effects. For ASD, we have discussed the many prenatal environmental
exposures which are linked to ASD and can cause detrimental changes in mitochondrial
function. This is compelling because mitochondrial dysfunction is prevalent in ASD. ASD
is also associated with a unique type of mitochondrial dysfunction which may be related
to environmental exposures. Studies support the notion that specific prenatal exposures
linked to ASD, most notably air pollution and prenatal nutritional metal exposure, is
associated with long-term alterations in mitochondrial physiology. A better understanding
of these biological processes may lead to prevention and treatment strategies.

Prenatal mitochondrial function is important for brain development, as recent animal
studies have shown that mitochondrial dysfunction during gestation alters white matter
brain connectivity [145] and non-radial interneuron migration [146]. Mitochondrial func-
tion is essential for optimal neuronal function and is essential for transport of essential
nutrients into the brain such as folate [30]. Mitochondria are also essential for important
core metabolic pathways as well as for optimal function of the immune system, which
is now known to have an important role in brain development [30]. Thus, mitochon-
drial dysfunction during the prenatal period can have a profound effect on long-term
development.

In this manuscript, we discuss studies with findings that link prenatal environmental
exposures to long-term mitochondrial function and ASD. These studies remain intriguing
yet preliminary. These findings need to be confirmed and further studies need to be
conducted to expand on these findings. One important caveat is a consideration of the
measurement of mitochondrial function, as mitochondrial function can differ from tissue to
tissue and various assays reflect different aspects of mitochondrial function. For example,
the use of PBMCs to measure mitochondrial function is a relatively newly developed
biomarker which will require further validation in the future [147].

The applications of these findings may be far reaching, as interventions to correct
metabolic and mitochondrial abnormalities are under development, potentially providing
targeted treatments for preventing ASD and other diseases from developing if implemented
prenatally.
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44. Kakareko, M.; Jabłońska, E.; Ratajczak-Wrona, W. Role of rhIL-17 in regulating the mitochondrial pathway proteins in peripheral
blood neutrophils. Clin. Lab. 2015, 61, 345–351. [CrossRef]

45. Zhou, H.; Wang, H.; Yu, M.; Schugar, R.C.; Qian, W.; Tang, F.; Liu, W.; Yang, H.; McDowell, R.E.; Zhao, J.; et al. IL-1 induces
mitochondrial translocation of IRAK2 to suppress oxidative metabolism in adipocytes. Nat. Immunol. 2020, 21, 1219–1231.
[CrossRef]

46. Xu, Y.; Zhang, Y.; Ye, J. IL-6: A potential role in cardiac metabolic homeostasis. Int. J. Mol. Sci. 2018, 19, 2474. [CrossRef]
47. Karami-Mohajeri, S.; Abdollahi, M. Toxic influence of organophosphate, carbamate, and organochlorine pesticides on cellular

metabolism of lipids, proteins, and carbohydrates: A systematic review. Hum. Exp. Toxicol. 2011, 30, 1119–1140. [CrossRef]
48. Posnack, N.G.; Swift, L.M.; Kay, M.W.; Lee, N.H.; Sarvazyan, N. Phthalate exposure changes the metabolic profile of cardiac

muscle cells. Environ. Health Perspect. 2012, 120, 1243–1251. [CrossRef] [PubMed]
49. Pant, N.; Shukla, M.; Kumar Patel, D.; Shukla, Y.; Mathur, N.; Kumar Gupta, Y.; Saxena, D.K. Correlation of phthalate exposures

with semen quality. Toxicol. Appl. Pharmacol. 2008, 231, 112–116. [CrossRef]
50. Breton, C.V.; Song, A.Y.; Xiao, J.; Kim, S.J.; Mehta, H.H.; Wan, J.; Yen, K.; Sioutas, C.; Lurmann, F.; Xue, S.; et al. Effects of air

pollution on mitochondrial function, mitochondrial DNA methylation, and mitochondrial peptide expression. Mitochondrion
2019, 46, 22–29. [CrossRef]

51. Aghapour, M.; Remels, A.H.V.; Pouwels, S.D.; Bruder, D.; Hiemstra, P.S.; Cloonan, S.M.; Heijink, I.H. Mitochondria: At the
crossroads of regulating lung epithelial cell function in chronic obstructive pulmonary disease. Am. J. Physiol. Lung Cell. Mol.
Physiol. 2020, 318, L149–l164. [CrossRef]

215



J. Pers. Med. 2021, 11, 218

52. Bauer, A.Z.; Kriebel, D.; Herbert, M.R.; Bornehag, C.G.; Swan, S.H. Prenatal paracetamol exposure and child neurodevelopment:
A review. Horm. Behav. 2018, 101, 125–147. [CrossRef]

53. Andalib, S.; Emamhadi, M.R.; Yousefzadeh-Chabok, S.; Shakouri, S.K.; Høilund-Carlsen, P.F.; Vafaee, M.S.; Michel, T.M. Maternal
SSRI exposure increases the risk of autistic offspring: A meta-analysis and systematic review. Eur. Psychiatry J. Assoc. Eur.
Psychiatr. 2017, 45, 161–166. [CrossRef]

54. Ramachandran, A.; Jaeschke, H. Acetaminophen hepatotoxicity: A mitochondrial perspective. Adv. Pharmacol. 2019, 85, 195–219.
[CrossRef] [PubMed]

55. De Oliveira, M.R. Fluoxetine and the mitochondria: A review of the toxicological aspects. Toxicol. Lett. 2016, 258, 185–191.
[CrossRef] [PubMed]

56. Da L.D. Barros, M.; Manhães-de-Castro, R.; Alves, D.T.; Quevedo, O.G.; Toscano, A.E.; Bonnin, A.; Galindo, L. Long term effects
of neonatal exposure to fluoxetine on energy balance: A systematic review of experimental studies. Eur. J. Pharmacol. 2018, 833,
298–306. [CrossRef]

57. Kalghatgi, S.; Spina, C.S.; Costello, J.C.; Liesa, M.; Morones-Ramirez, J.R.; Slomovic, S.; Molina, A.; Shirihai, O.S.; Collins, J.J.
Bactericidal antibiotics induce mitochondrial dysfunction and oxidative damage in Mammalian cells. Sci. Transl. Med. 2013, 5,
192ra85. [CrossRef]

58. Bodolea, C. Anaesthesia in early childhood—Is the development of the immature brain in danger? Rom. J. Anaesth. Intensive Care
2016, 23, 33–40. [CrossRef]

59. Napoli, E.; Ross-Inta, C.; Wong, S.; Hung, C.; Fujisawa, Y.; Sakaguchi, D.; Angelastro, J.; Omanska-Klusek, A.; Schoenfeld, R.;
Giulivi, C. Mitochondrial dysfunction in Pten haplo-insufficient mice with social deficits and repetitive behavior: Interplay
between Pten and p53. PLoS ONE 2012, 7, e42504. [CrossRef]

60. Ebrahimi-Fakhari, D.; Saffari, A.; Wahlster, L.; Sahin, M. Using tuberous sclerosis complex to understand the impact of MTORC1
signaling on mitochondrial dynamics and mitophagy in neurons. Autophagy 2017, 13, 754–756. [CrossRef] [PubMed]

61. Bennuri, S.C.; Rose, S.; Frye, R.E. Mitochondrial dysfunction is inducible in lymphoblastoid cell lines from children with autism
and may involve the TORC1 pathway. Front. Psychiatry Mol. Psychiatry 2019, 10, 269. [CrossRef]

62. D’Antoni, S.; de Bari, L.; Valenti, D.; Borro, M.; Bonaccorso, C.M.; Simmaco, M.; Vacca, R.A.; Catania, M.V. Aberrant mitochondrial
bioenergetics in the cerebral cortex of the Fmr1 knockout mouse model of fragile X syndrome. Biol. Chem. 2020, 401, 497–503.
[CrossRef]

63. Griffiths, K.K.; Wang, A.; Wang, L.; Tracey, M.; Kleiner, G.; Quinzii, C.M.; Sun, L.; Yang, G.; Perez-Zoghbi, J.F.; Licznerski, P.; et al.
Inefficient thermogenic mitochondrial respiration due to futile proton leak in a mouse model of fragile X syndrome. FASEB J. Off.
Publ. Fed. Am. Soc. Exp. Biol. 2020, 34, 7404–7426. [CrossRef]

64. Grosser, E.; Hirt, U.; Janc, O.A.; Menzfeld, C.; Fischer, M.; Kempkes, B.; Vogelgesang, S.; Manzke, T.U.; Opitz, L.; Salinas-Riester,
G.; et al. Oxidative burden and mitochondrial dysfunction in a mouse model of Rett syndrome. Neurobiol. Dis. 2012, 48, 102–114.
[CrossRef]

65. Gibson, J.H.; Slobedman, B.; KN, H.; Williamson, S.L.; Minchenko, D.; El-Osta, A.; Stern, J.L.; Christodoulou, J. Downstream
targets of methyl CpG binding protein 2 and their abnormal expression in the frontal cortex of the human Rett syndrome brain.
BMC Neurosci. 2010, 11, 53. [CrossRef]

66. Condie, J.; Goldstein, J.; Wainwright, M.S. Acquired microcephaly, regression of milestones, mitochondrial dysfunction, and
episodic rigidity in a 46,XY male with a de novo MECP2 gene mutation. J. Child Neurol. 2010, 25, 633–636. [CrossRef] [PubMed]

67. Frye, R.E. Mitochondrial disease in 22q13 duplication syndrome. J. Child Neurol. 2012, 27, 942–949. [CrossRef] [PubMed]
68. Frye, R.E. 15q11.2-13 duplication, mitochondrial dysfunction, and developmental disorders. J. Child Neurol. 2009, 24, 1316–1320.

[CrossRef] [PubMed]
69. Filipek, P.A.; Juranek, J.; Smith, M.; Mays, L.Z.; Ramos, E.R.; Bocian, M.; Masser-Frye, D.; Laulhere, T.M.; Modahl, C.; Spence,

M.A.; et al. Mitochondrial dysfunction in autistic patients with 15q inverted duplication. Ann. Neurol. 2003, 53, 801–804.
[CrossRef]

70. Su, H.; Fan, W.; Coskun, P.E.; Vesa, J.; Gold, J.A.; Jiang, Y.H.; Potluri, P.; Procaccio, V.; Acab, A.; Weiss, J.H.; et al. Mitochondrial
dysfunction in CA1 hippocampal neurons of the UBE3A deficient mouse model for Angelman syndrome. Neurosci. Lett. 2011,
487, 129–133. [CrossRef]

71. Pagano, G.; Castello, G. Oxidative stress and mitochondrial dysfunction in Down syndrome. Adv. Exp. Med. Biol. 2012, 724,
291–299. [CrossRef] [PubMed]

72. Pallardo, F.V.; Lloret, A.; Lebel, M.; d’Ischia, M.; Cogger, V.C.; Le Couteur, D.G.; Gadaleta, M.N.; Castello, G.; Pagano, G.
Mitochondrial dysfunction in some oxidative stress-related genetic diseases: Ataxia-telangiectasia, Down syndrome, Fanconi
anaemia and Werner syndrome. Biogerontology 2010, 11, 401–419. [CrossRef]

73. Schuelke, M.; Krude, H.; Finckh, B.; Mayatepek, E.; Janssen, A.; Schmelz, M.; Trefz, F.; Trijbels, F.; Smeitink, J. Septo-optic
dysplasia associated with a new mitochondrial cytochrome b mutation. Ann. Neurol. 2002, 51, 388–392. [CrossRef] [PubMed]

74. Chen, J.; Xin, K.; Wei, J.; Zhang, K.; Xiao, H. Lower maternal serum 25(OH) D in first trimester associated with higher autism risk
in Chinese offspring. J. Psychosom. Res. 2016, 89, 98–101. [CrossRef]

75. Vinkhuyzen, A.A.E.; Eyles, D.W.; Burne, T.H.J.; Blanken, L.M.E.; Kruithof, C.J.; Verhulst, F.; White, T.; Jaddoe, V.W.; Tiemeier, H.;
McGrath, J.J. Gestational vitamin D deficiency and autism spectrum disorder. Bjpsych. Open 2017, 3, 85–90. [CrossRef]

216



J. Pers. Med. 2021, 11, 218

76. Magnusson, C.; Lundberg, M.; Lee, B.K.; Rai, D.; Karlsson, H.; Gardner, R.; Kosidou, K.; Arver, S.; Dalman, C. Maternal vitamin D
deficiency and the risk of autism spectrum disorders: Population-based study. Bjpsych. Open 2016, 2, 170–172. [CrossRef]

77. Dzik, K.P.; Kaczor, J.J. Mechanisms of vitamin D on skeletal muscle function: Oxidative stress, energy metabolism and anabolic
state. Eur. J. Appl. Physiol. 2019, 119, 825–839. [CrossRef]

78. Silvagno, F.; Pescarmona, G. Spotlight on vitamin D receptor, lipid metabolism and mitochondria: Some preliminary emerging
issues. Mol. Cell. Endocrinol. 2017, 450, 24–31. [CrossRef] [PubMed]

79. Slattery, J.; MacFabe, D.F.; Kahler, S.G.; Frye, R.E. Enteric ecosystem disruption in autism spectrum disorder: Can the microbiota
and macrobiota be restored? Curr. Pharm. Des. 2016, 22, 6107–6121. [CrossRef]

80. Lammert, C.R.; Frost, E.L.; Bolte, A.C.; Paysour, M.J.; Shaw, M.E.; Bellinger, C.E.; Weigel, T.K.; Zunder, E.R.; Lukens, J.R. Cutting
edge: Critical roles for microbiota-mediated regulation of the immune system in a prenatal immune activation model of autism. J.
Immunol. 2018, 201, 845–850. [CrossRef]

81. Liu, F.; Horton-Sparks, K.; Hull, V.; Li, R.W.; Martínez-Cerdeño, V. The valproic acid rat model of autism presents with gut
bacterial dysbiosis similar to that in human autism. Mol. Autism 2018, 9, 61. [CrossRef] [PubMed]

82. Wang, J.P.; Xu, Y.C.; Hou, J.Q.; Li, J.Y.; Xing, J.; Yang, B.X.; Zhang, Z.H.; Zhang, B.L.; Li, H.H.; Li, P. Effects of dietary fat profile on
gut microbiota in valproate animal model of autism. Front. Med. 2020, 7, 151. [CrossRef]

83. De Theije, C.G.; Wopereis, H.; Ramadan, M.; van Eijndthoven, T.; Lambert, J.; Knol, J.; Garssen, J.; Kraneveld, A.D.; Oozeer, R.
Altered gut microbiota and activity in a murine model of autism spectrum disorders. Brain Behav. Immun. 2014, 37, 197–206.
[CrossRef] [PubMed]

84. Ahn, Y.; Narous, M.; Tobias, R.; Rho, J.M.; Mychasiuk, R. The ketogenic diet modifies social and metabolic alterations identified in
the prenatal valproic acid model of autism spectrum disorder. Dev. Neurosci. 2014, 36, 371–380. [CrossRef]

85. Castro, K.; Baronio, D.; Perry, I.S.; Riesgo, R.D.S.; Gottfried, C. The effect of ketogenic diet in an animal model of autism induced
by prenatal exposure to valproic acid. Nutr. Neurosci. 2017, 20, 343–350. [CrossRef] [PubMed]

86. Hsiao, E.Y.; McBride, S.W.; Hsien, S.; Sharon, G.; Hyde, E.R.; McCue, T.; Codelli, J.A.; Chow, J.; Reisman, S.E.; Petrosino, J.F.; et al.
Microbiota modulate behavioral and physiological abnormalities associated with neurodevelopmental disorders. Cell 2013, 155,
1451–1463. [CrossRef]

87. Vallès, Y.; Francino, M.P. Air pollution, early life microbiome, and development. Curr. Environ. Health Rep. 2018, 5, 512–521.
[CrossRef] [PubMed]

88. Pu, Y.; Yang, J.; Chang, L.; Qu, Y.; Wang, S.; Zhang, K.; Xiong, Z.; Zhang, J.; Tan, Y.; Wang, X.; et al. Maternal glyphosate exposure
causes autism-like behaviors in offspring through increased expression of soluble epoxide hydrolase. Proc. Natl. Acad. Sci. USA
2020, 117, 11753–11759. [CrossRef]

89. Hamad, A.F.; Alessi-Severini, S.; Mahmud, S.M.; Brownell, M.; Kuo, I.F. Prenatal antibiotics exposure and the risk of autism
spectrum disorders: A population-based cohort study. PLoS ONE 2019, 14, e0221921. [CrossRef]

90. Beversdorf, D.Q.; Stevens, H.E.; Margolis, K.G.; Van de Water, J. Prenatal stress and maternal immune dysregulation in autism
spectrum disorders: Potential points for intervention. Curr. Pharm. Des. 2019, 25, 4331–4343. [CrossRef]

91. Dong, T.; Guan, Q.; Hu, W.; Zhang, M.; Zhang, Y.; Chen, M.; Wang, X.; Xia, Y. Prenatal exposure to glufosinate ammonium
disturbs gut microbiome and induces behavioral abnormalities in mice. J. Hazard. Mater. 2020, 389, 122152. [CrossRef]

92. Frye, R.E.; Rose, S.; Slattery, J.; MacFabe, D.F. Gastrointestinal dysfunction in autism spectrum disorder: The role of the
mitochondria and the enteric microbiome. Microb. Ecol. Health Dis. 2015, 26, 27458. [CrossRef]

93. Delhey, L.; Kilinc, E.N.; Yin, L.; Slattery, J.; Tippett, M.; Wynne, R.; Rose, S.; Kahler, S.; Damle, S.; Legido, A.; et al. Bioenergetic
variation is related to autism symptomatology. Metab. Brain Dis. 2017, 32, 2021–2031. [CrossRef]

94. Goldenthal, M.J.; Damle, S.; Sheth, S.; Shah, N.; Melvin, J.; Jethva, R.; Hardison, H.; Marks, H.; Legido, A. Mitochondrial enzyme
dysfunction in autism spectrum disorders; a novel biomarker revealed from buccal swab analysis. Biomark. Med. 2015, 9, 957–965.
[CrossRef]

95. Giulivi, C.; Zhang, Y.F.; Omanska-Klusek, A.; Ross-Inta, C.; Wong, S.; Hertz-Picciotto, I.; Tassone, F.; Pessah, I.N. Mitochondrial
dysfunction in autism. JAMA 2010, 304, 2389–2396. [CrossRef]

96. Napoli, E.; Wong, S.; Hertz-Picciotto, I.; Giulivi, C. Deficits in bioenergetics and impaired immune response in granulocytes from
children with autism. Pediatrics 2014, 133, e1405–e1410. [CrossRef] [PubMed]

97. Graf, W.D.; Marin-Garcia, J.; Gao, H.G.; Pizzo, S.; Naviaux, R.K.; Markusic, D.; Barshop, B.A.; Courchesne, E.; Haas, R.H. Autism
associated with the mitochondrial DNA G8363A transfer RNA(Lys) mutation. J. Child Neurol. 2000, 15, 357–361. [CrossRef]

98. Frye, R.E.; Naviaux, R.K. Autistic disorder with complex IV overactivity: A new mitochondrial syndrome. J. Pediatr. Neurol. 2011,
9, 427–434.

99. Palmieri, L.; Papaleo, V.; Porcelli, V.; Scarcia, P.; Gaita, L.; Sacco, R.; Hager, J.; Rousseau, F.; Curatolo, P.; Manzi, B.; et al.
Altered calcium homeostasis in autism-spectrum disorders: Evidence from biochemical and genetic studies of the mitochondrial
aspartate/glutamate carrier AGC1. Mol. Psychiatry 2010, 15, 38–52. [CrossRef] [PubMed]

100. Hassan, H.; Gnaiger, E.; Zakaria, F.; Makpol, S.; Karim, N.A. Alterations in mitocohndrial respiratiory capacity and membrane
potential: A link between mitochondrial dysregulation and autism. MitoFit 2020, in press.

101. Fowler, B.A.; Woods, J.S. Ultrastructural and biochemical changes in renal mitochondria during chronic oral methyl mercury
exposure: The relationship to renal function. Exp. Mol. Pathol. 1977, 27, 403–412. [CrossRef]

217



J. Pers. Med. 2021, 11, 218

102. Shenker, B.J.; Guo, T.L.; O, I.; Shapiro, I.M. Induction of apoptosis in human T-cells by methyl mercury: Temporal relationship
between mitochondrial dysfunction and loss of reductive reserve. Toxicol. Appl. Pharmacol. 1999, 157, 23–35. [CrossRef] [PubMed]

103. Goyer, R.A. Toxic and essential metal interactions. Annu. Rev. Nutr. 1997, 17, 37–50. [CrossRef]
104. Pourahmad, J.; Mihajlovic, A.; O’Brien, P.J. Hepatocyte lysis induced by environmental metal toxins may involve apoptotic death

signals initiated by mitochondrial injury. Adv. Exp. Med. Biol. 2001, 500, 249–252. [CrossRef]
105. Hiura, T.S.; Li, N.; Kaplan, R.; Horwitz, M.; Seagrave, J.C.; Nel, A.E. The role of a mitochondrial pathway in the induction of

apoptosis by chemicals extracted from diesel exhaust particles. J. Immunol. 2000, 165, 2703–2711. [CrossRef]
106. Wong, P.W.; Garcia, E.F.; Pessah, I.N. Ortho-substituted PCB95 alters intracellular calcium signaling and causes cellular acidifica-

tion in PC12 cells by an immunophilin-dependent mechanism. J. Neurochem. 2001, 76, 450–463. [CrossRef] [PubMed]
107. Sherer, T.B.; Richardson, J.R.; Testa, C.M.; Seo, B.B.; Panov, A.V.; Yagi, T.; Matsuno-Yagi, A.; Miller, G.W.; Greenamyre, J.T.

Mechanism of toxicity of pesticides acting at complex I: Relevance to environmental etiologies of Parkinson’s disease. J.
Neurochem. 2007, 100, 1469–1479. [CrossRef] [PubMed]

108. Yamano, T.; Morita, S. Effects of pesticides on isolated rat hepatocytes, mitochondria, and microsomes II. Arch. Environ. Contam.
Toxicol. 1995, 28, 1–7. [CrossRef]

109. Rose, S.; Frye, R.E.; Slattery, J.; Wynne, R.; Tippett, M.; Pavliv, O.; Melnyk, S.; James, S.J. Oxidative stress induces mitochondrial
dysfunction in a subset of autism lymphoblastoid cell lines in a well-matched case control cohort. PLoS ONE 2014, 9, e85436.
[CrossRef]

110. Hill, B.G.; Higdon, A.N.; Dranka, B.P.; Darley-Usmar, V.M. Regulation of vascular smooth muscle cell bioenergetic function by
protein glutathiolation. Biochim. Biophys. Acta 2010, 1797, 285–295. [CrossRef]

111. Frye, R.E.; Rose, S.; Wynne, R.; Bennuri, S.C.; Blossom, S.; Gilbert, K.M.; Heilbrun, L.; Palmer, R.F. Oxidative stress challenge
uncovers trichloroacetaldehyde hydrate-induced mitoplasticity in autistic and control lymphoblastoid cell lines. Sci. Rep. 2017, 7,
4478. [CrossRef] [PubMed]

112. Rose, S.; Frye, R.E.; Slattery, J.; Wynne, R.; Tippett, M.; Melnyk, S.; James, S.J. Oxidative stress induces mitochondrial dysfunction
in a subset of autistic lymphoblastoid cell lines. Transl. Psychiatry 2015, 5, e526. [CrossRef] [PubMed]

113. Rose, S.; Wynne, R.; Frye, R.E.; Melnyk, S.; James, S.J. Increased susceptibility to ethylmercury-induced mitochondrial dysfunction
in a subset of autism lymphoblastoid cell lines. J. Toxicol. 2015, 2015, 573701. [CrossRef] [PubMed]

114. Frye, R.E.; Rose, S.; Chacko, J.; Wynne, R.; Bennuri, S.C.; Slattery, J.C.; Tippett, M.; Delhey, L.; Melnyk, S.; Kahler, S.G.; et al.
Modulation of mitochondrial function by the microbiome metabolite propionic acid in autism and control cell lines. Transl.
Psychiatry 2016, 6, e927. [CrossRef]

115. Rose, S.; Bennuri, S.C.; Davis, J.E.; Wynne, R.; Slattery, J.C.; Tippett, M.; Delhey, L.; Melnyk, S.; Kahler, S.G.; MacFabe, D.F.; et al.
Butyrate enhances mitochondrial function during oxidative stress in cell lines from boys with autism. Transl. Psychiatry 2018, 8,
42. [CrossRef] [PubMed]

116. Rose, S.; Bennuri, S.C.; Wynne, R.; Melnyk, S.; James, S.J.; Frye, R.E. Mitochondrial and redox abnormalities in autism lymphoblas-
toid cells: A sibling control study. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2017, 31, 904–909. [CrossRef]

117. Melnyk, S.; Fuchs, G.J.; Schulz, E.; Lopez, M.; Kahler, S.G.; Fussell, J.J.; Bellando, J.; Pavliv, O.; Rose, S.; Seidel, L.; et al. Metabolic
imbalance associated with methylation dysregulation and oxidative damage in children with autism. J. Autism Dev. Disord. 2012,
42, 367–377. [CrossRef]

118. Canitano, R.; Zappella, M. Autistic epileptiform regression. Funct. Neurol. 2006, 21, 97–101.
119. Shoffner, J.; Hyams, L.; Langley, G.N.; Cossette, S.; Mylacraine, L.; Dale, J.; Ollis, L.; Kuoch, S.; Bennett, K.; Aliberti, A.; et al. Fever

plus mitochondrial disease could be risk factors for autistic regression. J. Child Neurol. 2010, 25, 429–434. [CrossRef]
120. Edmonds, J.L.; Kirse, D.J.; Kearns, D.; Deutsch, R.; Spruijt, L.; Naviaux, R.K. The otolaryngological manifestations of mitochondrial

disease and the risk of neurodegeneration with infection. Arch. Otolaryngol. Head Neck Surg. 2002, 128, 355–362. [CrossRef]
121. Singh, K.; Singh, I.N.; Diggins, E.; Connors, S.L.; Karim, M.A.; Lee, D.; Zimmerman, A.W.; Frye, R.E. Developmental regression

and mitochondrial function in children with autism. Ann. Clin. Transl. Neurol. 2020, 7, 683–694. [CrossRef]
122. Frye, R.E.; Cox, D.; Slattery, J.; Tippett, M.; Kahler, S.; Granpeesheh, D.; Damle, S.; Legido, A.; Goldenthal, M.J. Mitochondrial

dysfunction may explain symptom variation in Phelan-McDermid syndrome. Sci. Rep. 2016, 6, 19544. [CrossRef]
123. Kanellopoulos, A.K.; Mariano, V.; Spinazzi, M.; Woo, Y.J.; McLean, C.; Pech, U.; Li, K.W.; Armstrong, J.D.; Giangrande, A.;

Callaerts, P.; et al. Aralar sequesters GABA into hyperactive mitochondria, causing social behavior deficits. Cell 2020, 180,
1178–1197.e20. [CrossRef]

124. Curtin, P.; Curtin, A.; Austin, C.; Gennings, C.; Tammimies, K.; Bolte, S.; Arora, M. Recurrence quantification analysis to
characterize cyclical components of environmental elemental exposures during fetal and postnatal development. PLoS ONE 2017,
12, e0187049. [CrossRef]

125. Arora, M.; Bradman, A.; Austin, C.; Vedar, M.; Holland, N.; Eskenazi, B.; Smith, D.R. Determining fetal manganese exposure from
mantle dentine of deciduous teeth. Environ. Sci. Technol. 2012, 46, 5118–5125. [CrossRef]

126. Arora, M.; Hare, D.; Austin, C.; Smith, D.R.; Doble, P. Spatial distribution of manganese in enamel and coronal dentine of human
primary teeth. Sci. Total Environ. 2011, 409, 1315–1319. [CrossRef]

127. Arora, M.; Reichenberg, A.; Willfors, C.; Austin, C.; Gennings, C.; Berggren, S.; Lichtenstein, P.; Anckarsater, H.; Tammimies, K.;
Bolte, S. Fetal and postnatal metal dysregulation in autism. Nat. Commun. 2017, 8, 15493. [CrossRef] [PubMed]

218



J. Pers. Med. 2021, 11, 218

128. Rose, S.; Melnyk, S.; Trusty, T.A.; Pavliv, O.; Seidel, L.; Li, J.; Nick, T.; James, S.J. Intracellular and extracellular redox status and
free radical generation in primary immune cells from children with autism. Autism Res. Treat. 2012, 2012, 986519. [CrossRef]
[PubMed]

129. Vandewalle, J.; Bauters, M.; Van Esch, H.; Belet, S.; Verbeeck, J.; Fieremans, N.; Holvoet, M.; Vento, J.; Spreiz, A.; Kotzot, D.; et al.
The mitochondrial solute carrier SLC25A5 at Xq24 is a novel candidate gene for non-syndromic intellectual disability. Hum. Genet.
2013, 132, 1177–1185. [CrossRef] [PubMed]

130. Picard, M.; Zhang, J.; Hancock, S.; Derbeneva, O.; Golhar, R.; Golik, P.; O’Hearn, S.; Levy, S.; Potluri, P.; Lvova, M.; et al.
Progressive increase in mtDNA 3243A>G heteroplasmy causes abrupt transcriptional reprogramming. Proc. Natl. Acad. Sci. USA
2014, 111, E4033–E4042. [CrossRef] [PubMed]

131. Licznerski, P.; Park, H.A.; Rolyan, H.; Chen, R.; Mnatsakanyan, N.; Miranda, P.; Graham, M.; Wu, J.; Cruz-Reyes, N.; Mehta,
N.; et al. ATP Synthase c-subunit leak causes aberrant cellular metabolism in fragile X syndrome. Cell 2020, 182, 1170–1185.e9.
[CrossRef]

132. Napoli, E.; Song, G.; Panoutsopoulos, A.; Riyadh, M.A.; Kaushik, G.; Halmai, J.; Levenson, R.; Zarbalis, K.S.; Giulivi, C. Beyond
autophagy: A novel role for autism-linked Wdfy3 in brain mitophagy. Sci. Rep. 2018, 8, 11348. [CrossRef] [PubMed]

133. Yin, C.-L.; Chen, H.-I.; Li, L.-H.; Chien, Y.-L.; Liao, H.-M.; Chou, M.C.; Chou, W.-J.; Tsai, W.-C.; Chiu, Y.-N.; Wu, Y.-Y.; et al.
Genome-wide analysis of copy number variations identifies PARK2 as a candidate gene for autism spectrum disorder. Mol.
Autism 2016, 7, 23. [CrossRef] [PubMed]

134. Tang, G.; Gutierrez Rios, P.; Kuo, S.-H.; Akman, H.O.; Rosoklija, G.; Tanji, K.; Dwork, A.; Schon, E.A.; Dimauro, S.; Goldman,
J.; et al. Mitochondrial abnormalities in temporal lobe of autistic brain. Neurobiol. Dis. 2013, 54, 349–361. [CrossRef]

135. Ebrahimi-Fakhari, D.; Saffari, A.; Wahlster, L.; Di Nardo, A.; Turner, D.; Lewis, T.L., Jr.; Conrad, C.; Rothberg, J.M.; Lipton, J.O.;
Kölker, S.; et al. Impaired mitochondrial dynamics and mitophagy in neuronal models of tuberous sclerosis complex. Cell Rep.
2016, 17, 1053–1070. [CrossRef]

136. Pecorelli, A.; Ferrara, F.; Messano, N.; Cordone, V.; Schiavone, M.L.; Cervellati, F.; Woodby, B.; Cervellati, C.; Hayek, J.; Valacchi,
G. Alterations of mitochondrial bioenergetics, dynamics, and morphology support the theory of oxidative damage involvement
in autism spectrum disorder. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2020, 34, 6521–6538. [CrossRef] [PubMed]

137. Harris, J.; Deen, N.; Zamani, S.; Hasnat, M.A. Mitophagy and the release of inflammatory cytokines. Mitochondrion 2018, 41, 2–8.
[CrossRef]

138. Meeking, M.M.; MacFabe, D.F.; Mepham, J.R.; Foley, K.A.; Tichenoff, L.J.; Boon, F.H.; Kavaliers, M.; Ossenkopp, K.P. Propionic
acid induced behavioural effects of relevance to autism spectrum disorder evaluated in the hole board test with rats. Prog. Neuro
Psychopharmacol. Biol. Psychiatry 2020, 97, 109794. [CrossRef] [PubMed]

139. Shams, S.; Foley, K.A.; Kavaliers, M.; MacFabe, D.F.; Ossenkopp, K.P. Systemic treatment with the enteric bacterial metabolic
product propionic acid results in reduction of social behavior in juvenile rats: Contribution to a rodent model of autism spectrum
disorder. Dev. Psychobiol. 2019, 61, 688–699. [CrossRef]

140. Foley, K.A.; MacFabe, D.F.; Kavaliers, M.; Ossenkopp, K.P. Sexually dimorphic effects of prenatal exposure to lipopolysaccharide,
and prenatal and postnatal exposure to propionic acid, on acoustic startle response and prepulse inhibition in adolescent rats:
Relevance to autism spectrum disorders. Behav. Brain Res. 2015, 278, 244–256. [CrossRef]

141. Foley, K.A.; MacFabe, D.F.; Vaz, A.; Ossenkopp, K.P.; Kavaliers, M. Sexually dimorphic effects of prenatal exposure to propionic
acid and lipopolysaccharide on social behavior in neonatal, adolescent, and adult rats: Implications for autism spectrum disorders.
Int. J. Dev. Neurosci. Off. J. Int. Soc. Dev. Neurosci. 2014, 39, 68–78. [CrossRef] [PubMed]

142. Macfabe, D. Autism: Metabolism, mitochondria, and the microbiome. Glob. Adv. Health Med. 2013, 2, 52–66. [CrossRef] [PubMed]
143. Frye, R.E. Biomarkers of abnormal energy metabolism in children with autism spectrum disorder. N. Am. J. Med. Sci. 2012, 5,

141–147. [CrossRef]
144. Frye, R.E.; Melnyk, S.; Macfabe, D.F. Unique acyl-carnitine profiles are potential biomarkers for acquired mitochondrial disease in

autism spectrum disorder. Transl. Psychiatry 2013, 3, e220. [CrossRef] [PubMed]
145. Fernandez, A.; Meechan, D.W.; Karpinski, B.A.; Paronett, E.M.; Bryan, C.A.; Rutz, H.L.; Radin, E.A.; Lubin, N.; Bonner, E.R.;

Popratiloff, A.; et al. Mitochondrial dysfunction leads to cortical under-connectivity and cognitive impairment. Neuron 2019, 102,
1127–1142.e3. [CrossRef]

146. Lin-Hendel, E.G.; McManus, M.J.; Wallace, D.C.; Anderson, S.A.; Golden, J.A. Differential mitochondrial requirements for radially
and non-radially migrating cortical neurons: Implications for mitochondrial disorders. Cell Rep. 2016, 15, 229–237. [CrossRef]

147. Chacko, B.K.; Kramer, P.A.; Ravi, S.; Benavides, G.A.; Mitchell, T.; Dranka, B.P.; Ferrick, D.; Singal, A.K.; Ballinger, S.W.; Bailey,
S.M.; et al. The Bioenergetic Health Index: A new concept in mitochondrial translational research. Clin. Sci. 2014, 127, 367–373.
[CrossRef]

219





Journal of

Personalized 

Medicine

Article

Mitochondrial Fatty Acid β-Oxidation and Resveratrol Effect in
Fibroblasts from Patients with Autism Spectrum Disorder

Rita Barone 1,2,*,†, Jean Bastin 3,†, Fatima Djouadi 3, Indrapal Singh 4,5, Mohammad Azharul Karim 4,5,
Amrit Ammanamanchi 4,5, Patrick John McCarty 4,5, Leanna Delhey 6, Rose Shannon 6, Antonino Casabona 7,
Renata Rizzo 1 and Richard Eugene Frye 4,5,*

Citation: Barone, R.; Bastin, J.;

Djouadi, F.; Singh, I.; Karim, M.A.;

Ammanamanchi, A.; McCarty, P.J.;

Delhey, L.; Shannon, R.; Casabona,

A.; et al. Mitochondrial Fatty Acid

β-Oxidation and Resveratrol Effect in

Fibroblasts from Patients with

Autism Spectrum Disorder. J. Pers.

Med. 2021, 11, 510. https://doi.org/

10.3390/jpm11060510

Academic Editor: Farah R. Zahir

Received: 3 May 2021

Accepted: 31 May 2021

Published: 4 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Clinical and Experimental Medicine, Child Neuropsychiatry Section, University of Catania,
95124 Catania, Italy; rerizzo@unict.it

2 CNR-Institute for Polymers, Composites and Biomaterials IPCB, 95124 Catania, Italy
3 Centre de Recherche des Cordeliers, INSERM U1138, Sorbonne Université, Université de Paris,

75006 Paris, France; jean.bastin@inserm.fr (J.B.); fatima.djouadi@inserm.fr (F.D.)
4 Barrow Neurological Institute at Phoenix Children’s Hospital, Phoenix, AZ 85016, USA;

isingh@arizona.edu (I.S.); karim2@arizona.edu (M.A.K.); aammanamanchi@arizona.edu (A.A.);
pmccarty@phoenixchildrens.com (P.J.M.)

5 Department of Child Health, University of Arizona College of Medicine—Phoenix, Phoenix, AZ 85004, USA
6 Arkansas Children’s Research Institute, Little Rock, AR 72758, USA; LMDelhey@uams.edu (L.D.);

SROSE@uams.edu (R.S.)
7 Department of Biomedical and Biotechnological Sciences, Physiology Section, University of Catania,

95124 Catania, Italy; casabona@unict.it
* Correspondence: rbarone@unict.it (R.B.); rfrye@phoenixchildrens.com (R.E.F.)
† R.B. and J.B. contributed equally.

Abstract: Patients with autism spectrum disorder (ASD) may have an increase in blood acyl-carnitine
(AC) concentrations indicating a mitochondrial fatty acid β-oxidation (mtFAO) impairment. However,
there are no data on systematic mtFAO analyses in ASD. We analyzed tritiated palmitate oxidation
rates in fibroblasts from patients with ASD before and after resveratrol (RSV) treatment, according to
methods used for the diagnosis of congenital defects in mtFAO. ASD participants (N = 10, 60%; male;
mean age (SD) 7.4 (3.2) years) were divided in two age-equivalent groups based on the presence
(N = 5) or absence (N = 5) of elevated blood AC levels. In addition, electron transport chain (ETC)
activity in fibroblasts and muscle biopsies and clinical characteristics were compared between the
ASD groups. Baseline fibroblast mtFAO was not significantly different in patients in comparison
with control values. However, ASD patients with elevated AC exhibited significantly decreased
mtFAO rates, muscle ETC complex II activity, and fibroblast ETC Complex II/III activity (p < 0.05),
compared with patients without an AC signature. RSV significantly increased the mtFAO activity
in all study groups (p = 0.001). The highest mtFAO changes in response to RSV were observed
in fibroblasts from patients with more severe symptoms on the Social Responsiveness Scale total
(p = 0.001) and Awareness, Cognition, Communication and Motivation subscales (all p < 0.01). These
findings suggested recognition of an ASD patient subset characterized by an impaired mtFAO flux
associated with abnormal blood AC. The study elucidated that RSV significantly increased fibroblast
mtFAO irrespective of plasma AC status, and the highest changes to RSV effects on mtFAO were
observed in the more severely affected patients.

Keywords: autism spectrum disorder; energy metabolism; fatty acid oxidation; acyl-carnitines;
resveratrol

1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental condition characterized by
early social communication deficits and repetitive motor behavior, sensory abnormalities,
and restricted interests, with a global prevalence of about 1% [1] and, according to the most
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recent estimates, of about 2% in the United States (US) [2]. ASD biology is particularly
complex, including individual genetic contributions interacting with multiple environmen-
tal factors. Genetic risk points to a complex inheritance, with additive contributions from
common variants or through rare variants with larger effect sizes [3]. The vast majority of
ASD is idiopathic, with a specific cause identified in only 4–20% of patients, including a
genetic etiology. Association of ASD behavioral phenotypes to specific genetic subtypes
is envisaged; however, patients with molecularly defined ASD are not easily clinically
identified because clinical and neurobehavioral correlates of a given genetic contribution
vary widely [3,4].

Immune dysregulation/inflammation, oxidative stress, and mitochondrial dysfunc-
tion are all key pathologic underpinning of ASD [5,6]. Complex biological changes play a
role in ASD clinical heterogeneity, hindering the discovery of universal biomarkers for di-
agnosis and treatments. Currently, ASD diagnosis is based on measurements of behavioral
symptoms according to the Diagnostic Statistical Manual of Mental Disorders Version 5
(DSM-5) diagnostic criteria [7]. Recent data point to identifying patient subsets to better
define the contribution of certain biological changes in individual patients. In this context,
considerable evidence highlights energy metabolism abnormalities in ASD, pointing to
acquired mitochondrial dysfunction in a proportion of patients [8,9]. Impaired mitochon-
drial metabolism may influence neuronal development and synaptic plasticity, which
play a major role in neurodevelopment and contribute to ASD. Low free carnitine [10]
and abnormal levels of blood acyl-carnitines (AC) were repeatedly found in ASD clinical
studies [11,12]. We recently tested the metabolic profile in dried blood spots to support
early recognition of young children at risk for ASD diagnosis. We found a significant
increase in blood short-chain and long-chain AC and, to a lesser extent, medium-chain
AC. Using machine learning analyses, we found a high classification performance of this
AC signature to support diagnosis at younger ages (<5 years) [13]. Interestingly, a similar
pattern of increased AC had been detected in patients with ASD from the US [12] and in
rodent models, where ASD-like behavior was induced by propionic acid [14]. Recently, a
global metabolome analysis of plasma and feces found differential levels of AC among the
most discriminant metabolites in ASD compared with typically developing (TD) popula-
tions. Furthermore, blood C2–C14 AC levels were positively correlated with a more severe
impairment of social behavior, supporting a key role for mitochondrial dysfunction in ASD
pathophysiology [15].

The mitochondrial fatty acid β-oxidation (mtFAO) is a major energy-producing
metabolic pathway, which uses fatty acids to produce adenosine triphosphate (ATP). First,
the import of long-chain fatty-acids (LCFA) into mitochondria requires the activity of a
multi-enzymatic carnitine-dependent shuttle, with formation of AC intermediates. Within
mitochondria, AC are converted back to acyl-CoA, and the various β-oxidation enzymes
isoforms progressively shorten the acyl-CoA to produce acetyl-CoA, NADH, and FADH2
via the Lynen helix [16]. Re-oxidation of produced NADH and FADH2 by the mitochondrial
respiratory chain ultimately results in the production of large amounts of ATP. In addition,
very recent data unveiled the involvement of mtFAO in instructing non-energy-related
functions, such as chromatin modification or neural stem cell activity [17,18].

Thus, AC enables the transport of fatty acids across mitochondrial membranes, and
these conjugated fatty acids typically accumulate when β-oxidation is disturbed. This
led to widespread clinical applications in the screening for inborn mtFAO disorders in
newborns, implemented in many countries, which is based on the detection of specific
accumulating AC in the blood of newborns [19]. In line with this, it can be hypothesized
that the increase in plasma AC levels in patients with ASD points to an impairment of
mtFAO. To date, the implication of mtFAO in the pathophysiology of ASD is largely
unknown, but there are consistent findings documenting AC accumulation, and thereby
possible mtFAO impairments, as biomarkers and therapeutic targets in a subset of patients
with ASD. In the present study, we therefore analyzed the mtFAO flux and respiratory
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chain activities on primary cultured fibroblasts from ASD patients with elevated plasma
AC (w-AC) or without elevated plasma AC (w/o-AC).

Resveratrol (RSV) (3,5,4-trihydroxy-trans-stilbene) is a natural polyphenol produced
in plants and enriched in grapes and red fruits. Pre-clinical studies showed that RSV
ameliorated social behavior and sensory alterations in the rat model of ASD induced by
valproic acid [20,21]. At the molecular level, RSV decreased neuroimmune dysregulation
through the inhibition of neuronal toll-like receptors and COX-2 signaling [22] and by
downregulation of the chemokine receptor in the BTBR T+ Itpr3tf/J mice model [23].
Interestingly, RSV was also shown to stimulate mtFAO in control human fibroblasts and
could restore normal mtFAO rates in fibroblasts from patients with mild forms of inborn
mtFAO deficiencies [24]. This further supports a putative therapeutic effect of RSV in
patients with ASD [25] and led us to test whether RSV might induce up-regulation of
mtFAO in fibroblasts from ASD patients.

Altogether, the present study had several objectives. At first, we aimed to determine
if fibroblasts from ASD patients exhibited mitochondrial mtFAO and respiratory chain
deficiencies, compared with fibroblasts from control individuals. In parallel, we sought to
determine whether cellular mtFAO rates correlated with the AC status of the ASD patients.
Then, we tested the effects of RSV on fibroblasts mtFAO rates in patients with ASD and
we evaluated whether the mtFAO response upon RSV treatment was depended on clinical
characteristics.

2. Materials and Methods
2.1. Participants

Protocols used in this study were registered in clinicaltrials.gov as NCT02000284
and NCT02003170 and approved by the Institutional Review Board at the University of
Arkansas for Medical Sciences (Little Rock, AR, USA). Parents of participants provided
written informed consent. All participants were recruited from the Arkansas Children’s
Hospital Autism Multispecialty clinic directed by Dr Richard E. Frye (senior author). The
ASD diagnosis was documented by at least one of the following: (i) a gold-standard diag-
nostic instrument, such as the Autism Diagnostic Observation Schedule and/or Autism
Diagnostic Interview-Revised (ADI-R); (ii) the state of Arkansas diagnostic standard, de-
fined as agreement of a physician, psychologist, and speech therapist who specializes in
ASD; and/or (iii) Diagnostic Statistical Manual of Mental Disorders diagnosis by a physi-
cian along with standardized validated questionnaires including the Social Responsiveness
Scale (SRS), the Social Communication Questionnaire and the Autism Symptoms Ques-
tionnaire, all of which have excellent correspondence to the gold-standard instruments,
along with diagnosis confirmation by the referral investigator (senior author). In our recent
clinical trial [26], we found that methods (ii) and (iii) were consistent with the ADI-R
diagnostic criteria for ASD.

In general, fibroblast samples were obtained for clinical use and then transferred to the
research laboratory. For individuals that underwent sedated procedures, most commonly
muscle biopsy, the samples were obtained under sedation by the surgeon. For individuals
that did not undergo other procedures, Dr Richard E. Frye (senior author) personally
obtained the sample by a punch biopsy with local anesthesia.

Overall, fibroblast samples were available from 10 children diagnosed with ASD for
this study, 6 males and 4 females aged 7.4 ± 3.2 years (mean ± SD) (range: 3–13). Seven
patients (70%) were diagnosed with regressive ASD. Five control fibroblasts from children
of similar age who did not manifest any known medical disease or genetic abnormalities
were obtained from Coriell Institute for Medical Research (Camden, NJ, USA).

2.2. Neurodevelopmental and Behavioral Measurements

Neurodevelopment assessment was accomplished by the Vineland Adaptive Behavior
Scale (VABS) 2nd edition. The VABS is a valid tool based on structured interview with a
caretaker allowing to measure age-appropriate abilities in everyday skills including social
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and motor skills, communication, and daily living. The VABS provides standard scores
(m = 100, SD = 15) and higher scores indicate better functioning. The Aberrant Behavior
Checklist (ABC), a 58-item parent-reported questionnaire, was used to measure behavioral
symptoms across 5 subscales (social withdrawal, hyperactivity, stereotypy, inappropriate
speech, and irritability) (0–30 raw scores, higher is worse). Multiple ASD clinical trials have
used it and it has both convergent and divergent validity [26]. ASD symptoms severity
was assessed by the SRS, a 65-item questionnaire completed by a parent or close family
member that measures the severity of social skill deficits across five domains (awareness,
cognition, communication, motivation and restricted interests, and repetitive behavior)
(clinical cut-off ≥ 60).

2.3. Cell Culture and Metabolic Evaluation

Fibroblasts were derived from skin biopsies obtained with written informed consent
from the parents. Control and patient fibroblasts were cultured at 37 ◦C, 5% CO2 in RPMI
with Glutamax™ (Carlsbad, CA, USA) supplemented with 10% (v/v) fetal bovine serum
and 0.2% (v/v) primocin (InvivoGen, San Diego, CA, USA). For treatment, the media were
removed and vehicle (0.04% DMSO) or RSV (75 µM trans-RSV, Cayman Chemical, Bertin
technologies, Montigny-le-Bretonneux, France), were added to a fresh medium for the last
48 h of culture before mtFAO measurement, as previously described [27]. The mtFAO flux
was measured in cultured fibroblasts from w-AC (N = 5) and w/o-AC (N = 5) patients, and
in control fibroblasts (N = 5) obtained from healthy subjects with equivalent age and gender
distribution. Metabolic evaluation was blinded to patient group, specifically fibroblast
assignments were retained confidential and were unveiled at the end of the mtFAO assay
for statistical analysis. The FAO flux was determined by quantifying the production of
3H2O from (9,10-3H) palmitate, as described previously [27]. The FAO assay was run
in triplicate and was repeated twice for each cell line. The FAO assay on resveratrol-
treated fibroblasts was performed once. Results (mean ± SD) were expressed in nmol of
tritiated-palmitate oxidized per hour per milligram of protein. The electron transport chain
(ETC) activity was tested in frozen muscle biopsies and/or cultured fibroblast cultures as
previously reported (Baylor Medical Genetics Laboratory, Houston TX, USA) [28]. Values
corrected and uncorrected for citrate synthase (CS) activity were considered.

2.4. Statistical Analyses

Data were presented as means and standard deviations (SDs) for continuous variables.
Statistical analyses on FAO rates were conducted in the three groups of fibroblasts (w-AC,
w/o-AC, and controls). The data were preliminarily subjected to the Shapiro–Wilk test
to verify the presence of a normal distribution of the sample, and to the Levene’s test to
verify the homogeneity of the variances between the groups. Two-way analysis of variance
(ANOVA) with repeated measures was used to verify whether FAO was influenced by
the group itself (inter-group effect) and presence/absence of RSV (intra-group effect). We
used the ANOVA to compare the three groups and all combinations of paired groups.
Possible differences between paired groups in the ANOVA analyses were then evaluated
by t-test with the Bonferroni correction. Student’s t-test was used to compare the mean
values of ETC activity and the clinical scores between the ASD study groups. Correlations
among study variables were analyzed by the Pearson correlation analysis. Differences with
p < 0.05 were considered significant. We assumed that the data were normally distributed
based on previous studies which have examined these measures in larger sample sizes
as well as by examination of our current dataset. Thus, parameter statistical analyses—
especially the technique used here within which are robust to small differences in parameter
distribution—were considered appropriate for analysis.

Additionally, to interpret differences between groups, especially in the context of small
sample sizes where biological variability can prevent differences from being statistically
significant, we compared differences between groups with the minimally clinical important
difference (MCID), a value which indicates whether the difference could be considered
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clinically significant. These values for the VABS, SRS, and ABC are provided in previous
clinical studies [26]. Data were analyzed using the SPSS Statistics software, version 23
(SPSS, Inc., Chicago, IL, USA, IBM, Somers, NY, USA).

3. Results
3.1. Blood AC Levels in Patients with ASD

Participants were divided in two groups: w-AC (n:5; age 7.2 ± 3.7) or w/o-AC (n:5;
age 7.6 ± 3.1). Mean age was not significantly different in the two study groups (p = 0.429).
Patients with high plasma AC levels had consistent AC elevation defined as at least three
AC significantly elevated (p < 0.05) in repeated analyses [12] (Figure 1).
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Figure 1. Average blood acyl-carnitine (AC) levels in studied patients with autism spectrum disorder
(ASD) with (AC+, orange bars) and without (AC−, blue bars) elevations in acyl-carnitines. Short-
chain (C5, C5DC), medium-chain (C8:1), and long-chain (C14:2, C16:1) acyl-carnitines (AC) were
significantly elevated in a subset of studied patients with ASD. Patients with high plasma AC levels
had consistent AC elevation defined as at least three AC clinically significantly elevated (outside the
normal reference range) in repeated analyses.

3.2. mtFAO Activity in Fibroblast Cultures from Patients with ASD

There was no overall significant difference in FAO rates between controls and the
ASD fibroblasts (Figure 2; F1,8 = 1.107; p = 0.368) indicating that under basal conditions,
FAO was not significantly impaired in ASD children’s fibroblasts, regardless of the AC
status. However, significant differences were found between the two ASD patient groups
(F1,8 = 5.374; p = 0.049). Pairwise t-test revealed that the effect found between the ASD
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groups in the ANOVA was driven by differences between the two groups of children with
ASD, before RSV supplementation. In fact, under basal conditions, the w-AC patients’
fibroblasts exhibited significantly decreased FAO values (5.20 ± 0.42) compared with those
measured in the w/o-AC group (5.9 ± 0.53) (p = 0.044). Basal FAO rates (5.85 ± 1.12)
appeared higher in the control compared with the w-AC patients, but no significant
differences were found in paired comparisons, likely because of higher variability of FAO
rates in controls. Overall, although not significantly impaired compared with controls,
baseline FAO values were significantly lower in patients w-AC elevations compared with
patients with normal AC blood levels (Figure 2).
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Figure 2. Mitochondrial fatty acid oxidation (FAO) rates (blue bars) and effects of resveratrol (RSV)
(red bars) in fibroblasts of ASD patients and healthy control individuals. Figure shows participants
with autism spectrum disorder (ASD) that also have acyl-carnitine (AC) elevations (ASD w-AC) and
participants with ASD without AC elevations (ASD w/o-AC) as well as control participants. Under
basal conditions, the β-oxidation flux (nmol 3HFA/h/mg protein) measured in fibroblasts of patients
with ASD w-AC were significantly decreased compared with the ASD w/o-AC. RSV significantly
increased mtFAO values in all the study groups. The results are means (±SD) of three different
experiments. * p < 0.05.

3.3. Electron Transport Chain Complex Activity

Measurements of activities of the ETC complexes were performed on frozen muscle
biopsies (N = 8) and cultured fibroblasts (N = 10). Percentages of normal ETC function,
uncorrected or corrected for citrate synthase, were compared between the w-AC and
w/o-AC groups (Figure 3).

The graph values represent percentages of normal ETC function, uncorrected
(Figure 3A,C) or corrected for citrate synthase (Figure 3B,D). Activities of the complex II
in the muscle (M; Figure 3B) and the complex II/III in fibroblasts (FB; Figure 3D) were
significantly reduced in the patients with ASD with plasma AC elevations as compared
with patients with ASD without plasma AC elevations (p < 0.05).
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without (Panels (A,C)) and with (Panels (B,D)) correction for citrate synthase (CS) activity, in patients with autism spectrum
disorder (ASD) that also have acyl-carnitine (AC) elevations (ASD w-AC, blue bars) and participants with ASD without
AC elevations (ASD w/o-AC, red bars). Mitochondrial DNA copy number (mtDNA) is also provided in the graphs for
muscle samples.

3.4. Clinical Characteristics

Standardized clinical assessment in participants with ASD is reported in Table S1. On
average, VABS indicated mildly impaired functioning in all three domains [daily living SS
(70.1 ± 16.3), communication SS (73.1 ±16.3); and socialization SS (70.5 ± 16)] in all partici-
pants with ASD. The levels of functional disability for ASD symptoms, communication,
and socialization measured by the VABS subscales were lower in the participants without
AC elevations as compared with those with AC elevations, and these differences exceeded
the MCID, suggesting that they were clinically observable. However, these differences were
not statistically significant, probably because of the small sample size. On average, patients
had disruptive behavioral symptoms, such as irritability and hyperactivity, at least of
moderate severity (defined as scores greater than or equal to 13 on the ABC). Patients in the
w-AC group had higher scores on the ABC social withdrawal, inappropriate speech, and
stereotypy subscales compared with the w/o-AC group, and these differences exceeded
the MCID, suggesting that they were clinically observable. Patients in the w/o-AC group
had higher scores on the ABC hyperactivity and irritability, and they exceeded the MCID.
However, all these differences were not statistically significant, probably because of the
small sample size.

All participants with ASD had social impairment severity in the clinical range (T-
scores > 60 on SRS total), with no significant differences between the study groups. How-

227



J. Pers. Med. 2021, 11, 510

ever, those with ASD with AC elevations demonstrated less impaired social awareness and
cognition but greater repetitive behaviors (mannerism) on the SRS as compared with those
with ASD but without AC elevation, and these differences exceeded the MCID.

Then we evaluated whether fibroblast mtFAO at baseline and upon RSV treatment
was depended on clinical characteristics (Table S2). We found that patients who had
the highest mtFAO activity in response to RSV were the most impaired on the SRS–total
(r = 0.65; p = 0.044), SRS–awareness (r = 0.72; p = 0.019), and SRS–cognition (r = 0.76;
p = 0.011). Moreover, the highest changes to RSV with respect to baseline were observed in
patients most impaired on the SRS–total (r = 0.87; p = 0.001; Figure 4A) as well as on SRS
subscales including awareness (r = 0.89; p < 0.001; Figure 4B), cognition (r = 0.88; p < 0.001;
Figure 4C), communication (r = 0.78; p = 0.008; Figure 4D), and motivation (r = 0.77;
p = 0.009; Figure 4E).

J. Pers. Med. 2021, 11, x FOR PEER REVIEW 8 of 13 
 

 

However, those with ASD with AC elevations demonstrated less impaired social 
awareness and cognition but greater repetitive behaviors (mannerism) on the SRS as 
compared with those with ASD but without AC elevation, and these differences ex-
ceeded the MCID.  

Then we evaluated whether fibroblast mtFAO at baseline and upon RSV treatment 
was depended on clinical characteristics (Table S2). We found that patients who had the 
highest mtFAO activity in response to RSV were the most impaired on the SRS–total (r = 
0.65; p = 0.044), SRS–awareness (r = 0.72; p = 0.019), and SRS–cognition (r = 0.76; p = 0.011). 
Moreover, the highest changes to RSV with respect to baseline were observed in patients 
most impaired on the SRS–total (r = 0.87; p = 0.001; Figure 4A) as well as on SRS subscales 
including awareness (r = 0.89; p < 0.001; Figure 4B), cognition (r = 0.88; p < 0.001; Figure 
4C), communication (r = 0.78; p = 0.008; Figure 4D), and motivation (r = 0.77; p = 0.009; 
Figure 4E). 

 
Figure 4. Correlation analyses among clinical characteristics of patients with ASD as measured by 
the Social Responsiveness Scale (SRS) and resveratrol (RSV) effect on fatty acid oxidation (FAO) in 
fibroblasts. Highest changes of mtFAO in response to RSV were significantly associated with clin-
ical impairment (higher scores) on the SRS–total (A) as well as on SRS awareness (B), cognition (C), 
communication (D), and motivation (E) subscales. 

4. Discussion 
In the present study, we systematically applied palmitate oxidation rate measure-

ments in fibroblasts to investigate ex vivo mtFAO levels in a series of patients with ASD. 
We found that under basal conditions, mtFAO in fibroblasts was not significantly dif-
ferent in children with ASD compared with healthy controls. However, the mtFAO flux 
was significantly decreased in patients with elevated blood AC compared with patients 
with normal blood AC. Significant differences in basal mtFAO rate between ASD groups 
may be consistent with recurrent findings of elevated blood AC in subgroups of children 
with ASD [12,13]. 

As mentioned above, screening of inborn mtFAO deficiencies in newborns is based 
on acyl-carnitines analysis in dried blood spots, which needs to be followed by confirm-
atory testing to define the ultimate diagnosis [19]. Importantly, patients diagnosed in this 
way at birth are mostly asymptomatic, and the AC pattern is not predictive of sympto-

Figure 4. Correlation analyses among clinical characteristics of patients with ASD as measured by
the Social Responsiveness Scale (SRS) and resveratrol (RSV) effect on fatty acid oxidation (FAO) in
fibroblasts. Highest changes of mtFAO in response to RSV were significantly associated with clinical
impairment (higher scores) on the SRS–total (A) as well as on SRS awareness (B), cognition (C),
communication (D), and motivation (E) subscales.

4. Discussion

In the present study, we systematically applied palmitate oxidation rate measurements
in fibroblasts to investigate ex vivo mtFAO levels in a series of patients with ASD. We found
that under basal conditions, mtFAO in fibroblasts was not significantly different in children
with ASD compared with healthy controls. However, the mtFAO flux was significantly
decreased in patients with elevated blood AC compared with patients with normal blood
AC. Significant differences in basal mtFAO rate between ASD groups may be consistent
with recurrent findings of elevated blood AC in subgroups of children with ASD [12,13].

As mentioned above, screening of inborn mtFAO deficiencies in newborns is based on
acyl-carnitines analysis in dried blood spots, which needs to be followed by confirmatory
testing to define the ultimate diagnosis [19]. Importantly, patients diagnosed in this way
at birth are mostly asymptomatic, and the AC pattern is not predictive of symptomatol-
ogy [29]. In many cases, the symptom-free period will last for years, and the disease
manifestations will only develop in the adolescence or adulthood, generally triggered by
exercise, cold, fever, or other metabolic stress situations. This is true in particular for the
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VLCAD deficiency, one of the most common inborn mtFAO disorders. In the mild—most
frequent—form of this disorder, the typical C (14:1) AC accumulation detected at birth
can be associated with near-normal FAO flux values in the patients’ fibroblasts and with
the absence of clinical manifestations [30–32]. In adult patients with the muscular form
of carnitine-palmitoyl transferase II (CPT-II) deficiency, high plasma levels of long-chain
AC can be measured in the absence of disease symptoms, and mtFAO values in patient
fibroblasts may also appear marginally modified [33]. In sum, evidence from genetic mt-
FAO defects suggests that an inefficient mtFAO flux with accumulation of AC biomarkers
may arise without obvious symptoms affecting mtFAO-dependent organs and even in the
presence of a relatively high residual mtFAO activity. The occurrence of developmental
delay, autistic-like behavior, or ASD in genetic defects of mtFAO, particularly VLCAD [34]
and LCHAD [35], suggests that impaired mtFAO may contribute to dysfunctional energy
metabolism in subsets of patients with ASD. Furthermore, interestingly, post-hoc analysis
of newborn screening data in a large (>9000 individuals) cohort showed that high levels
of ACs could be associated with an increased risk of ASD [36]. Specific abnormalities in
AC also characterize an animal model of ASD in which propionic acid, a microbiome-
produced short chain fatty acid, results in ASD-like behavior, mitochondrial dysfunction,
and neuroinflammation [37].

In addition to reduced mtFAO oxidation rate, patients with ASD and plasma AC
elevations had significantly lower ETC complex II and complex II/III activities in muscle
and fibroblasts, respectively, when compared with patients with normal AC blood levels.
This is consistent with a previous study that demonstrated a partial deficit in complexes
I/III and I/III RS functions in muscle of patients with ASD and elevated blood AC [12]. As
a whole, the current findings support recognition of an ASD patient subset characterized
by impaired mtFAO efficiency associated with abnormal blood AC underlying decreased
energy production in different cell types.

It is noteworthy that our finding of a >200% increase in the ETC complex I/III activity
in patients with ASD is consistent with recent findings illustrating that an elevation of
the respiratory chain activity may be abnormal and associated with ASD. An increase
in the baseline respiratory chain activity in lymphoblastoid cell lines from subsets of pa-
tients with ASD is associated with increased vulnerability to environmental toxicants and
to physiological stress [38,39]. It was shown that patients with ASD and mitochondrial
dysfunction have higher rates of neurodevelopmental regression with loss of acquired
abilities following fever or infections [40] as not uncommonly seen in patients with ETC
mitochondrial disorders [41]. Such abnormalities are consistent with acquired mitochon-
drial dysfunction in ASD patients with neurodevelopmental regression [42] and with
studies which demonstrated that mitochondrial dysfunction in ASD can be associated
with environmental factors, such as fever [40], immune activation and oxidative stress [43],
microbiome metabolites [37], air pollution [44], and prenatal nutritional deficiencies [45].
Some other symptoms of mitochondrial disease, including hypotonia and motor delay,
seizures, and gastrointestinal disturbances are frequently encountered in ASD as well [5].

Previous research established that ex vivo measurements of palmitate oxidation rate
provide a sensitive approach to test the efficiency of compounds potentially capable to
stimulate mtFAO, such as fibrates and RSV [24,27,46]. Pre-clinical studies using different
ASD models showed the effects of RSV on several pathways involved in ASD, such as
decreasing microglia-induced neuroinflammation and oxidative stress, by reducing oxygen
and nitrogen reactive species and neurotransmitter imbalance [22,47]. More recently, RSV
was found capable of ameliorating social behavioral deficits in the oxytocin receptor gene
knockout by up-regulation of the silent information regulator 1 (Sirt1) gene and early
growth response factor 3 (Egr3) gene expressions in the amygdala of Oxtr-KO mice [48].
In 2020, a double-blind, placebo-controlled clinical trial investigated the effects of RSV as
an adjunctive treatment in decreasing disruptive behavioral symptoms measured by SRS
in patients with ASD. RSV add-on therapy to Risperidone did not yield any significant
improvement on the irritability subscale compared with placebo but led to significant
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improvement on the hyperactivity/non-compliance subscale after a 10-week period [49].
No severe adverse effects were observed and no significant difference in the frequency
of adverse effects was documented between RSV-treated versus placebo group, thus
supporting further clinical studies using RSV monotherapy in patients with ASD.

For the first time, the current study explored the effects of RSV on mtFAO in fibroblasts
from patients with ASD. It showed that RSV significantly increased mtFAO activity in
fibroblasts from patients with ASD as well as in controls. RSV effects on FAO are mediated
by peroxisome proliferator activated receptor gamma co-activator-1-alpha (PGC-1α). PGC-
1α serves as a co-activator of various transcription factors [PPARs, NRF 1 and 2 (nuclear
respiratory factors), hepatic nuclear factor 4], thus regulating the expression of several
enzymes involved in the mtFAO pathway, mitochondrial biogenesis, oxidative phospho-
rylation, and energy production [24]. Importantly, we showed an association between
RSV effects on mtFAO activity in fibroblasts from children with ASD and pertinent clinical
characteristics. We found that the highest changes to RSV with respect to baseline were
observed in patients with more severe ASD symptoms on the SRS scale, such as impaired
awareness, cognition, social communication, and motivation.

The main limitations of the present study include the small size of the samples used
for ex vivo analyses of mtFAO. This suggests that the study is underpowered, so non-
significant differences cannot be claimed to signify that no difference exists. Clearly, further
studies with larger sample sizes will be needed to follow up this work. Secondly, it should
be noted that results from pre-clinical studies such as the present one may partially apply
to the in vivo condition and will ultimately require to be tested in clinical trials. As ASD
is heterogeneous in nature, there is a need to characterize patients also considering what
possible differences in metabolic profiling might lead to different clinical responses to the
same therapies. Taken into account that ASD is unequivocally associated with mtFAO
impairment in patient subsets, the effects of RSV in ameliorating mtFAO in patient cells
may be relevant for understanding the therapeutic response.

5. Conclusions

In conclusion, we found a significant difference in fibroblasts basal mtFAO rates
between ASD groups that differ by the presence or absence of elevated blood acyl-carnitines.
The study showed for the first time that the mtFAO activity in fibroblasts of ASD children
increased significantly after RSV and that the highest changes to RSV effects on mtFAO
occurred in the most severely affected patients. In the light of the present findings, future
clinical trials might well consider whether possible RSV effects in ameliorating behavioral
symptoms are associated with baseline symptoms severity in patients with ASD. Moreover,
further studies should take into account how and to what extent different metabolic profiles
may influence response to therapies in patients with ASD.
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Abstract: Folate deficiency and folate receptor autoimmune disorder are major contributors to
infertility, pregnancy related complications and abnormal fetal development including structural and
functional abnormalities of the brain. Food fortification and prenatal folic acid supplementation has
reduced the incidence of neural tube defect (NTD) pregnancies but is unlikely to prevent pregnancy-
related complications in the presence of folate receptor autoantibodies (FRAb). In pregnancy, these
autoantibodies can block folate transport to the fetus and in young children, folate transport to
the brain. These antibodies are prevalent in neural tube defect pregnancies and in developmental
disorders such as cerebral folate deficiency (CFD) syndrome and autism spectrum disorder (ASD).
In the latter conditions, folinic acid treatment has shown clinical improvement in some of the core
ASD deficits. Early testing for folate receptor autoantibodies and intervention is likely to result
in a positive outcome. This review discusses the first identification of FRAb in women with a
history of neural tube defect pregnancy and FRAb’s association with sub-fertility and preterm birth.
Autoantibodies against folate receptor alpha (FRα) are present in about 70% of the children with
a diagnosis of ASD, and a significant number of these children respond to oral folinic acid with
overall improvements in speech, language and social interaction. The diagnosis of folate receptor
autoimmune disorder by measuring autoantibodies against FRα in the serum provides a marker with
the potential for treatment and perhaps preventing the pathologic consequences of folate receptor
autoimmune disorder.

Keywords: autism spectrum disorders; folate receptor alpha; folates; pregnancy; brain development;
fetal development

1. Background

Folate, an umbrella term used for metabolically active forms of folic acid (B9), is an
essential B-complex vitamin necessary for basic cellular metabolism including, but not
limited to, essential cellular DNA synthesis, repair and methylation including regulation of
synthesis and metabolism of monoamine neurotransmitters. As a nutrient found in green
leafy vegetables, legumes and fruits, it is readily absorbed by the upper small intestine after
breakdown from polyglutamates to monoglutamates. Folate in its active forms facilitates
one-carbon transfer reactions and contributes to the synthesis of purines, pyrimidines and
amino acids [1]. One of its most characterized roles is facilitating single carbon transfer to
homocysteine to form methionine. This reaction is critical for maintaining intracellular S-
adenosyl methionine, an essential compound for methylation reactions. Folate also has a co-
dependent relationship with vitamin B12 in that both vitamins must be present in adequate
amounts for conversion to the physiologic forms that participate in metabolic reactions. If
folate and B12 are not adequate, cellular metabolism and replication is interrupted [2,3]. This
is most critical during fetal and neonatal development because inadequate folate during this
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period can result in interruptions in brain development leading to structural abnormalities
that produce functional deficits of the CFD syndrome. Low cerebro-spinal fluid (CSF) folate
is a characteristic feature of CFD syndrome, as first described by Ramaekers and Blau [4].
On rare occasions, CFD can also result from mutations in the FRα gene [5–7], but the most
common cause of low CSF folate in CFD is the presence of anti-folate receptor antibodies
(FRAb) that can block folate transport across the choroid plexus [8,9]. A recent report has
identified mutations in the CIC transcription factor gene in children diagnosed with CFD
syndrome. Mutations in the CIC gene decrease the expression of FRα to reduce folate
transport across the choroid plexus [10]. No abnormalities of the FRα gene are found in
ASD, but a majority of these children are positive for FRAb and have low CSF folate [11,12].
This is a priori proof that FRα is the primary transporter of folate into the brain under
physiologic folate status.

2. Folate Requirements during Pregnancy

Since the discovery of its role in megaloblastic anemia and spina bifida, folate supple-
mentation during pregnancy and fortification of food products have become two of the
most globally accepted methods of treating and preventing folate deficiency. The basic
folate requirement increases 75 to 100% (approximately 300–400 µg per day) in pregnancy
because folate has a critical role in the growth and development of the embryo/fetus,
especially during early stages of development [13]. It is, therefore, common practice to rec-
ommend that women supplement their diet with folate before conception and throughout
pregnancy. The prevention of folate deficiency during pregnancy is achieved by consump-
tion of at least 0.4 mg/day of folic acid during the first trimester of pregnancy [14,15].
In light of the recently discovered FRAb that can block folate transport, women positive
for these antibodies may need additional supplementation with folinic acid to provide
adequate folate to the developing fetus [16,17].

3. Folate and Fetal Brain Development

The importance of folate during embryonic and fetal brain development has been
demonstrated in genetic animal models and dietary manipulations of folate deficiency [18,19].
If either folate transport or folate concentration in circulation is adversely manipulated,
embryonic and fetal development is significantly altered. Mouse knockout models of genes
such as FOLR1 that encode for folate receptor alpha (FRα) produce lethality in litters along
with orbito-facial abnormalities, congenital heart defects and/or neural tube defects [20].
In FOLR1 knockout mouse, these lethalities can be prevented with adequate folinic acid
(N5-formyltetrahydrofolate, a reduced form of folate) supplementation. These dramatic
results occur because folate transport is lacking in the KO mouse during the early stages
of neurulation and in regions where abnormalities arise [21]. In rodent models, folate
deficiency causes a decrease in progenitor cells and an increase in apoptosis, and this could
lead to infertility or resorption of embryos or fetal malformations [22]. Behavioral deficits
are seen in rat pups born to folate-deficient mothers [23] and on methyl donor deficient
diet during pregnancy [24]. In a rat model of exposure to rat folate receptor antibodies
during pregnancy, resorption of embryos and malformations of the cranio-facial region
and the brain were reported [25]. When the antibodies were administered at lower doses,
embryos were carried to term with normal appearing pups born. However, these pups
showed severe behavioral deficits [23,26]. The behavioral phenotype can be rescued by
treatment with folinic acid and dexamethasone prior to antibody exposure [27]. These
studies provide strong evidence in support of the pathologic consequences of exposure to
FRα antibodies and the protective role of folinic acid.

4. Folate and Neonatal Brain Development

After birth, it is crucial for the offspring to have an adequate amount of folate in
their diet. Instead of rapid cell division as embryogenesis calls for, postnatal development
requires folate for neural progenitor differentiation as well as proliferation [28]. It has yet
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to be fully elucidated what the detailed mechanisms of folate action are, but the folate
deficiency produced in animal models during early postnatal development illustrates
the importance of folate in preventing developmental and cognitive deficits [23,27]. Re-
searchers have also reported changes in neuronal excitability and maintenance that arise
with a decrease in brain folate in a rat model [29]. Others have reported an increase in
p53 and signs of homocysteine accumulation in the neurons and astrocytes [30]. There
was a long-term effect on locomotor function and cognition in these animals. Therefore,
folate is necessary for maintenance of neuronal function, as well. Based on this, further
investigations into the mechanisms of folate metabolism in neurons and support cells of
the brain are necessary. Thus far, folate has been linked to neuronal repair and differen-
tiation after injury, myelin formation and maintenance and neuronal plasticity [30–32].
Figure 1 provides a summary of the effects of folate deficiency on fetal and post-natal brain
development and the consequent sequelae that contribute to neurologic deficits.
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Figure 1. Effects of folate deficiency on the fetus and on brain development. Multiple causes lead to systemic as well
as fetal folate deficiency. Folate receptor autoantibodies can block folate transport to the fetus and to the fetal as well as
neonatal brain. In addition to folate deficiency, immune-mediated inflammation can contribute to the pathology. This has
multipronged effects on brain development and function.

5. Folate Receptors: Expression and Function

In humans, there are four genes that code for folate receptors (see Table 1). The
most characterized of these receptors is folate receptor alpha (FRα). As extracellular
receptors, FRα, FRβ, FRγ and FRδ function as transporters of folate across different target
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tissues [33,34]. FRα can also act as a transcription factor [33]. Other transporters of
folate include the reduced folate carrier (RFC), which requires high local concentrations
(micromolar) of biologically active reduced forms of folates, and the proton-coupled folate
transporter (PCFT), which can only transport folates and folic acid under acidic conditions
and is the primary transporter involved in folate absorption in the gut [35].

Table 1. Summary of folate transporters.

Protein Gene Chromosome GPI Anchor? Localization Cofactors? Refs.

FRα FOLR1 11q13.3 Yes
Liver, kidney, uterus, placenta,

choroid plexus, retinal
pigment epithelium

LRP2 [33,35–38]

FRβ FOLR2 11q13.4 Yes Placenta, spleen, bone marrow,
thymus, macrophages NA [33,35–39]

FRγ FOLR3 11q13.4 NA Secretory granules of
neutrophil granulocytes NA [33,35–39]

FRδ FOLR4 11q14 Yes Oocytes NA [33,35–39]

RFC SLC19A1 21q22.3 No Liver, kidney, placenta, choroid
plexus, intestinal tract

Vitamin D, thiamine
pyrophosphate [34,40]

PCFT SLC46A1 17q11.2 No
Liver, kidney, choroid plexus,

placenta, intestinal epithelium,
human tumors

Proton gradient [34,40]

6. FRα Role in Maternofetal Transport of Folate

The high demand for folate during pregnancy requires homeostatic mechanisms to
ensure that sufficient folate is provided to the fetus throughout development. As the
most characterized receptor in the folate transporter family of proteins, the accepted
mechanism of FRα-mediated transport is translocation/endocytosis of the holo receptor
subsequent to folate binding [35]. FRα is expressed on all epithelial cells including the
choroid plexus. It is highly expressed in the reproductive tissues including the placenta and
the fetus. To determine the mechanism of folate transport in the placenta during pregnancy,
Yasuda et al. [41] manipulated osmolarity, concentrations of phosphatidylinositol-specific
phospholipase C inhibition and concentrations of 3H-folic acid in vitro culture of human
placental brush border membrane vesicles and determined that FRα, RFC and PCFT could
transport various forms of folate, but that approximately 60% of folate was binding to FRα.
They also noted that the folate requirements of Wistar rats increased across gestation, and
expression of the mRNA of the transporters increased as well.

7. FRα Role in Folate Transport to the Brain

FRα is accepted as the main transporter of folate into the brain. However, there have
been limitations to studying how FRα transports folate across the blood–brain barrier. A
potential mechanism of folate transport across the choroid plexus and into the brain has
been described by Grapp et al. [42]. In their experiments using immortalized Z310n rat
choroid plexus cells in culture and a mouse model, they determined that transport of folate
required shuttling of folates via exosomes from the basolateral side of the choroid plexus
to the brain parenchyma of the apical side. Alternative transporters such as RFC and PCFT
may only play a role when there is a disruption of FRα expression and transport, and
adequate folate concentration is made available locally at the receptor [43]. The shuttling
across the epithelial lining of the choroid plexus is a mechanism presumed to be conserved
in all tissues that express FRα [44].

238



J. Pers. Med. 2021, 11, 710

8. Folate Receptor Autoantibodies: Their Role in Disrupting Folate Transport

In some conditions, there is disruption in folate utilization that is not related to a
dietary deficiency but is most likely due to a disturbance in the folate’s transport due to
genetic or metabolic abnormalities. An emerging culprit of folate transport disruption is
folate receptor autoimmune disorder, where autoantibodies against the FRα can interfere
with folate transport to the fetus; it has been associated with subfertility, difficulty in
conceiving, miscarriage and neural tube defects in the fetus [16,17,45,46].

In infants and young children, these antibodies can block folate transport to the brain.
Approximately 70% of the children diagnosed with cerebral folate deficiency syndrome or
autism spectrum disorder have low CSF folate and respond to folinic acid treatment [47,48].
The majority of the autoantibodies are of the IgG class and, therefore, can readily cross
the placenta and affect the fetus. Two distinct types of antibodies have been identified.
One binds to FRα at the active site where folate binds and, as a consequence, blocks folate
binding (blocking Ab). Another type of antibody binds to an antigenic site not involved
in folate binding (binding Ab) but can trigger an immune reaction and inflammation and
render the receptor nonfunctional. In most cases, one or both types of antibodies are
present [49,50]. Thus, functional blocking of folate transport and inflammation are an
integral part of the pathology [44].

9. Pathologic Consequences of Folate Receptor Antibodies

The presence of folate receptor autoantibodies can disrupt the transport of folate,
and the consequences of decreased folate uptake by cells can impact development of
the fetus, especially the central nervous system. There is also a correlation of folate
receptor antibodies with neural tube defect pregnancy [16]. In less severe cases, a subset
of children born with exposure to maternal FRα autoantibodies in utero develop low-
functioning autism with or without neurological deficits after birth. Recent studies show
significant association of folate receptor autoantibodies with autism spectrum disorder in
children [11,51,52].

10. Diagnosis of Folate Receptor Autoimmune Disorder

Early indications of cerebral folate deficiency that are potentially due to maternal folate
deficiency or folate receptor autoantibodies can be deduced by measuring serum folate and
homocysteine and folate receptor autoantibodies in the mother during pregnancy. Other
than dietary folate deficiency, folate receptor autoantibodies in the pregnant mother can
contribute to fetal folate deficiency. In the latter case, blocking of folate transport across the
placenta and antibody-mediated inflammation could contribute to the pathology, as shown
in the rat model of exposure to rat folate receptor antibodies during pregnancy [26,27].
In infants, the presence of folate receptor autoantibodies in the blood could provide a
mechanism by which folate transport to the brain via the choroid plexus could be blocked,
thus leading to cerebral folate deficiency [51,52]. Therefore, determining the presence of
folate receptor autoantibodies in the blood of pregnant mothers and children becomes a
necessary test to prove or rule out folate receptor autoimmune disorder.

Methodology for determination of the antibody titer in serum is well-established. Two
distinct types of IgG and/or IgM antibodies have been described [50]. These antibodies can
be blocking and/or binding antibodies. Both types of antibodies are capable of triggering
an immune reaction due to antigen/antibody interaction, leading to local inflammation,
and this could interfere with folate transport via the FR protein. Both types of assays can
be performed in a laboratory setting as described below.

11. Assay for Blocking Antibodies

Blocking autoantibodies to FRα are determined using a functional binding radio
assay. Patient’s serum (200 µL) is acidified with 300 µL 0.1 M glycine/HCl pH 2.5/0.5%
Triton X-100/10 mM EDTA and added to 12.5 mg charcoal pellets in a separate tube
(250 µL of 5% charcoal/1% dextran in 0.1 M Na PO4 pH 7.4/0.5% Triton X-100/10 mM
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EDTA, spun down and supernatant-aspirated) to remove any endogenous folate, and
the pH of the supernatant fluid is neutralized with 40 µL of 1 M dibasic NaPO4 prior
to using it in the assay. This assay is performed by adding purified apo human FRα
protein (40 ng) to the processed serum and incubating overnight at 4 ◦C. The next day,
3H-folic acid (700 pg) (Moravek) is added and incubated for 20 min at room temperature.
Unbound 3H folic acid is removed with dextran-coated charcoal (200 µL) and the 3H folate
bound to FRα determined by counting the sample in a liquid scintillation counter. The
reduction in binding of 3H-folic acid to the apo human FRα when compared to the negative
control serum sample provides a measure of the blocking autoantibody present in the
sample [50]. Blocking antibody can be IgG or IgM; the values are expressed as pico moles
of 3HPGA blocked per ml serum, and the titer can range from >0.2 to 0.5 (low titer), >0.5 to
1.0 (medium titer) or >1.0 (high titer).

12. Assay for Binding Antibody

Binding of the IgG autoantibody to folate receptor alpha (FRα) is determined by an
ELISA-based method. FRα (1 µg in 100 µL) purified from human milk is added to each
well of an ELISA plate to covalently bind the protein to maleic anhydride-coated wells
(Thermo Fisher, Waltham, MA, USA). Following blocking of additional sites by treatment
with normal goat serum (200 µL) overnight to prevent non-specific binding to the wells,
serum samples (4 and 8 µL) (negative control, positive control and patient samples) are
added to wells along with 100 µL fresh goat serum and incubated at 4 ◦C overnight to
facilitate binding of autoantibodies to the FRα in the wells. Following washing of the
wells to remove unbound proteins, the specific IgG autoantibody bound in each well is
detected by incubating with a peroxidase-conjugated, anti-human IgG secondary antibody
(1:6000 dilution) (Vector Labs) for 1 h at room temperature. After washing to remove the
unbound secondary antibody, the bound peroxidase-conjugated secondary antibody is
determined by incubation with ultra TMB (Thermo Fisher) for 10 min. The resultant blue
colored reaction is converted to yellow with 100 µL of 1.0 M HCl, and then absorbance
is read at 450 nm in an ELISA plate reader. In a second set of wells, known amounts of
human IgG captured in protein A-coated plates are used to construct a standard curve [50].
Values are expressed as pico moles of IgG antibody per ml serum and can range from >0.1
to 0.5 (low titer); >0.5 to 2.0 (medium titer) and >2.0 (high titer).

Among other criteria, specific diagnosis of folate receptor autoimmune disorder is
confirmed using the above tests. After correcting for background, for the blocking antibody,
values of 0.2 pmoles or greater are considered positive and for the binding antibody,
0.1 pmoles or greater are considered positive. Because folate receptor alpha is a peripheral
membrane protein, the antibody titer measured in the serum should be considered as
excess antibody appearing in the circulation after saturating the membrane-bound antigen.
Fluctuations in antibody titer have been reported in the same individual over time and
can range from low to medium titer or to undetectable levels. While the reason for these
changes in antibody titer are not identified, it is likely that changes in FR antigen on
cells, exposure to milk FR antigen in the gut and the specific B-cell population may be
contributory factors.

13. Treatment of FRα Autoimmune Disorder in ASD

Among the developmental disorders, ASD is most prevalent and has continued to
increase over the past decade. Based on available publications, the WHO reports the
worldwide prevalence at 1 in 162 births [53]. In the USA and Canada, the prevalence
is reported at 1 in 50, and this rate is predicted to increase over the next few years [54].
While the clinical phenotype of ASD may result from multiple genetic, epigenetic and
environmental factors, nutrient deficiencies such as folate can play a significant role. Folate
receptor antibodies and cerebral folate deficiency are prevalent in ASD. Treatment of FRα
autoimmunity in ASD is based on our previous findings in infantile-onset CFD syndrome
and low-functioning autism associated with neurological deficits [11]. In these children,
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a repeat CSF analysis after three to six months of treatment with folinic acid showed
normalization of 5-methyl-tetrahydrofolate levels [11,51]. Supplementation with high-dose
dl-folinic acid (Leucovorin) (0.5–2 mg/kg body weight or 0.25–1.0 mg levofolinate) given
in 1 or 2 divided daily doses increases 5-methyltetrahydrofolate concentration by more
than 100-fold compared to physiological folate concentrations in plasma. Despite the
autoantibody-induced blocking of the FRα-pathway to transport folate across the choroid
plexus, the significant increase of 5-methyltetrahydrofolate and folinic acid in plasma will
enable reduced folate carrier-1 (RFC-1), a high capacity/low affinity transmembrane folate
transporter at the blood–brain barrier, to transport sufficient 5-methyltetrahydrofolate
and folinic acid to the brain. In this context, it appears important to verify a normal
vitamin D status because RFC-1 gene transcription depends on vitamin D availability
within microvasculature cells at the blood–brain barrier [40].

Another important therapeutic intervention represents a diet strictly free of animal-
derived milk or milk products, which can be replaced by other vegetal milk products
(for example soya-, almond- and rice-based and coconut milk). Although many previous
studies on a casein/gluten-free diet have been conducted, there has been no final evidence
yet to consider these dietary treatments as beneficial in the management of ASD. Many
studies have been conducted for a maximum of only 3 months, although some studies on a
small number of patients were conducted over 1 to 2 years and indicated that part of the core
symptoms of autism had improved [55–58]. The conclusion was that a casein/gluten-free
diet should be tried for at least 6 months to see a positive response in a subset of the ASD
population. One suggested hypothesis was that opioid peptides derived from milk casein
contributed to the pathogenesis of autism [59]. Because bovine milk contains a soluble
form of the FRα protein with 91% homology with human FRα, we examined the binding
properties of human FRα autoantibodies with different FRα antigens isolated from human
placenta; human milk; and bovine, goat and camel milk. The highest cross-reactivity of the
autoantibody was found for soluble FRα protein from bovine and camel milk (Figure 2).
To determine if FRα in the milk consumed contributed to the autoimmune disorder, we
studied the effects of a milk-free diet in children positive for the FRα antibody. Patients
with infantile CFD syndrome associated with FRα antibodies were randomized to receive
either a cow’s milk-free diet or a normal, milk-containing diet. Among children on a normal
diet, FRα antibodies increased from baseline toward higher titers during 6–12 months of
evaluation. However, the children receiving a milk-free diet showed a significant drop in
FRα antibody titers after 3–6 months that rose again after re-introduction of bovine milk.
These studies confirmed down-regulation of the FRα antibodies following a strict animal
milk-free diet [55]. In this group of patients with infantile CFD syndrome, a number also
suffered from low-functioning autism with neurological deficits and showed a clinical
response after a milk-free diet. These findings suggest that in predisposed individuals,
the soluble FRα antigen derived from bovine and other animal-derived milk products
acts as the antigen that triggers a gut immune response with the formation of specific
B-cell clones that produce autoantibodies that enter the circulation, cross-reacts with the
human FRα anchored to the choroid plexus and blocks folate transport from the circulation
into the CSF [44,60]. Thyroid dysfunction is common in children with ASD. Even though
FRα expression in the thyroid gland is decreased in older children and adults, it is highly
expressed in the fetal and neonatal thyroid, and FRα antibodies can affect development of
the thyroid gland [61]. A preferred strategy for individuals with autism spectrum disorder
is to take a serum sample for determination of FRα autoantibodies after exposure to milk
products for about 2–3 weeks. After this diagnostic blood test, autistic children can be
placed on an animal milk-free diet. As soon as the FRα autoantibodies test positive, a
milk-free dietary intervention can be continued along with high oral doses of folinic acid.
Other treatment strategies to reduce FRα autoantibodies may be immunosuppression
using steroids or intravenously administered immunoglobulins, but these therapeutic
options should be reserved for emergency situations such as refractory epileptic seizures
or dramatic movement disorders such as dystonia, choreoathetosis or ballism.
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Figure 2. (A) Folate receptor concentrations in milk. (B) Immune cross-reactivity of blocking
autoantibodies against various FR antigens. The blocking assay was performed by testing a known
amount of blocking activity in serum samples from 8 different patients with molar equivalent
amounts of FR antigens from milk. Blocking activity was determined as pico moles of 3HPGA
blocked and was compared to blocking in human milk antigen.

Treatment with high-dose folinic acid in a subgroup of ASD children positive for
FRα autoimmunity, i.e., low-functioning autism with neurological deficits, showed clinical
improvement of core autistic symptoms and normalization of previously lowered CSF
5-methyltetrahydrofolate [51]. A double-blind, placebo-controlled study conducted among
children with ASD without additional neurologic deficits showed significant improvements
in verbal scores in subjects positive for FRAb following treatment with folinic acid [48]. A
recent, self-controlled clinical trial was conducted among children with low-functioning
autism without additional neurological complications. In these, a high, 76% prevalence of
FRα antibodies was found. These children also had multiple nutrient deficiencies attributed
to selective eating habits and malnutrition. Combined correction of deficient nutrients and
high dose folinic acid administration resulted in an overall significant recovery from severe
autism to mild–moderate autism (Figure 3A). Comparison of the Childhood Autism Rating
Scale (CARS) after 2 years of treatment (folinic acid supplementation and correction of
abnormal nutrient values) with the CARS at baseline showed better outcomes for children
having negative or low FRα antibody titers of the blocking type, up to 0.44 pmol FRα
blocked/mL serum, versus the group whose FRα antibody titers were above 0.44. The
baseline CARS score increased as a function of the age at which treatment was initiated.
The outcome became poorer for the older subgroup of treated autistic children (Figure 3B).
This outcome may be further compounded by the presence of maternal and paternal
autoantibodies and embryonic exposure to these. Preliminary data suggested that in the
event of maternal or parental FRα autoantibodies, the child´s outcome after treatment was
also less favorable (Figure 3C).
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Compared to infantile-onset CFD syndrome where FRα antibody testing remained
negative in the parents, testing of the parents of children with autism revealed a prevalence
of 34% in mothers and 29% in fathers versus 3% in healthy controls [51]. Another study also
confirmed an equal prevalence of FRα autoimmunity in children with autism (76%) and
even higher autoantibody prevalence in their unaffected siblings (75%), fathers (69%) and
mothers (59%) [62]. The appearance of these antibodies may have a familial heritable origin,
but the risk of developing ASD is likely influenced by other unknown factors because
some siblings positive for these antibodies have been asymptomatic. Two of the suspected
determinant factors for the development of autism are the appearance of antibodies at a
critical stage of neurodevelopmental processes during the first 18 months of life and fetal
exposure to maternal antibodies.

The outcome after folinic acid treatment of autism associated with FRα autoimmunity
appears to be influenced by several factors such as the level of FRα antibody titer and
age at which treatment was initiated as well as the FRα antibody profile amongst parents.
In our studies on the treatment outcome after folinic acid therapy for two years we only
included the group of children with infantile-onset autism in whom genetic abnormalities
had been excluded because genetic defects might constitute a bias to statistical assessment
regarding the influence of FRα autoimmunity (Figure 4).

1 
 

 

Figure 4. The significance of parental antibody status on developmental outcomes in offspring (top
panel) and postnatal antibody development in offspring (bottom panel).
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14. Treatment of FR Autoimmune Disorder in Pregnancy

FRα autoimmunity has been associated with a high risk of neural tube defects (NTD)
and other congenital malformations in offspring [16,17]. This has been confirmed by
other independent studies [63,64]. Even though the incidence of NTD is high in the Irish
population, evaluation of FRα autoantibodies in this population has failed to show a
statistically significant correlation with NTD pregnancies [65]. However, the study showed
a higher prevalence (35–40%) of FR antibodies in the mothers and both male and female
controls. Because FRα antibodies were not assessed in the fathers of the children with
NTD and only in unrelated males of the control group, the contribution of the possibility
of both parents being positive for FRα antibodies to the NTD outcome cannot be ruled
out. Parental studies in ASD have shown both maternal and paternal influences on the
incidence and severity of ASD outcome [51]. The folic acid fortification of foods has
reduced the prevalence of NTD by 30–50 percent. However, for women having a normal
folate status but testing positive for FRα autoantibodies, we suspect that even the addition
of a daily dose of 400–800 µg or 1000 µg for twin pregnancies may not prevent NTD or
congenital malformations due to the persistence of embryonic and fetal folate deficiency in
the presence of FRα antibodies.

One case report described a woman who, upon follow-up after three pregnancies, was
found to have high titers of serum FRα autoantibodies of the blocking and binding types.
She had previously had two miscarriages and a third pregnancy with monozygotic twins,
during which she took 1 mg folic acid per day. However, one twin was reduced at 12 weeks
because of an encephalocele, and the pregnancy was terminated because the other twin had
hypoplastic left-heart syndrome and choroid plexus cysts. At this time, extensive genetic
testing did not reveal any abnormalities. After finding FRα autoantibodies, treatment with
a milk-free diet was able to reduce FRα antibody titers, but a fourth pregnancy by IVF also
resulted in a miscarriage after 5 months. It was only after continuation of the milk-free diet
combined with 4 mg folic acid, 2.5 mg leucovorin and 5 mg prednisone that FRα antibody
titers fell to undetectable levels, and a fifth pregnancy was carried to term and resulted
in the birth of a healthy baby boy [17]. FRα autoantibodies are significantly associated
with subfertility and preterm birth [45,46], and preterm babies have a higher prevalence of
ASD [66]. Therefore, testing for FRα antibodies in women of child-bearing age may help in
preventing some of these disorders by early intervention.

15. Prevention of ASD and Related Complications Due to FR Antibodies

Prevention of ASD has not been reported yet. However, it seems extremely important
to diagnose ASD at the earliest age possible in order to be able to perform further evaluation
including testing for serum FRα autoantibodies. We believe that as soon as ASD is strongly
suspected and FRα antibodies identified as early as possible prior to the age of three years,
the outcome following prompt treatment with high-dose folinic acid in combination with
an animal milk-free diet will have a favorable outcome if maternal FRα antibodies or the
presence of antibodies in both parents were negative [51].

Currently, FRα antibody testing is only performed after ASD is suspected or has been
diagnosed. However, this procedure postpones treatment and causes a significant delay,
affecting prognosis unfavorably. Therefore, the early screening of autism at 18 or 24 months
using the Modified Checklist for Autism in Toddlers (M-CHAT test) or other instruments
can be used by health workers, although there is lack of optimal sensitivity and specificity
for ASD when using these tests at an early age.

Another option would be to perform the screening test for FRα antibodies at an early
age between 12 and 18 months, particularly among those children suspected to manifest
one or more autistic signs or symptoms. The children testing positive for FRα antibodies
could be placed on an animal milk-free diet and receive folinic acid supplementation with
a mandatory follow-up of these children.
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16. Clinical Significance of the Findings

Since the discovery of folic acid more than a century ago, the hematologic conse-
quences of its deficiency and its role in DNA synthesis and treatment of megaloblastic
anemia has been well defined. Emerging research aims to define its role in methylation
reactions, epigenetic regulation of gene expression, reproductive function, pregnancy and
fetal development. It is becoming evidently clear that folate plays a major role not only in
fetal brain development but also in post-natal development and refinement of functional
integration of the mature brain. Clinical improvement seen in response to folinic acid
treatment in ASD, schizophrenia, depression and dementia attests to the role of folate
in metabolic regulation of brain function, potentially by regulating the expression and
processing of neurotransmitters. While conventional thinking would associate disruption
of folate metabolism with nutritional folate deficiency and gene defects of folate pathways,
the identification of folate receptor autoantibodies contributing to fetal and cerebral folate
deficiency has thrown a monkey wrench into our current thinking regarding folate trans-
port into the brain and its role in regulating brain function. Therefore, clinical recognition
of cerebral folate deficiency is critical to our understanding of neuro–developmental as
well as neuro–psychiatric disorders.

To prevent fetal folate deficiency, specific guidelines for treatment of future parents
testing positive for FRα antibodies should consider the time frame and dose for folinic
acid supplementation prior to conception and for mothers, the folinic acid dose to be used
during pregnancy. It will be extremely important to assess optimal dosage in order to
provide sufficient folate supplementation but avoid excess dosing, especially since data are
lacking on the safety profile of high-dose folinic acid administered throughout pregnancy.
Based on the safety profile of high-dose folinic acid used in the treatment of CFD and
ASD, one may speculate that a daily dose of 5–10 mg may be in the safe range. The future
availability of levofolinate could reduce this dose by half. For favorable outcomes in CFD
and ASD, early testing for FRAb and treatment with folinic acid could potentially prevent
the development of neurologic deficits.

17. Concluding Remarks

Decades of research into neural tube defect pregnancies have only managed to reduce
their incidence through folic acid supplementation, but not prevent them altogether. ASD
incidence, on the other hand, has continued to rise with no definitive contributing cause
identified. Both public and private funding agencies have poured a major share of available
funds toward identifying gene defects and genomic polymorphisms to no avail. An
enormous sum of money has been expended in developing gene deletion mouse and
rat models to identify the autism gene(s). It is now clear that ASD is not a congenital
genetic disorder and does not follow Mendelian inheritance. Therefore, the answer to the
pathogenesis of ASD must lie in epigenetic and environmental factors that broadly affect
gene expression. Folate plays a pivotal role in DNA/RNA synthesis, methylation and
epigenetic control of gene expression, and therefore, decreased folate availability during
critical stages of development, albeit by the presence of FRAb-blocking folate transport as
well as triggering inflammation, may play a significant role in the pathology of ASD.
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Abstract: The cerebral folate receptor alpha (FRα) transports 5-methyltetrahydrofolate (5-MTHF) into
the brain; low 5-MTHF in the brain causes cerebral folate deficiency (CFD). CFD has been associated
with autism spectrum disorders (ASD) and is treated with d,l-leucovorin (folinic acid). One cause of
CFD is an autoantibody that interferes with the function of the FRα. FRα autoantibodies (FRAAs)
have been reported in ASD. A systematic review was performed to identify studies reporting FRAAs
in association with ASD, or the use of d,l-leucovorin in the treatment of ASD. A meta-analysis
examined the prevalence of FRAAs in ASD. The pooled prevalence of ASD in individuals with CFD
was 44%, while the pooled prevalence of CFD in ASD was 38% (with a significant variation across
studies due to heterogeneity). The etiology of CFD in ASD was attributed to FRAAs in 83% of the
cases (with consistency across studies) and mitochondrial dysfunction in 43%. A significant inverse
correlation was found between higher FRAA serum titers and lower 5-MTHF CSF concentrations in
two studies. The prevalence of FRAA in ASD was 71% without significant variation across studies.
Children with ASD were 19.03-fold more likely to be positive for a FRAA compared to typically
developing children without an ASD sibling. For individuals with ASD and CFD, meta-analysis
also found improvements with d,l-leucovorin in overall ASD symptoms (67%), irritability (58%),
ataxia (88%), pyramidal signs (76%), movement disorders (47%), and epilepsy (75%). Twenty-one
studies (including four placebo-controlled and three prospective, controlled) treated individuals
with ASD using d,l-leucovorin. d,l-Leucovorin was found to significantly improve communication
with medium-to-large effect sizes and have a positive effect on core ASD symptoms and associated
behaviors (attention and stereotypy) in individual studies with large effect sizes. Significant adverse
effects across studies were generally mild but the most common were aggression (9.5%), excitement or
agitation (11.7%), headache (4.9%), insomnia (8.5%), and increased tantrums (6.2%). Taken together,
d,l-leucovorin is associated with improvements in core and associated symptoms of ASD and appears
safe and generally well-tolerated, with the strongest evidence coming from the blinded, placebo-
controlled studies. Further studies would be helpful to confirm and expand on these findings.

Keywords: autism spectrum disorder; cerebral folate deficiency; folate receptor alpha autoantibodies;
folinic acid; leucovorin

1. Introduction

Autism spectrum disorder (ASD) is a behaviorally defined disorder that affects ap-
proximately 2% of children in the United States [1]. A number of medical comorbidities
have been reported in individuals with ASD, with some studies reporting an average of
4–5 comorbidities [2], including allergic rhinitis [3], irritable bowel syndrome [3], attention
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deficit hyperactivity disorder [4], ophthalmological conditions [4], sleep problems [5],
immune problems [5], mitochondrial dysfunction [6], gastrointestinal abnormalities [7]
and epilepsy [8]. Recently, cerebral folate deficiency (CFD) has been reported in a number
of studies in individuals with ASD and its treatment, d,l-leucovorin calcium (also known
as folinic acid) has undergone investigation as a treatment for ASD [9].

The importance of folate for the development of the central nervous system (CNS)
was first discovered in animal models of dietary folate deficiency where findings such
as hydrocephalus [10], decreased myelin cerebroside [11] and impaired synthesis of neu-
ronal RNA [12] were reported. In humans, studies of serum folate deficiency reported
neurological findings including ataxia, nystagmus, areflexia, and confusion [13] as well
as organic brain syndrome and damage to the pyramidal tracts [14]. In 1974, low levels
of cerebrospinal fluid (CSF) folate were reported in patients with epilepsy that improved
with tetrahydrofolate but not folic acid [15]. A study in 1976 reported 2 children with low
CSF folate who developed intracranial calcifications [16]. In 1979, cerebral atrophy was
reported in a 48-year-old woman with low serum and CSF folate [17]. In 1983, a case of
a 23 year old woman with Kearns-Sayre syndrome and CNS deterioration was found to
have decreased serum and CSF folate while taking phenytoin and improved with folic acid
treatment [18].

In 2002, Ramaekers reported a novel neurometabolic syndrome in five children with
low CSF 5-MTHF [19] who manifested severe neurodevelopmental symptoms including
irritability, seizures, lower extremity pyramidal signs, spastic paraplegia, psychomotor
retardation, dyskinesias, cerebellar ataxia, acquired microcephaly and developmental
regression which occurred as young as 4 months of age. Unlike previous studies of
folate deficiency associated with CNS abnormalities, this new neurometabolic disorder
demonstrated below normal concentration of 5-methyltetrahydrofolate (5-MTHF), one
of the active metabolites of folate, in the CSF, but normal systemic folate levels. This
condition improved with folinic acid (d,l-leucovorin) treatment. In these patients, no
genetic abnormalities were identified. Ramaekers et al., later described this condition as
“idiopathic CFD” [20].

CFD occurs due to the impaired transport of folates across the blood-brain barrier.
CFD is usually caused by dysfunction of the folate receptor-alpha (FRα) [21]. FRα is a
receptor which has a high affinity for 5-MTHF and is found on the basolateral endothelial
surface of the choroid plexus. FRα transports folates across the blood-brain barrier through
adenosine triphosphate (ATP) dependent receptor-mediated endocytosis. Dysfunction of
the FRα can occur through several mechanisms. In only rare cases, genetic mutations in
the gene encoding for FRα (FOLR1) is a cause of CFD [22,23]. Two other mechanisms are
more prevalent in causing FRα dysfunction. First, in the seminal paper describing CFD,
two autoantibodies to the FRα (blocking and binding autoantibodies) were described that
interfere with the function of the FRα [21]. Second, mitochondrial disease is associated
with CFD since folate transportation through the FRα is dependent on ATP [24–27].

Another folate transporter, the reduced folate carrier (RFC/SLC19A1), lies on both
the basolateral and apical surface of the choroid plexus and has a lower affinity for folates.
d,l-leucovorin is a reduced (active) form of folate which can enter the CNS through the RFC
and has been reported to normalize 5-MTHF levels in the CSF in individuals with CFD [21].
In some cases, clinical response to d,l-leucovorin is dramatic, especially if this treatment is
started early in life [19,28] but sometimes improvements can be marked even in adults [29].
d,l-leucovorin consists of two diastereomers designated as d-leucovorin and l-leucovorin.
l-Leucovorin (5-formyl-(6S)-tetrahydrofolate) is the biologically active isomer. It is rapidly
metabolized (via 5,10-methenyltetrahydrofolate then 5,10-methylenetetrahydrofolate) to
5-methyl-(6S)-tetrahydrofolate (L-methyl-folate or 5-MTHF), which, in turn, can be metabo-
lized via other pathways back to tetrahydrofolate and 5,10-methenyltetrahydrofolate. 5,10-
methylenetetrahydrofolate is converted to 5-MTHF by an irreversible enzyme-catalyzed
reduction using the cofactors FADH2 and NADPH. The major mechanism of transporta-
tion of folates into the brain occurs through the FRα. FRα binds to folate at lower serum
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concentrations than the RFC; the latter functions at relatively high concentrations of serum
folate and is the predominant method of folate transport in the intestine. Genetic defects in
RFC can lead to a rare disorder in intestine folate absorption and genetic abnormalities in
FRα may lead to neural tube defects [19].

d,l-leucovorin was first approved in the United States in the 1950s and has been used
continuously since then to reduce toxicities associated with folate pathway antagonists
such as methotrexate (which is typically used in the treatment of osteosarcoma, other
cancers and autoimmune diseases). By replenishing intracellular pools of reduced fo-
lates, d,l-leucovorin can counteract the toxic effects of folate pathway antagonists such
as methotrexate which act by inhibiting dihydrofolate reductase (DHFR). The d-isomer
of leucovorin is not metabolically active and is not metabolized in vivo to any significant
degree; therefore, only the l-isomer can contribute to the direct replenishment of the pools
of active folate cofactors. One of the main advantages reported for d,l-leucovorin over
folic acid (pteroylmonoglutamic acid) is that folic acid is oxidized and must be reduced by
DHFR to a biologically active folate in order to become active. High doses of folic acid may
also block the FRα which can potentially exacerbate CFD [30]. Many individuals, including
those with ASD, have polymorphisms in the DHFR gene which makes the function of this
enzyme less efficient [31]. Currently, the most prescribed form of leucovorin in the United
States is d,l-leucovorin calcium. d,l-Leucovorin is only form of folate that has been used to
treat CFD except for one case report using 5-MTHF [32].

Since its original description, the phenotype of CFD has expanded. A number of
studies have reported ASD in a subset of children with CFD [20,21,33–36]. This is not par-
ticularly surprising as two mechanisms for FRα dysfunction, FRα autoantibodies (FRAAs)
and mitochondrial dysfunction, are common in ASD. Indeed, studies have reported a high
prevalence of FRAAs in individuals with ASD ranging from 58% to 76% [37–45]. Mitochon-
drial dysfunction is a common medical comorbidity in ASD, with studies reporting 30–50%
of individuals with ASD possessing biomarkers of mitochondrial dysfunction [6,46] and
up to 80% having abnormal electron transport chain (ETC) activity in immune cells [47,48].
Treatment in some children with CFD and ASD with oral d,l-leucovorin has led to clinical
improvements ranging from partial improvements in communication, social interaction,
attention and stereotypies [21,33,35,36] to complete recovery of both neurological and
ASD symptoms [21,34] in up to 21% of treated patients [44]. Of note, d,l-leucovorin has
been reported to improve symptoms in Down syndrome [49], Rett syndrome [50–52] and
schizophrenia [53].

This paper systematically reviews the studies examining an association between CFD
and ASD, then examines the prevalence of the major cause of CFD, namely FRAAs, in
ASD, typically developing (TD) siblings of individuals with ASD and their parents and TD
non-related controls, followed by reviewing the evidence for treatment with d,l-leucovorin,
the primary treatment for CFD, in individuals with ASD and any associated adverse
effects (AEs).

2. Materials and Methods
2.1. Search Process

A prospective protocol for this review was developed a priori and the search terms
and selection criteria were chosen to capture all pertinent publications. The search included
individuals with autistic disorder, Asperger syndrome, pervasive developmental disorder-
not otherwise specified (PDD-NOS) and ASD. A computer-aided search of PUBMED,
Google Scholar, CINAHL, EmBase, Scopus, and ERIC databases from inception through
September 2021 was conducted to identify pertinent publications using the search terms
“autism”, “autistic”, “Asperger”, “pervasive”, “ASD”, and “PDD” in all combinations with
“folinic acid”, “leucovorin”, “folate”, “folic”, “methyl-folate”, “5MTHF”, “levofolinic”,
“folinate”, and “formyltetrahydrofolate.” The references cited in identified publications
were also searched to locate additional studies.
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2.2. Study Selection and Assessment

This systematic review and meta-analysis followed PRISMA guidelines [33], the
PRISMA Checklist is found in Supplementary Table S1 and the PRISMA Flowchart for
d,l-leucovorin treatment in ASD is displayed as Figure 1. Studies were included in this
systematic review if they: (a) involved individuals with ASD, and (b) either reported on
the use of leucovorin in at least one individual with ASD and/or described FRAAs in at
least one individual with ASD. Articles that did not present new or unique data (such as
review articles or letters to the editor), and animal studies were excluded. Studies on Rett
syndrome and Childhood Disintegrative Disorder were also excluded. One reviewer (DR)
screened titles and abstracts of all potentially relevant studies for identification purposes.
Both reviewers then examined each identified study in-depth and assessed factors such
as the risk of bias. As per standardized guidelines [54], selection, performance detection,
attrition, and reporting biases were considered.
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Figure 1. PRISMA 2020 flow diagram for this systematic review.

As a result of the in-depth review, several studies were excluded from further consid-
eration. One study [55] reported on a child with “autistic personal characteristics” who
had CFD, but it was unclear whether this child was diagnosed with ASD. Two studies
reported treatment of children with ASD using folic acid [56,57]. Finally, one study [43]
used an unvalidated, non-clinical FRAA assay in which the functional significance of the
autoantibody is unknown.

2.3. Meta-Analysis

MetaXL Version 5.2 (EpiGear International Pty Ltd., Sunrise Beach, QLD, Australia)
was used with Microsoft Excel Version 16.0.12827.20200 (Redmond, WA, USA) to perform
the meta-analysis. Random-effects models, which assume variability in effects from both
sampling error and study level differences [58,59], were used to calculate pooled preva-
lence and odds ratios. The Luis Furuya-Kanamori (LFK) Index derived from Doi plots was
reviewed for significant asymmetries (>±2) in the prevalence distribution when there were
three or more studies [60,61]. Cochran’s Q was calculated to determine heterogeneity of
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effects across studies and, when significant, the I2 statistic (Heterogeneity Index) was calcu-
lated to determine the percentage of variation across studies that is due to heterogeneity
rather than chance [62,63]. Funnel plots were also reviewed.

Mean FRAA titers were pooled across studies using standard methodology [64]. To
compare FRAA titers across groups, pooled Cohen’s d’ (a measure of effect size) was
calculated from the standardized mean difference of outcome measures using the inverse
variance heterogeneity model, since it has been shown to resolve issues with underestima-
tion of the statistical error and spuriously overconfident estimates with the random effects
model when analyzing continuous outcome measures [65].

The outcome measures used across treatment studies were different in most cases,
making a formal meta-analysis of any particular outcome not possible. Thus, the effect size,
as measured by Cohen’s d’, was calculated where possible so the strengths of effects could
be compared across studies. For controlled studies, the effect size represented the difference
between the treatment and the control groups, whereas for uncontrolled studies the effect
size was calculated only for the treatment group. Only a subset of studies contained the
information needed to calculate the effect size. For example, for the calculation of effect
size, the change in the outcome needed to be reported across the treatment period; reported
mean values of the outcome before and after treatment were insufficient to calculate an
effect size. Effect sizes were considered small if Cohen’s d’ was 0.2; medium for Cohen’s d’
was 0.5; and large if Cohen’s d’ was 0.8 [66].

3. Results

This section will first discuss folate pathway abnormalities related to ASD, followed
by treatment of folate pathway abnormalities.

3.1. Central Folate Pathway Abnormalities and the Folate Receptor Alpha Autoantibody
3.1.1. ASD Prevalence in CFD

Five case-series [20,21,33,35,67] described 79 children with CFD in which ASD was
assessed (Supplementary Table S2) resulting in a prevalence of 44% (21%, 70%) of ASD
in CFD (Table 1). Removing the one study with a very high prevalence rate because of
asymmetry [33] lowered the pooled prevalence rate to 32% (19%, 45%).

3.1.2. Cerebral Folate Deficiency in Autism Spectrum Disorder

Two case-series [34,68], two case-reports [36,69] and four prospective cohort-
studies [37,45,70,71] described 172 individuals with idiopathic ASD who had CSF mea-
surements (See Supplementary Table S3). The pooled prevalence of CFD in ASD was
38% (11%, 71%) with a significant variation across studies due to heterogeneity driven by
three studies with very high prevalence rates [34,36,68] and four studies with very low
prevalence rates [37,45,70,71]. Two studies with high prevalence rates reported severe pa-
tients; one study was an older case series specifically examining low-functioning ASD with
neurological deficits [34]; and one was a case report of a child with mental retardation and
seizures [36]. Two case series examined patients with mitochondrial disorders with very
different prevalence; the series which reported a new type of non-traditional mitochondrial
disorder reported a high prevalence (100%) of CFD [68], while the series which reported
classical mitochondrial disorders reported a low (5%) prevalence of CFD [71]. The overall
pooled prevalence was 43% (0%, 100%) with significant heterogeneity. One study found
no correlation between CSF levels of 5-MTHF and measures of autism symptomatology
as measured by the Autism Diagnostic Observation Schedule (ADOS) calibrated severity
score, adaptive behavior as measured by the Vineland Adaptive Behavior Scale (VABS),
and cognitive functioning as measured by the Mullen Scales of Early Learning [70].
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Table 1. Meta-analysis results for the prevalence of cerebral folate deficiency and folate receptor alpha autoantibodies.
Pooled prevalence with 95% confidence interval, Cochran’s Q (Q), Heterogeneity Index (I2), Luis Furuya-Kanamori (LFK)
Index and number of studies involved (N). Statistics are estimated by a random-effects model. * p < 0.05; ** p < 0.01;
T Significant Asymmetry.

Prevalence (95% CI) Q I2 LFK N
Cerebral Folate Deficiency
Prevalence of ASD in CFD 44% (21%, 70%) 16.14 ** 75% 2.57 T 5

Prevalence of CFD in ASD 38% (11%, 71%) 85.50 ** 92% 4.20 T 8

Etiology of CFD in ASD:

• Either FRα autoantibody 83% (69%, 94%) 5.19 5

• Mitochondrial Dysfunction 43% (0%, 100%) 9.15 ** 89% 2

• Genetic abnormalities 14% (0%, 39%) 12.4 * 60% 4.63 T 6
Prevalence of FRα Autoantibody

Autism Spectrum Disorder (ASD)

• Blocking FRα autoantibody 46% (27%, 64%) 52.34 ** 92% 0.42 5

• Binding FRα autoantibody 49% (43%, 55%) 2.34 4

• Either FRα autoantibody 71% (64%, 77%) 10.07 5

Parents of ASD children

• Blocking FRα autoantibody 30% (19%, 44%) 9.39 * 79% −0.78 3

• Binding FRα autoantibody 23% (0%, 61%) 13.45 ** 93% 2

• Either FRα autoantibody 45% (27%, 60%) 89.90 ** 89% 0.05 4

Typically Developing Siblings of ASD

• Blocking FRα autoantibody 38% (19%, 58%) 1.39 2

• Binding FRα autoantibody 40% (9%, 77%) 2.93 2

• Either FRα autoantibody 61% (28%, 97%) 3.86 2

Typically Developing Non-sibling

• Blocking FRα autoantibody 4% (1%, 10%) 0.00 2

• Binding FRα autoantibody 10% (10%, 48%) 16.33 ** 94% 2

• Either FRα autoantibody 15% (0%, 46%) 9.60 ** 90% 2

Developmentally Delayed without ASD

• Blocking FRα autoantibody 5% (0%, 14%) 1

3.1.3. Prevalence of Autoantibodies to the Folate Receptor Alpha in ASD

Nine studies examined the prevalence of FRAAs in ASD [37–42,44,45,72]. Two sets of
studies [37,39] and [40,41,72] reported on the same cohort of patients. Additionally, one
study reported the prevalence in two subsets of patients; those treated with d,l-leucovorin
(n = 82) and those untreated (n = 84) [44]. This resulted in six unique studies that examined
the prevalence of FRAAs in children with ASD (See Supplementary Table S4).

The correlation between FRAAs and patient characteristics have been outlined in sev-
eral studies. Two studies [35,37] reported a significant inverse correlation between higher
blocking FRAA serum titers and lower 5-MTHF CSF concentrations. One study found that
blocking FRAA decreased with age [37] with another study reporting increased blocking
FRAA over a 2-year period with continued use of cow’s milk [35]. One study suggested
that children with ASD were significantly different in physiological and developmental
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characteristics depending on whether they had the blocking or binding FRAA; the binding
FRAA was associated with higher serum B12 concentration, while the blocking FRAA was
associated with better redox metabolism, inflammation markers, communication on the
VABS, stereotyped behavior on the Aberrant Behavioral Checklist (ABC) and mannerisms
on the Social Responsiveness Scale (SRS) [40]. In another study, FRAA positive children
were more likely to have a medical diagnosis of hypothyroidism [37]. Two studies found a
positive correlation between the blocking FRAA titers and thyroid stimulating hormone
(TSH) concentrations [39,41]. One study examined this relationship in detail, finding that
thyroid hormone was rarely outside the normal range, suggesting that the relationship
between TSH and thyroid hormone levels were altered in some children with ASD. Inter-
estingly, this study also found that FRAAs bind to prenatal thyroid tissue in early gestation
(prior to 18 weeks) suggesting that FRAAs during gestation could affect the programing of
the hypothalamic-pituitary-axis regulation of thyroid hormone [37].

Five studies [37,38,40,42,45] from three sets of investigators found a blocking FRAA
prevalence of 46% (27%, 64%) in ASD with a significant heterogeneity but no asymmetry, in-
dicating variation in the underlying ASD samples across studies. Four studies [37,40,42,45]
from two sets of investigators found a binding FRAA prevalence of 49% (43%, 55%) with-
out significant variation across studies. Five studies [37,40,42,44,45] from three sets of
investigators found an overall FRAA prevalence of 71% (64%, 77%) without significant
variation across studies. From the three studies reporting both FRAA titers [37,40,42] and
one study only measuring blocking FRAAs [38] in ASD, pooled mean blocking FRAA titers
was 0.85 pmol of IgG antibody per ml of serum (95% CI: 0.59, 1.11) and binding FRAA was
0.42 pmol of IgG antibody per ml of serum (95% CI: 0.35, 0.49).

One study that looked at the blocking FRAA over a five-week period found that in
four patients with predominately negative titers, if tested over several weeks, they may
have low positive (~0.3–0.4 pmol of IgG antibody per ml of serum) at some point, while
others with the most high titers can have low or negative titers at some time points [45].

Four studies [37,38,42,44] from three sets of investigators examined blocking and
binding FRAA prevalence in parents and TD siblings of children with ASD. Prevalence
of the blocking, binding and either FRAA was 30% (19%, 44%), 23% (0%, 61%) and 45%
(27%, 60%) in parents of children with ASD, respectively. All studies demonstrated sig-
nificant heterogeneity without asymmetry suggesting variation in the underlying ASD
samples across studies. Interestingly, TD siblings of children with ASD appear to have a
similar prevalence as the children with ASD themselves with a pooled prevalence of 38%
(19%, 58%), 40% (9%, 77%) and 61% (28%, 97%) for blocking, binding and either FRAA,
respectively, without significant variation across studies.

The prevalence of FRAAs in TD children without ASD siblings was assessed in two
studies [42,45] with a pooled prevalence of 4% (1%, 10%), 10% (10%, 48%) and 15% (0%,
46%) for blocking, binding and either FRAA, respectively; this is much lower than the
FRAA prevalence in children with ASD or their siblings. However, there was significant
variability in the binding FRAA across these two studies, demonstrating the need for larger
cohorts of non-sibling control samples.

One study [38] examined the prevalence of the blocking FRAA in developmentally
delayed children without ASD and found a pooled prevalence of 5% (0%, 14%); this is
much lower than the FRAAs prevalence in children with ASD or their TD siblings.

3.1.4. Comparison of Prevalence of Autoantibodies to the Folate Receptor Alpha in ASD to
Other Groups

A meta-analysis was used to calculate the odds ratio of having FRAAs in children
with ASD compared to various groups. Five studies [37,38,42,44,45] reported FRAAs in
both children with ASD and their parents. The odds of being positive for the blocking
or either FRAA, but not binding alone, was significantly increased in children with ASD
as compared to their parents (Table 2). The odds of being positive for the FRAA was not
different between children with ASD and their TD siblings. However, children with ASD
demonstrated a significantly increased odds of being positive for the blocking, binding
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and either FRAA as compared to TD children without an ASD sibling, and as compared to
developmentally delayed children without ASD for the blocking FRAA.

Table 2. Meta-analysis of Odds Ratios with 95% confidence interval for differences between the prevalence of Folate
Receptor Alpha Autoantibodies in children with ASD to Various Comparison Groups. Odd ratios that are significant are
bolded and italicized. Also listed are Cochran’s Q (Q), Heterogeneity Index (I2), Luis Furuya-Kanamori (LFK) Index and
number of studies involved (N). Statistics are estimated by a random-effects model. Γ p < 0.05, ** p ≤ 0.001.

Comparison Group Odds Ratio (95% CI) Q I2 LFK N

Parents of ASD children

• Blocking FRα autoantibody 2.10 (1.05, 4.21) Γ 6.37 3

• Binding FRα autoantibody 3.62 (0.70, 18.84) 4.40 2

• Either FRα autoantibody 3.56 (1.62, 7.79) ** 8.60 Γ 65% −0.77 4

Typically Developing Siblings of ASD

• Blocking FRα autoantibody 2.00 (0.26, 15.21) 3.31 2

• Binding FRα autoantibody 1.32 (0.44, 3.99) 1.41 2

• Either FRα autoantibody 2.12 (0.40, 11.30) 3.12 2

Typically Developing Non-sibling

• Blocking FRα autoantibody 26.84 (7.84, 91.86) ** 1.02 2

• Binding FRα autoantibody 7.90 (0.70, 89.13) ** 2.81 2

• Either FRα autoantibody 19.03 (2.36, 153.58) ** 3.58 2

Developmentally Delayed without ASD

• Blocking FRα autoantibody 25.38 (3.29, 196.02) ** 1

Two studies [37,42] compared the serum concentrations of FRAAs in children with
ASD compared to parents and/or TD siblings while one study compared FRAA in children
with ASD to TD children without ASD siblings [42]. Meta-analysis found that the mean
blocking FRAA titer in ASD was significantly higher than parents (d’ = 0.26 (0.116, 0.36),
p < 0.0001) and siblings (d’ = 0.29 (0.15, 0.43), p < 0.0001) with small-to-medium effect sizes
and significantly higher than controls with a very large effect size (d’ = 2.93 (1.85, 4.01),
p < 0.0001). However, the mean binding FRAA titer in ASD was significantly higher than
in parents (d’ = 0.14 (0.06, 0.22), p < 0.001) but not siblings (d’ = 0.06 (−0.04, 0.17), p = n.s.)
with small effect sizes and significantly higher than controls but with a small effect size
(d’ = 0.16 (0.07, 0.25), p < 0.001).

Finally, in one study that measured blocking FRAAs in children with CFD with and
without ASD there was no significant difference between groups (Mean (SD) 1.17 (0.84)
pmol/mL and 1.78 (1.99) pmol/mL, respectively, t(23) = 0.91, p = 0.37) [35].

3.2. Treatment of ASD with d,l-Leucovorin

As seen in Figure 1, 20 studies were identified which studied d,l-leucovorin treat-
ment in individuals with ASD including four placebo-controlled studies [72–75], three
prospective, controlled studies [37,44,76], nine prospective studies without a control
group [20,21,33–35,77–80] (two studies examined the same cohort of patients [78,79]),
and four case reports/series [36,67–69].

A review of these studies on treatment of children with ASD with d,l-leucovorin
appears to fall into three categories. Firstly, children with ASD and concomitant CFD
were studied. Secondly, d,l-leucovorin was studied in isolation for treating idiopathic
ASD. Thirdly, some studies used d,l-leucovorin in combination with other nutritional
supplements to treat ASD symptoms. Each of these approaches to using d,l-leucovorin is
outlined in separate sections below.
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3.2.1. Treatment with d,l-Leucovorin in ASD and Comorbid CFD

Nine unique case-series/reports describe children with ASD and comorbid CFD
treated with d,l-leucovorin (See Supplementary Tables S2 and S3) [20,21,33–36,67–69]. Two
studies, one [36] case report and one case series [33], reported on the same child. A meta-
analysis was conducted to determine the prevalence of improvement in symptoms as a
result of d,l-leucovorin treatment in children with CFD with and without ASD (See Table 3;
Supplementary Table S5). Six studies [21,33–35,67,69] reported a response rate of 67% for
improvement in ASD symptoms with d,l-leucovorin treatment. Response to d,l-leucovorin
in irritability was studied in children with ASD in three studies [21,34,35] and in children
without ASD in three studies [21,33,35]. For those with ASD, irritability improved in 58%
while in those without ASD irritability improved in 47% with a wide variation among
studies, because one study demonstrated a high response rate of 88% [21] while the other
two studies demonstrated much lower response rates of 22% [35] and 0% [33].

Table 3. Meta-analysis results for the prevalence response to d,l-leucovorin treatment in children with CFD with and without
autism spectrum disorder (ASD). Pooled prevalence with 95% confidence interval, Cochran’s Q (Q), Heterogeneity Index
(I2), Luis Furuya-Kanamori (LFK) Index and number of studies involved (N). Statistics are estimated by a random-effects
model. * p < 0.01; T Significant Asymmetry.

Prevalence (95% CI) Q I2 LFK N

Children with ASD

• Autism 67% (43%, 87%) 9.23 6

• Irritability 58% (40%, 76%) 2.24 3

• Ataxia 88% (75%, 97%) 3.16 5

• Pyramidal Signs 76% (19%, 100%) 13.83 * 75% −2.27 T 4

• Movement Disorder 47% (20%, 75%) 3.85 4

• Epilepsy 75% (54%, 91%) 4.48 5

Children without ASD

• Irritability 47% (0%, 100%) 12.11 * 84% −5.54 T 2

• Ataxia 72% (24%, 100%) 5.82 2

• Pyramidal Signs 33% (0%, 100%) 13.41 92% 2

• Movement Disorder 18% (1%, 46%) 2.07 3

• Epilepsy 54% (0%, 100%) 12.90 * 77% −2.31 T 4

Five studies examined ataxia in ASD [21,33–35,67] while two studies examined ataxia
in children without ASD [21,35] with both groups of children demonstrating a high rate
of response of ataxia to d,l-leucovorin treatment (88% and 72%, respectively). Pyramidal
signs were reported in four studies for those with ASD [21,34,35,67] and in two studies for
those without ASD [21,35]. Response was relatively high for those with ASD (76%) while
relatively low for those without ASD (33%), although there was wide variation in response
rates across studies in both groups.

The response of dyskinesias and other movement disorders to d,l-leucovorin treatment
was examined in ASD in four studies [21,33–35] and in children without ASD in three
studies [21,33,35]. Movement disorders improved with d,l-leucovorin in 47% of those with
ASD while the response rate was much lower for those without ASD (18%).

Six studies examined epilepsy response for those with ASD [21,33–35,67,69] while
four studies examined response to epilepsy for those without ASD [21,33,35,67]. Epilepsy
improved in 75% of children with ASD, but the response rate was somewhat lower (54%)
and much more variable for those without ASD since there was a large variation across
studies, perhaps driven by the overall small number of cases.
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Treatment with d,l-leucovorin was reported to improve CSF 5-MTHF concentrations
in several studies. One year of 0.5–1 mg/kg/day d,l-leucovorin treatment normalized
5-MTHF CSF concentrations in 90% of children in one case-series [20]; 0.5–1 mg/kg/day d,l-
leucovorin improved CSF 5-MTHF concentrations in seven children in another study [35];
d,l-leucovorin 1–3 mg/kg/day over a 12-month period led to improvements in CSF 5-MTHF
concentrations in 21 patients in a third study [34]; d,l-leucovorin, 0.5–9.0 mg/kg/day orally,
followed by d,l-leucovorin, 6 mg/kg Q6 h for 1d IV monthly for 6 months normalized
CSF 5-MTHF in a fourth study [69]. Additional treatments which resulted in clinical
improvements included the removal of cow’s milk in one study [35]. One study reported
a trend towards more robust improvements in younger children as compared to older
children [34].

3.2.2. Treatment with d,l-Leucovorin in General ASD: Leucovorin Only

Supplementary Table S6 lists the five studies [37,72,74,80,81] performed by three
different sets of investigators which have examined the use of d,l-leucovorin in children
with idiopathic ASD without additional treatments in order to determine if d,l-leucovorin
administered by itself is a useful treatment for ASD. Table 4 outlines the effect sizes of some
of the key outcome measures used in these studies.

Table 4. Outcome measures represented in effect size in key studies which have used d,l-leucovorin. Cohen’s d’ was
calculated for studies which provided enough information to make such calculations. For controlled studies, the effect size
represented the difference between the treatment and the control group, whereas for uncontrolled studies, the effect size
was calculated only for the treatment. Effect sizes were considered small if Cohen’s d’ was 0.2; medium for Cohen’s d’ of
0.5, and large if Cohen’s d’ was 0.8. Effects in bold are statistically significant.

Core ASD Symptoms Communication Behaviors Other Symptoms
d,l-leucovorin Only Studies

Frye et al., 2013 [37] (Non-Treated Wait List Controlled)

Stereotypy d’ = 1.02
Verbal Comm d’ = 0.91
Expressive Lang d’ = 0.81
Receptive Lang d’ = 0.76

Attention d’ = 1.01

Hyperactivity d’ = 0.25

Frye et al., 2018 [72] (Double Blind Placebo Controlled)

ABC Social Withdrawal d’ = 0.27
ABC Stereotypy d’ = 0.60

Verbal Comm (All) d’ = 0.70
Verbal Comm (FRAA+) d’ = 0.91

Hyperactivity d’ = 0.05

Renard et al., 2020 [74] (Single Blind Placebo Controlled)

ADOS total score d’ = 1.16
Social interaction d’ = 1.11
SRS Total d’ = 0.03

Communication d’ = 0.66

d,l-leucovorin Combined with Other Supplements

Adams et al., 2011 [73] (Double Blind Placebo Controlled; PGI-R Outcome)

Play d’ = 0.23
Sociability d’ = 0.15

Expressive Language d’ = 0.37
Receptive Language d’ = 0.44

Hyperactivity d’ = 0.60
Tantrums d’ = 0.53

Cognition d’ = 0.34
Gastrointestinal d’ = 0.30
Sleep d’ = 0.18

Adams et al., 2018 [76] (Prospective Non-Treatment Controlled; PGI-2 Outcome)

Play d’ = 1.50
Sociability d’ = 1.44
Eye Contact d’ = 1.41
Perseveration d’ = 1.33
Sound Sensitivity d’ = 1.14

Expressive Language d’ = 1.60
Receptive Language d’ = 1.99

Attention d’ = 1.19
Hyperactivity d’ = 1.46
Tantrums d’ = 1.00
Aggression d’ = 0.96
Self-Injury d’ = 0.69

Cognition d’ = 1.49
Gastrointestinal d’ = 2.09
Sleep d’ = 0.92
Mood d’ = 1.58
Anxiety d’ = 0.95

Ramaekers et al., 2019 [44] (Baseline Controlled)

CARS d’ = 1.01–1.32

Frye et al., 2013 [79] (Baseline Controlled)

Interpersonal d’ = 0.43
Play d’ = 0.59
Coping d’ = 0.66

Expressive Language d’ = 0.59
Receptive Language d’ = 0.97
Written Language d’ = 0.56

Personal d’ = 0.65
Domestic d’ = 0.37
Community d’ = 0.52

260



J. Pers. Med. 2021, 11, 1141

In a medium-sized (n = 44) open-label, prospective, controlled study which used a
wait-list control group that did not receive any new interventions, children with ASD
who were known to be positive for a FRAA were treated with 2 mg/kg/day (max 50 mg
per day) of d,l-leucovorin over a mean period of 4 months [37]. Using the Parent Rated
Autism Symptomatic Change Scale, significant improvements were reported in verbal
communication, expressive and receptive language, attention and stereotypy with mostly
large effect sizes (See Table 4). Interestingly, improvement in verbal communication and
expression language demonstrated greater improvement as age increased in children who
were negative for the binding FRAA but demonstrated lesser improvement as age increased
for children who were positive for the binding FRAA.

One study reported nonsignificant improvements with d,l-leucovorin in 12 patients
with ASD using 2 mg/kg/day (max 50 mg/day) of d,l-leucovorin over 12 weeks. Non-
significant improvements were observed on the ABC (2.4-point improvement) and SRS
(7.8-point improvement) while a 0.8-point nonsignificant worsening on the PedsQL was
also observed. Urinary metabolites showed changes during the study including a 24.8-fold
increase in 5MTHF concentrations; a 10.1-fold increase in 1-stearoyl-2-arachidonoyl-GPC; a
9.3-fold increase in 1-stearoyl-2-oleoylGPC; a 9.2-fold increase in alpha-tocopherol; and a
7.8-fold increase in 1-stearoyl-2linoleoyl-GPC (7.8); however, the authors noted that the
study lacked to power to determine if changes in urinary metabolites predicted treatment
response [80].

Two placebo-controlled studies of d,l-leucovorin used d,l-leucovorin in children with
idiopathic ASD without additional treatments. In a medium-sized (n = 48) double-blind,
placebo controlled (DBPC) study of 48 children with ASD without known CFD, 23 children
received d,l-leucovorin calcium (2 mg/kg/day; maximum 50 mg/day) and 25 received
a placebo [72]. Significant improvements were seen in the primary outcome measure of
verbal communication with an overall medium-to-large effect size and a larger effect size
for those positive for at least one FRAA (Table 4). The primary outcome measure exceeded
the minimal clinically important difference defined as a change of five standardized points
on the language assessments over 3 months. Improvements were also observed in the
secondary outcome measures of the VABS daily living skills, ABC irritability, social with-
drawal, stereotypy, hyperactivity and inappropriate speech; and in the Autism Symptom
Questionnaire (ASQ) stereotypic behavior and total score. ABC social withdrawal, stereo-
typy, and inappropriate speech and ASQ stereotypic behavior and total score exceeded the
predefined minimal clinically important difference. The number needed to treat (NNT) for
improvements in verbal communication was 2.4 in all treated children, and 1.8 in children
who were positive for at least one FRAA [72].

The second placebo-controlled study was a smaller (n = 19) single-blind, placebo-
controlled study of 19 children with ASD; 9 children received d,l-leucovorin (5 mg twice
daily; 0.29–0.63 mg/kg/day) for 12 weeks and 10 children received a placebo [74]. Sig-
nificant improvements were found in ADOS total score and social interaction subscale
with large to very large effect sizes and in the communication subscale with a medium
effect size (See Table 4). These changes were significant in the treated group but not in
the placebo-control group. The SRS, completed by the parents, showed nonsignificant
improvement with a very small effect size.

In a retrospective national survey of 1286 participants with ASD or their parents/
caregivers, a number of nutritional supplements were rated for changes in behaviors and
AEs. Higher dose folinic acid (more than 5 mg/day orally) improved cognition in 33%,
attention in 29%, and language/communication in 24%. A moderate dose of folinic acid
(below 5 mg/day orally) improved language/communication (20%). The overall adverse
effect rating was minimal [81].

These series of studies provide evidence that d,l-leucovorin is helpful for a wide
variety of core and associated ASD symptoms. The three sets of investigators used very
different doses of d,l-leucovorin. Three studies [37,72,80] used a relatively high dose
(2 mg/kg/day; maximum 50 mg/day) while one study [74] used a much lower dose
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(5 mg twice daily; 0.29–0.63 mg/kg/day) but both dosing parameters were associated with
significant clinical improvements.

3.2.3. Treatment with d,l-Leucovorin in General ASD: Combined with Other Supplements

Six studies (spanning seven reports) from four sets of investigators used d,l-leucovorin
in combination with nutritional supplements or other medications to treat ASD
(Supplementary Table S7). The most recent study added d,l-leucovorin or placebo to
risperidone in a DBPC study [75]. One set of investigators examined a multivitamin-
mineral complex (MVMC) in two controlled studies [73,76] (one study was controlled
with a placebo group and one utilized untreated children as controls), while another set
of investigators examined d,l-leucovorin along with other indicated treatments using a
prospective clinical protocol with a control group of ASD children receiving only standard
behavioral and educational therapy without medical interventions [44]. Finally, one set of
investigators examined d,l-leucovorin along with other treatments in an open-label fashion
without comparison groups [77–79]. All of these studies were performed on children with
ASD without known CFD.

In a medium-size (n = 55) DBPC study, children received either d,l-leucovorin
(2 mg/kg/day up to 50 mg daily) or placebo in two divided daily doses along with
risperidone for 10 weeks [75]. Risperidone was started at 0.5 mg and increased by 0.5 mg
weekly up to 1 mg for children <20 kg and 2 mg for children ≥20 kg. The ABC inappropri-
ate speech was the primary outcome measure with the remainder of the ABC subscales
as the secondary outcome measures. All ABC subscales improved more in the leucovorin
group as compared to the placebo group with statistical significance in all subscales except
for social withdrawal. The authors used two different measures of effect size Cohen d’ and
η2 which provided different estimates of the effect sizes with η2 showing medium effect
sizes and Cohen d’ demonstrating extremely large effect sizes. Due to this discrepancy,
these results are not listed in Table 4 because of their ambiguity.

In a large (n = 141) DBPC study, children with ASD were treated with either a MVMC
which contained 550 µg of d,l-leucovorin (n = 72) or a placebo (n = 69) for 3 months. The
Parental Global Impressions-Revised (PGI-R) demonstrated improvements in communi-
cation and behavior (See Table 4). In addition to the d,l-leucovorin, the active treatment
contained vitamins A, C, D3, E, K, B1-B6, B12, folic acid, biotin, choline, inositol, mixed
carotenoids, mixed tocopherols, CoEnzyme Q10, N-acetylcysteine, calcium, chromium, cop-
per, iodine, iron, lithium, magnesium, manganese, molybdenum, phosphorus, potassium,
selenium, sulfur and zinc [73].

In another medium-sized (n = 67) prospective, open-label, controlled study of 67 in-
dividuals with ASD, a MVMC containing 600 µg folate mixture (d,l-leucovorin, folic acid
and 5-MTHF combined) per day was given to 37 individuals with ASD for 12 months,
while 30 individuals were untreated [76]. Improvements were found in several of the
Parental Global Impressions-2 (PGI-2) measures (Table 4) as well as in the Childhood
Autism Rating Scale 2 (CARS2) score, Short Sensory Profile, SRS, ABC, Autism Treatment
Evaluation Checklist (ATEC) and VABS. Besides the folate mixture, the treatment contained
vitamins A, C, D3, E, K, B1-B6, B12, biotin, choline, inositol, mixed tocopherols, CoEnzyme
Q10, N-acetylcysteine, Acetyl-L-Carnitine, calcium, chromium, vanadium, boron, lithium,
magnesium, manganese, molybdenum, potassium, selenium, sulfur and zinc.

In a large (n = 166) prospective, case-control, open-label study, 82 children with
ASD (ages 1–15.9 years) were treated with d,l-leucovorin 0.5–2 mg/kg/day (maximum
50 mg/day) for 2 years and were compared to 84 untreated children with ASD (ages
1–16.8 years) who were matched for age, gender, CARS score and FRα autoantibody sta-
tus [44]. The untreated control group of 84 ASD children received only standard behavioral
and educational therapy without additional medical interventions. Blood tests were per-
formed to identify nutritional deficiencies and abnormal oxidative stress biomarkers which
were treated with other vitamins and minerals (such as vitamins A, C, D, E, zinc, selenium,
manganese, and CoEnzyme Q10, when indicated by testing) in the treated children. d,l-
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Leucovorin was given to the children who had positive FRAAs (62 of 82 children with
ASD had FRAAs, 75.6%). The other 20 children without positive FRAAs did not receive
d,l-leucovorin. This study reported improvements in mean CARS scores from severe ASD
(mean (SD): 41.34 (6.47)) to mild or moderate ASD (mean (SD): 34.35 (6.25)) in all age
cohorts of the treated group (See Table 4). In the untreated group of 84 children, there was
no significant change in the mean CARS score over the study period. The authors reported
“complete recovery” in 17 of 82 children (21%).

Two of the open-label, prospective studies from one set of investigators examined the
use of d,l-leucovorin in a cohort of individuals with ASD without a control group. In the first
study which included eight children with ASD, 800 µg of d,l-leucovorin and 1000 mg of be-
taine was given twice a day for 4 months; significant improvements (p ≤ 0.05) were found in
the concentrations of methionine, S-adenosylmethionine (SAM), homocysteine, cystathio-
nine, cysteine, total glutathione (tGSH) concentrations, SAM:S-adenosylhomocysteine
(SAH) and tGSH:GSSG; clinical improvements in speech and cognition were noted by the
attending physician but were not formally quantified [77]. James et al., 2009 [78] studied
40 children with ASD and administered 400 µg of d,l-leucovorin twice a day and 75 µg/kg
methyl-cobalamin injected subcutaneously twice a week. This treatment led to signifi-
cant increases in cysteine, cysteinyl-glycine, and glutathione concentrations (all p < 0.001);
significant improvements were observed in all subscales of the VABS [79].

3.3. Adverse Effects Reported with d,l-Leucovorin Treatment in ASD

Overall, the placebo-controlled studies support the minimal AEs associated with
leucovorin treatment. No significant difference in AE frequency as compared to placebo
was reported in the single-blind, placebo-controlled study [74], in two DBPC studies [72,75],
or in the last DPBC study for patients who followed the protocol [73].

To investigate the consistency of reported AEs, a meta-analysis was performed on
reported AEs for patients on leucovorin treatment, separately for studies examining only
leucovorin and for those studies which combined leucovorin with other supplements or
treatments (Table 5). For studies which only treated with leucovorin, consistently reported
AEs included excitement or agitation (11.7%), aggression (9.5%), insomnia (8.5%), increased
tantrums (6.2%), headache (4.9%) and gastroesophageal reflux (2.8%). For studies which
used leucovorin in combination with other agents, AEs that were consistently reported
included worsening behavior (8.5%) and aggression (1.3%).Interestingly, Frye et al., 2020 [9]
examined the reported targeted AE of agitation and excitability every 3 weeks during their
previous 12-week study of 2018 [72]. This AE was reported at almost the exact same
frequency in the treatment and placebo group until the 9th week of treatment when it
precipitously dropped in frequency in the treatment, but not the placebo, group, demon-
strating the improvement of this reported AE with longer exposure to the medication.

Table 5. Meta-analysis of Adverse Effects Associated with Leucovorin in Children with ASD. Bold and italics indicate
significant effects across studies.

Leucovorin Alone Leucovorin Combination
Adverse Effect Incidence (95% CI) Adverse Effect Incidence (95% CI)

Abdominal Pain 1.7% (0.0%, 4.8%) Abdominal Pain 2.1% (0.0%, 7.2%)
Aggression 9.5% (4.2%, 16.3%) Aggression 1.3% (0.1%, 3.6%)

Blood in Stool 1.7% (0.0%, 4.8%) Attention Problems 0.9% (0.0%, 2.9%)
Confusion 1.8% (0.0%, 5.0%) Constipation/Diarrhea 7.4% (0.0%, 21.5%)

Constipation 2.6% (0.0%, 7.4%) Dizziness 2.1% (0.0%, 7.2%)
Decreased Appetite 2.6% (0.0%, 7.4%) Headaches 0.9% (0.0%, 2.5%)

Depression 230% (0.0%, 6.9%) Hyperactivity 2.5% (0.0%, 8.8%)
Diarrhea 2.3% (0.0%, 7.0%) Impulsivity 1.0% (0.0%, 2.7%)

Dry Mouth, Excessive Thirst 5.0% (0.0%, 13.6%) Increased Appetite 3.2% (0.0%, 12.1%)
Emotional Lability 2.0% (0.0%, 7.4%) Irritability 1.0% (0.0%, 2.7%)
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Table 5. Cont.

Leucovorin Alone Leucovorin Combination
Adverse Effect Incidence (95% CI) Adverse Effect Incidence (95% CI)

Excitement or Agitation 11.7% (1.1%, 28.8%) Nausea/Vomiting 0.9% (0.0%, 2.9%)
Gastroesophageal Reflux 2.8% (0.2%, 7.5%) Rash 0.9% (0.0%, 2.5%)

Headache 4.9% (1.3%, 10.5%) Reduced Sleep 1.9% (0.0%, 6.3%)
Insomnia 8.5% (0.2%, 23.8%) Sedation 1.7% (0.0%, 5.6%)

Increased Motor Activity 7.4% (0.0%, 21.8%) Worsening Behavior 8.5% (3.9%, 14.6%)
Increased Tantrums 6.2% (1.5%, 13.3%)

Involuntary Movements 2.6% (0.0%, 7.4%)
Restlessness 3.4% (0.0%, 10.6%)

Stiffness 1.7% (0.0%, 5.0%)
Viral Infection 10.3% (0.0%, 33.8%)
Weight Gain 2.6% (0.0%, 7.4%)

4. Discussion

This systemic review found CFD is associated with ASD. One cause of CFD is FRAAs
which are a common finding in children with ASD. d,l-Leucovorin is a proven treatment for
CFD that has been studied in ASD and can normalize 5-MTHF concentrations in the CSF.

The meta-analysis found a pooled prevalence of ASD in CFD of 44%. The pooled
prevalence of CFD in ASD was 38% with the etiology attributed to FRAAs in 83% of the
cases. The pooled prevalence of blocking, binding and either FRAA in idiopathic ASD was
46%, 49% and 71%, respectively. Children with ASD were more likely than their parents to
have blocking or at least one FRAA but were not more likely than typically developing
(TD) siblings to have FRAAs. For those with ASD, blocking FRAA titers were significantly
higher than their parents or TD siblings, while binding FRAA titers were significantly
higher than parents but not TD siblings. Children with ASD were more likely to have
positive FRAAs as compared to non-related TD children or children with developmental
delay without ASD. Children with ASD demonstrated significantly higher blocking and
binding FRAA titers than normal controls with the effect size for blocking FRAAs being
very large. FRAAs, particularly blocking FRAAs, are highly prevalent in children with
ASD, and may serve as a biomarker for treatment.

This systemic review identified 20 studies which described treating individuals with
ASD using d,l-leucovorin with a dose typically ranging from 0.5 to 2.5 mg/kg/day. For
children with ASD and CFD, d,l-leucovorin was particularly effective (>75% response
rate) for treating ataxia, pyramidal signs and epilepsy, although it also improved ASD
symptoms, irritability and movement disorders in eight case-series. In three controlled
studies, d,l-leucovorin alone was found to consistently improve communication with
medium-to-large effect sizes, but also was shown to have a positive effect on core ASD
symptoms and associated behaviors (attention and stereotypy) in individual studies with
large effect sizes. In five controlled and uncontrolled studies, d,l-leucovorin in combination
with vitamin and/or mineral supplements was found to significantly improve core ASD
symptoms, communication, behavior and associated symptoms with medium-to-large
effect sizes. This systemic review found d,l-leucovorin is associated with improvements
in core and associated symptoms of ASD with the strongest evidence coming from the
blinded, placebo-controlled studies. Most studies reported mild to no AEs, and AEs in the
placebo-controlled studies were similar in treated and untreated individuals.

4.1. Dosing of d,l-Leucovorin in ASD

Most studies used 0.5 to 2.5 mg/kg/day of oral d,l-leucovorin but one study reported
using up to 9 mg/kg/day in a child with ASD and then added 24 mg/kg/day IV (divided
into 4 doses) for one day every month for 6 months with a decrease in severity and seizures
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along with improved eye contact [69]. Therefore, higher doses of d,l-leucovorin appear
necessary in order to achieve a higher brain folate level and clinical improvements.

4.2. Time Period Needed for Maximal d,l-Leucovorin Treatment Effects

One case report of a child with CFD and mitochondrial disease (this child did not have
ASD) reported improvements with d,l-leucovorin over a 3 year period [26]. Other studies
in ASD reported significant improvements over periods of 1 year [34] to 2 years [35,44].
However, other much shorter studies also demonstrated significant improvement in ASD
symptoms [37,72,74]. Therefore, although some individuals might show a relatively quick
response to d,l-leucovorin, it may take 1–2 years to observe maximal clinical improvements.

4.3. The Effect of d,l-Leucovorin on the Core Symptoms of ASD

Some of the improvements with d,l-leucovorin in the reviewed studies were in core
ASD symptoms (communication and repetitive and stereotyped behavior). To date, there
are no FDA approved medications available to treat the core symptoms of ASD and the
only two currently approved medications for ASD (aripiprazole and risperidone) are only
approved for treating irritability associated with ASD, which is not considered a core
symptom of ASD. In addition, aripiprazole and risperidone have been shown in repeated
studies to potentially cause long-term metabolic and neurological adverse effects [82].
Therefore, d,l-leucovorin is especially promising since many of the reviewed studies found
improvements in core ASD symptomology. d,l-Leucovorin also has a much better safety
profile and less AEs compared to aripiprazole and risperidone.

4.4. Seizures and Treatment with d,l-Leucovorin

Six studies reported reductions in seizures in children with ASD and CFD using d,l-
leucovorin [20,33,34,67,69] even in patients with difficult-to-control seizures [20,33]. One
child had a breakthrough seizure with discontinuation of d,l-leucovorin for 2 weeks [67].
It is possible that epilepsy in these children could be caused by CFD or FRAAs [83].
This is potentially an important finding as many treatments for epilepsy in children treat
the seizure condition but not the potential underlying cause or contributing factor. Of
note, an animal model reported that certain antiepileptic medications might disrupt folate
transportation into the CNS [84]. More studies would be helpful in determining if CFD
or FRAAs are an underlying cause of seizures in children with ASD and if treatment with
d,l-leucovorin is a useful medication for mitigating seizures in these children.

4.5. Treatment of d,l-Leucovorin in Patients with Mitochondrial Dysfunction and ASD

Mitochondrial dysfunction is a common comorbidity in ASD, with studies report-
ing 30–50% of individuals with ASD possessing biomarkers of mitochondrial dysfunc-
tion [6,46] and up to 80% having abnormal electron transport chain activity in immune
cells [47,48]. Several studies have linked CFD to mitochondrial disease in individuals
without ASD [24–27] and mitochondrial dysfunction in children with ASD [68]. In children
with ASD and CFD, meta-analysis revealed a prevalence of mitochondrial dysfunction of
43% as a potential etiology of CFD. Thus, even in the absence of FRAAs, mitochondrial dis-
ease and dysfunction should also be considered as a potential cause of CFD in individuals
with ASD.

Treatment of mitochondrial dysfunction with mitochondrial-related cofactors and vita-
mins, including carnitine [85,86], ubiquinol [87] and a “mitochondrial cocktail” containing
carnitine, CoEnzyme Q10 and Alpha-Lipoic Acid [88] has been reported to improve some
symptoms of ASD. Folate has also been reported to increase ETC Complex I activity in
children with ASD and mitochondrial disease and positively modulate the coupling of ETC
Complex I and IV and ETC Complex I and Citrate Synthase [89]. d,l-Leucovorin rapidly
accumulates in mitochondria [90] and is the preferred form of folate in treating mitochon-
drial dysfunction [91]. d,l-Leucovorin has been reported to improve mitochondrial related
symptoms and laboratory findings in some patients with mitochondrial disease in doses
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ranging from 1–8 mg/kg/day [24,26,27,92] including in one child with ASD [68]. Since
mitochondrial dysfunction is relatively common in individuals with ASD [6,46–48,93] and
d,l-leucovorin appears to help patients with mitochondrial dysfunction [24,26,27,92], one
mechanism by which d,l-leucovorin might help improve ASD symptoms is by improve-
ments in mitochondrial function.

4.6. Safety of d,l-Leucovorin in ASD

d,l-Leucovorin was first approved in the United States in the 1950s and has been used
continuously since then to reduce toxicities associated with folate pathway antagonists.
Therefore, it has a strong and long track record of safety. Most of the reviewed studies
reported mild to no AEs with d,l-leucovorin. Some studies reported mild behavioral
problems, diarrhea/constipation, and aggressive behaviors. In the placebo-controlled
studies, AEs were similar in treated and untreated individuals. Two studies used d,l-
leucovorin for up to 2 years [35,44] without significant AEs. Two other studies used d,l-
leucovorin for one year without significant AEs [20,34]. Therefore, the use of d,l-leucovorin
appears to be safe for at least 2 years of use in most individuals with ASD.

4.7. Screening for FRα Autoantibodies in ASD

The meta-analysis reported a pooled prevalence of a positive FRAA in children with
ASD and concomitant CFD [21,34,35,68] of 83% (69%, 94%) with consistency across studies.
Two studies [35,37] reported a significant correlation between higher blocking FRAA
concentration and lower CSF levels of 5-MTHF. One study reported that children with
ASD who had higher titers of FRAAs had less robust improvements [44]. Only two studies
reported one child each with a mutation in the FOLR1 gene which could account for
CFD [67,69]. These findings suggest that FRAAs are the major cause of CFD in children
with ASD. One set of authors suggested screening young children and infants who have
developmental delay and ASD features for FRAAs and starting treatment as soon as
possible with d,l-leucovorin, especially since younger children generally show more robust
improvements [34]. Some patients have intermittently positive FRAA levels and may
need to be tested several times if they are negative [45]. Another approach which has
been suggested by some authors is an empiric trial of d,l-leucovorin in children with ASD
without performing a lumbar puncture to confirm CFD, especially given the excellent
safety profile of d,l-leucovorin [94]. Additionally, one study reported improvements with
d,l-leucovorin in children with ASD who did not have known CFD and did not possess
positive FRAAs [72], further suggesting that empiric treatment in individuals with ASD
with d,l-leucovorin is a reasonable approach.

Evidence has linked the FRAAs with 5-MTHF concentrations in the CSF in ASD
and demonstrated that they can predict response to d,l-leucovorin treatment, suggesting
that FRAAs are involved in the disruption of folate metabolism in patients with ASD.
Additionally, animal models have validated their pathophysiological mechanism [95,96].
However, the meta-analysis suggested a high rate of FRAAs not only in children with
ASD but also in their parents and TD siblings, but not in unrelated TD controls or children
with developmental delay without ASD. This suggests that FRAA may be one of several
mechanisms involved in the disruption of folate metabolism that can contribute to CNS
folate disruption. Other factors may be involved. For example, if a child with ASD has
FRAAs and other medical comorbidities such as mitochondrial dysfunction, this might
explain why a sibling (without these medical comorbidities) can have a positive FRAA
but not develop ASD. Polymorphisms in folate genes are also overrepresented in children
with ASD and their mothers, suggesting that FRAAs are not alone is disrupting folate
metabolism. It is possible that combinations of several mechanisms involved in disrupting
folate metabolism many be needed to lead to enough disruption in neurodevelopment
to lead to ASD. Timing may also be an important factor as FRAAs and CFD have been
related to other psychiatric disorders when they occur outside of childhood such as in
schizophrenia [53] and depression [97]. Of note, none of the reviewed studies examined
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a potential correlation between ASD severity and FRAA concentrations. In the future,
studies that examine this would be useful.

4.8. Adjunctive Treatments Studied for FRAA Positive Patients

Cow’s milk appears to regulate FRAA titers; 6 months of a milk-free diet resulted in
a significant decrease in FRAA titers with re-exposure to cow’s milk increasing this titer,
with the titer often rising above the original titer level before initially discontinuing cow’s
milk [35]. Concomitant with the decrease in the FRAA titers, patients with CFD who went
on a cow’s milk free diet demonstrated improvements in ataxia, improved seizure control,
and improved ASD symptoms. This is believed to occur because milk contains the FRα
protein which may react immunologically in the gut or cause an increase in cross-reactive
FRAAs in the blood. Several types of diets (such as a casein-free diet) which have been
reported to show some effectiveness in ASD are milk-free diets [98,99] although this has
not been found in some studies [100]. Thus, it is possible that dietary treatments not
uncommonly used to treat children with ASD may have a therapeutic effect by lowering
the concentration of FRAAs in the blood. Unfortunately, large studies have not examined
the potential benefit of adding a milk-free diet to d,l-leucovorin treatment but it is probably
prudent to recommend a milk-free diet when FRAAs are present. Interestingly, in the
group of patients with CFD who continued to drink bovine milk, the FRAA concentrations
continued to rise over a two-year period [35]. In this study, the use of goat milk caused
less elevation in the FRAA concentration and thus might be a better alternative to bovine
milk [35]. It is important to recognize that this effect may not generalize to other forms of
dairy that do not have intact milk proteins. Indeed, dairy is an important source of calcium,
which is a critical nutrient in childhood for bone health.

4.9. Treatments That Support Folate Transport into the Brain

Presumably, when the FRα is partially blocked, the RFC may be the main alternative
transportation mechanism of folates into the brain. In a human cerebral microvascular
endothelial cell model, 1,25-dihydroxyvitamin D3 was shown to up-regulation RFC mRNA
and protein expression through activation of the vitamin D receptor [101]. In the same
cell model, nuclear respiratory factor 1 and peroxisome proliferator-activated receptor-γ
coactivator-1α signaling were found to modulate RFC expression and transport activ-
ity with this pathway upregulated by treatment with pyrroloquinoline quinone (PQQ)
resulting in increased RFC expression and folate transport activity [102]. Furthermore, 1,25-
dihydroxyvitamin D3 was found to rescue CFD in a knockout FOLR1 mouse model [103].

Interestingly, meta-analysis has shown that vitamin D3 800IU to 2,000IU supplemen-
tation improves core ASD symptoms as measured by the Social Responsiveness Scale or
CARS in three studies in children with ASD who were not vitamin D deficient [104] and
PQQ has been shown to improve social behavior in the bilateral whisker trimming for
10 days after birth in a mouse model which is characterized by its abnormal social behav-
ior [105]. Thus, although no studies have been conducted in ASD or CFD to determine
whether these supplements may improve function in children with ASD who have FRAAs
or CFD, such supplements may have some utility in these children. Future studies will
need to address this possibility.

4.10. Adjunctive Treatments to Support Folate Metabolism

Folate is essential for several important biochemical pathways, particularly the func-
tion of methylation metabolism and the production of purines and pyrimidines. Several
studies used d,l-leucovorin in combination with other cofactors which could support its
metabolism, including methyl-cobalamin, betaine (trimethyl-glycine) and other important
cofactors. Many cofactors are essential for optimal functioning of enzymes in the folate
cycle; for example, methionine synthase requires cobalamin, and methylenetetrahydro-
folate reductase (MTHFR) requires nicotinamide adenine dinucleotide (NAD) which can
be derived from niacin. Other factors like betaine support methylation metabolism. No
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study has compared the specific cofactors that could best be used in conjunction with d,l-
leucovorin, but it is likely that other cofactors may be useful to optimize folate metabolism.
One intriguing possibility is that, along with a CNS folate deficiency, individuals with ASD
may also have a CNS cobalamin deficiency [106], so the addition of cobalamin could be
critical in some children with ASD.

4.11. Therapeutic Effect of d,l-Leucovorin on Neurotransmitters

Most important for neurological outcomes for those with a CNS folate deficiency
is the connection between folate and the production of neurotransmitters. Being the
precursor to purines, folate is essential to produce guanosine-5’-triphosphate which is
the precursor of tetrahydrobiopterin (BH4) [107]. BH4 is an important cofactor for the
production of the monoamine neurotransmitters serotonin, dopamine, norepinephrine
and epinephrine which are essential for behavioral regulation, mood, social function and
cognition. Interestingly, like folate, a central deficiency of BH4 is associated with ASD [108];
children with ASD respond to BH4 supplementation [109]; and there is evidence that BH4
may be transported into the brain through the FRα [110]. The connection between folate
and BH4 can explain how d,l-leucovorin can normalize CSF concentrations of serotonin
and dopamine in CFD patients [28].

4.12. Implications of FRAAs during Pregnancy

Rodent models report that exposure of dams to FRAA’s during gestation can lead
to stereotypies and anxiety in offspring [95]. Further studies showed that d,l-leucovorin
and/or dexamethasone treatment of dams exposed to FRAAs prevented cognitive, com-
munication and learning problems in the offspring [96]. Human studies have reported an
association between FRAAs and subfertility [111], neural tube defects [112], and preterm
births [113]. One study found that FRAAs bind to prenatal thyroid tissue, potentially
affecting its development and potentially altering hypothalamic-pituitary-axis regulation
of thyroid hormones in the offspring [37]. In one case report, a pregnant women with
a history of multiple complications in previous pregnancies and who was positive for
FRAAs was able to conceive and have a normal pregnancy and delivery with the use of
d,l-leucovorin, a milk free diet, and a low dose of prednisone given during pregnancy [114].

4.13. Limitation of Published Studies

Many of the reviewed studies had important limitations. First, there is only one
medium-sized [72] and one small-sized [74] blinded, placebo controlled, single center
studies that examined treatment only with d,l-leucovorin. Thus, clearly larger, multisite
trials, which are ongoing [9], are necessary to confirm previous findings. Since many of the
studies used d,l-leucovorin in combination with other treatments [73,76–79], other treat-
ments may have added to the effects of d,l-leucovorin. In addition, studies examining CFD
are rather small and do not always use standardized outcome measures [20,21,33–36,67,68].

Interestingly, in the blinded controlled studies, standardized measures of language
and social functioning which were obtained by objective and blinded examiners tended to
have large effect sizes, whereas parent rated measures tended to have very modest effect
sizes. This reflects one of the difficulties in research in ASD where the placebo effect can be
large, especially as rated by parents [115]. Such large placebo effects have washed out the
effect of the treatment in many studies, resulting in many failed clinical trials. Thus, one
of the strengths in the currently conducted blinded trials is the use of standard objective
measures of function in blinded observers in addition to parent reported measures. This is
especially important when studying more mildly affected children with ASD as the placebo
effect appears to be inversely proportional to the severity of the ASD symptoms, so studies
with less severe children would be expected to have a larger placebo effect [116]. This effect
can explain the larger effect size in parent reported outcomes in the studies which used a
non-treatment comparison group [37,76] when compared to the trials which were placebo
controlled [72–74].
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5. Conclusions

This systematic review and meta-analysis found d,l-leucovorin is associated with
improvements in core and associated symptoms of ASD with the strongest evidence
coming from the blinded, placebo-controlled studies. FRAAs, particularly blocking FRAAs,
are highly prevalent in children with ASD, and may serve as a biomarker for treatment.
The high prevalence of FRAAs in families with children with ASD suggests unknown
heritability mechanisms that involve additional genetic or environmental factors which
contribute to the expression of ASD in those with FRAAs. d,l-Leucovorin is an evidence-
based treatment for ASD which has significant promise and appears safe and well-tolerated.
Further studies would be helpful to confirm and expand on these findings.
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Abstract: Autism spectrum disorder (ASD) is a common neurodevelopmental disorder affecting 2%
of children in the United States. Biochemical abnormalities associated with ASD include impaired
methylation and sulphation capacities along with low glutathione (GSH) redox capacity. Potential
treatments for these abnormalities include cobalamin (B12). This systematic review collates the studies
using B12 as a treatment in ASD. A total of 17 studies were identified; 4 were double-blind, placebo-
controlled studies (2 examined B12 injections alone and 2 used B12 in an oral multivitamin); 1 was
a prospective controlled study; 6 were prospective, uncontrolled studies, and 6 were retrospective
(case series and reports). Most studies (83%) used oral or injected methylcobalamin (mB12), while
the remaining studies did not specify the type of B12 used. Studies using subcutaneous mB12
injections (including 2 placebo-controlled studies) used a 64.5–75 µg/kg/dose. One study reported
anemia in 2 ASD children with injected cyanocobalamin that resolved with switching to injected
mB12. Two studies reported improvements in markers of mitochondrial metabolism. A meta-
analysis of methylation metabolites demonstrated decreased S-adenosylhomocysteine (SAH), and
increased methionine, S-adenosylmethionine (SAM), SAM/SAH ratio, and homocysteine (with small
effect sizes) with mB12. Meta-analysis of the transsulfuration and redox metabolism metabolites
demonstrated significant improvements with mB12 in oxidized glutathione (GSSG), cysteine, total
glutathione (GSH), and total GSH/GSSG redox ratio with medium to large effect sizes. Improvements
in methylation capacity and GSH redox ratio were significantly associated with clinical improvements
(with a mean moderate effect size of 0.59) in core and associated ASD symptoms, including expressive
communication, personal and domestic daily living skills, and interpersonal, play-leisure, and coping
social skills, suggesting these biomarkers may predict response to B12. Other clinical improvements
observed with B12 included sleep, gastrointestinal symptoms, hyperactivity, tantrums, nonverbal
intellectual quotient, vision, eye contact, echolalia, stereotypy, anemia, and nocturnal enuresis.
Adverse events identified by meta-analysis included hyperactivity (11.9%), irritability (3.4%), trouble
sleeping (7.6%), aggression (1.8%), and worsening behaviors (7.7%) but were generally few, mild, not
serious, and not significantly different compared to placebo. In one study, 78% of parents desired to
continue mB12 injections after the study conclusion. Preliminary clinical evidence suggests that B12,
particularly subcutaneously injected mB12, improves metabolic abnormalities in ASD along with
clinical symptoms. Further large multicenter placebo-controlled studies are needed to confirm these
data. B12 is a promising treatment for ASD.

Keywords: autism spectrum disorder; cobalamin; glutathione; methylation; methylcobalamin; re-
dox metabolism

1. Introduction

Autism spectrum disorder (ASD) is a common neurodevelopmental disorder affecting
2% of children in the United States [1]. ASD is defined behaviorally by reduced social com-
munication and the existence of restrictive and repetitive behaviors and interests. Although
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ASD is currently classified as a psychiatric disorder, a number of medical comorbidities
and biochemical abnormalities are associated with ASD and may contribute to symptoms.
These include immune disorders [2], mitochondrial dysfunction [3,4], oxidative stress [5],
seizures [6], gastrointestinal problems [7], and impaired methylation capacity [8].

The methylation cycle recycles homocysteine to methionine, the precursor of S-
adenosylmethionine (SAM), which is the major methyl donor for many chemical processes
in the body including DNA methylation. Importantly, the methylation cycle is intricately
connected to redox metabolism through the contribution of homocysteine (Figure 1). Ho-
mocysteine is metabolized to cystathionine and then to cysteine, which is the rate-limiting
precursor of glutathione (GSH), the major antioxidant in the body.
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Figure 1. The connected folate, methylation, and redox cycles. Ovals represent enzymes and boxes
represent metabolites. Red indicates metabolites and enzymes repeatedly noted to be consistently
abnormal in ASD. Green highlights treatments that improve the metabolism of these cycles. Folic
acid is shown in yellow as it is a suboptimal treatment because it is oxidized and has to be converted
to active forms of folate.

The first study to formally evaluate methylation and redox capacity in ASD reported
significantly lower plasma levels of methionine, SAM, homocysteine, cystathionine, cys-
teine, and total GSH, and significantly higher concentrations of S-adenosylhomocysteine
(SAH), adenosine, and oxidized GSH (GSSG) in 20 children with ASD compared to
33 controls. The lower SAM/SAH ratio is indicative of impaired methylation capacity and
a lower GSH with elevated GSSG represents impaired redox capacity [8]. These initial find-
ings have been confirmed in several other prospective, controlled studies in blood [9–12]
and brain samples [13–15], and a meta-analysis has confirmed the consistency of these
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findings across multiple studies and multiple laboratories [5]. A meta-analysis of 22 studies
confirmed a consistent finding of impaired DNA methylation in ASD [16] and impaired
DNA methylation has been associated with mitochondrial dysfunction in ASD [17]. These
biochemical abnormalities have even been proposed to be diagnostic of ASD as they could
predict the presence of ASD with a 98% correct classification rate using Fisher discriminant
analysis [18].

Impairments in the methylation cycle commonly lead to an accumulation in homo-
cysteine, a finding which was reported in a number of studies in ASD [19–21], including a
meta-analysis of 31 studies [22]. However, some studies also report lower homocysteine
levels in some children with ASD [8,9]. This may be related to the fact that homocysteine
is the precursor to two pathways. First, methionine synthase (MS), a B12 and folate-
dependent enzyme, converts homocysteine to methionine; one study reported lower MS
mRNA in the brains of individuals with ASD (especially in younger children) compared to
controls [23]. Lower MS mRNA would presumably result in lower production of the MS
enzyme, which would slow the conversion of homocysteine to methionine and result in a
build-up of homocysteine. However, homocysteine is also the precursor to cysteine, which
is the rate-limiting substrate for the production of GSH. ASD is associated with lowered
concentrations of GSH in blood [8,9,24], mitochondria [25], lymphoblasts [25], and brain
tissue [15,26], and a recent meta-analysis found consistent depletion of GSH in ASD across
14 studies [5]. Since GSH is produced from homocysteine (and cysteine), GSH depletion
may lead to the depletion of homocysteine by consuming it as a precursor. Impaired
methylation can also weaken sulphation pathways; lower blood and higher urinary sulfate
concentrations have been reported in ASD as early as 1997 [27–29].

Treatments that have been shown to improve methylation and GSH production in ASD
include methylcobalamin (mB12), betaine (anhydrous trimethylglycine), and leucovorin
(folinic acid) [8,11]. Cobalamin (B12) exists in several forms: cyanocobalamin (cB12, a
synthetic form of B12 not found in a natural form; available by injection or orally) and
three naturally occurring forms: mB12, hydroxycobalamin (hB12), and adenosylcobalamin
(aB12); the latter three natural forms have better bioavailability compared to cB12 and are
available in an injectable form or orally [30]. B12 is important for brain development, and
B12 deficiency has been associated with regression in social interaction in one child [31]
and in another who developed Childhood Disintegration Disorder [32].

Although a number of studies have used B12 as a treatment in children with ASD, these
studies have not been systematically reviewed to date. This systematic review identifies
and collates the studies using B12 as a treatment in individuals with ASD. When possible,
this review lists out the type(s) of B12 used along with dosing, route of administration,
types of studies, clinical outcomes, and adverse events (AEs). Meta-analysis was used to
examine biochemical changes in methylation and redox metabolism as well as AEs.

2. Materials and Methods
2.1. Search Process

A prospective protocol for this systematic review was developed a priori, and the
search terms and selection criteria were chosen in an attempt to capture all pertinent pub-
lications. A computer-aided search of PUBMED, Google Scholar, EmBase, Scopus, and
ERIC databases from inception through June 2021 was conducted to identify pertinent
publications using the search terms ‘autism’, ‘autistic’, ‘Asperger’, ‘ASD’, ‘pervasive’, and
‘pervasive developmental disorder’ in all combinations with the terms “MB12”, “Methyl-
cobalamin”, “Cobalamin”, “B12”, “Cyanocobalamin”, “Hydroxycobalamin”, “Adenosyl-
cobalamin”, and “Vitamin B12.” References cited in identified publications were also
searched to locate additional studies.

2.2. Study Selection and Assessment

This systematic review and meta-analysis followed PRISMA guidelines [33]. The
PRISMA Checklist is found in Supplementary Table S1, and the PRISMA Flowchart is
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displayed as Figure 2. One reviewer screened titles and abstracts of all potentially relevant
publications. Studies were initially included if they (1) involved individuals with ASD;
and (2) reported on the use of B12 as a treatment in ASD. Articles were excluded if
they: (1) did not involve humans (for example, cellular or animal models); and or (2) did
not present new or unique data (such as review articles or letters to the editor). After
screening all records, 17 publications met inclusion criteria (see Figure 2); two reviewers
then independently reviewed these articles for inclusion and assessed factors such as the
risk of bias. As per standardized guidelines [34], selection, performance detection, attrition,
and reporting biases were considered. Two DBPC studies that used only injected mB12
were identified, but since only one of these studies provided detailed descriptive statistics
of the clinical outcome measures [35], a meta-analysis could not be conducted on clinical
outcome measures.
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Figure 2. PRISMA 2020 flow diagram for this systematic review.

2.3. Meta-Analysis

MetaXL Version 5.2 (EpiGear International Pty Ltd., Sunrise Beach, Queensland,
Australia) was used with Microsoft Excel Version 16.0.12827.20200 (Redmond, WA, USA) to
perform the meta-analysis. The data from this meta-analysis is available upon request to the
authors. Random-effects models, which assume variability in effects from both sampling
error and study level differences [36,37], were used to calculate incidence across studies
(AEs Meta-analysis) while pooled Cohen’s d’ (a measure of effect size) was calculated
from the standardized mean difference of outcome measures using the inverse variance
heterogeneity model since it has been shown to resolve issues with underestimation of
the statistical error and spuriously overconfident estimates with the random effects model
when analyzing continuous outcome measures (Biochemistry Meta-analysis) [38]. Effect
sizes were considered small if Cohen’s d’ was 0.2; medium if Cohen’s d’ was 0.5; and
large if Cohen’s d’ was 0.8 or higher [39]. Cochran’s Q was calculated to determine
heterogeneity of effects across studies, and when significant, the I2 statistic (Heterogeneity
Index) was calculated to determine the percentage of variation across studies that was due
to heterogeneity rather than chance [40,41], and the Luis Furuya-Kanamori (LFK) Index
derived from Doi plots was reviewed for significant asymmetries (>±2) [42,43].
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3. Results

This section will discuss the type(s), routes, and dosing parameters of B12 used along
with the type of study and phenotypes of patients (Section 3.1), biochemical changes
(Section 3.2), clinical outcome measures (Section 3.3), and AEs (Section 3.4) associated with
B12 treatment studies. In the clinical outcomes section, the outcomes are presented and
organized by study type.

3.1. B12 Administration: Type of B12, Route, Dosing, and Type of Study
3.1.1. Type of B12

Five studies did not specify the type of B12 used [32,44–47]. Two studies used oral
cB12 [48,49]. One study used a 50/50 oral mixture of mB12 and cB12 [50]. One study
initially used cB12 injections and switched to mB12 injections due to worsening anemia
from cB12 in 2 children and also used oral hB12 in one child [51]. The remaining 8 studies
used mB12 [8,11,35,52–56]. Thus, of the 12 studies specifying the type of B12 used, 10 (83%)
used mB12 by itself or in combination with cB12.

3.1.2. Route Parameters of B12

Two studies did not specify the route of B12 administration [45,52]. Six studies used
subcutaneously (SC) injected mB12 [8,11,35,53,55,56] and 4 studies used intramuscularly
injected B12 [32,46,47,51]. Five studies used oral B12 [44,48–50,54]. One study used both in-
jected cB12 and oral hB12 [51]. Thus, of the 15 studies specifying the route of administration,
10 (67%) used an injected form.

3.1.3. Dosing of B12

Six studies (including two DBPC studies) used subcutaneous mB12 injections at a
dose ranging from 64.5 to 75 µg/kg/dose [8,11,35,53,55,56]. One study used a lower dose
of 25–30 µg/kg/dose (up to 1500 µg), but the route of administration was not specified [52].
One study used oral mB12 at a dose of 500 µg per day [54] while 2 studies used oral cB12 in
doses of 500–1600 µg per day along with a multivitamin/mineral supplement (MVI) [48,49].
Another study used a 50/50 mixture of mB12 and cB12 500 µg per day combined in an
MVI [50]. One study used oral B12 1.2 µg per day but did not specify the type of B12
given [44]. One study used 1000 µg of B12 (type not specified) intramuscularly for 5 days
and then weekly for 8 weeks [32]. One study used mB12 intramuscularly at 1 mg once per
week in 2 children and 10 mg of oral hB12 in another child [51]. Finally, 3 studies did not
list the dose of B12 given [45–47].

3.1.4. Types of B12 Studied

Of the 17 treatments studies, 2 were DBPC studies using mB12 injections alone [35,55],
2 were DBPC studies using oral cB12 in a MVI preparation [48,49], 1 was a prospective,
controlled study [50], 6 were prospective, uncontrolled studies [8,11,44,45,52,53], and
6 were retrospective case series/reports [32,46,47,51,54,56]. Two studies reported on the
same cohort of patients [11,53].

3.1.5. Phenotypes of Patients in B12 Studies

Table 1 lists the phenotypes for the 17 studies. Six studies used DSM-4 criteria to
diagnose ASD [8,11,44,52,55,56]. Six studies used autism diagnostic observation schedule
(ADOS) and/or autism diagnostic interview (ADI) to confirm the diagnosis [35,45,50,51,54,55].
Five studies did not specify criteria for autism [32,46–49]. Two studies only enrolled pa-
tients with abnormal biochemical findings (such as methylation abnormalities or oxidative
stress) [11,53].
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Table 1. Phenotypes of autism in the 17 reviewed studies, by year published.

Study Phenotype

Adams and Holloway, 2004 [48] 20 children with autism (age 3–8 yo); diagnosis of an autism spectrum disorder (autism,
pervasive developmental disorder/not otherwise specified [PDD/NOS], or Asperger’s
syndrome) by a psychiatrist or developmental pediatrician (criteria not specified); no
changes in any treatments during the preceding two months; no previous
multivitamin/mineral supplement use (except a standard children’s multivitamin/mineral)

James, et al., 2004 [8] 20 children with autism (mean age 6.4 yo, all white, 14 boys, 6 girls); 19 with regressive
autism, 1 with infantile autism. Autism was based on the criteria for autistic disorder
(DSM-4) by a developmental pediatrician; most had speech and socialization impairments
and gastrointestinal problems

Nakano, et al., 2005 [52] 13 patients (2–18 yo, 11 male, 2 female) with autism, diagnosed by DSM-4 criteria by a
pediatric neurologist; 4 with epilepsy and 1 with periventricular leukomalacia

James, et al., 2009 [11] 40 children with autism (2–7 yo, 33 boys, 7 girls) diagnosed by DSM-4 criteria and a CARS
score >30; exclusion criteria included Asperger’s disorder, PDD-NOS, genetic disorders,
seizures; severe gastrointestinal problems, recent infection, and use of high-dose vitamin or
mineral supplements; all children had reduced methylation capacity (SAM:SAH) or
reduced GSH redox ratio (GSH:GSSG) as an inclusion criterion

Bertoglio, et al., 2010 [55] 30 children with autism (3–8 yo, 28 boys, 2 girls) diagnosed by DSM-4 criteria and
ADOS/ADI. No current use of mB12; nonverbal IQ of 49 or higher confirmed by a
psychologist (Wechsler Preschool and Primary Scale of Intelligence, Mullen Scales of Early
Learning, or the Wechsler Intelligence Scale for Children)

Geier and Geier, 2010 [56] 24 children with autism (mean age 9.3 yo, 23 white, 3 minorities, 21 boys, 3 girls) diagnosed
by DSM-4 criteria

Pineles, et al., 2010 [46] 3 children with autism (6 yo boy, 13 yo boy, 7 yo boy) and vision loss/optic neuropathy
(diagnostic criteria not specified)

Adams, et al., 2011 [49] 141 individuals with autism (3–60 yo, 125 boys, 16 girls); diagnosis of autism, PDD/NOS, or
Asperger’s syndrome by psychiatrist or similar professional (criteria not specified); No
vitamin/mineral supplement in the preceding 2 months

Kaluzna-Czaplinska, et al., 2011 [44] 30 children with autism (4–11 yo, 27 boys, 3 girls); autism diagnosed by DSM-4 criteria; all
children on a sugar-free diet

Duvall, et al., 2013 [47] 9 yo child with ASD (criteria not specified)

Frye, et al., 2013 [53] Same cohort as James et al., 2009 [11]

Malhotra, et al., 2013 [32] 14 yo boy with CDD (vegetarian)

Corejova, et al., 2015 [54] 18 yo adult male with autism diagnosed by ADI and CARS-2 by psychologist

Hendren, et al., 2016 [35] 57 children with autism (3–7 yo, 45 boys, 12 girls) with diagnosis confirmed by ADI and
ADOS (the latter if needed) performed by a psychiatrist; IQ > 50 (Stanford–Binet 5th edition
verbal subtest); excluded children with bleeding disorder, seizures, cancer, or genetic
abnormalities, perinatal brain injury, current use of B12, or “other serious medical illness”

Delhey, et al., 2017 [45] 127 children with autism (ages 3–14 yo), diagnosis confirmed with ADOS and/or ADI, the
state of Arkansas diagnostic standard, and/or DSM-4; prematurity was an exclusion
criterion; 38 had mitochondrial function measured

Nashabat, et al., 2017 [51] 3 children with autism (3–2 yo, all boys); one diagnosed by GARS and PSL4; other 2
diagnosed by ADOS

Adams, et al., 2018 [50] 37 individuals (3–58 yo, 30 male, 7 female) with autism (29), PDD-NOS (3) or Asperger’s
disorder (3); diagnosis confirmed by ADOS or CARS-2 by a psychiatrist, psychologist, or
developmental pediatrician; no current use of nutritional supplements; patients with
metabolic or genetic disorders not excluded; 13 had developmental regression, 15 with
early-onset autism and 8 with developmental plateau; 9 with asthma; 13 with food allergies;
19 with other allergies

Autism Diagnostic Interview (ADI); Autism Diagnostic Observation Schedule (ADOS);
Childhood Autism Rating Scale (CARS); childhood disintegrative disorder (CDD); Diag-
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nostic and Statistical Manual of Mental Disorders, fourth edition (DSM-4); Gilliam Autism
Scale (GARS); glutathione (GSH); Preschool Language scale, Fourth Edition (PSL4); oxi-
dized glutathione (GSSG); Pervasive Developmental Disorder, Not Otherwise Specified
(PDD-NOS); S-adenosylhomocysteine (SAH); S-adenosylmethionine (SAM); years old (yo).

3.2. Biochemical Changes with B12 Treatment
3.2.1. Review of Studies

Eleven studies examined biochemical changes with B12 treatment and are outlined
in Table 2. A 12-week randomized DBPC crossover study of 30 children with ASD
(ages 3–8 yo) used mB12 64.5 µg/kg subcutaneous injections every 3 days for 6 weeks
or a placebo. GSH and GSH/GSSG were measured before and after treatment. No signifi-
cant changes in GSH related metabolites were observed comparing the treatment group
to the placebo group. However, significant improvements in GSH and the GSH redox
ratio were found in a subgroup of 9 children who were considered “responders” based on
significant improvements on the CGI and 2 other behavioral outcomes, suggesting these
may be biomarkers for identifying children who respond to mB12 treatment [55]. In another
randomized DBPC study, 57 children with ASD received 75 µg/kg mB12 subcutaneous
injections every 3 days for 8 weeks or placebo injections, and clinical improvements were
positively associated with increased plasma methionine, decreased SAH, and improved
methylation capacity as measured by the SAM/SAH ratio [35].

Table 2. Biochemical outcomes for treatment studies of cobalamin injections for autism spectrum disorder. Clinical global
impression scale (CGI); subcutaneous (SC); years old (yo).

Study Participants Treatment Outcomes

Subcutaneous Methylcobalamin Injections

Bertoglio et al., 2010 [55]
DBPC Crossover 30 64.5 µg/kg SC every 3 days

Significant improvements in GSH
and the GSH redox ratio in a

subgroup of 9 children who were
considered “responders”

Hendren et al., 2016 [35]
DBPC Parallel 57 75 µg/kg SC every 3 days

Clinical improvements were
positively associated with

increased plasma methionine,
decreased SAH, and improved

methylation compacity as
measured by the SAM/SAH ratio

James et al., 2004 [8]
Prospective Uncontrolled 8 75 µg/kg 2x/wk for 1 month with

folinic acid and betaine

Decreased adenosine and GSSG;
increased methionine, cysteine,

tGSH, SAM/SAH, and
tGSH/GSSG

James et al., 2009 [11]
Prospective Uncontrolled

40 75 µg/kg 2x/wk for 3 months
with folinic acid

Increased cysteine,
cysteinylglycine, and
GSH;decreased GSSG

Frye et al., 2013 [53]
Prospective Uncontrolled

Clinical improvements associated
with biochemical improvements

in GSH redox status

Geier and Geier 2010 [56]
Retrospective, controlled 24 75 µg/kg SC every 1–3 days Urinary and plasma cobalt levels

higher in mB12 group

Intramuscular Methylcobalamin Injections

Nashabat et al., 2017 [51]
Retrospective Uncontrolled

cB12 switched to mB12; one child
received hB12

Improvement in anemia and
metabolic acidosis when cB12 was
changed to mB12; homocysteine
normalized with 10 mg of hB12

orally in one child
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Table 2. Cont.

Subcutaneous Methylcobalamin Injections

Oral Cobalamin with Other Vitamins

Adams et al., 2011 [49]
DBPC Parallel 141 500mcg Daily Orally

Improvements in total sulfate,
SAM, reduced GSH, GSSG:GSH,

nitrotyrosine, ATP, NADH,
and NADPH

Kaluzna-Czaolinska et al.,
2011, [44]

Prospective Uncontrolled
30

B12 1200 mcg per day with
vitamin B6 200 mg and folic acid

400 µg

Reduction in
urinary homocysteine

Cobalamin with Route of Administration Not Specified

Delhey et al., 2017 [45]
Prospective Uncontrolled 127 Any B12 taken in 38% of Patients

along with other supplements

Improved coupling of Complex I
and Citrate Synthase

mitochondrial enzymes

Nakano et al., 2005 [52]
Prospective Uncontrolled 13 mB12 25–30 µg/kg/day (up to

1500 µg) for 6–25 months
Increased B12 blood

concentrations

In a prospective study of 8 children with ASD, 75 µg/kg mB12 SC two times per week
for one month was given along with folinic acid (800 µg twice a day orally) and betaine
(1000 mg twice a day orally). This treatment led to significant decreases in adenosine and
GSSG as well as significantly increased levels of methionine, cysteine, GSH, SAM/SAH,
and GSH/GSSG [8].

In a study of 40 children with ASD, 75 µg/kg mB12 SC 2 times per week for 3 months
given with folinic acid (400 µg twice per day) led to increased cysteine, cysteinylglycine,
and GSH, and decreased GSSG [11]. Improvements in GSH redox status were associated
with improvements in expressive communication, personal and domestic daily living skills,
and interpersonal, play-leisure, and coping social skills [53].

In a case series of 3 patients with ASD with transcobalamin deficiency/transcobalamin
II (TCN2) mutations (one patient had metabolic acidosis and pancytopenia), cB12 intramus-
cular injections (1 mg once or twice weekly) were started along with carnitine. However,
both patients developed acute anemia on cB12 injections, which improved when switching
to mB12 intramuscular injections 1 mg weekly; in the third child, homocysteine levels
normalized with 10 mg per day of hB12 orally once per day [51].

In a randomized DBPC study of 141 children and adults with ASD, a MVI containing
500 mcg of oral cB12 led to significant improvements compared to placebo in total sul-
fate, SAM, reduced glutathione, GSSG:GSH, nitrotyrosine, adenosine triphosphate (ATP),
NADH, and NADPH [49].

In a study of 13 patients with ASD, mB12 25–30 µg/kg/day (up to 1500 µg/day; route
of administration not specified) was given for 6–25 months. Five patients had normal
B12 serum levels and after the study, 4 cases had above normal serum B12 without any
apparent AEs [52].

In another study of 30 children with ASD, oral B12 (type not specified) 1.2 µg per
day given with vitamin B6 200 mg and folic acid 400 µg led to a significant reduction
in urinary homocysteine [44]. In a prospective, uncontrolled study of 127 children with
ASD, B12 treatment (type and route of administration not specified) was administered
to 38% of the ASD group along with mitochondrial supplements. Analysis showed that
B12 treatment improved complex I activity compared to not supplementing with B12. In
addition, B12 treatment was associated with the better coupling of Complex I and Citrate
Synthase mitochondrial enzymes [45].

Finally, one retrospective study examined 24 children with ASD (mean age 9.3 ± 3.5 years)
who received SC mB12 injections (75 µg/kg, given every 1–3 days) and compared urinary
and plasma cobalt levels to 48 children (mean age 8.9 ± 3.7 years) who did not receive mB12
injections. The mean plasma cobalt concentration in the mB12 group was 0.82 ± 0.19 µg/L
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compared to 0.12 ± 0.10 in the untreated group (p < 0.001). The investigators noted that the
study was limited as it could not determine what form of cobalt was present (free or bound in
mB12), how the cobalt was distributed in the body, and what the tissue levels would be. This
study did not report clinical outcomes [56].

3.2.2. Meta-Analysis of Biochemical Changes Related to Methylcobalamin

Only three studies [8,11,35] provided enough detailed information about biochemical
metabolites before and after treatment to be included in a meta-analysis. All studies used
subcutaneously injected mB12. One study [35] was a DBPC study that used mB12 alone,
and two studies [8,11] were uncontrolled prospective studies, which used mB12 with
additional treatments. Of these latter two studies, one study [8] obtained biochemical
measurements three months after starting daily 800 µg of leucovorin (folinic acid) and
1000 mg of betaine and then three months after adding mB12. In the meta-analysis,
the biochemical measurements directly before and after adding mB12 were used rather
than using the baseline measures obtained before any treatments were added. For the
second study [11], mB12 was provided along with daily 800 µg of leucovorin (folinic acid).
Common metabolites across all three studies were analyzed, and the results are outlined in
Table 3. Even though these 3 studies used different dosing parameters and two used mB12
with folinic and one without, both mB12 and folinic have been shown to lead to biochemical
changes in methylation metabolites and work in a synergistic fashion. Therefore, combining
these studies to examine biochemical changes was felt to be advantageous.

Table 3. Meta-analysis of biochemical changes with subcutaneously injected methylcobalamin in children with ASD. Oxi-
dized glutathione (GSSG); S-adenosylhomocysteine (SAH); S-adenosylmethionine (SAM); methylation capacity (SAM/SAH);
total GSH (tGSH); total glutathione redox ratio (tGSH/GSSG) * p < 0.05, ** p < 0.01, *** p < 0.0001.

Metabolite Weighted
Mean Difference

Cohen’s d’
(95% CI) Cochran’s Q I2 LFK Index

Methylation Metabolites

Methionine (µmol/L) 0.95 0.25 (−0.10, 0.59) 0.12

SAM (nmol/L) 1.80 0.12 (−0.23, 0.47) 2.12

SAH (nmol/L) −0.78 −0.19 (−2.14, 0.58) 0.53

SAM/SAH Ratio 0.22 0.28 (−0.07, 0.62) 0.66

Homocysteine (µmol/L) 0.01 0.10 (−0.25, 0.45) 6.94 * 71% 1.03

Transsulfuration/Redox Metabolites

Cysteine (µmol/L) 13.30 0.70 (0.34, 1.07) *** 15.13 ** 87% 0.72

Total GSH (µmol/L) 0.36 0.43 (0.08. 0.79) * 8.73 ** 77% −0.16

GSSG (nmol/L) −0.004 −0.68 (0.32, 1.04) *** 7.13 * 72% 0.61

Total GSH/GSSG Ratio 7.43 0.84 (0.47. 1.21) *** 18.37 *** 89% 0.88

Meta-analysis of the methylation metabolites demonstrated small effect sizes that
were in the direction expected for improvement of methylation metabolism for the majority
of the metabolites. Specifically, the weighted mean differences suggested an increase
in Methionine, SAM, and SAM/SAH ratio, and a decrease in SAH. None of the effects
were overall statistically significant, and the Cochran’s Q statistic suggested that the
variation was not due to heterogeneity across studies but rather due to random chance.
However, for homocysteine, although the overall effect was not significant, the variation
in the measurement was found to be largely due to variation across studies with a slight
asymmetry in the Doi plots. This was due to one study [35] demonstrating a decrease
in homocysteine with treatment and two studies [8,11] demonstrating an increase in
homocysteine with treatment.
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Meta-analysis of the redox metabolism metabolites demonstrated statistically signifi-
cant medium to large effect sizes that were in the direction expected for an improvement
in redox metabolism for all of the metabolites examined. Specifically, the weighted mean
differences demonstrated an increase in cysteine, total GSH, and total GSH/GSSG redox
ratio, and a decrease in GSSG. The I2 statistic suggested that the variation was due to het-
erogeneity across studies, specifically one study [35] demonstrating more marginal effects
as compared to the other two studies [8,11]. However, Doi plots did not demonstrate any
significant asymmetries.

3.3. Clinical Outcomes with B12 Treatment

Twelve studies examined clinical outcomes and are outlined in Table 4. Improve-
ments reported in these studies included sleep, hyperactivity, gastrointestinal problems,
tantrums, nonverbal IQ, expressive, written and receptive communication skills, daily
living skills, social skills domains, vision, eye contact, echolalia, stereotypy, anemia, and
nocturnal enuresis.

Table 4. Studies of cobalamin injections for autism spectrum disorder with clinical outcomes. Childhood autism rating scale
(CARS); clinical global impression scale (CGI); subcutaneous (SC); years old (yo).

Study Participants Treatment Outcomes Adverse Effects

Subcutaneous Methylcobalamin Injections: Prospective Double-Blind Placebo Controlled Studies

Bertoglio et al.,
2010 [55] Crossover 30 64.5 µg/kg SC every

3 days No change in overall behavior Hyperactivity;
mouthing objects

Hendren et al.,
2016 [35] Parallel 57 75 µg/kg SC every

3 days
Significant improvement

in CGI

No significant
difference

between groups

Subcutaneous Methylcobalamin Injections: Prospective Uncontrolled Study

Frye et al., 2013 [53] 40
75 µg/kg 2x/wk for

3 months with
folinic acid

Overall improvement in
development. Clinical

improvement associated with
biochemical improvements

Hyperactivity (10%),
reduced sleep (6%),
impulsiveness (3%)

Intramuscular Cobalamin Injections with Type of B12 not specified: Retrospective Case Series/Reports

Pineles et al., 2010 [46] 3 B12 IM Improvement in vision None reported

Duvall et al., 2013 [47] 1 B12 IM
with oral MVI

Improvements in pulmonary
hypertension and

musculoskeletal problems
None reported

Malhotra et al., 2013 [32] 1 B12 IM
with oral MVI

Improvements in eye contact,
licking fingers, hyperactivity,

pacing, echolalia, and
repetitive behaviors and in

CARS score

None reported

Oral Multivitamin, which Included Cobalamin: Prospective Double-Blind Placebo-Controlled Studies

Adams and Holloway 2004
[48] Parallel 30 1200–1600 mcg

Daily Orally
Improved gastrointestinal

problems and sleep

No adverse events in
those adhering to

the protocol

Adams et al., 2011
[49] Parallel 141 500 mcg Daily Orally

Improved hyperactivity,
tantrums and

receptive language

Mild behavioral
problems,

diarrhea, constipation

Oral Multivitamin, which Included Cobalamin: Prospective Controlled Study

Adams et al., 2018 [50] 37 500 mcg Daily Orally
Improved non-verbal IQ,

daily living skills and
social skills

Worsened behaviors,
gastrointestinal

disturbance, facial
rash, aggression,

stereotypy
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Table 4. Cont.

Study Participants Treatment Outcomes Adverse Effects

Oral Methylcobalamin: Retrospective Case Report

Corejova et al., 2015 [54] 1 mB12 500 µg orally
per day

Nocturnal enuresis resolved;
reappeared when treatment

was stopped

Increased stereotypy
and hyperactivity

Oral Hydroxycobalamin: Retrospective Case Report

Nashabat, et al., 2017 [51] 3 hB12 10 mg orally
pr day

Improved
developmental milestones None

Methylcobalamin with Route of Administration Not Specified: Prospective Uncontrolled Study

Nakano et al.,
2005 [52] 13

25–30 µg/kg/day (up
to 1500 µg) mB12 for

6–25 months

Improvements in IQ,
developmental quotient

and CARS score
No significant events

3.3.1. Double Blind Placebo-Controlled Studies

Four DBPC studies examined B12 use in ASD, with two of the studies administering
it alone as an injection in the form of mB12 and two studies using cB12 in an orally
administered MVI.

In a 12-week randomized DBPC crossover study, 30 children with ASD (ages 3–8 yo)
received mB12 64.5 µg/kg SC injections every 3 days for 6 weeks or placebo injections for
6 weeks; a 6-month extension study was also performed. No significant changes in clinical
outcomes were observed comparing the treatment group to the placebo group. A total of
22 children entered the 6-month open-label extension portion of the study, but no clinical
outcomes were reported for this time period in the publication. A subgroup of 9 children
were considered “responders” based on significant improvements on the CGI and 2 other
behavioral outcomes. The authors commented that the crossover design without a washout
period between the two treatments might have made it more difficult to see a significant
difference between groups [55]. In another randomized DBPC study by some of the same
investigators, 57 children with ASD received 75 µg/kg mB12 subcutaneous injections every
3 days for 8 weeks or placebo injections. A significant improvement in CGI-I as rated
by clinicians was observed with mB12 treatment, but no significant improvements in the
treatment group were observed in the parent-rated aberrant behavior checklist (ABC) or
social responsiveness scale (SRS). Notably, this study did not include the crossover design,
which was felt to be a weakness in design from the first study [35].

In a randomized DBPC 3-month study of 20 children with ASD (ages 3–8 yo), a MVI,
which also contained 1200–1600 mcg of oral cB12, led to significant improvements in sleep
and gastrointestinal problems compared to placebo [48]. In another randomized DBPC
study of 141 individuals with ASD, a MVI containing 500 mcg of oral cB12 led to significant
improvements in several behavioral scales compared to placebo, including hyperactivity,
tantrums, and receptive language [49].

3.3.2. Prospective, Controlled Study

In a prospective, controlled, single-blind (clinical evaluators blinded) 12-month study,
37 individuals with ASD were treated with an oral MVI containing 500 mcg of B12 (50% as
mB12 and 50% as cB12) along with other nutritional and dietary interventions and were
compared to 30 control ASD individuals who were not treated. Significant improvements
were observed in nonverbal IQ, communication, daily living skills, and social skills domains
in the treated ASD group compared to controls [50].

3.3.3. Prospective, Uncontrolled Studies

There were six prospective, uncontrolled studies of B12 in ASD [8,11,44,45,52,53], but
no clinical outcomes were reported in four of these studies [8,11,44,45].
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In a study of 13 patients with ASD, mB12 25–30 µg/kg/day (up to 1500 µg/day, route
of administration unknown) given for 6–25 months led to significant improvements in IQ,
developmental quotient, and Childhood Autism Rating Scale (CARS) score; improvements
were similar in older children as in younger children, and in children with lower IQ
compared to those with higher IQ [52].

In a study of 40 children with ASD, 75 µg/kg mB12 SC 2 times per week for 3 months
given with folinic acid (400 µg twice per day) led to significant improvements on all sub-
scales of the Vineland Adaptive Behavior Scale (VABS), including significant improvements
in receptive, expressive, and written communication skills, personal, domestic, and commu-
nity daily living skills, and interpersonal, play-leisure, and coping social skills. The average
effect size of improvement was 0.59 (a moderate effect size), and the average improvement
in skills development was 7.7 months [53]. This improvement over a 3-month period was
consistent with the notion that the children started “catching up” in development.

3.3.4. Retrospective Studies

Five retrospective studies examined B12 treatment in ASD [32,46,47,51,54]. The first
three studies used intramuscular B12 (type not specified) to treat a B12 deficiency. Im-
provements in vision were found in a case series of 3 children with ASD and optic nerve
atrophy [46]. In a 9-year-old child with ASD, pulmonary hypertension and nutritional
deficiencies (including B12 deficiency), B12 along with other nutritional supplements led
to improvements in pulmonary hypertension and musculoskeletal problems [47]. Improve-
ments in eye contact, licking fingers, hyperactivity, pacing, echolalia, repetitive behaviors,
and in the CARS score were observed in a 14-year-old vegetarian boy with Childhood
Disintegrative Disorder (CDD) with daily injections of 1000 µg B12 for 5 days and then
weekly for 8 weeks along with oral antioxidants and vitamins [32]. In another study, daily
oral mB12 500 µg resolved nocturnal enuresis a 18-year-old child with ASD, with the
enuresis reoccurring when mB12 was stopped [54]. Finally, in one child, “developmental
milestones improved” with 10 mg per day of hB12 orally once per day [51].

3.4. Adverse Effects of B12

Here the potential AEs (see Table 4) of injected and oral forms of B12 are discussed
separately, followed by the studies in which the route of administration is unknown.

Both DBPC studies [35,55] that used mB12 injections reported AEs. No serious AEs
were reported in either study. Hyperactivity and increased mouthing of items were reported
as AEs in one study [55], but the study did not indicate whether these AEs were significantly
different between the treatment and placebo groups or what percentage of children had
one of these side effects. The other DBPC study [35] reported 21 adverse events in the mB12
group compared to 24 in the placebo group (no significant difference). Adverse events in
the mB12 group included a cold (11%), fever (7%), flu (4%), growing pains (4%), increased
hyperactivity (7%), increased irritability (4%), lack of focus (4%), mouthing (19%), nosebleed
(7%), rash (4%), stomach flu (4%), and trouble sleeping (4%); these were not significantly
different compared to the placebo group. Two prospective, uncontrolled studies used
mB12 injections [8,53], with one reporting AEs [53]. Adverse events in this study included
hyperactivity (10%, improved when the folinic acid dose was lowered), sleep disruption
(3%), difficulty falling asleep (3%), increased impulsiveness (3%), and irritability (3%).
After study completion, 31/40 (78%) of parents indicated a desire to continue treatment
(8 parents (20%) did not respond to this question) [11,53]. Of the five case reports using
injected B12, only two reported AEs. Two patients who received cB12 injection developed
acute anemia, which resolved by changing the cB12 form to mB12 injections [51]. In a
child receiving oral mB12, increased motor stereotypy and hyperactivity were noted within
100 days of starting treatment [54]. Finally, one retrospective study reported higher plasma
and urinary cobalt levels in patients who received SC mB12 compared to controls, but no
apparent adverse events from this finding were observed [56].
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Of the two DBPC studies that used B12 incorporated into an oral MVI [48,49], one
reported no side effects in patients who followed the correct dosing parameters, but nausea
and vomiting in 2 children (18%) in the treatment group when the MVI was taken on
an empty stomach (against study protocol) [48]. The other study reported aggression
(4%), night terrors (2%), trouble focusing (2%), moodiness (2%), nausea (2%), diarrhea
(2%), mild behavioral problems (11% compared to 7% in the placebo group, p = ns), and
diarrhea/constipation (11% compared to 7% in the placebo group, p = ns) with 2 par-
ticipants withdrawing due to aggression and one withdrawing because of nausea and
diarrhea [49]. In a prospective controlled single-blind study using an oral MVI, which in-
cluded a 50/50 mixture of cB12 and mB12, AEs included moderate worsening of behaviors
in 2 children (6%) found to have low levels of nutrients, particularly extremely low levels
of cobalamin [50].

Three retrospective case series using intramuscular cobalamin with the type of B12 not
specified did not report if any side effects occurred [32,46,47]. Two studies did not report
the route of administration. One prospective uncontrolled study using mB12 (route not
specified) reported there were no significant adverse events [52]. Another study did not
examine AEs specifically [45].

Meta-analysis of Adverse Effects Related to Cobalamin

To better understand the AEs associated with cobalamin treatment, a meta-analysis
was performed on the reported AEs across studies for studies using injected and oral B12
separately (see Table 5). Case reports were excluded from this analysis due to the potential
bias of reporting in such studies, and only studies that included quantitative measures of
the AEs in the samples studied were included. For injected B12, only two studies [11,35]
met this criterion, with both studies using subcutaneously injected mB12. For oral B12,
three studies [48–50] met this criterion, all using an MVI including B12 in various forms.

Table 5. Meta-analysis of adverse effects associated with cobalamin in children with ASD. Multivitamin (MVI) * p < 0.05.
Adverse effects that were statistically significant are in bold and italic.

Injected mB12 MVI Including B12

Adverse Effect Incidence (95% CI) Adverse Effect Incidence (95% CI)

Cold Symptoms 4.5% (0.0%, 20.1%) Aggression 1.8% (0.1%, 5.2%) *

Fever 3.3% (0.0%, 13.7%) Attention Problems 1.5% (0.0%, 4.1%)

Flu Symptoms 2.0% (0.0%, 7.4%) Constipation/Diarrhea 4.1% (0.0%, 14.0%)

Growing Pains 2.0% (0.0%, 7.4%) Moodiness 1.5% (0.0%, 4.1%)

Increased Hyperactivity 11.9% (5.2%, 20.8%) * Nausea/Vomiting 3.5% (0.0%, 11.0%)

Increased Irritability 3.4% (0.2%, 9.3%) * Night Terrors 1.5% (0.0%, 4.1%)

Lack of Focus 2.0% (0.0%, 7.4%) Worsening Behavior 7.7% (3.5%, 13.3%) *

Mouthing 6.8% (0.0%, 33.5%)

Nosebleeds 3.3% (0.0%, 13.7%)

Rash 2.0% (0.0%, 7.4%)

Stomach Flu 2.0% (0.0%, 7.4%)

Trouble Sleeping 7.6% (2.3%, 15.2%) *

Impulsivity 2.0% (0.0%, 7.4%)

There was a low incidence (<5%) of most AEs for subcutaneously injected mB12
with only three AEs reaching significance: increased irritability (3.4%), trouble sleeping
(7.6%) and increased hyperactivity (11.9%), suggesting that for most individuals with
ASD, subcutaneously injected mB12 is well tolerated without AEs. There was also a low
incidence (<5%) of most AEs for B12 included in an oral MVI. Unlike injected mB12, the
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oral route was associated with gastrointestinal AEs, although these were also at a low
incidence (<5%). Significant AEs for oral formulation included aggression (1.8%) and
worsening behavior (7.7%), which is similar in incidence and character to the significant
behavioral AEs seen in the injected route. However, again, most participants tolerated the
B12 in a MVI without any AEs, suggesting that, in general, it was well tolerated.

4. Discussion

This review identified 17 studies using B12 as a treatment for ASD. Table 6 summarizes
the major findings of these studies. Two studies were DBPC controlled studies using mB12
injections and two were DBPC studies using cB12 combined in an MVI. Most studies
that specified the type of B12 used mB12 (10/12, 83%). Overall, the treatment was well
tolerated with minimal AEs, and the majority of the studies reported positive effects on
ASD symptoms, although some studies found that these improvements were limited to a
subgroup of children with baseline unfavorable biochemistry.

Table 6. Summary of studies on cobalamin treatment for ASD with clinical outcomes. Childhood Autism Rating Scale
(CARS); Clinical Global Impression Scale (CGI); glutathione (GSH); oxidized glutathione (GSSG); intelligence quotient (IQ);
multivitamin (MVI); S-adenosylhomocysteine (SAH); S-adenosylmethionine (SAM); methylation capacity (SAM/SAH);
subcutaneous (SC); total GSH (tGSH); total glutathione redox ratio (tGSH/GSSG).

Total
Studies

Total
Participants Treatment Outcomes Adverse Effects

Prospective Double-Blind Placebo Controlled Studies: Subcutaneous Injected Methylcobalamin

2 87
64.5–75 µg/kg mB12

SC
every 3 days

Significant improvement in clinician rated CGI
and correlated with increases in methionine and

decreases in SAH and improved SAM/SAH

Hyperactivity;
mouthing objects

Prospective Double-Blind Placebo Controlled Studies: Oral Cobalamin Combined in Multivitamin

2 161 MVI containing
B12 orally

Improvements in gastrointestinal problems, sleep,
hyperactivity, tantrums, and receptive language

Nausea, vomiting,
aggression, night

terrors, and diarrhea

Prospective Controlled Studies: Oral Cobalamin Combined in Other Vitamin

1 67 B12 orally with
other vitamins

Improved nonverbal IQ, communication, and
daily living and social skills. Worsened behavior

Prospective Uncontrolled Studies: Methylcobalamin Injections or oral B12

6 218 25–75 µg/kg
mB12 2–3x/week

Improved IQ, development and CARS scores.
Improved GSH redox status associated with

improved expressive communication, personal
and domestic daily living skills, and

interpersonal, play-leisure, and coping social
skills. Improvements in adenosine, methionine,
cysteine, tGSH, GSSG, SAM/SAH, tGSH/GSSG,

coupling of Complex I and Citrate Synthase
mitochondrial enzymes.

Hyperactivity,
reduced sleep,

and impulsiveness

Retrospective Case Series/Reports: Intramuscular Cobalamin Injections with Type of B12 not specified or oral B12

6 32
IM B12

Different
Forms

Improvements in vision, eye contact, pacing,
echolalia, repetitive behaviors and

nocturnal enuresis

Anemia on cB12 with
improved on mB12

4.1. Improvements in Autism Symptoms with Cobalamin

Cobalamin treatment was found to result in improvements in both core and associated
ASD symptoms. Three of the prospective studies examined changes in biochemistry and
gave subcutaneously injected mB12 with two of the studies demonstrating overall clinical
improvements and all studies suggesting improvements in a subgroup with unfavorable
biochemistry. The study that did not show an overall effect used a DBPC crossover design
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but not a washout period between the crossover, potentially making it more difficult to
observe a significant difference between treatment groups [55]. The other DBPC study did
not use a crossover design and was able to document improvements as ranked by clinicians
compared to placebo [35]. The other prospective study was open-label but differed in two
critical ways from the others in its design: first, subcutaneous mB12 was combined with oral
folinic acid, and second, only participants with unfavorable biochemical profiles consisting
of decreased methylation capacity and decreased GSH redox ratio were entered into the
study. This latter study demonstrated significant improvements on all subscales of the
VABS with a moderate effect size (0.59) and an average improvement in skills development
of 7.7 months during the three-month treatment period. This suggests that mB12 treatment
with folinic acid might help some children with ASD “catch up” in development [53].
Other retrospective studies of injected B12 are consistent with these prospective studies,
demonstrating improvement in physical health as well as core (e.g., eye contact, echolalia,
and repetitive behaviors) and associated (e.g., hyperactivity) ASD behaviors [32,46,47].

Oral B12 combined with a MVI has been studied in several prospective controlled
studies with these studies demonstrating improvements in physical medical issues such as
gastrointestinal problems and sleep [48], as well as in behaviors such as hyperactivity and
tantrums [49], and in cognitive skills, including language [49], non-verbal IQ and social
skills [50]. Oral mB12 alone improved nocturnal enuresis in one study [54]. One study in
which the route of treatment was not known found that mB12 gave similar improvements
in both older and younger children as well as those with lower IQ. This suggests that
even older and more severely affected individuals with ASD can improve with mB12
treatment [52].

4.2. Biochemical Effects of Cobalamin

Studies have reported a wide variety of improvements in biochemistry associated with
B12 treatment, including improvements in methylation with injected [8,35] and oral [44,49]
B12, redox metabolism with injected [8,11] and oral [49] B12 and mitochondrial function
with oral [49] or unspecified [45] B12 treatment.

The meta-analysis examined whether there were consistent changes in biochemistry
with B12 treatment. Changes in methylation were not found to be consistent when com-
bining studies. However, homocysteine at baseline was markedly lower in the studies
that demonstrated an increase in homocysteine with treatment (baseline homocysteine
6.7 ± 0.7 [8] and 4.8 ± 1.8 [11]) as compared to the study that demonstrated a decrease in
homocysteine (baseline homocysteine 8.9 ± 1.0 [35]). Furthermore, even after treatment,
in the studies where homocysteine started out lower, the post-treatment homocysteine
concentrations were still lower than the post-treatment homocysteine in the study where
homocysteine started out higher. This was most likely driven by differences in the design
of the studies. In the two studies in which homocysteine was low, entry into the study
required an unfavorable biochemistry profile [8,11], whereas, in the study with the higher
homocysteine, no such criterion was implemented [35]. This may reflect that mB12 can
drive homocysteine to an optimal concentration with the direction of change dependent on
the starting concentration for the particular participant. Clearly, larger studies, which are
sensitive to the baseline biochemical abnormalities, are needed to examine the complexity
of the effect of mB12 on methylation. The meta-analysis did demonstrate significant im-
provements in transsulfuration and redox metabolism across studies with a medium to
large effect size, suggesting that mB12 may be important for improving redox metabolism
independent of the abnormalities in methylation metabolism.

The strongest evidence that the effect of B12 on biochemistry is clinically important
is reflected in the studies which demonstrate that changes in biochemistry are associated
with positive changes in clinical symptoms. Although one DBPC study of subcutaneously
injected mB12 did not find an overall effect of mB12 on clinical outcomes, it did find
that a subgroup of clinical “responders” showed improvements on the clinical global
impression scale and at least two additional behavioral measures; these responders had
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significant improvements in GSH and the GSH redox ratio, suggesting these biomarkers
could be used to predict response to mB12 treatment in children with ASD [55]. The second
DBPC study of subcutaneously injected mB12 demonstrated that clinician-rated improve-
ments were significantly and positively associated with improvements in methylation
metabolism [35]. Finally, in another prospective study of subcutaneously injected mB12,
significant improvements in the GSH redox ratio were significantly associated with clinical
improvements, including expressive communication, personal and domestic daily living
skills, and interpersonal, play-leisure, and coping social skills [53]. These findings further
support the notion that certain biochemical abnormalities might predict treatment response
to mB12 injections.

4.3. Biological Mechanisms of Actions

There are several potential biological mechanisms of action of B12 treatment. First, as
demonstrated by the biochemical meta-analysis, subcutaneously injected mB12 consistently
and significantly improves redox metabolism, including increasing Cysteine, GSH, and
the GSH redox ratio as well as decreasing GSSG with medium to large effect sizes. A
systematic review and meta-analysis have demonstrated that individuals with ASD overall
demonstrate low GSH and Cysteine and increased GSSG across multiple research groups
in multiple countries [57]. These redox metabolism abnormalities have been documented
in multiple tissues in individuals with ASD, including in post-mortem brain [15,58]. In
addition, these redox abnormalities have been shown to result in oxidative damage to DNA,
protein, and lipids, as well as mitochondrial dysfunction and inflammation in the brain of
individuals with ASD [15,59]. Thus, improving redox abnormalities can have widespread
positive effects on the physiological function of the brain and other key important organs
such as the immune system and GI tract in individuals with ASD.

Second, the brain of individuals with ASD has been repeatedly shown to have an
excitatory/inhibitory imbalance such that the cortex is overexcited and underinhibited [60].
Glutamate is the major excitatory neurotransmitter of the cortex, thus decreasing glutamate
neurotransmission is believed to be potentially therapeutic in ASD [61]. Glutamate is one of
the three key precursors of GSH, along with cysteine and glycine. Thus, improved produc-
tion of GSH, in part driven by mB12, may have other positive effects in neurotransmitter
metabolism by reducing glutamate concentrations in the cortex (See Figure 3).

Third, polymorphisms in TCN2, the cobalamin binding protein, are associated with
an increased risk of ASD [9], and ASD is one of the characteristics of some individuals with
a mutation in TCN2 [51]. Thus, higher concentrations of B12 may be required in the blood
in those with defects in the cobalamin binding protein in order to obtain sufficient levels of
B12 into the tissues, including the brain.

Fourth, one controlled study reported a more than 3-fold reduction in mB12 con-
centration in brain tissue from individuals with ASD [58]. The reason for this finding is
not clear but it is very possible that, such as the case with folate, some individuals with
ASD may have a defect in the transport mechanism for B12 into the brain. Indeed, in one
study, it was found that the folate receptor alpha autoantibody was associated with higher
levels of blood cobalamin concentrations [62]. These higher blood concentrations of B12
could potentially be caused by B12 being blocked from uptake into the tissues. If such a
transportation mechanism is present, a high blood concentration of B12 may be needed to
overcome the blockage in the transportation mechanism, similar to the use of high dose
folinic acid as a therapy for dysfunction of the folate receptor alpha [63]. Notably, one
study reported that higher than normal serum concentrations of B12 was not associated
with any observable adverse effects in individuals with ASD [52].

Fifth, methionine synthase, the key B12 dependent enzyme required for the proper
functioning of the methylation cycle may be dysfunctional in the brain of individuals with
ASD as one study observed that the mRNA for this enzyme is underexpressed in brain
tissue of individuals with ASD [23]. Thus, high concentrations of B12 may be important to
allow the limited amount of this enzyme to function optimally in the brain.
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Figure 3. The production of glutathione results in the consumption of glutamate, the major excitatory
neurotransmitter of the cortex, thus reducing glutamate in the brain. This diagram shows the
connected folate, methylation, and redox metabolic pathways in the brain. Ovals represent enzymes
and boxes represent metabolites. Red indicates metabolites and enzymes repeatedly noted to be
consistently abnormal in ASD. Green highlights treatments that improve the metabolism of these
cycles. Folic acid is shown in yellow as it is a suboptimal treatment because it is oxidized and has to
be converted to active forms of folate.

Sixth, B12 could be helpful in improving mitochondrial function. Two studies reported
improvements in mitochondrial-related markers in children with ASD. One prospective,
controlled, single-blind 12-month study reported improvements in mitochondrial related
markers including ATP, NADH, and NADPH with an oral MVI containing 500 mcg of
B12 (50% as mB12 and 50% as cB12) along with other nutritional treatments [49]. In
another prospective study in 127 children with ASD, B12 treatment was associated with
the better coupling of Complex I and Citrate Synthase mitochondrial enzymes [45]. Since
mitochondrial dysfunction is a common medical comorbidity in children with ASD [3,4],
the use of B12 appears important in treating this problem.

Lastly, some individuals with ASD have lower intake and blood levels of B12 com-
pared to controls. For example, a meta-analysis of 29 studies reported children with ASD
had a significantly lower dietary intake of B12 compared to controls [64], while another
meta-analysis of 16 studies found plasma B12 concentrations significantly lower in ASD
compared to controls, although evidence of potential publication bias was found [5]. These
finding may be due to feeding difficulties, which are common in individuals with ASD [65].
Thus, B12 treatment may be correcting a deficiency in some children with ASD. In addition,
because the absorption of B12 orally may be dependent on adequate calcium intake [66],
future studies examining the effect of calcium intake in conjunction with B12 might be
helpful in ASD. Since some patients with ASD take multiple nutritional supplements,
the potential interaction between B12 and other nutritional supplements also warrants
further studies.
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4.4. Formulation

Most studies (67%) that specified the route of administration used an injected form of
B12. All studies that used the injected formulation and specified the type of B12 used mB12,
except for one study, which initially used cB12 and changed to mB12. All studies that have
linked changes in biochemistry with improvements in autism symptoms used subcuta-
neously injected mB12. The injected formulation is preferred by some practitioners because
individuals with ASD may not be able to successfully take B12 orally due to GI disorders.
Indeed, gastritis and enterocolitis may prevent optimal absorption while sensory aversions
or esophagitis may prevent ASD children from easily swallowing a supplement [67,68].
Furthermore, as mentioned above, if there is a defect in B12 transportation in the blood
or across the blood–brain barrier, higher blood concentrations of B12 may be needed to
optimally deliver B12 into the organs, particularly the brain. It is possible that the GI tract
is not even designed to absorb the necessary quantity of B12 that might be needed if indeed
a problem with B12 transportation is present. Injected B12 may help raise the blood level
higher than that achieved with oral B12.

A few studies combined B12 with other vitamins and/or minerals, thus these studies
may reflect the combination of B12 with other supportive treatments. One study examined
changes in biochemical markers of methylation and redox metabolism before and after
adding betaine and folinic acid, and then after adding subcutaneously injected mB12
and found that the addition of mB12 to betaine and folinic acid both had a positive
effect on methylation and redox metabolism [8]. Thus, in studies that have used other
supportive treatments, B12 may have worked in concert with these other treatments.
A recent randomized, single-blind study using a combination of various dietary and
nutritional treatments in individuals with ASD, including essential fatty acids, Epsom salt
baths, digestive enzymes, carnitine, and a MVI containing a combination of mB12 and cB12
reported significant improvements over one year compared to a control group that was
not treated, suggesting a combination of treatments, which affect methylation and redox
metabolism might lead to more robust improvements [50]. Further research will be needed
to understand the optimal combination of treatments.

4.5. Adverse Events

The meta-analysis of AEs demonstrated a low incidence of AEs with most children
tolerating the treatment without any AEs. Only one study described a potentially serious
AE, anemia when using injected cB12. This AE resolved with changing to injected mB12.
mB12 given by injection or orally has not been associated with any severe or serious AEs,
perhaps suggesting that it is the preferred form of B12 for individuals with ASD at this
time. After the completion of one study, 31/40 (78%) of parents indicated a desire to
continue mB12 treatment [11,53]. This suggests that parents observed enough clinical
improvements and a low enough rate of adverse effects to continue mB12 injections.
Interestingly, although the majority of significant AEs reported pertained to worsening
behavior and sleep, some studies have demonstrated significant improvements in such
symptoms, including hyperactivity [32,49] and sleep [48], suggesting that overall many
children have improvements in these key symptoms, and that having such symptoms at
baseline is not necessarily a contraindication for starting B12 treatment. One study reported
some individuals with ASD had above normal serum B12 levels with B12 treatment without
any apparent AEs [52]. Finally, one retrospective study examined 24 children with ASD who
received mB12 injections and compared urinary and plasma cobalt levels to 48 children who
did not receive mB12 injections. These children were treated with the standard dose of mB12
used in the SC mB12 studies (75 µg/kg, injected every 1–3 days). The mean plasma cobalt
concentration in the mB12 group was significantly elevated (0.82 ± 0.19 µg/L) compared
to the untreated group (0.12 ± 0.10). The investigators noted that the study was limited as
it could not determine what form of cobalt was present (free or bound in mB12), how the
cobalt was distributed in the body, and what the tissue levels would be. Furthermore, no
apparent adverse events from this finding were reported in the study [56]. Notably, adverse
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effects from serum cobalt are unlikely to occur with a blood cobalt concentration under
100 µg/L (using a conservative estimate), which is over 100 times the level reported in this
aforementioned study [69]. Furthermore, no study has reported AEs consistent with cobalt
toxicity (e.g., iron deficiency, pernicious anemia, cardiomyopathy, and polycythemia).

4.6. Limitation of Published Studies

Many studies demonstrated detection bias as only a few studies used standardized
outcomes. This made it impossible to perform a meta-analysis across clinical outcomes.
Second, although some studies were prospective, they were uncontrolled and unblinded
and not randomized, opening up the possibility of selection and performance bias. Fi-
nally, the retrospective studies had the potential drawback of being open to attrition and
reporting bias.

5. Conclusions

Overall, B12 appears to have evidence for effectiveness in individuals with ASD,
particularly in those who have been identified with unfavorable biochemical profiles. In
general, B12 appears to be very well-tolerated and safe. Two types of B12 have been
studied in controlled and/or prospective clinical trials: (1) subcutaneously injected mB12
has evidence for improving clinical symptoms of ASD and improving methylation and
redox metabolism, especially in those with unfavorable biochemistry and when combined
with folinic acid (aka leucovorin) and (2) a mixture of cB12 and mB12 included in a MVI
also appears to be associated with improvements in clinical symptoms, biochemistry, and
physical medical disorders.

As mentioned above, the current set of studies have their limitations and should be
used to design and implement well-controlled blinded randomized clinical trials in the
future. Additionally, the ASD population is very heterogeneous, making it important to
understand the subset of children with ASD in which B12 treatment may be most effective.
There is evidence that B12, particularly subcutaneously injected mB12, may be particularly
helpful for a subset of individuals with ASD with unfavorable biomarkers, suggesting
that biomarkers need to be studied alongside clinical outcomes with a prior hypothesis
regarding subgroups that may optimally respond to treatment. Thus, including reliable
biomarkers that can guide treatment will be helpful to optimize this potentially important
well-tolerated safe treatment.
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Abstract: Autism spectrum disorder (ASD) often involves a wide range of co-occurring medical
conditions (“comorbidities”) and biochemical abnormalities such as oxidative stress and mitochon-
drial dysfunction. Nutritional supplements (“Nutraceuticals”) are often used to treat both core ASD
symptoms and comorbidities, but some have not yet been formally evaluated in ASD. The potential
biological mechanisms of nutraceuticals include correction of micronutrient deficiencies due to a
poor diet and support for metabolic processes such as redox regulation, mitochondrial dysfunction
and melatonin production. This paper reports on the results of the National Survey on Treatment
Effectiveness for Autism, focusing on nutraceuticals. The Survey involved 1286 participants from
across the United States. Participants rated the overall perceived benefits and adverse effects of each
nutraceutical, and also indicated the specific symptoms changed and adverse effects. From these
ratings the top-rated nutraceuticals for each of 24 symptoms are listed. Compared to psychiatric
and seizure medications rated through the same Survey, on average nutraceuticals had significantly
higher ratings of Overall Benefit (1.59 vs. 1.39, p = 0.01) and significantly lower ratings of Overall
Adverse Effects (0.1 vs. 0.9, p < 0.001). Folinic acid and vitamin B12 were two of the top-rated
treatments. This study suggests that nutraceuticals may have clinical benefits and favorable adverse
effect profiles.

Keywords: autism; autism spectrum disorder; nutraceuticals; survey; vitamins; minerals; B12;
folinic acid

1. Introduction

Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder involv-
ing core problems in social communication and repetitive behaviors and affects about 2%
of children in the United States [1]. A number of medical conditions cooccur with ASD
(termed “comorbidities”), including intellectual disability [2], epilepsy [3], gastrointestinal
disorders (such as constipation and diarrhea) [4], sleep disorders [5], attention deficit disor-
der [5], anxiety [5], and irritability, self-injurious behavior, and depression [6]. Other studies
have reported biochemical abnormalities, including problems with methylation pathway
insufficiency [7,8], insufficient production of melatonin for sleep [9], mitochondrial dysfunc-
tion [10,11] and oxidative stress [12,13]. Currently, there are no FDA-approved medications
for treating the core symptoms of ASD (social communication and restricted/repetitive
behaviors), although there are two FDA-approved medications for treating the associated
symptom of irritability [14].

Compared to typically developing (TD) children, feeding difficulties are common
in children with ASD and include food refusal, eating a limited variety of foods and
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having more problems with mealtime behavior [15], and they may have nutrient-poor
diets [16]. One meta-analysis of 17 prospectively controlled studies reported significantly
more feeding problems in children with ASD compared to controls (odd ratios 5.11, 95%
CI 3.74–6.97) and significantly lower intake of calcium and protein in the ASD group [17].
A systematic review of 29 studies reported that feeding problems were associated with
impaired sensory processing, perception, more rigidity and challenging behaviors [18].
A prospective, randomized controlled trial of a comprehensive dietary and nutritional
intervention found that a combination of six treatments (vitamins/minerals, essential fatty
acids, Epsom salts, carnitine, digestive enzymes, and a healthy low-allergen diet) led to
significant improvements over one year in autism symptoms, developmental age, and
non-verbal IQ compared to controls [19].

Because of potential deficiencies of nutrients (often related to feeding problems) and
biochemical abnormalities (e.g., oxidative stress, mitochondrial dysfunction, methylation
problems, among others) reported in individuals with ASD, a number of studies have
investigated the use of vitamins, minerals, and other nutritional supplements (hereafter
termed “Nutraceuticals”). The use of nutraceuticals is typically considered a form of
complementary and alternative medicine (CAM), although many nutraceuticals are based
on the science of nutritional biochemistry and target deficiencies and biochemical problems.
Owen-Smith et al. (2015) conducted a survey of 42 CAM treatments used in ASD and
reported 88% of participants had been treated with at least one CAM treatment [20]. Frye
et al. (2011) surveyed the effectiveness of seizure treatments (including nutraceuticals) in
733 children with ASD and seizures compared to 290 controls and reported some CAM
treatments (such as vitamin B6, magnesium, taurine, and vitamin B12) were rated as helpful
for treating seizures [21]. In addition, a large online survey was conducted by the Autism
Research Institute (the “Parent Ratings of Behavioral Effects of Biomedical Interventions
Survey”) [22]. This survey of 27,000 parents of individuals with ASD rated the effectiveness
of 84 various medications, supplements, and diets, using a six-point scale from “made
worse” to “made better”; a number of treatments were reported as beneficial, including
methylcobalamin (MB12), melatonin, digestive enzymes, fatty acids, cod liver oil, vitamin
B6, zinc, magnesium, folic acid, vitamin C, and vitamin A [23]. Although these surveys
focused on the overall effectiveness ratings for medications and nutraceuticals used in ASD
individuals, most of these studies did not utilize a separate rating scale for the benefits and
adverse effects (AEs) and did not obtain information on the effects of these treatments on
specific symptoms of ASD.

Some of the medical comorbidities and biochemical abnormalities reported in indi-
viduals with ASD might improve with nutraceuticals. For example, randomized clinical
trials for ASD have demonstrated the efficacy of melatonin supplementation [9], folinic
acid [24–26], vitamin/mineral supplements [27,28], comprehensive nutritional interven-
tions [19], N-acetyl cysteine (NAC) [29], and sulforaphane [30].

This paper presents the results of a national survey (the “National Survey on Treat-
ment Effectiveness for Autism”) in individuals with ASD and contains more extensive
assessments of the treatment effects on specific behaviors and AEs of nutraceuticals in
ASD. A previous paper from this Survey reported on the results for psychiatric and seizure
medications [31].

2. Materials and Methods

The research team created the “National Survey on Treatment Effectiveness for
Autism” (from now on referred to as “the Survey”) and obtained reviews by families
of children/adults with ASD and experts in a variety of fields who treat individuals with
ASD. This study was approved by the Institutional Review Board of Arizona State Uni-
versity (STUDY00003766). The Survey was advertised to families of individuals with
ASD across the country with the assistance of over 50 autism organizations (see Acknowl-
edgements). A full explanation of the Survey creation and distribution can be found in
the previous paper [31]. The Survey obtained general medical history and the use of
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psychiatric and seizure medications, general medications, nutraceuticals, diets, therapies,
and information on Kindergarten through grade 12 education. This paper reports data
only on the nutraceutical section from Survey responses from 1710 people (of which 1286
(75.2%) rated the effects of nutraceuticals); additional responses were collected since the
analysis reported in the previous paper. The exact diagnosis of the individual with ASD
was queried using the following categories: autism, Asperger’s syndrome, autism spec-
trum disorder, high-functioning autism, pervasive developmental disorder not otherwise
specified (PDD-NOS), no current diagnosis but was previously on the autism spectrum,
and “other” in order to capture both DSM-IV and DSM-5 diagnostic categories. These
diagnoses were reported by the participant, but not verified in this study since it was an
anonymous survey.

The Survey was divided into sub-sections for various types of nutraceuticals (amino
acids, vitamins, etc.). At the beginning of each sub-section, the Survey asked what nu-
traceuticals the participant had taken (from a list of 123 nutraceuticals found in Table S1).
For each nutraceutical taken, the Survey asked the participant to rate the overall perceived
benefit of the nutraceutical (no benefit = 0, slight benefit = 1, moderate benefit = 2, good
benefit = 3, great benefit = 4), the primary symptoms benefited (if any), the overall AE of
the nutraceutical (no adverse effect = 0, mild adverse effect = 1, moderate adverse effect = 2,
severe adverse effect = 3), and the specific symptoms that were adversely affected (if any).
Table 1 shows the symptom list from which participants could select (they could select
one or more for each treatment). Finally, the Survey asked for the overall average effect
of all nutraceuticals (on a 7-point scale ranging from “much better” to “much worse”).
Only treatments with 20 or more responses were included in this analysis. It should be
noted that the ratings are the perceived benefit of the evaluator (primarily a caregiver or
sometimes the person with ASD), and not ratings by a clinician or physician, which is a
limitation of the study.

For each treatment, the top 3 benefits were reported as well as any other benefits with
over 20% of participants reporting a benefit. For AEs, the top 3 AEs were reported and
any other AEs which were reported by 15% or more of participants. These were arbitrary
cut-offs to limit table entries to the most relevant symptoms; a slightly lower cut-off for
AEs was chosen since they were so rare.

The top-rated treatments for each symptom were calculated by multiplying the overall
net benefit by the percentage of participants who had improvements in that symptom. For
each symptom, the three top-rated treatments are reported, as well as any other treatments
with a score of 0.2 or higher (equivalent to 10% of participants reporting a moderate benefit).

In order to determine if any of the nutraceuticals were related to changes in ASD
severity, two questions were asked on the Survey. Specifically, the ASD severity rated
at 3 years of age (which would be close to most patient’s diagnosis) was compared to
the currently rated ASD severity. The categories of severity were coded on a five-point
scale with increasing numeric values corresponding to increasing severity. Specifically,
no symptoms (0), very mild symptoms (1), mild symptoms (2), moderate symptoms (3),
and severe symptoms (4). The current ASD severity was subtracted from the severity at
baseline (3 years of age) such that a decrease in severity would indicate an improvement.
The generalized linear model performed in IBM SPSS PASW Release 18.0.0 (Armonk, New
York) was used to analyze change in severity. The model included gender (male, female),
developmental profile, number of antibiotic treatments in the first 3 years of life (since that
has been reported higher in ASD), and baseline ASD severity. In general, only treatments
that were used by 100 respondents or more were analyzed to ensure generalizability and a
wide range of ASD severity changes. Two different approaches were used. First, it was
determined whether use of the nutraceutical was associated with improvements in ASD
symptoms by comparing those who used the nutraceutical to those who did not. Second,
the association between the perceived benefits of the nutraceutical with the change in ASD
symptoms was examined by comparing current ASD severity versus severity at 3 years
old. This later analysis including an interaction between treatment and severity at 3 years
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of age in order to determine whether the change in severity associated with the treatment
was affected by the severity of ASD at age 3 years of age. A one-way analysis of variance
was also used to determine whether severity at 3 years of age was related to the use of any
treatment studied.

Table 1. All Symptom Options.

Benefited Symptom Options Adverse Symptom Options

General benefit, no one particular symptom General worsening, no one specific symptom

Aggression/Agitation Aggression/Agitation

Anxiety Anxiety

Attention Bedwetting/Bladder Control

Cognition (ability to think) Behavior problems

Constipation Decreased cognition (difficulty
thinking/remembering)

Depression Depression

Diarrhea Dizziness/Unsteadiness

Eczema/Skin problem Dry mouth

Health (fewer illnesses and/or less severe illnesses) Fatigue/Drowsiness

Hyperactivity Gastrointestinal problems

Irritability Headache/Migraine

Language/Communication Hyperactivity

Lethargy (easily tired) Irritability

OCD Liver/Kidney problem

Reflux/Vomiting Loss of appetite

Seizures Nausea

Self-Injury Rash

Sensory Sensitivity Seizures

Sleep (falling asleep) Self-injury

Sleep (staying asleep) Sleep Problems

Social Interaction and Understanding Stimming/Perseveration/Desire for Sameness

Stimming/Perseveration/Desire for Sameness Tics/Abnormal movements

Tics/Abnormal movements Weight gain

Weight loss

3. Results
3.1. Demographics and Medical History

The characteristics of the 1286 participants and their medical history are outlined
in Table 2. The majority of the surveys were completed by the primary caregiver of an
individual with ASD (85%). More than half of the surveys were for children under 13 years
old (54%), with 21% for teenagers and 16% for young adults (18 years or older). Seventy
six percent of participants were male, and 24% were female. Autism was the most frequent
diagnosis (43%), followed by Autism Spectrum Disorder (22%) and Asperger’s syndrome
(14%). The most common developmental history was “Abnormal development from early
infancy, with no major regression or plateau in development” (32%). Furthermore, most
participants received antibiotics during their first 3 years of life, with a median of 3 rounds.
Most participants had moderate autism-related symptoms at age 3 years old (38%) and
currently (38%).
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Table 2. Completion, Age, Gender, Medical Diagnosis, Developmental History, and Antibiotic Use.

N %

Survey Completed By

Primary Caregiver of an Individual with Autism 1094 85%

Adult with High-Functioning Autism 18 years or older who does not have a guardianship 89 7%

Adult with Autism with their Mother/Father/Childhood Guardian 39 3%

Grandparent of an Individual with Autism 1 58 5%

Other 6 0%

Age of Participant

Child (under 13 years old) 692 54%

Teenager (13–17 years old) 274 21%

Young Adult (18–30 years old) 202 16%

Adult (over 30 years old) 116 9%

Gender of Participant

Male 973 76%

Female 305 24%

Other 5 0%

Current Medical Diagnosis

Autism 548 43%

Asperger’s Syndrome 186 14%

Autism Spectrum Disorder 289 22%

High-Functioning Autism 148 12%

Pervasive Developmental Disorder—Not Otherwise Specified (PDD-NOS) 76 6%

No current diagnosis, but he/she was on the autism spectrum previously 18 1%

Other 21 2%

Developmental History

Abnormal development from early infancy, with no major regression or plateau in development 410 32%

Normal development, followed by a plateau in development that lasted for several months or longer 284 22%

Normal development, followed by major regression 278 22%

Normal development, followed by a major regression and a plateau lasting several months or longer 168 13%

Other 127 10%

Number of Rounds of Antibiotics during the first three years of life

Average 9.3

Median 3.0

None 148 14%

1 Round 183 17%

2 Rounds 138 13%

3 Rounds 163 15%

4 Rounds 67 6%

5 Rounds 63 6%

301



J. Pers. Med. 2021, 11, 878

Table 2. Cont.

N %

6–7 Rounds 79 7%

8–10 Rounds 90 8%

11–15 Rounds 35 3%

16–20 Rounds 22 2%

21+ Rounds 84 8%

Severity of autism-related symptoms at age 3

No autistic symptoms 50 4%

Nearly normal, with only very mild symptoms 227 18%

Mild autism 290 23%

Moderate autism 474 38%

Severe autism 222 18%

Severity of autism-related symptoms currently

No autistic symptoms 14 1%

Nearly normal, with only very mild symptoms 200 16%

Mild autism 390 31%

Moderate autism 475 38%

Severe autism 186 15%
1. Grandparents were taken from those responded with “other” and noted they were grandparents. Numbers may not add up to 100% due
to rounding.

3.2. Nutraceuticals

Of the 123 nutraceuticals included in the Survey (found in Supplemental Table S1),
58 had 20 or more responses and are reported here. These nutraceuticals are reported
in eight general categories—the categories and the number of nutraceuticals for each
category are: amino acids (4), essential fatty acids (7), glutathione-related nutraceuticals (4),
individual minerals (9), individual vitamins/vitamin-like nutraceuticals (22), multivitamins
(3), sleep treatments (3), and others (5). The most commonly used treatments were generic
child/adult multivitamin (34%), melatonin (29%), omega 3 fatty acids (15%), vitamin C
(14%), krill oil (13%), fish oil (13%), vitamin D (12%), magnesium (12%), Epsom salts (11%),
and zinc (10%).

3.2.1. Amino Acids

Amino Acids were rated as having a slight to moderate (1.1 to 1.6) overall perceived
benefit with minimal AEs (0.1 to 0.4). For the amino acid blend, glutamine and taurine, the
primary benefit was general benefit (43–57%) with small benefits in other symptoms. For
tryptophan, the primary benefits were helping with falling asleep and staying asleep (see
Table S2 and Figure 1).

3.2.2. Fatty Acids

Fatty Acids (FA) were rated as having a moderate to good benefit (1.2 to 2) with
minimal overall AEs (0 to 0.2). For all FAs, the primary benefit was general benefit (32% to
59%), with secondary benefits in attention and cognition. See Table S3 and Figure 2.
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Figure 1. Overall Benefit Score and Adverse Effect Score for Amino Acid Treatments from Highest Overall Benefit to Lowest
Overall Benefit.

Figure 2. Overall Benefit Score and Adverse Effect Score for Fatty Acid Treatments from Highest Overall Benefit to Lowest
Overall Benefit.

3.2.3. Glutathione-Related Nutraceuticals

Glutathione-related nutraceuticals (including NAC) were rated as having a slight to
moderate benefit (1.1 to 1.7) with minimal AEs (0 to 0.3). The most common benefit was
general benefit (4% to 56%). See Table S3 and Figure 3.
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Figure 3. Overall Benefit Score and Adverse Effect Score for Glutathione-Related Treatments from Highest Overall Benefit
to Lowest Overall Benefit.

3.2.4. Individual Minerals

Individual minerals were rated as having a slight to moderate benefit (1.3 to 2.1) with
minimal AEs (0–0.3). The most common benefit was general benefit (15% to 70%). Lithium
also helped with anxiety (24%), and magnesium helped with constipation (27%). Iron
caused some gastrointestinal adverse effects in 17%. See Table S4 and Figure 4.

Figure 4. Overall Benefit Score and Adverse Event Score for Individual Minerals from Highest Overall Benefit to Lowest
Overall Benefit.
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3.2.5. Individual Vitamins/Vitamin-like Nutraceuticals

Individual vitamins and vitamin-like nutraceuticals were rated as having slight to
moderate overall benefits (1.0 to 2.2) with minimal AEs (0 to 0.3). The most common
benefit was general overall benefit (14% to 62%). High dose folinic acid (above 5 mg/day)
improved cognition (33%), attention (29%), and language/communication (24%). Moderate
dose folinic acid (below 5 mg/day) also improved language/communication (20%). P5P
improved anxiety (20%) and TMG improved language/communication (29%). Injected
vitamin B12 improved language/communication (30%), cognition (28%), and attention
(20%). Oral vitamin B12 improved cognition (25%) and language/communication (18%).
Vitamin C also improved overall health (27%). See Table S6 and Figure 5.

Figure 5. Overall Benefit Score and Adverse Event Score for Individual Vitamins/Vitamin-like Nutraceuticals from Highest
Overall Benefit to Lowest Overall Benefit.

3.2.6. Multivitamins

Multivitamins were rated as having a slight to moderate benefit (1.4 to 1.9) with
minimal AEs (0.0 to 0.2). The most common benefit was general benefit (50–55%). High
dose multivitamin also improved general health (26%), and a high dose multivitamin,
specifically designed for ASD, improved cognition (21%). See Table S7 and Figure 6.

3.2.7. Sleep-Related Nutraceuticals

Sleep-related nutraceuticals were rated as having slight to moderate benefit (1.2–2.1),
with minimal AEs (0.1 to 0.3). The primary benefit was falling asleep (36–74%), followed
by staying asleep (27–35%). For 5-HTP, there was also a general benefit (27%). See Table S8
and Figure 7. It is noteworthy that melatonin had the highest overall benefit score and was
used by a very high number of participants.
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Figure 6. Overall Benefit Score and Adverse Event Score for Multivitamins from Highest Overall Benefit to Lowest
Overall Benefit.

Figure 7. Overall Benefit Score and Adverse Event Score for Sleep Treatments from Highest Overall Benefit to Lowest
Overall Benefit.

3.2.8. Other Miscellaneous Nutraceuticals

For other miscellaneous nutraceuticals, the general benefit ranged from 1.3 to 2.2
(slight to moderate benefit) with minimal AEs (0.0 to 0.2). All of these nutraceuticals had
improvements in general benefit (22% to 67%). Epsom salts improved aggression/agitation
(35%) and attention (26%). A fruit/vegetable powder concentrate also improved consti-
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pation (24%) and general health (24%). GABA improved anxiety (26%). See Table S9 and
Figure 8.

Figure 8. Overall Benefit Score and Adverse Effect Score for Other Miscellaneous Nutraceuticals from Highest Overall
Benefit to Lowest Overall Benefit.

3.2.9. Average of All Nutraceuticals

Averaging all the nutraceuticals reported in this paper, the average Overall Benefit and
Overall AE was 1.6 (SD = 0.3) and 0.1 (SD = 0.1), respectively, reflecting that participants
reported on average slight to moderate benefits with minimal adverse effects.

3.2.10. Top Nutraceuticals by Symptom

Table 3 presents the top-rated nutraceuticals for 24 different symptoms. For most
symptoms, nutraceuticals were moderately effective (net benefit scores >0.25), including
aggression/agitation, anxiety, attention, cognition, constipation, diarrhea, general ben-
efit, health, hyperactivity, irritability, language/communication, falling asleep, staying
asleep, and social interaction/understanding. Other symptoms were only slightly affected
(net benefit scores between 0.10 and 0.25) such as depression, eczema/skin problems,
lethargy, obsessive-compulsive symptoms, reflux/vomiting, sensory sensitivity, stimming
and tics/involuntary movements (Table 3).

It is important to note that less common problems, such as seizures, might receive
lower scores since fewer individuals have these problems. These ratings should be in-
terpreted cautiously, as they are averages, but they suggest which treatments families
sensed were most helpful for a given symptom, which can potentially help guide treatment
selection and future research.
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Table 3. Top Nutraceuticals for Symptoms from Highest Overall Net Benefit Rating to Lowest Overall Net Benefit Rating.

Symptoms Nutraceuticals (Overall Net Benefit Rating)

General benefit, no one
particular symptom

Fruit/Vegetable Powder Concentrate (1.49), Potassium (1.30), Omega 6 (1.18), Vitamin C (1.05), Vitamin D (1.00),
CoQ10 (1.00), High Dose Folinic Acid (1.00), Chromium (0.97), Vitamin E (0.95), Iodine (0.95), General Glutathione
(0.92), Moderate Dose Folinic acid (0.92), High Dose Multivitamin (0.91), Folic Acid (0.89), Vitamin B1 (0.85),
Vitamin A (not as cod liver oil) (0.85), High Dose Multivitamin for Children/Adults with ASD (0.83), Vitamin B2
(0.81), Vitamin B3 (0.78), Blend of Amino Acids (0.77), Calcium (0.76), Vitamin A (as cod liver oil) (0.75), Zinc
(0.74), Generic Child/Adult Multivitamin (0.75), Omega 3 (0.74), Selenium (0.74), Vitamin B5 (0.72), Iron (0.69),
Milk Thistle (0.66), Magnesium (0.66), Krill Oil (0.66), Vitamin K (0.65), PSP (0.64), Oral Vitamin B12 (0.64),
Evening Primrose Oil (0.63), Oral Glutathione (0.62), Lithium (0.60), Biotin (0.60), Cod Liver Oil (0.55), Flax Seed
Oil (0.52), Medium Dose Vitamin B6 (0.52), Oral NAC (0.51), Fish Oil (0.49), Carnitine (0.49), Injected Vitamin B12
(0.48), Taurine (0.47), 5-HTP (0.46), Transdermal Glutathione (0.44), Epsom Salt (0.34), DMG (0.30), GABA (0.25)

Sleep (falling asleep) Melatonin (1.33), 5-HTP (0.61), Tryptophan (0.45), Valerian Root (0.44), Magnesium (0.21)

Cognition
High Dose Folinic Acid (0.63), Omega 6 (0.53), Cod Liver Oil (0.43), Omega 3 (0.43), Injected Vitamin B12 (0.42),
Oral Vitamin B12 (0.40), Fish Oil (0.39), High Dose Multivitamin for Children/Adults with ASD (0.35), CoQ10
(0.26), High Dose Multivitamin (0.23), Lithium (0.22), Krill Oil (0.21), Moderate Dose Folinic Acid (0.20)

Sleep (staying asleep) Melatonin (0.63), 5-HTP (0.46), Tryptophan (0.32), Valerian Root (0.24)

Aggression/Agitation Epsom Salt (0.54), Lithium (0.22), Magnesium (0.20)

Attention
High Dose Folinic Acid (0.54), Omega 6 (0.50), Epsom Salt (0.41), High Dose Multivitamin for Children/Adults
with ASD (0.32), Cod Liver Oil (0.30), Omega 3 (0.29), Evening Primrose Oil (0.28), PSP (0.26), Oral Vitamin B12
(0.26), Fish Oil (0.21)

Language/Communication
High Dose Folinic Acid (0.45), Injected Vitamin B12 (0.45), Moderate Dose Folinic Acid (0.33), Omega 6 (0.32),
General Glutathione (0.32), Oral Vitamin B12 (0.30), Cod Liver Oil (0.25), Omega 3 (0.25), Epsom Salt (0.24), High
Dose Multivitamin (0.23), High Dose Multivitamin for Children/Adults with ASD (0.22), Fish Oil (0.21), TMG (0.20)

Constipation Fruit/Vegetable Powder Concentrate (0.53), Magnesium (0.48), Vitamin C (0.22)

Health (fewer illnesses and/or
less severe illnesses)

Fruit/Vegetable Powder Concentrate (0.53), Vitamin C (0.51), High Dose Multivitamin (0.45), Vitamin D (0.34),
Potassium (0.33), Zinc (0.31), High Dose Multivitamin for Children/Adults with ASD (0.29), Vitamin E (0.23)

Anxiety Lithium (0.37), Magnesium (0.33), PSP (0.32), GABA (0.27), Tryptophan (0.26), High Dose Multivitamin for
Children/Adults with ASD (0.22)

Social Interaction and
Understanding

High Dose Folinic Acid (0.36), General Glutathione (0.26), Moderate Dose Folinic Acid (0.26), High Dose
Multivitamin for Children/Adults with ASD (0.26), Injected Vitamin B12 (0.26), High Dose Multivitamin (0.23),
Oral Vitamin B12 (0.22)

Irritability High Dose Folinic Acid (0.27), Magnesium (0.26), Epsom Salt (0.23), High Dose Multivitamin for Children/Adults
with ASD (0.22)

Sensory Sensitivity High Dose Multivitamin for Children/Adults with ASD (0.22), Lithium (0.15), Injected Vitamin B12 (0.12)

Lethargy (easily tired) Carnitine (0.21), Chromium (0.19), Injected Vitamin B12 (0.15)

Depression Epsom Salt (0.18), Tryptophan (0.13), Vitamin D (0.11)

Hyperactivity High Dose Folinic Acid (0.18), High Dose Multivitamin for Children/Adults with ASD (0.13), Magnesium (0.12)

Stimming/Perseveration/Desire
for Sameness Evening Primrose Oil (0.14), High Dose Multivitamin for Children/Adults with ASD (0.13), Tryptophan (0.13)

OCD PSP (0.13), Vitamin B3 (0.10), High Dose Folinic Acid (0.09)

Tics/involuntary movements Tryptophan (0.13), Potassium (0.08), High Dose Multivitamin (0.08)

Eczema/Skin problems Biotin (0.12), Vitamin E (0.08), Vitamin D (0.07)

Diarrhea Fruit/Vegetable Powder Concentrate (0.11), Glutamine (0.08), High Dose Multivitamin for Children/Adults
with ASD (0.06)

Seizures High Dose Folinic Acid (0.09), Moderate Dose Folinic Acid (0.07), Oral Vitamin B12 (0.01)

Self-Injurious behaviors High Dose Folinic Acid (0.09), Oral Glutathione (0.07), High Dose Multivitamin for Children/Adults with ASD (0.06)

Reflux/Vomiting Epsom Salt (0.06), Milk Thistle (0.05), Vitamin E (0.04)

3.2.11. Overall Effects of Nutraceuticals

As a final part of this Survey, participants were asked to rate the overall effect of
nutraceuticals (Table 4). A total of 77% of participants reported that nutraceuticals had a
positive effect, ranging from slightly better (24%) to much better (27%), with 23% reporting
no effect, and no reports that they generally resulted in worsened symptoms.
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Table 4. Rating of the Overall Effects of Nutraceuticals.

Percentage of Responses

Much Better (3) 27%

Somewhat Better (2) 26%

Slightly Better (1) 24%

No Effect (0) 23%

Mildly Worse (−1) 0%

Somewhat Worse (−2) 0%

Much Worse (−3) 0%

Average 1.6

3.3. Analysis of the Effect on Specific Supplements on Change in Severity

To study the change in ASD severity related to nutraceuticals, nutraceuticals with at
least 100 responses were selected in order to ensure there were enough cases to provide an
adequate range of change in ASD severity. Since there were multiple categories of Omega
3 fatty acids (Fish Oils, Omega 3 Fatty Acids, Krill Oil) and B12 (oral and injected) these
nutraceuticals were combined into categories. Thus, nutraceuticals selected included B12
(n = 170), Omega 3 fatty acids (n = 276), Epsom salt baths (n = 141), calcium (n = 110),
magnesium (n = 153), zinc (n = 124), Vitamin C (n = 182), Vitamin D (n = 159), generic
multivitamin (MVI) (n = 436), autism specific MVI (n = 103), and melatonin (n = 367).
Because two other MVIs were being studied, high dose MVI (n = 45) was also included
in the analysis. Because of the interest in the difference between injected vs. oral B12,
the analysis was conducted on the separate groups of oral B12 (n = 127) and injected B12
(n = 76) as well as any B12 use. The analysis adjusted for baseline severity at age 3 years of
age, developmental profile, number of rounds of antibiotic used in infancy, and gender.

3.3.1. Specific Nutraceutical Use

First, the analysis determined whether the changes in severity from 3 years of age
to the current age was related to taking a nutraceutical regardless of the reported specific
beneficial response. The uses of any B12 [χ(1)2 = 11.79, p < 0.001], injected B12 [χ(1)2 = 5.58,
p = 0.01] or oral B12 [χ(1)2 = 11.48, p = 0.001], Calcium [χ(1)2 = 8.29, p < 0.01], Magnesium
[χ(1)2 = 5.83 p = 0.01], Zinc [χ(1)2 = 20.46 p < 0.001], Vitamin D [χ(1)2 = 6.66 p = 0.01], or
a multivitamin specifically formulated for ASD [χ(1)2 =7.00 p < 0.01] were significantly
related to a positive improvement in ASD symptoms (a reduction in ASD severity) as seen
in Figure 9.

The change in ASD severity was also related to baseline severity at 3 years of age
in all of the analyses, which included taking B12 [χ(1)2 = 336, p < 0.001], B12 injections
[χ(1)2 = 332, p < 0.001], oral B12 [χ(1)2 = 341, p < 0.001], Omega 3 Fatty Acids [χ(1)2 = 336,
p < 0.001], Epsom Salt Baths [χ(1)2 = 329, p < 0.001], Calcium [χ(1)2 = 343, p < 0.001],
Magnesium [χ(1)2 = 338, p < 0.001], Zinc [χ(1)2 = 350, p < 0.001], Vitamin C [χ(1)2 = 335,
p < 0.001], Vitamin D [χ(1)2 = 327, p < 0.001], Generic MVI [χ(1)2 = 327, p < 0.001], high dose
MVI [χ(1)2 = 337, p < 0.001], autism specific MVI [χ(1)2 = 321, p < 0.001], and Melatonin
[χ(1)2 = 355, p < 0.001]. In all models, a higher baseline severity was associated with a
larger positive change in development as might be expected as higher severity patients
have more potential for improvements.

Almost all of the associations shown in Figure 9 demonstrate that treatment was
associated with greater improvements. The exceptions were generic multi-vitamin, pre-
sumably because that meant participants did not take a multi-vitamin specific for ASD,
and melatonin, probably because it treats a specific problem and is given to children with
sleep disorders who may require additional non-nutraceutical treatments.
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Figure 9. Relationship between nutraceuticals and change in autism severity from 3 years of age to the current age.

3.3.2. Perceived Benefit and Change in Autism Severity

A positive change in ASD severity was associated with the perceived benefit of any B12
supplement [χ(1)2 = 10.14, p = 0.001] and the baseline ASD severity [χ(1)2 = 94.85, p < 0.001]
(Figure 10A), as well as the perceived benefit of injected B12 supplement [χ(1)2 = 27.45,
p < 0.001] and the baseline ASD severity [χ(1)2 = 61.34, p < 0.001] (Figure 10B). Interestingly,
the pattern of the child’s development also affected the change in ASD severity when
controlling for the benefit of injected B12 [χ(1)2 = 24.32, p < 0.001]. This was due to the
children with early onset ASD demonstrating significantly greater benefit (1.5) as compared
to those who had a clinical regression and then a developmental plateau (−0.31), those
with only a plateau (0.69) or those with a major developmental regression (0.46) when
controlling for the perceived benefit of B12 injections.

A positive change in ASD severity was associated with the perceived benefit for
Omega 3 Fatty Acids [χ(1)2 = 6.10, p = 0.01] and the baseline ASD severity [χ(1)2 = 148.38,
p < 0.001] (Figure 10C). A positive change in ASD severity was associated with the per-
ceived benefit in zinc supplementation [χ(1)2 = 7.25, p < 0.01] and the baseline ASD severity
[χ(1)2 = 86.29, p < 0.001]. However, the effect of baseline ASD severity resulted in the
perceived benefit only being obvious in the most severely affected patients (Figure 10D).
Finally, a positive change in ASD severity was associated with the perceived benefit in
Epsom salts [χ(1)2 = 6.59, p = 0.01] and the baseline ASD severity [χ(1)2 = 66.80, p < 0.001]
(Figure 10E).
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Figure 10. Association between change in ASD severity with the perceived benefit of the nutraceutical (A) Overall
methylcobalamin; (B) Injected methylcobalamin; (C) Omega 3 Fatty Acids; (D) Zinc; (E) Epsom Salt Baths.

We also compared whether the severity of the diagnosis was related to starting any
supplement. Those that took injected B12 [F(1710) = 4.244, p = 0.04], Epsom salt baths
[F(1710) = 9.630, p < 0.01], Vitamin D [F(1710) = 7.184, p < 0.01], or MVI specific for ASD
[F(1710) = 13.752, p < 0.001] had a higher severity at age 3 years of age whereas those
that took a standard MVI [F(1710) = 16.640, p < 0.001] had a lower severity at age 3 years
of age. The interaction with severity at 3 years of age and treatment was included in
the linear model to determine if this effected the change in severity with treatment. For
injected B12 [χ(1)2 = 7.77, p < 0.01], Oral B12 [χ(1)2 = 3.71, p = 0.05], Epsom salt baths
[χ(1)2 = 3.70, p = 0.05], Calcium [χ(1)2 = 4.56, p < 0.05], Magnesium [χ(1)2 = 3.93, p < 0.05],
and Zinc [χ(1)2 = 13.16, p < 0.001], the severity of autism at age 3 affected response to the
treatment such that more severe individuals demonstrated a slightly lower response to
some treatments.

4. Discussion

This study presents the Survey results of participants’ reports of the perceived ef-
fectiveness and potential AEs of a wide range of nutraceuticals used in individuals with
ASD. Nutraceuticals were generally reported to have a higher benefit compared to their
AEs, with an average of 1.6 (slight/moderate benefit) and 0.1 (minimal AE), respectively.
Reported benefits were generally in the slight/moderate range, and AEs were minimal.

The results of this study found significant benefits for many nutraceuticals with
minimal adverse effects and are consistent with the findings of a number of clinical tri-
als studying nutraceuticals in ASD. For example, double-blind, placebo-controlled stud-
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ies, and/or meta-analyses have reported improvements in children with ASD using L-
carnitine [32,33], Coenzyme Q10 (ubiquinone) [34], digestive enzymes [35,36], high dose
folinic acid (1–2 mg/kg/day) [24–26], MB12 injections [37], melatonin [9,38–42], a multivi-
tamin/mineral supplement designed specifically for ASD [26,27], NAC [29,43–45], omega
3 fatty acids [46,47], vitamin C [48], vitamin D3 [49,50], and possibly B6/Mg [51,52]. Open-
label studies in ASD have also reported benefits for B vitamins [53,54], biotin [55], folic
acid [56], an herbal formula [57], glutathione [58], iron [59], vitamin A [60] and zinc [61,62].

Some of the nutraceuticals in this Survey have not been previously studied in ASD
including an amino acid blend, glutamine, taurine, tryptophan, evening primrose oil, flax
seed oil, krill oil, calcium, chromium, iodine, lithium, potassium, selenium, vitamin E,
vitamin K, valerian root, Epsom salts, GABA, and milk thistle. Thus, this Survey provides
preliminary data on the effects (both beneficial and adverse) of these unstudied treatments
which can help guide researchers to choose the most promising treatments to study in
the future.

Some of the treatments reviewed may not only help certain symptoms of ASD but also
treat underlying metabolic abnormalities associated with ASD. For example, mitochondrial
dysfunction is relatively common in individuals with ASD [10,63] and is potentially treated
with carnitine, Coenzyme Q10, B vitamins, and vitamin C [64]. Oxidative stress is also
commonly associated with ASD [13] and is potentially treatable with antioxidants such as
folinic acid, MB12, vitamin C, vitamin E, glutathione, ribose, and NADH. Melatonin is also
an antioxidant and has positive effects on mitochondrial function [65].

Furthermore, children with ASD have been found to have multiple abnormali-
ties related to one-carbon metabolism, including lower plasma levels of methionine,
S-adenosylhomocysteine (SAM), homocysteine, cystathionine, cysteine, and total glu-
tathione (GSH), as well as significantly higher concentrations of S-adenosylhomocysteine
(SAH), adenosine, and oxidized glutathione (GSSG) [7,8]. Some studies have demon-
strated that many children with ASD have a partial blockage in the transportation of
folates into the brain due to an autoantibody to the folate receptor alpha, the primary
mechanism which transports folate across the blood-brain barrier [66,67]. High dose folinic
acid (1–2 mg/kg/day) has been shown to be an effective treatment for children with ASD
with primary improvements in language in a double-blind placebo-controlled study [24],
consistent with the findings of this Survey. Also consistent with this Survey, an open-label
study found that high-dose folinic acid is effective for improving attention in children with
ASD who possess the folate receptor alpha antibody [66], and two other placebo-controlled
studies have also reported improvements with folinic acid in ASD [25,26]. These positive
studies on the benefits of folinic acid are consistent with the results of Table 3, which
demonstrates that folinic acid and vitamin B12 are two of the top-rated treatments for many
ASD-related symptoms.

These abnormalities in one-carbon metabolism often result in problems in methylation
and transsulfuration in ASD, resulting in a reduction in the production of glutathione [68].
In fact, these abnormalities appear to be so prevalent that they may be diagnostic for
ASD [69]. Several studies [70,71] have addressed treatment of these linked pathways by
providing cobalamin and folate derivatives to supplement the linked methylation-folate
pathway in order to enhance the production of glutathione, while other studies have
supplemented glutathione directly [58]. The findings of these studies of the benefits of
cobalamin, folate, and glutathione are consistent with the results of this Survey.

It is interesting to compare the results of this Survey for nutraceuticals versus the
results of this Survey for pharmaceuticals reported previously [31]. Averaging all nutraceu-
ticals and all pharmaceuticals, the nutraceuticals had significantly higher Overall Benefit
(1.59 vs. 1.39, p = 0.01) and significantly lower Overall Adverse Effect (0.1 vs. 0.9, p < 0.0001),
based on a 2-sided t-test of the medications that had 20 or more responses [31]. Caution
is needed in interpreting these results, since there are substantial variations in ratings for
individual treatments. However, in general, these findings suggest that nutraceuticals may
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be important treatment options for ASD, and more research into nutraceuticals and how
they affect metabolism is warranted.

4.1. Strengths of This Study

One strength of this study is that some of these nutraceuticals have not been formally
studied to date; therefore, this is the first data available on these treatments for ASD.
Another advantage is that a uniform rating scale was used for all treatments, so that direct
comparisons between different treatments could be made—this is often not possible for
comparing data from clinical trials, since different assessment tools are typically used.
Finally, another strength is the large number of participants in this study.

4.2. Limitations of This Study

There are several limitations of this Survey to consider. One limitation is that it is
based on survey data, so there may be a significant placebo effect, especially since one
of the most common benefits reported was “general benefit—no specific symptom”. The
ratings are based on perceived benefit (primarily by caregivers) and not by medical profes-
sionals. Age at which treatment was administered was not collected, which is a limitation
of the study. Furthermore, there was no data collected on the dosages or durations of
treatments (other than high versus low dose folinic acid). Therefore, various doses and
durations of treatments may have been used by participants. Another limitation is the
ASD-related diagnoses were not confirmed with standardized testing but were gathered
by participant self-report. Finally, there is the potential for recall bias, where participants
may not completely remember the effects of certain treatments. This may be reflected
by the fact that no participants listed any of the nutraceuticals as causing worsening in
ASD-related symptoms.

5. Conclusions

This Survey provides important information on the overall and specific benefits and
adverse effects of 58 of the most commonly used nutraceuticals in ASD. The Overall
Benefits were rated slightly higher for the nutraceuticals than for the most commonly used
pharmaceuticals reported in the previous paper, with significantly lower ratings of adverse
effects. The perception of participants of slight/moderate benefit with minimal adverse
effects potentially explains why nutraceuticals were used by 75.2% of individuals with
ASD in the Survey. This is consistent with the growing number of positive randomized
clinical trials of nutraceuticals in ASD. Further research into nutraceutical treatments for
treating biochemical differences and ASD symptoms is warranted.
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Abstract: Autism spectrum disorder (ASD) is a neurodevelopmental disorder affecting approxi-
mately 2% of children in the United States. Growing evidence suggests that immune dysregulation is
associated with ASD. One immunomodulatory treatment that has been studied in ASD is intravenous
immunoglobulins (IVIG). This systematic review and meta-analysis examined the studies which
assessed immunoglobulin G (IgG) concentrations and the therapeutic use of IVIG for individuals
with ASD. Twelve studies that examined IgG levels suggested abnormalities in total IgG and IgG 4
subclass concentrations, with concentrations in these IgGs related to aberrant behavior and social
impairments, respectively. Meta-analysis supported possible subsets of children with ASD with low
total IgG and elevated IgG 4 subclass but also found significant variability among studies. A total
of 27 publications reported treating individuals with ASD using IVIG, including four prospective,
controlled studies (one was a double-blind, placebo-controlled study); six prospective, uncontrolled
studies; 2 retrospective, controlled studies; and 15 retrospective, uncontrolled studies. In some
studies, clinical improvements were observed in communication, irritability, hyperactivity, cogni-
tion, attention, social interaction, eye contact, echolalia, speech, response to commands, drowsiness,
decreased activity and in some cases, the complete resolution of ASD symptoms. Several studies
reported some loss of these improvements when IVIG was stopped. Meta-analysis combining the
aberrant behavior checklist outcome from two studies demonstrated that IVIG treatment was signif-
icantly associated with improvements in total aberrant behavior and irritability (with large effect
sizes), and hyperactivity and social withdrawal (with medium effect sizes). Several studies reported
improvements in pro-inflammatory cytokines (including TNF-alpha). Six studies reported improve-
ments in seizures with IVIG (including patients with refractory seizures), with one study reporting a
worsening of seizures when IVIG was stopped. Other studies demonstrated improvements in recur-
rent infections, appetite, weight gain, neuropathy, dysautonomia, and gastrointestinal symptoms.
Adverse events were generally limited but included headaches, vomiting, worsening behaviors,
anxiety, fever, nausea, fatigue, and rash. Many studies were limited by the lack of standardized
objective outcome measures. IVIG is a promising and potentially effective treatment for symptoms in
individuals with ASD; further research is needed to provide solid evidence of efficacy and determine
the subset of children with ASD who may best respond to this treatment as well as to investigate
biomarkers which might help identify responsive candidates.

Keywords: autism spectrum disorder; immunoglobulin G; intravenous immunoglobulin

1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder which is behav-
iorally defined by impairments in social communication and the presence of repetitive and
restrictive behaviors. ASD affects approximately 2% of children in the United States [1].
Despite decades of research, the etiology and treatment of children with ASD is still very
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incomplete. This has resulted in a minority of children reaching optimal outcomes with
many manifesting symptoms into adulthood and resulting in substantial economic and
societal costs [2].

A number of medical comorbidities have been reported in ASD including mitochon-
drial dysfunction [3], sleep disorders [4], immune related problems [5], gastrointestinal
abnormalities [6], inflammation [7], and epilepsy [8]. Addressing these comorbid condi-
tions has the potential to improve the ability to function and the quality of life of children
with ASD and their families [9]. One of the more recent promising areas of research is
dysfunction of the immune system [10], which is a potential target for treatment.

Several lines of evidence link immune abnormalities to ASD. Family history of
atopic [11] and autoimmune [12] disease is associated with ASD. Maternal immune ac-
tivation during pregnancy has been shown to be associated with an increase in risk of
ASD in the offspring in human [13] and animal studies [14]. Individuals with ASD demon-
strate specific human leukocyte antigen risk alleles that put them at risk for immune
dysfunction [15]. Elevations in specific monocyte cytokine profiles have been associated
with ASD [16,17] and specific patterns of inflammatory cytokines have been identified
in the cerebrospinal fluid and brain in individuals with ASD [18]. Autoantibodies to the
brain [19] and other important proteins such as the folate receptor alpha [20] also appear to
be associated with ASD.

Children with ASD also appear to be at increased risk for clinical immune disor-
ders. Some of the immune-related problems reported in ASD include common variable
immunodeficiency (CVID), hypogammaglobulinemia (i.e., low total Immunoglobulin G
(IgG)) [21] and specific polysaccharide antibody deficiency (SPAD) [22]. One study reported
that lower levels of IgG were associated with more severe aberrant behaviors in children
with ASD [23]. A number of studies have reported on the use of intravenous immunoglobu-
lin (IVIG) in ASD to treat immune-related problems [21]. Some of the medical comorbidities
reported in ASD might also improve with the use of IVIG. For example, IVIG has been
shown to have anti-seizure properties [24–26] and anti-inflammatory effects [27–30]. The
anti-inflammatory effects of IVIG are observed at higher doses of IVIG (i.e., 2 grams/kg)
for inflammatory and autoimmune disorders [31].

This paper is a systematic review and meta-analysis examining the evidence for
abnormal IgG concentrations and the therapeutic use of IVIG in ASD. Adverse events
(AEs) are also collated. This study demonstrates that IVIG is a promising and potentially
effective treatment for symptoms in individuals with ASD, but further research is needed
to provide solid evidence of efficacy and determine the subset of children with ASD who
may best respond to this treatment, as well as to investigate biomarkers which might help
identify responsive candidates.

2. Materials and Methods
2.1. Search Strategy

A prospective protocol for this systematic review was developed a priori, and the
search terms and selection criteria were chosen in an attempt to capture all pertinent
publications. A computer-aided search of PUBMED, Google Scholar, EmBase, Scopus and
ERIC databases from inception through March 2021 was conducted to identify pertinent
publications using the search terms ‘autism’, ‘autistic’, ‘Asperger’, ‘ASD’, ‘pervasive’,
and ‘pervasive developmental disorder’ in all combinations with the terms ‘IVIG’, ‘IgG’,
‘immunoglobulin’, ‘immunoglobulins’, ‘globulin’, ‘intravenous immunoglobulin’, ‘gamma
globulin’ and ‘immunodeficiency.’ The references cited in identified publications were also
searched to locate additional studies. Supplementary Figure S1 depicts the publications
identified during the search process.

2.2. Study Selection and Assessment

This systematic review and meta-analysis followed PRISMA guidelines [32]. The
PRISMA Checklist and Flowchart can be found in Supplementary Table S1. One reviewer
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screened titles and abstracts of all potentially relevant publications. Studies were initially
included if they (1) involved individuals with ASD; and (2) reported on the use of IVIG
or reported IgG concentrations. Animal models were excluded. Abstracts or posters from
conference proceedings were included if published in a journal. Articles were excluded if
they: (1) Did not involve humans (for example, cellular models); or (2) did not present new
or unique data (such as review articles or letters to the editor). After screening all records,
38 publications met inclusion criteria (see Supplementary Figure S1); two reviewers then
independently reviewed these articles for inclusion and assessed factors such as the risk of
bias. As per standardized guidelines [33], selection, performance detection, attrition, and
reporting biases were considered. One study reported on IgG levels and also treatment
with IVIG. Two studies reported on the use of oral immunoglobulin in ASD and were not
included in the analysis [34,35]. One manuscript reported an ongoing double-blind placebo
controlled (DBPC) crossover study which was never published and not included in the
analysis [36].

2.3. Meta-Analysis

MetaXL Version 5.2 (EpiGear International Pty Ltd., Sunrise Beach, Queensland,
Australia) was used with Microsoft Excel Version 16.0.12827.20200 (Redmond, WA, USA) to
perform the meta-analysis. Mean immunoglobulin titers were pooled across studies using
standard methodology [37]. Various manuscripts reported immunoglobulin concentrations
in different units. For consistency we report concentrations in mg/dL. In some papers the
interquartile intervals were reported rather than standard deviations. In such cases we use
the estimator for estimating the standard deviation from interquartile range as defined by
the Cochrane Handbook [38]. The data from this meta-analysis is available upon request to
the authors.

To compare immunoglobulin titers across groups, pooled mean differences were
calculated using the inverse variance heterogeneity model since it has been shown to
resolve issues with underestimation of the statistical error and spuriously overconfident es-
timates with the random effects model when analyzing continuous outcome measures [39].
Cochran’s Q was calculated to determine heterogeneity of effects across studies and when
significant, the I2 statistic (Heterogeneity Index) was calculated to determine the percentage
of variation across studies that is due to heterogeneity rather than chance [40,41]. The
Luis Furuya-Kanamori (LFK) Index derived from Doi plots were reviewed for significant
asymmetries (>±2) in the prevalence distribution when there were 3 or more studies [42,43].

Few intervention studies used quantitative standardized outcome measures, but two
used the Social Responsiveness Scale (SRS) and five used the Aberrant Behavioral Checklist
(ABC). Of note, the social withdrawal subscale of the ABC is called lethargy and inadequate
eye contact in some studies, but we will refer to it as social withdrawal throughout to be
consistent. Only two treatment studies contained enough details to be included in the
treatment meta-analysis. Random-effects models, which assume variability in effects from
both sampling error and study level differences [44,45], were used to calculate pooled
standardized mean effect and pooled effect size. Effect sizes were considered small if
Cohen’s d’ was 0.2; medium for Cohen’s d’ was 0.5; and large if Cohen’s d’ was 0.8 or
higher [46].

3. Results
3.1. Studies of IgG Concentrations in Autism Spectrum Disorder

Articles examining IgG concentrations in individuals with ASD are first examined
followed by studies which have reported therapeutic IVIG use in ASD.

3.1.1. Studies on IgG Concentrations in ASD

Twelve studies were identified that measured IgG concentrations in children with ASD
(Table 1). Eight studies examined serum IgG with six using controls and two using standard
reference ranges. Two studies examined serum IgG in neonates with both using controls. Two
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studies examined IgG in cerebrospinal fluid (CSF) with one using controls and one using a
standard reference range. Most studies only had a modest number of participants with only
four studies having a relatively large number of participants (i.e., 80+).

Table 1. Studies of Immunoglobulin G Concentration in Autism Spectrum Disorder. DD = Developmental Delay, TD
= Typical Developing, P = Prospective, R = Retrospective; CSF = Cerebrospinal Fluid; AD = Autistic Disorder; NDR =
Neurodevelopmental Regression.

Study Study
Type

Autism
Group

Control
Group Outcomes

Studies in Children Using Contemporaneous Control Groups for Comparison
Croonenberghs
et al., 2002 [47] P 18 22 TD Total IgG, IgG2 and IgG4 higher in ASD

No Difference in IgG1 and IgG3

Trajkovski
et al., 2004 [48] R 35 21 TD

Siblings
Total IgG and IgG4 higher in ASD

No Difference in IgG1, IgG2 and IgG3

Heuer
et al., 2008 [23] P

166 with
AD

27 with
ASD

96 TD
32 DD

Total IgG lower in AD
Total IgG Inversely Correlated with Behavior

Enstrom
et al., 2009 [49] P 114 96 TD

31 DD

IgG4 higher in ASD
No Difference in IgG1, IgG2 and IgG3

IgG4 Correlated with Social Impairment

Spiroski
et al., 2009 [50] R 30

22 TD Sibs
30 Moms
26 Dads

No Difference in Total IgG, IgG1, IgG2, IgG3 or IgG4
between ASD and TD Siblings

Wasilewska
et al., 2012 [51] P 24

NDR 14 TD No Difference in Total IgG

Studies in Children Using Standard Reference Range as Comparison

Gupta et al., 1996 [52] P 25 Standard
Reference

20% of ASD had below normal IgG subclasses (IgG1 in
1; IgG2 in 1; IgG3 in 1; IgG4 in 2)

Stern et al.,
2005 [53] P

24
Recurrent
Infections

Standard
Reference No Difference in Total IgG

Studies in Neonates Using Contemporaneous Control Groups for Comparison
Grether

et al., 2010 [54] R 213 265 TD Neonatal Total IgG lower in ASD
Lower IgG Associated with Increased ASD Risk

Grether
et al., 2016 [55] R 84 159 TD

49 DD Lower IgG Associated with Increased ASD Risk

Studies on Immunoglobulin G Concentrations in the Cerebrospinal Fluid

Young et al., 1977 [56] P 5 Standard
Reference IgG in the CSF was normal

Runge
et al., 2020 [57]

R
35 39 TD No Difference in CSF IgG Index

Overall, of the eight studies that examined serum IgG in children with ASD, two
reported higher and one reported lower total IgG while the others found no significant
difference. One study found increased IgG2 subclass concentrations and three studies
reported higher IgG4 concentrations. No studies reports lower IgG subclasses. However,
one study found that lower total IgG concentrations was correlated with increased severity
of disruptive behaviors as measured by the ABC [23], while another study found that
higher IgG 4 concentrations were significantly associated with an increased severity of
social interaction impairments as measured by the Autism Diagnostic Observation Schedule
(ADOS) [49].
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Two studies examined birth samples from archived newborn blood specimens which
were obtained from the California Genetic Disease Screening Program and reported that
ASD risk was associated with lower total IgG concentrations in the neonatal period [54,55].

The two studies that examined CSF IgG found no significant difference in CSF IgG
concentrations or the IgG index as compared to the reference groups [56,57]. However, one
study did find increased protein in 33% of ASD cases and oligoclonal bands in one patient
(3%) and GAD65 antibodies in two patients (6%) in the CSF.

3.1.2. Meta-Analysis of Immunoglobulin G Concentrations in ASD

Nine studies used control groups as comparisons with two large studies using
neonates while the remainder examined children. Seven studies used TD unrelated con-
trols, while two studies used TD sibling controls and three studies used unrelated DD
controls. One study divided the ASD groups into those with autistic disorder and those
without autistic disorder but with autism features. Because it is not clear how this latter
group would map onto the current definition of ASD, it has not been included in the
analysis. One of the two studies examining neonates did not provide descriptive statistics
of the immunoglobulin concentrations so the studies could not be combined. Only one
study used parents as controls and the two studies that used developmentally delayed con-
trol groups studied different immunoglobulin measures, so parents and developmentally
delayed controls were not included in the meta-analysis.

Table 2 outlines the pooled mean difference when combining studies using non-sibling
and sibling controls separately as well as all studies combined (see Supplementary Table
S2 for the number of participants per comparison). Both the pooled mean difference for the
non-sibling and combined studies found that total IgG was lower in the ASD group with a
confidence interval that did not include zero. However, the meta-analysis models for these
pooled mean differences were not significant because of large variation among studies, as
manifested by the significant Cochran’s Q and DOI plots showing major asymmetry with
LFK indexes of 8.80 and 8.99, respectively. Pooled mean difference for IgG 4 subclass was
significantly elevated in individuals with ASD for all comparisons, with the comparison
between ASD and TD siblings demonstrating significant variability across studies. None
of the other IgG subclasses were found to be significantly different between ASD and
comparisons groups in the meta-analysis.

Table 2. Meta-analysis of Studies on Immunoglobulin G Concentration in Autism Spectrum Disorder. Pooled mean
difference (MD) with 95% confidence interval, Cochran’s Q (Q), Heterogeneity Index (I2). Statistics are estimated by inverse
variance heterogeneity model. Significant values are Bold. * p ≤ 0.01; ** p ≤ 0.001.

Non-Siblings Siblings All Controls

Pooled
MD

Cochran’s
Q I2 Pooled

MD
Cochran’s

Q I2 Pooled
MD

Cochran’s
Q I2

Total IgG −231
(−223, −238) 40 ** 95% 49

(−3, 101) 3.3 70% −225
(−217, –233) 153 ** 97%

IgG1 14
(−45, 74) 2.2 54% 17

(−17, 51) 5.5 82% 17
(−13, 46) 7.7 61%

IgG2 9.2
(−1.0, 19.2) 0.0 0% 35.8

(3.5, 68.2) 5.8 83% 11.5
(1.9, 21.2) 8.23 64%

IgG3 -0.3
(−3.2, 2.6) 0.4 0% 0.5

(−3.7, 4.7) 0.4 0% 0.0
(−2.4, 2.4) 0.9 0%

IgG4 16.6 **
(6.7, 26.4) 0.7 0% 19.7 **

(12.8, 26.5) 6.5 * 84% 18.7 **
(13.1, 24.3) 7.4 60%
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3.1.3. Summary of Immunoglobulin G Concentrations in ASD

Overall, studies on IgG abnormalities in ASD suggest that individuals with ASD may
have a wider variation in serum IgG concentrations as compared to non-ASD controls.
There appears to be preliminary evidence for both depressed total IgG and elevated IgG 4
subclass, both of which appear to have concentrations related to symptomatology. This
may suggest two different immune abnormalities in different subsets of patients. However,
with only a few large well-controlled studies, it is difficult to make any firm conclusions.

3.2. The Theraputic Use of IVIG in ASD

A total of 27 publications were identified which examined the use of IVIG in ASD. Four
studies were prospective, controlled studies; six were prospective, uncontrolled studies;
2 were retrospective, controlled studies; and 15 were retrospective, uncontrolled studies
(case reports and series).

3.2.1. Prospective, Controlled Studies

Four prospective, controlled studies were identified (Table 3). One study used IVIG
in children without immune related problems [58] while the children in the other three
studies had immune related problems.

Table 3. Prospective Controlled Immunoglobulin G Treatment Studies in Autism Spectrum Disorder. Specific Polysaccharide
Antibody Deficiency (SPAD); Common Variable Immunodeficiency (CVID); Aberrant Behavior Checklist (ABC); Not
specified (NS).

Study Medical
Indication

Autism
Group (N)

IVIG
Treatment Outcomes

Niederhofer, Staffen
et al., 2003 [58] NS 12 400 mg/kg Improvement in all ABC Subscales

and improved drowsiness and activity

Jyonouchi, Geng et al.,
2011 [22] SPAD 10 NR

Decreased pro-inflammatory
cytokines (IL-6, IL-12 and IL-23) and

increased TGF-ß and sTNFRII

Jyonouchi, Geng et al.,
2011 [59]

SPAD in 6
CVID in 1 7 NR NR

Maltsev and
Yevtushenko 2016 [60]

NK Cell Deficiency;
Reactivated HSV or
Measles Infection

78 2g/kg monthly
for 6 months

Improvement in all ABC
Subscales

The first study was a DBPC crossover study of a one-time dose of IVIG 0.4g/kg or
placebo in 12 children with ASD (age range 4.2 to 14.9 years) and reported significant
improvements as rated by parents and teachers in ABC irritability, hyperactivity, social
withdrawal and inappropriate speech. Improvements were also observed in drowsiness
and decreased activity on the Symptom Checklist compared to the placebo group. Signifi-
cant improvements were not observed by physicians as rated by the Children’s Psychiatric
Rating Scale (CPRS). Of note, none of the ASD children in this study had abnormalities in
IgG or IgM concentrations [58].

Three other studies contained control groups who did not receive a placebo. In the
first, 10 children with ASD (age not noted) with specific polysaccharide antibody defi-
ciency (SPAD) and hypogammaglobulinemia were treated with an unspecified IVIG dose
and compared to 14 non-ASD children with similar immunodeficiency treated with IVIG
and 49 ASD and 39 normal children who did not receive treatment. Pro-inflammatory
cytokines (IL-6, IL-12 and IL-23) and productions of IL-12 with exposure to phytohemagglu-
tinin/Concanavalin A and IL-17/IFN-γ with exposure to phytohemagglutinin decreased,
while TGF-ß and sTNFR II increased in the children with ASD who received IVIG compared
to normal controls. ASD behaviors were not reported in this study [22].
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In the second study, seven children with ASD and immunodeficiency (one with CVID
and six with SPAD) were treated with any unspecified dose of IVIG, but no effects of IVIG
were discussed [59].

Finally, in a third study, 78 children with ASD (ages 2–10 years old, 47 boys, 31
girls) were treated with IVIG 2 g/kg per month for six months. Characteristics of the
treated children were compared to characteristics of a control group of 32 ASD children
who received conventional therapy without IVIG. Additionally, changes in the ABC scale
were compared to baseline measurements in the treatment group. Inclusion criteria for
IVIG treatment included the presence of two to four polymorphisms in folate cycle genes,
deficiency in natural killer cells, reactivated herpes and/or measles virus infections, or signs
of leukoencephalopathy on a brain MRI. The authors reported “complete elimination of the
phenotype of autism spectrum disorders” in 21 (27%), “marked improvement” in 33 (42)
and mild-to-moderate improvements in 23 (29%). Overall, 77 (99%) had some improvement
with IVIG. In the 21 children with the most improvements, one (5%) lost improvements
when IVIG was stopped and 12 (50%) who showed mild-to-moderate improvement lost
their gains two to four months after completing therapy. Twenty-nine out of 36 patients
(81%) with epilepsy had improvement in seizures and 49 out of 68 children (72%) had
improvements in gastrointestinal symptoms [60]. Compared to baseline, the treated group
improved in ABC irritability, hyperactivity, social withdrawal and inappropriate speech.

3.2.2. Prospective, Uncontrolled Studies

Six prospective, uncontrolled studies were identified (Table 4); five studies adminis-
tered IVIG to individuals with ASD who had immune related abnormalities whereas one
study used IVIG in patients without immune problems [61].

Table 4. Prospective Uncontrolled Immunoglobulin G Treatment Studies in Autism Spectrum Disorder. Specific Polysac-
charide Antibody Deficiency (SPAD); Common Variable Immunodeficiency (CVID); Aberrant Behavior Checklist (ABC);
Clinical Global Impression Severity (CGI-S); Clinical Global Impression Improvement (CGI-I); Social Responsiveness Scale
(SRS); Children’s Communication Checklist–2 (CCC-2); Autism Diagnostic Observation Scheduled (ADOS).

Study Medical
Indication

Autism
Group

IVIG
Treatment Outcomes

Gupta et al.,
1996 [52]

IgG deficiency and
others 10

0.4 g/kg every
4 weeks for
6 months

No quantitative outcomes
5 with “marked” or “striking”

improvements.
5 with minimal improvements

Plioplys
1998 [61] None 10

154–375 mg/kg
every 6 weeks for

1–6 infusions

No quantitative outcomes
1 remarkable, 4 mild

and 5 no improvements

DelGiudice-Asch
et al., 1999 [62]

Recurrent
infections 7

400 mg/kg every
month for
6 months

2 discontinued treatment
No significant changes in several

quantitative symptom scales

Oleske
2004 [63]

Antibody
deficiency 27

0.4–1 g/kg
every 3 weeks for

6–18 months

No quantitative outcomes
Less recurrent infections

ASD symptoms improved in 78%

Melamed et al.,
2006 [64]

Humoral and/or
cellular

immune deficit
12 1 g/kg monthly

for 3 years

Non-standard quantitative outcomes
Drastic reduction in Infections

Improvement in cognition,
communication and social skills

Melamed et al.
2018 [65]

Activated CD154 levels
<80, recurrent

infections or abnormal
lymphocyte

stimulation test or

14
1 g/kg every
2–4 weeks for

10 doses

Improvement in CGI-S and CGI-S, SRS,
CCC–2 and ADOS
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In a prospective, open-label study, 10 children (ages three to six years old) with ASD
and IgG deficiency or other immune abnormalities were treated with IVIG (0.4 g/kg
every four weeks for six months). Four (40%) showed “marked improvements”, one
(10%) showed “striking improvements” and five (50%) had “minimal improvements”.
Improvements were noted in social interaction, eye contact, echolalia and better response
to commands. Speech improvements included better articulation and improved vocabulary.
Younger children had more improvements compared to older patients [52].

In another prospective, open-label study, 10 children with ASD without immune
problems (four to 15 years old, mean age eight years) received 0.154–0.375 g/kg IVIG
(mean dose 0.27 g/kg) every six weeks. Six children received four infusions, whereas the
other four received one, three, five, and six infusions, respectively. Five (50%) did not
show improvements, while four (40%) had mild improvements in attention and hyperac-
tivity reported by parents but not confirmed by clinicians; parents of these four children
decided not to continue IVIG due to the cost and inconvenience. One child (10%) who
received 0.375 g/kg for four infusions had “a very significant amelioration of autistic symp-
toms”; when the treatment was stopped the improvements were lost over a three-month
period [61].

In another prospective, open-label study, seven children with ASD (ages three to six
years old) with a history of recurrent infections or seizures were treated with 0.4 g/kg of
IVIG every month for six months, with five children completing the study. Children were
evaluated with Ritvo-Freeman Real Life Rating Scale (RF), Children Yale-Brown Obsessive-
Compulsive Scale, Clinical Global Impression Scale (CGI), and the Autism Modification of
the NIMH Global Obsessive-Compulsive Scale. Improvement was noted on the RF sensory
responses but was considered not significant after Bonferroni correction [62].

In another prospective, open-label study, 27 children with ASD (ages two to 10 years
old, median three years) and immune abnormalities were treated with IVIG 0.4–1.0g/kg
every three weeks for six to 18 months. Immune abnormalities included IgG deficiency
in five (19%), IgG subclass deficiency in 12 (44%), or recurrent infections that did not
respond to conventional therapy with the presence of functional antibody deficiency in 10
(37%). With IVIG treatment, improvements in infections were observed in otitis media in
19 (70%), upper respiratory infections in 11 (41%), and sinopulmonary infections in nine
(33%). Parents and physicians reported improvements in ASD symptoms in 21 (78%) [63].

In another prospective study, 12 children with ASD (age not reported) with either a
humoral or cellular immune deficit (or both) were treated with 1.0 g/kg of IVIG monthly
for three years. All children had a drastic reduction in the number of infections and
improvements in cognition, communication, verbal interaction and social skills (1 to 4
point improvements on a scale of 1 to 5) [64].

In a prospective, open-label 30-week study, 14 children with ASD (mean age 7.6 ± 3.0 years)
and immune abnormalities received 1 g/kg of IVIG every two to four weeks for 10 treatments.
Immune abnormalities include T or B cell dysfunction, activated CD154 levels <80, or abnormal
lymphocyte stimulation test and/or recurrent infections. Outcomes were compared to baseline
measurements. Significant improvements were observed in CGI-S total score, CGI-I total score,
and SRS total score. Significant improvements on Children’s Communication Checklist–2
speech and semantics as well as Autism Diagnostic Observation Schedule (ADOS) stereotyped
behaviors and restricted interest, communication plus social interaction total, and reciprocal
social interaction were found. Statistically significant improvement on the ABC was only found
on the hyperactivity subscale. Significant decreases in TNF-α induced by TLR ligands zymosan,
flagellin, and lipopolysaccharide were also reported [65].

3.2.3. Retrospective, Baseline Controlled Case Series with Prospectively Collected Outcomes

Two case series (Table 5) were identified and are reviewed by year published. All
studies used IVIG in ASD patients with immune-related problems.
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Table 5. Retrospective Case Series Immunoglobulin G Treatment Studies in Autism Spectrum Disorder with Prospectively
Baseline Controlled Outcome Measures. Aberrant Behavior Checklist (ABC).

Study Medical
Indication

Autism
Group (N)

IVIG
Treatment Outcomes

Boris et al.,
2005 [66] 6 with IgG Deficiency 26 400 mg/kg every

month for 6 months
Improvements in ABC total and all subscales

22 (85%) lost gains after stopping IVIG

Connery et al.,
2018 [19]

Autoimmune
encephalopathy 31

0.75–2 g/kg every
2–6 weeks; 77%
treated >1 year

Improvements on SRS and ABC scales

In a retrospective case series, 26 children with ASD (ages three to 17 years, mean
age 6.8 years) and neurodevelopmental regression (mean age 17 months) were treated
with 0.4 g/kg of IVIG monthly for six months. Only 23% of treated patients had low
immunoglobulin levels. Total ABC score as well as hyperactivity, inappropriate speech,
irritability, social withdrawal and stereotypy subscales showed significant improvement.
Twenty-two (85%) lost some improvements when IVIG was stopped [66].

In an open-label study, 31 children with ASD who had evidence of autoimmune
encephalopathy (presence of various brain autoantibodies) were treated with 0.75–2g/kg
IVIG every two to six weeks; 77% were treated for more than one year. Significant improve-
ments were observed in SRS total score and cognition and mannerisms subscales and ABC
total score and irritability, lethargy, hyperactivity and inappropriate speech subscales [19].
Of interest, this study also found that the anti-Dopamine D2L and anti-tubulin antibodies of
the Cunningham panel (Moleculera, Oklahoma City, OK, USA) were predictive of response
to IVIG.

3.2.4. Retrospective, Uncontrolled Case Series

Three case series (Table 6) were identified and are reviewed by year published. All
studies used IVIG in ASD patients with immune-related problems.

Table 6. Retrospective Uncontrolled Case Series. Specific Polysaccharide Antibody Deficiency (SPAD); Aberrant Behavior
Checklist (ABC).

Study Medical
Indication

Autism
Group (N)

IVIG
Treatment Outcomes

Knutsen and
Fenton 1998 [67]

1 with IgG deficiency
3 with intractable

epilepsy
3 1.0–1.7 g/kg

up to 11 months

No quantitative outcomes
2 seizure free, 1 with seizure improved

ASD symptoms improved in 2
and worsened in 1

Jyonouchi et al.,
2012 [68]

SPAD
4 with intractable

epilepsy
8 0.6–1g/kg every

3 weeks for 1–6 years

No quantitative outcomes
Four with seizure improvement

One with cognitive improvements

Fadeyi and Li
2018 [69] IgG deficiency 3 NR

No quantitative outcomes
Improvements in ASD

symptoms and IgG and IgM levels

Three children with ASD and intractable epilepsy defined as at least three seizures
per day were treated with 1.0–1.7 g/kg of IVIG for up to 11 months. One child had low
total IgG and the others had normal IgG levels. Two patients became seizure-free and the
third had a reduction in seizures. Two children had improvement in social interaction,
communication and behavior. In one child, seizures and ASD symptoms worsened when
IVIG was discontinued [67].

Eight children with ASD and SPAD (ages six to 16 years old) who had worsening
of cognitive skills and behavioral symptoms with “immune insults” were treated with
0.6–1 g/kg of IVIG every three weeks for one to six years. Three children had below normal
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total IgG. Treatment improved recurrent infections. In the four patients with treatment
resistant epilepsy, seizures were significantly improved. Overall ASD symptoms were not
reported to improve but behavioral exacerbations associated with infections did improve.
Parents reported improvement in cognitive skills in one child but standardized clinical
outcome measures did not confirm this [68].

Finally, in a retrospective case series, three children with ASD who had IgG deficiency
were treated with an unspecified dose of IVIG over five to eight years. Serum IgG and IgM
concentrations improved with improvement in immunoglobulin concentrations believed
to correlated with an improvement in ASD symptoms [69].

3.2.5. Retrospective, Uncontrolled Case Reports

Twelve studies were case reports (Table 7) and described patients with ASD treated
with IVIG for mostly immune-mediated conditions, with two publications reporting on
the same case [70,71]. Indications for IVIG ranged from purely immune conditions to im-
mune related neurological conditions, as well as one case report for neuroleptic malignant
syndrome which is not usually believe to be an immune related condition.

Table 7. Retrospective Uncontrolled Case Studies of Immunoglobulin G Treatment in Autism Spectrum Disorder. Chronic
inflammatory Demyelinating Polyneuropathy (CIDP); Common Variable Immunodeficiency (CVID); N-Methyl-D-Aspartic
Acid (NMDA); Nicotinic Acetylcholine Receptor (nAChR); Not Reported (NR), month old (mo), years old (yo).

Study Medical
Indication Participant IVIG

Treatment
Outcomes

(Non-Quantitative)
Immune Abnormality

Suez and
Scharnwebber

1997 [72]
CVID 15 yo boy NR Significant improvement in ASD

symptoms

Wang et al.,
2005 [73] CVID 22 yo man Monthly

Dose NR
Significant improvements in appetite,

weight gain, and serious infections

Salehi Sadaghiani
et al., 2013 [74] CVID 13 yo boy NR No improvements reported

Inflammatory Neuropathy
Sommerville

et al., 2007 [75]
CIDP

Epilepsy 8 yo boy 0.4 g/kg/d for 5 day No improvements reported

Kamata
et al., 2017 [76]

Inflammatory
Neuropathy 6 yo girl 0.4 g/kg/d for 5 day Neuropathy improved

No mention of changes in ASD symptoms
Immune Mediated Encephalopathy

Scott et al.,
2014 [77]

anti-NMDA receptor
encephalitis 33 mo boy 0.4 g/kg/d for 5 day Language and social skills improved

Menon et al.,
2014 [79]

anti-nAChR receptor
encephalitis 5 yo boy w/plasmapheresis Improvements in hyperactivity, agitation,

speech, and social interaction

Akcakaya et al.,
2015, 2016 [70,71]

Enterovirus
Encephalitis,

Seizures
14 yo girl 0.02 g/kg Improvements in eye contact, speech,

communication, and seizures

Gonzalez-Toro
et al., 2013 [78]

anti-NMDA receptor
encephalitis 5 yo boy 0.4 g/kg/day for

5 days
Improvements in ASD

symptoms and language

Bouboulis and
Mast 2016 [80]

Autoimmune
Encephalopathy 5 yo boy 1.6 g/kg every

8 weeks for 2 years

Improvements in ASD symptoms,
language,

learning, and memory
Other Conditions

Xu et al.,
2017 [81]

Neuroleptic
malignant syndrome 32 yo man NR Seizures and dysautonomia improved

No mention of changes in ASD symptoms

Three case reports describe individuals with ASD and immune conditions. A 15-year-
old boy with ASD and CVID treated with IVIG was reported to have resolution of recurrent
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infections and marked improvement in ASD symptoms [72]. A 22-year-old man with ASD
with a large mesenteric granulomatous mass and CVID was treated with monthly IVIG.
Appetite, weight and serious infections improved but no changes in ASD behaviors were
mentioned [73]. Finally, a 13-year-old boy with ASD and CVID with recurrent infections
was treated with IVIG but he continued to have infections and no note was made of changes
in ASD behaviors [74].

Two cases of patients with inflammatory neuropathies were reported. An eight-year-
old boy with ASD, epilepsy and chronic inflammatory demyelinating polyneuropathy
(CIDP) was treated with IVIG and IV methylprednisolone, but weakness progressed. No
mention was made of any changes in ASD symptoms with IVIG [75]. A six-year-old girl
with ASD and right upper arm weakness due to a demyelinating neuropathy was treated
with one course of IVIG with resolution of the neuropathy symptoms but no mention if
ASD symptoms improved [76].

Five cases of immune mediated encephalopathy were reported with four of the cases
being autoimmune encephalopathy. A 33-month-old boy with ASD and neurodevelop-
mental regression was diagnosed with anti-N-Methyl-D-aspartic acid (NMDA) receptor
encephalitis by lumbar puncture. Treatment with 2 g/kg of IVIG over five days resulted in
improvements in language and social skills on the third treatment day [77]. A five-year-
old ASD girl diagnosed with anti-NMDA receptor encephalitis by lumbar puncture was
treated with 20 mg/kg/day of IV steroids for five days, 0.4 g/kg of IVIG for five days
and 0.375 g/kg of rituximab weekly for four weeks. Improvements were noted in seizures
and language with this combination [78]. A five-year-old boy experiencing neurodevelop-
mental regression with the emergence of ASD symptoms including social isolation and
repetitive behaviors was diagnosed with autoimmune encephalitis due to alpha-3 subunit
nicotinic acetylcholine receptor autoantibodies. Treatment with plasmapheresis followed
by monthly IVIG resulted in significant improvements after five months with the child
being able to attend a regular classroom, resolution of hyperactivity and improvements
in social interaction [79]. A five-year-old ASD boy with infection-induced autoimmune
encephalopathy was treated with 1.6 g/kg of IVIG every eight weeks for two years, re-
sulting in marked improvements in social interaction, language, learning and memory; he
maintained the cognitive improvements when IVIG was stopped [80]. Lastly, a 14-year-old
previously healthy girl with neurodevelopmental regression and the development of ASD
symptoms including lack of eye contact, impaired communication, and social withdrawal
with the onset of seizures was found to have enterovirus encephalitis as well as a low IgG
index in the CSF. Treatment with 20 mg/kg of IVIG for five days resulted in improvements
in eye contact, speech, and communication, as well as a resolution of her seizures [70,71].

Finally, a 32-year-old man with ASD and mental retardation diagnosed with neu-
roleptic malignant syndrome and seizures was treated with IVIG after he failed multiple
anti-epileptics. Two weeks later, his seizures and dysautonomia resolved; no mention was
made if ASD symptoms improved [81].

3.2.6. Meta-Analysis of Behavioral Responses to Intravenous Immunoglobulin

Five studies used the ABC instrument as an outcome measure, but only two stud-
ies provided information to obtain means and standard deviations before and after the
treatments to combine outcome measures. Both retrospective studies obtained data prospec-
tively with baseline measurements [19,66]. Two other studies also observed changes in
ABC scores from baseline but one did not report any variation measure [60] and the other
reported range as a measure of variation [65]. The DBPC crossover study [58] is not appro-
priate to combine with the open-label studies because of the differences in methodology.
Thus, two studies with a total of 46 participants with two sets of measurements for each
participant (baseline and treatment) were included in the meta-analysis.

ABC irritability and total score were found to significantly improve with IVIG with
a large effect size [total: d’ = 0.80 (0.37, 1.23), p < 0.001; irritability: d’ = 0.87 (0.44, 1.31),
p < 0.0001]. ABC social Withdrawal and hyperactivity were found to significantly im-
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prove with IVIG treatment with a medium effect size [social withdrawal: d’ = 0.54 (0.12,
0.95), p = 0.01; hyperactivity: d’ = 0.67 (0.25, 1.09), p = 0.001]. ABC stereotyped move-
ments and inappropriate speech were not found to significantly improve when the studies
were combined.

Two studies [19,65] used the SRS as an outcome measure but one study reported range
as a variation measure [65], so these studies could not be combined.

3.3. Adverse Effects

Most studies did not report any AEs. One case series specifically reported that no AEs
were observed. None of the prospective controlled studies reported AEs. Two prospective
uncontrolled studies reported AEs. Melamed et al. (2018) reported that four (29%) had
infusion site reactions and three (21%) had a headache. Connery et al. (2018) reported
AEs, mostly during the infusion, with headaches in 39%, vomiting in 29%, worsening
behaviors in 16%, anxiety in 13%, fever in 13%, nausea in 10%, fatigue in 10%, and rash
in 5%; two (6%) patients discontinued IVIG because of AEs. One case report reported
agitation, combative behavior, and fearfulness [80]. None of the other case reports reported
AEs. Thus, the majority of studies did not report AEs, but most studies were not specifically
designed to follow AEs as outcome measurements and none of the studies were designed
to measure safety. As most of the AEs of IVIG are well known, many AEs may have been
considered part of the standard treatment. Most of the AEs reported are consistent with
standard IVIG treatment.

4. Discussion

This systemic review aimed to identify studies examining IgG concentrations and
the use of IVIG in individuals with ASD. We identified 12 studies which examined IgG
concentrations and 27 studies that described the use of IVIG in ASD (one study fell into both
categories). We found limited evidence for changes in immunoglobulin concentrations
in children with ASD, suggesting this might be present in subgroups of children with
more severe ASD. Evidence for the effectiveness of IVIG treatment was also found but
studies demonstrated many limitations. In most cases, IVIG was used to treat immune
abnormalities in individuals with ASD as IVIG is a common, safe and well-tolerated
treatment for immune disorders.

Nine of the 12 studies examining IgG concentrations included controls, with two
using sibling controls and seven using non-related controls; one study used parents as
comparisons and three used non-ASD developmentally delayed controls as a comparison
group. One study found that total IgG and IgG4 concentrations were higher in ASD as
compared to sibling controls, while the other sibling study demonstrated no differences
between those with and without ASD. In studies with non-related control children, two
studies demonstrated elevated IgG and IgG4 concentrations in ASD as compared to con-
trols, with one study finding that higher IgG4 concentrations were associated with more
severe social interaction impairments in those with ASD. Three studies demonstrated lower
IgG in ASD as compared to non-related controls; one study demonstrated a significantly
lowered median IgG concentration in ASD as compared to controls, with the depression in
IgG concentration related to more severe aberrant behaviors. One study demonstrated that
20% of children with ASD had subclass deficiency, including two with IgG4 deficiency, and
another study demonstrated a lower IgG concentration in the neonatal period for those who
went on to be diagnosed with ASD, with neonatal IgG concentration significantly related
to the risk of developing ASD. Two studies demonstrated no differences in serum IgG
concentrations between ASD and control participants, while another study demonstrated
no difference in the CSF IgG index between ASD and control individuals.

Overall, immunoglobulin studies in ASD reveal two patterns of IgG alterations. Three
studies demonstrate depressed total IgG levels and three studies demonstrated elevated IgG
concentrations which were primary driven by elevated IgG4 concentrations. Interesting,
both abnormalities were correlated with more severe ASD-related symptoms. The meta-
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analysis was consistent with this pattern but also demonstrated significant variability
among studies which would be expected if there are subgroups of children with different
immunological profiles.

Meta-analysis demonstrated a trend toward lower total IgG concentrations in chil-
dren with ASD as a group with a large variation in this finding across studies. Several
lines of evidence support the notion that this finding is driven by a subgroup of children
with ASD and hypogammaglobulinemia rather than simple biological variability. First, a
lower total IgG concentration has been found to be correlated with more severe aberrant
behaviors in the only large study to examine this relationship [23]. Second, studies on
neonates suggest that lower IgG levels were associated with an increased risk for develop-
ing ASD [54,55]. Third, treatment studies have suggested that treatment of children with
ASD and hypogammaglobulinemia results in improved ASD symptoms [52,63,64,66,67,69].

The fact that low total IgG levels in the neonatal period is associated with the devel-
opment of ASD may suggest that the humoral immune system may be depressed early
in life. Consistent with humoral immune system abnormalities, children with ASD are
more likely to have recurrent viral and bacterial infections. For example, a history of otitis
media (OM) and antibiotic use is associated with increased risk of ASD [82]; children with
ASD are more likely to have OM, especially complicated OM, suggesting more severe OM
infections [83], as compared to non-ASD siblings; children with ASD are more likely to
have recurrent OM and upper respiratory and other infections [5,84]; and those children
with ASD who have recurrent infections are found to be more medically complex and
lower functioning [84]. Recurrent infections could be linked to depressed immune response.
Studies have suggested that children with ASD and recurrent infections and other immune
abnormalities have associated abnormal Toll-like receptor responses [85], dysregulation of
inflammatory and counterregulatory cytokines [86], changes in regulatory microRNA [17],
and atypical mitochondrial respiration [16].

Meta-analysis has demonstrated that elevation in IgG 4 subclass is related to ASD.
Although commonly associated IgG4-related disease, such as fibro-inflammatory changes
in the salivary and lacrimal glands, orbit, pancreas, and kidneys [87] is not common
for children with ASD, elevated IgG4 is associated with eosinophilic esophagitis [88], a
disorder that is under diagnosed and associated with restricted feeding in ASD [89]. This
raises the possibility that IgG4 could potentially be used to help differentiate children with
feeding disorders due to eosinophilic esophagitis and behavioral issues. Clearly this is an
important and promising area of research.

Interestingly, eosinophilic esophagitis is associated with IgE-mediated food allergies
which is associated with enteric microbiome alterations in non-ASD children [90,91]. As
microbiome imbalances have been associated with ASD [92] and may have important
consequences in immune regulation [93], microbiome alterations may be playing a role
in immune dysregulation in ASD. The fact that chronic gastrointestinal symptoms have
also been linked to non-IgE-mediated food allergies [94] and immune dysregulation [85]
in children with ASD demonstrates the complex relationship between gastrointestinal
symptoms and immune dysfunction in ASD and the complicated nature of management
and treatment of ongoing symptoms in ASD.

Studies which have been conducted on measuring IgG in ASD have been innovative
in examining IgG concentrations prior to symptom onset to help understand the role of
immune dysfunction in the etiology of ASD and in examining their parents given the
research that suggests a transgenerational effect in the etiology of ASD. Clearly, further
studies will be needed to better understand the potential subgroups of children with ASD
and immune abnormalities, especially with respect to the developmental nature of IgG
concentrations. These studies point to the possibility of subsets of children with ASD with
different immune profiles, but further studies are needed to verify these abnormalities.

There were four prospective controlled studies of IVIG but only one of these was a
DBPC study [58] and only two examined changes in ASD symptoms, with both studies
reporting improvements. One of these aforementioned studies enrolled children with
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immune abnormalities while the other did not. One of the other two studies which did
not examine changes in symptoms instead measured changes in cytokines with IVIG. The
limited number of controlled and placebo-controlled studies is disappointing but given the
risk-benefit of an intravenous treatment in children, a high level of certainty of the efficacy
is needed before such studies are launched, so the lack of such studies is understandable at
this time. More studies will be necessary for future evaluation of this treatment.

Six studies were prospective without a control group with five of the studies enrolling
children with ASD and immune problems. Immune problems varied widely from recurrent
infections to quantitatively diagnosed immune deficiencies. All studies reported improve-
ments but in one study the improvements were not statistically significant after correction
for multiple comparisons. Unfortunately, only two of the six studies used standardized
clinical outcome measures to document improvements.

Two studies were retrospective case series of prospectively collected outcomes with
both studies using the ABC questionnaire, allowing the combining of these studies in a
meta-analysis, which demonstrated improvements on the ABC scale including significant
improvements in irritability, hyperactivity, and social withdrawal, as well as total aberrant
behaviors (all with medium to large effect sizes).

Three case series and twelve case reports described treatment of children with ASD
with IVIG. Only one study used standardized quantitative clinical outcome measures and
all studies which reported changes in ASD symptoms reported improvements. Only one
case report and one case series enrolled patients without immune-related problems.

One of the major limitations of the IVIG treatment studies was the lack of standardized
outcome measures. The most commonly used standardized outcome measure was the ABC,
which was used in five studies, all of which demonstrated improvement in aberrant behav-
iors. The next most commonly used standardized outcome measure was the SRS in two
studies, both of which demonstrated improvements in social function. Other studies noted
clinical improvements in communication, irritability, hyperactivity, cognition, attention, so-
cial interaction, eye contact, echolalia, speech, and responsiveness, although standardized
measures were not always used to collect these observations. Besides improvements in
ASD symptoms, other benefits were seen from IVIG. Six studies reported improvements in
seizures with IVIG [60,67,68,76,78,81], with one study reporting a worsening of seizures
when IVIG was stopped [67]. Other studies demonstrated improvements in recurrent
infections [64,73], appetite [73], weight gain [73], neuropathy [76], dysautonomia [81],
pro-inflammatory cytokines [22], and gastrointestinal symptoms [60].

The dose of IVIG varied widely from 20 mg/kg to 2 g/kg and the treatment duration
varied from one total IVIG treatment to recurrent treatment for many years, but most
studies did not document the exact dose and frequency of the treatment. Overall, most
studies did not report if AEs occurred, and for the four studies that did, the AEs were of
limited duration and severity [19,65,67,80].

The biological mechanism by which IVIG has its therapeutic effect was investigated
in a limited number of studies. One prospective controlled study [22] and one prospective
uncontrolled study [65] found a decrease in inflammatory cytokines, and one case series
demonstrated an improvement in IgG and IgM concentrations [69] with IVIG treatment.
Given that IgG and IgM [23] and inflammatory cytokine [17] concentrations have been asso-
ciated with ASD behaviors, modulation of these factors could play a role in the therapeutic
effect of IVIG. Two prospective uncontrolled studies [63,64] and two case series [72,73]
noted a substantial decrease in the number of infections with IVIG treatment, and one case
series noted an improvement in behavioral exacerbations associated with infections [68].
Given that a subgroup of children with ASD have been described with immune abnormali-
ties who have behavioral exacerbation with infections [86], simply improving the number
of infections may improve the ability to function and quality of life for some individuals
with ASD. The therapeutic effect of IVIG for modulating autoantibodies may have been
effective in the case-series [19] and case-studies [70,71,77–80] of patients with ASD and
autoimmune encephalopathy caused by anti-NMDA receptor [77,78], anti-nAChR recep-

332



J. Pers. Med. 2021, 11, 488

tor [79], anti-dopamine receptor [19], and anti-tubulin [19] autoantibodies. Finally, the
therapeutic effect of IVIG on seizures may have been therapeutic in the cases described
with refractory seizures [67,68,70,71].

Thus, these studies suggest IVIG treatment can be effective for some individuals
with ASD, particularly those with underlying immune-related problems. However, many
studies had substantial limitations, including a lack of a control group, only qualitative
outcomes reported, no standardized reporting of details of dosing and duration of treat-
ment, and no standardized reporting of AEs. Indeed, this does suggest that the majority
of the studies are open to bias. Additionally, several studies did not report commonly
used measures of variance such as standard deviation or interquartile range, making their
data difficult to include in a meta-analysis. Thus, future studies will need to address these
limitations in order to provide high quality evidence for the use of IVIG in ASD.

5. Conclusions

ASD is a prevalent and life-long neurodevelopmental disorder with no known cure.
Standard of care treatments are effective in some individuals but leave many with incom-
plete recovery. A better understanding of the underlying physiological abnormalities is
beginning to emerge with evidence supporting abnormalities in immune function, mak-
ing the immune system a potential target for treatment. Several common treatments for
children with ASD also have effects on the immune system, suggesting that their effi-
cacy in ASD may in part be linked to their effects on modulating immune function [95].
This review provide support for the notion that at least a subset of children with ASD
have immune abnormalities, particularly in humoral immunity characterized by abnormal
concentrations of immunoglobulins and may respond to the immune modulating effect
of IVIG therapy. This study has found that there is limited evidence that some children
with ASD have abnormal IgG concentrations, but this may be driven by a subgroup with
abnormalities. The other major finding in this meta-analysis was an elevation in IgG4
subclass. Variations in IgG concentration were perhaps related to ASD symptom severity,
suggesting that for some individuals with abnormal IgG concentrations, IVIG may be a
directly targeted treatment.

Still IVIG has many other clinical effects aside from replacing endogenous IgG. Indeed,
IVIG can modulate the immune system and is commonly used in neurological disorders
to treat pathophysiological processes involving inappropriate activation of the immune
system. IVIG is a common treatment because it is usually well tolerated with minimal and
non-serious AEs. Additionally, as compared to other treatments which modulate the im-
mune system, IVIG modulates immune function while also providing immune protection,
so concerns for immune suppression and opportunistic infections are minimized.

Overall, IVIG appears to be effective in many children with ASD, particularly in those
with identified immune problems. It also appears to be well tolerated. However, the
quality of the evidence for the use of IVIG is still below what is commonly accepted for a
routinely used treatment with the bulk of the studies being uncontrolled. Many studies
demonstrated bias, including selection bias (lack of randomization), performance bias (lack
of blinding), detection bias (lack of standardized outcomes), attrition bias (retrospective
studies are prone to losing patients to follow-up), and reporting bias (case studies tend to
report positive rather than negative outcomes). Thus, the current set of studies presented
should be used to design and implement well-controlled, blinded randomized clinical trials
in the future. Additionally, the populations used in these studies are very heterogeneous
with many different immune system abnormalities, making it hard to determine if there
is a particular subset of children with ASD in which the treatment may be most effective.
Thus, further identification of biomarkers that can guide treatment will be helpful.

6. Patents

No patents to report.
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Abstract: The prevalence of autism spectrum disorder (ASD) continues to increase, but no distinct
pathogenesis or effective treatment are known yet. The presence of many comorbidities further
complicates matters, making a personalized approach necessary. An increasing number of reports
indicate that inflammation of the brain leads to neurodegenerative changes, especially during
perinatal life, “short-circuiting the electrical system” in the amygdala that is essential for our ability
to feel emotions, but also regulates fear. Inflammation of the brain can result from the stimulation of
mast cells—found in all tissues including the brain—by neuropeptides, stress, toxins, and viruses such
as SARS-CoV-2, leading to the activation of microglia. These resident brain defenders then release
even more inflammatory molecules and stop “pruning” nerve connections, disrupting neuronal
connectivity, lowering the fear threshold, and derailing the expression of emotions, as seen in ASD.
Many epidemiological studies have reported a strong association between ASD and atopic dermatitis
(eczema), asthma, and food allergies/intolerance, all of which involve activated mast cells. Mast
cells can be triggered by allergens, neuropeptides, stress, and toxins, leading to disruption of the
blood–brain barrier (BBB) and activation of microglia. Moreover, many epidemiological studies have
reported a strong association between stress and atopic dermatitis (eczema) during gestation, which
involves activated mast cells. Both mast cells and microglia can also be activated by SARS-CoV-2
in affected mothers during pregnancy. We showed increased expression of the proinflammatory
cytokine IL-18 and its receptor, but decreased expression of the anti-inflammatory cytokine IL-38 and
its receptor IL-36R, only in the amygdala of deceased children with ASD. We further showed that the
natural flavonoid luteolin is a potent inhibitor of the activation of both mast cells and microglia, but
also blocks SARS-CoV-2 binding to its receptor angiotensin-converting enzyme 2 (ACE2). A treatment
approach should be tailored to each individual patient and should address hyperactivity/stress,
allergies, or food intolerance, with the introduction of natural molecules or drugs to inhibit mast cells
and microglia, such as liposomal luteolin.

Keywords: amygdala; autism spectrum disorder; brain; COVID-19; children; cytokines; flavonoids;
inflammation; luteolin; mast cells; microglia; SARS-CoV-2; stress

1. Introduction

ASD is characterized by difficulties in communication and apparently purposeless
repetitive movements [1–5]. The prevalence is estimated to be 1 in 54 children in the United
States [6,7] and is associated with enormous economic burden [8–11]. However, ASD
pathogenesis is still unknown. Moreover, most children with ASD have a number of co-
morbidities such as hyperactivity, gastrointestinal problems, allergies, and seizures [12–14],
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making the development of effective treatments difficult and prompting the need for a
personalized approach [15].

A number of risk factors during gestation [16], especially pre-eclampsia [17–19],
preterm birth, and low birth weight [20–22], as well as atopic conditions, autoimmune
diseases, [23–25] infection, and psychological stress, have been increasingly associated
with higher risk of ASD in the offspring (Table 1) [26,27]. There have been many reports of
different aspects of immune dysfunction in ASD [28–32]. In fact, maternal antibodies have
been implicated in brain pathology in ASD [33], especially autoantibodies against proteins
in the developing fetal brain [34–36]. We had proposed that focal inflammation in the
amygdala may contribute to ASD [37–39] via activation of microglia [40–43]. The present
manuscript is organized in different parts, stressing certain risk factors such as SARS-CoV2
infection, psychological stress, atopic conditions, and finally, treatment approaches.

Table 1. Conditions Associated with Higher Risk of ASD.

• Autoimmunity [24,25,44]
• Allergies [45–52]
• Asthma [50,53]
• Atopic dermatitis [54,55]
• COVID-19 [56,57]
• High fever [58,59]
• Hypothyroidism [24]
• Infection [58,60,61]
• Inflammation [38,39]
• Low birth weight/preterm birth [16,20–22,62]
• Pre-eclampsia [17–19]
• Mastocytosis [63]
• Psoriasis [23–25]
• Rheumatoid arthritis [24]
• Stress [16,62,64–72]

2. Infections and COVID-19

Infections [58,60,61] and high fever [58,59] during gestation have been associated with
higher risk for ASD. However, there is very little information available on the effect of
viruses, especially SARS-CoV-2, on the fetus. Viral proteins can interact with placenta
cells [73]. One recent paper that reviewed findings from 101 women infected with SARS-
CoV-2 reported that there is vertical transmission of SARS-CoV-2 from the mother to the
infant, with adverse effects on the newborn [74]. However, two other papers reported
negligible transmission [75,76]. However, transmission may not be required for the virus to
induce neuroinflammation, as it may affect peripheral nerves [77] or the developing brain
via the Spike protein directly affecting brain cells [78].

Recent publications reported increased perinatal complications in mothers infected
with SARS-CoV-2 [56,79], especially pre-eclampsia [79] and premature birth [56,79], associ-
ated with inflammatory responses [80,81]. Pre-eclampsia is characterized by high levels
of corticotropin-releasing hormone (CRH) [82,83], which is typically secreted from the
hypothalamus under stress [84]. With respect to children infected with SARS-CoV-2, even
though they have milder pulmonary symptoms than adults [85–91], a number of papers
have reported the presence of Multisystem Inflammatory Syndrome in children (MIS-
C) [92–94] and adolescents [95]. In such cases, symptoms typically occur 4–6 weeks after
infection and are reminiscent of Kawasaki disease [96] but also include neurologic involve-
ment [97]. Moreover, the clinical presentation is associated with elevated markers of inflam-
mation and the presence of multiple autoantibodies [98], and one paper suggested that MIS
may be a form of mast cell activation syndrome (MCAS) presenting with neuropsychiatric
symptoms and brain fog [57]. In fact, perinatal brain inflammation [99] can contribute to
the pathogenesis of neuropsychiatric disorders [100,101], including ASD [16,38,102]. A
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recent NIH study reported blood vessel damage and perivascular inflammation in brains
of deceased patients with COVID-19 [103].

COVID-19 has been associated with neurological [104–112], neurodegenerative [107,113],
and mental [114–124] disorders, including ASD [125]. Moreover, it is now recognized that
as many as 50% of those infected with SARS-CoV-2 [126] develop a post-acute syndrome
known as “long-COVID syndrome” [127–129]. This syndrome is particularly associated
with neurologic and psychiatric symptoms, especially brain fog, [128,130–132], as well as
persistent fatigue apparently independent of the severity of the initial symptoms [133].
In fact, the Simons Fnd. (New York, NY, USA) recently announced the funding of lon-
gitudinal studies of mothers infected with maternal COVID-19 for increased risk for
ASD. (https://www.sfari.org/grant/maternal-covid-19-as-a-potential-risk-for-autism-
supplemental-funding-for-ongoing-pregnancy-cohorts-request-for-applications/ (accessed
on 1 June 2021).

The detrimental effects of stress, inflammation, and auto-immunity were discussed
recently [134], especially with respect to COVID-19 [113] and mast cells [135]. A number of
subsequent reviews have discussed neurobiological aspects [136] and neuroinflammation
in the context of ASD [137–139]. In this paper, we discuss how environmental and stress
stimuli trigger fetal or neonatal mast cells to secrete proinflammatory mediators, leading
to focal inflammation in the amygdala, regulating emotions and fear (Figure 1) [140] and
contributing to ASD [38,45,141]. We further propose a set of laboratory tests and approaches
to better identify comorbidities and help each individual to be the best they can be.

Figure 1. Diagrammatic representation of how SARS-CoV-2 could stimulate fetal mast cells and result in inflammation of
the brain. SARS-CoV-2 could stimulate fetal or neonatal mast cells especially in the nose and enter the brain via the olfactory
nerve tract, reaching the amygdala. There, it could further activate mast cells and microglia to release pro-inflammatory
mediators, thus contributing to brain inflammation and ASD. Luteolin could block these processes.

3. Psychological Stress

Psychological stress can have pro-inflammatory effects [64,134] via CRH [142] stim-
ulating mast cells [135]. One study showed that prenatal and early postnatal stress were
associated with elevated serum levels of IL-6 in humans [143]. Another study reported
that acute psychological stress increased the circulating levels of proinflammatory cy-
tokines [144]. A longitudinal study of mothers’ serum measurements during gestation
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linked IL-6 to decreased executive function in their offspring [145]. We had shown that
acute restraint stress significantly increased serum IL-6 in mice, which was entirely de-
pendent on mast cells [146]. It is interesting that IL-6 has also been reported to promote
human mast cell production and reactivity [147]. Moreover, prenatal stress or exposure
to IL-6 resulted in increased microglia ramification in mice and was prevented by IL-6
blockade [148].

Psychological stress could also lead to increased vascular permeability [135]. This pro-
cess also contributes to the disruption of the blood–brain barrier (BBB) [149,150] via release
of CRH [151] and IL-6 [152], permitting entry into the brain of viral particles, cytokines, or
other toxic substances, thus further exacerbating brain inflammation. Breakdown of the
BBB has been reported in the developing brain following inflammation [153]. We further
showed that restraint stress in rodents increased BBB permeability [149,150,154,155] via
CRH stimulating mast cells [154,156,157]. The BBB typically prevents circulating toxic
substances, but also immune cells, from entering the brain. The BBB is not fully developed
until the third trimester [158–160] and is more vulnerable to toxins and drugs [161]. It was
recently shown that common drugs such as acetaminophen (paracetamol) and cimetidine
can enter the fetal brain in higher amounts than the adult brain [162]. Moreover, umbilical
cord blood biomarkers indicative of acetaminophen exposure were significantly associated
with the risk of ASD in childhood [163]. Hence, many atopic or pathogenic conditions,
including exposure to certain drugs, could influence brain development during pregnancy
or even lactation.

Stress associated with COVID-19 [134] can further affect the emotional state of indi-
viduals [118,119,164–167], especially social isolation, loneliness, and anxiety [168]. One
study reported that prenatal stress was linked to higher risk of newborns developing
attention-deficit hyperactivity disorder (ADHD) [65,66] and ASD [67–72]. A more recent
study of 1638 pregnant women concluded that a high level of perceived stress through
pregnancy, especially during the second trimester, was associated with an increased risk of
the offspring developing ASD at 6 months of age [62]. Prenatal stress may lead to mater-
nal immune dysregulation, thus contributing to ASD [70]. It is interesting that maternal
psychological stress during pregnancy increased cord blood levels of IgE [169], suggesting
that it could contribute to an increased risk in the fetus of developing allergic reactions
or sensitivity to postnatal exposure to allergens. Psychological stress also increased the
risk of childhood atopic dermatitis (AD) [170,171] and asthma [172–174]. To make matters
worse, children with ASD cannot handle stress [175,176] and have an exacerbated sense of
fear [39].

4. Mast Cell Activation

Infection with SARS-CoV-2 is primarily characterized by the release of a storm of
pro-inflammatory cytokines [177–185], especially IL-6 [186–189] and IL-1β [190,191]. Mast
cells are a key source of such cytokines in COVID-19 [192–195] and could contribute to
interstitial lung edema and immunothromboses [196].

We reported that children born to mothers with systemic mastocytosis [63], which
is characterized by a greater number of hyperactive mast cells than in the general pop-
ulation [197], had a higher risk of developing ASD [1,2,7,198,199]. The word atopy is
commonly used to denote a tendency, usually early in life, to become sensitized to and
produce immune IgE to environmental antigens. Many epidemiological studies reported a
strong association between atopic diseases and behavioral problems in general [200] and
in ASD in particular [46,47]. Other epidemiological studies showed a strong association
between risk for developing ASD and allergies [45,46,48–50], especially asthma [50,53]
and atopic dermatitis (AD) [54], but also food hypersensitivity [12,201–205]. In fact, the
presence of allergies was associated with elevated serum levels of autoantibodies against
brain antigens in children with ASD [206]. Parental history of AD was strongly associated
with children developing AD [207]. It was reported that maternal immune activation [208]
and autoimmune diseases [209], especially psoriasis, but also allergies and asthma, were

342



J. Pers. Med. 2021, 11, 860

associated with a higher risk of ASD [23]. In another study, almost 50% of children with
ASD had relatives with rheumatoid diseases as compared to 26% in the control group [210].
In a recent large study, mothers who suffered from asthma, allergy, atopy, or eczema during
pregnancy were associated with a higher risk of neuropsychiatric problems in children [55].
Three recent studies reported strong associations with ASD and food allergy [211] and food
intolerance [202] that could lead to brain inflammation and cognitive impairment [212].

A recent publication showed that the mother’s circulating immune IgE resulted in
vertical transmission of AD in the newborn via stimulation of fetal mast cells [213]; both
passive and active prenatal sensitization conferred allergen sensitivity [213]. This important
paper indicated that fetal mast cells were functional and could be stimulated by specific
IgE and allergens present in the mother during gestation. Even though these studies were
limited to pulmonary and skin mast cells, reactivity could also extend to brain mast cells.
In fact, prenatal allergen exposure was even shown to program lifelong changes in adults
rats’ social and sexual behavior, including effects on microglia activation and neonatal
dendritic spine density [214]. Fetal mast cells could potentially respond to other stimuli
such as neuropeptides and toxins, including the alarmin IL-33 [215,216], with detrimental
effects on brain development, especially in premature babies [16].

Activated brain mast cells have been shown to contribute to cognitive dysfunction
via microglia activation and neuronal apoptosis [217]. Mast cells are ubiquitous in the
body [218] and are critical for allergic diseases [219], including mastocytosis [197]. However,
mast cells also participate in inflammation [220,221] by secreting histamine and multiple
pro-inflammatory cytokines and chemokines [222,223], including IL-1β [224], IL-6 [225],
and TNF [226]. Mast cells are also present in the brain, especially the meninges [227,228]
and the median eminence [229], where they are located perivascularly, close to nerve
endings positive for CRH [227]. We showed that stress stimulates mast cells via CRH [135]
leading to increased dura vascular permeability, an effect that was absent in mast cell-
deficient mice [230]. Moreover, mast cells can activate the hypothalamic–pituitary–adrenal
(HPA) axis [142,231–233] via the release of histamine [234], IL-6 [152], and CRH [151].
Moreover, neurotensin [235] and substance P (SP) [236], neuropeptides implicated in
inflammation, induced CRHR-1, thus creating an autocrine loop. Moreover, SP induced
the ST2 receptor for IL-33 [226], further exacerbating mast cell activation by the combined
action of neuropeptides and IL-33.

Mast cells respond not only to allergic but also to many other stimuli that can act
alone or increase mast cell reactivity [197]. Mast cells can also be triggered by viruses [237]
including SARS-CoV-2 [192,195]. In fact, gene expression of the coronavirus surface re-
ceptor angiotensin-converting enzyme 2 (ACE2) was recently shown to be induced by
interferon [238], and mast cells can elicit strong pro-inflammatory and Type I interferon
responses in the presence of viruses [239], implying an autocrine action on ACE2 ex-
pression. Following stimulation, mast cells release large amounts of pro-inflammatory
mediators [222] such as histamine, tryptase, chemokines (e.g., CCL2, CCXL8) [240], and
cytokines (IL-6, [225] IL-1β [224], TNF [226]), especially when primed by IL-33 [216,241].
Histamine can stimulate macrophages to release IL-1 [242], which in turn stimulates mast
cells to release IL-6 [225]. Mast cells can also secrete mitochondrial DNA (mtDNA) extra-
cellularly [243], which serves as an alarmin and can stimulate pro-inflammatory mediator
secretion from immune cells [244,245]. We reported elevated extracellular mtDNA in the
serum of children with ASD [246]. In fact, it was recently reported that mtDNA may
mediate prenatal environmental influences in ASD [247], was increased in the serum
of COVID-19 patients, and correlated with disease severity [248]. Moreover, mast cells
synthesize and release platelet-activating factor (PAF), which has been implicated in inflam-
mation [249] and microthromboses [250] characterizing COVID-19. In fact, a recent paper
reported a strong association across the globe with SARS-CoV-2 infection rates and levels
of pollen known to be involved in upper respiratory system allergies, thus implicating
mast cell activation [251]
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5. Mast Cells and Microglia

Microglia are specialized resident macrophages of the Central Nervous System (CNS)
with important functions in both health and disease. They are especially implicated in
neuroinflammation [252–254] and neurodegenerative [252,255–257] diseases. Activation
of microglia has been reported in ASD [41–43,258], as documented by the release of the
pro-inflammatory mediators IL-1β and CXCL8 [259]. Microglia were recently implicated in
COVID-19 [260] and were also associated with neuroinflammation [261]. The transition of
microglia from the resting to the activated proinflammatory phase is regulated by several
intrinsic and extrinsic factors. Microglia can be activated by numerous molecules including
pathogen-associated molecular patterns (PAMPs) and endogenous damage-associated
patterns (DAMPs) acting on Toll-like receptors (TLRs), but also in response to molecules
released from mast cells, such as histamine and tryptase (Table 2) [39]. It was recently
reported that elevated protein synthesis in microglia resulted in autism-like synaptic and
behavioral changes in mice [262]. A dysfunctional neuroimmune cross-talk may result in
a state of chronic fetal microglial activation leading to a disruption of neurogenesis and
synaptic pruning [263], processes critical for the development of ASD.

Table 2. Molecules Activating Microglia.

• Chemokines (CCL2, CxCl8)
• Cytokines (IL-1β, IL-6, IL-18, TNF)
• Histamine
• Lipopolysaccharide (LPS)
• Neuropeptides (CRH, HK-1, Neurotensin, SP)
• Neurotransmitters
• Pathogens (SARS-CoV-2)
• Potassium
• Prostaglandin D2
• Proteases (MMP-3, Thrombin, Tryptase)

Mast cells interact with microglia in the brain [264], leading to their activation [264–267]
and to neuroinflammation [266,268]. This effect is absent in mast cell-deficient mice [39,269].
Activation of mast cells [270,271] and microglia [272], especially in the hypothalamus [273],
could lead to cognitive dysfunction [274]. Microglia express receptors for CRH [275] and
could be further activated by stress, especially in association with COVID-19 [276]. Mi-
croglia also express receptors for neurotensin (NT) (Table 2) [277]. We reported that NT is
increased in the serum of patients with ASD [278,279] and can activate human microglia
to secrete pro-inflammatory molecules [259]. We also reported increased gene expres-
sion of the pro-inflammatory microRNA-155 (miR-155) in the amygdala of children with
ASD [280], as well as reduced expression of the anti-inflammatory cytokine IL-38 [281].
Microglia also express TLRs [282] and were recently implicated in COVID-19 [260,283].

6. Treatment Approaches

It is critical to identify the presence of any atopy or allergies and food intolerance,
especially the presence of Mast Cell Activation Syndrome (MCAS) [284,285] or systemic
mastocytosis (SM) [197], by measuring the levels of the molecules listed in Table 3. Of note
is IgG4 because it is involved in food intolerance and has been reported to be elevated in
the plasma of children with ASD [286].
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Table 3. Laboratory Tests for Diagnosis of Atopic Diseases.

Blood
• IgA, IgG1, IgG4, IgE
• Immune IgE (RAST for alpha-gal, casein, dust, dust mites, egg, fungi, grass, gluten, pollen)
• Anti-IgE receptor antibody (basophil activation or histamine release test)
• CCL2, CXCL8 (IL-8)
• Chromogranin A *
• Eosinophilic cationic protein (ECP)
• Food Intolerance Panel
• Heparin
• IL-4, IL-6, IL-31, IL-33
• Prostaglandin D2 (PGD2)
• Tryptase
Urine collected for 24 h or first morning void (must be kept and sent cold)
• N-methylhistamine (NMH) or methylimidazole acetic acid (MIA)
• PGD2
• 23BPG=2,3-Dinor-11β-PGF2α

* Should be measured after one week of NO antacids, otherwise there is a high chance of false positive results.
Elevated chromogranin A is not indicative of atopy, but of a somewhat similar condition called carcinoid syndrome
associated with activated enterochromaffin cells in the gut.

It is also important to avoid histamine-rich foods, especially ripe tomatoes and av-
ocados, cheeses, spinach, tangerines, spices, and sardines, which have been associated
with histamine intolerance [287]. In this context, it is useful to conduct gene analysis for
metabolizing enzymes, especially diamine oxidase (DAO), which breaks down histamine,
and enzymes that break down phenols such as monoamine oxidase (MAO), catecholamine-
ortho-methyl transferase (COMT), and phenol sulfur transferase (PST) to ascertain phenol
intolerance that can contribute to hyperactivity. If DAO gene expression is defective and/or
its activity in the blood is low, DAO supplements can be added about 30 min before meals,
but one should be careful to avoid the common dyes and preservatives mentioned below.

Unfortunately, many medications, supplements, and vitamins contain “inactive”
ingredients that are not tolerated by many children with ASD, leading to unexpected or
worsening of behaviors. Such ingredients to be avoided include dyes, preservatives,
gluten, monosodium glutamate (MSG), polyethylene glycol (PGE), galactosaccharide
(GOS), salicylates, silicum, soy talc, and Twin 80. In addition, herbicides such as glyphosate
and atrazine should be avoided, as they have been reported to stimulate mast cells and
promote inflammation [288], besides their known neurotoxic effects.

One should choose the best tolerated antihistamine [289,290] from the list shown in Ta-
ble 4, especially rupatadine, which also blocks mast cells, [291–293], and avoid large doses
that may lead to confusion [294]. In fact, the Food and Drug Administration (FDA) recently
warned that taking higher-than-recommended doses of diphenhydramine (Benadryl) can
lead to serious heart problems, seizures, coma, or even death. https://www.fda.gov/drugs/
drug-safety-and-availability/fda-warns-about-serious-problems-high-doses-allergy-medicine-
diphenhydramine-benadryl (accessed on 1 June 2021).
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Table 4. Different histamine-1 receptor antagonists.

Generic Drug (Trade Name)

Bilastine * Nonsedating, non-metabolized
Cetirizine Nonsedating
Cyproheptadine Antiserotonergic
Diphenhydramine Sedating
Hydroxyzine Anxiolytic
Ketotifen * Anti-eosinophilic
Loratadine Nonsedating
Rupatadine * Anti-PAF (Platelet activating factor), mast cell inhibitor
Tricyclic Antidepressants
Amitriptyline Weight gain
Doxepin Also histamine-2 receptor antagonist
Phenothiazines
Promethazine Antiemetic
Prochlorperazine Antiemetic, mast cell inhibitor

* Available only via compounding in the United States.

As discussed, anxiety, fear, and stress are major factors leading to hyperactivity. This
should be investigated (by measuring total blood catecholamines and glutamate) and ad-
dressed with the use of a chamomile/passiflora/valerian extract or Ashwagandha [295,296].
If these are not sufficient, one should consider the beta-blocker propranolol that has good
anti-anxiety properties without clouding the mental abilities and has also been reported
to improve language in children with ASD [297]. Alternatively, one may recommend the
use of alpha 2-receptor agonists [298] such as clonidine [299,300] and guanfacine [301,302],
usually administered at bedtime especially since clonidine reduces sleep initiation latency
and night awakening [303]. Moreover, caution should be exercised because such adrenergic
blocking drugs may cause bradycardia and a drop in blood pressure. Cannabidiol (CBD)
oil may be useful but it should be used with caution in individuals with atopic problems,
because it has been reported to trigger the activation of cultured leukemic mast cells [304].

There has been considerable progress in defining drugs that block tyrosine kinases
(TK) that are involved in mast cell proliferation [305]. The use of biologics for TNF [306,307]
and IL-1β, [308]; has significantly improved the treatment of inflammatory skin diseases.
However, these agents have a number of limitations as they may cause paradoxical inflam-
mation, reduced ability to fight infection, and cancer development [309]. In spite of such
advances, there is no clinically effective inhibitor of human mast cell mediator secretion.
Moreover, inhibitors of the tyrosine kinase c-kit receptor that reduce MC proliferation [310]
do not inhibit mast cell activation [311]. There are still no clinically effective mast cell
inhibitors [221,312]. Disodium cromoglycate (cromolyn), known as a “mast cell stabilizer,”
had originally been shown to inhibit rat peritoneal MC histamine release [313]. However,
cromolyn does not effectively inhibit either murine MC [314] or human MC [315–317] and
has even been reported to potentiate histamine release from mast cells [318].

Instead of cromolyn, one should choose the best purity, source, and formulation of the
flavonoids luteolin and quercetin [319–323]. These flavonoids are readily available and are
generally considered safe [45,324–326]. Luteolin has broad anti-viral properties [327–329]
and inhibits the entry of the corona virus into host cells [237,330,331]. Furthermore, lu-
teolin better penetrates into the brain, inhibits both microglia [259,332–334] and mast
cells [317,335], is neuroprotective [336–339], and has been reported to reduce neuroinflam-
mation [337,340–342] and cognitive dysfunction [61,343–345], especially brain fog [346]. In
fact, flavonoids were recently shown to improve cerebral cortical oxygenation and cognition
in healthy adults. [347,348] Moreover, flavonoids induce the synthesis and secretion of neu-
rotrophic factors, including brain-derived neurotrophic factor (BDNF) [77,349,350], known
to be deficient in certain conditions associated with ASD, such as RETT syndrome [351].
The beneficial actions of luteolin are summarized in Table 5.
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Table 5. Beneficial Actions of Luteolin *.

• Antagonizes SARS-CoV-2 Spike protein binding [237,330,331,352]
• Has broad antiviral properties [327–329]
• Improves cerebral cortical oxygenation and cognition [347,348]
• Induces the synthesis and secretion of BDNF [77,349–351]
• Inhibits serine proteases required for Spike protein processing [353,354]
• Inhibits neuroinflammation [340–342]
• Inhibits the release and action of PAF [249,250]
• Inhibits mast cell stimulation by different triggers [317,335]
• Inhibits microglia activation [259,332–334]
• Interferes with coronavirus replication [355]
• Is neuroprotective [336–339]
• Reduces cognitive decline [61,343–346]
• Reduces oxidative stress [320]
• Regulates inflammasome activation [356]

* Methoxyluteolin is more potent, metabolically stable, enters the brain more efficiently, and is better tolerated
due to the absence of phenolic groups.

Luteolin and quercetin are not water-soluble and are difficult to absorb in powder form
after oral administration [357], but their intestinal uptake can be greatly improved [358] in
liposomal preparations using olive pomace oil [358]. In fact, such a luteolin formulation
in olive pomace oil (NeuroProtek®) has been reported to improve ASD [359,360], while
another one (BrainGain®) reduced brain fog [344]. The latter formulation also provided the
additional neuroprotective [361–366] and anti-inflammatory [367,368] actions of olive po-
mace oil polyphenols, as well as the increase in memory induced by the olive oil component
hydroxytyrosol [365,369].

The beneficial actions of these supplements could be combined with that of a unique,
hypoallergenic skin lotion containing tetramethoxyflavone (GentleDerm®) [305], which
can be applied on the forehead for direct absorption by temporal blood vessels. Tetram-
ethoxyflavone (methoxyluteolin, methlut) is a more potent inhibitor of human mast cells
than either quercetin of luteolin [317,335] and also inhibits human microglia [259,333].

The natural molecule berberine may be particularly useful in cases of PANS/PANDAS
because of its antibacterial properties, but also because it can inhibit mast cells [370,371]
and improve brain circulation [372]. In addition, high doses of Vitamin D3 are recom-
mended, because this vitamin has been found to be present at low levels in mothers and/or
children with ASD [371,373–375] and also decreases atopic responses [376]. When all fails,
intravenous Ig may be administered [289].

7. Conclusions

It is critical to try to address each child individually (Table 6) [377] by first identifying
any comorbidity, especially atopic diseases and hyperactivity, as well as any metabolic
issue especially related to vitamins B1, B6, B12, folic acid/MTHFR, thyroid, or vitamin
D3 deficiency, since these may be easily overcome. Inflammation of the brain may be
reduced with the use of the natural flavonoid luteolin, especially when formulated in
liposomal form in olive pomace oil that significantly increases oral absorption (BrainGain®,
PureLut®, NeuroProtek® with FDA Certificate of Free Sale). The beneficial actions of
these supplements could be augmented by the use of a unique, hypoallergenic skin lotion
(GentleDerm®), which contains the more potent methoxyluteolin and can be applied on the
temples for direct absorption by brain blood vessels. Thus, inhibiting the activation of mast
cells and microglia not only would prevent vertical transmission of atopic disorders, but
also may prevent inflammation of the brain and reduce the risk of the offspring developing
neuropsychiatric disorders, especially ASD (US patents US 7,906,153; 8,268,365; 9050275).
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Table 6. Treatment Approaches.

Hyperactivity
• Ashwagandha
• Chamomile/Passiflora/Valerian extract
• Clonidine or guanfacine
• C-Acetyl cysteine (NAC)
• Hydroxyzine
• Propranolol
Allergic Inflammation
• Berberine
• Luteolin *
• Rupatadine
• Vitamin D3
Neuronal fatigue
• Folinate calcium or methylfolate
• Glutathione
• Methyl B12
• S-Adenosylmethionine (SAMe)
OCD
• Aripiprazole
• Risperidone

* Children with phenol intolerance: PureLut®; NeuroProtek-Low Phenol®, Adults with Brain Fog: BrainGain®;
NeuroProtek®, Adults also with allergies: FibroProtek®, Adults also with interstitial cystitis: CystoProtek®.
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CRH Corticotropin-releasing hormone
DAMPs Damage-associated molecular patterns
HPA Hypothalamic–pituitary–adrenal
MCAS Mast Cell Activation Syndrome
MCI Mild cognitive impairment
mtDNA Mitochondrial DNA
MIS Multisystem Inflammatory Syndrome
NT Neurotensin
PANS Pediatric Acute Neuropsychiatric Syndrome
PAMPs Pathogen-associated molecular patterns
PAF Platelet-activating factor
SP Substance P
TLR Toll-like receptor
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Abstract: Background: Autism spectrum disorder (ASD) is associated with anxiety and sleep prob-
lems. We investigated transdermal electrical neuromodulation (TEN) of the cervical nerves in the
neck as a safe, effective, comfortable and non-pharmacological therapy for decreasing anxiety and
enhancing sleep quality in ASD. Methods: In this blinded, sham-controlled study, seven adolescents
and young adults with high-functioning ASD underwent five consecutive treatment days, one day
of the sham followed by four days of subthreshold TEN for 20 min. Anxiety-provoking cognitive
tasks were performed after the sham/TEN. Measures of autonomic nervous system activity, includ-
ing saliva α-amylase and cortisol, electrodermal activity, and heart rate variability, were collected
from six participants. Results: Self-rated and caretaker-rated measures of anxiety were significantly
improved with TEN treatment as compared to the sham, with effect sizes ranging from medium
to large depending on the rating scale. Sleep scores from caretaker questionnaires also improved,
but not significantly. Performance on two of the three anxiety-provoking cognitive tasks and heart
rate variability significantly improved with TEN stimulation as compared to the sham. Four of
the seven (57%) participants were responders, defined as a ≥ 30% improvement in self-reported
anxiety. Salivary α-amylase decreased with more TEN sessions and decreased from the beginning
to the end of the session on TEN days for responders. TEN was well-tolerated without significant
adverse events. Conclusions: This study provides preliminary evidence that TEN is well-tolerated in
individuals with ASD and can improve anxiety.

Keywords:α-amylase; autism spectrum disorder; anxiety; cortisol; heart rate variability; neuromodulation;
sleep anxiety; transdermal electrical neuromodulation; neurostimulation

1. Introduction

Autism spectrum disorder (ASD) is a behaviorally defined neurodevelopmental disor-
der with lifelong consequences that affects children during critical times in their lives [1].
The Centers for Disease Control and Prevention (CDC) estimates that ASD affects about
2% of children (1 in 54) in the United States (US) [2]. The only standard treatment for core
ASD symptoms is behavioral therapy. Although behavioral therapy can be effective if
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started early in life [3,4], only a minority of children obtain optimal outcomes [5,6] and
most require lifelong supportive care [7]. The economic burden of intense and continuous
educational, medical and social support is impressive [8], with the lifetime social costs to
date in the US estimated to be more than $7 trillion [9]. In addition, the child’s disability
creates a spillover effect that decreases the quality of life of the entire family [10–12].

1.1. Co-Occurring Conditions Can Interfere with Daily Function

ASD is associated with many co-occurring medical conditions, including intellec-
tual disability [13], epilepsy [14], gastrointestinal disorders [15], sleep disorders [16],
ADHD [16], anxiety [16], irritability, self-injurious behavior and depression [17]. While
these conditions are not considered core symptoms of ASD, they can limit the functional
ability of the individual, preventing them from gaining optimal benefit from therapies.
Anxiety [18,19] and sleep problems [20,21] are difficult-to-treat lifelong conditions that
commonly start in childhood and continue into adolescence and adulthood. These con-
ditions commonly result in difficultly with the transition into independence, as well as
significantly decreasing the ability to function optimally in everyday life.

Anxiety disorders are estimated to affect 40% of children and adolescents with
ASD [19], which is consistently higher than the prevalence in neurotypical (NT) chil-
dren [22,23]. Anxiety results in the avoidance of social situations, further worsening social
isolation, which is commonly associated with ASD [24]. This is particularly problematic
during adolescence and young adulthood, when high-functioning individuals with ASD
are expected to interact with others independently. For individuals with ASD who are low-
functioning with limited communication, anxiety commonly drives aberrant behaviors,
such as aggression and self-injurious behavior. These behaviors are commonly refrac-
tory to treatment and can lead to institutionalization, making finding effective treatments
extremely important. Anxiety also has detrimental physical effects on health beyond
affecting daily activities. For example, studies on the NT population have shown that
unmanaged anxiety can breakdown biological functions, such as the immune [25,26] and
cardiovascular [27] systems.

Sleep problems are more common in children and adolescents with ASD compared to
the NT population, with a prevalence up to of 82% and persistent across their lifespan [28].
Sleep problems commonly start in early life and are potentially an early warning sign of
ASD [29,30]. In young adulthood they reduce quality of life [31] and are associated with
unemployment [20]. As discussed in our recent review, sleep problems in individuals with
ASD are associated with worse ASD symptom severity, communication and social function,
and increased irritability, stereotypy, hyperactive, anxiety, aggression and inattention [32].
Poor sleep in individuals with ASD results in a spillover effect which decreases quality
of life for both the individual and the family [12]. Successful treatment of sleep problems
improves a wide variety of ASD symptoms, including daytime behavior and function [32]
as well as quality of life [12].

1.2. Treatment Approaches to Modulate Physiological Drivers of Symptoms

Standard treatments for core and associated ASD symptoms in addition to co-occurring
conditions usually include psychopharmacological management, which tends to provide
a suboptimal result in many cases. Indeed, pharmacological approaches borrowed from
the treatment of the NT population do not translate well regarding both efficacy and AE
profile. This leaves a large knowledge gap in the efficacious and safe treatment for these
detrimental co-morbidities.

While there are many effective ways to manage anxiety in the NT population, these
approaches are limited in effectiveness in ASD. Pharmacological approaches suffer from
AEs, such as drowsiness, blunting general affect, impairing attention and dependence. In
fact, a Cochrane review found that the standard treatment for anxiety in NT individuals,
SSRIs, were not only not effective for individuals with ASD but may do more harm than
good [33]. Relaxation-based treatments [34] and exercise [35] can be beneficial but require
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investments of time and training that often prohibit compliance and can be challenging
for young adults, especially with ASD. Thus, alternative approaches to treat anxiety are
needed for children and adolescents with ASD.

Sleep problems may be refractory to treatment in many individuals with ASD. Al-
though standard behavioral therapy is the first line for treatment, it tends to be ineffective
in children with ASD [36]. Melatonin has good clinical trial evidence for use in children
with ASD for sleep initiation, but not for sleep maintenance [32,36]. Good evidence for
other pharmaceutical treatments is lacking [32]. In fact, in individuals with ASD, especially
adolescents and young adults, sleep initiation and maintenance are often refractory to
standard treatments and can interfere with their ability to function.

Perhaps the greatest limitation of many ASD treatments is that most medical inter-
ventions focus on symptomatic relief rather than targeting underlying pathophysiological
mechanisms. Thus, a safe, effective and well-tolerated treatment that addresses underlying
pathophysiological abnormalities in ASD could accelerate the achievement of optimal
outcomes for a greater proportion of individuals with ASD. New approaches to managing
anxiety and sleep quality could greatly enhance the quality of life and activities of daily
living for children with ASD as they transition into adulthood and age out of services.

Multiple studies have documented autonomic nervous system (ANS) imbalances in
individuals with ASD with relative sympathetic overactivation, leading to hyper-arousal,
anxiety [37] and poor sleep [38]. ANS imbalances are linked to clinical symptoms associated
with ASD. For example, heart rate variability (HRV) is associated with gastrointestinal
symptoms [39], and an atypical pupillary light reflex is linked to sensory symptoms [40].

1.3. An Alternative Treatment Approach to Modulate the Physiological Drivers of Anxiety and
Sleep Disruption

Based on evidence from NT individuals with anxiety [41], and plausible biological
mechanisms of action, we hypothesized that transdermal electrical neuromodulation (TEN)
of the cervical nerves is a safe, effective, comfortable and non-pharmacological therapy to
modulate the central nervous system for decreasing anxiety and enhancing sleep quality,
leading to an improved quality of life for people with ASD. Most importantly, TEN has the
potential to improve many symptoms associated with ASD by correcting underlying dys-
regulated pathways which modulate anxiety, wakefulness and autonomic dysregulation.
In contrast to pharmacological treatments which modulate general neurotransmitter path-
ways, potentially leading to unnecessary off-target, non-specific effects that can cause AEs,
TEN modulates specific dysregulation pathways and provides targeted neuromodulation
to alter endogenous neurotransmitter pathways.

Using noninvasive electrical activation of peripheral, cervical or cranial nerves, TEN
regulates the activity of several deep-brain nuclei within the ascending reticular activating
system (RAS) [42,43] (Figure 1). RAS nuclei modulate the sympathetic nervous system by
regulating norepinephrine (NE) from the locus coeruleus (LC), acetylcholine (Ach) from
pedunculopontine nuclei (PPN) and serotonin (5-HT) from raphe nuclei (RN) [44,45]. These
pathways have wide-ranging effects on cortical and subcortical brain regions, resulting in
modulation of attention, awareness, arousal and sleep.

TEN applied to the trigeminal or vagus nerves is therapeutic for ADHD [46], migraine
headache [47], major depressive disorder [42], post-traumatic stress disorder [48] and
generalized anxiety disorder [49], among others. Furthermore, it is consistently reported to
be well-tolerated without any AEs.

1.4. TEN May Be an Excellent Treatment for Anxiety and Sleep in ASD

Although TEN has not been used in ASD, the related technique of transcutaneous
electrical acupoint stimulation was found to improve anxiety, general ASD and sensory
symptoms in two controlled studies, with one study demonstrating improvement in plasma
arginine-vasopressin levels [50,51]. Similarly, this technique has been shown to improve
behaviors in valproic acid rodent models of ASD [52]. Interestingly, there is significant
interest for the use of TEN in ASD [53]. This may lead to clinicians recommending these
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devices to children with ASD off-label, without any evidence for their effectiveness or
best practices. It is therefore important to study TEN in order to provide evidence for
effectiveness and define an optimal protocol. Given the unique nature of ASD, it is first
important to assess the feasibility of TEN for this specific population, including sensitivity
to electrodes and co-operation, as well as to confirm its safety.
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Figure 1. Mechanisms of electrical stimulation to improve anxiety and sleep. Cervical nerves are
stimulated using a wearable transdermal neurostimulator placed on the back of the neck at the C2/C3
level, as shown. This modulates the ascending reticular activating system (RAS) via the trigeminal
sensory nuclear complex. The ascending RAS includes the pedunculopontine nucleus (PPN), the
locus coeruleus (LC) and raphe nuclei (RN), and modulates acetylcholine (Ach), norepinephrine (NE)
and serotonin (5-HT) to higher-order brain structures to modulate attention and regulate awareness,
arousal and sleep.

In our previous study [41], as compared to the sham, TEN significantly suppressed
basal sympathetic tone, as measured by functional infrared thermography of facial tem-
peratures, and lowered anxiety on the Profile of Mood States scale in healthy adults. With
experimental stress, TEN produced a significant suppression of HRV, electrodermal activa-
tion (EDA) and salivary α-amylase levels compared to the sham. Thus, here we extended
this treatment to individuals with ASD and anxiety.

2. Materials and Methods

This trial was registered on ClinicalTrials.gov as NCT03859336 and approved by the
Phoenix Children’s Hospital (PCH) Institutional Review Board #19.265 (Phoenix, AZ). All
parents of participants provided written informed consent. Those under 18 years of age
also provided assent, and those older than 18 years of age provided consent. This study
followed the CONSORT guidelines for pilot and feasibility trials [54]. The CONSORT
checklist is available as Supplementary Table S1. This was planned as a one-year study, but
was extended 6 months to facilitate recruitment because of COVID-19 restrictions put in
place by Phoenix Children’s Hospital.
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2.1. Participants

Seven children and adolescents with high-functioning ASD and anxiety participated
in this study (mean (SD) ages: 14.1 (4.5), 71% (5) males) (Table 1). They were recruited from
the PCH Precision Medicine Autism Clinic, as well as social media advertisements.

Table 1. Participant characteristics. Baseline Kaufman Brief Intelligence Test-2 (KBIT-2), child-rated Screen for Child Anxiety
Related Disorders (C-SCARED), parent-rated Screen for Child Anxiety Related Disorders (P-SCARED), Parent-Rated
Anxiety Scale (PRAS) and Total and Sleep Anxiety Score of the Children’s Sleep Health Questionnaire (CSHQ).

Baseline

Study ID Age
(Years) Gender KBIT-2 Score SCARED—Child SCARED—Parent PRAS Total

CSHQ Sleep Anxiety

TEN-01 12 Female 103 14 25 43 46 4
TEN-03 13 Male 83 12 25 38 63 6
TEN-05 10 Male 116 25 46 48 64 8
TEN-06 21 Male 109 26 33 32 54 5
TEN-07 20 Male 104 28 29 42 59 6
TEN-08 10 Male 96 18 36 38 52 5
TEN-09 13 Female 109 37 50 45 53 4

Inclusion criteria: (1) previous diagnosis of ASD confirmed by the gold-standard
instrument the Autism Diagnostic Interview–Revised (ADI-R) by a research reliable ex-
aminer; (2) age of 10–25 years old; (3) intellectual quotient > 80 on the Kaufman Brief
Intelligence Test (KBIT-2); (4) Self- or parent-reported complaints of anxiety; (5) Screen for
Child Anxiety Related Disorders–Parent (SCARED-P) form score ≥ 25; (6) able to follow
directions in English; (7) ability to maintain all ongoing complementary, traditional and
behavioral treatments during the study; and (8) no changes to any therapies for at least
two months prior to time of participation.

Exclusion criteria: (1) implanted device; (2) history of electroconvulsive therapy;
(3) history of significant face, head or neck injury, or surgery including metal plate or screw
implants; (4) current or chronic neck pain; (5) pregnant or planning to become pregnant
during the study period; (6) history of migraines or frequent headaches (more than once
a week); (7) fainting (vasovagal syncope or neurocardiogenic syncope); (8) diagnosis
of Raynaud’s disease; (9) temporomandibular joint disorder or other facial neuropathy;
(10) poor vision or hearing that is uncorrectable; (11) epilepsy or seizures in the last 2 years;
or (12) evidence of skin disease or skin abnormalities affecting the neck or upper back.

2.2. Study Design

This was a single-blinded sham-controlled study. Participants who qualified under-
went 5 consecutive visits at the same time each day, receiving 20 min of the sham on day 1
and TEN on the next 4 consecutive days (See Figure 2). The participants and their parents
were blinded to if or when they would receive the sham, only being told that they might
receive the sham as part of the study. On day 1, screening procedures occurred in which
the eligibility criteria, medical history and concomitant medications and therapies were
reviewed. A urine hCG test was performed if the participant was female. Participants
completed the KBIT-2. If their score was > 80 they qualified to continue on to the baseline
session, as well as the 4 following sessions.

Daily sessions began with the parent completing parent-rated questionnaires while
the participant supplied a saliva sample and answered a pre-treatment AE questionnaire.
TEN electrodes were taped to the back of the participant’s neck before a 5 min quiet
physiological baseline period. Twenty minutes of the sham or TEN followed. After
treatment, participants completed the ~15 min cognitive battery to stimulate anxiety, similar
to that of a school test. The participant then answered the post-stimulation questionnaires to
measure anxiety and any adverse events, as well as provided a second saliva sample. Saliva
was collected on days 1, 2, 4 and 5. Sleep questionnaires were only performed on days 1
and 5. Parent-rated anxiety scales were completed every day of participation. During a
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follow-up phone call one week after study completion, anxiety and sleep symptoms were
queried and a CSHQ was collected.
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Figure 2. Study design.

2.3. TEN Treatment

During treatment, bipolar electrical stimulation was delivered to the cervical plexus
(C2-C4) on the back of the neck (see Figure 1). The stimulation electrodes were 1.25” (3.2
cm) round hydrogel PALS electrodes from Axelgaard Manufacturing Co., Ltd. (Fallbrook,
CA, USA). Stimulation was delivered at a frequency of 300 Hz, pulse width of 350 ms and
a duty cycle of 50% using a custom-made stimulation device. Stimulation amplitude was
determined at every visit to ensure the current was just below the sensory threshold (see
Table 2). To do this, the current amplitude was gradually increased until the participant’s
sensation threshold was met, then the amplitude was set 0.5 mA lower, where the partic-
ipant could not feel the stimulation. Stimulation was delivered at this amplitude for 20
min. For the day 1 sham, the same procedure was performed to determine the stimulation
threshold, but no stimulation occurred for the 20 min.

Table 2. TEN parameters.

Study ID Frequency (Hz) Duty Cycle Pulse Width (ms)
Daily Threshold (Milliamps)

Day 1 Day 2 Day 3 Day 4 Day 5

TENS-01 300 50% 350 2.5 2.0 3.5 3.0 3.0
TENS-03 300 50% 350 4.5 4.0 5.5 6.5 5.5
TENS-05 300 50% 350 2.5 2.0 2.0 2.5 2.5
TENS-06 300 50% 350 2.5 3.5 3.5 2.5 4.5
TENS-07 300 50% 350 0.5 3.0 1.5 1.0 1.5
TENS-08 300 50% 350 3.5 13.5 13.5 12.5 8.5
TENS-09 300 50% 350 2.0 3.0 1.0 1.0 1.0
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2.4. Outcome Measures
2.4.1. Anxiety Measures

There are few adequate measures of anxiety for ASD, but the SCARED has excellent
performance for the measurement of anxiety in ASD [55–57] with strong psychometrics,
measurement invariance, test–retest reliability and external validity [58]. The PRAS-ASD
is a recently developed tool for assessing anxiety in ASD [59]. In contrast to the parent-
reported SCARED, there is no currently established thresholds for anxiety with the PRAS-
ASD; therefore, the parent-reported SCARED was used in screening.

2.4.2. Sleep Measures

The CSHQ, the standard tool for assessing sleep problems in ASD [60], was given to
parents at baseline, visit #5 and at one-week follow-up.

2.4.3. Cognitive Battery

A ~15 min time-pressured cognitive battery was performed after stimulation/sham
to replicate the anxiety in a test-taking situation, which is a common cause for anxiety in
adolescents and young adults with ASD. The battery included three tests, given in the
same order each day but with different question sequences depending on the day. The tests
were explained to the participants before any stimulation on the first visit, and they were
allowed to practice until they were comfortable. To account for cognitive differences, the
task speed was faster for those with a high IQ (KBIT-2 score ≥ 100) and slower for those
with a lower IQ (KBIT-2 score > 80–< 100).

The first test was the Paced Auditory Serial Addition Test (PASAT) [61] where the
participant listened to random single-digit numbers being spoken in increasingly rapid
succession, added the two most recent numbers heard and verbally responded to the
administrator with the sum. The test presented 91 numbers ranging from 0 to 9 with an
interstimulus interval (ISI) that started at 4 s and decreased to 2 s for participants with
a KBIT-2 score > 80–< 100, or started at 3 s and decreased to 1 s for participants with a
KBIT-2 score ≥ 100. This task is well-known to increase anxiety [62] and has been used as
an experimental inducer of psychological stress [63].

The next test was the symbol search task (SST), which required a participant to identify
and count the number of target shapes found within a grid of shapes presented on a screen.
The task consisted of 49 image grids made from 5 different shapes with similar features.
The image grid started with a size of 3 × 3 and increased to 8 × 8 throughout the task.
Image grids were presented in 6 blocks. Each block consisted of 8 image grids presented
for n seconds each, where n was related to the size of the grid and the baseline IQ of the
participant. For the easier version, a n× n shape array was shown for n seconds (e.g., at the
end of the study an 8 × 8 grid was shown for 8 s), while for the harder version the array is
shown for n-1 s (e.g., at the end of the study an 8 × 8 grid was shown for 7 s). Participants
verbally reported their responses.

The final test was the n-back task (NBT), where a participant determined if a pre-
sented shape matched the shape presented 2 shapes earlier (2-back). The task consists of
50 sequential shapes chosen from 5 different shapes with similar features. Shapes were
shown for 3 s with a 2 s ISI for participants with a lower IQ and 2 s with a 1 s ISI for
participants with a higher IQ. This test is widely used to assess working memory, which is
commonly impaired in ASD [64]

Tasks were created using PsychoPy [65] and presented on a screen or speaker in
front of the participant. A study coordinator sat behind the participant and scored their
performance using prepared scoring sheets with the correct answers already indicated
on them.

2.4.4. Autonomic Assessments

Several outcome measures were evaluated to investigate the effect of TEN on the
ANS. Salivary was collected by a study coordinator at the beginning and end of day 1
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(sham) as well as days 2, 4 and 5. Samples were blindly analyzed by Salimetrics Laboratory
(Carlsbad, CA, USA) for α-amylase and cortisol levels. Saliva was collected by passive
drool. Participants were instructed to not brush their teeth within 45 min, eat within one
hour, consume caffeine or alcohol within 12 h or have dental work performed within 24 h
of their scheduled appointment. Participants were also rinsed their mouths before saliva
collection. Samples were immediately stored at −20 ◦C, where they stayed until shipment
to the laboratory for analysis.

Electrical activity across the heart was collected by bio-medical engineers using a
Polar H10 device with a chest strap (Polar USA, Bethpage, NY, USA). This system has
been evaluated in children [66]. The system calculated HRV from the R-R intervals using a
proprietary algorithm. Data were streamed to our custom-coded data acquisition system
and collated with other data sources. The changes in the average HRV were calculated
during TEN/sham and during each test compared to the last 4 min of the baseline period.
HRV is known to be associated with anxiety [67], and was quantified as the standard
deviation of the normal-to-normal heartbeat interval.

EDA data were also gathered by bio-medical engineers; they were measured at the base
or tip of the index and middle fingers using the Shimmer-3 GSR+ Unit (Dublin, Ireland).
The phasic component of the EDA was computed using LedaLab with adaptive smoothing
and continuous decomposition [68]. After processing with LedaLab, the maximum EDA
values were extracted around each cognitive battery question (−2 to +2 s of question
onset). The median EDA value across each test type was then computed as the overall
EDA response to a test. During the cognitive battery, it was noted that participants’ anxiety
levels were different for different tests, and during some challenging tests they would quit
their effort early. To account for this, we considered only the first half of the questions (i.e.,
up to question 45, 24 and 25 for PASAT, SST and NBT, respectively). We also assessed the
change in EDA across the day for the test that elicited the strongest EDA response for each
individual on their initial visit. This represented the most stressful test for the individual.
Several studies have used EDA to quantify the sympathetic response resulting from anxiety
in ASD [37,38].

2.4.5. Measurement of Adverse Events

In addition to daily parent interviews, adverse events were monitored by using pre-
and post-treatment questionnaires. These questions included potential symptoms, includ-
ing headache, neck pain, tingling, itchiness, sleepiness, difficulty paying attention, unusual
feelings/attitudes/emotions, nausea, tense muscles, dizziness, anxious/worried/nervous,
forgetful, heart beating loudly, sweating, abnormal sleep or seizures. These symptoms
were reviewed both at the beginning and end of every session.

2.5. Statistical Analysis

All variables were examined for normality using probability–probability plots, and
link functions were adjusted to account for variables which deviated from normality.
Ordinal questionnaire data were best represented by a Poisson loglinear link function,
while other outcome variables were best represented by a normal distribution.

In general, a generalized linear model (GLM) was used for analysis as implemented
in SPSS PASW release 18.0.0 (IBM, Armonk, NY, USA), using the appropriate link function
as mentioned above. The GLM is calculated using maximal likelihood estimation with
100 maximum interactions and 5 maximal step-having, absolute convergence criteria of
10−5 for a change in parameter estimates and a singularity tolerance of 10−11. The GLM
calculates parameter significance by determining the change in the variance of the model
as a parameter is added, essentially determining if adding the parameter to the model
significantly increases the variance accounted for by the model. This is represented by
the chi-square statistic. The effect size, ϕ, is calculated from the chi-square statistic as√

x2/n, where n is the number of observations. Given that χ2 is a one-sided asymmetric
distribution, only the lower bound of the effect size is calculated, which is provided in
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parathesis after the effect size. This was calculated using the chisq_to_phi function provided
by the ‘effectsize’ library in R version 4.1.1 (The R Foundation for Statistical Computing,
Vienna, Austria). For ϕ 0.1 is consider a small effect, 0.3 is considered a medium effect and
0.5 is considered a large effect.

Analysis using the GLM followed two approaches. First, a continuous variable that
represented a linear increase in effect over treatment days was used to represent a change
in effect with additional treatment days in order to identify a dose effect. Second, a
dichotomous treatment effect (no treatment vs. treatment) represented whether treatment
of all days combined was different than the sham. For salivary measures that were collected
before and after the testing session, a dichotomous effect (before vs. after) factor was added
to examine the change over the experimental session as well as the interaction of this
factor with the treatment effect variable. For the responder analysis, the interaction of the
dichotomous responder factor (responder vs. non-responder) with the treatment effect was
examined. For a further illustration of individual measures as treatment progresses, please
refer to Supplemental Figure S1 and Supplemental Figure S2.

3. Results

Thirteen individuals were screened for participation from January 2020 to July 2021.
Six individuals did not pass the screening. Three did not meet the anxiety threshold,
one’s IQ was too low, one had changed anxiety medication with <6 weeks prior to the
study and one could not be contacted when starting the study. Of the participants that
started the study, none discontinued the study. A CONSORT flow diagram is presented as
Supplementary Figure S1.

3.1. Adverse Effects

There were no significant AEs reported during the trial. Participants were specif-
ically asked about the comfort of electrode placement and stimulation. No participant
reported discomfort from the study procedures, including the electrodes. After com-
pleting the trial, one participant who had a history of precocious puberty and periodic
oligomenorrhea experienced oligomenorrhea. The participant had stopped her medication
to suppress menses 3 months prior to the study. It is not known whether TEN triggered
the recurrent oligomenorrhea.

3.2. Anxiety

In general, the three anxiety questionnaires demonstrated progressive improvement in
overall anxiety over 4 days of TEN treatment as compared to the sham. Over the group, the
C-SCARED improved from a median of 25 to 19 (i.e., 24%), while the P-SCARED improved
from a median of 33 to 31 (i.e., 7%). As seen in Supplemental Figure S1A, all participants
demonstrated an improvement in the C-SCARED score at the last TEN day, with all ending
with scores below the clinical cutoff (i.e., <25). The C-SCARED demonstrated a dose effect
with a progressive reduction in score with increasing days of TEN (χ2(1) = 9.86, p < 0.01;
ϕ = 0.53 (0.25)), and was reduced for all treatment days combined (χ2(1) = 7.39, p < 0.01;
ϕ = 0.45 (0.18)) (Figures 3 and 4A).

As seen in Supplemental Figure S1B, six of the seven (86%) participants demonstrated
an improvement on the P-SCARED, with three (43%) ending with scores below the clinical
cutoff (i.e., <25). The P-SCARED also demonstrated a dose effect with a progressive
reduction in score with increasing days of TEN (χ2(1) = 7.69, p < 0.01; ϕ = 0.47 (0.19)),
and was reduced for all treatment days combined (χ2(1) = 5.70, p = 0.02; ϕ = 0.40 (0.12))
(Figure 4B).
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As seen in Supplemental Figure S1C, the PRAS decreased in five of the seven partici-
pants (71%) and, as a group, demonstrated a significantly greater effect with increasing
days of TEN treatment (χ2(1) = 4.09, p < 0.05; ϕ = 0.34 (0.04)), but was not significantly
different for overall effect of all days combined (Figure 4C).

3.3. Sleep

As seen in Supplemental Figure S1D–E, five of the seven (71%) participants improved
in total CSHQ score, and five of the seven (71%) participants improved in CSHQ anxiety
score. From the CSHQ, sleep anxiety and total score decreased the week following TEN
although these changes did not reach statistical significance (Figure 4D,E). The CSHQ
decreased from a median of 54 to 51 (5%) in overall symptoms, and the sleep anxiety
subscale decreased from 6 to 4 (33%) one week following TEN treatment. These findings
are consistent with unsolicited feedback from multiple parents reporting improved sleep
following the study.
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Figure 4. Effects of TEN treatment on (A–C) anxiety, (D,E) sleep and (F–H) cognitive performance (n = 7). Median,
quartiles and min and max are shown. Black brackets represent significant differences between the sham day and TEN days
(days 2–5). Green arrows represent significant trends in outcome with more treatment days.
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3.4. Anxiety-Provoking Task Performance

As seen in Supplementary Figure S1F, all of the participants demonstrated improve-
ment on the PASAT, with the median number of incorrect responses declining from 55 to
39 for the PASAT, a 29% improvement with a very large effect size. PASAT performance
significantly improved with an increasing number of TEN sessions (χ2(1) = 39.57, p < 0.001;
ϕ = 1.06 (0.79)), and was better on the days with TEN as compared to the sham (χ2(1) = 29.91,
p < 0.001; ϕ = 0.92 (0.65)) (Figure 4F). As can be seen in Supplementary Figure S1G, six of
the seven (86%) improved performance on the SST, with the median number of incorrect
answers declining from 22 to 24. There was no significant change in the number of incorrect
answers on the SST (Figure 4G). As can be seen in Supplementary Figure S1H, only three
of the seven (43%) showed improvement and one of the seven (14%) demonstrated no
change on the NBT. However, given the large improvements in one particular participant,
the median number of incorrect answers declined from 15 to 9, a 40% improvement with a
large effect size. NBT performance significantly improved with more TEN sessions (dose
effect) (χ2(1) = 9.43, p < 0.01; ϕ = 0.52 (0.24)), and was better on the days with TEN as
compared to the sham (χ2(1) = 16.75, p < 0.001; ϕ = 0.69 (0.41)) (Figure 4H).

3.5. Salivary Biomarkers

As can be seen in Supplementary Figure S2A-B, across the group salivary α-amylase
and cortisol levels varied considerably, and were not significantly different between the
sham and TEN days, did not significantly change with more TEN and did not significantly
change over each experimental day (Figure 5).
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before as compared to after TEN/sham and anxiety-provoking tasks for the whole group.

3.6. Heart Rate Variability

Figure 6A demonstrates the HRV changes over experimental sessions for one example
participant. From this figure it is obvious that the change in HRV is different for the
sham vs. the experimental sessions. During sham stimulation (red line) HRV decreases
(becomes more pathologic), and then continues to decrease during the anxiety-inducing
tasks, demonstrating the stressful effects of the cognitive battery. On the first day of TEN
treatment (dark blue; day two), the HRV increases with TEN (improved autonomic balance).
Individual responses for HRV variability are shown in Supplementary Figure S2C–F. HRV
was significantly higher on TEN treatment days as compared to the sham during the
stimulation period (χ2(1) = 6.37, p = 0.01, ϕ = 0.46 (0.16); Figure 6B) and the PASAT
(χ2(1) = 4.74, p < 0.05, ϕ = 0.40 (0.09); Figure 6C). Although this trend was also seen during
SST (Figure 6D) and the NBT (Figure 6E), the difference was not statistically significant. The
effect of TEN on HRV did not appear to progressively change across days of stimulation.
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Figure 6. The effect of TEN on HRV and EDA. Mean and standard error bars are shown. The increase in HRV is shown
for (A) an example individual, (B) across the group for the time period of the sham/TEN and (C–E) and for the anxiety-
provoking tasks. HRV was significantly higher (improved) during TEN sessions as compared to the sham during the (B)
stimulation and (C) the PASAT (shown as black brackets). EDA during (F–H) anxiety-provoking tasks decreased after the
sham, but did not reach significance at the group level. No EDA was computed during the sham/TEN.

3.7. Electrodermal Activity

We have compared the phasic EDA response during the anxiety-provoking tasks
between the sham and TEN treatment days. Individual responses for EDA are shown
in Supplementary Figure S2G,H. Overall, there was a consistent pattern to the effect of
TEN on EDA. On the first day there was a decrease in phasic EDA response (Figure 6F–H).
However, the EDA appeared to return to baseline levels after the first stimulation day.
There was no significant difference for treatment vs. the sham, and no progressive effect
over increasing days of treatment.

3.8. Effect of Intelligence

The effect of IQ on baseline measures was evaluated. A higher IQ was associated with
higher anxiety scores on the baseline C-SCARED (χ2(1) = 9.76, p < 0.01, ϕ = 1.18 (0.56))
and P-SCARED (χ2(1) = 4.16, p < 0.05, ϕ = 0.77 (0.11)), but not PRAS. A higher IQ was
associated with better baseline performance on the PASAT (χ2(1) = 7.06, p < 0.01, ϕ = 1.00
(0.38)), but was not related to performance on the NBT or SST. A higher IQ was related to a
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higher overall salivary α-amylase (χ2(1) = 7.29, p < 0.01, ϕ = 1.10 (0.43)) at baseline, but not
related to salivary a-amylase change or cortisol. IQ was not associated with changes in the
C-SCARED, CSHQ or task performance across sessions, but it was related to improvements
in anxiety rated with the P-SCARED (χ2(1) = 6.38, p = 0.01, ϕ = 0.43 (0.15)) and PRAS
(χ2(1) = 8.40, p < 0.01, ϕ = 0.49 (0.21)) such that higher IQ was associated with more
moderate ratings of improvement in anxiety on these parent-rated scales.

3.9. Responder Analysis

Results for participants who responded well to the TEN treatments compared to
the sham (responders) were compared to the results from non-responders. Responders
were defined as participants with an average of ≥ 30% improvement in C-SCARED with
treatment compared to the sham. Four participants (57%) were categorized as responders
and three (43%) as non-responders. There were no significant differences in the anxiety
or sleep questionnaires at baseline between responders and non-responders, but respon-
ders performed worse on the SST (χ2(1) = 5.04, p < 0.05, ϕ = 0.85 (0.22)) and the PASAT
(χ2(1) = 13.05, p < 0.001, ϕ = 1.37 (0.74)) during the baseline (sham) day. There were no
differences in salivary cortisol or a-amylase between responders and non-responders.

Unsurprisingly, responders demonstrated a greater improvement (i.e., decrease) in the
C-SCARED (χ2(2) = 11.25, p < 0.01, ϕ = 0.57 (0.29)) than non-responders. This difference
increased with more treatments (χ2(1) = 9.99, p < 0.01, ϕ = 0.53 (0.26)). For those considered
responders, the median C-SCARED dropped from 23 to 15 (35%), whereas the median
C-SCARED dropped from 12 to 8 (4%) for the non-responders. For responders, the change
in the improvement in the C-SCARED ranged from a minimum drop from 12 to 8, a 33%
drop, to a maximum drop from 18 to 6, a 67% drop. For non-responders, the change in the
C-SCARED ranged from a minimum drop from 25 to 24, a 4% drop, to a maximum
drop from 14 to 11, a 21% drop. The median P-SCARED dropped from 32.5 to 24 (27%)
for responders, but only dropped from 33 to 31 (6%) for non-responders. For respon-
ders, the change in the improvement in the P-SCARED ranged from a minimum increase
from 29 to 34, a 17% increase, to a maximum drop from 36 to 14, a 61% drop. For non-
responders, the change in the P-SCARED ranged from a minimum drop from 33 to 31, a
6% drop, to a maximum drop from 46 to 35, a 24% drop. However, there were no signifi-
cant differences between groups in the PRAS-ASD or sleep questionnaires. The median
PRAS-ASD dropped from 40 to 33 (18%) for responders, but only dropped from 43 to 38
(12%) for non-responders. For responders, the change in the improvement in the PRAS-
ASD ranged from a minimum increase from 42 to 53, a 27% increase, to a maximum drop
from 38 to 15, a 61% drop. For non-responders, the change in the PRAS-ASD ranged from
a minimum increase from 32 to 38, a 19% increase, to a maximum drop from 43 to 30, a
30% drop. The median total CSHQ sleep score dropped from 56 to 53 (16%) for responders,
and dropped from 54 to 47 (13%) for non-responders. For responders, the change in the
improvement in the total CSHQ sleep score ranged from a minimum increase from 52 to
56, an 8% increase, to a maximum drop from 63 to 51, a 19% drop. For non-responders,
the change in the total CSHQ sleep score ranged from a minimum unchanged score of
46, a 0% change, to a maximum drop from 54 to 47, a 13% drop. The median total CSHQ
sleep anxiety score dropped from 5.5 to 4 (17%) for responders, and dropped from 5 to
4 (20%) for non-responders. For responders, the change in the improvement in the total
CSHQ sleep anxiety score ranged from a minimum of unchanged at 4, a 0% increase, to
a maximum drop from 6 to 4, a 33% drop. For non-responders, the change in the total
CSHQ sleep anxiety score ranged from a minimum unchanged score of 4, a 0% change, to
a maximum drop from 5 to 4, a 20% drop.

Average daily salivary α-amylase became progressively higher across days in two
of the non-responders, while it stayed stable and then decreased for the four responders
(χ2(2) = 27.02, p < 0.001, ϕ = 0.67 (0.46)). In the responders salivary α-amylase within the
day decreased after TEN treatment, as compared to before TEN treatment, whereas in
non-responders it did not show a consistent change and even increased during day four of
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the study (χ2(2) = 26.73, p < 0.001, ϕ = 0.67 (0.46)) (Figure 7). There was no difference in
change in cortisol for responders and non-responders.
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Figure 7. Responder analysis. Responders were defined as participants with an average of ≥30% improvement in the
child-rated SCARED with treatment compared to the sham. In non-responders, the (A) child-rated SCARED did not change
over sessions and (C) salivary α-amylase increased with more TEN sessions. In contrast, in responders the (B) child-rated
SCARED markedly decreased and (D) α-amylase not only decreased with more TEN stimulation across multiple sessions,
but also decreased from the beginning of the session to the end of the session on days the participants received TEN. For the
child-rated SCARED median, quartiles and min and max are shown. For salivary α-amylase mean and standard error bars
are shown.

4. Discussion

TEN is a well-tolerated method for subthreshold neurostimulation that is FDA-
approved for brain-based disorders such as ADHD [46] and migraines [47], and also
appears to have some effectiveness in major depressive disorder [42], post-traumatic stress
disorder [48] and generalized anxiety disorder [49]. This is the first study to investigate the
tolerability and effectiveness of TEN therapy in ASD, a disorder with many co-morbidities
including anxiety and sleep disruption. In this study, adolescents with high-functioning
ASD and anxiety underwent four daily TEN treatments following an initial sham run-
in treatment day. Anxiety was monitored using standardized participant and caregiver
questionnaires, sleep was monitored with caregiver questionnaires and multiple measures
of ANS activity were collected including salivary cortisol and α-amylase, HRV and EDA
during anxiety-provoking tasks and HRV during TEN.

The treatment was well-tolerated with no reported AEs, consistent with studies
of transcutaneous electrical acupoint stimulation in which children with ASD find the
treatment tolerable, without AEs [50,51]. This study demonstrates the feasibility of TEN
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for individuals with ASD. This is reassuring as many suffer from hypersensitivity to tactile
stimuli, making them unable to tolerate electrodes placed on their skin, as well as have
symptoms of ADHD, which makes them unable to sit still for prolonged periods of time.
These data suggest that TEN is a promising treatment for individuals with ASD that can be
tolerated for a typical stimulation period.

4.1. TEN Improved Rating of Anxiety in ASD

Across the group, anxiety scores were improved on treatment days as compared to the
sham when considering both the participant- and caregiver-rated SCARED. Similarly, more
days of stimulation had greater improvement in anxiety in all three anxiety questionnaires.
The C-SCARED improved by 24% (from 25 to 19) across days, while the P-SCARED
improved by 7% (from 33 to 31). Given the cutoff for anxiety is 25 for the SCARED, these
results demonstrate that TEN had a clinically significant improvement in anxiety on the
group level. In fact, all of the seven participants had a C-SCARED below the threshold for
symptoms of an anxiety disorder after TEN treatment. This impact was even stronger for
those considered responders, where the C-SCARED dropped 35% from 23 to 15 and the
P-SCARED dropped 27% from 32.5 to 24. The PRAS drop in total score from 42 at baseline
to 37 on day five. The effect sizes varied from a large effect of 0.53 for the C-SCARED to a
medium effect of 0.34 for the PRAS.

Previous studies suggest that a 55% decrease in the P-SCARED and a 50% decrease
in the C-SCARED optimally predicted treatment response in a 6 month study of the SSRI
sertraline and/or cognitive behavior therapy in NT youths [69]. Although this study did not
demonstrate this level of treatment response, the 4-day treatment period was much shorter
in duration. Thus, assessing a longer term treatment will be necessary to understand if the
effect of TEN is cumulative. The results suggest TEN treatment could have a cumulative
effect on improving anxiety in ASD. Although the questionnaire demonstrated a positive
response to treatment, questionnaires are subjective, and studies have shown that they
do not capture anxiety differences equivalently for all individuals with ASD [70]. More
objective measurements of anxiety would improve future studies.

4.2. Possible Effect of TEN on Sleep in ASD

Though the improvements in sleep questionnaire scores did not reach significance,
the findings were promising. We were especially encouraged by several participants’
unsolicited feedback, reporting improvement in sleep after TEN treatment. We did find
that the CSHQ decreased three points (5%) in overall symptoms and two points (33%) in the
sleep anxiety subscale one week following TEN treatment. These improvements in CSHQ
scores are similar to those reported in other studies of sleep treatment in ASD. For example,
three weeks of transcranial direct current stimulation to the left dorsal lateral prefrontal
cortex was associated with a statistically significant 2.7-point drop in the total CSHQ
score in the treatment group of a single-blinded, randomized, parallel clinical study of
children with ASD [71], and a meta-analysis found that non-pharmacological interventions
for insomnia in children with ASD was associated with a 4.71-point improvement in
the CSHQ [72]. In contrast, one-month of controlled-release melatonin in children with
ASD is associated with a 20-point improvement in the total CSHQ score and a 3.5-point
improvement on the sleep anxiety scale in an open-label study [73].

Sleep problems are complicated to treat and may require prolonged treatment to
measure improvements. These results are encouraging following only 5 days of treatment;
a longer follow-up may be necessary to determine the full effect of treatment. An additional
limitation of our sleep analysis is the use of the well-validated, but subjective, CSHQ. As
a secondary reporter measure, it may not accurately capture the sleep quality of the
participant. The addition of more objective measures of sleep, such as actigraphy, would
provide a reliable index of sleep quality and quantity. Actigraphy utilizes established
technology and algorithms to measure sleep onset and duration, as well as the number and
duration of nighttime wakings.
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4.3. TEN Improved Performance on Anxiety-Provoking Tasks

To test cognitive performance, we utilized three anxiety-provoking tasks. These tasks
involve executive function, which is not only commonly impaired in high-functioning
adolescents with ASD but is also a key deficit that impedes performance in a wide variety
of everyday tasks. It should be noted that this is the first time anxiety-provoking tasks have
been used in a treatment trial of anxiety for individuals with ASD. Such assays should
be considered as part of the assessment for anxiety treatments in other studies, given the
importance of executive function skills in performance in academia, social interactions and
general skills of daily living.

TEN was associated with a substantial improvement in performance for two of the
three anxiety-provoking tasks. The median number of incorrect responses declined from
55 to 39 for the PASAT, a 29% improvement with a very large effect size, and declined from
15 to 9 for the NBT, a 40% improvement with a large effect size. The PASAT has been used
in clinical trials for multiple sclerosis, traumatic brain injury and gerontology where the
score improvements with treatment were smaller than seen in this study [61,74].

For the SST, the only anxiety-provoking task without a significant improvement in
performance, the median number of incorrect answers increased from 22 to 24, an actual
worsening of performance over the week. Analysis of the individual scores indicated
that several of the participants performed worse on day four and five as compared to day
three, which parallels the feedback provided from participants who reported they became
uninterested with the task after performing it several times. This could indicate a complete
lack of anxiety to successfully complete the task. Future studies might integrate other
techniques, such as eye tracking, to help monitor performance and engagement.

4.4. Cortisol Response to Social Paradigms as a Bio-Marker for Stress in ASD

Cortisol is considered a measure of stress, commonly used to measure levels of
general stress in many studies. However, in our study we did not find that it was a reliable
biomarker of anxiety. This may be related to the ASD population, as other studies have also
not found it to be a reliable measure of stress with those with ASD. Studies examining the
responsiveness of cortisol in ASD also demonstrate an overall under-reactivity involving
social threats [75–77], with this hyporeactive cortisol response to a social stressor greater in
those with ASD and anxiety than compared to those with ASD and controls [78]. Some
studies have shown greater cortisol reactivity in those with ASD as compared to controls
to a nonsocial stressor [79], but not others [80,81]. Thus, a blunted cortisol response is
not completed unexpected for the ASD group, especially those with anxiety. In addition,
cortisol levels might be less likely to change with TEN as it is regulated through the
hypothalamic–pituitary–adrenal axis which has multiple levels of potential dysregulation
not directly linked to immediate sympathetic and parasympathetic neuromodulation.

4.5. α-Amylase Response to Social Paradigms as a Bio-Marker for Stress in ASD

As α-amylase levels are directly related to sympathetic nervous system activation,
it was expected that TEN would modulate α-amylase as a marker of ANS sympathetic
activity. Although changes in α-amylase were not significant across the entire group
of participants, it did seem to be different for those that responded to the treatment as
compared to those that did not respond. For the responders to TEN, the α-amylase salivary
concentrations showed a steady decrease across days of treatment, with the α-amylase
salivary concentration decreasing following TEN treatment with each day of treatment.
This decrease in α-amylase suggests a decrease in sympathetic activity with TEN treatment
for the responder group. In contrast, those that did not respond to TEN had α-amylase
levels that increased progressively on each successive day of stimulation, and the measured
change within each day did not correlate with treatment. While we interpret this as an
indication of decreased anxiety due to TEN treatment, this biomarker may be representing
something more basic about modulation of the ANS. Indeed, the increase in α-amylase in
the non-responders may have indicated that the TEN treatment parameters used in this
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study are not tuned to positively modulating the ANS in these specific participants, and that
other TEN parameters may be needed for these participants to respond. Further research is
needed to validate α-amylase as a potential biomarker of response to TEN and determine
which levels of the psychological and/or physiological response it may represent.

4.6. TEN Improved Heart Rate Variability in ASD

We found that HRV significantly increased (i.e., improved) with TEN treatment,
although this change was not progressive over days. This suggests that TEN positively
impacted sympathetic regulation and that HRV may be a promising outcome measure for
future studies. HRV has been used as a measure of ANS activity in both adults [82–85]
and children [39,86–88] with ASD. Lower HRV has been associated with symptoms of
gastrointestinal problems, such as constipation in children with ASD [39]. HRV has also
been used as an outcome measures in clinical trials of yoga and repetitive transcranial
magnetic stimulation in children with ASD [88–90]. Thus, HRV appears to be a promising
biomarker of the ANS in children with ASD.

4.7. Dynamic Changes in Autonomic Nervous System Measures with TEN

Some ANS measures positively peaked only on the first day of TEN and then reverted
to baseline. These include EDA during all tasks and HRV during the SST. Although this
could be interpreted as the effect of TEN wearing off after the first day, such a notion
is counter to the continuing positive effect of TEN on anxiety measurements and task
performance. An alternative explanation is that this might demonstrate homeostatic
mechanisms adapting to the TEN effect on the ANS and compensating for the effect of
TEN on the ANS. This demonstrates some of the difficulties in using ANS measures for
proxies of anxiety or other cognitive states, as they are regulated by multiple higher-level
and lower-level influences. Furthermore, this return to baseline in ANS measures across
days may also indicate that TEN is resetting the brainstem circuitry, and thereby facilitating
a calmer and more consistent reaction to anxiety-provoking stimuli.

4.8. Further Refinement of TEN Protocol

This study suggests that TEN may be useful for short-term improvement of anxiety,
but long-term use of this device for individuals with ASD has not been studied. Extended
long-term use is important, particularly with respect to the stimulation protocol. For
responders, positive changes in C-SCARED (Figure 7B) and task performance (Figure 4F,H)
as well as changes in ANS measures (Figures 5 and 6) were strongest after the first TEN
treatment. From our studies it is not clear if consecutive-day treatment is necessary, nor
whether it is optimal for stimulation to occur every week or every month to maintain and
enhance the effect. Electrical stimulation regiments for other disorders vary considerably.
Furthermore, only a single set of stimulation parameters were evaluated. Though the
stimulation parameters used in this study are based on studies of healthy adults [41],
personalized or group-wise optimization could help increase the portion of responders.
Determining the optimal stimulation protocol for long-term use will help maximize benefits
and minimize burdens. Once that is established, long-term studies can be designed to
determine efficacy. Furthermore, improved biomarkers of the response to treatment will
help refine future studies and maximize the effect size of treatment.

4.9. Limitations

This study used subjective measures of anxiety, but subjective measures are standard
for clinical care and clinical trials. This weakness was mitigated by obtaining both partic-
ipant and observer (parent) measures. Individuals with ASD by definition have trouble
communicating, so it is important to obtain a measure of their experience. Physiological
measures relating to ANS activity were also used as a proxy for anxiety, but such mea-
sures are only preliminary in their ability to measure psychological states. Future studies
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should concentrate on validating reliable outcome measure to provide the most accurate
representation of the effectiveness of TEN.

This study was limited to high-functioning individuals with ASD, as communication
is necessary to assess anxiety. Interestingly, IQ was related to perceived improvement in
anxiety on the parent-rated scales, suggesting that the ability of the individual with ASD to
communicate complex emotions may have influenced the rating of anxiety as well as its
changes during the study.

A procedural limitation was that the sham day was always on the first day of partici-
pation. This was meant as a run-in to check for a placebo effect, but future studies should
include a longer treatment period, with sham days dispersed throughout. Participants, as
well as the researchers who are scoring the participant, should be blinded to the status of
the stimulation.

5. Conclusions

Applying tuned, high-frequency stimulation to the cervical nerves appears to be a
promising non-pharmacological, biologically informed, non-invasive and safe neuromodu-
lation for managing anxiety in individuals with ASD. Such a treatment could potentially
be particularly impactful for young people transitioning into adulthood, where anxiety
and sleep problems can be exacerbated by time-based testing and the increased need to
interact socially in order to function independently. With recent interest in TEN treatment
for ASD, the expanding use of these devices in many disorders, the increased availability
of these devices, and the well-established history of its safety, it would not be surprising
if these devices were being recommended ‘off-label’ without any ASD-specific studies
to guide their use. This study provides some insight into the safety and effectiveness of
TEN for ASD. While there is preliminary evidence suggesting effectiveness in some of the
individuals in our study, further studies are needed to better understand its benefits and
develop an optimal protocol for its use.

6. Patents

Existing patents for the stimulation technology are held by Tyler (WO2013192582A1,
US8903494B2 and US9002458B2).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jpm11121307/s1, Supplemental Table S1: CONSORT checklist; Supplemental Figure S1:
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Abstract: Previous research has examined several parental, child-related, and contextual factors
associated with parental quality of life (QoL) among parents with a child or an adolescent with
autism spectrum disorders (ASD); however, no systematic review has examined the relationship
between parental QoL and parental involvement in intervention. To fill this gap, a systematic
review was conducted using four electronic databases and checked reference lists of retrieved studies.
Records were included in the systematic review if they presented original data, assessed parental
QoL, and involvement in intervention for children or adolescents with ASD, were published in
peer-reviewed journals between 2000 and 2020, and were written in English. Among the 96 screened
full-texts, 17 articles met the eligibility criteria. The selected studies included over 2000 parents of
children or adolescents with ASD. Three categories of parental involvement (i.e., none, indirect, direct)
were identified, which varied across studies, although most had direct parental involvement. The
results from this review show that increased parental involvement in the intervention for children or
adolescents with ASD may be one way to promote their QoL. However, further research specifically
focused on parental involvement during the intervention for children and adolescents with ASD
is warranted.

Keywords: autism spectrum disorder; quality of life; parents; intervention; systematic review

1. Introduction

Autism spectrum disorder (ASD) is a pervasive neurodevelopmental disorder charac-
terised by persistent atypicalities in social communication and social interactions across
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different domains, together with restricted, repetitive, stereotyped patterns of behaviour,
interest, or activities [1]. Although there is large variability in the expression of ASD
symptoms, many individuals with ASD need lifelong assistance in daily life that is usually
provided by family members, especially parents [2]. Therefore, the presence of a family
member with ASD features such as challenging behaviours [3,4] or sleep problems [5,6]
can significantly affect and challenge the entire family system [7], with a mostly negative
impact on the quality of life (QoL) and on the relationship quality of closer family members
such as siblings [8,9] and parents [10,11].

Although a lot of research has been conducted to examine the relationship between
the characteristics of offspring with ASD, distress and psychological difficulties of family
members [12,13], less attention has been paid to the impact of the characteristics of the
intervention on family functioning [14,15]. Moreover, most of the research on interven-
tions for ASD has so far been focused on child outcomes, disregarding the impact on
parents [14]. This is surprising, given the increasing parental involvement in activities
of children and adolescents with ASD [16,17] including the intervention process [18]. In
many cases, parental involvement in intervention covers a broad range of activities, from
parent training and homework routines, even participation in intervention design and
implementation [19]. Therefore, taking into account the family outcomes, it would be
possible to gain a more comprehensive view of the effectiveness of an intervention and, in
turn, better shape intervention design and implementation [14,20,21]. Most early research
in this field unilaterally focused on the negative outcomes (e.g., parental stress) of having a
child with ASD [22]. However, a growing number of studies have investigated parental
QoL in an endeavour to attempt to capture the variability of parental adaptation and
to more deeply comprehend difficulties faced by these parents [23,24]. This interesting
broadening of perspective highlights how some parents can cope with the stress resulting
from caring for their children with ASD, and in turn, learn and improve their competencies
in the process [25,26]. For example, when mothers are able to gain emotional resolution on
their child’s diagnosis of ASD, they tend to develop a more supportive parenting style [27].
QoL is a multidimensional and wide-ranging construct, characterized by the individual’s
emotional, physical, and financial well-being, interpersonal relationships, goals, expecta-
tions and concerns, and their interactions with salient features of the environment [28,29].
According to the World Health Organization (WHO) Quality of Life Assessment Group [30],
QoL is defined as an “individual’s perception of their position in life in the context of the
culture and value systems in which they live, and in relation to their goals, expectations,
standards, and concerns” (p. 11). Up to date, only one study [24] has systematically
reviewed published literature about the parental QoL of children and adolescents with
ASD. Thus far, several variables have been found to be associated with lower QoL among
parents of children and adolescents with ASD including parental characteristics (e.g., being
a mother, parental mental health problems, maladaptive parental coping strategies, and
low parental self-efficacy), child characteristics (e.g., child behavioural problems, child
emotional problems, ASD severity, and child’s age), and contextual factors (e.g., low
employment status, low household income, low availability of social and professional
support, and lack of participation in health promoting activities). However, no systematic
review exists that summarizes the currently available evidence on the relationship between
parental QoL and parental involvement in intervention for their children or adolescents
with ASD. This constitutes a relevant gap in the literature considering the recent increased
emphasis on family-focused versus professional-driven interventions [14,31], which the
present study intends to fill. Specifically, a previous systematic review on parental QoL of
children of ASD by Vasilopoulou et al. [24] revealed a need for greater focus on parents
to provide tailored intervention for this population. The current review aimed to identify
and discuss the role of parental involvement in intervention in relation to QoL among the
parents of children or adolescents with ASD.
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2. Methods
2.1. Protocol and Registration

The present systematic review adhered to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement [32]. The protocol was registered at the
International Prospective Register of Systematic Reviews (PROSPERO) data repository in
February 2021 (registration code: CRD42021230103).

2.2. Study Selection

The selection process identified the following eligibility criteria. Inclusion criteria
(IC): (IC1) studies had to be focused on parents of children and adolescents (i.e., <21 years
old) with a formal diagnosis of ASD; (IC2) they had to contain quantitative, qualitative,
or mixed methods approaches; and (IC3) be published between 2000 and 2020 in (IC4)
peer-reviewed journals and written in English. We rejected articles that met one of the
following excluding criteria (EX): (EX1) case reports, commentaries, editorials, meeting
abstracts were not considered; (EX2) other review articles were consulted but not included
finally and to narrow our search procedure, and we excluded (EX3) studies that dealt with
the quality of life of parents of children with disabilities different from ASD.

A systematic search was carried out in January 2021, in four online databases: Scopus,
Web of Science, PubMed, and PsycINFO. To reduce the risk of methodological biases,
no filters were applied in the preliminary searches. We combined the selected keywords
with the Boolean operators AND/OR in the following order: (“parent*”) AND (“ASD”)
OR (“autis*”) AND (“quality”) AND (“life”) AND (“intervent*”), in Titles, Abstracts,
and Keywords.

All references collected through database searches were exported to the systematic
reviews web application Rayyan (https://rayyan.qcri.org/ (accessed on 1 August 2021)).
Duplicate records were ruled out, then the titles and abstracts of all remaining articles were
independently screened. The use of multiple reviewers may reduce the risk of rejecting
relevant reports, as noted by Edwards and colleagues [33]. Results were then compared and
in the case of disagreement, the conflicting choices were inspected and discussed further
until a consensus was reached. The second step included the screening of the full-texts of
the chosen studies, in order to select those where the quality of life was a specified outcome.
Reference lists of relevant studies and reviews were examined for additional pertinent
records. The articles deemed eligible by all reviewers and that met all the inclusion criteria
were included for the final screening, and those that met at least one exclusion criteria were
formally excluded with reasons.

2.3. Quality Assessment

The critical assessment of each paper was conducted with AXIS, a quality assessment
tool for observational and cross-sectional studies [34]. It comprises a checklist of 20 items
to evaluate the overall study design as well as the risk of bias. The items were scored as
follows: Yes = 1, No and Don’t know = 0, and resulted in a final score that ranged from 0
to 20, with higher scores indicating a higher assessed quality. Adopting the classification
used in other literature reviews (e.g., [35]), we further distinguished three quality ratings:
low quality (0–7 points), moderate quality (8–14 points), and high quality (15–20 points).
The qualitative assessment outcome is discussed in the Results section.

3. Results
3.1. Study Selection

The systematic search was first performed in four online databases: Scopus, Web of
Science, PubMed, and PsycINFO, and yielded a total of 1217 records. Duplicate articles
were removed with the reference manager Mendeley desktop (https://www.mendeley.
com/ (accessed on 1 August 2021)) and resulted in 808 unique references, which were
imported to the systematic reviews web application Rayyan (https://rayyan.qcri.org/
(accessed on 1 August 2021)). Titles and abstracts were then independently screened for
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potentially relevant papers, resulting in 96 eligible references and 712 excluded because they
did not meet the predefined inclusion criteria. As the last step, 79 full-texts were excluded
with reasons (e.g., non-pertinent, non-pertinent outcome, no empirical data, or without
intervention for children with ASD) and 17 articles were found to be appropriate for the
qualitative synthesis. The four steps defined in the PRISMA procedure (i.e., Identification,
Screening, Eligibility, and Inclusion) are represented in Figure 1 and the excluded articles
are listed in Supplementary Table S1.
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3.2. Study Characteristics

A summary of the information extracted from each study is presented in Table 1. The
present systematic review examined 17 studies that were published between 2011 and
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2020 in peer-reviewed journals that focused on the intrafamilial QoL of parents with a
child or an adolescent affected by ASD. The adopted methodological designs were mixed
and included cross-sectional designs, qualitative and observational studies, randomized
controlled trials, and a validation study.

The reviewed studies involved a total of 1965 children and adolescents and 2040 parents
or primary caregivers (partial information was available from three studies). The age of the
offspring ranged from 2 to 20 years old (M = 7.43, SD = 3.22), and 74.48% of the involved
participants were female (mothers or female caregivers; partial information was available
from three studies).

In relation to the geographical distribution (i.e., where the study was conducted and
the data was collected), the 17 studies were carried out in Europe (n = 8, United Kingdom,
France, Sweden), North America (n = 2, United States, Canada), Asia (n = 2, China, Taiwan),
and Australia (n = 5).

The present systematic review was focused on parenting education programmes
and interventions. Similarly to previous studies (e.g., [36]), we distinguished between
three levels of parental involvement: none (i.e., parents are not involved in intervention
design and implementation), indirect (i.e., parents are involved in secondary forms of
interventions such as parent training or homework routines), and direct (i.e., parents are
actively involved in primary intervention development and implementation).

Accordingly, we identified a heterogeneous number of studies that included no (n = 2),
indirect (n = 3), or direct (n = 12) levels of parental involvement. The interventions were
performed in clinical settings (n = 7), at home (n = 4), or a combination of the two (i.e.,
mixed settings, n = 3; information not available for three records).

The construct dimensions related to the parental QoL were assessed with multiple
instruments (see Table 2) including the Family Quality of Life Scale [37], the Parenting
Stress Index [38], and the WHOQOL-BREF [28]. Since different studies implemented
qualitative and observational approaches, semi-structured interviews, questionnaires, and
ad-hoc rating scales were also used.
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Table 2. Measurement instruments and construct dimensions listed in the included studies (n = 17).

Measures of QoL Construct Dimensions Studies No. of
Studies

Family Quality of Life Caregiver Burden Index (CBI) [55]
Time Burden, Burden of Personal

Development Limitations, Physical Burden,
Social Burden, Emotional Burden

Ji et al. (2014) [43] 1

Family Quality of Life (FQOL) [37]
Emotional Wellbeing, Family Wellbeing,
Parenting Wellbeing, Physical/Material
Wellbeing, Disability-Related Wellbeing

Hwang et al. (2015) [42];
Moody et al. (2019) [52];
Roberts et al. (2011) [54]

3

Family Quality of Life Survey
(FQOLS) [56]

About Your Family, Health of the Family,
Support from Disability-Related Services,

Leisure and Recreation, Community
Interaction, Overall Family Quality of Life

Jones et al. (2017) [44] 1

Par-DD-QoL
(from Par-ENT-QoL) [57]

Emotional Score, Daily Disturbances Score,
Global Score Baghdadli et al. (2014) [10] 1

Parenting Sense of Competence
Scale (PSOC) [58] Satisfaction, Interest, Efficacy Mathew et al. (2019) [47] 1

Parenting Stress Index (PSI) [38] Parental Distress, Parent-Child
Dysfunctional Interaction, Difficult Child

Paynter et al. (2018) [53];
Roberts et al. (2011) [54] 2

WHOQOL-BREF [38] Four Domains (Physical, Psychological,
Social Relationships, Environment) Derguy et al. (2018) [40] 1

Quality of Life in Autism
questionnaire (QoLA) [59]

Subscale A (Quality of Life), Subscale B
(Impact of ASD Symptoms) Due et al. (2018) [41] 1

3.3. Quality Assessment

We implemented the AXIS tool [34] to evaluate each of the 17 included papers. The
average quality score was 13.18 out of a total of 20 points (min = 7, max = 19, SD = 3.68),
indicating a moderate quality among studies, with two low, eight moderate, and seven
high quality ratings (Table 3). Globally, the aims and the objectives were clearly indicated
(question number one) and the design was appropriate for the stated aims (question
number two). Only three papers [40,43,54], however, reported a specific calculation of
the effect size (question number three) to justify the chosen sample. Since the selected
interventions were specifically aimed at children with ASD and their parents, the target
population was clearly defined in 12 studies (question number four), and the selection
process was found to be adequate for most of the studies (questions number five and
six). Non-responders were infrequent in the reviewed samples, nevertheless, only one
study [43] explicitly reported the measures undertaken to address them (question number
seven). The outcome variables were appropriately estimated with suitable instruments in
approximately half of the included studies (question number eight, negative scores n = 7;
question number nine, negative scores n = 7), and the statistical methods and data were
globally specified in sufficient detail (questions from 10 to 12). Overall, the discussions and
authors’ conclusions were justified by the achieved results, and the inherent limitations of
the study designs were correctly presented (question number 18, negative scores n = 4).
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3.4. Main Findings
3.4.1. No Parental Involvement

In two studies, interventions were conducted entirely by professionals without any
form of parental involvement [10,40]. Derguy et al. [40] found that access to child-focused
psycho-educational intervention was positively associated with parental QoL. Baghdadli
et al. [10] found that the number of hours of specialized intervention focused on externaliz-
ing difficulties of adolescents with ASD was negatively associated with parental QoL.

3.4.2. Indirect Parental Involvement

Four studies used indirect strategies (e.g., parent training and support groups) to
involve parents in the interventions [39,44,53,54]. In these cases, the main part of the
intervention is centred on the child or the adolescent with ASD and is conducted in a
clinical setting.

The results indicated an overall low level of QoL among parents who have been
indirectly involved in an intervention for their child or adolescent with ASD. Specifically,
Paynter et al. [53] found low levels of family adaptation (e.g., individual mental health,
relationship quality, and family well-being) among fathers of children with ASD who par-
ticipated to the centre-based early intervention. Interventions based on applied behaviour
analysis (ABA) were associated with overall negative parent experiences because of the
poor quality of the support received at home and the scarce coordination and guidance
from the professionals [39]. In addition, findings by Jones et al. [44] showed that time
on a waitlist for the ABA treatment was not associated with parental QoL. In contrast,
Roberts et al.’s [54] randomised control trial revealed an increase in parent QoL after centre-
based early interventions focused on functional impairments of children and on improving
the parents’ knowledge of ASD.

3.4.3. Direct Parental Involvement

Twelve studies used direct methods (e.g., parent-mediated home-based training,
family-centred intervention, parent mentoring program) to involve parents in the interven-
tions [41–43,45,47–52].

The majority of studies found that parental QoL improved after the intervention and,
crucially, two studies found that parental direct involvement in the intervention was associ-
ated with greater parental QoL [41,43]. Specifically, parents of children with ASD showed
significantly improved QoL after they participated in a parent-mediated communication-
focused intervention [45,46], a family-centred intervention [49], an ABA-based home
program [50], and the Colorado parent mentoring (CPM) program [52]. Moreover, parents
of children with ASD who participated in a multidisciplinary parent education program
reported increased mental, but not physical, QoL [43,48]. Consistently, Milbourn et al. [51]
found that parents of children and adolescents with ASD reported that early access to
intervention improved their QoL, especially in terms of fostering their involvement in their
child’s daily life. However, three studies reported inconsistent results. Roberts et al. [48]
found no significant changes in the QoL of parents of children with ASD after a home-based
early intervention program. Similarly, Hwang et al. [42] found that mothers of children and
adolescents with ASD did not report a significant increase in their QoL after they received
a mindfulness parent-mediated home-based training. In addition, parents, especially moth-
ers of children with ASD, who received an early intervention using the Early Start Denver
Model showed lower parental well-being compared to the normative population [47].

4. Discussion

To our knowledge, this is the first review to examine the relationship between QoL
and involvement in intervention among parents of children and adolescents with ASD.
The 17 reviewed studies involved a total of 18 interventions targeting children and adoles-
cents with ASD. Two studies reported no parental involvement in the intervention, three
studies reported indirect parental involvement, and 11 studies reported direct parental
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involvement. One study [54] included both direct and indirect parental involvement in
intervention.

The reviewed studies used heterogeneous designs and data collection methods and the
majority of the studies had relatively small sample sizes [39,41–43,46,49,50,52–54], which
limits our ability to draw firm conclusions about the association between parental QoL and
involvement in interventions for youth with ASD.

From the limited data of the reviewed studies, the overall QoL of parents of chil-
dren and adolescents with ASD appears to be shaped by the way they have been in-
volved in the intervention. In line with a previous systematic review [24], our results
showed that access to ASD services is a relevant protective factor not only for children,
but also for parents [40]. Children with ASD can be expected to gain significant improve-
ments when diagnosed early and when engaged in structured, intensive, evidence-based
programs [61–63]. In contrast, difficulties in meeting the service needs of children with
ASDs, ranging from general medical services to supportive services [64], can generate a vi-
cious cycle of worsening symptoms and an overload of responsibility on parents who come
to feel exhausted and ineffective [39]. However, the fact that one’s child with ASD receives
treatment does not in itself guarantee an improvement in parental QoL. In fact, results
showed that interventions based on the external difficulties of people with ASD, which
do not involve parents in the intervention or involve them only indirectly, do not improve
or even worsen parental QoL [10,39,44]. For example, interventions based on ABA are
recognised as valid methods used for educating individuals with ASD [65,66], which are
characterised by a strong asymmetry of roles of participants in the intervention. Qualified
behaviour analysts design, develop, conduct, and directly oversee the ABA-programme
that is focused on the child or the adolescent with ASD, while parents receive training to
support their offspring in skill practice throughout the day. Behavioural child-focused
interventions (e.g., ABA-based interventions), no matter how clinically effective, may
be not sufficiently adapted to the broad family needs or may be unsuitable for a family
situation. In contrast, when ABA-based interventions are implemented in a home setting
and actively involved the whole family, parents report an overall better QoL [50]. In fact,
interventions explicitly targeting children’s daily living skills in addition to the hallmark
symptoms of ASD (i.e., social-communication deficits and repetitive, restrictive behaviours)
may enhance parental QoL [54,67].

The majority of the studies examined in this review directly involved parents in the
intervention. This may be a sign in the shift in perspective that is occurring in interventions
for individuals with ASD and an increased awareness by professionals of the role of
parents to implement effective interventions [46]. Parents who were directly involved
in the intervention tended to report a higher QoL [43,45,46,49–52]. For example, in one
study [43], 22 caregivers of children with ASD participated in an 8-week multidisciplinary
education programme, with the intent to learn adaptive strategies and manage the problem
behaviours of their child, and consequently to improve the intrafamilial QoL. Results
indicated a significant improvement in family functioning, self-efficacy, and coping styles.
Another study [49] provided post-diagnostic support to nearly 100 families and children,
over a 12-month period. The project implemented a family-centred plan that showed
improvements in children’s social and communication skills and overall stress reduction
in parents. Yet another study [42] described an 8-week training program that comprised
six mother–child dyads, aimed at teaching mindfulness strategies to better cope with
problem behaviours of their children. At the end of the program, the participants reported
positive effects in the targeted areas including parenting stress, intrafamilial QoL, and
problematic behaviours. These results can be attributable to various reasons. When
parents are actively involved by professionals, the intervention is more personalised and
ecological [40]. This is also a way of empowering parents by recognising their expertise
and contributions [68,69] and to develop constructive collaboration between different
actors involved in the intervention [70]. Based on these findings, clinicians should assess
and counsel parents, and identify potential barriers (e.g., lack of resolution of diagnosis)
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that may prevent them from actively participating in the intervention for their child or
adolescent with ASD.

5. Limitations

The present systematic review comes with a number of limitations. Some depend on
the relative novelty of the topic and on the absence of shared guidelines in the treatment of
children and adolescents with ASD. The selected studies adopted a variety of methods and
approaches (e.g., observational studies vs. randomised controlled trials), which limit the
possibility to compare their findings. Another limitation regards our search and selection
procedure. The construct of parental QoL is very broad and thus some studies may have
evaluated some specific dimensions not included in our search keywords. Additionally,
we only included articles published in English sources, which may have contributed to a
selection bias by overlooking relevant articles published in other languages. In addition,
we did not investigate the QoL of family as a whole (e.g., including siblings of children with
ASD). However, parents are more generally actively involved in the care and intervention
for their children. Furthermore, geographical coverage was dominated by Europe and
Australia, therefore further research is needed in Asiatic cultural contexts [71]. Finally, the
included studies recruited relatively small samples of self-selected participants who may
not be necessarily representative of the general population.

6. Conclusions and Future Directions

Parental involvement in intervention for children or adolescents with ASD is a topic
that is attracting increasing attention, as evidenced by the fact that parents were directly
involved in interventions in most of the studies selected in this systematic review. The
findings suggest that increasing parental involvement in the intervention for children
or adolescents with ASD may be one way to promote their QoL. More precisely, this
systematic review highlights that a constructive collaboration between professionals and
parents in planning and executing interventions may promote more ecological results and
better satisfaction among parents. This finding is consistent with the literature on parental
QoL [24] and supports the relevance of an ecological and holistic approach in the research
on QoL in parents of children with ASD [40]. This could help clinicians to better identify
and address parental needs and enhance parenting resources that have a positive impact
on the intervention.

Suggestions for future research put forward here include the use of longitudinal
studies conducted with wider and demographically diverse samples that would include
families from diverse geographical locations who have children with ASD of different ages
(e.g., adults).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jpm11090894/s1, Table S1: Full-text articles excluded, with reasons (n = 79).

Author Contributions: Conceptualization, A.M. and T.M.; Methodology, A.M. and T.M.; Writing—
original draft preparation, A.M. and T.M.; Writing—review and editing, B.D., C.R., G.B., R.M., G.E.
and D.D.; Supervision, G.P., C.F. and P.C. All authors have read and agreed to the published version
of the manuscript.

Funding: The APC was funded by Fondazione Bambini e Autismo Onlus.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

399



J. Pers. Med. 2021, 11, 894

References
1. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed.; American Psychiatric Association:

Washington, DC, USA, 2013; ISBN 0-89042-555-8.
2. Volkmar, F.R.; Pauls, D. Autism. Lancet 2003, 362, 1133–1141. [CrossRef]
3. Giovagnoli, G.; Postorino, V.; Fatta, L.M.; Sanges, V.; De Peppo, L.; Vassena, L.; De Rose, P.; Vicari, S.; Mazzone, L. Behavioral and

emotional profile and parental stress in preschool children with autism spectrum disorder. Res. Dev. Disabil. 2015, 45–46, 411–421.
[CrossRef]

4. Militerni, R.; Bravaccio, C.; Falco, C.; Fico, C.; Palermo, M.T. Repetitive behaviors in autistic disorder. Eur. Child Adolesc. Psychiatry
2002, 11, 210–218. [CrossRef] [PubMed]

5. Tudor, M.E.; Hoffman, C.D.; Sweeney, D.P. Children with autism: Sleep problems and symptom severity. Focus Autism Other Dev.
Disabl. 2012, 27, 254–262. [CrossRef]

6. Shaw, A.; Do, T.N.T.; Harrison, L.; Marczak, M.; Dimitriou, D.; Joyce, A. Sleep and cognition in people with autism spectrum
condition: A systematic literature review. Rev. J. Autism Dev. Disord. 2021. [CrossRef]

7. Pozo, P.; Sarriá, E.; Brioso, A. Family quality of life and psychological well-being in parents of children with autism spectrum
disorders: A double ABCX model. J. Intellect. Disabil. Res. 2014, 58, 442–458. [CrossRef]

8. Corsano, P.; Musetti, A.; Guidotti, L.; Capelli, F. Typically developing adolescents’ experience of growing up with a brother with
an autism spectrum disorder. J. Intellect. Dev. Disabil. 2017, 42, 151–161. [CrossRef]

9. Guidotti, L.; Musetti, A.; Barbieri, G.L.; Ballocchi, I.; Corsano, P. Conflicting and harmonious sibling relationships of children and
adolescent siblings of children with autism spectrum disorder. Child Care Health Dev. 2021, 47, 163–173. [CrossRef] [PubMed]

10. Baghdadli, A.; Pry, R.; Michelon, C.; Rattaz, C. Impact of autism in adolescents on parental quality of life. Qual. Life Res. 2014, 23,
1859–1868. [CrossRef] [PubMed]

11. Hayes, S.A.; Watson, S.L. The impact of parenting stress: A meta-analysis of studies comparing the experience of parenting stress
in parents of children with and without autism spectrum disorder. J. Autism Dev. Disord. 2013, 43, 629–642. [CrossRef] [PubMed]

12. Bonis, S. Stress and parents of children with autism: A review of literature. Issues Ment. Health Nurs. 2016, 37, 153–163. [CrossRef]
[PubMed]

13. Davis, N.O.; Carter, A.S. Parenting stress in mothers and fathers of toddlers with autism spectrum disorders: Associations with
child characteristics. J. Autism Dev. Disord. 2008, 38, 1278–1291. [CrossRef]

14. Factor, R.S.; Ollendick, T.H.; Cooper, L.D.; Dunsmore, J.C.; Rea, H.M.; Scarpa, A. All in the family: A systematic review of the
effect of caregiver-administered autism spectrum disorder interventions on family functioning and relationships. Clin. Child Fam.
Psychol. Rev. 2019, 22, 433–457. [CrossRef] [PubMed]

15. McConachie, H.; Diggle, T. Parent implemented early intervention for young children with autism spectrum disorder:
A systematic review. J. Eval. Clin. Pract. 2007, 13, 120–129. [CrossRef]

16. Yan, T.; Hou, Y.; Deng, M. Direct, indirect, and buffering effect of social support on parental involvement among Chinese parents
of children with autism spectrum disorders. J. Autism Dev. Disord. 2021. [CrossRef]
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